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Abstract

This thesis presents precise determinations of two fundamental parameters of the stan-

dard model (SM), the strong coupling constant αS(mZ) and the top quark mass mt

along with its width Γt. These contribute importantly to constraints on the stability

of the SM electroweak vacuum.

For the determination of αS(mZ), CMS inclusive jet measurements using LHC proton-

proton (pp) collisions at centre-of-mass energies
√
s = 2.76, 7, 8, and 13 TeV are anal-

ysed together, for the first time. This has been made possible by detailed studies of

the correlations between the different data sets. The CMS jet data are combined with

HERA deep inelastic scattering measurements to extract the parton distribution func-

tions (PDFs) and αS(mZ), simultaneously. This approach properly accounts for the

correlation between PDFs and αS(mZ). The resulting value, αS(mZ) = 0.1176+0.0014
−0.0016,

is the most precise value of αS(mZ) from jet rates to date and has been achieved

through a comprehensive QCD analysis at next-to-next-to-leading order. Further, the

running of αS up to an energy scale of 1.6 TeV is probed.

The measurement of the top quark mass parameter in the Monte Carlo (MC) simula-

tion mMC
t and Γt from the unfolded differential cross section of top quark-antiquark

(tt) and single top quark production in association with a W boson (tW) is per-

formed. This analysis uses LHC pp collision data at
√
s = 13 TeV, collected by the

CMS experiment during 2017–2018. Events in the dilepton decay channel are selected.

The differential cross section as a function of the invariant mass of the lepton and b

quark, mℓb, is unfolded to the particle level. This analysis is the first of its kind us-

ing CMS data, employing the state-of-the-art event generator bb4l, which simulates

pp → bbℓ+ℓ−νν̄ final states and takes into account the interference between tt and

tW production. The precision of this measurement is estimated using Asimov pseudo-

data, resulting in mMC
t = 172.61+0.41

−0.44 GeV and Γt = 1.36+0.24
−0.28 GeV. The mMC

t result

is as precise as the most accurate single-experiment direct mMC
t measurement and will

present the first determination of mMC
t from the combined tt and tW cross sections

from the CMS Collaboration once the analysis is unblinded. Further, this analysis

promises improved precision as compared to direct measurements of Γt obtained with

the bb4l method.



Finally, a machine learning (ML) technique is presented, developed to reweight MC

simulations obtained with a particular set of model parameters to simulations with

alternative values of these parameters, or to simulations based on an entirely different

model. The reweighting is performed at the generator level by applying the output

of the ML algorithm, stored as weights, to the nominal MC simulation. As a result,

detailed detector simulation and event reconstruction are not needed for alternative

MC samples, significantly reducing computational costs by up to 75%. The perfor-

mance of the method is studied in simulated tt production and results are presented

for reweighting to model variations and higher-order calculations. This ML-based

reweighting is already used by the CMS experiment and will facilitate precision mea-

surements at the High-Luminosity LHC.



Zusammenfassung

In dieser Arbeit werden zwei fundamentale Parameter des Standardmodells (SM)

präzise bestimmt: die starke Kopplungskonstante αS(mZ) und die Masse des Top-

Quarks mt sowie dessen Breite Γt. Diese tragen wesentlich dazu bei, die Stabilität des

elektroschwachen Vakuums des SM zu bestimmen.

Die inklusiven Jet-Messungen von CMS mit LHC Proton-Proton (pp) Kollisionen bei

Schwerpunktsenergien
√
s = 2, 76, 7, 8 und 13 TeV werden zum ersten Mal gemein-

sam ausgewertet. Ermöglicht wurde dies durch detaillierte Untersuchungen der Ko-

rrelationen zwischen den verschiedenen Datensätzen. Die CMS Jet-Daten werden

mit HERA Messungen der tief-inelastischen Streuung kombiniert, um die Parton-

verteilungsfunktionen (PDFs) und αS(mZ) gleichzeitig zu extrahieren. Dieser Ansatz

berücksichtigt die Korrelation zwischen PDFs und αS(mZ) in korrekter Weise. Der

sich daraus ergebende Wert, αS(mZ) = 0, 1176+0,0014
−0,0016, ist der bisher genaueste Wert

für αS(mZ) aus Jetproduktionsraten und wurde durch eine umfassende QCD Analyse

in nächst-zu-nächst-führender Ordnung erreicht. Außerdem wird der Verlauf von αS

bis zu einer Energie von 1,6 TeV untersucht.

Die Messung des Top-Quark-Massenparameters in der Monte-Carlo (MC) Simula-

tion mMC
t und Γt wird mit dem entfalteten differentiellen Wirkungsquerschnitt der

Top-Quark-Anti-Quark Paarproduktion (tt) und der Produktion von einzelnen Top-

Quarks, gemeinsam mit einemW-Boson, durchgeführt. Diese Analyse verwendet LHC

pp Kollisionsdaten bei
√
s = 13 TeV, die vom CMS Experiment während 2017-2018

gesammelt wurden. Es werden Ereignisse im dileptonischen Zerfallskanal ausgewählt.

Der differentielle Wirkungsquerschnitt als Funktion der invarianten Masse des Lep-

tons und des b-Quarks, mℓb, wird auf die Teilchenebene entfaltet. Diese Analyse ist

die erste ihrer Art mit CMS Daten, die den Ereignisgenerator bb4l verwendet, der

pp → bb̄l+l−νν̄ Endzustände simuliert und die Interferenz zwischen tt und tW Pro-

duktion berücksichtigt. Unter Verwendung von Asimov-Pseudodaten erhält man die

Werte mMC
t = 172, 61+0,41

−0,44 GeV und Γt = 1, 36+0,24
−0,28 GeV. Das Ergebnis von mMC

t ist

so genau wie die genaueste direkte mMC
t Messung an einem einzelnen Experiment und

wird die erste Bestimmung vonmMC
t aus einer kombinierten tt und tWMessung inner-

halb der CMS Kollaboration darstellen sobald die interne Begutachtung der Analyse

abgeschlossen ist. Darüber hinaus verspricht diese Analyse eine verbesserte Präzision



im Vergleich zu direkten Messungen von Γt, die mit der bb4l-Methode erhalten wur-

den.

Schließlich wird eine Technik des maschinellen Lernens (ML) vorgestellt, die entwickelt

wurde, um MC Simulationen, die mit einem bestimmten Satz von Modellparametern

erhalten wurden, gegenüber Simulationen mit alternativen Werten dieser Parameter

oder gegenüber Simulationen, die auf einem völlig anderen Modell basieren, neu zu

gewichten. Die Neugewichtung erfolgt auf Generatorebene durch Anwendung der als

Gewichte gespeicherten Ergebnisse des ML-Algorithmus auf die nominale MC Sim-

ulation. Infolgedessen sind für alternative MC Samples keine detaillierte Detektor-

simulation und Ereignisrekonstruktion erforderlich, was den Rechenaufwand um bis

zu 75% reduziert. Die Leistung der Methode wird in einer simulierten tt-Produktion

untersucht, und es werden Ergebnisse für die Neugewichtung bei Modellvariationen

und Berechnungen höherer Ordnung vorgestellt. Diese ML-basierte Neugewichtung

wird bereits vom CMS Experiment verwendet und wird Präzisionsmessungen en am

High-Luminosity LHC ermöglichen.
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Introduction

The Standard Model (SM) of particle physics is a quantum field theory developed in

the 1970s that describes three of the four fundamental forces (electromagnetic, strong

and weak forces) of nature and classifies all known elementary particles. It is defined

by 26 free parameters, including the strengths of the interactions (fundamental cou-

plings) and the masses of elementary particles. Many of these parameters are not

constant but depend on the energy scale at which the interaction is probed, a prop-

erty known as running. While the model predicts how these parameters depend on

the energy scale and are related to each other, their actual values at a specific energy

scale must be determined from measurements. Despite its success in describing par-

ticle physics, the SM has known limitations. It does not include gravity or explain

matter-antimatter asymmetry, dark matter, or dark energy, indicating the need for

new physics. Validity tests of the SM and searches for new physics are subject of

experimental investigations in high-energy particle colliders.

The Large Hadron Collider [1] at CERN is the facility at the frontier of collision

energy. To date, the LHC has successfully accomplished Run1 (2010–2012) and

Run2 (2015–2018), while Run3 (2022-2026) is ongoing at a centre-of-mass energy
√
s = 13.6 TeV and will continue until 2026. Thereafter, the accelerator complex will

undergo upgrades to prepare for its High Luminosity (HL–LHC) phase, with opera-

tions set to resume in 2030. The LHC was designed as a discovery machine for the

observation of the Higgs boson and establishing its properties. Along with the suc-

cessful accomplishment of this task, it has also demonstrated ability for highly precise

measurements of the SM parameters, which may reveal tiny deviations from the SM

predictions, probing indirectly new physics. Significant insights can be gained from

already collected data at the LHC (Run1+Run2) and the comprehensive interpreta-

tion of different measurements.

1



2 Introduction

One of the most stringent tests of the SM is the proof of stability of the SM elec-

troweak vacuum, driven by the values of the top quark mass mt, strong coupling

constant αS(mZ) and, to a smaller extent, the Higgs boson mass. This is the main

topic of this thesis, where precise determinations of αS(mZ) and mt with the LHC

data have been performed. Furthermore, the novel strategy to measure the top quark

width Γt strongly correlated to the value of mt has been implemented in the analysis

of the LHC data, reducing the uncertainty of available results.

In the SM, the processes produced in proton-proton (pp) collisions at the LHC are

primarily driven by the strong interaction, as described by quantum chromodynamics

(QCD). The strength of this interaction is governed by the fundamental coupling αS ,

which is an energy-scale dependent parameter. At high energy scales, the strong force

becomes increasingly weak, a phenomenon known as asymptotic freedom, where quarks

can be considered asymptotically free. At low energy scales, the strong force becomes

increasingly strong, leading to the property of confinement, preventing quarks from

being observed as free particles. When a quark or gluon (commonly referred to as

partons) is kicked out from a proton, such as in pp collisions at the LHC, it forms a

collimated spray of particles, called a jet. The jets preserve the flavour, momentum

and direction of the original parton, with its production rate being directly propor-

tional to the value of αS . Jets are abundantly produced at the LHC and jet production

is a standard-candle process to test the QCD dynamics up to the highest accessible

energy scales. A challenge in the determination of αS from jet production in pp col-

lisions comes from the structure of the protons themselves, encoded in the parton

distribution functions (PDFs). As a result, the theoretical predictions of the jet cross

sections are affected by both αS and PDFs, so that variation of one parameter would

be compensated by the variation of another. To account for the correlation between

αS(mZ) and PDFs, both should be extracted simultaneously in a comprehensive QCD

analysis. In this thesis, the most precise determination of αS(mZ) from the jet rates

measured by the CMS experiment at the LHC is presented. This analysis uses the

CMS inclusive jet measurements in pp collisions at
√
s = 2.76, 7, 8 and 13 TeV, pro-

duced during Run1 and Run2 of the LHC. For the first time, all these measurements

are analysed together, accurately estimating the correlations of the systematic uncer-

tainties across the different measurements. The aforementioned correlation between

the PDFs and αS(mZ) is mitigated in this comprehensive QCD analysis at NNLO,

based on CMS jet production measurements together with the inclusive deep inelastic
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ep scattering cross sections at HERA. Furthermore, the running of αS is demonstrated

up to 1.6 TeV.

Within the SM, the relationship between mt and Γt is known to N3LO [2–5] in QCD

with an uncertainty of a few percent. While mt has been determined with sub-percent

precision [6], the most precise extraction of Γt remains at the 10% level [7]. Further,

the latter relies on indirect techniques that assume the SM and are based on measure-

ments of the branching fraction of the top quark decay B(t → Wb). Alternatively,

direct measurements of kinematic distributions sensitive to Γt provide a less model-

dependent approach that probes non-SM couplings, though with a lower precision.

While the differential cross section for tt production is measured with high precision

at the LHC, the theoretical predictions and Monte Carlo (MC) simulations often rely

on the narrow-width approximation for top quark decay into a b quark and a W boson.

In this case, the single top quark production in association with a W boson (tW) is

treated as a separate process, though both tt and tW processes are characterised by

the same final states (WWbb) and interfere. Conventional approaches for modelling

tt+ tW interference [8–11] introduce significant uncertainties, which can become a

limiting factor in precision measurements of Γt. In dileptonic decays, the invariant

mass of the lepton and b quark, mℓb, is demonstrated to be sensitive to both mt and

Γt. Theoretically, it was found to be a robust observable [12] for the extraction of

mt. The measurement of mℓb avoids the need for the full top-quark reconstruction,

suffering from kinematic ambiguities caused by the neutrinos. This thesis presents the

extraction of mt and Γt using tt+ tW events, for the first time in CMS experiment,

by incorporating the interference between tt and tW production using a state-of-the-

art event generator, which simulates pp → bb̄l+l−νν̄ [13, 14], and employing the mℓb

distribution. This measurement is based on data obtained in LHC pp collision at
√
s = 13 TeV, collected by the CMS experiment in 2017-2018.

Precision measurements at the LHC rely on accurate modelling uncertainty estima-

tion, which often requires generating additional MC samples. These simulations come

at a high computational cost, with over 75% of the total CPU resources allocated

to modelling the detector response and the event reconstruction [15, 16]. However,

limited computing resources constrain the size of the MC samples, posing a challenge

for precision analyses. This thesis addresses this issue by applying a machine learning

(ML) technique [17] to reweight the MC simulations obtained with a particular set of
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model parameters to simulations with alternative values of these parameters, or based

on an entirely different model. The reweighting is performed by applying the output

of the ML algorithm, stored as weights, to the nominal MC simulation. As a result,

detailed detector simulation and event reconstruction are not needed for alternative

MC samples, significantly reducing computational costs. In this thesis, the method is

applied for the case of tt production at the LHC, for the first time, and is extensively

tested for variations of model parameters of the MC simulation in CMS, as well as

applying an alternative simulation model.

The thesis is structured as follows. Chapter 1 introduces the SM of particle physics and

its parameters, while Chapter 2 describes the phenomenology of hadronic collisions,

with a focus on the role of jets and the top quark within the SM. Chapter 3 provides

an overview of the LHC and the CMS experiment, along with a description of the

CMS event reconstruction. Chapter 4 presents the ML method used to reweight MC

samples in CMS. The measurement of the top quark mass and width from tt+ tW

events is discussed in Chapter 5. In Chapter 6, the comprehensive QCD analysis of

CMS inclusive jets performed at NNLO is presented. The Chapter 7 concludes the

thesis.



Chapter 1

The Standard Model and its
parameters

This Chapter deals with the theoretical framework relevant to the research presented

in this thesis. Section 1.1 introduces the Standard Model of particle physics, which

classifies elementary particles and their interactions. In Section 1.2, the theory of

quantum chromodynamics is discussed, followed by the electroweak (EW) theory in

Section 1.3, while Section 1.4 focuses on the Brout-Englert-Higgs mechanism. Lastly,

Section 1.5 addresses the issue of the stability of the EW vacuum.

1.1 Standard Model of particle physics

The Standard Model (SM) of particle physics is a quantum field theory [18], devel-

oped in the 1960s and 1970s, which aims to explain three of the four fundamental

forces of nature and classifies all known elementary particles. The SM is formulated

using the Lagrangian formalism. Its Lagrangian is built on the principle of local gauge

symmetry and is invariant under the gauge group SU(2)⊗ U(1)⊗ SU(3). The group

SU(2) ⊗ U(1) represents the unified electroweak sector, which combines the electro-

magnetic and weak interactions. The SU(3) group corresponds to the gauge symmetry

of quantum chromodynamics (QCD), which describes the strong force. The concept

of local gauge invariance asserts that the laws of physics should remain unchanged

under local (i.e., position-dependent) transformations of the symmetry groups. This

symmetry requirement leads to the introduction of field excitations – the particles

which transmit the interactions. Furthermore, as a Lorentz-invariant theory, the SM

remains unchanged under the combined transformations of charge conjugation (C),

5



6 The Standard Model and its parameters

parity (P), and time reversal (T), a property known as CPT invariance. However,

the three individual symmetries or a combination of two of them are not necessarily

conserved.

The particle content of the SM is illustrated in Figure 1.1. Based on their spin, parti-

cles are classified into fermions and bosons. Bosons are characterised by integer spin

and follow the Bose-Einstein statistics. In contrast, fermions have half-integer spin

and obey the Dirac statistics. The fundamental blocks of matter, leptons and quarks,

are fermions, while their interactions are transmitted by bosons. The photon γ is

responsible for the electromagnetic interactions, while the W± and Z bosons mediate

the charged- and neutral- current weak interactions, respectively. Finally, the gluons g

carry the strong force. The Higgs boson (H) mediates a special interaction as the only

scalar boson of the SM. The fermions and the W and Z bosons acquire their masses by

interacting with the Higgs field through the Higgs–Brout–Englert mechanism [19,20].

The Lagrangian density L of the SM can be expressed as a sum of the contributions

from the different interactions:

L = LQCD + LEW + LHiggs.

For each fermion, there is a corresponding antiparticle with identical mass and spin

but opposite electric charge and other quantum numbers. The leptons encompass

charged particles as electron e, muon µ, and tau τ and neutral particles as neutrinos

(νe, νµ, ντ ). Every charged lepton is paired with its corresponding neutrino in the

charged-current weak interaction.

The quarks are classified into up-type and down-type quarks, with electric charge

+2/3e and −1/3e, respectively. The up-type quarks consist of the up (u), charm (c)

and top (t) quarks, while the down-type are called down (d), strange (s) and bottom

(b). While the lepton flavour is conserved in all interactions, the quark flavour is

changed by the weak interaction referred to as flavour mixing.

In the SM, leptons and quarks are organised into three generations, as shown in Fig-

ure 1.1. Each generation of particles exhibits similar quantum properties with the

exception of their masses, which increase progressively from one generation to the

other. The number of generations is not explained by the SM. Experimentally, mea-
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Figure 1.1: Summary of the elementary particles described by the SM and their main
properties. Figure taken from Ref. [21].

surements of Z boson width at CERN LEP collider [22] have confirmed the existence

of 3 light neutrino flavours, and, in turn, 3 lepton generations.

The SM operates with 26 free parameters, which are related to the strengths of the

interactions (fundamental couplings) and masses of the elementary particles. Many

of these are not constant but depend on the energy scale at which the interaction is

probed. While the model predicts how these parameters depend on the energy scale

and are related to each other, their actual values at a specific energy scale must be

determined from measurements. The SM has been extensively studied and validated

in high-energy scattering experiments, mostly realised at particle colliders. Despite its

remarkable success in explaining a wide range of particle physics phenomena, the SM

has known limitations. For instance, it neither accounts for gravitation nor explains

the origin of the matter-antimatter asymmetry and the existence of dark matter and

dark energy. These open questions suggest the presence of physics beyond the SM

(BSM). Precision measurements of the SM are particularly promising, as they may
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reveal subtle deviations from SM predictions, thereby providing indirect evidence of

new physics.

1.2 Quantum chromodynamics

Quantum chromodynamics (QCD) is a Yang-Mills [23] theory based on the SU(3)

symmetry group, describing the strong interaction between quarks and gluons. The

conserved charge of SU(3)C is the colour charge, with each quark appearing in a

colour state red, green, or blue, while an antiquark takes the respective anti-colour

state. The quark fields q transform as colour triplets q = (qa, qb, qc)
T under SU(3)C

transformations. The colour charge was proposed to explain how three quarks, despite

having identical quantum properties, can combine to form baryons without violating

Pauli’s exclusion principle. This is, for instance, the case of the baryon ∆++ [24–26]

– a fermion, which contains three up quarks, all with the same spin and therefore

appearing with an identical quantum state. The introduction of an additional degree

of freedom via totally antisymmetric colour contribution to the total wave function

solves the issue.

The SU(3)C group has N2 − 1 = 8 generators (ta), represented in the fundamental

representation by the Gell-Mann matrices. The gluons are the corresponding eight

gauge fields Ga
µ. The SU(3)C of QCD is an exact symmetry, and the masses of quarks

in each colour state are identical. The dynamics of the quark q, antiquark q̄ and gluon

fields are described by the QCD Lagrangian density, where the mass term is included

explicitly:

LQCD = −1

4
F a
µνF

µν
a +

∑
flavours

q(iγµDµ −mq)q, (1.1)

Here, the sum accounts for the quark flavours. The covariant derivative and the field

strenght tensor F a
µν are given by:

Dµ = ∂µ − igstaG
a
µ(x), (1.2)

F a
µν = ∂µG

a
ν − ∂νG

a
µ + gsf

abcGb
µG

c
ν , (1.3)

where gs is a dimensionless real parameter representing the coupling strength and

fabc are the antisymmetric structure constants of the SU(3) group. The structure

constants obey to the commutation relation [ta, tb] = ifabctc of its eight generators
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Figure 1.2: Feynman diagram representations of the trilinear (left) and the quartic
(right) gluon self-interaction vertices.

(a, b, c = 1...8). Due to the non-Abelian structure of SU(3)C , the kinetic term of the

gluon fields results in the gluon self-interaction vertices, as illustrated in Figure 1.2.

The gluon coupling to quarks is defined by the colour factor and the strong coupling

gs, expressed by the strong coupling parameter αS = g2s/(4π). One of the fundamental

properties of QCD is the flavour-independence of the coupling.

A significant milestone in confirming QCD came in 1979 when the TASSO experiment,

and the other PETRA experiments, observed three-jet events in e+e− collisions at the

DESY PETRA storage ring. This result provided the first experimental evidence of

gluons [27–30]. Subsequently, the LEP experiments exploited the angular distribution

of four-jets to confirm the existence of trilinear gluon coupling, thus providing proof

of QCD’s non-Abelian structure [31].

The potential between two quarks at leading order (LO), as a function of their distance

r, is given by:

V (r) =
1

2
CF

αS

r
+ σ · r, (1.4)

where the colour factor CF is
4

3
for a colour-singlet and the string tension σ is ap-

proximately σ ≈ 0.9 GeV/fm. The first term is Coulomb-like, while at large distances

(r ≫ 1 fm) the potential increases linearly as V (r) ∼ r, thereby preventing the ob-

servation of isolated quarks. The lines of force squeeze into a “string”, which stores

potential energy until it becomes energetically favourable to create a quark-antiquark

(qq̄) pair. This phenomenon, known as confinement, is responsible for hadronisation,

ensuring that quarks are always confined within colour-neutral bound states called

hadrons.
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Figure 1.3: Feynman diagram representations of one-loop corrections to the gluon (left
and middle) and quark propagators (right).

Corrections to the gluon and quark propagators, as illustrated in Figure 1.3, introduce

logarithmic ultraviolet divergences in the cross section calculations when considering

higher order in perturbation theory. These infinities at each order in perturbation

theory can be subtracted and absorbed into the definitions of the bare (i.e. tree-level)

parameters of the Lagrangian [32], a procedure known as renormalisation. The choice

of the renormalisation scheme, and hence the definition of the QCD parameters, is

not unique. Nevertheless, the results of calculations of physical observables should

be independent of the chosen renormalisation scheme when considering all orders in

perturbation theory. One of the most widely used renormalisation procedures is the

modified minimal subtraction (MS) scheme. Renormalisation introduces a renormali-

sation scale µr at which ultraviolet divergences are subtracted. Considering a physical

dimensionless observable O that depends on an energy scale Q, the µ independence

of O can be mathematically expressed as [33]:[
µ2 ∂

∂µ2
+ β(αS)

∂

∂αS
− γm(αS)m

∂

∂m

]
O(Q2/µ2, αS ,m/Q) = 0, (1.5)

known as renormalisation group equations (RGEs) for the strong coupling αS and the

quark mass m, defined as:

β(αS) = µ2∂αS

∂µ2
, −γm(αS)m = µ2 ∂m

∂µ2
, (1.6)

where β(αS) is the QCD β function and γm(αS) is the mass anomalous dimension [33].

The resulting energy-scale dependence of the strong coupling and quark masses, gov-

erned by the QCD RGE, is also referred to as running. In the limit of αS ≪ 1, the β

and γm functions can be expanded in perturbation series:

β(αS) = −α2
S

∞∑
n=0

βnα
n
S , γm(αS) = αS

∞∑
n=0

cnα
n
S , (1.7)
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where the coefficients βn and cn contain the n+1-loop corrections to the propagators

and vertices. At 1-loop precision, the solutions for β and γ functions correspond to:

αS(µ
2) =

αS(µ
2
0)

1 + β0αS(µ2
0) ln

(
µ2

µ2
0

) , (1.8)

mq(µ) = mq(µ0)

[
1− c0αS(µ) ln

(
µ2

µ2
0

)]
, (1.9)

where µ0 represents the initial scale at which αS and mq are evaluated. The values of

αS(µ0) and m(µ0) at a particular scale µ0 need to be determined experimentally. In

Eqs. (1.8) and (1.9), β0 = (33 − 2nf )/12π and c0 = 1/π with nf being the number

of active flavours with masses m2
q ≪ µ2. The two contributions to β0 arise from the

following effects:

• colour screening (2nf/12π): creation of virtual qq̄ pairs that increase the effec-

tive charge as a function of Q, similarly to the vacuum polarisation in QED,

and

• colour anti-screening (33/12π): emission and self-coupling of gluons, which re-

duces the effective colour charge for a distance smaller than the reach of the

strong interaction (∼ 1 fm).

The anti-screening effect is dominant if the number of flavours is smaller than 16. As

a result, the effective charge becomes smaller at high energies (short distances). This

property is known as asymptotic freedom [34,35], and implies that only for large Q can

the quarks be considered as asymptotically free. In this limit, the strong force tends to

zero, enabling the application of perturbative calculations. On the other hand, αS in-

creases with growing distance (decreasing energy) in the confinement regime. The scale

µ at which αS(µ) diverges is denoted as ΛQCD. For nf = 5, ΛQCD = 213 MeV [36].

This range is probed by means of lattice QCD [37]. The running of αS was illustrated

by many experiments, as presented in Figure 1.4.

The running of quark masses is usually treated in the MS scheme [38], with the typical

energy scale chosen as the quark mass itself, m(m). Another renormalisation scheme is

the quark pole mass scheme, where the quark mass would correspond to the pole of the

quark propagator in the approximation of a quark as a free particle [39]. The colour

of the quark does not prevent its definition as an asymptotic state in perturbation

theory, and hence the pole mass mpole
q can be formally defined at any order [40, 41].
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Figure 1.4: State-of-the-art determinations of αS as a function of the energy scale Q
compared to the running of the coupling computed at five loops taking as an input the
current PDG average, αS(mZ) = 0.1180± 0.0009. Figure taken from Ref. [6].

However, the concept of an asymptotic “quark particle” is not physically meaning-

ful as it assumes that virtual QCD self-energy quantum corrections (absorbed into

the mass) can be separated from the real radiation effects at arbitrarily small scales

µ. As a result, the definition of mpole
q has an intrinsic renormalon ambiguity [42–44]

of 110–250 MeV [45, 46]. An alternative short-distance mass definition is the MSR

mass [47], which reduces the infrared renormalon ambiguity by introducing a variable

scale R. This scale permits the split of the infrared and ultraviolet contributions. As

a result, the mass definition is less sensitive to the non-perturbative effects.

The pole mass is related to the MS and MSR masses at each order in perturbation

theory. When including QCD corrections, the mpole
q differs from the MS mass, e.g., for

top quark this difference is about 9 GeV [39]. In the particular case of the top quark,

the renormalon-free mass schemes MSR and MS can be converted to each other with

a precision of about 10–20 MeV [47] regardless of the selected renormalisation scales.

Finally, the MSR mass converges to MS mass at R = m(m) and to the pole mass

definition when R → 0. However, this limit is purely formal, as the MSR mass is only
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applicable for R scales that remain in the realm of perturbation theory.

1.3 Unified electroweak theory

The unified theory of electromagnetic and weak interactions was formulated by Glashow,

Salam, and Weinberg [48–50]. This is a local gauge theory based on the symmetry

group SU(2)L ⊗ U(1)Y where the conserved charges are the weak isospin T and the

hypercharge Y , respectively. The fermion fields are categorised into left-handed and

right-handed components, defined by their chirality. Chirality for a Dirac fermion Ψ is

defined through the operator γ5, which has eigenvalues ±1. Any Dirac field can thus

be projected into its left- or right-handed component by applying the projection oper-

ators 1
2(1− γ5) or 1

2(1 + γ5), respectively. In the SM, left-handed fermions and right-

handed antifermions are organised into SU(2)L weak isospin doublets as eigenstates of

γ5 with eigenvalue −1, having weak isospin quantum numbers (T, T3) = (1/2,±1/2).

On the other hand, right-handed fermions and left-handed antifermions transform as

weak isospin singlets with eigenvalue +1 under γ5, having isospin quantum numbers

T = T3 = 0. The weak interaction is observed to be maximal parity violating [51],

implying that only fermions with left chirality participate in weak interactions.

Below an energy scale of about 246 GeV, which corresponds to the EW vacuum scale,

the EW theory falls back to the charge symmetry of electromagnetism U(1)em. The

conserved charges of the group SU(2)L ⊗ U(1)Y are related to the electric charge Q

via the Gell–Mann–Nishijima formula [52]:

Q =
Y

2
+ T3. (1.10)

Here, T3 is the eigenvalue of the third component of the weak isospin operator. From

Eq. (1.10), the hypercharge of right-handed neutrinos is 0, indicating that they can

not participate in any SM interactions.

The gauge-invariant Lagrangian for the EW sector can be written as:

LEW = iL̄γµDµL+ R̄iγµDµR− 1

4
BµνBµν −

1

4
W µν

a W a
µν , (1.11)

where γµ are the four Dirac matrices. The first and second terms represent the fermion

kinematic sector associated with the left-handed doublets L and the right-handed
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Figure 1.5: Feynman diagram representations of possible trilinear (left) and quartic
(middle and right) EW boson self-interaction vertices.

singlet R. The remaining parts describe the interactions of the gauge bosons: Bµ

associated with the U(1)Y group and the three fields W i
µ (with i running from 1 to 3)

corresponding to the SU(2)L group. The gauge covariant derivative Dµ reads:

Dµ = ∂µ − i
g′

2
Y Bµ − igTiW

i
µ. (1.12)

Here, g and g′ are real dimensionless parameters representing the coupling strengths of

the interactions. When acting on an isospin doublet, the Ti operators are represented

by σi/2, where σi are the three Pauli’s matrices. The field strength tensors for the

Abelian U(1)Y and the non-Abelian SU(2)L gauge groups are given by:

U(1)Y : Bµν = ∂µBν − ∂νBµ, (1.13)

SU(2)L : W i
µν = ∂µW

i
ν − ∂νW

i
µ − g ϵijkW j

µW
k
ν , (1.14)

where ϵijk is the structure constant of SU(2)L group. The non-Abelian structure of

the SU(2)L symmetry group results in the self-interactions of the gauge bosons, as

shown in Figure 1.5.

The invariance under the local gauge symmetry of the group SU(2)L⊗U(1)Y implies

that all particles should be massless. However, experimental observations demon-

strated that fermions and weak bosons possess finite masses, indicating that SU(2)L⊗
U(1)Y symmetry is spontaneously broken by the Higgs field, which leads to the mixing

of the fields W i
µ and Bµ and results in three massive weak bosons (W+,W−,Z) and

one massless electromagnetic photon (γ). The new mass eigenstates of the W bosons

are defined as:

W±
µ =

1√
2
(W 1

µ ∓ iW 2
µ). (1.15)
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The electromagnetic field Aµ and the neutral current field Zµ, corresponding to the

photon and the Z boson, can be derived from a rotation of the original massless fields:(
Aµ

Zµ

)
=

(
cos θW sin θW

− sin θW cos θW

)(
Bµ

W 3
µ

)
. (1.16)

Here, the parameter θW is referred to as the Weinberg angle or electroweak mixing

angle. These relations are valid under the condition g sin θW = g′ cos θW = e.

At LO, the EW mixing angle relates the masses of the W and Z bosons as sin2θW =

1−m2
W/m2

Z. At higher orders, the effective weak mixing angle sin2θeff = kf · sin2θW is

introduced, where kf is a flavour-dependent effective scaling factor absorbing higher

order corrections. Currently, the most precise effective leptonic electroweak mixing

angle sin2θleff values are 0.23221 ± 0.00029 from b quark forward-backward asymme-

try results at the CERN LEP experiments, and 0.23098 ± 0.00026 from left-right

asymmetry data at the SLD experiment at SLAC [53]. These two values differ by 3.2

standard deviations. A recent CMS measurement [54] presents a sin2θleff obtained with

a precision that exceeds that of all previous hadron collider measurements [55, 56], is

comparable to that of the LEP and SLD results [53] and is in perfect agreement with

the SM.

1.4 EW symmetry breaking and mass generation

The Higgs–Brout–Englert mechanism [19, 20] introduces the masses of elementary

particles through the spontaneous breaking of the EW symmetry. The corresponding

term of the SM Lagrangian featuring the new scalar field ϕ (Higgs field) reads:

LHiggs = (Dµϕ)†(Dµϕ)− V (ϕ). (1.17)

The Higgs potential V (ϕ), dependent on the real parameters µ and λ, is defined such

that it is invariant under the symmetry group SU(2)L ⊗ U(1)Y :

V (ϕ) = −µ2|ϕ|2 + λ|ϕ4|. (1.18)

While the parameter λ drives the stability of the EW vacuum [58], the parameter µ

represents the minimum of the potential V (ϕ) for a given value of λ. If µ2 <0, the
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Figure 1.6: The Higgs potential for µ2 >0: the local minimum corresponds to ϕ ≡ 0,
while the lowest energy state is degenerate and defined by |ϕ2| = µ2/2λ. Figure taken
from Ref. [57].

only solution for the minimum of V (ϕ) is obtained for ϕ = 0, which preserves the

symmetry. In contrast, when µ2 >0, the potential presents a degenerate minimum,

as illustrated in Figure 1.6. The ground state of the potential has infinitely many

degenerate solutions for the field ϕ corresponding to:

|ϕ|2 = µ2

2λ
≡ v2

2
, (1.19)

where v is a non-zero vacuum expectation value. Through a gauge transformation of

the scalar field ϕ, a particular minimum can be fixed, and the Higgs doublet can now

be written as:

ϕ =

[
ϕ1

ϕ2

]
→ 1√

2

[
0

v + h

]
. (1.20)

This choice breaks the EW symmetry and introduces the mass terms for the W and

Z fields:

mW = gv/2, mZ = mW/ cos θW. (1.21)

The vacuum expectation value defines the natural scale of the EW interactions and

corresponds to v ≈ 246 GeV [59]. Here, the field excitations h about the vacuum value

v manifest as a physical scalar field whose excitation is the Higgs boson. The Higgs

boson attains a mass mH =
√
2λv, and its interactions with the weak vector bosons
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are naturally generated. In addition, expanding the potential around the minimum

of ϕ results in trilinear and quartic self-interaction terms of the field h with coupling

strengths proportional to µ2/v and λ. The Higgs boson was observed at the LHC by

the ATLAS [60] and CMS Collaborations [61] in 2012 and is being studied in detail

since then [62,63].

While the Higgs kinetic term in Eq. (1.17) introduces the masses and couplings to

h for the weak bosons via the non-zero vacuum expectation value, the fermion mass

terms and Higgs couplings arise from the Yukawa interaction. The Lagrangian of the

Yukawa sector reads:

LYukawa = −Qi
LY

′(u)
ij ϕcu

j
R −Qi

LY
′(d)
ij ϕdjR − Li

LY
(l)
ij ϕℓjR + h.c., (1.22)

where the three terms refer to the u-type, d-type quark and lepton fermions, respec-

tively, ϕc = iσ2ϕ∗ and h.c. denotes the hermitian conjugate. Here, the Yukawa

matrices Yij are complex matrices with dimensionality equal to the number of gener-

ations. The elements of the Yukawa matrices are the Yukawa couplings yf , which are

proportional to the fermion’s mass mf :

yf =
√
2mf/v. (1.23)

In the quark sector of Eq. (1.22), real diagonal mass matrices are obtained only by a

change from the original flavour basis to the mass eigenstates (Y
′

ij), which is respon-

sible for the flavour mixing, described by the Cabibbo-Kobayashi-Maskawa (CKM)

matrix [36]. In the SM, the CKM matrix is a complex unitary matrix that can be

parametrised in terms of three mixing angles and one CP-violating phase [59]. The

parameters of the CKM matrix can be determined experimentally [59].

Similarly, the flavour mixing in the leptonic sector can be introduced. However, if

neutrinos were massless, as predicted by the SM, the flavour and mass states would

naturally coincide, and no mixing would be needed. Consequently, the charged-current

interactions between leptons should be diagonal in the flavour. However, the neutrino

oscillations are an experimental proof of the non-zero neutrino mass [64–68]. In this

case, the SM Lagrangian in Eq. (1.22) can be extended to include the mass terms of

the neutrinos, along with the leptonic equivalent of the CKM matrix, known as the

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [69, 70]. Currently, only upper
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Figure 1.7: The Higgs potential in different stability scenarios of the EW vacuum.

limits on neutrino masses have been established. For instance, the effective electron

antineutrino mass is constrained to mν < 0.8 eV/c2 at a 90% confidence level [71].

1.5 The stability of the electroweak vacuum

The stability of the SM EW vacuum is a fundamental proof of the validity of the SM

and is linked to the properties of the Higgs field and its potential. If the Universe

lies in the global minimum of the potential, it is stable. However if this minimum is

only local, the Universe might tunnel out into a true vacuum state. So, the fate of

the Universe is determined by the slope of the curve as shown in Figure 1.7, which

features the stable, metastable and unstable scenarios. This slope is defined by a sign

of the Higgs quartic coupling λ. A condition for the EW vacuum stability is that the

Higgs quartic coupling parameter λ should always be positive. However, the analysis

of the potential implies a possibly vanishing λ around the Planck scale, as shown

in Figure 1.8 (left). Among the SM fields, those associated with the most massive

particles exhibit the largest coupling to the Higgs field. As a result, loops involving

top quarks contribute the most significant corrections to the parameters of the Higgs

potential.

The evolution of λ as a function of the energy scale depends on the values of the top
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Figure 1.8: Left : The evolution of the Higgs quartic coupling λ as a function of RGE
scale µ, including the ±3σ uncertainty in the values of αS(mZ), m

pole
t , and the Higgs

boson mass. Figure taken from Ref. [58]. Right : The regions of stability, metastability

and instability as a function of the values of αS(mZ) and mpole
t . The values mpole

t =
173.1± 0.6GeV and αS(mZ) = 0.1181± 0.0011 are assumed, with the ellipses indicating
the 68%, 95% and 99% confidence levels. Figure taken from Ref. [75].

quark mass mt, αS(mZ), and (to a lesser extent) mH [58,72–74]. Predicted regions of

instability, metastability and stability of the EW vacuum for different assumed values

of αS(mZ) and mt are shown in Figure 1.8 (right). With the values of mt, αS(mZ)

and mH considered in Ref. [75], only the unstable vacuum hypothesis can be firmly

rejected. Any non-stable result for the EW vacuum would suggest the presence of

new physics at the scale where λ becomes negative, necessary to stabilise the vacuum.

In Ref. [76], several new physics models were investigated in this context. The work

of Ref. [76] also estimates that reducing the current uncertainties in mt and αS(mZ)

by a factor of two to three would be necessary to prove that the SM predicts vacuum

stability at the 5σ level. As a result, precise experimental determinations of αS(mZ)

and mt are crucial in probing the stability of the EW vacuum.





Chapter 2

Phenomenology of hadronic
collisions

This Chapter describes the theoretical aspects related to the physics analyses pre-

sented in this thesis. Section 2.1 discusses the QCD factorisation, followed by a

discussion of the proton structure and its determination in Section 2.2. The mod-

elling of proton-proton collisions through Monte Carlo (MC) simulations is described

in Section 2.3. The phenomenology of jet and top quark production is presented in

Sections 2.4 and 2.5, respectively, with a particular focus on the methods to determine

the strong coupling constant αS(mZ), the top quark mass mt, and its width Γt.

2.1 Physics at hadron colliders

The cross section of particle production in proton-proton (pp) collisions at high en-

ergies can be computed using a master formula known as the QCD factorisation

theorem [77]. This theorem states that the parton dynamics can be factorised into

short-distance and long-distance interactions at factorisation scale µf , which separates

the perturbative and non-perturbative regimes, respectively. The cross section for a

given process, σpp → ab + X, can be formulated as the convolution of the parton

distribution functions (PDFs) of the proton fi(x, µf) with the partonic cross section

σ̂ij→ab:

σpp→ab+X =

∫
dx1

∫
dx2

∑
ij

fi(x1 , µf) fj(x2 , µf)σ̂ij→ab (x1, x2, αS(µ), µr, µf) . (2.1)

The PDFs represent the probability density function of finding a parton i, carrying

a fraction x of the proton momentum, inside the proton, as resolved at µf . They

21
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are considered universal, meaning these are intrinsic properties of the nucleon and,

therefore, do not depend on the particular process. The σ̂ij→ab can be calculated

perturbatively.

Beyond leading order (LO) in perturbation theory, the scale µf is introduced to sub-

tract infrared divergences that arise from hard collinear initial-state radiation. This

scale corresponds to the minimum transverse momentum at which a collinear splitting

of an interacting parton can be resolved while the remaining infrared divergences are

absorbed into the PDFs. In this way, the dependence on the scale µf from the PDFs

and σ̂ij cancel out when considering all orders in perturbation theory. However, at a

fixed order prediction (e.g. next-to-LO (NLO)), a residual dependence remains and

has to be evaluated.

The relevant RGEs for evolving the PDFs as a function of the scale µf are the

Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations [78–84], formulated in

1977. For the gluon g and the singlet Σ, the DGLAP reads:

µ
d

dµ

[
fΣ(x, µ

2)

fg(x, µ
2)

]
=

∫ 1

x

dξ

ξ

Pqq

(
x

ξ
, αS(µ

2)

)
Pqg

(
x

ξ
, αS(µ

2)

)
Pgq

(
x

ξ
, αS(µ

2)

)
Pgg

(
x

ξ
, αS(µ

2)

)

[
fΣ(ξ, µ

2)

fg(ξ, µ
2)

]
, (2.2)

where the singlet fΣ(x, µ
2) is defined as

∑Nf

i=1

(
qi(x, µ

2) + q̄i(x, µ
2)
)
[83] and i runs over

the number of active quark flavours in the nucleon. The non-singlet evolution equa-

tions for the valence distributions qv and the non-singlet quark flavour asymmetries

q± are given by:

µ
d

dµ
fNS
qi (x, µ2) =

∫ 1

x

dξ

ξ
PNS
qiqi

(
x

ξ
, αS(µ

2)

)
fNS
qi (ξ, µ2), i ∈ [v,±]. (2.3)

In Eq. (2.2) and (2.3), the functions Pij(z) are the Altarelli-Parisi splitting functions,

which can be calculated perturbatively. The corresponding Feynman diagrams at LO

are shown in Figure 2.1.

At LO, the splitting functions can be interpreted as the probability that a parton

i emits a parton j with a fraction x of its longitudinal momentum in the collinear

approximation. This implies that they are positive definite for z < 1, and they satisfy
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Figure 2.1: The Feynman diagram representations at LO for the processes correspond-
ing to the Altarelli-Parisi splitting functions Pqg(z), Pqq(z), Pgq(z), and Pgg(z) (from left
to right).

the sum rules : 
∫ 1

0 dzPns(z) = 0,∫ 1

0 dzz (Pqq(z) + Pgq(z)) = 0,∫ 1

0 dzz (2nfPqg(z) + Pgg(z)) = 0,

(2.4)

corresponding to the conservation of quark number and momentum [33]. Here, the

quark flavour indices have been omitted. Similarly, the PDFs satisfy a set of sum

rules [33, 85]. The conservation of the number of up- and down-quarks in the proton

and the conservation of momentum is given by:
∫ 1

0 dx[u(x)− u(x)] = 2,∫ 1

0 dx[d(x)− d(x)] = 1,∑
j

∫ 1

0 dxfj(x)x = 1.

(2.5)

While the scale dependence (evolution) of the PDFs can be calculated in perturbative

QCD using the DGLAP equations, their x dependence can not yet be calculated

from the first principles and needs to be extracted from the experimental data. The

PDFs are typically parametrised in the form of a polynomial at a chosen starting

scale Q0. Then, they are evolved to the kinematic regions of the measurements using

the DGLAP equations. Finally, the PDFs are extracted by comparing the theory

predictions to data in a χ2 minimisation procedure. The phenomenology groups, such

as ABMP [86], MSHT [87], CTEQ [88], and NNPDF [89], combine many data from

several experiments and processes to interpret those in terms of PDFs (and in some

cases also quark masses, αS(mZ), or other parameters), in a procedure known as a

global QCD analysis. Differences in the results arise from the selection of data, theory

assumptions and different parametrisations of the functional forms.
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2.2 Constraining PDFs from experimental data

Precise knowledge of PDFs is essential to accurately describe the initial state in pp

collisions. Currently, the uncertainties in the PDFs are the limiting factor for many

high-precision interpretations of the LHC measurements. For instance, recent CMS

results on e.g. the mass of the W boson [90] and the effective electroweak mixing

angle [54] depend on the choice of the PDFs. Uncertainties in the PDFs represent the

dominant uncertainties in these measurements, ∼21% and ∼50% of the total uncer-

tainty in mW and sin2θleff, respectively, highlighting the need for continuous improve-

ments in understanding the parton dynamics by incorporating high-precision collider

data.

The PDFs can be determined using dedicated measurements, such as Deep Inelastic

Scattering (DIS), or in hadronic collisions. The main constraints on the PDFs are

imposed by the DIS data, collected in e±p collisions at HERA [91]. The DIS process

at energies above the Z boson mass proceeds either through exchange of a virtual

photon or a Z boson (Neutral Current, NC) or a W± boson (Charged Current, CC).

These processes are illustrated in Figure 2.2 for the e−p interaction.

The kinematics of DIS e±p scattering is described by the following variables [33]:
Q2 = −q2 = −(k − k

′
)2,

x =
Q2

2P · q
,

y =
P · q
k · P

,

(2.6)

where P is the proton’s momentum, k(k
′
) the momentum of the incoming (outcom-

ing) lepton, and q the momentum transferred from the incoming particle to the target.

Here, Q2 represents the virtuality of the boson; x is a scaling variable; and y corre-

sponds to the momentum fraction of the lepton taken by the hadronic final state in

the proton rest frame. The inclusive cross sections for the NC and CC contributions,

where inclusive means that the cross sections are integrated over all possible hadronic

final states, are given respectively by:

d2σNC
e±p

dxdQ2
=

2πα2

xQ4

[
Y+F̃2(x,Q

2)∓ Y−xF̃3(x,Q
2)− y2F̃L(x,Q

2)
]
, (2.7)
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Figure 2.2: NC (a) and CC (b) processes in e−p collisions. The hadronic final state is
labelled as X, and the four momenta are shown in brackets.

d2σCC
e+p

dxdQ2
=

G2
F

2πx

(
M2

W

Q2 +M2
W

)2 [
Y+W̃

±
2 (x,Q2)∓ Y−xW̃

±
3 (x,Q2) + y2W̃±

L (x,Q2)
]
,

(2.8)

where α is the electromagnetic coupling constant, GF the Fermi coupling constant

and Y± = 1± (1− y)2. Here, F̃i(x,Q
2) and W̃±

i (x,Q2) with i = 2, 3, L are generalised

structure functions for the NC and CC, respectively.

The combination of NC and CC measurements are sensitive to light quarks at low

and medium x and to the gluon PDF via scaling violations. It is worthwhile noticing

that the inclusive DIS is only indirectly sensitive to the gluon distribution. Produc-

tion of jets and heavy quarks in DIS, instead, while probing the gluon distribution

directly [92], is statistically limited in particular at high x. High-energy pp collision at

the LHC provide valuable information on the PDFs in particular at high x. However,

the LHC data alone are not sufficient to constrain the PDFs, since the momentum

fractions x1 and x2 of two colliding protons, carried by the interacting partons, cannot

be disentangled. Therefore, the DIS data are always used for PDF extraction. At the

LHC, different processes in pp collisions can be used to provide additional constraints

on different PDFs. Heavy quark pair production probes the gluon distribution in a

wide range of x: while the forward c and b quark production provides key information

about the gluon at very low x [93,94], the top-quark pair production gives information

about the gluon at high x [95–98]. The Drell-Yan processes probe the valence distri-

bution and contribute to flavour decomposition of the sea [54], while associated W+c

production probes directly the strange quark distribution [99–102]. The production

of jets is sensitive to the valence quark distributions and the high-x range of the gluon
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Figure 2.3: The gluon PDF distribution shown as a function of x at the scale µ2
f =

m2
t . The filled (hatched) band shows the results of a fit using HERA DIS and CMS

inclusive jet cross section data at
√
s = 13 TeV (HERA DIS data only) with their total

uncertainty. The lower panel displays a comparison of the relative PDF uncertainties
for each distribution. The line represents the ratio of the central PDF values of the two
variants of the fit. Figure taken from Ref. [106].

distribution [103–108]. In Figure 2.3, the gluon distribution derived from the CMS jet

production measurements at a centre-of-mass energy
√
s of 13 TeV [106] combined

with DIS data are compared to those obtained using only DIS data. The inclusion of

jet production data notably enhances the gluon distribution at high x.

In this thesis, the simultaneous extraction of αS(mZ) and PDFs is performed using

jet data measured by CMS at multiple
√
s, combined with DIS data.

2.3 Monte Carlo simulations

The MC event generators, paired with a detailed simulation of the experimental ap-

paratus, are essential to compare data to theoretical predictions at the LHC. The gen-
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Figure 2.4: A schematic representation of the MC simulation of a pp collision. Partons
from the colliding protons contribute to the hard interaction (red circle in the centre),
surrounded by parton branchings simulated by the PS. A secondary scattering event
(purple circle) is illustrated, representing multiple-parton interactions. The hadronisa-
tion process (light green circles), together with the decays of final state hadrons (dark
green circles), are also shown. Figure taken from Ref. [109].

eration of MC-simulated events is factorised into a number of steps, each addressed

with different techniques, depending on the typical energies involved. An illustration

of a typical pp collision event generated in MC simulation is presented in Figure 2.4.

After the hard interaction, the final-state partons can further fragment with the emis-

sion of soft and collinear partons simulated by parton shower (PS). While the hard

interaction, and partially fragmentation, can be computed in perturbation theory,

soft processes such as multiple parton interactions (MPI), hadronisation, and hadron

decays into stable particles rely on phenomenological methods. The different steps

of the MC event generation, along with the simulation of the detector response, are

detailed below.

Matrix Element (ME): The partonic cross section is calculated by evaluating the

probability of the hard interaction. MC generators at NLO in QCD used at the LHC

experiments include powheg [110–113] and mg5 amc@nlo [114]. In the powheg

method, infrared singularities are handled by cancelling soft and collinear real emis-
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sions with their corresponding virtual corrections. This results in a fraction of events

with negative weights, typically around 1% at NLO accuracy and increasing to ∼10%

at NNLO accuracy. Similarly, in mg5 amc@nlo, negative weights arise from the

subtraction method used to regulate divergences, though their fraction depends on

the process and phase-space region.

Parton shower: PS models imply the same splitting functions presented in Sec-

tion 2.1 within the framework of PDFs. For any hard process generating a parton

i, the cross section for a hard configuration with cross section σ0, accompanied by a

parton j carrying a momentum fraction z, is given by [115]:

dσ ≈ σ0
∑

partons,j,i

αS

2π

dθ2

θ2
Pji(z)dz, (2.9)

where Pji(z) are the splitting functions, and θ is the angle of the emission. Equa-

tion (2.9) is solved through an iterative process, starting from the ME of the hard

scattering and incorporating a final-state branching at each step. The divergences

in the limit θ → 0 can be removed by setting a shower cutoff Q0, which defines the

scale below which a splitting is not resolved. By using k as an ordering variable, the

Sudakov form factor describes the probability of no resolvable branchings occurring

with k2 > q2 [115,116]:

∆i(Q
2, q2) = exp

−∑
j

∫ Q2

q2

dk2

k2
αS

2π

∫ 1−Q2
0/k

2

Q2
0/k

2

Pji(z)dz

 . (2.10)

Here, q is the virtuality of the emitted parton. In the PS implementation, a random

number r is selected, and the equation ∆i(Q
2, q2) = r is solved for q2. If q2 > Q2

0,

a resolvable branching with k2 = q2 is generated according to Pji(z); otherwise, the

evolution stops. The shower algorithm numerically carries out the all-order summa-

tion embedded in the exponentiation of Eq. (2.9). By summing the terms with the

greatest number of logs of Q2
0 at each order of αS , it is referred to as a leading collinear

logarithmic parton shower algorithm [115]. Another key factor is the running of the

strong coupling αS , which increases as q2 decreases. This leads to higher branching

probabilities and a faster development of the shower. Consequently, the shower cutoff

scale Q0 must be set significantly above ΛQCD to preserve the validity of perturba-

tion theory. As a result, Q0 strongly affects the final observable distributions of the
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PS. A similar method applies to initial-state showers, with Eq. (2.9) modified to in-

clude PDF evolution and correct momentum fraction for each interacting parton [115].

ME-PS matching: To prevent double counting, real emissions present in both the

fixed-order ME calculation and the PS must be carefully handled. This is done by sub-

tracting overlapping terms when matching the PS to the ME calculation, correcting

the hardest emission from the parton shower. One widely used matching procedure is

the powheg method [110–113], which applies appropriate corrections to the Sudakov

form factor. The value of the scale at which the matching is performed, known as the

resummation scale (hdamp) [117], is tuned using experimental data. This procedure

ensures that both the NLO accuracy of the ME calculation and the leading-logarithmic

resummation properties of the PS are preserved. Alternatively, the matching scheme

FxFx [118] is used in mg5 amc@nlo. Generating and matching to next-to-NLO

(NNLO) predictions is an ongoing area of development. An example is the powheg

MiNNLO [119–122] event generator.

Underlying Event: All the interactions that are not linked to the hard scattering

(e.g. beam remnants and multiple parton-parton interactions) are collectively referred

to as the underlying event. This process is simulated using phenomenological models,

where dedicated tunes are derived by fitting the model parameters to the experimental

data [123]. Furthermore, the interference between the hard-interaction partons and

final-state radiation due to colour correlations have to be accounted for [124]. Several

colour reconnection models are available [125–127] for LHC analyses.

Hadronisation: At energy scales below ΛQCD and the PS cutoff, coloured objects

recombine to form colour-neutral hadrons. This process is described by hadronisa-

tion models, with two main classes being the string model [128] as used in, e.g.,

Pythia [129] generator, and the cluster model as implemented in, e.g., Herwig [130].

The string model assumes that qq̄ pairs are subject to a linearly rising potential com-

pressed in a string. As the distance between the quarks increases, the potential energy

rises until it becomes energetically favourable to break the string and produce a new

qq̄ pairs. The fragmentation process continues until stable hadrons are formed. In

this framework, the gluons are modelled as kinks in the strings, influencing the kine-

matic properties of the hadrons. The Bowler–Lund parametrisation [131] extends the

string model by incorporating the effects of the heavy quark mass on the string po-
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tential. This parametrisation describes the distribution of the momentum fraction of

the heavy quark carried by the associated hadron. Alternatively, the Peterson frag-

mentation function can be used [132]. The Lund string model has been employed

in this thesis. Otherwise, the cluster model of hadronisation is based on clustering

quarks and antiquarks at the hadronisation scale. In the first step, gluons are split

into qq̄ pairs. Then, the surrounding quarks and antiquarks are combined and form

colour-neutral clusters, which subsequently decay into hadrons.

Simulation of the detector response: At the CMS experiment, a comprehensive

simulation of the detector is carried out using the Geant4 package [133]. Particles

produced at “generator level” in MC event generators are propagated through the

detector simulation and undergo modifications based on various detector effects, such

as scattering in detector materials and bremsstrahlung. This simulation is tuned on

real collision data to ensure a reliable description of the detector [39]. The resulting

“detector-level” objects can then be processed in the same way as real collision data,

serving as inputs for the particle reconstruction and identification algorithms described

in Section 3.3. This step in the simulation is the most CPU- and storage-intensive.

2.4 Jets and αS

The particles produced by fragmentation and hadronisation and originating from the

same initial parton form collimated sprays called jets, which conserve the properties

of the original parton, such as its flavour, direction, and momentum. Jet production

was observed for the first time in 1975 by the SPEAR experiment in e+e− collisions

at SLAC at
√
s = 3 − 7.4 GeV, illustrating the confinement property of QCD [31].

Since then, jet measurements have been used for the fundamental tests of QCD prop-

erties [31, 134, 135]. While there are several processes from which to extract αS(mZ)

at the LHC (e.g., top quark pair production cross section [106,136–138], W/Z bosons

cross sections [139, 140] and Z boson pT distribution [141]), jet production is a stan-

dard candle process to determine αS(mZ) at high energy scales. A summary of the

latest determination of αS(mZ) at the LHC, with at least NNLO accuracy in QCD, is

presented in Figure 2.5.
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Determinations of s(MZ) at the LHC

Figure 2.5: Summary of αS(mZ) determinations from ATLAS (green) and CMS (red)
collaborations at least at NNLO in QCD. The results are compared to the world average
αS(mZ) = 0.118± 0.0009 [6] (black).

Jet definition

The definition of a jet is not unique and depends on the clustering algorithm used.

A jet is defined as a cone of radius R around an axis that (ideally) aligns with the

direction of the initial parton. The clustering algorithm should have some desirable

features, including easy implementation from theoretical and experimental perspec-

tives. An essential requirement is the infrared-collinear safe property, i.e. the algo-

rithm must be robust against the emission of additional soft or collinear radiation.
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This feature is crucial to ensure the renormalisation of the theory. A category of jet

algorithms largely used at the LHC is the sequential-recombination algorithms, which

reconstruct the “history” of the jet and is theoretically robust. This class of algo-

rithms uses a metric that searches for the minimum value within the set of distances

between pairs of particles i and j, and between each particle i and the beam B (diB): dij ≡ min
(
k2pTi, k

2p
Tj

) ∆y2ij +∆ϕ2
ij

R2
,

diB ≡ k2pTi.

(2.11)

Here, p is a parameter defining the type of jet algorithm, kT is the transverse momen-

tum of the particle, R is the cone radius parameter, and ∆ϕ2
ij and ∆y2ij are the squared

differences between the azimuthal angles ϕ and rapidities y of i and j particles. The

rapidity y is defined as:

y =
1

2

E + pz
E − pz

, (2.12)

where E represents the object’s energy, and pz is the momentum component along

the beam direction. The algorithm proceeds iteratively by checking if dij < diB. If

this condition is satisfied, particles i and j are merged into a jet by summing their

momenta. Otherwise, particle i is assigned as a new jet. If any particles remain un-

clustered, the process is repeated. Based on the power parameter p, different subsets

of sequential-recombination algorithms are defined, as shown in Table 2.1. The jets

obtained from the three different clustering algorithms are illustrated in Figure 2.6.

Power Parameter p Algorithm

p = 1 kT [142]

p = 0 Cambridge-Aachen [143]

p = −1 anti-kT [144]

Table 2.1: Sequential-recombination algorithms defined by the power parameter p.

In this thesis, the anti-kT [144] algorithm is used, which starts clustering from the

highest pT object and progressively accumulates softer particles around it. The pro-

cess stops when no particles are found within a radius R around the hard centre.

The resulting jets are almost well-defined cones, an important feature for calibrating

jets in pp collisions and minimising noise effects from pileup and MPI. However, this

algorithm is not ideal for substructure studies. In such cases, reclustering with the
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Figure 2.6: Jets clustered by using different jet algorithms. Figures taken from
Ref. [144].

Cambridge-Acheen algorithm is typically applied. The jet cone radius R is a crucial

parameter in jet analyses. On one hand, R should be large enough to contain all

partons, minimising any out-of-cone losses. However, if R is too large, the contamina-

tion from pileup, initial-state radiation, and hadronisation effects increases. For QCD

interpretation studies, a larger radius is typically used.

Probing QCD with inclusive jets

The production of inclusive jets, denoted as pp → jet+X, refers to events that feature

at least one jet in the final state with reconstructed pT above a given threshold, where

“inclusive” means that no constraints are imposed on the total number of jets in the

event. This is a standard candle process to test the QCD dynamics up to the highest

accessible energy scales. In pp collisions at the LHC, inclusive jet production has

been extensively studied by the CMS [103–106, 148, 149] and ATLAS [150–155] Col-
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Figure 2.7: The Feynman diagram representations for jet production at LO in hadronic
collisions. The first two diagrams show the quark-antiquark annihilation production
mode in the s-channel (left) and t-channel (middle), respectively, while the third diagram
(right) represents the gluon-gluon fusion production mode.

Figure 2.8: The inclusive jet production modes at the LHC at NNLO. The most
central rapidity bin of the CMS inclusive jet measurement at

√
s =13 (upper left), 8

(upper right), 7 (lower left) and 2.76 (lower right) TeV are shown. Figures produced
using the fastNLO program and the fastNLO interpolation grids [145–147].
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laborations at several
√
s over a wide kinematic range. The Feynman diagrams of jet

productions at LO are shown in Figure 2.7. In hadronic collisions at
√
s = 13 TeV, jets

are predominantly produced through the gluon-gluon fusion process at low to medium

pT, whereas quark-quark and quark-gluon interactions become dominant at higher pT

values. As
√
s decreases, the contribution from quark-gluon becomes more significant

at low/medium pT, while at high pT, quark-quark contributions become larger, as

illustrated in Figure 2.8. As a result, jets are particularly sensitive to the gluon and

valence PDF distributions. At the same time, jet production is driven by the value of

αS(mZ). Consequently, the theoretical predictions of the jet cross sections is affected

both by αS(mZ) and PDFs, so that variation of one parameter would be compensated

by the variation of another. To account for the correlation between αS and PDFs,

both should be extracted simultaneously. Several comprehensive QCD analyses were

performed at HERA and at the LHC experiments [91,104–108,156] using the inclusive

and multi-jet production for determination of PDFs and αS(mZ). Further, high-pT jet

production can also probe models beyond the SM, e.g. Contact Interactions, usually

modelled by means of Effective Field Theory [157]. Recent simultaneous determina-

tion of PDFs, strong coupling, and the effective couplings of New Physics [106, 158]

account for the correlations between the QCD and EFT parameters and start to be

most commonly used for the BSM interpretations of the jet data.

This thesis presents the most precise determination of αS(mZ) ever obtained by using

the jet production measurements. The αS(mZ) together with PDFs is extracted in a

comprehensive QCD analysis at NNLO combining CMS inclusive jet measurements at

several
√
s. Moreover, the running of αS as a function of the energy scale is illustrated

at NNLO, up to ∼2TeV. The details and results of this analysis are presented in

Chapter 6.

2.5 The top quark mass and width

The existence of the top quark was suggested already by Kobayashi and Maskawa in

1973 [159] before its direct measurement. Following the discovery of the b quark at

Fermilab in 1977 [160], the search for its expected isospin partner began. Although

initial searches at e+e− colliders were unsuccessful, the top quark was eventually

discovered by the CDF and D0 Collaborations at Fermilab at
√
s = 1.8 TeV [161,162].

The top quark is the most massive elementary particle known with a mpole
t mass of



36 Phenomenology of hadronic collisions

g

g

g
t

t

g

g

t

t

t

q

q

g
t

t

Figure 2.9: The Feynman diagram representations for tt production at LO in hadronic
collisions. The first two diagrams show the gluon-gluon fusion production mode in the
s-channel (left) and t-channel (middle), respectively. The third diagram (right) shows
the quark-antiquark annihilation production mode.

about 172.4 ± 0.7 GeV [6]. Its total decay width, assuming |Vtb| = 1 and neglecting

the b quark mass, can be expressed as [163]:

ΓLO
t =

GFm
3
t

8π
√
2

(
1− m2

W

m2
t

)2(
1 + 2

m2
W

m2
t

)
, (2.13)

where mt refers to mpole
t . The top quark decay width is predicted up to N3LO, with

the analytic calculation yielding 1.3120 ± 0.0038 GeV [2]. However, the total decay

width is highly sensitive to the value of mpole
t assumed in the calculations. To take

this effect into account in Ref. [2], the PDG uncertainty in mpole
t derived from cross

section measurements (∆mt = ±0.7 GeV) is included and the overall uncertainty in-

creases to ±0.0194 GeV. The top quark lifetime is τt ≈ 5 × 10−25 s, which is much

smaller than the hadronisation time scale of 1/ΛQCD ≈ 3 × 10−24 s. As a result,

the top quark decays before forming top-flavoured hadrons and is an ideal candidate

for studying the properties of an unconfined quark, such as its charge and polarisation.

In pp collisions, top quarks can be produced either in top quark-antiquark (tt) pairs

via the strong interaction or as single top quarks through the EW interaction. At

the LHC, tt pair production dominates with a cross section approximately four times

higher than that of single top production. Experiments at the LHC and Tevatron

have studied this process across a wide range of energies and found that it is well

described by perturbative QCD, as shown in Figure 2.10. In pp collisions, about 90%

of the tt pairs are produced via the gluon-gluon fusion process [164], followed by the

qq annihilation. The Feynman diagrams of tt production at LO are illustrated in

Figure 2.9.
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Figure 2.10: Summary of the tt production cross section measurements from LHC and
Tevatron as a function of

√
s. These results are compared to NNLO QCD predictions

complemented with NNLL resummation (top++2.0). The theory uncertainty band ac-
counts for variations in µr, µf , PDFs and αS(mZ). Measurements performed at the same√
s are slightly offset for clarity. Figure taken from Ref. [165].

The top quark decays via the charged-current weak interaction, mainly in a b quark

and a W boson. The branching ratio for its primary decay channel, t → Wb, is

determined by the elements of the CKM matrix [59]:

B(t → Wb) =
|Vtb|2

|Vtb|2 + |Vts|2 + |Vtd|2
. (2.14)

Here, Vtq is the CKM element that controls the t → Wq vertex. In particular

Vtb = 0.998 [166].

The top quark decays are named following W decays, so that in practice, the tt events

are classified as fully hadronic, semileptonic, and dileptonic. In the fully hadronic

channel, both W bosons decay in a qq̄ pair. In the semileptonic channel, one W boson

decays hadronically, while the other decays into a lepton and a neutrino. Finally, both

W bosons decay leptonically in the dileptonic channel. The corresponding branching

ratios for each channel are shown in Figure 2.11. While the fully hadronic channel

accounts for nearly half of the tt decays, the dileptonic channel provides the cleanest
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Figure 2.11: The branching ratios of the various decay channels of tt production.
The label lepton+jets refers to the semileptonic channels, while alljets denotes the fully
hadronic channel. Figure taken from Ref. [167].

signature. The semileptonic channel has intermediate properties, with sizeable statis-

tics and moderate background contamination.

Measurement of top quark mass

To perform a measurement of mt, the distributions of the events observed in data are

compared with MC simulations or theoretical predictions across a range of assumed

mt values. A fitting procedure is then applied to extract the best-fitmt. Detector-level

distributions can be employed via a ‘template fit’. Otherwise, distributions corrected

for experimental effects through unfolding can be compared to theoretical predictions.

The measurements of mt performed so far in CMS are based mainly on tt pair produc-

tion. However, this process interferes with single top production tW, an effect that

has not yet been accounted for. In current measurements, tW is typically treated as

a background.

The top quark mass can be determined in different ways at the LHC. One approach

implies reconstruction of the invariant mass of its decay products. This method is

often referred to as a direct measurement and recent results [168] report its precision

of less than 0.4 GeV. However, these measurements are strongly dependent on dis-

tributions obtained from MC simulations and thus on the model assumptions of the
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state-of-the-art MC generators [115, 169, 170], such as details of the PS and hadroni-

sation simulation. Therefore, the result of direct measurements corresponds to the mt

parameter in the MC simulation, mMC
t , used for its extraction. The relation of mMC

t

and mpole
t is investigated in Ref. [170], for the most clear topology of e+e− collisions,

and currently has an uncertainty of about 0.5 GeV. Analogous studies show that the

value of mMC
t is close to the MSR mass with a similar uncertainty for the scale R set

close to the MC shower cutoff scale [47].

Several observables relevant for the mt determination at LO and NLO QCD were

investigated in Ref. [12], and their sensitivity to input parameters was explored. One

of the most promising observables to measure mMC
t is the invariant mass of the lepton

and the b-jet,mℓb, in dilepton tt events. This choice is motivated by the fact that using

mℓb eliminates the need for full top quark reconstruction, which typically requires the

reconstruction of multiple jets (e.g. in semileptonic and hadronic decays) or neutrinos.

Experimentally, leptons are measured with excellent resolution and efficiency and b-

jets are reliably identified through b-tagging techniques. Theoretically, fully-off shell

corrections at NLO in QCD are available for the mℓb observable [13, 14] as detailed

in Chapter 5. Considering the top quark decay t → bW with the W boson decaying

leptonically at LO and neglecting the masses of leptons and b quarks, mℓb can be

defined as [39]:

m2
ℓb =

m2
t −m2

W

2
(1− cosθlb), (2.15)

where θlb is the angle between the lepton and the b quark in the W boson rest frame.

The relation between mℓb and mt is well established for a fixed value of W boson mass

mW and its upper bound asymptotically reaches
√
m2

t −m2
W.

As an alternative to the direct measurements, the value of the top quark mass can

be determined in a well-defined renormalisation scheme, such as pole mass or MS. In

this method, the measured observables sensitive to mt are compared to fixed-order

theoretical predictions. Typical observables include the inclusive tt cross-section or

differential cross sections as a function of a mt-sensitive variable, e.g. the invariant

mass of the tt pair or that of the tt+1 jet system [171]. Finally, a complementary

experimental approach is to measure mt from boosted high-energy top quarks. The

top decay products are detected in a single jet clustered in a small area of the detec-

tor, which significantly reduces the issue of combinatorial background. Because of the
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higher energy required to produce these boosted top quarks, their rates are relatively

low. However, with increasing energy and integrated luminosity, the three CMS re-

sults obtained using boosted top quarks have improved the measurement precision by

almost a factor of ten (as illustrated in Figure 2.12), with promising prospects for the
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future High-Luminosity LHC [39]. An overview of all the top quark mass measure-

ments performed by CMS, together with the combination results with ATLAS, are

summarised in Figure 2.12.

Measurement of top quark width

Within the SM, the relationship between mt and Γt is known to N3LO in QCD with

an uncertainty of a few percent [2–5]. Improving the precision of Γt can, therefore,

lead to a stringent test of the SM. Furthermore, a precise determination of Γt provides

a constraint on the branching ratios of invisible or semi-visible decay modes of the

top quark. For instance, flavour-changing neutral current decays involving weakly

interacting particles are particularly challenging to detect at the LHC [172, 173]. A

specific example is the decay t → u +X, where X is an invisible particle.

Indirect techniques assume the SM and rely on measurements of the branching frac-

tion B(t → Wb) to determine Γt. The most precise determination of Γt is obtained by

the CMS collaboration [7] via an indirect technique. Otherwise, direct measurements

of kinematic distributions sensitive to Γt can be performed. Although less precise

with a total uncertainty of a few hundred MeV, this class of measurements does not

require an a priori assumption of the SM. As a result, non-SM couplings or decays

of the top quark can be probed, manifesting themselves as deviations from the ex-

pected SM Γt value. Direct measurements, based on template fits to invariant mass

spectra that peak near mt, were made by the CDF [174] and ATLAS [175, 176] Col-

laborations. Owing to their cleaner event signatures, the most sensitive observable in

dilepton and semileptonic decays from tt̄ production is mℓb, as defined in Eq. (5.1).

While the peak position of mℓb is linearly sensitive to mt, the measured width around

the peak depends only weakly on Γt, as it is mostly affected by undetected neutrinos

and b quark fragmentation. A novel approach [177] exploits events in the tails of

the mℓb distribution, which is linearly sensitive to Γt. This technique is also followed

in Ref. [178] and provides the most precise direct measurements of the top quark width.

For the first time in CMS, this thesis presents the extraction of mMC
t and Γt, in-

corporating the interference between tW and tt production while leveraging the mℓb

observable. The details of this measurement are presented in Chapter 5.





Chapter 3

CMS at the LHC

This Chapter provides an introduction to the Large Hadron Collider (LHC) accel-

erator and the Compact Muon Solenoid (CMS) detector. The LHC and CMS are

discussed in Sections 3.1 and 3.2. The event reconstruction process in CMS is de-

tailed in Section 3.3. The High Luminosity LHC (HL–LHC) upgrade is outlined in

Section 3.4. Finally, Section 3.5 addresses the sustainability challenges associated with

the computational demands of the simulations.

3.1 The Large Hadron Collider

The LHC [1] is a circular synchrotron collider, operating with protons or heavy ions,

located at the CERN laboratories in Geneva at the forefront of addressing fundamental

questions in high-energy physics. In this thesis, data produced from pp collision have

been used. The LHC features a 27-km ring of superconducting magnets and accelerate

protons up to 7 TeV and focus proton beams circulating in opposite directions. The

designed centre-of-mass energy of the LHC is
√
s = 14 TeV. Situated 100 m under-

ground, it has been built in the tunnel that previously hosted the LEP accelerator.

A powerful system of staged accelerators, including previous machines (LINAC, PS,

SPS), accelerates and boosts the two proton beams up to 450 GeV before they are

injected into the main ring, where they reach their final energy. A complex system

of magnets focuses the beam and holds the beam’s orbit on a circle. In Figure 3.1, a

schematic view of the CERN accelerator complex is illustrated. Proton or heavy-ion

bunches collide at four interaction points, each hosting one of the main experiments:

43
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Figure 3.1: The CERN accelerator complex located in Geneva. The different acceler-
ators and detectors are shown. Figure taken from Ref. [183].

two general-purpose detectors ATLAS [179] and CMS [180], ALICE [181] for heavy-

ion collisions and LHCb [182] specialised in b physics.

The instantaneous luminosity changes over time and can be expressed in terms of the

accelerator parameters as [184]:

L =
nbN

2
b fF

4πσxσy
, (3.1)

where f is the revolution frequency, nb the number of bunches in each beam, Nb the

number of protons per bunch, and σx and σy the widths of Gaussian distributed beam

profiles in the x− and y− directions. Finally, F is a geometrical factor accounting

for several effects [184], including the crossing angle of the beam, the collision offset,

the Hourglass effect, and the non-Gaussian beam profiles. The LHC was designed

to reach an instantaneous luminosity of 1034 cm−2s−1. The integral over time of the
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Figure 3.2: Integrated luminosity delivered to the CMS experiment per year of data
taking. Figure taken from Ref. [185].

instantaneous luminosity is called integrated luminosity :

Lint ≡
∫

dtL =
N

σ
, (3.2)

where N is the total number of events recorded of a given process with a cross section

σ. In Figure 3.2, the integrated luminosity delivered to the CMS experiment over

various years of data taking is illustrated.

At the LHC, a “Run” denotes a specific data-taking period defined by distinct beam

energies and intensities. Run1, conducted between 2010 and 2012, marked the LHC’s

first operational phase, colliding protons at
√
s = 7 TeV (2010–2011) and

√
s = 8 TeV

(2012). After a two-year shutdown, the LHC resumed pp collisions in 2015 with Run2,

operating at a record centre-of-mass energy of
√
s = 13 TeV and spanning the period

from 2015 to 2018. Low-luminosity runs were also carried out at
√
s = 2.76 in Run1

(2010) and 5.02 TeV in Run2 (2015), respectively. The accelerator underwent a sec-

ond three-year shutdown in 2019, during which the injector complex was upgraded to

produce brighter and lower-emittance beams. The current running period (Run3) at

13.6 TeV began in 2022 and will continue until 2026. A third long shutdown, lasting

approximately four years, will be necessary to upgrade the accelerator. The LHC is
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Figure 3.3: The LHC schedule and the plan for the HL–LHC. Figure taken from
Ref. [186].

expected to resume operations for the High-Luminosity (HL) phase of the LHC in

2030. The schedule of the LHC is shown in Figure 3.3.

A high instantaneous luminosity results in a high number of simultaneous collisions

within the same bunch crossing, referred to as pileup (PU). These additional colli-

sions create significant challenges for the event reconstruction, as contributions from

different interactions overlap. At the end of Run1, the average PU was ∼ 20, while in

Run2, it reached ∼ 40. Currently, during Run3, it has increased to ∼ 60 simultaneous

collisions. In Figure 3.4, the PU distributions over various years of data taking are

illustrated.

The data analysed in this thesis were collected by the CMS detector during Run1

and Run2. Specifically, part of the Run2 data (2017–2018) is used in Chapter 5

for the measurement of the top quark mass and width with the data collected at
√
s = 13 TeV. In Chapter 6, inclusive jet measurements from Run1 at

√
s = 2.76, 7

and 8 TeV together with 2016 data-taking period from Run2 at
√
s = 13 TeV are

combined for the determination of the strong coupling.
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Figure 3.4: Pileup per year of data taking. Figure taken from Ref. [185].

3.2 The Compact Muon Solenoid experiment

The CMS [180] experiment is a general-purpose detector with a broad physics program,

conducting precision tests of the SM and searches for BSM physics [187]. Stable

particles produced in collisions are detected by measuring their momenta and energies,

thereby reconstructing the collision event. Before discussing the structure of the CMS

detector, it is helpful to introduce the coordinate system [188] used by the experiment.

The origin of the coordinate system is set to the nominal collision point inside the

detector, with the beam direction aligned along the z-axis, the x-axis pointing towards

the centre of the LHC ring, and the y-axis perpendicular to the (x, z) plane, pointing

outwards from the surface. Owing to the cylindrical symmetry of the collisions around

the beam axis, a cylindrical coordinate system is preferred (r, ϕ, θ). Here, r is the

distance from the interaction point r =
√

x2 + y2, ϕ the azimuthal angle in the (x, y)

plane, while θ the polar angle measured with respect to the z-axis. The kinematics of

the particles are defined by the transverse momentum pT =
√
p2x + p2y and rapidity y,

as defined in Eq. (2.12). The pT and differences in rapidity ∆y are Lorentz-invariant

under boosts along the beam axis. The pseudorapidity η is another important quantity

that quantifies how centrally a particle is produced:

η = − log

(
tan

(
θ

2

))
. (3.3)
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Figure 3.5: Illustration of the CMS detector. Figure taken from Ref. [189].

When the particle is aligned with the transverse plane (θ = 90◦), η = 0, and η

increases towards infinity as the particle’s trajectory moves closer to the beamline di-

rection (θ = 0◦). In the relativistic limit, where the momentum of the particle is much

larger than its mass, η and y become approximately the same. While the y is used

in theory and measurements, η is often preferred in detector studies where detector

coverage is typically expressed as a function of η.

The CMS experiment consists of several subdetector layers, as illustrated in Figure 3.5.

The major feature of the detector is a superconducting solenoid, measuring 12.5 meters

in length and 6.3 meters in diameter. It generates a uniform magnetic field of 3.8 T.

The solenoid volume encompasses a silicon pixel and strip tracker, a lead-tungstate

crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadronic

calorimeter (HCAL). Finally, the muon chambers are embedded in the steel flux-return

yoke outside the solenoid. The design of the detector includes a central cylindrical

structure called barrel and two endcap disks arranged perpendicular to the beam axis.
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3.2.1 The tracking system
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Figure 3.6: A schematic view of a quarter of the tracker before the upgrade in 2016.
It comprises the inner pixel (red) and the strip detectors (blue). Figure taken from
Ref. [190].

The tracking volume is housed within a cylinder of 5.8 m in length and 2.6 m in di-

ameter. The CMS tracking system employs advanced silicon technologies to precisely

measure the tracks of charged particles and reliably associate each track with its cor-

responding interaction vertex. Additionally, it can reconstruct secondary vertices,

which are essential for identifying heavy-flavour jets, as explained in Section 3.3.3.

The CMS tracker consists of an inner pixel detector and an outer strip detector, as

illustrated in Figure 3.6. The silicon pixel tracker comprises three barrel layers and

two disks in the endcaps. During the LHC shutdown between the 2016 and 2017

data-taking periods, an upgraded version of the pixel detector was installed. The new

detector features an additional pixel layer in the barrel region and an extra endcap

disk on each side [191]. These are mounted closer to the beam pipe, enhancing the

precision of the interaction vertex reconstruction. The silicon strip detector is divided

into the tracker inner barrel (TIB), the tracker outer barrel (TOB), the tracker inner

disks (TID) and the tracker endcap (TEC). The CMS tracker covers a |η| < 2.5 range

and comprises 66 million pixels and 10 million strip sensors. Position measurements

with a resolution between 10 and 20 µm [191] can be achieved in the pixel detector.

In the strip tracker, performance varies: the innermost layer has resolutions ranging
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from 23 to 34 µm in the r − ϕ direction and 23 µm in the z direction, while the

outermost layer has resolutions between 35 and 53 µm in r − ϕ and 52 µm in the z

direction [192].

3.2.2 The electromagnetic calorimeter

Figure 3.7: A schematic view of one quarter of the ECAL. Figure taken from Ref. [193].

The ECAL is a hermetic and homogeneous calorimeter composed of approximately

75000 lead tungstate (PbWO4) crystals, and it is designed to measure the energy of

photons and electrons with excellent precision. The properties of PbWO4 crystals,

such as high density (8.28 g/cm3), short radiation length (0.89 cm), and small Molière

radius (2.2 cm), enable fine granularity and a compact calorimeter design. Addition-

ally, it is a fast material emitting about 80% of the light within 25 ns [194]. The ECAL

spans up to |η| = 3 in pseudorapidity and is divided into three subsystems: the elec-

tromagnetic barrel (EB) calorimeter (|η| < 1.479), the electromagnetic endcap (EE)

calorimeters (1.479 < |η| < 3.0), and the preshower detector (1.653 < |η| < 2.60).

Scintillation light is detected by silicon avalanche photodiodes in the EB and vac-

uum photodiodes in the EE. The preshower detector is a fine-granularity sampling

calorimeter that enhances the identification of photon pairs from π0 → γγ decays

against prompt photons and improves the position resolution for photons and elec-

trons. It is composed of alternating layers of lead absorbers to initiate electromagnetic

showers and silicon strip detectors to capture the resulting signals [188]. A schematic

representation of the ECAL structure is provided in Figure 3.7.
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3.2.3 The hadron calorimeter

Figure 3.8: A schematic view of one quarter of the HCAL. Figure taken from Ref. [195].

The HCAL is a sampling calorimeter that measures the energy of charged and neutral

hadrons. It is divided into several sections: the central barrel (HB: |η| < 1.4), the

endcaps (HE: 1.3 < |η| < 3); the outer calorimeter (HO: |η| < 1.26); the forward

calorimeter (HF: 3 < |η| < 5.2). The layers are staggered to eliminate gaps through

which particles could escape, ensuring hermetic coverage. The barrel and endcap

components comprise alternating layers of brass absorbers and plastic scintillators.

The HO is located outside the magnetic volume and uses the solenoid coil and the

steel of the return yoke as absorber materials. To withstand the harsher radiation

conditions in the forward regions, the HF employs steel as an absorber and Cherenkov

radiating quartz fibres as the sensitive material. The average energy deposit is 760

GeV in this component, while is expected to be 100 GeV in the rest of the detector.

3.2.4 The muon detector system

The reconstruction of muons begins with measuring their momenta and positions in

the tracking system. As minimum-ionising particles, muons pass through the calorime-

ters with minimal energy deposition before reaching the muon detector system. The
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Figure 3.9: A schematic view of one quarter of the CMS muon system. The DT
stations are labelled as MB (muon barrel), and the CSCs as ME (muon endcap). The
RPCs are mounted in the barrel and the endcaps, labelled RB and RE, respectively.
Figure taken from Ref. [196].

latter consists of multiple chambers embedded within the iron yoke and is optimised

for efficient muon identification and precise trajectory measurement. The muon sys-

tem incorporates three types of gaseous detectors: drift tube chambers (DTs) in the

barrel region (0.9 < |η| < 1.2), cathode strip chambers (CSCs) in the endcap sections

(|η| < 2.4), and resistive plate chambers (RPCs) present in both regions (|η| < 1.6).

DTs and CSCs work with the tracker to reconstruct muon tracks, while RPCs enhance

the trigger performance due to their exceptional time resolution of about 1 ns. When

combining the muon detector system and tracker information, the transverse momen-

tum resolution is approximately 1–3% for muons with pT < 100 GeV and around 10%

for muons with pT in the TeV range [196].

3.2.5 The trigger system

At design luminosity, the LHC bunch crossing rate is 40 MHz [188]. As a result,

approximately 109 interactions per second are produced. However, the rate at which

collision data can be stored on disk for offline analysis is limited. A two-tiered trigger

system, the Level 1 Trigger (L1) and the High-Level Trigger (HLT), enables the re-
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duction of collision frequencies from 40 MHz to an event recording rate of about 1 kHz.

The L1 trigger is a hardware-based system designed to lower the event rate to about

100 kHz [197]. Given the 25 ns bunch spacing, particles from one event may not fully

exit the detector when new particles are produced in the next collision. The data are

temporarily stored in a “pipeline” to manage this overlap. In this way, the system

can process information from multiple interactions. The L1 trigger must be extremely

fast, operating with a fixed latency of 3.2 µs [198], and rely on detectors with excel-

lent time resolution. At this stage, only information from the muon detectors and

calorimeters are used. The selection relies on candidate objects with properties above

predefined thresholds that indicate the presence of physics objects (e.g., electrons,

muons, photons, jets) with pT above a given threshold. Global event characteristics

such as transverse missing energy E⃗/ T are also taken into account [198].

Subsequently, the software-based HLT refines the event selection and reduces the

output rate to a few kHz using a complex offline-quality reconstruction algorithm.

At this stage, data from all subdetectors are synchronised to fully reconstruct events

through a predefined sequence of steps called the HLT-path. Finally, events passing

the HLT selection are saved for offline analysis. The output rates of L1 and HLT can

be regulated by applying prescales, which reduce the number of accepted events by

selecting only a fixed fraction of those passing specific criteria.

3.3 The event reconstruction in CMS

As different types of particles interact differently with the subdetector material, they

leave distinct characteristic signatures of their type, as depicted in Figure 3.10. These

signatures enable particle identification and measurement of their direction and energy.

Interaction vertices are identified around the pp interaction points. The vertices and

trajectories of charged particles are reconstructed from hits in the tracking system, and

the momenta are measured from the curvature of the particles in the magnetic field.

Electrons and charged hadrons are absorbed in the ECAL and HCAL, respectively,

where the energy of the particles is determined from calorimeter deposits. Photons

and neutral hadrons do not leave signals in the tracker system but are identified

based on the energy deposits in the calorimeters. Muons, being minimum-ionising

particles, penetrate the calorimeters and are detected in the muon chambers. Here,
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Figure 3.10: The signatures of various particles travelling through the CMS detec-
tor, from the beam interaction point to the muon detector system. Figure taken from
Ref. [199].

additional tracking layers outside the solenoid enhance their momentum measurement.

Neutrinos, which do not interact with the detector material, remain undetected but

can be inferred through E⃗/ T .

3.3.1 The particle flow algorithm

The particle-flow (PF) algorithm [200] aims to reconstruct and identify each particle

in the event by combining information from various elements of the CMS detector.

The algorithm involves two steps: first, the reconstruction of the PF elements (i.e.,

charged tracks, muon tracks, and calorimeter clusters), followed by the matching of

the reconstructed elements. As a result, particle candidates are classified as photons,

electrons, muons, charged hadrons, or neutral hadrons, as illustrated in Figure 3.11.

The process starts with an iterative tracking algorithm designed to optimise the track-

finding efficiency while keeping a low fake rate, meaning the proportion of spurious

tracks incorrectly reconstructed from random or misassigned detector hits. Then, the
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Figure 3.11: Illustration of the PF concept. Photons, electrons, muons, charged
hadrons, and neutral hadrons are identified. Figure taken from Ref. [201].

tracks are associated with the interaction vertices. The vertex corresponding to the

hardest scattering in the event, evaluated using tracking information alone [202], is

defined as the primary vertex (PV). The remaining vertices are considered pileup (PU)

vertices. Muon tracks are fitted using information from both the tracking system and

the muon chambers. The PF clusters are created by using cluster seeds, the calorime-

ter cells with energy exceeding a given threshold and larger than the energy of adjacent

cells [200]. Non-muon PF tracks and PF clusters are combined into PF blocks, which

are subsequently processed to generate PF candidates. The reconstruction of the

missing transverse momentum p⃗ miss
T is also possible, computed as the negative vector

sum of the pT of all PF candidates in an event [203]. Particles contributing to p⃗ miss
T

are assumed to be neutrinos or weakly interacting particles escaped from the detector.

The PF algorithm enhances the performance in the identification of leptons, in the

determination of p⃗ miss
T , and in the identification of PU tracks [200]. The momentum

resolution for electrons with pT ≈ 45GeV from Z → ee decays ranges from 1.6 to

5%. The resolution is generally better in the barrel region than in the endcaps and

also depends on the bremsstrahlung energy emitted by the electron as it traverses

the material in front of the ECAL [204, 205]. Since the muon momentum can be

measured from a charged track with relatively low bremstrahlung, muons are the best

measured objects in CMS, with a momentum resolution of 1-3% for muons with pT

up to 100 GeV, and better than 7% in the barrel region for muons with pT up to
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1 TeV [196]. The resolution of p⃗ miss
T is typically about 15-30 GeV, increasing with

the total sum of hadronic energy in the event [203].

3.3.2 Jet reconstruction and calibration

Figure 3.12: Representation of the jet energy calibration procedure in data and MC.
Figure taken from Ref. [206].

For each event, hadronic jets are clustered from the PF candidates using the anti-kT

algorithm [144,207] in the FastJet package [207] with a radius distance R = 0.4. The

typical signature of a jet event in a pp collision consists of energy deposits in both

ECAL and HCAL, which point to the corresponding interaction vertex. The PF algo-

rithm associates tracks with calorimeter clusters. Charged hadrons are identified when

tracks are successfully matched with clusters in the calorimeters. Once associated, the

tracks are excluded from the algorithm input list. When the PF matching is complete,

the remaining ECAL clusters are classified as photons, while those in the HCAL are

identified as neutral hadrons. Muons and electrons can also be identified within the

jet. Finally, the PF candidates are passed as input to the jet clustering algorithm.

The momentum and spatial resolution of PF jets are significantly enhanced compared

to calorimeter jets, integrating information from the tracking detector and the high

granularity of the ECAL, which independently measures charged hadrons and photons

within a jet.

The momentum of a jet is calculated as the vectorial sum of the momenta of all PF

candidates in the jet and is found from simulation to be, on average, within 5 to

10% of the true momentum over the whole pT spectrum and detector acceptance.

The PU can increase the jet momentum by contributing additional tracks and calori-

metric energy depositions. Tracks coming from PU vertices are removed prior to

the jet clustering to mitigate this effect. One procedure is the charged hadron sub-

traction (CHS) [208], which removes charged-particle candidates associated with a
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reconstructed PU vertex. An improved method is the pileup per particle identification

algorithm (PUPPI) [209,210], making use of local shape information, event PU prop-

erties, and tracking information. In addition, the momenta of the neutral particles

are rescaled according to their probability of originating from the primary interaction

vertex deduced from the local shape variable. Reconstructed jets with the respective

PU mitigation technique are referred to as CHS and PUPPI jets, respectively.

The measured jet energy is corrected to the true energy value, defined at particle level

in MC simulations, using jet energy scale (JES) corrections. These corrections are

obtained from MC simulations and are applied as a global multiplicative factor to

the jet four-momenta, as shown in Figure 3.12. The JES corrections encompass the

offset correction, which removes the remaining effects from PU and electronic noise.

For CHS jets, an event-by-event jet-area-based correction [206, 211, 212] is applied to

the jet four-momenta. As a result, the remaining energy due to neutral and charged

particles originating from PU vertices is removed. This correction is not required

for PUPPI jets. Real and simulated jets are then corrected using an identical MC

calibration to address the main non-uniformities in η and the non-linearities in pT,

as calorimeters typically exhibit a non-linear response. Finally, in situ measurements

of the momentum balance in dijet, photon + jet, Z + jet, and multijet events are

used to account for any residual differences in the jet energy scale between data and

simulation [213] and are only applied to the data (residual corrections). The jet

energy resolution (JER) is typically 15–20% at 30GeV, 10% at 100GeV, and 5% at

1TeV [206].

3.3.3 Identification of jets originating from b quarks

The identification (tagging) of jets originating from b quarks, referred to as b-jets,

play a key role in the measurement of the top quark mass and width, as discussed in

Chapter 5. The b-jets have a characteristic signature due to the presence of b hadrons,

which have a relatively long lifetime (∼1.5 ps) and a mass of about 5 GeV. As a re-

sult, b hadrons typically travel a few millimetres away from the PV before decaying,

producing a secondary vertex (SV) with displaced tracks. This feature is leveraged

by b tagging algorithms to enhance the separation of b-jets from light-flavour jets

(originating from u, d, or s quarks, or gluons) and c jets. An illustration of this phe-

nomenon is provided in Figure 3.13.
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Figure 3.13: Schematic representation of a heavy-flavour jet with an SV from the decay
of a b or c hadron that results in displaced tracks (including possibly a soft lepton) with
respect to the PV and a large impact parameter (IP) value. Figure taken from Ref. [214].

The displacement of tracks is typically measured by the impact parameter (IP), which

is defined as the shortest distance from each track to the PV, as shown in Figure 3.13.

By convention, the IP is given a positive sign when the angle between the IP and the jet

direction is smaller than π/2. Otherwise, a negative sign is assigned. Tracks originat-

ing from SVs are typically associated with positive IP values, while those originating

from the PV exhibit IP values symmetrically distributed around zero. Furthermore,

the variable IP significance (IP/σ) is considered, which is the ratio of the IP to its

uncertainty. The reconstruction of SVs provides additional valuable information for

identifying b-jets. In the CMS experiment, the inclusive vertex finder (IVF) algo-

rithm [215] is employed. The efficiency of reconstructing an SV is found to be 75%

for b-jets in tt events, for jets with pT > 20 GeV [214]. Another important variable

that helps to discriminate between b and light-flavour jets is the flight distance, which

represents the separation between the PV and the SV.

In Chapter 5, the DeepJet b tagging algorithm [216] is used, a machine learning-

based classifier which combines the variables described above with other relevant in-

puts. It uses approximately 650 input features divided into four groups, which contain

variables from:

• Global event-level (e.g. jet kinematics and PV multiplicity)

• Charged PF candidates (e.g. track kinematics, track fit quality or displace-
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Figure 3.14: Misidentification probability for c and light jets versus b-jet identification
efficiency for DeepJet and the previous DeepCSV tagger, obtained using tt simulated
events. Figure taken from Ref. [216].

ment information with respect to the PV)

• Neutral PF candidates (similar to charged PF candidates)

• Secondary vertices (e.g. flight distance)

The neural network outputs the probabilities of a jet originating from a specific flavour,

allowing for b, c, and light quark/gluon tagging. For b tagging, defined working

points correspond to fixed light jet misidentification rates of 10%, 1%, and 0.1% with

tagging efficiencies at approximately 92%, 82%, and 65%, respectively [217]. The

tagger performs better when the b tagging efficiency is maximised while maintaining

low misidentification rates. Therefore, the probability of identifying light-flavour jets

as a function of the b-tagging efficiency serves as the performance metric for the

tagger. The performance metric of DeepJet and its predecessor DeepCSV [214] are

compared in Figure 3.14.

3.4 The High Luminosity LHC upgrade

The HL phase [218] will significantly enhance the LHC capabilities, extending its dis-

covery potential and boosting the precision of its measurements. During this period,
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the LHC is expected to reach peak instantaneous luminosities of up to 7.5 × 1034

cm-2 s-1 at
√
s = 14 TeV. Over the following decade, the ATLAS and CMS exper-

iments will collect more than 3000 fb−1 of integrated luminosity, a tenfold increase

compared to the currently available 300 fb−1. This amount of data will enable un-

precedented precision in testing the SM couplings, including the Higgs-boson cou-

plings, including those to second-generation fermions, and probe rare processes like

di-Higgs production and increase sensitivity to new physics by populating the high-

momenta distributions of SM processes [219–221].

To achieve the HL–LHC goals, substantial upgrades to the accelerator complex are

necessary, including adjustments to beam parameters. These upgrades will feature ad-

vanced Nb–Ti and Nb3Sn superconducting magnets (11-12 T), superconducting radio-

frequency cavities for beam steering, and high-power superconducting links with no

energy loss. Additionally, novel beam-crossing schemes will enhance collision physics

output, and innovative solutions for cryogenics, vacuum and machine protection will

address heightened operational demands [222].

As the instantaneous luminosity increases, PU will also grow significantly, poten-

tially reaching up to 200. In Figure 3.15, a special high-pileup run recorded in 2016

is illustrated, showing what a typical HL–LHC event will look like. To deal with

the higher PU and radiation levels, the CMS detectors will undergo significant up-

grades [192, 224, 225]. The tracker will extend coverage up to |η| = 4, providing

particle momentum information already at the L1 trigger stage [226]. The current

HCAL will be substituted with a high-granularity endcap calorimeter (HGCAL) to

improve forward-region coverage [227]. Additionally, new muon detectors will expand

detection capabilities to |η| < 2.8 [228]. Furthermore, CMS will include a timing de-

tector for minimum ionising particles (MIP), the MIP Timing Detector (MTD) [220].

The addition of MTD will improve the event reconstruction performance, providing

the experiment with a time-aware 4-dimensional vertex reconstruction. As a result,

final state particles and observables will be defined using vertices and track collections

cleaned of spurious PU tracks through space-time compatibility criteria. Finally, the

DAQ and HLT systems will also be upgraded to accommodate all these changes. The

L1 trigger rate will increase up to 750 kHz, approximately 7 times higher than in

Run2, while the HLT output rate will rise up to 7.5 kHz.
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Figure 3.15: A collision recorded by the CMS detector during the 2016 data taking,
during a high-pileup run (average PU ∼100). The dots correspond to the reconstructed
interaction vertices and the lines represent the reconstructed tracks. Figure taken from
Ref. [223].

Another challenge of the HL–LHC will be catching up with the rapid increase in the

quantity of data by providing the necessary amount of MC simulated events while ad-

dressing the issues of sustainability and computational cost. This topic is addressed

in Chapter 4, presenting the solution of this problem, implemented in the frame of

this thesis.

3.5 The CPU demand and sustainability

To achieve the physics programme goals of the CERN experiments, large MC-simulated

samples with billions of events are required to ensure that the statistical precision of

samples has minimal impact on the total uncertainty of data analyses. These simula-

tions come at a high computational cost, with over 75% of the total CPU resources

allocated to modelling the detector response and the event reconstruction [15,16]. At

the HL–LHC, the computational demands for producing and storing simulated sam-

ples are expected to increase by factors of ten or more [230]. In this scenario, the

computing needs exceed those that can be met by scaling up computing facilities if

no R&D improvements will be applied, as shown in Figure 3.16. Current projections



62 CMS at the LHC

2021 2023 2025 2027 2029 2031 2033 2035 2037
Year

0

10000

20000

30000

40000

50000

To
ta

l C
PU

[k
HS

06
-y

ea
rs

] CMSPublic
Total CPU 

2022 Estimates

Run 3 Run 4 Run 5

No R&D improvements
Weighted probable scenario
10 to 20% annual resource increase

Figure 3.16: Projections of CPU needs into HL–LHC. The projected capacity of the
resources within a flat budget (grey band), the baseline (solid line) and weighted probable
(dashed line) scenarios are shown. The effect of GPUs is not included. The legends
describe the baseline scenario as “No R&D improvement” and the weighted probable
scenario as “R&D most probable outcome”. Figure taken from Ref. [229].

indicate that 160 billion fully simulated and reconstructed MC events have to be pro-

duced per year after the start of the HL era. This number may further increase by

up to 30% due to the presence of events with negative weights in NLO and NNLO

simulations, which lower the statistical precision of the simulated samples. Current

research and development efforts aim to address these challenges with the strategic

goal of minimising CPU and storage requirements. An important part of these ef-

forts is reducing the size and number of simulated samples required for data analyses

while maintaining the precision and accuracy of the results. In every physics analysis,

additional samples of simulated events are typically generated to evaluate systematic

uncertainties connected to model assumptions of the MC event generators. Owing to

limited computational resources, these samples are often generated with fewer events

than the nominal sample. However, the smaller size of these samples can become a lim-

iting factor in precision analyses, which is currently the case in analyses of Run2 and

Run3 data. For instance, in a recent measurement of tt pair production cross section
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at
√
s = 13TeV, a simultaneous fit of the tt cross section and mMC

t is performed [137].

The primary source of uncertainty in mMC
t stems from the limited statistical precision

of the simulated samples used for the systematic uncertainty estimation. With the

current analysis strategy for the MC simulation, such an analysis based on HL–LHC

data would not be possible.

In this thesis, a novel machine-learning-based method to reweight MC simulations to

mimic different model parameters or an updated theoretical model has been introduced

to decrease CPU demand and enhance the precision of the measurements. The method

and its applications to physics analyses will be discussed in Chapter 4.





Chapter 4

ML techniques to reweight
simulated events at the LHC

This Chapter introduces a methodology for reweighting MC-simulated samples at the

generator level to represent all relevant aspects of an alternative simulation with var-

ied input parameters. The reweighting of the entire event is realised using a machine-

learning (ML) algorithm, with the output stored as weights, to be applied to the

nominal MC simulation. As a result, the detailed detector simulation is required only

for the nominal sample, significantly reducing the computational cost. In this thesis,

the ML-based reweighting technique is applied for the case of tt production and ex-

tensively tested for variations of model parameters of the MC simulation, as well as

applying an alternative simulation model.

This Chapter is structured as follows: machine learning and different reweighting

techniques are introduced in Section 4.1 and 4.2, respectively. Then, the “deep neural

network using classification for tuning and reweighting (DCTR)” [17] method, used in

this thesis to reweight MC samples of tt pair production, is explained in Section 4.3.

This method is applied to mimic variations of two key model parameters, important

for the estimation of systematic uncertainties, as detailed in Section 4.4. Further,

the reweighting of an NLO simulation to an NNLO simulation of tt production is

explained in Section 4.5. Finally, the implementation of the method within the CMS

analysis software framework is described in Section 4.6. The benefits of the method,

future prospects, and the estimated CPU savings are outlined in Section 4.7. This

65
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study was entirely developed for this thesis, following and extending the approach of

Ref. [17], for the first time applied in a real analysis scenario at an LHC experiment,

and is documented in the corresponding publication [231].

4.1 Machine learning

Machine learning is a method where algorithms learn patterns from data to make

predictions or decisions without explicit programming. It is broadly categorised into:

• Supervised Learning: The model is trained using labelled data, where each

input is paired with a corresponding target output, allowing the algorithm to

learn the mapping between inputs and target outputs.

• Unsupervised Learning: The model learns patterns exclusively from unla-

belled data.

• Reinforcement Learning: The model learns by interacting with an envi-

ronment, making decisions, and receiving feedback in the form of rewards or

penalties, used to improve the model decisions over time.

Both classification and regression problems belong to the category of supervised learn-

ing. If the target variable is continuous, the prediction task is a regression problem,

while if it is discrete, the task is a classification problem. The study presented in this

thesis adopts a classification approach, with the technical details of the classification

task outlined below.

Neural network architecture

Machine learning models rely on neural networks (NN), which are computational

structures inspired by the operation of the human brain. In a binary classification

task, the NN is trained on two groups of events, each corresponding to a distinct

class. Once trained, the network predicts the probability that a new event belongs to

one of the two classes, allowing for classification based on the highest probability.

An NN consists of multiple layers of artificial neurons (nodes), including an input

layer, one or more hidden layers, and an output layer. The input layer contains

as many nodes as the input features. A hidden layer encompasses multiple nodes,

each associated with a trainable weight vector and a bias vector. The weight vector

comprises one weight for each node of the previous NN layer. Each neuron i computes
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Figure 4.1: Sketch of an NN architecture (left) and how nodes are updated through
weights and biases (right). Figures taken from Ref. [232].

a weighted sum of its inputs and adds the bias resulting in zi, and then applies an

activation function to zi to introduce non-linearity. Mathematically, for a neuron i:

zi =
N∑
j=0

ŵijxj + bi, (4.1)

xi = f(zi), (4.2)

where xj represents the outputs from the previous layer, ŵij are the corresponding

weights, bi is the bias term, and f is the activation function. The index j runs over the

N nodes of the previous NN layer. In more complicated classification problems, deep

NNs are often used, where the term deep refers to the presence of many hidden layers.

Finally, the output activation function maps the output of the last NN’s layer to a

probability distribution over the possible classes. In the case of binary classification,

where inputs are categorised into one of two classes, the output activation function is

typically a sigmoid function S defined as:

S(x) =
1

1 + e−x
. (4.3)

This function ensures that the output is constrained between 0 and 1, as required for

probability estimation. A typical NN architecture is illustrated in Figure 4.1.
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Training process and optimisation

Neural network training aims to determine the optimal set of weights and biases that

minimise the discrepancy between the predicted output ŷ ∈ [0, 1] and the true class la-

bels y ∈ {0, 1}, i.e. if the event belongs to class 1 or 2. This optimisation is guided by

a loss function, which quantifies the discrepancy. The network iteratively updates its

parameters (weights and biases) to reduce the mean loss across the training data set.

The differentiability of the functions used in the network allows for gradient compu-

tation of the mean loss function via the backpropagation algorithm [233]. As training

progresses, the gradient decreases and approaches zero, leading the model toward a

minimum (ideally the global minimum) of the mean loss function. To handle large

data sets, training is performed on batches—randomly selected subsets of the training

data set—over which gradients are averaged to improve computational efficiency. A

commonly used optimisation method is the stochastic gradient descent [234] or its

variants, e.g., the Adam algorithm [235].

The training is typically structured into epochs, during which the model iterates over

the entire data set multiple times, analysing it in every epoch. Each epoch is divided

into batches where the batch size refers to the number of samples in a batch. At each

training step, a batch is passed through the network, and the gradient with respect

to all weights and biases is computed and averaged. The model’s parameters are then

updated using the averaged gradients. The step size at which an optimisation algo-

rithm updates the parameters of the NN model is controlled by the learning rate. A

higher learning rate accelerates convergence but risks overshooting the optimal solu-

tion, while a lower value ensures more precise updates at the cost of slower training.

This procedure is repeated over multiple epochs until the model converges.

Validation and overfitting prevention

To prevent overfitting, where the model learns noise or statistical fluctuations specific

to the training data rather than generalisable patterns, a separate validation data set

is employed. At the end of each epoch, the model’s performance is evaluated also

on the validation data set. If the validation loss remains close to the training loss, it

indicates that the model is generalising well. However, if the training loss is signifi-

cantly lower than the validation loss, this suggests overfitting, meaning the network

has memorised the training data rather than learning generalisable patterns. Training
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continues until no significant improvement in validation loss is observed over multiple

epochs. At this point, the model parameters corresponding to the epoch with the

lowest validation loss are retained as the final trained model. Finally, a test sample,

disjoint from the training and validation data sets, is used to evaluate the goodness

of the training.

Optimisation of the NN hyperparameters

Hyperparameters are predefined values that control the training process and model

architecture, such as learning rate, batch size, and the number of layers or nodes in the

neural network. These values are selected before training and can significantly impact

the model’s performance. For instance, the choice of batch size plays a crucial role in

gradient computation, training stability, and computational efficiency. Larger batch

sizes yield smoother gradients by averaging over more samples, leading to more stable

but less adaptive updates. However, they require more memory and may overlook

finer details in the training data set. On the other hand, smaller batch sizes introduce

greater stochasticity in gradient updates, which can help escape local minima but may

compromise stability and increase the number of iterations needed for convergence.

Finding the right balance between batch size and learning rate is essential for efficient

training. Modern optimisers, such as the Adam [235] algorithm, dynamically adjust

the learning rate to enhance convergence and overall efficiency. To refine NN training,

a hyperparameter scan can be performed, varying the values of the batch size, number

of hidden layers and nodes, learning rate, and other factors. The performance of the

different configurations is assessed, and the set of hyperparameters that yields the best

results is selected. Further, the stability of the training can be evaluated by analysing

the consistency of outcomes across different hyperparameter choices.

4.2 Reweighting techniques

As discussed in Section 3.5, the major challenge of the HL-LHC phase will be to

sustain the high computational demand to simulate the large MC-simulated samples

required by the increased collection of data. To address this issue, reweighting the

simulated samples at the generator level can be a solution. Such reweighting can be

described in terms of multi-dimensional densities pi. The conditional densities p1(x)

and p2(x) describe two densities in a set of given quantities of interest x. The ideal
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event weight is given by the density ratio estimate:

w(x) = p1(x)/p2(x). (4.4)

Here, w(x) can be applied as a weight to the density p2(x) to obtain a conditional

density matching p1(x). In standard reweighting approaches, the density ratio es-

timate is calculated in intervals of x, by comparing binned distributions at a truth

level. Nevertheless, this approach is sensitive to the particular choice of x (binning)

and the dimension (number of inputs) could be maximum 2, due to the increasing

complexity of the method with the number of dimensions. In contrast, w(x) can be

well approximated by training a ML classifier to distinguish between two simulations

and reweight one generator-level simulation into another. This method offers a higher

flexibility and does not have the limitations of standard reweighting. In particular,

all event information can be passed as input to the NN. This enhances the reweight-

ing precision by avoiding binning inaccuracies and accurately reproducing correlations

between the elements of x. Additionally, continuous reweighting as a function of any

parameter of the simulation is possible.

In modern particle physics analyses, several ML-based reweighting methods are used.

For instance, boosted decision trees are employed to derive event weights [236], while

NNs are used to learn the likelihood ratio between different simulations [17,237,238].

Input convex NNs [239] have been applied to calibrate simulated events [240]. The

normalising flows [241,242] can be used to map between the initial and target distribu-

tions, e.g. to calibrate the simulation to match the data [243]. Normalising flows can

also learn the conditional probability distribution of the initial data, allowing for sam-

pling of events consistent with an alternative conditional distribution [244–246]. In

this thesis, the ML-based reweighting method “deep NN using classification for tuning

and reweighting (DCTR)” [17] is used and is described in detail in the following.

4.3 Deep neural network using classification for

tuning and reweighting (DCTR)

The DCTR method employs a deep NN to reweight MC samples obtained from one

simulation to reproduce the features of an alternative simulation, or a simulation

with varied model parameters. This method combines a ML architecture designed
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to incorporate all the particle information [247] with a parametrised classifier [237,

248]. This approach allows for the full phase-space reweighting, using all the event

information such as kinematic and particle type variables. As a consequence, it enables

posterior projections onto any desired variable. Additionally, this approach allows for

continuous reweighting as a function of any MC parameter. This feature has been

exploited in the b quark fragmentation study presented in Section 4.4.2. Full phase-

space reweighting is critical for achieving the best precision when evaluating modelling

uncertainties arising from parameter variations in the MC simulations. Further, this

capability is particularly valuable when reweighting simulations from one model to

another (e.g. NLO-based to NNLO-based model). Unlike traditional reweighting

methods, which often rely on ratios of observables in discrete bins of two distributions,

the DCTR method offers better precision for observables not explicitly considered in

the calculation of standard reweighting approaches.

4.3.1 The likelihood ratio trick

The full phase-space reweighting technique involves a prescription to compute event

weights. Consider two simulations representing the same phase space Ω and described

by the probability densities p1(x) and p2(x), with the set of variables x ∈ Ω. As-

suming both densities share the same phase space, the optimal per-event weight to

map the second simulation to the first one is defined by the ratio w(x) = p1(x)/p2(x).

This weight function can be effectively approximated by training a ML classifier to

discriminate between the two simulations. For instance, an NN function f(x) can be

trained using the binary cross-entropy loss:

loss
(
f(x)

)
= −

∑
i∈1

ln f(xi)−
∑
i∈2

ln
(
1− f(xi)

)
, (4.5)

where 1 and 2 represent sets of events from the two simulations. Such, the cross-

entropy loss is set up to distinguish between the two classes defined by 1 and 2,

respectively. The likelihood ratio trick states [17]:

f(x)/(1− f(x)) ≈ p1(x)/p2(x). (4.6)

As a result, the network function f(x) can approximate the weight function w(x),

which is the quantity of interest, using the relation w(x) ≈ f(x)/(1 − f(x)). The

representation of f(x) as an NN has the advantage of enabling ML algorithms to
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efficiently explore the entire phase space. When dealing with MC events that in-

clude weights, for instance, from simulations at NLO or NNLO accuracy, Eq. (4.5) is

modified accordingly:

loss(f(x)) = − 1

N

∑
i

wMC
i (yi ln f(xi) + (1− yi) ln(1− f(xi))) . (4.7)

Here, wMC
i is the MC weight for the event i, the true event label yi corresponds to 1

(0) if the event belongs to class 1 (2), respectively, and f(xi) is the network function

predicting the class of event i. The specific case of the negative event weights is dis-

cussed in Section 4.5.

In a typical reweighting scenario, two classes of events are obtained by using the same

simulation but different values θ for an input parameter. In this context, θ serves

as the reweighting parameter. For instance, when assessing modelling uncertainties,

one may need to transform pθ(x) into pθ+δθ(x). This corresponds to reweight the

MC sample obtained with the nominal value of a given parameter to match a sample

with a variation in this parameter, θ + δθ. Further, Eq. (4.5) can be extended to

the continuous case. This is achieved by parametrising the network function with the

parameter θ, which becomes f(x, θ) [237, 248]. The training data are sampled with a

uniform distribution across a range of θ and Eq. (4.5) is modified as:

loss
(
f(x, θ)

)
= −

∑
i∈θ0

ln f(xi, θ)−
∑
i∈Θ

ln
(
1− f(xi, θ)

)
. (4.8)

Here, the NN is trained to distinguish between the sample generated with the nominal

value of the reweighting parameter θ0 and a sample obtained with a set of values in

the parameter θ, denoted by Θ.

4.3.2 Neural network architecture

The DCTR method relies on an NN architecture that can efficiently capture all the

relevant aspects of the phase space. The Particle-Flow Network (PFN) [247], based on

the deep sets framework [249], is a suitable NN for this task. The PFN is designed to

incorporate the full event information, including particle four-momenta and auxiliary

information, such as the particle type. Further, the reweighting parameter θ can

be used to parametrise the NN with the loss function given in Eq. (4.8). The PFN
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Figure 4.2: The PFN architecture used in the DCTR method. It parametrises the
single-particle mapping Φ (left) and the function F (right), shown for the case of a latent
space of dimension l = 8. The latent observable is On =

∑
iΦn(pT , yi, ϕi,mi,PIDi)

where i is the number of particles in an event and the transverse momentum pT, rapidity
y, azimuthal angle ϕ, mass m, particle ID PID of each particle are given. The output
of F is a softmaxed discriminant between two classes. Figure taken from Ref. [247]
(modified).

consists of two neural networks, F and Φ, interconnected as:

f(p) = F

(
N∑
i=1

Φ(pi)

)
. (4.9)

Here, p represents the set of all particles and pi are the properties of particle i (momen-

tum and type), and θ is the reweighting parameter. The two networks are integrated

into a single model, where the output of Φ serves as the input for F . The network

Φ processes each particle individually and generates a single-particle internal (latent)

representation. The network F takes the sum of these latent representations from all

particles and constructs an overall event-level representation. A key hyperparameter

is the dimension of the latent space, which is defined by the number of dimensions used

to represent the input data in a compressed form within the NN. The input particles

are first embedded in an l-dimensional latent space through Φ, while F maps this la-

tent space from Rl → R. Finally, the output of F is processed using a softmax [250]

function, which serves as a discriminant to distinguish between the two classes.

The architecture of the PFN is illustrated in Figure 4.2. The network Φ is composed of
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two hidden layers, each with 100 nodes. The classifier F includes three hidden layers

and two output nodes for binary classification, with each hidden layer comprising

100 nodes. The NN’s hyperparameters employed in this project are reported below,

corresponding to the default settings of Ref. [247]:

• Latent space dimension: l = 128.

• Activation function: ReLu (rectified linear unit) [251].

• Classification output function: softmax [250].

• Training and validation loss functions: cross-entropy loss.

• Optimiser: adam [235].

• Learning Rate: 0.001.

• Number of epochs: 100.

• Early stopping with patience 10: This technique is used to prevent over-

fitting during training by stopping the training process if the validation loss

does not improve for a certain number of epochs, where the specific number is

determined by the patience value. The default patience value of 10 has been

used for the two modelling variations, while a value of 30 is preferred for the

NLO-to-NNLO model reweighting.

All models are implemented in keras [252] with the TensorFlow backend [253],

where the data are passed sequentially through both networks. An optimisation of

the hyperparameters is performed specifically for each case to determine the size of

the training inputs and the batch size. The optimisation of other hyperparameters

was explored, but their impact was negligible for the cases under study. This is likely

because the PFN has been developed and is already tuned for high-energy physics

applications.

4.4 Reweighting of systematics uncertainties

In physics analyses by the LHC experiments, the model uncertainties in the simu-

lation are usually estimated by simulating alternative MC samples where particular

input parameters are varied, usually up and down, from their nominal value assuming

a Gaussian prior. For instance, in the analyses of tt events in the CMS experiment,

the evaluation of systematic model uncertainties involves about ten different sources,

each requiring simulation of additional MC samples. Variations of PDF eigenvectors

or parameters of initial state and final state radiation are already handled by internal
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reweighting methods in most MC generators. To facilitate reweighting of other param-

eters, alternative approaches are necessary. For the first time, ML-based reweighting

for other model parameters is implemented in the realistic scenario of analyses of top

quark pair production in CMS. In particular, two parameters of interest were investi-

gated by using the DCTR method. A discrete reweighting to compute the two-sided

variations is performed for both cases. In addition, the continuous reweighting of a

parameter affecting the fragmentation of b quarks in Pythia 8 [129] is studied. This

result provides the basis for MC tuning at the detector level, as discussed later in

Section 4.4.2.

4.4.1 Parton shower matching uncertainty

Both the ATLAS and CMS experiments use powheg+Pythia 8 setups to generate

their nominal tt MC samples. This is done by simulating the hard process of tt

production with the hvq program [112] in the powheg v2 [110,113] generator, which

is interfaced with Pythia 8.240 [129] for parton showering (PS) and hadronisation.

The powheg generator simulates inclusive tt production with the matrix element

at NLO accuracy in QCD, where the first additional parton is computed at LO. The

resummation of the NLO radiation is regulated by the hdamp parameter, which controls

the matching of the ME with the PS. The hdamp parameter enters the simulation

in a damping function D, which reduces the real contribution to the Sudakov form

factor [254] and is given by:

D =
h2
damp

p2T + h2
damp

. (4.10)

Here, pT is the transverse momentum of the top quark or antiquark and hdamp = hmt,

where h is a real value and mt the top quark mass set to mt = 172.5GeV, consistent

with the most precise result [255] obtained from the combined measurements of the

ATLAS and CMS collaborations.

In the CMS experiment, the uncertainty related to the hdamp parameter is evaluated

by considering a two-side variation relative to its nominal value. The nominal value

of hdamp is set to 1.379 mt [256]. The variations are 2.305 mt (up variation) and

0.8738 mt (down variation), obtained from a tune to data. Since the MC parameter

hdamp is not a physical quantity, such estimations result in a sizeable uncertainty in

hdamp [256], which can, in turn, translate into one of the leading systematic uncertain-
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Figure 4.3: The normalised differential cross section of tt production in pp collisions
at 13TeV as a function of the pT (left) and η (right) of the tt system obtained with
the powheg program. The standard setting of hdamp = 1.379mt (black solid lines) is
compared to down (orange dashed lines) and up (violet dotted lines) variations in hdamp.
The ratios of the predictions with the hdamp variations to the nominal one are shown
in the lower panels. The vertical bars represent the statistical uncertainties in the MC
samples. Published in Ref. [231].

ties in precision studies of the top quark. The effect of varying hdamp in the MC event

generation impacts physical observable distributions, most notably pT(tt) and η(tt),

as shown in Figure 4.3. Differences of up to 10% in the normalised cross sections are

observed in the resummation region at pT(tt) ∼ 250GeV. The impact diminishes at

higher pT(tt) and is expected to become null for pT(tt) > 1TeV [257]. A variation of

around 5% is observed in η(tt).

Since the hdamp parameter cannot be reweighted internally, in practice two additional

MC-simulated samples are produced, corresponding to different settings for the value

of hdamp. To comply with the allocated computational cost, these (and other) model-

parameter variation samples are generated with significantly fewer events compared to

the nominal samples. The related statistical uncertainty in the MC-simulated samples

for the estimate of systematic uncertainty becomes a limiting factor in high-precision

CMS analyses. For the full Run2 data set, the nominal tt pair production samples
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comprise approximately 2 billion events. In contrast, the two variation samples are

produced with approximately 850 million events each, representing a 60% reduction

with respect to the nominal sample. Therefore, the hdamp parameter is an ideal case

for DCTR reweighting, offering a robust alternative to the production of dedicated

MC samples and ensuring the high statistical precision of the nominal simulation. The

dedicated discussion on CPU saving by implication of the DCTR reweighting method

is presented in Section 4.7.

Training setup

Two different NN models have been trained to reweight the MC simulation with nom-

inal hdamp setting to the two variations. Each NN model distinguishes between the

nominal and up/down variations by using a binary classification output. The parton-

level information related to the t and t at the ME level is passed as input to the NN

for training. The particles are represented by their four-momenta and type encoded

as a particle ID (PID) number. The input variables for each particle are rapidity y,

azimuthal angle ϕ, mass m, and the PID. To facilitate the NN learning, the inputs are

scaled to be represented by values O(1) before the training. In particular, the mass

m is divided by 244 GeV, corresponding to the maximum in the training sample, and

the log10(pT) is used to mitigate the skewness of the pT distribution. For each hdamp

setting, 40 million events are used in the training. The resulting 80 million events

for each of the two NN models are split into 75% for training and 25% for validation.

After a hyperparameter scan, a batch size of 40 000 events is found to give the best

results for both variations in hdamp. While the batch size significantly affects the

reweighting performance, other hyperparameters, such as the number of hidden layers

or nodes and the dimension of the latent space, are found to have a negligible impact

on the final results.

Results

The performance of the training is assessed by analysing the values of the loss func-

tions on both the training and validation data sets. The training and validation loss

curves for the NN models trained with the two variations of hdamp are displayed in

Figure 4.4. The NN training has been conducted for approximately 40 (30) variations

for the down (up) variation. The performance of the reweighting is evaluated using

statistically independent test samples of 100 million events each. The weights derived
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Figure 4.4: The NN histories of the training for the hdamp parameter reweighting.
Shown are the loss functions for the training data (blue solid line) and the validation
data (orange dash-dotted line) for the down (left) and up (right) variations of hdamp.
Published in Ref. [231].

from the trained model are found to be close to unity with a standard deviation of

about 0.1. No weights are observed outside the range from 0.8 to 1.2. These weights

are applied to reweight the nominal MC sample to match the up and down variations

of hdamp. The impact of the reweighting on the distributions of the tt pair, pT(tt) and

η(tt), is shown in Figure 4.5. The accuracy of the reweighting is quantified by the ratio

of the reweighted to the nominal sample, shown below each distribution. The target

sample, i.e. the sample generated with the variation of hdamp, and the reweighted one

agree within 1% in η(tt). Deviations of up to 2% are observed for pT(tt) ≳ 400GeV,

indicating that the method’s closure is within 2%. This closure is excellent, and a

2% deviation is negligible compared to the 10% effect associated with variations of

the hdamp parameter in pT(tt), where the variations of hdamp are used to estimate a

systematic uncertainty. The impact of ML reweighting on the pT and y distributions

of the additional parton has also been evaluated, achieving a precision comparable to

that of the tt system, with the results shown in Figure 4.6.

The NN model is trained using parton-level information under the assumption that

the parton shower (PS) and hadronisation do not affect the reweighting of the hdamp

parameter. To check this assumption, the accuracy of the reweighting is further

tested for events at the level of stable particles (particle level). In this case, the PS

and hadronisation have been simulated with Pythia 8. The results of the reweight-

ing for distributions obtained at the particle level, such as the jet multiplicity Njet
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Figure 4.5: The normalised differential cross section as a function of the pT (upper)
and η (lower) of the tt system. The black solid line shows the predictions from the down
(left) and up (right) variations in hdamp, and the blue dashed line presents the prediction
from the nominal sample. The red dotted line indicates the nominal sample reweighted
to the down (left) and up (right) hdamp variations using the DCTR method. The ratios
to the samples with the target values of hdamp are displayed in the lower panels, together
with their almost negligible statistical uncertainties (vertical error bars). Published in
Ref. [231].
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Figure 4.6: Same as Figure 4.5 for the pT (upper) and y (lower) of the additional
parton.

and the scalar pT sum of all jets in the event (HT ), are shown in Figure 4.7. The

jets are clustered using the anti-kT jet algorithm [144] with a distance parameter of

R = 0.4, applying kinematics cuts of pT > 30GeV and |η| < 2.4. The target distri-
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Figure 4.7: The normalised differential cross section as a function of Njet (left) and HT

(right). The black solid line shows the predictions from the up variation in hdamp and
the blue dashed line presents the prediction from the nominal sample. The red dotted
line indicates the nominal sample reweighted to the hdamp variation using the DCTR
method. The ratios to the target distributions are displayed in the pads below, where
the vertical bars represent statistical uncertainties. Published in Ref. [231].

butions obtained from samples generated with the up variation of hdamp agree with

the reweighted ones within 1% in both observables. Similar results are achieved for

the samples generated with the down variation of hdamp. This test confirms that the

model can be trained at the parton level and successfully applied at the particle or

detector levels, since these additional steps of the simulation do not affect the PS

matching uncertainty.

4.4.2 The b quark fragmentation

A major source of uncertainty in many precision top quark analyses is the fragmenta-

tion of b quarks into hadrons. The b quark from the decay t → Wb fragments into a

b hadron. This process is described in Pythia by the Lund string model [129], where

the probability for the b hadron carrying the momentum fraction z of the b quark’s

momentum is given by the Lund–Bowler fragmentation function [131,258]:
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fB(z) =
1

z1+brbm2
b

(1− z)a exp

(
−bm2

T

z

)
. (4.11)

Here, m2
T = m2

B + pBT
2
is the transverse mass of the b hadron and a and b are free pa-

rameters treated as universal for all quarks. The values a = 0.68 and b = 0.98GeV−2

were determined from a fit to data sensitive to light-quark fragmentation in the

Monash tune [259], such as charged-particle multiplicities and momentum fractions.

The Lund–Bowler parameter rb=0.855 and the b quark mass parameter in the MC

simulation mb = 4.78GeV [259] are set for the Monash tune. Varying the rb param-

eter in the event simulation influences observables that are sensitive to the b quark

fragmentation. One example is the observable xb, which represents the normalised

energy fraction of the b hadron and is defined as [260,261]:

xb =
2pB · pt
m2

t

1

1−m2
W/m2

t

. (4.12)

Here, pB and pt are the four-momenta of the b hadron and the top quark, respectively,

and mW is the W boson mass. Varying rb in the MC simulation affects the distri-

bution in xb, potentially causing variations in the efficiency of the identification of

b-jets. As a result, the choice of this MC parameter can introduce sizeable systematic

uncertainties in physics analyses.

In CMS, the CP5 tune [256] is the default underlying event tune for analyses at
√
s = 13TeV. A key difference compared to the Monash tune is the use of a smaller

value for the strong coupling parameter in the final-state shower, with αS(mZ) = 0.118,

whereas the Monash tune employs αS(mZ) = 0.1365. In the CP5 tune, the rb value

remains unchanged. However, a re-derivation of the rb parameter on top of the CP5

tune with e+e− data from LEP yields rb = 1.056+0.196
−0.200. These values are recommended

as the nominal and two-sided variation of the rb parameter for use in CMS analyses.

To assess systematic uncertainties related to the b quark fragmentation, CMS anal-

yses use a one-dimensional (1D) traditional reweighting in x̂b = pBT/p
bjet
T , where x̂b

approximates the momentum fraction z in Eq. (4.11). Events are generated with the

default parameter rb = 0.855 from the Monash tune in Pythia 8. The weights ob-

tained from the 1D reweighting are applied on an event-by-event basis to resemble

samples for rb = 1.056 and 1.252. This method is suboptimal because it does not

capture all kinematic dependencies of the b quark fragmentation, e.g. the longitudi-

nal component of the four-momentum of the b hadron and b-jet. Additionally, the
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choice of binning in x̂b can affect the results. The DCTR method is an elegant alter-

native, as no binning is introduced and the full event information is taken into account.

In this thesis, two NN models are trained to reweight the sample generated with the

CP5 tune with rb = 0.855 to both the new nominal value of rb = 1.056 and the

respective up variation of the rb parameter 1.252. For the new down variation, the

generated value of rb = 0.855 is used, which closely matches rb = 0.856 obtained from

the reanalysis of LEP data. Further, a continuous reweighting is performed using

ten different values of rb for the training. A single NN model is trained to reweight

the generated sample to any arbitrary value of rb within the range [0.6, 1.4], enabling

interpolation between the ten rb values.

Training setup

The NN is trained using the particle-level information from the events produced with

Pythia 8. The input variables to the NN are xb of t and t, as defined in Eq. (4.12).

For the continuous reweighting, the value of rb serves as a reweighting parameter. The

observable xb comprises the information of the entire event, as it contains the four-

momenta of the t quarks and the b hadrons in the event. The four-momenta of t and

t are taken from the last copies in the Pythia 8 event record before they decay, while

the first copies of the b hadrons are used. Since the input variable rb is close to unity

and the variable xb is defined within the range [0, 1], no normalisation is required in

this scenario. Theoretically, the energy of a b hadron cannot exceed that of the parent

bare b quark but this constraint no longer holds in a real collision event. In this case,

the energy involved in the hadronisation can originate from other components of the

final state, including the underlying event, which plays a significant role at the LHC.

As a result, while the majority of events fall within the range xb ∈ [0, 1], there are a

few instances where xb exceeds 1.

In the discrete reweighting, approximately one million events for each rb value are

considered in the training. In the case of continuous reweighting, the NN is trained on

a total of 5 million events. Out of these 5 millions, 2.5 million events were generated

with rb = 0.855 and another 2.5 million events for ten different rb values within the

interval [0.6, 1.4], i.e. 250 000 events for each value of rb. In both cases, 90% of the

events are reserved for training and 10% for validation. After a hyperparameter scan,
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a batch size of 1000 is found to yield the best performance.

Results

The training performance is assessed by analysing the training and validation loss

values. In the discrete reweighting, the NN training stopped after about 20 epochs in

both cases. Then, the performance of the reweighting is studied with statistically in-

dependent samples of about 2 million events. The weights, obtained from the trained

model, are found to be in the intervals [0.6, 1.4] for the reweighting to rb = 1.056 and

[0.2, 2.5] for the reweighting to rb = 1.252. The accuracy of the reweighting is evalu-

ated using the xb and the transverse momentum of the b hadron (pBT) distributions,

as shown in Figure 4.8. The reweighted distributions and the distributions simulated

with the target rb values agree within the statistical uncertainties, with a closure of a

few percent. The method demonstrates excellent closure as deviations of a few percent

are negligible compared to variations of up to 250% in xb and 40% in pBT when varying

rb to estimate a systematic uncertainty.

Similarly, statistically independent samples with 250 000 events are used for the con-

tinuous reweighting in rb to check the goodness of the reweighting. To evaluate the

accuracy of the ten distinct rb values used in the training, a χ2 test is performed. The

results are presented in Figure 4.9. This test quantifies the difference between the

target distribution generated with a given value of rb and the nominal distribution

obtained for rb = 0.855. Prior to reweighting, χ2 values per number of degrees of

freedom (NDF = 50) of about 80 for pBT and 650 for xb are found for the distributions

with the largest differences in rb to the nominal value. After the reweighting, the

distributions for both xb and pBT exhibit excellent agreement with the target sample,

with χ2/NDF close to unity across the entire range of rb values considered in the

interval [0.6, 1.4].

Such discrete reweighting of rb can be applied in any top CMS analyses of tt events,

providing an alternative to the traditional (suboptimal) 1D reweighting technique.

Moreover, the study of continuous reweighting provides the basis for MC tuning at the

detector level. The general idea is to pass the collision data to the model trained with

the continuous reweighting. Then, the MC parameter of interest can be extracted

at the minimum by gradient descending on a loss function. As a result, the MC
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Figure 4.8: Distributions in xb (upper) and pBT (lower) from tt simulations with
Pythia 8 with value rb = 0.855 (dashed blue line) and a second value of rb (solid
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shown as red dotted lines. Below each distribution, the ratios to the target distribution
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in Ref. [231].

simulation at the detector level can be directly tuned on data without the need to
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generate numerous templates. This approach could be crucial in the future for tuning

parameters of the underlying tune or colour-reconnection models by using data. A

more challenging scenario would involve tuning the hadronisation model.

4.4.3 Statistical uncertainty of the method

As mentioned earlier, the DCTR reweighting method implemented in this thesis

achieves a closure of the method of about 2% in both the hdamp and b fragmenta-

tion scenario. To estimate the statistical precision of the reweighting, the training

procedure was repeated 50 times [262]. In each iteration, a randomly chosen subset

of the generated events was used for the training. The results from 50 different train-

ings, expressed in ratios of reweighted to target distributions, are compared. Then,

the final result is computed as the average of the 50 reweighted distributions, with

the statistical uncertainty of the method determined from one standard deviation of

these distributions.

The pT(tt) and η(tt) distributions for the hdamp reweighting scenario are shown in
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Figure 4.10: Ratios between the hdamp target distributions in pT(tt) (left) and η(tt)
(right), and 50 different reweightings (grey solid lines). The ratio to the target before
the reweighting is shown as a blue dashed line and the mean of the different reweight-
ings as a red dotted line. The red band represents the statistical uncertainty of the
method obtained from the standard deviation of the 50 reweighted samples. Published
in Ref. [231].

Figures 4.10. Each training iteration was performed using 80 million events randomly

selected from a total sample of 200 million events. Similarly, the xb and pBT distri-

butions for the b fragmentation reweighting scenario are illustrated in Figures 4.11.

In this case, each training iteration was performed using 2 million events randomly

selected from a sample of 26 million events. In both scenarios, the target sample and

the average of the 50 reweighted samples are consistent within the statistical uncer-

tainty of the method. In the case of the b fragmentation, this holds when considering

the statistical uncertainty of the samples, which, on the other hand, is negligible for

the hdamp reweighing scenario. The statistical uncertainty of the method, of about

few percent, is comparable in magnitude to the deviation observed between the target

distribution and the nominal result. A larger statistical uncertainty of up to about

5% is observed only for xb > 1. Therefore, it is concluded that the method closure of

2% is consistent with its statistical uncertainty.

4.5 Reweighting to alternative model

Recent progress in theory enabled precise calculations for tt production in pp colli-

sions using fixed-order computations up to NNLO accuracy in QCD [263–271]. These
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predictions, which are based on an expansion series in the strong coupling constant,

show excellent agreement with experimental measurements of tt production [96, 136,

272–284]. Nonetheless, certain kinematic regions require an all-order resummation of

radiative corrections to achieve reliable perturbative predictions [285–292]. The PS

simulation resums the large logarithmic corrections, including the soft and collinear

QCD emissions to all orders in perturbation theory. The development of PS algorithms

for NLO calculations has significantly improved the theoretical accuracy in describ-

ing the LHC data, surpassing the previously available LO calculations matched to

PS simulations. Recent progress has also been made in combining NNLO calcula-

tions with PS MC generators [293–295]. However, tt production remains a challenge

due to the presence of coloured particles in both the initial and final states at LO.

The MiNNLOPS method [119–122] has been specifically developed to simulate tt pro-

duction with NNLO+PS accuracy. Nevertheless, the event generation at NNLO is

computationally more complex and expensive, requiring time to be integrated into

the software frameworks of large LHC experiments, e.g. that of CMS. Moreover, the

free parameters of the corresponding MC event generator need to be tuned, and the

results have to be experimentally validated before large-scale simulations can be con-

sidered for use in physics analyses.
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Figure 4.12: One of the most common Feynman diagram representations for tt pro-
duction at NLO (left) and NNLO (right) accuracy produced with the hvq and MiNNLO
generators, respectively.

Meanwhile, corrections for NLO+PS simulations are obtained by comparing them

to NNLO calculations using standard reweighting methods. These corrections are

defined as a function of a single observable, such as pT of the top quark. While

these corrections improve the accuracy of NLO+PS simulations for individual distri-

butions [296–298], they fail to account for the complex higher-order effects across the

full phase space of tt production. In this thesis, a reweighting of NLO+PS simula-

tions to NNLO+PS predictions with the DCTR method is presented. One of the most

important Feynman diagrams of the two matrix-element MC generators at NLO and

NNLO is shown in Figure 4.12. The NLO simulation generates a three-particle phase

space (t, t, and one additional parton), while the NNLO simulation a four-particle

phase space (t, t, and two additional partons). During training, information from the

t and t quarks and the combined tt system are used. The four-momenta of additional

partons are not included as inputs to the NN, as the PFN architecture is not designed

to reweight a 3D phase space to a 4D phase space. Consequently, only events based

on the kinematics of the tt system can be reweighted, excluding the jets produced by

the additional partons.

Dealing with negative event weights

In the powheg generator, the divergences of infrared singularities are handled by

cancelling soft and collinear real emissions with the corresponding virtual corrections.

This process results in a fraction of events with negative weights: around 1% at NLO

accuracy and 10% at NNLO accuracy. The definition of the binary cross-entropy in

Eq. (4.7) can become unbounded from below for negative event weights and makes the

classification task potentially unsolvable [299]. In such cases, the loss function can di-

verge, particularly when the predicted probabilities are highly confident but incorrect.
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For instance, if the true classification of an event is yi = 0, but the model predicts

f(xi) = 1, then Eq. (4.7) becomes proportional to −wMC
i log(0) = +|wMC

i | log(0) →
−∞. This unbounded growth can result in extreme values in the loss function, lead-

ing to numerical instability during the NN training and preventing the model from

converging to a meaningful solution. One way to mitigate this issue is by using a large

batch size, which helps prevent any single event from dominating the loss function.

Such a strategy is effective for NLO simulations but encounters challenges when deal-

ing with NNLO calculations, where the fraction of negative-weight events is ten times

higher. In this case, a possible solution is to use the mean square error (MSE) as a

loss function:

loss(f(x)) = − 1

N

N∑
i

wMC
i (f(xi)− yi)

2 . (4.13)

Here, negative event weights still result in a reduction of the loss for wrongly classified

events, but the total loss function is not unbounded anymore. As a result, the train-

ing is more stable even when considering negative events. Consequently, the MSE

loss function has been used instead of the cross-entropy loss in the NLO-to-NNLO

reweighting.

Training setup

In this thesis, for the first time, the DCTR method has been applied to reweight

the NLO+PS to NNLO+PS calculations. For this task, 10 million tt events at both

NLO and NNLO were used, as obtained with the hvq [112] and MiNNLO [121, 122]

package, respectively. Both samples have been interfaced with Pythia 8 [129] for the

PS. In this case, reweighting must be performed on showered events, as the showering

process affects the two generators differently. The training data set is divided into

75% for training and 25% for validation. The event information after PS is used for

the NN training. The input variables to the network include pT, y, ϕ, m, PID of

the t and t just before decay, obtained from the last copy in the Pythia 8 event

record, as well as of the tt system. Finally, all input variables are normalised to have

comparable magnitudes using the mean and standard deviation of their respective

distributions. For pT, the log10(pT/1GeV) is used instead of pT. In this case, a batch

size of 217 = 131072 events was found to yield the best results.
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Figure 4.13: Distributions in top quark pT (left) and η (right) obtained from simu-
lations at NNLO accuracy (black solid lines), NLO accuracy (blue dashed lines), and
NLO reweighted to NNLO with the DCTR method (red dotted lines). The ratio to the
NNLO predictions is shown in the lower panels, where the vertical bars correspond to
the statistical uncertainties. Published in Ref. [231].

Results

The accuracy of the NLO-to-NNLO reweighting is evaluated using independent sam-

ples with respect to the training ones. For both the NLO and NNLO simulations,

10 million events have been generated. Distributions of the kinematic properties of

the t, t and tt system are examined. The distributions in pT(t) and η(t) are shown

in Figure 4.13. Before the reweighting, the differences between the NLO and NNLO

predictions are less than 10% at low pT and grow to 15% at high pT. The differences

between the distributions in η vary from 2% in the central region to about 6% at

|η| = 5. After the reweighting, good agreement is observed between the reweighted

NLO sample and the NNLO one within the statistical uncertainties. The NLO, NNLO

and NLO-to-NNLO distributions in pT(tt) and η(tt) are compared in Figure 4.14.

While significant differences are observed between the NLO and NNLO predictions

across all distributions, the NLO-to-NNLO reweighting is in good agreement with the

NNLO predictions within the statistical uncertainties over the full kinematic range of

the tt system. It is worth noting that the reweighting method proves effective even for
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Figure 4.14: Distributions in pT (upper left), η (upper right), ∆ϕ (lower left), and
mass (lower right) of the tt system obtained from simulations at NNLO accuracy (black
solid lines), NLO accuracy (blue dashed lines), and NLO reweighted to NNLO with
the DCTR method (red dotted lines). The ratio to the NNLO predictions is shown
in the lower panels, where the vertical bars correspond to the statistical uncertainties.
Published in Ref. [231].

observables that were not included in the training, such as η(tt) or ∆ϕ with the latter
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Figure 4.15: Distributions in pT of the tt system and pT of the t obtained from sim-
ulations at NNLO accuracy (black solid lines), NLO accuracy (blue dashed lines), NLO
reweighted to NNLO with the DCTR method (red dotted lines), and NLO reweighted
to NNLO using a two-dimensional reweighting in pT and η of the tt system (violet dash-
dotted line). The ratio to the NNLO predictions is shown in the lower panels, where the
vertical bars correspond to the statistical uncertainties. Published in Ref. [231].

denoting the difference in azimuthal angle between the t and t. This is a consequence

of the full phase-space reweighting.

In this scenario, the performance of the DCTR method has been compared to that

of a standard two-dimensional (2D) reweighting. The 2D reweighting technique takes

pT(tt) and η(tt) as inputs, with the ratio of NNLO to NLO predictions calculated for

sufficiently large bins in these two observables to minimise statistical fluctuations.

When considering the pT(tt) distribution, as shown in Figure 4.15 (left), the 2D

reweighting works reasonably well over the full kinematic range, with the good closure

of about 2%, similar to the DCTR method. However, the 2D reweighting is not

as successful as DCTR concerning, e.g., pT(t) distribution which is not included in

the 2D reweighting. Although the 2D-reweighted simulation is closer to the NNLO

prediction than the original NLO, there are still differences by up to 6%, as shown

in Figure 4.15 (right). This is because the standard reweighting method is not a

phase-space reweighting, but depends on the specific observables provided as inputs.
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In contrast, the DCTR reweighting applied to the NLO sample accurately matches

the NNLO prediction also for observables not included in the reweighting. Therefore,

the DCTR NLO-to-NNLO reweighting can be used to correct the kinematics of the

tt system for higher-order effects in the phase space of tt production. The ongoing

studies of full NNLO+PS simulation, such as MiNNLOPS, will be crucial for future

analyses. Meanwhile, DCTR reweighting offers an intermediate solution until the

MiNNLOPS will be tested and produced in very large samples including hadronisation

effects, particle decays, and detector simulation.

4.6 Implementation in CMS software framework

As one of the results achieved in this thesis, the trained DCTR models are provided

within the central CMS software framework (CMSSW), making them accessible to

all CMSSW users. These models can be seamlessly integrated into physics analyses,

enabling fast high-precision evaluation of systematic model uncertainties and the pos-

sible impact of higher-order corrections.

The NN models have been stored in the universal Open Neural Network Exchange

(ONNX) format [300], an open-source framework designed to facilitate interoperability

and portability across different deep learning tools and frameworks. Major frameworks

like TensorFlow [253], PyTorch [301], and XGBoost [302] support conversion to

and from the ONNX format, enabling seamless integration. The runtime of ONNX for

inference with trained models is compatible with CMSSW for GPU-based inference.

All the necessary ONNX libraries are already installed in the CMSSW software. The

user must implement the following steps to apply the DCTR reweighting within the

CMSSW software:

• Read the nominal sample, i.e. the sample to reweight

• Load the pre-trained ONNX model

• Read or compute the inputs based on the reweighting scenario

• Normalise the inputs based on the training and input them to the ONNX model

• Extract the resulting weights and apply them to the nominal sample to obtain

the desired variation

An important aspect of this workflow is its flexibility in computing and applying

weights at various stages of the analysis pipeline, including the parton, particle, or de-
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tector level. In particular, in the latter scenario, the detector simulation is performed

only once for the nominal sample. This significantly reduces the computational re-

source usage, as variations in hdamp and b quark fragmentation parameters are handled

through reweighting alone. The results of this project are already being used in the

CMS experiment. The method will become even more crucial in the HL-LHC, facili-

tating precision measurements and meeting sustainability requirements.

4.7 Conclusions and prospects

In this thesis, the DCTR method has been tested as a tool for reweighting MC samples

used in CMS analyses, offering an elegant solution to address the computational chal-

lenges imposed by the production of large MC samples at the LHC. The hdamp scenario

is an ideal example since CMS generates dedicated samples to address the correspond-

ing systematic uncertainty. Generating one event in CMS requires 33 single-thread

CPU-seconds. Based on the estimated number of simulated events for Run2 for the

two dedicated hdamp samples (∼1773M events, see Section 4.4.1), the DCTR method

enables a reduction of 6.2×105 single-thread CPU-days. This estimate is based on the

current CMS production of variation samples, which corresponds to 60% fewer events

compared to the nominal sample. Further, the DCTR method allows for achieving

the same statistical precision of the nominal MC samples without requiring additional

CPU resources, thereby enhancing the accuracy of physics analyses. Looking ahead to

the HL–LHC era, scaling the total number of events produced during Run2 to match

the HL–LHC luminosity would result in a nominal tt sample of approximately 45 bil-

lion events (to be increased by a factor of 3 considering plane production of variation

samples), such that storage and processing is an issue. The DCTR method offers a

promising solution to significantly reduce the number of required MC samples, making

large-scale simulations more feasible while ensuring that variation samples achieve the

same statistical precision as the nominal sample. The resulting CPU savings become

increasingly substantial when the method is extended to include additional systematic

variations, such as colour reconnection, underlying event, and hadronisation.

Full phase-space reweighting in DCTR is of a significant advantage with respect to

currently used e.g. 1-D reweighting, and for the first time allows for using the NLO

reweighted to NNLO simulation, which is yet not even available. Furthermore, the case

of b-fragmentation demonstrates the applicability of continuous reweighting, paving
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the way to MC tuning at the detector level.

In conclusion, the DCTR method facilitates precise measurements while addressing

sustainability requirements. The method has shown strong performance across various

scenarios, highlighting its potential for broader applications. It could be adapted for

other systematic variations or even extended to different areas of physics beyond

top quark studies. The results of this work have already been adopted by the CMS

experiment for Run2 and Run3 data, and the method is set to become an integral

component of the CMSSW software framework.



Chapter 5

Measurement of the top quark
mass and width from tt + tW events

In this Chapter, the measurement of the differential tt+ tW production cross section

as a function of the invariant mass of the lepton and b quark from the top quark decay

mℓb observable is presented. The measured cross section is used to extract the top

quark mass employed in the MC generator, mMC
t , and the top quark width Γt. The

decays of the top quarks into leptons are considered. The pp collision data at the

LHC at
√
s = 13 TeV are used. The data were collected by the CMS experiment in

2017-2018, corresponding to the integrated luminosity of 101 fb−1. This Chapter is

structured as follows. The theoretical predictions for the tt+ tW process are presented

in Section 5.1, and the analysis strategy is motivated and explained in Section 5.2. The

data sets, the object and event selections and the MC simulations used in this analysis

are discussed in Section 5.3. The relevant systematic uncertainties are described in

Section 5.4. The measurement of the differential cross section at the particle level is

presented in Section 5.5. Finally, the extraction of the top quark mass and width is

discussed in Section 5.6.

5.1 Theoretical predictions for tt + tW process

The differential cross section for tt production has been extensively measured and

calculated over a broad kinematic range with high precision. However, most of the

theoretical calculations and MC simulations used to unfold the measurements to the

97
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Figure 5.1: Double-, single-, and non-resonant Feynman diagrams representing the
pp → bb̄l+l−νν̄ final state.

parton level typically apply the narrow-width approximation for the decay of the top

quark into a b quark and a W boson, treating single top-quark production in asso-

ciation with a W boson (tW) as a separate process. However, both processes share

identical final states (WWbb) and interfere due to the presence of one or two time-

like top-quark propagators, referred to as singly and doubly resonant contributions,

respectively.

Conventional approaches for modelling tW and tt interference [8–11] introduce sig-

nificant uncertainties, which can impact both precision SM measurements and BSM

searches. One approach for combining tt and tW processes at NLO is the diagram

removal (DR) scheme [8], where all doubly resonant amplitudes are removed from

the tW sample. Alternative approaches, such as diagram subtraction (DS) [8], can-

cel these contributions using gauge-invariant subtraction terms, while the DR2 [9,11]

scheme includes them only in the interference terms. Typically, an uncertainty asso-

ciated with the difference between the DR and DS schemes is considered, which can

become a limiting factor in precision measurements of Γt.

A complete description of tt production and decay beyond the narrow-width approx-

imation requires calculating the full set of Feynman diagrams contributing to the

WWbb final states, including the W boson decay products. Recent fixed-order cal-

culations of the full NLO pp → bb̄l+l−νν̄ process [303–306] properly account for the

interference between tt and tW production. The state-of-the-art predictions are pro-
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vided by the bb4l [13, 14] generator, an NLO QCD generator matched to PS effects

using Pythia 8 within the Powheg Box Res framework [307]. For the first time,

the bb4l generator describes spin correlations and off-shell effects in top-quark decay

chains using exact matrix elements for pp → bb̄l+l−νν̄ at NLO QCD, where the lep-

tons can be of different flavour and the b quarks are treated as massive. Consequently,

contributions from both tt and tW production are fully accounted for along with their

quantum interference. Furthermore, it includes non-resonant Feynman diagrams orig-

inating from topologies with fewer than two top or W propagators. The double-,

single-, and non-resonant Feynman diagrams simulated by bb4l are illustrated in Fig-

ure 5.1.

The impact of doubly and singly resonant amplitudes, along with their interference,

on the total cross section varies as a function of the mℓb observable, as defined in

Eq. (2.15). Since there is an ambiguity in associating the correct b-jet to the corre-

sponding lepton, the following convention can be adopted for mℓb:

mminimax
ℓb = min(max(mb1ℓ1 ,mb2ℓ2),max(mb1ℓ2 ,mb2ℓ1)), (5.1)

where the labelling of leptons ℓ and b-jets b is arbitrary. This definition follows the

minimax procedure employed to construct the transverse mass [308, 309] and mea-

sure the top mass [310]. The mminimax
ℓb observable exhibits a kinematic endpoint at√

m2
t −m2

W ∼ 150 GeV sensitive to the value of mt. For values of mminimax
ℓb >√

m2
t −m2

W, the top quark pair process at LO contributes solely through off-shell

effects, making tW contributions significant. In a recent ATLAS measurement [311],

predictions from the bb4l generator for pp → bb̄l+l−νν̄ are compared to data, along-

side tt+tW predictions using the DR and DS schemes. As shown in Figure 5.2, the

tail of the mminimax
ℓb distribution exhibits sensitivity to interference effects, with bb4l

predictions giving a better description of the data and bridging the gap between the

DR and DS subtraction schemes for tt + tW process.

5.2 Analysis strategy

In this thesis, the differential cross section of tt+tW production as a function of the

mminimax
ℓb observable has been measured. The latter is sensitive to both mt and Γt,

which are also related to each other (see Eq. (2.13)). The extraction of mMC
t and

Γt is performed by comparing bb4l predictions to data unfolded to the particle level.
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Figure 5.2: The unfolded normalised mminimax
ℓb distribution along with various MC

predictions of the tt+tW signal. The uncertainty on the data includes both statistical
and systematic sources, while uncertainties for each of the MC predictions comprise
variations of µr, µf , and PDF set. The data are compared to predictions using the
powheg+Pythia 8 setup with varying treatments of interference effects. Figure taken
from Ref. [311].

The idea for such an analysis was introduced in Refs. [177, 178] by using the ATLAS

measurement [311]. In the latter, the data were collected in 2016 at
√
s = 13 TeV

corresponding to an integrated luminosity of 36.1 fb−1. The simultaneous extraction

of mMC
t and Γt reached an accuracy of 0.4% and 20%, respectively [178].

The work in this thesis considers WWbb events in pp collisions at the LHC at
√
s = 13 TeV. The data are collected by the CMS experiment and correspond to

the integrated luminosity of 101 fb−1, which is a factor 2.8 higher than the inte-

grated luminosity of the ATLAS measurement [311]. Since the extraction of the top

quark width is primarily limited by statistical uncertainty, the present measurement

offers significant potential for improvement of precision in Γt. The present analysis,

conducted for the first time within the CMS collaboration, is limited to the 2017-18

data-taking periods, as these are the most well-understood datasets from the Run2.

The measurement of the WWbb final state in the dilepton decay channel is performed,
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Figure 5.3: Display of one of the selected events in 2018 data-taking. The event
comprises one electron (green) and one muon (red) of opposite charge, two b-jets (yellow),
and missing transverse energy (violet). Figure taken from Ref. [312].

accounting for combinations of e+e−, µ+µ−, and e±µ±. Additionally, events with lep-

tonic W boson decays to τ leptons are treated as signal events if all tau leptons decay

further to electrons or muons. The dileptonic final states are chosen because of their

clean experimental signature, characterised by two isolated charged leptons (e+e−,

µ+µ−, e±µ±), two b-jets, and missing transverse energy. An event-display of one of

the selected events, as seen by the CMS detector, is shown in Figure 5.3.

The differential cross section is measured within the visible phase space and subse-

quently extrapolated to the full phase space, as defined at the particle level through a

profiled maximum likelihood unfolding method. The visible phase space of the mea-

surement is determined by the geometric acceptance of the detector and the event

selection criteria applied to the final-state objects. The absolute differential cross sec-

tion of WWbb events at the particle level is normalised to the measured inclusive cross

section in the corresponding kinematic range. As a result, global systematic uncer-

tainties affecting the normalisation, e.g., uncertainties on the integrated luminosity,

cancel out. Finally, the normalised differential cross section is compared to the bb4l

predictions generated assuming different values of the top quark mass and width and

mMC
t and Γt are extracted (yet, individually).
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In this thesis, the cross section measurement and extraction of mMC
t and Γt are per-

formed using Asimov pseudo-data [313]. The latter is constructed from the expected

values of the model under nominal assumptions without incorporating statistical fluc-

tuations. Asimov pseudo-data is employed to evaluate the expected uncertainties in

the parameters under investigation. The objective of this work is to assess the sen-

sitivity of the measurement and to develop a robust analysis strategy that can be

applied to real data according to the blinding policy of the CMS experiment, which

currently reviews the measurement.

5.3 Data set, event selection, and MC simulation

During data taking, events are collected using combinations of dilepton and single-

lepton trigger paths. In this analysis, the latter recovers approximately 10% of the

dilepton events that would otherwise be excluded by dilepton triggers due to ineffi-

ciencies. Leptons must be reconstructed within the acceptance of the tracker to be

triggered. The single-lepton trigger requires a muon (electron) with pT > 24 (27) GeV.

For the dilepton triggers, the leading muon (electron) must have pT > 17 (23) GeV,

while the subleading muon (electron) needs to satisfy pT > 8 (12) GeV. In the

electron-muon channel, dilepton triggers require either a muon with pT > 23 GeV

and an electron with pT > 12 GeV, or an electron with pT > 23 GeV and a muon

with pT > 8 GeV. If an event is selected by the trigger, it must contain at least one

well-reconstructed primary vertex (PV).

The events with at least two leptons, two or more jets, and exactly two b-jets are

selected. The electron and muon candidates must satisfy the requirements |η| < 2.4

and pT > 25 (20) GeV for the leading (subleading) lepton. Furthermore, electron

candidates within the range 1.4442 < |η| < 1.5660 are excluded because of the poor

performance of electron reconstruction in the transition region between the barrel and

endcap calorimeters. In events with more than two leptons, the two leptons of oppo-

site charge with the highest pT are chosen.

To minimise the lepton misidentification probability, the selected leptons must also

meet identification and isolation criteria. Muons have to pass sequential “tight” qual-

ity requirements as defined in Ref. [196], allowing the suppression of fake muons or
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muons from in-flight decays and ensuring a selection of prompt muons with high

purity. Electrons are identified through a multivariate technique [204], employing a

boosted decision tree. Here, a single discriminant variable is built based on multi-

ple input variables, providing separation between signal and background. A working

point corresponding to an identification efficiency of approximately 80% has been

used. Additionally, a relative lepton isolation variable, Irel, is defined as the ratio of

the scalar sum of the pT of the neighbouring particle-flow candidates to the pT of

the lepton within a radius of ∆R < 0.4 (0.3) for muons (electrons). For the muon

case, Irel < 0.15, whereas for electrons, this parameter is included in the multivariate

analysis used for their identification. The event is then classified as e+e−, µ+µ−, or

e±µ±, according to the type of the selected lepton pair.

Jet candidates are reconstructed and calibrated as described in Section 3.3.2. In par-

ticular, jets are clustered using the anti-kT algorithm with R = 0.4, and the PUPPI

algorithm [209, 210] is employed for pileup mitigation. A set of “tight” identification

criteria are applied to all jet candidates to suppress contributions of jets emerging

from noise or reconstruction failures [314]. This approach also helps reduce the oc-

currence of jets reconstructed from misreconstructed leptons. Jets with |η| < 2.4,

pT > 30 GeV, and a distance ∆R > 0.4 from every isolated lepton are considered

in the analysis. The latter condition permits the exclusion of jets overlapping with

fully selected leptons. Then, jets are b-tagged using the DeepJet tagger explained

in Section 3.3.3. A high purity, i.e. tight working point, is used with a fixed light

flavour mistagging rate of 0.1% and a b-tagging efficiency of 65% as determined in tt

events [217].

Finally, the calculation of pmiss
T is based on PF objects, where PUPPI is used for

pileup mitigation. Background contributions from Z+jets production are reduced by

removing events with pmiss
T < 40 GeV.

Once a lepton pair is selected in the event, additional conditions are imposed on the

invariant mass of the lepton pair mℓℓ. The mℓℓ is required to be greater than 20 GeV

to suppress contributions from heavy-flavour resonance decay and low-mass Z+jets

processes. Additionally, mℓℓ is vetoed in the Z mass window of 76 < mℓℓ < 106 GeV

in the same-flavour lepton channels.
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5.3.1 Signal definition

If all the above criteria are fulfilled, the event must contain at least two jets and

exactly two b-jets and a pair of oppositely charged leptons (e+e−, e±µ±, e±µ±) to

be considered for the analysis. Finally, the invariant mass of the decay products is

reconstructed using the mminimax
ℓb observable defined in Eq. (5.1).

The particle level object definitions, as defined in Refs. [315–317], are implemented:

• Jets: Clustering of stable particles using the anti-kT algorithm (R = 0.4),

excluding prompt leptons and neutrinos. The b-jets are identified by “ghost”

particles and must satisfy the requirements pT > 30 GeV and |η| < 2.4

• Leptons: Dressed leptons are formed by clustering stable photons around

prompt leptons within ∆R = 0.1. They must fulfill the conditions pT >

25 (20) GeV and |η| < 2.4

• Invariant mass of the two leptons: Same cuts as applied at the detector

level

• Signal: Events which contain exactly two leptons, two jets and two b-jets

The following binning is used in this analysis:

mminimax
ℓb ∈ [0, 40, 60, 80, 100, 120, 140, 160, 180, 220, 270,∞] GeV (5.2)

One additional bin (Bin0 ) is considered for out-of-acceptance signal events. The same

binning is also applied at the detector level.

5.3.2 MC simulation

Different MC event generators are used to simulate the hard scattering in the signal

and background processes. The tt+tW signal is simulated with the bb4l [13,14] gener-

ator, where the contributions of W bosons decaying leptonically in the same channels

are included [318]. Background events originate dominantly from Drell-Yan events

containing a pair of electrons or muons with additional jets (Z+jets) and tt decay

channels other than dilepton. Smaller contributions come from W boson production

with additional jets (W+jets), tt production in association with a boson (ttW, ttZ,

ttH) and diboson production (WW, ZZ, WZ). Finally, a minor background arises

from single top quark production in the s-channel and inclusive single top production

in the t-channel, which are not included in the bb4l sample. Most of the background
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contributions are suppressed by requirements on the isolation of the leptons, the dilep-

ton invariant mass, the missing energy and the number of b-jets in the event. In the

plots and tables presented in this thesis, the backgrounds are categorised into three

main groups: Z+jets, non-dileptonic tt referred to as tt̄ bkg, and all remaining contri-

butions grouped under Other.

The Z+jets and W+jets processes are generated using mg5 amc@nlo [114] at NLO

with up to two additional partons at the ME level. The tt background processes are

simulated using the hvq [112] program of powheg v2 [110, 113] at NLO in QCD.

The single top quark simulation is performed similarly using hvq powheg v2 for

the t−channel process, while mg5 amc@nlo is employed for the s−channel process.

Samples for associated tt production with Z and W bosons are simulated using mg5 -

amc@nlo, while the ttH simulation is performed with hvq powheg v2. Finally,

diboson production is simulated with Pythia 8 [129].

In the MC generators used for the signal and background predictions, the proton

structure is described by the PDF set NNPDF3.1 [319, 320] at NNLO. In powheg

simulations, the value of the top quark mass is set to mMC
t = 172.5GeV, and the hdamp

parameter is set to 1.379 mt [256]. Parton showering and hadronisation are simulated

with Pythia 8 in all simulated samples, where the underlying event is modelled by

the CP5 tune [256]. All predictions are normalised to their theoretical cross section

and the corresponding integrated luminosity of the data. The tt+ tW cross section is

set to 89.4 pb, corresponding to the tt dileptonic cross section taken from Ref. [321],

where it is computed at NNLO with next-to-next-to-leading logarithmic soft-gluon re-

summation. In the near future, this value will be replaced with the predicted tt+ tW

cross section provided by the theorists, which is currently not publicly available. Sim-

ilarly, the tt background cross section is taken from Ref. [321]. The cross sections for

Z+jets and W+jets events used in this thesis are obtained from NLO calculations,

while those for diboson production are based on LO calculations.

In all simulated samples, the interaction of the final-state particles with the CMS

detector material is modelled using the Geant4 package [133]. To account for the

effects of pileup, additional minimum-bias interactions are included in the simulated

events.
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5.3.3 Corrections to simulated events

Discrepancies between data and simulated samples can arise due to deficiencies in the

event generation/simulation, or detector inefficiencies. To address this issue, various

corrections are applied to the simulated samples to improve their agreement with the

data. These data-to-MC corrections are typically implemented as event weights, re-

ferred to in the following as scale factors (SF). Corrections for efficiency, energy scale,

and energy resolution are applied through SFs.

The number of pileup vertices in the simulated events is corrected through event

weights to match the one in the data, which is determined from the measured instan-

taneous luminosity and assuming a total inelastic pp cross section of 69.2 mb [322].

Dedicated trigger SFs are derived as a function of the lepton pT to account for the

differences in the efficiency of the trigger selection between data and simulation and

applied to the simulated samples. The efficiency for a lepton to pass identification,

isolation or reconstruction requirements in simulation is corrected to match the one

observed in data. This calibration is performed throug data-to-MC comparison using

Z → ll events, as determined in Refs. [196,204,323–325]. These corrections treat the

various effects as uncorrelated, and individual efficiencies and SFs for electrons and

muons are derived. Additionally, lepton energy-scale and resolution corrections are

adopted [204, 326–329]. Similarly, JES and JER corrections are applied as described

in Section 3.3.2.

The b-tagging efficiency in simulation is adjusted to be as in the data using flavour-

dependent data-to-MC corrections measured as a function of the jet pT. The b-tagging

SFs are obtained centrally in the CMS collaboration using data from QCD-enriched

regions and dedicated simulated samples [214]. The b-jet multiplicity in simulation is

corrected by using event weights defined as the ratio of the probability in data (Pdata)

to the probability in MC (PMC) for a fixed chosen working point. These two quantities

can be computed as:

PMC =

flavours∏
f

tagged∏
i

εfi (pT)

untagged∏
j

(1− εfj (pT)), (5.3)

Pdata =

flavours∏
f

tagged∏
i

SFf
i (pT) ε

f
i (pT)

untagged∏
j

(1− SFf
j (pT) ε

f
j (pT)), (5.4)



Data set, event selection, and MC simulation 107

where εfi and SFf
i represent the b-tagging efficiency and SF in MC for the jet i with

a flavour f , dependent on its pT. The final event weight Pdata/PMC is applied to the

simulation.

In 2016 and 2017, a timing shift of the ECAL (in the 2 < |η| < 3 region) was not

properly propagated to the L1 trigger, causing a significant fraction of triggers to be

incorrectly assigned to the previous bunch crossing. Since L1 forbids firing of two

consecutive bunch crossings, events can self-veto. This issue is known as L1 ECAL

prefiring. This effect is not modelled in the simulation, and it is accounted for by

applying event weights [197,330].

5.3.4 Data and MC compatibility

ℓℓ, Nb-jet = 2, Njet ≥ 2 ee, Nb-jet = 2, Njet ≥ 2 eµ, Nb-jet = 2, Njet ≥ 2 µµ, Nb-jet = 2, Njet ≥ 2

tt̄+ tW (bb4l) Bin0 5231.88 ± 20.38 830.85 ± 7.77 3152.96 ± 15.92 1248.07 ± 10.08

tt̄+ tW (bb4l) Bin1 165.36 ± 3.42 27.02 ± 1.32 96.97 ± 2.63 41.37 ± 1.73

tt̄+ tW (bb4l) Bin2 2538.61 ± 14.61 360.33 ± 5.38 1549.29 ± 11.45 628.99 ± 7.30

tt̄+ tW (bb4l) Bin3 11901.41 ± 31.52 1637.59 ± 11.21 7310.88 ± 24.64 2952.94 ± 16.14

tt̄+ tW (bb4l) Bin4 31497.03 ± 52.53 4433.63 ± 19.17 19209.24 ± 40.44 7854.16 ± 27.50

tt̄+ tW (bb4l) Bin5 51621.99 ± 67.86 7317.45 ± 24.68 31504.83 ± 52.39 12799.71 ± 35.38

tt̄+ tW (bb4l) Bin6 50168.26 ± 69.33 7144.73 ± 23.98 30741.49 ± 53.93 12282.04 ± 36.39

tt̄+ tW (bb4l) Bin7 15471.68 ± 36.60 2208.61 ± 13.03 9527.76 ± 28.84 3735.32 ± 18.39

tt̄+ tW (bb4l) Bin8 1691.86 ± 11.77 251.51 ± 4.22 1014.85 ± 9.10 425.50 ± 6.15

tt̄+ tW (bb4l) Bin9 834.96 ± 7.95 125.29 ± 2.97 494.34 ± 6.13 215.33 ± 4.10

tt̄+ tW (bb4l) Bin10 789.34 ± 7.56 128.27 ± 2.91 455.08 ± 5.76 206.00 ± 3.94

tt̄+ tW (bb4l) Bin11 845.96 ± 8.55 138.37 ± 3.38 471.80 ± 6.19 235.80 ± 4.82

tt̄+ tW (bb4l) Bin9 546.56 ± 6.35 85.39 ± 2.47 323.46 ± 4.80 137.71 ± 3.33

tt̄ (not dileptonic) 449.80 ± 4.12 49.42 ± 1.32 285.74 ± 3.27 114.64 ± 2.13

Z+jets 765.27 ± 66.75 221.74 ± 31.97 79.83 ± 11.88 463.69 ± 57.34

Other 1107.23 ± 6.42 175.64 ± 1.81 637.05 ± 5.60 294.53 ± 2.56

Total ± (stat) 175627.22 ± 141.53 25135.82 ± 54.93 106855.57 ± 97.56 43635.80 ± 86.55

Data 178338 25350 108517 44471

Data / Predictions 1.02 ± 0.01 1.01 ± 0.01 1.02 ± 0.01 1.02 ± 0.01

Table 5.1: Event yields for the signal and background predictions, as well as for the
data. The results are shown for each decay channel separately as well as the combined
one. In the last line of the table, the ratio between data and predictions is given.

The distributions of the pT and η for the selected leptons and b-jets, after event

selection, are displayed in Figures 5.4 and 5.5 for both data and simulated events.

Additionally, Figure 5.5 also includes the jet multiplicity and b-jet multiplicity distri-

butions. The results for the combined 2017 and 2018 datasets are presented. Further

control distributions are also included in Appendix A.1 for completeness. Overall,

data and simulation agree within systematic uncertainties. The discrepancy between
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Figure 5.4: Distributions of pT (left) and η (right) of the leading (upper) and subleading
(lower) leptons, comparing data (points) with predictions for the signal and various
backgrounds (shaded histograms) from simulation. The lower panel of each figure shows
the ratio of the data to the sum of the signal and background predictions, where the
vertical bars correspond to the statistical uncertainties of the data and the hatched bands
represent the combined statistical and systematic uncertainty in the MC predictions.

data and MC predictions in the b-jet multiplicity for nBjets > 3 is expected from the

bb4l predictions in this phase-space region and arises from a partially missing contri-

bution of the qq̄ splitting from top quarks into heavy-flavour quarks. However, this

has no impact on the present analysis since exactly two b-jets are required for this

study.
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Figure 5.5: Same as Figure 5.4 for the leading (upper row) and trailing (middle row)
jets. Additionally, the jet (lower left) and b-jet (lower right) multiplicity distributions
are shown.
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Figure 5.6: The distribution of the mminimax
ℓb observable for the predictions of the signal

and various backgrounds. The hatched bands correspond to the combined statistical and
systematic uncertainty in the MC predictions. The lower panel of each figure shows the
relative total uncertainty of the predictions, with the hatched light blue band indicating
the statistical uncertainty in the simulation.

The agreement is quantified in Table 5.1, which provides a summary of the event

yields for the signal and background predictions, as well as for the data. The results

are reported for each decay channel separately as well as the combined one. Finally,

the observable mminimax
ℓb is illustrated in Figure 5.6, where the data are not shown

due to the CMS blinding procedure. In the blinding procedure, data in the sensitive

observable are intentionally hidden to prevent bias in the analysis. Unblinding occurs

once the analysis strategy is finalised, allowing the data to be revealed for comparison

with predictions.

5.4 Systematic uncertainties

The systematic uncertainties considered in this analysis are categorised into three

main groups: experimental uncertainties stemming from the calibration of the final-
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state objects, modelling uncertainties associated with assumptions made in the MC

simulations, and background normalisation uncertainties. Some uncertainties affect

only the normalisation of the MC templates and are evaluated by scaling the entire

contribution up or down. These are referred to as rate uncertainties. On the other

hand, shape uncertainties affect the shape of the distributions and are addressed by

using alternative MC templates with varied shapes. The various sources of uncer-

tainty and the methods used to evaluate them are outlined below. Table 5.2 provides

details on the processes affected by each uncertainty, specifying whether they are con-

sidered correlated or uncorrelated across processes. Additionally, it indicates whether

each uncertainty is treated as correlated or uncorrelated across data-taking periods

(referred to as “years”).

Experimental uncertainties

Dedicated measurements are used to derive data-to-simulation SFs for the calibration

of final-state objects. The uncertainties associated with these SFs propagate to the

total uncertainty in the measured dσtt+tW/dmminimax
ℓb and, hence, to mMC

t and Γt. To

estimate the impact of these uncertainties, the event selection is repeated with the

SFs varied by ±1σ.

The uncertainty in the JES calibration is split into 24 individual sources [331]. The

impact of these uncertainties is assessed by varying the momentum of each recon-

structed jet within uncertainties, as a function of jet pT and η. Similarly, the JER

uncertainties are assessed across two distinct η regions. Further, uncertainties in the

energy scale and resolution are applied to the leptons. The uncertainty associated

with unclustered missing energy is determined by propagating the uncertainties of the

individual components that contribute to p⃗miss
T . Finally, an uncertainty related to the

L1 prefiring issue is applied to the 2017 year. The SFs are varied according to their

uncertainties, shifting the prefiring probabilities by ±1σ.

The uncertainty in the integrated luminosity affects both the signal and background

normalisation and is measured to be 2.3% and 2.5% for 2017 and 2018, respec-

tively [332, 333]. The normalisation of the predictions is also affected by the lepton

identification and isolation SFs. To assess the corresponding systematic uncertainty,

these SFs are varied within their uncertainties in the simulation for each lepton flavour
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(electron or muon) and category (identification, isolation, or reconstruction). Since

the SF are derived using Z → ll events, a 0.5% (1%) uncertainty per muon (electron)

candidate is added to account for the extrapolation from the Drell–Yan to tt phase

space. Another source of uncertainty is related to the trigger efficiency, where the

derived SFs are varied within their uncertainties. The trigger efficiencies and their

uncertainty are shown in Figures A.2 and A.3 in Appendix A.2. Finally, the uncertain-

ties associated with the b-tagging calibration are evaluated by independently varying

the b-jet and light jet SFs within their uncertainties. Uncertainties related to heavy

flavour (c and b) jets are treated as fully correlated, whereas light and gluon jets

uncertainties are assumed to be uncorrelated with b-jets. Further, the uncertainties

are split into correlated and uncorrelated parts across the data-taking periods.

Modelling uncertainties

Modelling uncertainties are evaluated based on their source, either by varying MC pa-

rameters within the same simulation program or by comparing the default simulation

to different models.

The impact of higher-order effects in the ME simulation is estimated by varying µr

and µf scales in the signal, Z+jets, and tt background samples. The scales are varied

independently by a factor of two up and down [334,335], avoiding cases with µf/µr = 4

or 1/4. Similarly, uncertainties in the modelling of the PS are assessed by varying the

initial-state radiation (ISR) and the final-state radiation (FSR) scales by a factor of

two up and down with respect to their nominal values. This uncertainty is applied

only to the signal and tt background samples. The uncertainty related to the PDFs

is estimated by reweighting the signal and tt background samples to the 100 Hessian

eigenvector variations in the NNPDF3.1 PDF set. Additionally, the value of αS(mZ)

is varied within its uncertainty in the PDF set. An uncertainty related to the match-

ing of the ME to PS is evaluated by varying the hdamp parameter of powheg up and

down from its nominal value (hdamp = 1.379+0.926
−0.5052mt). The ML reweighting method,

described in Chapter 4, has been employed. However, this approach was trained on

the powheg hvq generator of tt production. As a result, it is applied exclusively to

tt events, with the assumption that its effect on bb4l and hvq generator is similar.

The resulting uncertainty is applied only to the signal and tt background samples.

Since it is not possible to split the contribution of tt and tW in bb4l, dedicated ML
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retraining needs to be performed in the future. However, applying the DCTR method

is non-trivial, as bb4l is a novel approach, and ongoing studies are being conducted

in collaboration with the authors. The fragmentation of a b quark into b hadrons is

modelled by the Bowler-Lund function in the nominal CP5 tune of Pythia 8 used

for tt and single top simulations. The nominal value of the Bowler-Lund parameter

is set to 1.056 with variations of +0.196
−0.200. The corresponding uncertainty is evaluated

by a 1D standard reweighting of the relevant transfer function in the signal and tt

background samples. In this case, the ML reweighting cannot be performed yet since

the information related to the b hadron needed to reconstruct xb is not saved in the

bb4l sample. Although this uncertainty is accounted for in the data-to-simulation

comparisons, it has not yet been incorporated into the fit, as it will be updated once

the ML reweighting can be implemented. Finally, an uncertainty associated with the

modelling of the number of pileup interactions is derived by varying the minimum

bias cross section by ±4.6% [322].

Owing to the recent large-scale production of bb4l MC samples within CMS, cer-

tain dedicated samples required for estimating systematic uncertainties are not yet

available. Specifically, the following sources of uncertainties are currently missing for

the bb4l samples: underlying event tune, colour reconnection, and b hadron branch-

ing fraction. The bb4l is a novel approach introduced in CMS for the first time,

and its investigation remains an active area of ongoing and future research. For the

sake of completeness, the methods used to compute these uncertainties are outlined

below. The uncertainty associated with the UE tuning is assessed by varying the

tuning parameters within their uncertainties [123]. In the default CR model imple-

mented in Pythia 8 and used for the reference simulations, early resonance decays

(ERD) are disabled. To assess the CR uncertainty, additional dedicated samples are

generated with ERD enabled, and the resulting difference is treated as a system-

atic uncertainty. Similarly, an uncertainty derived from the difference of the nominal

sample with two alternative CR models is considered: the gluon-move scheme [126]

and a QCD-inspired scheme [127]. Another source of uncertainty is related to the

assumed b hadron branching fraction, which can affect the momentum of the recon-

structed b-jets. This uncertainty can be assessed by varying its value within their

uncertainties, as estimated in Ref. [6]. Finally, an empirical uncertainty is introduced

based on differential measurements of the tt cross section at
√
s = 13 TeV, which

have shown that the pT(t) spectrum is softer than predicted by the powheg sim-
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ulation [96, 273, 275, 336]. This uncertainty should be estimated by reweighting the

simulation to match the data [272,336–338], but it is a subject of ongoing investigation.

Background normalisation uncertainties

The uncertainties in background normalisation, stemming from the uncertainties in

the cross sections of corresponding background processes, are conservatively estimated

as follows: +4.20%
−4.84% for the tt background [321], and 30% for the Z+jets and other back-

grounds, respectively.

Other systematic uncertainties

The limited size of the MC simulated samples introduces statistical fluctuations in

the templates. This is accounted for using bin-by-bin nuisance parameters with the

Barlow-Beeston-lite method [339,340].

5.5 Unfolding and cross section measurement

The differential cross section, dσtt+tW/dmminimax
ℓb , is measured by means of a maxi-

mum likelihood unfolding of multi-differential distributions, following the method of

Refs. [321,341]. In order to measure the tt+ tW cross section differentially, the tt+ tW

simulation is split into bins of mminimax
ℓb at the generator level, and each sub-sample is

treated as an independent signal process in the likelihood fit while preserving the corre-

lation between the systematic uncertainties. The goal of unfolding is the conclusion on

the original distribution corrected for experimental effects, such as resolution, misre-

construction, inefficiencies, and detector acceptance. Unlike other unfolding methods,

the maximum likelihood approach allows systematic uncertainties to be constrained

together with the parameters of interest by treating them as nuisance parameters

(NPs). As a result, any discrepancy between the data and the prior assumptions is

corrected by adjusting the central values of the NPs (pulls). If the uncertainty of an

NP is determined to be smaller after the fit than initially assumed, the width of its

probability distribution is correspondingly reduced (constrained).

The likelihood function L is based on the assumption that the number of observed
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Uncertainty Type Process Year Proc. corr. Year corr.

Luminosity rate all all yes partial

σtt+tW rate signal all - yes

σZ+jets rate Z+jets all - yes

σtt(non dileptonic) rate tt bkg all - yes

σothers rate others all - yes

µR shape signal, tt bkg, Z+jets all partial yes

µF shape signal, tt bkg, Z+jets all partial yes

ISR shape signal, tt bkg all yes yes

FSR shape signal, tt bkg all yes yes

PDF shape signal, tt bkg all yes yes

PDF αs shape signal, tt bkg all yes yes

hdamp shape signal, tt bkg all yes yes

b fragmentation shape signal, tt bkg all yes yes

Electron Reco shape+rate all all yes yes

Electron ID shape+rate all all yes yes

Muon ID shape+rate all all yes partial

Muon Isolation shape+rate all all yes partial

Muon Scale shape+rate all all yes partial

Electron Scale shape+rate all all yes yes

Electron Smear shape+rate all all yes yes

L1prefire shape+rate all 2017 yes yes

Pileup shape+rate all all yes yes

b tagging shape+rate all all yes partial

JER shape+rate all all yes no

JES shape+rate all all yes partial

Unclustered MET shape+rate all all yes no

Trigger SFs shape+rate all all yes no

Table 5.2: Summary of systematic uncertainties considered in the analysis. The type
of uncertainty is labelled as being “rate” (constant normalisation factor) or “shape”
(variations that change the shape of the distribution). The processes affected by each
uncertainty are listed. The correlations of the systematic uncertainties among processes
and years are also reported.

events in each bin follows a Poisson distribution and is expressed as:

L =
∏
i

e−vivni
i

ni!

∏
m

π(λm)
∏
j

π(wj), (5.5)

where i denotes the index of the bin in the final-state distribution, and vi and ni

are the expected and observed number of events in bin i, respectively. The terms

π(λm) and π(wj) are priors for the nuisance (λm) and normalisation (wj) parameters,
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respectively. The expected number of events vi can be expressed as:

vi =
∑
k

ski (σ
k
tt+ tW, λ⃗,mMC

t ) +
∑
j

bji (wj , λ⃗,m
MC
t ), (5.6)

where ski denotes the number of expected tt+ tW signal events from the k-th generator-

level bin for a reconstructed mminimax
ℓb value in bin i. The value of ski depends on the

total cross section in the k-th bin σk
tt+ tW

, λ⃗ and mMC
t . Similarly, bji represents the

number of expected events from the background process j, which depends on its nor-

malisation wj , λ⃗ and mMC
t in the case of tt background.

For each bin k, a signal strength parameter rk is introduced and defined as:

rk =
σk
tt+ tW

σk
tt+ tW

(MC)
, (5.7)

where the denominator represents the cross section associated with the normalisa-

tion of the MC prediction, determined from the nominal bb4l simulation. The signal

strength parameters are the parameters of interest (POIs) and they are fitted simul-

taneously, with each treated as an independent signal. In this way, the bin-to-bin

migrations due to smearing or reconstruction inefficiency are taken into account. As

a result, the maximum-likelihood fit yields cross section values that are automatically

unfolded to the particle level. To reduce the correlation between the fitted rk and

mMC
t , the latter is included as an additional shape uncertainty in the fit. In this case,

no prior is introduced, and the NP is unconstrained. The corresponding predictions

are derived from two dedicated MC simulations, where mMC
t is alternatively varied

by ±3 GeV with respect to the nominal value and scaled by 1/3. A similar approach

should be applied to the width predictions for the nominal value of Γt = 1.31 GeV

and the corresponding variations of Γt = 2.0 GeV and Γt = 0.66 GeV. However,

dedicated detector-level simulated samples for width variations are currently unavail-

able. While particle-level samples exist [178], they were generated using an earlier

version of bb4l [13] rather than the one used in this analysis [14] and do not include

detector simulation. As a result, these samples cannot be directly incorporated into

the maximum likelihood fit. Instead, they are used later for the extraction of mMC
t

and Γt to construct predictions at particle-level with varied top quark widths.

The likelihood is maximised with respect to the POIs, the NPs, and the normalisation

parameters. This approach enables the systematic uncertainties to be constrained di-
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rectly from the data, thereby reducing the overall uncertainty in σk
tt+ tW

. The values of

the parameters that maximise the likelihood are obtained by minimising the quantity

-2 logL. The MINUIT program [342] is employed for the minimisation, while the MI-

NOS algorithm [342] is then used to estimate the uncertainties. The uncertainties in

the POIs are determined by scanning the value of the likelihood function around the

minimum. The Higgs Combination Tool [313] is used to perform the fit. Templates of

the expected final-state distributions are obtained from the nominal simulation and for

each systematic variation (corresponding to ±1σ shifts). However, a continuous func-

tion is necessary for the implementation in the likelihood function. To achieve this, a

second-order polynomial is used for interpolation in the case of two-sided variations,

whereas a linear function is applied for one-sided variations. This process is known

as template morphing [343]. To account for correlations of systematic uncertainties

across different data-taking periods, template histograms are generated separately for

the two years and they are fitted simultaneously.

Binning definition

The binning of mminimax
ℓb is chosen to ensure sufficient statistical precision in the tail,

which is most sensitive to Γt. Additional checks were conducted to ensure that the

selected binning is appropriate for this analysis. The migrations in and out of the bins

are investigated by calculating the purity and stability, defined as:

purity =
N rec&gen

i

Ngen
i

, stability =
N rec&gen

i

N rec
i

. (5.8)

In an ideal scenario with no bin-to-bin migrations, both metrics would be equal to

unity. The purity and stability for the binning employed in this analysis are, on

average, 60%. The corresponding response matrix is illustrated in Figure 5.7. The

condition number1 is a function that measures how much the unfolded observables

are sensitive to small changes in the generator-level observables. In this analysis, the

unfolding problem is found to be well conditioned, with a condition number of the

response matrix of about 7. As a result, no regularisation is necessary.

1When this value is large, typically greater than 104, the problem is considered ill-conditioned,
and a technique called regularisation must be applied [344].
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Figure 5.7: The response matrix obtained from the MC simulation.

5.5.1 Results

The differential cross section of the tt+ tW process as a function of mminimax
ℓb is mea-

sured in 11 bins using Asimov pseudo-data. The absolute differential tt+ tW cross

section dσtt+ tW/dmminimax
ℓb at the particle level is shown in Figure 5.10, together with

the bb4l prediction obtained with mMC
t = 172.5, 169.5, and 175.5 GeV.

The fit is repeated with all constrained nuisances fixed to their best fit value to es-

timate the statistical uncertainty. Then, the systematic uncertainty is extracted by

subtracting the statistical uncertainty quadratically from the total uncertainty. The

fitted parameter values, expected constraints, and impacts on the signal strength pa-

rameters rk for the 40 most relevant NPs after the fit to data are shown in Figures 5.8

and 5.9, which correspond to Bin7 and Bin11. These bins are the most sensitive to

the value of mt and Γt, respectively. Further impact plots are summarised in Ap-

pendix A.3. The uncertainties expected to have the most significant impact in Bin7

are related to mMC
t variations, B-tagging, JES, and JER. In Bin11, in addition to

B-tagging and mMC
t uncertainties, the muon scale is also expected to play a signifi-

cant role. Overall, a two-sided behaviour of the NPs is observed, demonstrating good
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Figure 5.8: Fitted NP values and their expected impacts ∆r̂7 on the signal strength
r̂7 from the fit to the Asimov pseudo-data. Only the 40 highest ranked parameters are
shown, ordered by their relative summed impact. The expected uncertainty of r̂7 is also
given. The black line shows, for each NP, the relative constraint after the fit. The blue
and red shaded areas present the expected impacts of shifting each NP to its ±1σ values
in the fits to the Asimov pseudo-data, respectively. For the NP associated with the
“MASS”, the value after the fit to the Asimov pseudo-data is given because no prior is
assigned.

modelling of the systematic uncertainties. Some one-sided variations are observed in

Bin11 (particularly for NP indices 2 to 11). This is due to the sensitivity of the last

bin to statistical fluctuations, which could explain the unusual behaviour in the MC

templates.

The normalised differential cross section is then computed from the absolute cross
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Figure 5.9: Same as Figure 5.8 for Bin11.

section obtained in the fit. This procedure effectively cancels the normalisation uncer-

tainties, significantly reducing the overall uncertainty and allowing for a more precise

extraction of mMC
t and Γt. To calculate the normalised differential cross section,

the absolute differential cross section for each bin is divided by the sum of all bin

values. Before the normalisation, the uncertainties are symmetrised as provided by

HESSE [342] and they are then propagated to the normalised cross sections using

standard error propagation for the statistical and total uncertainties:

σ2
f = | df

dx
|2σ2

x + |df
dy

|2σ2
y + 2

df

dy

df

dy
σxy. (5.9)

Here, σxy = σxσyρxy is the covariance between x and y and ρxy their correlation,

and x and y refer to the per-bin cross section or total cross section, respectively.
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Figure 5.10: Absolute (left) and normalised (right) differential cross sections as a
function of mminimax

ℓb . Asimov pseudo-data are shown as black dots with statistical
uncertainty, and the total uncertainty of the predictions indicated by the grey band.
The standard model expectation is shown for a top quark mass of 172.5GeV and a top
quark width of 1.31GeV for tt+ tW production using bb4l generator in black and for
top quark masses of 169.5GeV (dashed blue) and 175.5GeV (solid blue) or top quark
width of 0.66GeV (dashed magenta) and 2.0GeV (solid magenta). The width variations
are shown just for the normalised samples.

The normalised cross section is shown in Figure 5.10 compared to the theoretical

predictions. Additional MC templates with Γt = 0.66 or 2.0 GeV and mMC
t = 169.5

or 175.5 GeV are considered. The relative uncertainties of the normalised cross section

in each mminimax
ℓb bin are reported in Table 5.3.

5.6 Extraction of the top quark mass and width

The values and uncertainties of mMC
t and Γt are extracted from a χ2 fit of the nor-

malised measured differential cross section at the particle level to the NLO theoretical

predictions from bb4l, assuming different values of mMC
t and Γt, respectively. Varia-

tions of ±1 GeV and ±3 GeV are considered formMC
t , while Γt is varied by +0.69 GeV

and −0.65 GeV. A simultaneous extraction is not yet possible, as theory predictions

with variations in both parameters are currently unavailable. The fit is performed

using the open-source QCD analysis framework xFitter [345], which implements

the χ2 definition from Ref. [91]. The method involves using the minimum χ2 for
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Bin Unc. (%)

Bin1 13.857

Bin2 4.413

Bin3 2.051

Bin4 1.509

Bin5 1.187

Bin6 1.337

Bin7 5.748

Bin8 12.855

Bin9 7.879

Bin10 10.898

Bin11 9.742

Table 5.3: Relative uncertainty of the normalised cross section associated with each
bin of mminimax

ℓb distribution.

three-point variations (nominal, upward, and downward variation) of the parameter

of interest (mMC
t or Γt). The statistical and systematic uncertainties are derived from

the maximum-likelihood fit, where the NPs are constrained. The full correlation ma-

trix, containing both statistical and systematic uncertainties, is taken into account. In

the χ2 calculation, the uncertainties are kept fixed to avoid constraining those again,

artificially. The χ2 scans from mMC
t and Γt are shown in Figure 5.11. The best fit

value for mMC
t and Γt are extracted at χ2

min, and the total fit uncertainty at 68% CL

is obtained using the tolerance criterion ∆χ2 = 1. The best-fit value is 172.61 GeV

(1.36 GeV) with a fit uncertainty of 0.37 GeV (0.12 GeV) for mMC
t (Γt). The im-

pact of higher-order effects (scale uncertainty) is evaluated by repeating the χ2 scans

with theoretical predictions where µr and µf are varied independently by factors of

0.5 and 2, while avoiding cases where µf/µr = 4 or 1/4. The total scale uncertainty

is then estimated by taking the maximum difference in the mMC
t and Γt results with

respect to the nominal one. Similarly, the uncertainties associated with the PS, ME-

PS matching and the value of αS(mZ) assumed in the PDFs are estimated. Finally,

these modelling uncertainties are summed in quadrature to quantify the theoretical

uncertainty, which is dominated by the scale uncertainty. The final results are:

mMC
t = 172.61± 0.37(fit)

+0.18
−0.24(theory)

GeV

Γt = 1.36± 0.12(fit)
+0.17
−0.22(theory)

GeV
(5.10)

where the total uncertainties are +0.41
−0.44 GeV and +0.24

−0.28 GeV for mMC
t and Γt, re-
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Figure 5.12: Summary of direct determinations of Γt using the bb4l MC generator.

spectively. The summary of Γt determinations using bb4l method is given in Fig-
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ure 5.12. This measurement (currently with Asimov pseudo-data) promises signifi-

cantly improved precision as compared to other direct measurements obtained with

bb4l method [177, 178]. The mMC
t result is as precise as the most precise single-

experiment directmMC
t measurement [168] and represents the first determination ofmt

from the combined tt and tW cross section in the CMS collaboration. The prospects

for this measurement are very promising. The analysis is in the CMS review and the

unblinding is imminent.



Chapter 6

Extraction of αS and illustration of
its running by using inclusive jet
production

This Chapter presents the QCD analysis of the CMS inclusive jet measurements used

together with the electron-proton DIS cross section data collected at HERA. The

analysis has been developed within the PhD project and is documented in the CMS

publication [346].

The QCD analysis is performed using the open-source framework xFitter, described

in Section 6.1. Details on the experimental data employed in the QCD analysis are

described in Section 6.2, while the theory predictions for inclusive jet production are

outlined in Section 6.3. The general strategy is discussed in Section 6.4. Finally, the

results of the simultaneous fit of αS(mZ) and PDFs at NNLO in QCD are presented

in Section 6.5 and the illustration of αS running is given in Section 6.6.

6.1 The xFitter framework for QCD analyses

The xFitter framework [347–349], which originated from HERAfitter [345], is an

open-source tool developed for performing QCD analyses, where the PDFs and the

fundamental parameters of the SM are extracted: e.g. αS , quark masses, EW mixing

angle. The framework supports experimental data from a wide range of experiments,

125
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including the Tevatron, HERA, LHC, and fixed-target experiments, thus covering a

broad range of x. The xFitter QCD analysis platform is highly versatile and offers

a wide set of theoretical calculations, schemes for treatment of heavy flavours and

variants in χ2 calculations. As a result, it has been used in many previous analyses

in CMS [54,95–97,99–101,104,106–108,137,350] and ATLAS [141,351–354]. Further-

more, it enables SMEFT studies through an interface with CIJET [355–357], allowing

for the simultaneous extraction of SMEFT and SM parameters.

The xFitter platform is primarily based on the collinear factorisation foundation.

The theoretical predictions for a particular process are obtained by convolving the

PDFs with the partonic cross sections. For DIS processes, different mass schemes

can be used to account for heavy quark (i.e. b and c quark) contributions. These in-

clude the zero mass variable flavour number (ZM-VFN) [358], the fixed-flavour number

(FFN) [359–361], and the general mass variable flavour number (GM-VFN) schemes.

In the FFN scheme, only gluons and light quarks appear in the PDFs, while heavy

quarks are treated as massive and are produced only perturbatively. The number of

active flavours, nf , is set to either 3, 4, or 5 and remains unchanged even at energy

scales exceeding the mass thresholds of heavy quarks. This scheme is applicable at

scales around µ2 ≈ m2
Q. The GM-VFN scheme ensures a smooth transition between

the ZM-VFN and FFN approaches by treating heavy quarks in the FFN scheme near

the production threshold (µ2 ∼ m2
Q) and as massless at higher scales (µ2 ≫ m2

Q).

Various implementations exist for this transition, and this thesis employs the Thorne-

Roberts GM-VFN scheme [362–364].

The comparison between theory predictions and experimental data permits the de-

termination of PDFs and other parameters through an iterative χ2 minimisation

process that incorporates both correlated and uncorrelated uncertainties across the

measurements. Since in the collinear factorisation the x-dependence of the PDFs can-

not currently be derived from first principles, it has to be parametrised at a certain

starting scale Q2
0. In xFitter, different predefined functional forms and flavour de-

compositions can be used, each offering various levels of flexibility in capturing the

x-dependence. One of the most common functional forms for parametrising the gluon

g, valence u- and d-quark, and u and d antiquark densities is given by:

xqi(x) = Aix
Bi(1− x)CiPi(x), (6.1)
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where Ai are normalisation constants and Pi(x) = (1 +Dix + Eix
2) are polynomials

that interpolate between the small- and large-x behaviour governed by the Bi and

Ci parameters. The parameters Auv and Adv are determined during the fit from the

valence-quark number sum rule, while the value of Ag is obtained from the momentum

sum rule. Finally, the Di and Ei parameters assess the sensitivity of new datasets in a

QCD analysis to the chosen functional form. In the fit, the parametrised distributions

of the PDFs are evolved to the energy scale of the measurement using the DGLAP

equations, as implemented in the QCDNUM [365] program. A schematic overview

of the general workflow of a QCD analysis in xFitter is presented in Figure 6.1.
1

Initialisation

Data
– Collider, Fixed Target:

ep, µ p
– Collider: pp, pp̄

Theory
– PDF Parametrisation
– QCD Evolution:

DGLAP (QCDNUM),
non-DGLAP (CCFM, dipole)

– Cross Section Calculation

QCD Analysis
– Treatment of the Uncertainties
– Fast χ2 Computation
– Minimisation (MINUIT)

Results
– PDFs, LHAPDF, TMDlib Grids
– αs, mC , . . .
– Data vs. Predictions
– χ2, Pulls, Shifts

1

Figure 6.1: Schematic overview of a QCD analysis in xFitter. Figure taken from
Ref. [345].

Minimisation algorithm and uncertainties

The default minimisation algorithm used by xFitter is an extended version of the

Fortran program MINUIT [342]. This allows for the fitting of a larger number of

parameters and supports uncertainty analysis with both asymmetric and symmetric



128 Extraction of αS and illustration of its running by using inclusive jet production

error bands using the Hessian method. xFitter offers multiple options for incorpo-

rating experimental uncertainties into the χ2 definition. Correlated uncertainties can

be treated either as nuisance parameters or via a covariance matrix. In this thesis,

the former method is adopted, and the χ2 goodness-of-fit function reads:

χ2(T,bexp) =

Ndata∑
i=1

[
Mi − Ti(1−

∑
j γ

exp
ij bj,exp)

]2
δ2i,uncorT

2
i + δ2i,statMiTi(1−

∑
j γ

exp
ij bj,exp)

+

Nexp.sys∑
j=1

b2j,exp, (6.2)

where the index i is an individual measurement from all measurements (Ndata). Here,

Mi represents the measured values, while Ti are the theory predictions, respectively.

The statistical and uncorrelated systematic uncertainties associated with each mea-

surement i are denoted by δi,stat and δi,uncor, respectively. Correlated experimental

uncertainties are incorporated through the nuisance parameters bj,exp, with their im-

pact on the theoretical prediction Ti described by the matrices γexpij . The nuisance

parameters bj are determined through the χ2 minimisation process. Asymmetric un-

certainties in the PDF parameters are obtained from a ∆χ2 = χ2−χ2
min = 1 criterion

using an iterative Hessian approach, following the prescription of Ref. [366]. These

uncertainties correspond to 68% confidence level (CL).

Profiling procedure

The profiling technique allows for evaluating the impact of a new dataset on a global

PDF set [367–370] and conducting sensitivity studies on αS(mZ) while keeping the

PDFs fixed. In this case, the χ2 function of Eq. (6.2) is modified as:

χ2(bexp,bth) =

Ndata∑
i=1

(
Mi + γexpij bj,exp − Ti − γthij bj,th

)2
∆2

i

+

Nexp.sys∑
j=1

b2j,exp +

Nth.sys∑
j=1

b2j,th,

(6.3)

where the nuisance parameter bexp and bth comprise the correlated experimental and

theoretical uncertainties, while the uncorrelated experimental uncertainties are in-

cluded in ∆i. This technique has the advantage of fast investigation of the possible

impact of a new data set on the existing PDFs; however, it disregards the correlations

between PDFs and further parameters, e.g. αS . In the QCD analysis presented in this

thesis, the profiling procedure was used to estimate the sensitivity of each individual

CMS measurement to αS(mZ) from the global PDF sets, by using the αS(mZ) series
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from the global PDF sets, typically spanning αS(mZ) from 0.111 to 0.122.

PDF parametrisation scan

New datasets can introduce additional constraints on the PDF shape, which would

lead to a more flexible parameterisation form. To investigate the impact of a new

data set on the parametrisation, a parametrisation scan is performed, starting with D

and E parameters of Eq. (6.1) set to zero. Successively, they are included in the fit,

one at a time. The process is monitored using the Bayesian Information Criterion

(BIC) [371], which takes into account both the χ2 fit quality, the number of degrees

of freedom, and the number of free parameters. The procedure is terminated once no

further improvement is observed.

Interpolation grids

In QCD analyses, fits often require recalculating the cross section multiple times,

but computing full perturbative QCD (pQCD) predictions at NLO or higher orders

is computationally expensive. This issue is addressed through fast interpolation grid

techniques, where perturbative cross sections are computed once, stored in tables, and

represented as grids based on fractional momenta (x1, x2) and QCD scales (µf , µr).

These precomputed values enable fast and precise predictions without needing to re-

peat the full NLO (or higher orders) calculation in every iteration. Interpolation grids

are currently available for processes such as jets, tt, and Drell-Yan. For jet-related

observables, xFitter uses interpolation grids, such as those from ApplGrid [372],

fastNLO [146], or PineAppl [373].

6.2 Data used in the QCD analysis

As described in Section 2.2, the PDF fits are primarily based on measurements of

CC and NC DIS cross sections from e±p collisions at HERA. The HERA data sets

used in this study are the combination of inclusive DIS cross sections measured by

H1 and ZEUS experiments in HERA 1 and HERA 2 running periods [91]. The NC

cross sections cover the kinematic range 6 · 10−7 ≤ x ≤ 0.65, while the CC cross sec-

tions are measured in the range 1.3 · 10−2 ≤ x ≤ 0.40. In the original HERAPDF2.0

analysis [91], inclusive DIS data with Q2 < 3.5GeV2 were excluded from the PDF
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Figure 6.2: The χ2 profiling of αS(mZ), using inclusive DIS data (dashed line) and in-
clusive DIS data combined with HERA jet data (solid line). Figure taken from Ref. [374].

fit. In the present analysis, a higher Q2 cut is imposed on HERA data, to improve

the general quality of the fit. The published DIS cross sections have already been

corrected for the dominant EW effects.

The sensitivity of HERA DIS data to αS(mZ) was investigated by the HERA combi-

nation group. In Figure 6.2 [374], the χ2 values are shown as a function of αS(mZ),

obtained in the simultaneous QCD analyses of PDFs and αS(mZ) in the GM-VFN

scheme by using inclusive DIS data or, alternatively, inclusive and HERA DIS jet

measurements. The very shallow minimum in χ2 for inclusive DIS alone demonstrates

a fair sensitivity to αS(mZ) in the GM-VFN scheme. Enhanced sensitivity is achieved

only when including also HERA jet data.

The CMS inclusive jet measurements use jets clustered with the anti-kT [144] algo-

rithm as implemented in the FastJet [207] program with a distance parameter of

R = 0.4 or R = 0.7. The QCD analysis presented in this thesis includes the CMS

inclusive jet measurements1 at
√
s = 2.76 [148], 7 [103,104], 8 [105], and 13 [106] TeV,

1The CMS measurement at 5.02 TeV [149] is also available but not included in this study, as it
uses jets clustered with R = 0.4, which are known to exhibit discrepancies with QCD predictions
in the forward region.



Data used in the QCD analysis 131

obtained with R = 0.7. The choice of this radius parameter minimises out-of-cone

radiation effects and improves the agreement between theoretical predictions and ex-

perimental data [106]. Furthermore, as stated in Refs. [375–377], using R = 0.7 rather

than R = 0.4 improves the stability of NNLO calculations. The measurements are

performed double-differentially in rapidity y and pT, where the cross section is defined

as:

d2σ

dpTdy
=

Njets

L∆pT∆y
. (6.4)

Here, Njets represents the number of jets per bin after applying corrections for detector

effects. L denotes the integrated luminosity, while ∆pT and ∆y refer to the bin widths

in jet pT and y, respectively [106]. The measurements themselves were not performed

in this thesis, but the general strategy for conducting an inclusive jet measurement

and a brief overview of each measurement is outlined below.

In each of the measurements, events are selected using a combination of HLT single-jet

triggers, each covering exclusive intervals of the leading jet’s pT to ensure an efficiency

of approximately 99%. The triggers are prescaled, except for the one with the highest

pT threshold. Additionally, selected events must have at least one well-reconstructed

primary vertex, and the jets are required to satisfy quality criteria based on their con-

stituents to reduce the impact of detector noise. Jet reconstruction and calibration

are performed as described in Section 3.3.2. Corrections are then applied to simu-

lated events to reduce discrepancies between data and MC samples, including trigger

efficiency and pileup corrections. Finally, detector effects are corrected through an

unfolding procedure, and the double-differential cross-section at the particle level is

extracted. While the overall strategy is consistent across measurements, different un-

folding techniques have been applied in each case.

The measurements were accompanied by a comprehensive QCD analysis for the 7, 8,

and 13 TeV datasets, although such interpretation was not performed for the 2.76

TeV dataset. However, the 13 TeV analysis is the only one carried out at NNLO in

QCD, since the NNLO predictions for inclusive jet production in pp collisions became

available at the time of this measurement. Prior to the study presented in this thesis,

the inclusive jet measurement at 13 TeV provided the most precise determination of

αS(mZ) from jet measurements, with αS(mZ) = 0.1166±0.0017 [106]. In the following,

the most relevant details of each measurement are briefly summarised.
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6.2.1 Measurement at 2.76 TeV

The CMS measurement of the double-differential inclusive jet cross section in pp colli-

sions at
√
s = 2.76 TeV is based on data taken in 2010 at low pileup and corresponding

to an integrated luminosity of 0.0054 fb−1. It is detailed in Ref. [148]. The cross sec-

tions are measured as functions of pT in the range 74–592 GeV in 6 bins in |y| in the

range 0.0–3.0. Events are selected using prescaled single-jet triggers with jet pT thresh-

olds of 40, 60, and 80 GeV, except for the highest threshold trigger, which remains

unprescaled. To compare the measurements with the theoretical predictions, the jet

pT spectrum is corrected for detector effects. The detector response is described by a

function that defines the probability density for reconstructing a jet with transverse

momentum pdetT given a corresponding particle-level jet transverse momentum ppartT .

The response function is extracted from multijet events simulated using the Pythia

6 (v.6.4, tune Z2) [378, 379] event generator. A kernel density estimation technique

is used to model the response function, ensuring an accurate description of the tails

of the distributions. The response matrix is obtained by convolving the response

function with the ppartT spectrum predicted by NLO QCD calculations [380] and the

CT10 PDF set [381]. The measured distributions are unfolded using the D’Agostini

iterative method [382], as implemented in the ROOUNFOLD package [383]. Reg-

ularisation is achieved by limiting the number of iterations to four in each rapidity bin.

The dominant sources of the experimental uncertainties in this measurement are JES,

JER, and the integrated luminosity (3.7%) [384]. The uncertainty associated with

JES consists of 22 independent contributions, described in detail in Ref. [385]. The

corresponding cross section uncertainty is 5–22% for |y| < 2.5, increasing to 78% at

the highest rapidity of 2.5 ≤ |y| < 3.0. The JER uncertainty is 2–3% for |y| < 2.5,

increasing to 22% for the highest rapidity. For this data set, the energy offset due

pileup (PU) is small and no PU corrections are applied. The uncertainty associated

with possible mismodelling of trigger and jet selection criteria is determined to be 1%.

6.2.2 Measurement at 7 TeV

The CMS measurement of the double-differential inclusive jet cross section in pp col-

lisions at
√
s = 7 TeV is based on data collected in 2011 and corresponding to an

integrated luminosity of 5.0 fb−1. The measurement is detailed in Ref. [148]. The

data cover a jet pT range 114–2000 GeV and the cross section is measured in five |y|
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bins in the range 0.0–2.5. The events are selected using single-jet triggers with jet

pT thresholds of 60, 110, 190, 240, or 370 GeV, respectively, in the corrected jet pT.

To avoid any trigger bias, the jets are additionally required to have pT > 110, 200,

300, 360, and 510 GeV. The observed spectra are unfolded to correct for detector

effects. The response matrix is obtained from the detector simulation and corrected

for the measured differences in the resolution between data and simulation [385]. The

unfolding is performed by using the D’Agostini method [382,383].

Several categories of experimental systematic uncertainties are defined: the JES, the

JER, the luminosity, the corrections for detector response and resolution. The JES

uncertainty is split into 20 different sources and amounts to 1–2% [386], which trans-

lates into a 5–25% uncertainty in the cross section, depending on pT and |y|. The

uncertainty in the integrated luminosity is 2.2% [387] and translates into a normal-

isation uncertainty that is fully correlated across |y| and pT. The effect of JER is

corrected for using the D’Agostini method [382]. The unfolding uncertainty accounts

for the modelling of the jet pT resolution and the jet pT spectrum in the simulation.

To assess the sensitivity of the correction to these factors, the jet pT resolution is

varied by ±10%, reflecting the observed discrepancies between data and simulation

in the JER [385]. Further, the jet spectrum slope is adjusted by ±5%, which is a

conservative estimate based on comparisons between the theoretical and measured

pT spectrum shapes. Finally, a constant 2% uncertainty is introduced to account for

the dependence on the unfolding method. Overall, the unfolding uncertainty is about

3–4%. Remaining effects are collected into an uncorrelated uncertainty of about 1%.

6.2.3 Measurement at 8 TeV

The CMS measurement of the double-differential inclusive jet cross section in pp col-

lisions at
√
s = 8 TeV is based on data collected in 2012 and corresponding to an

integrated luminosity of 19.7 fb−1. The measurement is detailed in Ref. [105]. The

data cover a jet pT range 74–2500 GeV and the cross section is measured in six |y|
bins in the range 0.0–3.0. The events are selected using HLT single-jet triggers with

jet pT thresholds of 40, 80, 140, 200, 260, and 320 GeV, respectively. All triggers are

prescaled except the highest threshold trigger. To correct for detector effects, the un-

folding procedure following the same strategy as in the measurement at
√
s = 7 TeV

is applied.
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The dominant contribution to the experimental systematic uncertainty is associated

with JES, which is decomposed into 24 independent sources corresponding to different

components of the corrections. An uncertainty of 1%, uncorrelated across all jet

pT and |y| bins, is assigned to account for the residual effects of inefficiencies in

the trigger performance and jet identification. The uncertainty in the integrated

luminosity is 2.6% [388] and translates into a normalisation uncertainty that is fully

correlated across |y| and pT. The unfolding depends on the uncertainties in the JER

parametrisation, which are obtained from the simulation. The JER parameters are

varied by one standard deviation, and the corresponding response matrices are then

used to unfold the observed spectra. The uncertainty induced by the JER ranges

from 1–5%. Finally, the uncertainty associated with the jet angular resolution and

the model dependence of the unfolding, stemming from the theoretical pT spectrum

used to calculate the response matrix, contributes less than 1% to the cross section.

6.2.4 Measurement at 13 TeV

The CMS measurement of the double-differential inclusive jet cross section in pp col-

lisions at
√
s = 13 TeV is based on data collected in 2016 and corresponding to an

integrated luminosity of 33.5 fb−1. The measurement is detailed in Ref. [106]. The

data cover a jet pT range 97–3103 GeV and the cross section is measured in four |y|
bins in the range 0.0–2.0. The events are selected using single-jet triggers with jet pT

threshold of 40, 60, 80, 140, 200, 260, 320, 400, 450 GeV, respectively. All triggers

are prescaled except for the highest trigger threshold. Jets reconstructed in regions

of the detector corresponding to defective zones in the calorimeters are excluded from

the measurement and recovered later in the unfolding procedure, together with any

other type of inefficiency.

Compared to the previous measurements, the analysis strategy for
√
s =13 TeV has

significantly improved, accounting for non linearity in the trigger rate as a function

of the instantaneous luminosity and variation of the JES corrections with time and

pileup conditions. Further, a smoothing technique is applied to the JES corrections

to ensure the cross sections remain smooth. The detector-level pT distribution is

rescaled to match the JER between the simulated samples and the data. Addition-

ally, a matching procedure is performed between the particle-level and detector-level
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jets for each event, and the JER fitting procedure is refined.

The measured detector-level distribution is unfolded to the particle level via a two-

dimension unfolding in pT and |y| using corrections derived from the simulated events.

The unfolding is performed by using the matrix inversion method as implemented in

the TUnfold package [389], version 17. Additionally, corrections for the migrations,

background and inefficiencies are considered. The jets that are successfully matched

between detector and particle level are considered to derive the response matrix. On

the other hand, unmatched jets at the particle (detector) level are used to estimate

the inefficiencies (background). The background contribution is about 1–2%-level at

low pT and becomes negligible at medium and high pT, while the inefficiency reaches

a maximum of 2–5% at both low and high pT.

The dominant contribution to the experimental systematic uncertainty is associated

with JES, which is decomposed into 22 independent sources. The uncertainty in the

integrated luminosity is 2.2% [390] and translates into a normalisation uncertainty

that is fully correlated across |y| and pT. Variations of the JES, JER and PU pro-

file corrections are applied to the simulated sample and propagated to the particle

level by repeating the unfolding process. The estimates for inefficiencies and back-

grounds, derived from the MC simulation, are normalised and varied independently

within a conservative 5% margin. This accounts for potential model dependencies in

phase space migrations and the influence of the matching algorithm in the unfold-

ing procedure. The model uncertainty in the unfolding for pT and |y| is evaluated by

comparing the nominal cross section, obtained from the original Pythia 8 simulation,

with a modified version in which the inclusive jet spectrum is adjusted to align with

the data. To mitigate bin-to-bin fluctuations in the systematic variations, a smooth-

ing technique using Chebyshev polynomials is applied, as described in [391]. Finally,

uncorrelated and partially correlated uncertainties across pT and y bins have been con-

sidered. The primary source of uncorrelated uncertainty arises from the inclusive jet

measurement, which is based on multiple jets recorded in each event. Another source

of uncertainty comprises the statistical fluctuations of the simulated distributions. Fi-

nally, an additional uncorrelated systematic uncertainty of 0.2% is introduced prior

to unfolding to address variations between different methods for determining trigger

efficiency.
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Figure 6.3: The χ2 profiling of αS(mZ), using measurements and NNLO QCD pre-
dictions for CMS inclusive jet production at various

√
s, performed separately for the

individual measurements (markers of different colours) and considering all the jet mea-
surements together (black markers). The CT18NNLO [88] PDF set is used.

6.2.5 Estimate of αS(mZ) sensitivity for individual CMS jet

measurements

The jet production measurements at the LHC provide significant constraints on αS(mZ).

An illustration of the sensitivity of αS(mZ) for each of the CMS jet measurements used

is presented in Figure 6.3, obtained with the profiling technique using the CT18NNLO

PDF set [88]. Profiling is performed separately for each PDF member in the αS(mZ)

series and a χ2 corresponding to each member of the series is recorded. The optimal

αS(mZ) value is obtained from the minimum of the resulting (parabolic) χ2 distribu-

tion and the 68% confidence level (CL) uncertainty is obtained by using the criterion

∆χ2 = 1. While the position of the parabola’s minimum is not meaningful in this

context, as it depends on the chosen PDF set, the associated 68% CL uncertainty

provides an estimate of the measurement sensitivity. Among all the measurements,

the one at
√
s = 13 TeV exhibits the highest sensitivity, as indicated by the narrowest

parabola. Further improvement is expected from the inclusion of all the CMS jet
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data in the fit. For each measurement, the corresponding integrated luminosity L,
the number of data points Ndp, and the ranges in pT and |y| considered in the QCD

analysis are listed in Table 6.1.

Table 6.1: The CMS inclusive jet measurements used in this analysis. The columns
show the centre-of-mass energy, the integrated luminosity, the number of measured data
points, and the ranges of individual jet pT and |y|.

√
s [TeV] L [fb−1] Ndp pT[GeV] |y|
2.76 0.0054 80 74–592 0.0–3.0

7 5.0 130 114–2116 0.0–2.5

8 20 165 74–1784 0.0–3.0

13 33.5 78 97–3103 0.0–2.0

6.2.6 Systematic correlations in CMS jet data

The leading experimental systematic uncertainty in jet measurements originates from

the calibration of the JES and JER. Other major sources of uncertainty are related to

luminosity, trigger and unfolding. As an example, the uncertainty contributions for

the 13 TeV measurement are shown in Figure 6.4, where the colour bands represent

fully correlated uncertainties between bins, while the vertical error bars show the un-

correlated uncertainties.

In this thesis, the correlations of JES and JER uncertainties across pT and |y| inter-
vals, within and across the individual measurements at different

√
s, are investigated

in detail. These correlations are incorporated into the QCD analysis, enhancing the

precision and accuracy of αS(mZ) and offering valuable recommendations for future

global QCD analyses of CMS inclusive jet measurements.

A comprehensive discussion of the JES calibration and its associated uncertainties can

be found in Refs. [331,392]. A brief overview is provided below to aid in understanding

the JES correlation scheme described later. The exact same convention is used in the

publication [346], which is based on the work presented in this thesis. The JES

uncertainties are categorised into eight main types:

• Uncertainties related to the absolute scale are associated with the JES correc-

tion within the barrel region, corresponding to pseudorapidities |η| < 1.3. This
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Figure 6.4: Relative uncertainties in the double-differential cross section, as functions
of jet pT (horizontal axis) and y (quadrants). The systematic uncertainties are shown in
different noncumulative bands: JES uncertainties (red), JER uncertainties (yellow), and
all other sources (blue), including the integrated luminosity uncertainty and unfolding
related uncertainties. The error bars account for statistical uncertainties from both the
data and the MC sample used in the unfolding procedure, as well as the binwise system-
atic uncertainties, all summed in quadrature. The total uncertainty (green) represents
the sum of all statistical and systematic uncertainties, added in quadrature. Taken from
Ref. [106].

correction (AbsoluteScale) is obtained from a global fit using Z+jet, γ+jet, and

multijet data. It includes a correction for initial-state (ISR) and final-state

radiation (FSR) (AbsoluteMPFBias). Extrapolations to high pT beyond the

reach of the measurements are performed by using MC simulations. Additional

uncertainties arise from the response variations of different MC event genera-

tors (Fragmentation) and the single-particle response in the ECAL and HCAL

(SinglePionECAL, SinglePionHCAL).

• Relative JER uncertainties represent the η-dependent uncertainty of the JES

from the JER corrections (RelativeJER).

• The relative η correction of the JES calibration ensures a uniform detector

response across different detector regions. In addition, it includes a log-linear

pT dependence. An uncertainty associated with the choice of the pT-dependent

shape is included. (RelativePt).

• The relative contribution RelativeFSR corresponds to an uncertainty in the η-

dependent corrections for ISR and FSR.

• The statistical uncertainties in the determination of the relative corrections in

various regions of η for multiple uncertainty sources are merged into one uncer-
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tainty (RelativeStat).

• Differences in the simulated detector response to jets from different quark flavours

and gluons result in the FlavourQCD uncertainty. It is derived from differences

between data and MC simulations when the corresponding corrections are ap-

plied to various mixtures of jet flavours. The uncertainty is based on response

differences to jets from uds/c/b quarks and gluons between Pythia [129] and

Herwig [393].

• Two time-dependent uncertainties address the JES variation over time during

the data-taking periods (TimePt and TimeEta).

• Uncertainties associated with the pileup corrections are included.

Additional uncertainties specific to each individual measurement are discussed in the

original publications [103–106,148].

The correlation scheme for JES-related uncertainties across the various CMS mea-

surements used in this analysis is outlined below. Uncertainties related to pileup,

the relative statistical contribution (RelativeStat), and the time-dependent sources

(TimePt and TimeEta) are treated as uncorrelated across measurements, as they de-

pend on specific data-taking periods. For the measurement at
√
s = 7 TeV [103], a

reanalysis of the JES and JER systematic uncertainties was conducted as part of the

QCD analysis [104]. The correlation scheme for JES-related uncertainties, as defined

in the reanalysis, is applied. Specifically, the SinglePionECAL and SinglePionHCAL

uncertainty sources are decorrelated as a function of η [104]. The correlations in the

remaining JES uncertainties between different measurements are implemented and

described below following the exact same convention used in the publication [346],

which is based on the work presented in this thesis.

• The AbsoluteMPFBias uncertainty is fully correlated between the 2.76, 8, and

13 TeV measurements. In the 7 TeV analysis, a combined source of uncer-

tainty is used by including uncertainties from the AbsoluteScale, ISR and FSR,

and a statistical component associated with the AbsoluteScale correction [104].

This combined source of uncertainty in the 7 TeV analysis is uncorrelated with

uncertainties in the other measurements.

• The AbsoluteScale, SinglePionECAL, SinglePionHCAL, and RelativeJER un-

certainties are fully correlated between the 2.76 and 8 TeV measurements, since

the corresponding corrections were obtained using 8 TeV data and applied to
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both measurements. These uncertainties are uncorrelated with other data sets

for which the corrections were specifically derived.

• The RelativeFSR and Fragmentation uncertainties are fully correlated between

the 2.76, 7, and 8 TeV measurements, but uncorrelated with the 13 TeV mea-

surement, because of the use of different MC tunes and event generators.

• The RelativePt uncertainties are uncorrelated across the measurements, since

these account for the differences between linear and logarithmic fits in the pT

extrapolation of the residual corrections, which vary across data-taking periods.

• The FlavorQCD uncertainty is treated as fully correlated between the 7 and

8 TeV measurements, but uncorrelated with the 2.76 and 13 TeV ones.

While the JER uncertainties are considered uncorrelated across the measurements at

different
√
s, the correlations of these uncertainties within each measurement have

been investigated. In particular, the JER uncertainties have been decorrelated in |y|
for the measurements at 2.76, 7, and 8 TeV, because a residual |y| dependence of

these data sets was not fully accounted for. A further uncorrelated component of

1.5% is added to the JER uncertainty in the 2.76 TeV measurement to account for a

statistical contribution to the JER uncertainty.

6.3 Theoretical predictions for inclusive jets

Theoretical predictions for inclusive jet production in pp collisions are available at

NNLO via the NNLOJet program [394–396]. These calculations assume five active

massless quark flavours in the leading-colour (LC) and leading-flavour-number approx-

imation. The subleading colour contributions to the NNLO corrections, which were

neglected in Ref. [394], have been recently calculated [397]. These contributions have

been shown to have a very small impact on inclusive jet production with R = 0.7.

The scales µr and µf are set to the individual jet pT, which was found to be a better

scale choice than the leading-jet transverse momentum pmax
T in Ref. [395].

The predictions for the jet cross section across different intervals of pT and |y| are
encoded as interpolation grids in the APPLfast [145] format. This format enables

fast evaluation of the predictions when varying αS , PDFs, or the µr and µf scales. The

associated numerical uncertainty in the grids is generally below 1% for most intervals,

increasing to approximately 5% in the forward region at high pT, which remains con-
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siderably smaller than the statistical uncertainties of the measurements. However, in

the forward region, certain intervals at the highest pT values exhibit grid uncertain-

ties greater than 10%, and these are excluded from the QCD interpretation. Further,

following the recommendations from the NNLOJet authors, the statistical uncertain-

ties in the theory predictions are doubled to account for point-to-point fluctuations.

However, their impact in the QCD analysis is negligible.

The pQCD predictions are corrected multiplicatively for the electroweak contribu-

tions, stemming from the virtual exchange of soft or collinear massive weak gauge

bosons, computed at NLO precision [398]. The impact of EW effects becomes more

pronounced at high jet pT. These effects reach 11% at the highest pT probed in the

13 TeV measurement and rise to 25% at the highest pT reached by the 7 TeV measure-

ment. Subleading EW effects from the emissions of real weak gauge bosons have been

evaluated in the 13 TeV measurement and found to be less than 1% at high pT. The

EW corrections for the CMS inclusive jet production cross sections are illustrated in

Figure 6.5. For the 13 TeV measurement, these corrections are taken from the original

publication [106], while for the 7 and 8 TeV measurements, they have been recently

updated by the authors of Ref. [398] using the latest PDF sets. For the 2.76 TeV

measurement, EW corrections are not calculated, as their effect is negligible for pT <

600 GeV, which is the maximum pT reached in this measurement.

Finally, to compare the fixed-order predictions to the measured particle-level cross

sections, the former are corrected for the nonperturbative (NP) effects from hadroni-

sation (HAD) and the multiparton interactions (MPI). The NP corrections have been

derived as ratios of the cross sections, simulated with the same MC generator+PS,

where NP effects are switched on and off, respectively:

NP =
σMC(PS & MPI & HAD)

σMC(PS)
. (6.5)

At low pT, the NP corrections are mainly driven by MPI, which increase the radiation

in the jet cone by a constant offset. This effect is particularly significant for large R,

relevant for the presented analysis. On the other hand, hadronisation effects become

more important at smaller R.

The pQCD predictions are corrected by NP effects through pT- and |y|-dependent
correction factors, as provided in the original publications of the individual measure-
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Figure 6.5: The EW corrections for the different inclusive jet measurements.

ments. In each measurement, the NP corrections are derived using the generator tune

that best matches the data. In the measurement at 2.76 TeV, the NP effects are

derived using Pythia 6 (v.6.4, tune Z2) [378, 379], and, alternatively, Herwig ++

(v.2.5.0, tune UE EE 3C) [393,399] and averaging the results. In the measurement at

7 TeV, the NP corrections are estimated similarly using the event generators Pythia

6 (tune Z2) and Herwig ++ (v.2.4.2) [393]. In the measurement at 8 TeV, the NP ef-

fects are determined using LO and NLO event generators and averaging the results. At

LO, the NP correction is evaluated by averaging results obtained by using Pythia 6

(v.4.26, tune Z2*) [378] and Herwig ++ (v.2.4.2, tune UE) [393,400]. The NLO NP

correction is derived using powheg [110,111,113,401], interfaced with Pythia 6 with

tunes Z2* and P11 [402] and averaging the results. The NP uncertainty is taken as

half the width of the envelope of NP values obtained using LO and NLO generators.

In the measurement at
√
s = 13 TeV, the NP effects are derived using Pythia 8

(CP1 tune) [123] and Herwig ++ (EE5C tune) [403] and fitting them with a smooth

pT-dependent function. The final correction is obtained from the resulting envelope

with the central value taken as the average of the envelope and the uncertainties from

its edges. The NP corrections for the CMS inclusive jet production cross sections at

the different
√
s are illustrated in Figure 6.6. These corrections vary between 5 and

20% at low pT, with their effect decreasing as pT rises. The related uncertainties vary

between 1 and 5% at low pT, depending on |y|, and become negligible at high pT.

The uncertainties related to the NP corrections are treated as correlated bin-to-bin
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Figure 6.6: The NP corrections for the different inclusive jet measurements.

and uncorrelated across the measurements. Despite slight differences in the way the

NP corrections were derived for each measurement, the impact of the NP corrections

in the αS(mZ) determination is insignificant when the associated uncertainties are

considered. To evaluate the impact of the NP corrections on the QCD analysis, indi-

vidual fits were performed using subsets of measurements with jet pT values greater

than 150, 200, and 300 GeV. This approach allows for probing kinematic ranges where

the importance of NP corrections decreases. The resulting differences are found to be

negligible.

Finally, the CMS jet data used in the present QCD analysis are compared to the

theoretical predictions at NNLO corrected by NP and EW effects in Figure 6.7.

6.4 QCD analysis

In the QCD analysis, the inclusive DIS NC and CC cross sections and the CMS jet

data, described in the Section 6.2, are used together to constrain simultaneously the

proton PDFs and αS(mZ). Theoretical predictions for the DIS cross sections are com-

puted at fixed order in QCD at NNLO accuracy using the QCDNUM code [365], with

µr and µf set to the squared four-momentum transfer Q2. The NNLO predictions for

jet productions, described in Section 6.3 are used, with the scales µf = µr set to the

individual jet pT. The contribution of heavy c and b quarks to the DIS cross sections

is treated in the Thorne–Roberts GM–VFN scheme [362–364]. The pole masses of c
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Figure 6.7: Cross section ratios between data and theory for inclusive jet production
in pp collisions as measured by CMS at

√
s of 2.76, 8, 7, and 13 TeV, using the anti-

kT clustering algorithm with R = 0.7, as functions of individual jet pT in intervals of
absolute rapidity |y|. Shown is the total uncertainty of every data point (vertical bar).
Predictions correspond to the NNLO LC QCD calculations corrected for NP and EW
effects. The total theory uncertainty (red shaded band) includes the PDF and scale
variation uncertainties. Published in Ref. [346].
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and b quarks are fixed to mc = 1.47 GeV and mb = 4.5 GeV, respectively, as given in

Table 6.2. To avoid tension between the low-Q2 and high-Q2 region as shown in the

original publication [91], only DIS data with Q2 > 10GeV2 are included in the fit.

The parametrisation from the latest NNLO QCD analysis [106] of the CMS inclusive

jet production measurement at 13 TeV is used since these data are most precise and

access the highest jet pT, thereby having the highest sensitivity to αS , as shown in

Figure 6.3. At the starting scale Q2
0 = 1.9GeV2, the functional forms of the PDFs

are:

xg(x) = Agx
Bg(1− x)Cg(1 +Dgx+ Egx

2), (6.6)

xuv(x) = Auvx
Buv (1− x)Cuv (1 + Euvx

2), (6.7)

xdv(x) = Advx
Bdv (1− x)Cdv , (6.8)

xu(x) = Aux
Bu(1− x)Cu(1 +Dux), (6.9)

xd(x) = Adx
Bd(1− x)Cd(1 + Edx

2), (6.10)

where the relations xU(x) = xu(x) and xD(x) = xd(x)+xs(x) are assumed for the up,

down, and strange antiquarks xu(x), xd(x), and xs(x). The sea quark distribution is

defined by the relation xΣ(x) = 2xu(x) + xd(x) + xs(x). Following Ref. [91], the nor-

malisations of xu and xd in the limit x → 0 are assumed to be the same by imposing

the conditions BU = BD and AU = AD(1− fs). Here, fs = s/(d+s) is the strangeness

fraction and is assumed to be 0.4 as in Ref. [91] and as given in Table 6.2, which is in

agreement with the CMS measurement of W+c production at 8 and 13 TeV [100,101].

Following the HERAPDF [91] approach, the uncertainties outlined below are consid-

ered in the full QCD fit:

• The fit uncertainties in αS(mZ) and the PDF parameters correspond to the

statistical and experimental uncertainties in the measurements. The fit uncer-

tainties are estimated through the Hessian method [366] implying the tolerance

criterion ∆χ2 = 1, which corresponds to the 68% confidence level (CL).

• The scale uncertainty stems from an estimate of missing higher-order correc-

tions. It is obtained by varying the renormalisation and factorisation scales up

and down independently by a factor of 2, avoiding cases with µf/µr = 4 or 1/4.

For each scale choice, an individual fit is performed where the scale variations

are applied only to the jet data, and the maximum difference with respect to



146 Extraction of αS and illustration of its running by using inclusive jet production

the central result is considered as an uncertainty.

• The model uncertainties are determined by varying the fit input parameters,

such as the heavy quark masses mb and mc, the strangeness fraction fs, the

minimum Q2
min imposed on the HERA data, and the starting scale Q2

0, within

their uncertainties. The central values and variation ranges of the model input

parameters are summarised in the Table 6.2. The total model uncertainty is

obtained by summing the different contributions in quadrature.

Table 6.2: The central value and the corresponding upper and lower limits of the
variations used to determine model uncertainties.

Parameter Central value Lower limit Upper limit

mb 4.50GeV 4.25GeV 4.75GeV

mc 1.47GeV 1.41GeV 1.53GeV

Q2
min 10GeV2 7.5GeV2 12.5GeV2

Q2
0 1.9GeV2 1.7GeV2 2.1GeV2

fs 0.40 0.32 0.48

• The parametrisation uncertainty is assessed by extending the functional form

of the PDFs with additional parameters, D and E, added one at a time. The

uncertainty is then determined from the envelope of the results obtained from

the corresponding fits.

Finally, the total uncertainty is then estimated by summing the fit, model and scale

uncertainties in quadrature and the parametrisation uncertainty linearly.

6.5 Results on PDFs and αS(mZ)

The comparison between data and theory predictions after the fit is shown in Fig-

ure 6.7. Overall, a very good agreement is observed. The consistency of all the

experimental data is quantified by the goodness of the fit χ2 from Eq. (6.2). The

values of χ2 per Ndp are reported for the individual data sets (partial χ2/Ndp) in

Table 6.3, along with the total χ2 per number of degrees of freedom Ndof , which is

1680/1453. These values demonstrate a good agreement among all the data sets. The

sum of partial χ2/Ndp for all CMS jet measurements is 427/453, further indicating

good compatibility among the jet data. A slightly higher partial χ2/Ndp for the HERA

DIS data has been examined in detail in the original study [91], which identified ten-

sions between measurements at low and high Q2.
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Table 6.3: The values of χ2 per Ndp for each individual data set as obtained in the fit
to HERA and CMS jet data, together with the contribution to the χ2 from correlated
uncertainty sources. In the last line, the total χ2 per number of degrees of freedom,
Ndof , is reported.

Data set Partial χ2/Ndp

HERA I+II neutral current 1036/935

HERA I+II charged current 112/81

CMS jets 2.76TeV 63/80

CMS jets 7 TeV 81/130

CMS jets 8 TeV 206/165

CMS jets 13TeV 77/78

Correlated χ2 125

Total χ2/Ndof 1680/1453

The impact of the CMS jet data on the PDF determination fit (HERA+CMS fit) is

illustrated in Figure 6.8. The Hessian fit uncertainties in the PDFs are compared to

the results of an alternative fit, where only the HERA data are included (HERA-only

fit). In the HERA-only fit, because of poor sensitivity of the DIS data to αS(mZ),

its value is fixed to that of the HERA+CMS fit. The PDFs are shown at the factori-

sation scale Q2 = m2
t , where mt is the top quark mass. A notable reduction in the

uncertainties in all PDFs is achieved when CMS jet measurements are used.

Additionally, the PDF uncertainties of the present QCD analysis are compared to

those from the previous QCD analysis based solely on the 13 TeV measurement in

Figure 6.9. While the previous QCD studies based on individual jet measurement have

already observed improved precision in the gluon PDF, the inclusion of all available

CMS inclusive jet measurements at different
√
s provides further improved constraints

in the dv distribution, as shown in Figure 2.8.

In Figure 6.10, the PDFs obtained in the present analysis (HERA+CMS fit) are

compared with results of different PDF groups HERAPDF20 [91], NNPDF40 [89],

CT18NNLO [88], and MSHT20 [87]. Among the data explored in the global PDF fits

NNPDF40, CT18NNLO, MSHT20, the HERA data are always used as a backbone.

Furthermore, the PDF sets NNPDF40, CT18NNLO, MSHT20 use also the CMS jet

data at
√
s = 8 TeV,

√
s = 7, 8 TeV,

√
s = 2.76, 7, 8 TeV, respectively. By def-
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Figure 6.8: The fit uncertainties in the valence u quark (uv) (upper left), valence d
quark (dv) (upper right), gluon g (lower left), and sea quark Σ (lower right) distribu-
tions, shown as a function of x at the factorisation scale Q2 = m2

t . The results of the
HERA+CMS fit (blue shaded area) are compared with the results of the HERA-only fit
(orange shaded area). In the HERA-only fit, because of the poor sensitivity of the DIS
data to αS(mZ), its value is fixed to that of the HERA+CMS fit. The uncertainties are
given at 68% CL. Published in Ref. [346].

inition, HERAPDF2.0 is based exclusively on HERA DIS data. Overall, the PDFs

extracted in this analysis are in reasonable agreement with the global PDF sets in the

x range probed by the CMS jet data. As compared to the HERAPDF2.0, the present

fit results in significantly improved agreement with the global PDFs, in particular, in

the valence quark distribution, which is expected since jet production in pp collisions

(in particular at lower
√
s) probes not only the gluon, but also the light quark distri-

butions, see Figure 2.8.
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Figure 6.9: Same as Figure 6.8, where the HERA+CMS fit (blue shaded area) is
compared to the HERA+CMS 13 TeV fit (red shaded area).
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Figure 6.10: Ratios of different global PDF sets at NNLO, namely HERAPDF20 [91],
CT18 [88], NNPDF4 [89], and MSHT20 [87], to the result of the present study. The
valence u quark (uv) (upper left), valence d quark (dv) (upper right), gluon g (lower
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denominator constant. Published in Ref. [346].
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The strong coupling constant, extracted simultaneously with the PDFs, results in

αS(mZ) = 0.11759+0.0009
−0.0009 (fit)

+0.0006
−0.0004 (model)+0.0009

−0.0012 (scale)
+0.
−0.00004 (param.), (6.11)

corresponding to the total uncertainty of +0.0014
−0.0016 (tot). This value is in good agreement

with the PDG world average of αS(mZ) = 0.1180 ± 0.0009 [59] and with previous

CMS results obtained at NNLO [106, 107, 137–139], as shown in Figure 6.11. While
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Figure 6.11: The value of αS(mZ) obtained in this analysis (red marker), compared
with all CMS results obtained at NNLO by using different methods (black markers) with
their total uncertainties (horizontal error bars). The PDG world average (dashed line)
together with its uncertainty (shaded band) is also shown. Published in Ref. [346].

the αS(mZ) result of 13 TeV measurement was dominated by the fit uncertainty [106],

including data from multiple
√
s improves precision by reducing the fit uncertainty

by approximately 35%. This result is the most precise determination of αS(mZ) from

jet measurements, to date, and is limited by the missing higher-order corrections for
√
s < 13 TeV.

6.6 Running of αS

Using the approach outlined in Section 6.4, the value of αS is extracted in five distinct

intervals of µr = pT, demonstrating its scale dependence, αS(µr), at NNLO. The

CMS measurements of inclusive jet production are divided into exclusive pT intervals
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of individual jet pT. For each pT range, a simultaneous fit of PDFs and αS(mZ)

is performed. Each extracted value of αS(mZ) is subsequently evolved to αS(µr)

via the five-loop, five-flavour renormalisation group equation (RGE) as implemented

in CRunDec [404], version 0.5.2, which is also used to determine the associated

uncertainties. The fit, model, scale, and parametrisation uncertainties are evaluated

following the procedure applied in Eq. (6.11). For every pT interval, µr is computed

at NNLO QCD as a cross section-weighted mean ⟨pT⟩, where the contribution of each

measurement is weighted by the corresponding luminosity. The results are presented in

Table 6.4 and Figure 6.12, where the extracted αS(µr) values are compared to the five-

loop QCD evolution of the world-average αS(mZ), as obtained using CRunDec. The

observed running of αS is in agreement with the prediction of the QCD renormalisation

group equation and is tested up to energy scales of 1.6 TeV.

Table 6.4: The determined αS(mZ) and the corresponding αS(Q) values for each pT
range with their total uncertainties. For αS(Q), the individual uncertainty contributions
(fit, scale, model, parametrisation) are listed.

pT(GeV) ⟨Q⟩ αS(mZ) (tot) αS(Q) (fit) (scale) (model) (param.) (tot)

74–220 103.06 0.1182 +0.0014
−0.0013 0.1160 +0.0011

−0.0011
+0.0007
−0.0005

+0.0006
−0.0004

+0.0
−0.0

+0.0014
−0.0012

220–395 266.63 0.1184 +0.0011
−0.0012 0.1019 +0.0007

−0.0007
+<0.0001
−0.0004

+0.0004
−0.0003

+0.0
−<0.0001

+0.0008
−0.0009

395–638 464.31 0.1179 +0.0013
−0.0012 0.0947 +0.0007

−0.0007
+0.0003
−<0.0001

+0.0004
−0.0003

+0.0
−<0.0001

+0.0009
−0.0008

638–1410 753.66 0.1184 +0.0014
−0.0012 0.0898 +0.0006

−0.0006
+0.0003
−<0.0001

+0.0004
−0.0003

+<0.0001
−0.0

+0.0008
−0.0007

1410–3103 1600.5 0.1170 +0.0021
−0.0016 0.0821 +0.0007

−0.0007
+0.0004
−0.0

+0.0005
−0.0003

+<0.0001
−0.0

+0.0010
−0.0008
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Chapter 7

Summary and conclusions

This thesis presents a precise determination of αS(mZ) and lays the foundation for a

precise measurement of mt and Γt that promises significant constraints on the stabil-

ity of the vacuum. The extraction of αS(mZ) from jet rates is the most precise, to

date, and has been achieved through a comprehensive QCD analysis at NNLO. The

running of αS up to an energy scale of 1.6 TeV is demonstrated. The measurement of

mMC
t and Γt is performed using tt+ tW events, taking into account the interference

between tt and tW processes.

For the first time, the CMS inclusive jet measurements obtained in pp collisions at
√
s = 2.76, 7, 8, and 13 TeV have been analysed together, assessing the correlations

among the different data sets. The simultaneous extraction of αS(mZ) and PDFs

has been performed through a comprehensive NNLO QCD analysis, combining CMS

jet data with HERA deep inelastic scattering measurements. This approach properly

accounts for the correlation between PDFs and αS(mZ), in contrast to many determi-

nations of αS(mZ) at the LHC suffering from the dependence on the choice of the PDF

set. The resulting value, αS(mZ) = 0.1176+0.0014
−0.0016, is the most precise obtained from

the jet rates, to date. In addition, the reevaluated systematic correlations among the

CMS jet measurements is recommended for future use of these data in global PDF

fits. The results presented in this part of the thesis were published in the Physics

Letters B [346], and the author of this thesis is the contact person for the publication.

The determination of mMC
t and Γt from the differential cross section of tt+ tW pro-

155
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cess as a function of the mℓb unfolded to the particle level has been performed using

an Asimov pseudo-data as a precursor to a measurement with data that will soon

be unblinded. This analysis is based on data obtained in the LHC pp collision at
√
s = 13 TeV, collected by the CMS experiment during 2017–2018. The values of

mMC
t = 172.61+0.41

−0.44 GeV and Γt = 1.36+0.24
−0.28 GeV are obtained. Therefore, are ex-

pected improved precision in Γt compared to direct measurements obtained with the

bb4l method [177, 178]. The mMC
t result is as precise as the most accurate single-

experiment direct mMC
t measurement [168] and represents the first determination of

mMC
t from the combined tt and tW cross sections within the CMS Collaboration. This

analysis is the first of its kind within the CMS experiment, employing the state-of-

the-art event generator bb4l and is currently under review by the collaboration.

In the HL–LHC era, the integrated luminosity is expected to increase by a factor of

10 or more compared to its current value. As a result, the volume of data, and con-

sequently, the number of events to be simulated will rise, to ensure that the statistics

of the simulated samples do not become a limiting factor in precision analyses. As a

result, the major challenge of the HL–LHC will be to manage the high computational

demand. This is already an issue for ongoing high-precision analyses since various

simulated samples need to be generated to estimate the modelling uncertainties. In

this thesis, a ML-based method has been applied to reweight the MC simulations

to account for variations in model parameters and the simulation model itself. The

excellent performance of the method was show-cased using tt production scenario in

the environment of the CMS experiment. As a result, the number of MC samples

can be significantly reduced, decreasing CPU usage by up to 75% for each MC varia-

tion [15,16]. This result of the thesis was published in the European Physical Journal

C [231], and the author of this thesis is the contact person for the publication.

In conclusion, this thesis has addressed the extraction of the αS , proton PDFs, and

top quark mass mMC
t , and width Γt. The impact of the results on prediction for the

Higgs quartic coupling λ as a function of the energy scale, and in turn on the stability

of the electroweak vacuum, is demonstrated in Figure 7.1, obtained by using the open-

source program of Ref. [406]. To account for the relation between mMC
t and mpole

t ,

an additional uncertainty of 0.5 GeV is considered [169, 405]. The value of the Higgs

boson mass has been set to the world average mH = 125.20 GeV [6]. The precision

of λ is comparable to that of the results based on the world average values of αS(mZ)
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Figure 7.1: The evolution of the Higgs quartic coupling λ as a function of the scale
µ. The results of αS(mZ) and mMC

t obtained in this thesis are used, including their

±1σ uncertainty. To account for the relation between mMC
t and mpole

t , an additional
uncertainty of 0.5 GeV is considered [169,405]. The prediction is obtained by using the
open-source program mr [406].

and mpole
t . The value of αS(mZ) obtained in this thesis will soon be included in the

Particle Data Group (PDG) review [59], contributing to an improved precision of

the world average of αS(mZ) and superseding the previous result obtained using only

CMS inclusive jets at
√
s = 13 TeV [106]. Regarding mt, the result presented in this

work will enhance the accuracy on mt by including, for the first time, contributions

from the tt+ tW processes. Further studies using larger data sets from the HL–

LHC will be crucial for a definitive conclusion on the vacuum stability and possibly

unveiling signatures of new physics. Should vacuum stability be ruled out, alternative

new physics scenarios would need to be explored, such as various singlet scalar field

extensions using the Higgs portal mechanism, as discussed in Ref. [76]. Finally, in the

context of the future running of HL–LHC, a sustainable method for the reduction of
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the computational cost of MC simulations has been developed, which will facilitate

high-precision measurements.



Acknowledgements

I would like to express my sincere gratitude to my supervisors, Katerina Lipka and

Simone Amoroso, for their guidance and support throughout these years. I am also

grateful to the DESY-CMS group for fostering a positive and stimulating working

environment, and in particular to the DESY Top group for their collaboration and for

making this research journey truly inspiring. Last but not least, I warmly thank all

my colleagues, many of whom have become friends and some even like family, as well

as everyone who has accompanied and supported me over these four years.





Bibliography
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A.1 Additional control plots
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Figure A.1: Distributions of mass (upper left) and pT (upper right) of selected dilepton
pair, number of vertices (lower left), and transverse missing energy (lower right.)



200

A.2 Trigger efficiencies

Figure A.2: Trigger scale factors (2017 data-taking) measured differentially as a func-
tion of pT for e+e−(top), µ+µ−(middle) and e±µ±(bottom) channels. The given uncer-
tainties correspond to the statistical uncertainty added in quadratures to the additional
systematic uncertainty on the measured value.
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Figure A.3: Same as Figure A.2 for 2018 data-taking.
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A.3 Impact plots
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Figure A.4: Impact plots using Asimov pseudo-data for Bin1 (left) and Bin2 (right).
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Figure A.5: Impact plots using Asimov pseudo-data for Bin3 (left) and Bin4 (right).
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Figure A.6: Impact plots using Asimov pseudo-data for Bin5 (left) and Bin6 (right).
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Figure A.7: Impact plots using Asimov pseudo-data for Bin7 (left) and Bin8 (right).
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Figure A.8: Impact plots using Asimov pseudo-data for Bin9 (left) and Bin10 (right).
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Figure A.9: Impact plots using Asimov pseudo-data for Bin11.
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