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Supervisor’s Foreword

The elementary structure and interactions of matter are described by the standard
model of particle physics, a quantum field theory based on gauge symmetries and
operating with masses of particles and the interaction couplings as fundamental
parameters. Similar to the periodic system in chemistry, the standard model takes the
central role in the description of the subatomic world. In spite of the great success
of this model to describe the observed phenomena, some aspects of its structure and
relations of its parameters hint at the presence of new physics—yet unknown funda-
mental interactions, setting up at very large energy scales. For example, the standard
model sorts the fundamental building blocks ofmatter, the quarks, into three families.
However, the stable nuclear matter—everything we can see and touch—is built from
the members of the first family only. This fact is not explained yet. One hypothesis
suggests that the known quarks could have a structure themselves and be subject to
a yet unknown interaction setting in at the very high energy scale, inaccessible by
direct measurements in existing experiments. To date, the most promising indirect
searches for such new physics are performed by studying the quark interactions at
the Large Hadron Collider, LHC, at CERN. There, the strongly interacting particles
called hadrons, in particular protons, are brought to collisions at very high energies.

The main challenge of studying quark interactions in hadron collisions is the fact
that quarks are confined inside hadrons by the strong force and cannot be observed as
free particles. Once kicked out of a proton, quarks form collimated sprays of hadrons,
called jets. By measuring the energy and the direction of a jet, one can conclude on
the properties of the original quark. Each deviation of the experimentally measured
jet rates from the standard model predictions could be a signal of new physics. The
new physics contributions are usually described by the effective field theory.

The observed jets may emerge from a new interaction, as well as from the strong
interaction of the standard model. Therefore, the interpretation of the measurements
relies to large extent on the precision of the standard model parameters and of the
distributions of quarks and gluons in the proton. This problem persisted since the
first searches for new physics using jets in proton-antiproton collisions, performed
in the 1990s at the Tevatron in Fermilab, demanding a novel approach to extract the
couplings of the new physics, unbiased from the strong interaction of the standard
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model. This long-standing issue is resolved in the thesis by Toni Mäkelä, who has
developed a new analysis method for the simultaneous extraction of the standard
model parameters and the couplings of a possible new interaction. In this thesis,
the standard model prediction of jet rates in proton-proton collisions at the LHC
is extended to account for new physics contributions from so-called quark contact
interactions, provided by effective field theory. The resulting prediction is confronted
with the most recent measurement of inclusive jet and top quark-antiquark pair
production at the LHC at the center of mass energy of 13 TeV, collected by the CMS
experiment. Together with the CMS measurements, the data of the electron-proton
collisions at HERA accelerator at DESY are used, which serve as a basis for any
determination of the quark and gluon distributions in the proton.

In the thesis, for the first time, the data of HERA and LHC are used to simul-
taneously constrain the minimal energy at which the novel interaction can emerge,
together with the quark and gluon distributions in the proton, and the values of the top
quark mass and strong coupling constant. As a result, the most stringent constraints
on the couplings of the new interaction are imposed, and the best precision is achieved
for the values of the top quark pole mass and of the strong coupling constant, to date.
The latter is determined with an accuracy of about 1.5%, which is currently the most
precise single measurement at a hadron collider.

Hamburg, Germany
December 2022

Prof. Dr. Katerina Lipka



Abstract

This thesis presents the first global interpretation of the measurements of double-
differential cross sections of inclusive jet and top quark-antiquark pair (tt̄) production
in proton-proton collisions at the Large Hadron Collider (LHC) at the center of mass
energy of

√
s = 13 TeV, together with inclusive measurements in Deep Inelastic

electron-proton Scattering (DIS) at HERA. The LHC data have been recorded by
the Compact Muon Solenoid (CMS) experiment in 2016 and correspond to the inte-
grated luminosity of 33.5 fb−1 for inclusive jet measurement or 35.9 fb−1 for the tt̄
measurement.

This novel analysis is performed at next-to-leading order (NLO) of perturbative
quantum chromodynamics (QCD), where the inclusive neutral and charged current
DIS measurements at HERA, the CMS jet measurements and the normalized triple
differential cross sections of tt̄ production are used together to constrain the parame-
ters ofQCDand impose constraints on newphysics. In particular, the StandardModel
Lagrangian isextended to incorporateeffectivecontributions fromquarkcontact inter-
actions (CI). In this analysis, the constraints on the parton distributions, the strong
coupling constant αS (mZ) and the top quark pole massmpole

t are obtained, and simul-
taneously, limits on the scale � of the CI are imposed. This results in αS(mZ) =
0.1188 ± 0.0031, mpole

t = 170.4 ± 0.7 GeV and the 95% confidence level limits of
� > 24 TeV for purely left-handed, � > 32 TeV for vector-like and � > 31 TeV for
axial vector-like exchanges. For the first time, theLHCdata are used for extracting the
Wilson coefficient of the CI, unbiased from the assumptions on the Standard Model
parameters.

The jet and top quark production at the LHC are further investigated individually,
to determine theQCDparameters at the highest precision.AStandardModel analysis
is performed at next-to-next-to-leading order (NNLO) of perturbative QCD using
the CMS jet cross section measurements together with the HERA DIS data. The
parton distribution functions in the proton are extracted simultaneously with the
strong coupling constant αS (mZ)= 0.1166 ± 0.0017. This is the most precise single
measurement of the strong coupling constant at the LHC, to date.
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Further, the CMSmeasurements of the tt̄ cross sections are used to extract the top
quarkmass in theMSR renormalisation scheme. In this scheme, themass dependence
in the difference between the pole and modified minimal subtraction (MS) masses
is replaced by a scale parameter R. The first study of the behaviour of the R scale is
presented. The extracted top quark MSR mass obtained using CMS measurements
results inmMSRn

t (R = 80 GeV)= 169.3+0.6−0.7 GeV, which is up to now the most precise
value of the top quark MSRn mass extracted from experimental data.

The presented investigations of the fundamental couplings of the StandardModel,
and of new physics, are at the edge of precision in experimental physics and high
energy phenomenology, paving the road towards a global interpretation of LHC data.
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Chapter 1
Introduction

The current understanding of the dynamics between elementary particles is encoded
into a quantum field theory (QFT) known as the Standard Model (SM) of particle
physics. So far, the SMhas described the observations in particle physics experiments
with great success. However, it is not anticipated to remain the final theory of particle
physics due to its well-known shortcomings. While the SM predicts the relations of
its parameters, which include the couplings of the interactions and the masses of ele-
mentary particles, their values need to be determined experimentally. Furthermore,
it is unexplained why the SM operates with 3 fermion families, although only one
is needed for building stable matter, or why there are large differences in the masses
of the particles within a family. It is also possible that the electroweak vacuum is
not stable in the SM, but resolving whether or not this is the case requires increasing
precision in the measurements of the top quark mass m t and the value of the strong
coupling constant αS . Both αS and m t are measured with extreme precision in the
context of this thesis, along with investigating the phenomenological aspects of their
determination—individually, using cutting-edge phenomenology for jet and tt pro-
duction, but also together, exploring the sensitivity of both processes to the gluon
distribution and αS in proton-proton collisions.

There is an abundance of theories beyond the Standard Model (BSM), but so
far none have been confirmed experimentally. The extensive searches carried out at
collider experiments have lead to increasing exclusion limits for the scale of new
physics, particularly in proton-proton collisions at the Large Hadron Collider (LHC)
at CERN. With the most recently accomplished Run 2 at a center-of mass-energy of
13 TeV, LHC is the facility at the very frontier of collision energy.

The aimof a direct search for newphysics is the observation of a resonance peak in
the spectrum of an observable, such as a cross section. However, there are hints that a
direct observation of new physics, a yet unknown verymassive elementary particle or
a fundamentally new interaction, is out of reach even at the LHC. Moreover, the SM
assumes elementary particles to be pointlike, and experimental limits ofO(10−17) cm
have been set for the quark radii. If the radii are fundamentally finite, resulting
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2 1 Introduction

for instance from more elementary particles constituting the quarks as composite
particles, it would appear as a deviation from the SM cross section spectra [1, 2]. If
the BSM effects are not expected to be seen as resonance peaks, but as a continuously
increasing deviation from the SM prediction as a function of energy, the search is
referred to as indirect. A historical example of a successful indirect search is provided
by the observation of the continuous energy spectrum in beta decay, which led to the
formulation of the electroweak theory.

The contributions of new physics are mostly approximated by the StandardModel
effective field theory (SMEFT), which extends the SMby operators that describe new
interactions between SM particles. The cause of the interaction, e.g. the exchange
of new particles or substructure of SM particles, is integrated out, and predictions at
energies below the BSM scale are obtained without the need to resolve the exact
mechanism. However, achieving sensitivity to minute differences in the spectra
of physical observables requires both the measurements and the predictions to be
extremely precise.

In the SM, the dominant processes in the proton-proton collisions at the LHC are
described by quantum chromodynamics (QCD), and the most fundamental process
for studying QCD is the production of jets: since quarks or gluons (together called
partons) cannot be observed as free particles due to the confinement in QCD, the
partons kicked out of a proton in a pp collision form collimated sprays of color-
neutral hadrons, so-called jets, which preserve the momentum and direction of the
original parton. Jet production thus sheds light on the parton distribution functions
(PDFs) in the proton, is directly sensitive to the value of the strong coupling constant
αS , and at the same time probes the scale of new physics at high transverse momenta.
In particular, the PDFs and the value of αS play a central role in the interpretation of
the LHC measurements.

The PDFs are functions of the energy scale at which the proton structure is probed
and of the partonic fraction x of the proton momentum. While the energy scale
dependence of the PDFs is known in perturbative QCD, the x-dependence cannot yet
be calculated. Therefore, the PDFs need to be extracted using experimental data. The
PDF determination assumes the validity of the SM also at high transverse momenta
where new physics can emerge, possibly absorbing the new physics inside the proton
structure and therefore causing a bias in the interpretation of the measurements in
an indirect search. This problem is assessed in this thesis by following an unbiased
analysis strategy in a search for 4-quark contact interactions (CI).

The main focus of the thesis is the comprehensive QCD analysis of the double-
differential inclusive jet data measured by the CMS Collaboration in pp collisions
at

√
s = 13TeV, corresponding to an integrated luminosity of 33.5 fb−1. The jets

are reconstructed using the anti-kT algorithm with the distance parameter 0.7. In an
analysis at next-to-next-to-leading order (NNLO) in SM QCD, these data are used
together with the HERA inclusive deep inelastic scattering (DIS) cross sections [3],
resulting in a simultaneous extraction of the PDFs and αS(mZ). The obtained NNLO
value of αS(mZ) is the most precise value extracted in a single experiment at the
LHC, to date. In an analysis performed at next-to-leading order (NLO), also the
CMS triple-differential top quark-antiquark production cross section measurements


