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Abstract

The Large Hadron Collider (LHC) at CERN near Geneva is the largest and most energetic
particle accelerator existing. It collides protons, which are composite objects made of
quarks and gluons, bound together by the strong force. Their interactions are governed
by quantum chromodynamics (QCD). The relation between the incoming proton as a
bound state and its single constituents is empirically described by parton distribution
functions (PDFs), which therefore appear in every calculation of theoretical predictions
for LHC processes. The extraction of these PDFs from measured data involves computing
time expensive iterative procedures. Hence, to produce results in reasonable time, a very
efficient and flexible setup is needed. The APPLfast project fulfills these requirements by
using grid interpolation, thereby allowing for an a posteriori choice of a set of PDFs or value
of the strong coupling. This thesis explains the general logic of the project and uses the
code for calculations of dijet production at next-to-next-to-leading order in QCD, including
the full color structure. Based on these calculations the value of the strong coupling is
determined from experimental data taken at the LHC, yielding a;(mz) = 0.1176 + 0.0014.

Other than that, the LHC is the place where the Higgs boson was discovered in 2012. Since
then, the properties of this particle are studied with great eagerness, trying to test whether
it behaves like predicted by the Standard Model (SM) of particle physics. Deviations
from the SM can be described with Effective Field Theory (EFT), which is used in this
thesis to examine possible non-SM effects in Higgs plus one jet production. Calculations
at next-to-leading order in QCD including the full top mass dependence are made both
within and beyond the SM, in the framework of non-linear EFT, showing that sizable and
possibly measurable deviations from the SM can arise for high values of the Higgs boson
transverse momentum.






Zusammenfassung

Der Large Hadron Collider (LHC) am CERN in der Nahe von Genf ist der grofite und
energiereichste existierende Teilchenbeschleuniger. Er kollidiert Protonen miteinander,
welche aus Quarks und Gluonen bestehen und durch die starke Kraft gebunden werden.
Thre Wechselwirkungen werden durch die Quantenchromodynamik (QCD) bestimmt. Die
Beziehung zwischen dem einlaufenden Proton als gebundenem Zustand und seinen einzel-
nen Bestandteilen wird empirisch durch Partonverteilungsfunktionen (PDFs) beschrieben,
die daher in jeder Berechnung theoretischer Vorhersagen fiir LHC-Prozesse auftauchen.
Die Extraktion dieser PDFs aus gemessenen Daten erfordert rechenzeitintensive iterative
Verfahren. Um Ergebnisse in angemessener Zeit zu erhalten, ist daher ein sehr effizienter
und flexibler Algorithmus erforderlich. Das APPLfast Projekt erfiillt diese Anforderungen,
indem es Interpolation einsetzt und damit eine a posteriori Wahl der PDFs und des Wertes
der starken Kopplung ermdéglicht. In dieser Arbeit wird die allgemeine Logik des Projekts
erlautert und der Code fiir Berechnungen von Dijet-Produktion in tibernachst-fithrender
Ordnung in QCD verwendet, wobei die volle Farbstruktur inkludiert ist. Basierend auf
diesen Berechnungen wird der Wert der starken Kopplung aus am LHC gemessenen
Experimentaldaten bestimmt, es ergibt sich a;(mz) = 0.1176 + 0.0014.

Dariiber hinaus ist der LHC der Ort, an dem 2012 das Higgs-Boson entdeckt wurde. Seitdem
werden die Eigenschaften dieses Teilchens mit grofiem Eifer untersucht, um zu testen,
ob es sich so verhalt, wie es das Standardmodell (SM) der Teilchenphysik vorhersagt.
Abweichungen vom SM konnen mit Hilfe von Effektiver Feldtheorie (EFT) beschrieben
werden, die in dieser Arbeit verwendet wird, um mogliche Nicht-SM-Effekte bei der
Produktion eines Higgs-Bosons in Verbindung mit einem Jet zu untersuchen. Im Rahmen
der nichtlinearen EFT werden Berechnungen in nachst-fithrender Ordnung in QCD und
unter Einbeziehung der kompletten Top-Massen-Abhangigkeit sowohl innerhalb des SM
als auch dariiber hinaus durchgefiihrt, welche zeigen, dass erhebliche und moglicherweise
messbare Abweichungen vom SM fiir hohe Werte des Transversalimpulses des Higgs-
Bosons auftreten konnen.
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1. Introduction

Around 1900, Lord Kelvin famously said: "There is nothing new to be discovered in physics
now. All that remains is more and more precise measurement." The last century has proven
this statement immensely wrong, since it came with many great discoveries and allowed
us to construct and extensively test both Quantum Mechanics and Quantum Field Theory.
Both of these concepts have greatly enriched mankind’s capability to understand and
describe nature. Many scientist’s ingenuity allowed for technological advances that always
made better experiments possible, led to the formulation of more complete theories and
the development of more versatile and efficient tools. This journey, which began with the
discovery of quantum effects more than a hundred years ago, is far from over today.

A major outcome of these past decades of discoveries is a general model describing the
fundamental particles matter is made of and their interactions, called the Standard Model
(SM) of particle physics. The SM answers many questions modern physics asks and
has been intensively tested experimentally. Since the discovery of the Higgs boson in
2012, it is considered complete. However, many phenomena are not described within this
model, which makes extensions of it or a completely new theory necessary. Since the
SM is immensely successful in very precisely predicting the phenomena it can describe,
one is inclined not to overthrow it altogether. Given that we know of the existence of
observations beyond the reach of the SM, this has two consequences: First, it has to be
determined where exactly this reach of the SM ends. Second, possible effects stemming
from physics beyond the SM have to be parametrized and calculated, such that a targeted
experimental search can be conducted. This thesis tries to tackle both of these ends.

This document is structured as follows: In chapter 2 we introduce the Standard Model,
its particle content, the interactions described by it and how they arise from symmetry
requirements with respect to quantum numbers called charge, isospin and color. As
mentioned in the previous paragraph, this model is the basis of modern particle physics.
In chapter 3 we outline the techniques used to calculate and predict observables for
collider experiments and the subtleties that come with them, including perturbation
theory, factorisation, renormalisation and confinement. In chapter 4 we motivate and
explain the concept of Effective Field Theories (EFTs) and clarify the differences between
the linear and non-linear types. Now that the introduction is done, we describe how
observations at hadron colliders depend on parton distribution functions (PDFs) and the
precise determination thereof and present a solution of how to mitigate the effect of this
bottleneck in chapter 5. Here we also discuss the structure of the strong interaction and
quantum chromodynamics (QCD) and present calculations for the production of two QCD
final states (so-called jets) at the ATLAS and CMS experiments. Together with data from
said experiments, we determine the value of the strong coupling at next-to-next-to-leading
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order in perturbation theory, taking into account all color configurations. In chapter 6 we
go beyond the SM and study the production of a Higgs boson and jet within non-linear
EFT at next-to-leading perturbative order, taking into account the top mass with its actual
value instead of approximating it to be infinitely large (so-called heavy top limit). Finally,
chapter 7 concludes the thesis and gives a perspective for future research to be done.

All throughout this work natural units are used, i.e. 7 =c =€y = pp = kg = 1.
Unless explicitly stated otherwise, an index appearing twice is summed over.
All other notations shall be explained at the moment they are used for the first time.



2. The Standard Model of Particle Physics

The laws of physics are - at least to our current understanding - governed by four funda-
mental forces: Electromagnetism and gravitation are present in our everyday lives, such
that a more precise introduction can be omitted at this point. The other two, the so-called
strong and weak forces, control how nuclei are built and decay. On the distance and energy
scales of particle physics, gravitation plays a very negligible role. Particle masses being
very tiny compared to those of planets, stars and other astronomical objects, the effects of
gravity are most often ignored when discussing particle interactions. For the other three
forces there exists a very general and immensely successful model, the Standard Model
(SM) of particle physics. It organizes matter constituents and interactions in the sense of a
gauge theory [1-4].

2.1. Particle content of the Standard Model

The Standard Model is populated by matter particles (fermions, spin %) interacting via
force carriers (gauge bosons, spin 1) and the Higgs field (also a boson, spin 0). A pictorial
representation of this arrangement can be found in figure 2.1, explanations of its content
follow in the subsequent sections.

2.1.1. Fermions

In total there are 12 fermions, half of which are quarks and the other half are leptons. Both
of these types exist in three so-called generations, differing from each other only by their
masses. In every generation, there is a positively (+2) and negatively (-3) charged quark
(up/down, charm/strange, top/bottom), a negatively (-1) charged lepton (electron, muon,
tau) and a chargeless neutrino. Other than the electromagnetic charges, all left-handed
chiral versions of these particles carry weak isospin, and all quarks have yet another
quantum number called color, which can have three different values.

2.1.2. The gauge group of the Standard Model

With respect to the aforementioned properties (charge, isospin and color) the fermions
obey symmetries, which are described mathematically by Lie groups. Quarks form triplets
under the group SU(3)c, including all three values of the color quantum number. They
never show up alone, but always as bound states that add up to "white". Left-handed
fermions of any kind (both quarks and leptons) form doublets under SU(2);, and their
weak isospin is conserved. Finally, all fermions have a weak hypercharge that is conserved
under U(1)y, such that the SM in total has the gauge group SU(3)c X SU(2)L X U(1)y.
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Figure 2.1.: Pictorial representation of the particle content of the Standard Model. Quarks
are shown in purple, leptons in green, gauge bosons in red and the Higgs boson
in yellow. [5]

The latter two symmetries are spontaneously broken to the electromagnetic U(1)g when
the Higgs field acquires a non-vanishing vacuum expectation value (VEV); further details
on this will be discussed later in section 2.3. The relation between their group generators
and quantum numbers is given by the Gell-Mann-Nishijima formula,

Q = T3 + g, (21)

where T; is the z-component of the weak isospin, Y is the weak hypercharge and Q the
electromagnetic charge. Sometimes a different normalisation for Y is used where the factor
1 is absent. Throughout this thesis we will stick to the notation including this factor, such

2
that the Standard Model Higgs field has Y = 1.

2.1.3. Bosons

In order to keep the symmetries intact at every spacetime point (local gauge theory), one
has to introduce gauge bosons. These live in the adjoint representation of the group the
belong to, meaning that there are eight for SU(3)c, three for SU(2);, and one for U(1)y.
The first eight remain unchanged and appear as the eight massless gluons. The latter four
mix under the effect of electroweak symmetry breaking (see section 2.3) and result in the
W=, Z and photon y, only the last of which remains massless.

In addition to the gauge bosons, all of which have spin 1 due to group theoretical
properties, there is one more boson with spin 0. The Higgs boson, named after Peter Higgs
who was one of the theorists postulating it [6—9], was originally introduced in order to
solve unitarity problems in longitudinal vector boson (i.e. spin 1 boson) scattering. Via
the mechanism of spontaneous symmetry breaking it is also responsible for the existence
of particle masses.
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2.2. Lagrange densities

The dynamics of particles is usually encoded in a Lagrange density (in the following
mostly called "Lagrangian”), which in the case of the Standard Model can be written and
decomposed as follows:

Lsm = Lposon + Lrermion + ~£Higgs + Lyukawa + LGauge (2-2)
1 1 1
Lposon = _ZB,UVB'UV - Zwuavwa’uv - ZG‘Zva"uV (2.3)
LFermion = i?,‘ Y'UD,u\Pi (2-4)
1= \t(= 2 A
Ligs = 5 (Di0) (Do) -Lo?- S0t (2.5)
Lyiawa = —Yij ¥ @¥p—Y; ¥, ®¥jp+he., (2.6)
where
D, = d,—igYB,—igr®W:P, — ig,T’G) (2.7)
D, = 9,—ig'B,—igr’W;/ (2.8)

is the covariant derivative in its most general form. In this definition, Py, is the left-handed
projector, 7% = 10 are the generators of SU(2) with o being the Pauli matrices, Tb = b
are the generators of SU(3) consisting of the Gell-Mann matrices A* and Y is the weak
hypercharge, where we already plugged in Y = 1 for the Higgs field in (2.8).

The objects in (2.3) are the field strength tensors which can be calculated from commu-
tators of covariant derivatives and read

B, = 9,B,-a,B, (2.9)
We = W —a,Wi+ge® WIWS (2.10)
Gl = 9Gi-a,Gl+g, GG . (2.11)

By, W and Gj; are the gauge bosons of U(1)y, SU(2)r, and SU(3)c, respectively, and gabe

and f°¢ are the structure constants. ¥; and ¥; are (anti-)fermions of flavour i or j, ® is
the Higgs doublet and ® is the charge conjugated Higgs doublet ® = io? &*. Y jand Y, j are
the Yukawa matrices, which will be explained in greater detail in section 2.4. The explicit
form of the gauge fixing and ghost interaction terms in Lgauge is not of major importance
for the discussion in the following chapters of this thesis and will thus not be given.

2.3. Electroweak symmetry breaking

From (2.5) one can read off the Higgs potential:

2

V(®) = ”?cp2 + %@4. (2.12)
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If 4> < 0, the minimum of this potential is not reached for ||®|| = 0, but rather for

||®|| = % = \/_T”Z This so-called vacuum expectation value (VEV) is v = 246 GeV. As

this new ground state is not invariant under SU(2);, transformations the symmetry is
spontaneously broken. This breaking is responsible for the W* and Z bosons to acquire
masses while on the other hand the electromagnetic symmetry U(1)q is unbroken and the
corresponding gauge boson - the photon - remains massless. The boson mass generation
can be described more rigorously by the Goldstone theorem [10-16]: For every generator
of a group that is spontaneously broken, one massless boson arises. In the case at hand,
the number of broken generators is three.

Before symmetry breaking, the Higgs field has four degrees of freedom as it is a complex
doublet. It can be written as

L .
d = ( vz (G1+1G2) . (2.13)

%(v+h+iH)

By a suitable gauge transformation (unitary gauge) three of the components of this doublet
can be set to zero: .

(DUnitaryGauge = (% (U + h)) . (2.14)
As the SU(2);, symmetry is local, we can find such a suitable transformation at every
spacetime point. After symmetry breaking this is not the case anymore and the three
degrees of freedom that corresponded to the transformation of gauging away the Goldstone
modes Gy, G; and H are absorbed into the gauge fields, which means they get massive.
The exact value of these masses can easily be calculated by inserting (2.14) into (2.5):

. (2.15)

mW:? and my =

The formula for the Z mass already shows that the Z boson is a linear combination of a
SU(2);, and a U(1)y gauge boson. The relation between electroweak bosons before and
after symmetry breaking is as follows:

.1 . A\ _[cosBy sinOw) (B
W= = % (W) ¥iW,) and (Z) = (_ sinfy  cos 9w) (W3) . (2.16)

The photon y, denoted by the electromagnetic four-potential A, is a superposition of the
same SU(2)r, and U (1)y gauge fields the Z consists of, but its coefficients are such that it
remains massless after symmetry breaking, m, = 0.

2.4. Yukawa Lagrangian and quark mixing

The Yukawa Lagrangian was already introduced in (2.6), now we rewrite it using a different
notation: L labels the doublet of left-handed leptons, Q is the doublet of left-handed quarks,

L= (Eﬁ) and Q= (gﬁ) (2.17)
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The symbols v;, Er, U and Dy stand for left-handed neutrinos, charged leptons, up-type
and down-type quarks, respectively. Analogously, right-handed up-type quarks will be
called Ug, right-handed down type quarks are written as Dg. Right-handed charged leptons
are labeled as Eg, whereas right-handed neutrinos are not present in the SM. With this
labeling the Yukawa Lagrangian reads

Nt AR~ = &
Lvakawa = =Y 'L ® Eg; - Y,"Q, ® D - YO, ® Uy ; + h.c. . (2.18)
In the Higgs vacuum,
0 5 o
(@)Y= o and (D) = io? (®*) = [ V2] , (2.19)
v 0
(2.18) simplifies to
v N d) = =
Lyukawa = _$ (YIE) Er; ER,J' + Y’E )DL,iDR,j + Yig'u) ULi UR’j) +h.c. . (2.20)

When the Yukawa coupling matrices Y;; are diagonalised we find that (2.20) generates
fermion mass terms. Let Y;; denote the diagonal Yukawa matrices being related to the
non-diagonal ones via

Y@ = @iy gl (2.21)

wherein Q@ and K@ are unitary matrices and « € {l,d, u}. Absorbing these matrices
into redefinitions of the fermionic fields,

EE—E=0"E , Dp—D=09D, , Uy -»U =QWU; (2.22)
Egr — Ey=KVEr , D= Dp=K“9 Dy, Up > Up=KWUg , (2.23)

yields the mass Lagrangian for charged leptons and quarks:

v (v(hm & (d) Ty ST T
Lyulcawa = _$ (1/[5) E'L E;{j + Ylg )D'L,i D;{j + Yigu) UL UR,j) +h.c. . (2.24)
This redefinition of fields has consequences for interaction terms with W= bosons. The
corresponding Lagrangian can be extracted from (2.4) by applying the rules of spontaneous
symmetry breaking (2.16):

LW = —i W; EL,i yll DL,i - i W,u_ BL,i ),H UL,i . (2'25)

V2 V2

When the same redefinition of fermions (2.22) and (2.23) is inserted into this interaction
Lagrangian it yields

_9

ij 42

’ g T7/ ’ d) T
'EW = _ﬁ Wy+ UL s DL,j (Q(u) Q@ v)
= L wWrTLD . (Vo) — = wo DU (VE
= A Liy" Dy (Verm)ij NG Li¥V" YL \Vexm ij
with the Cabibbo-Kobayashi-Maskawa matrix Vg == QW Q@

An important property of this matrix is that the off-diagonal elements, which induce
mixing among quarks of different generations, are very tiny and such interactions therefore
strongly suppressed. Moreover, the fact that it has a non-vanishing complex phase is
responsible for the existence of CP-violation in the weak sector of the SM.

1

(2.26)






3. Perturbation Theory and Higher Orders

The Standard Model described in the previous chapter is of course not only a theoretical
concept, but has been validated extensively by all sorts of experiments. Among those,
colliders are most frequently used. In order to investigate the properties of fundamental
particles and interactions and compare them to the predictions of the SM, observables have
to be defined, calculated theoretically and measured experimentally. The tool most often
used for such calculations is perturbation theory, i.e. expanding the amplitude of a process
in powers of the coupling constant or, equivalently, the number of interaction vertices.
This approach, however, is not applicable to the whole chain of reactions happening at
a hadron collider like the LHC, because perturbativity breaks down in scenarios with a
large coupling, as is the case for the binding energy of the proton.

3.1. Factorisation theorem

In order to calculate any observable quantity - like total or differential scattering cross
sections or decay widths - for the LHC, one has to circumvent the fact that the binding
of the proton cannot be understood analytically. The interactions of its constituents, i.e.
quarks and gluons, on the other hand can be treated in such a way by the means of a
perturbative expansion. Therefore, one separates the perturbative so-called hard scattering
of those fundamental particles inside the proton from the binding itself, using

1 1
ppx = ) [ [ o) o) - ) . 6.1
ab 0 0

This formula is known as the factorisation theorem and connects the cross section of two
protons producing an arbitrary final state X, o,,.x, with the cross section of two partons
a and b resulting in the same final state, o,,_x. In order to get the full result, i.e. the left
side of (3.1), one has to sum over all possible types of partons, i.e. gluons and all six types
of quarks, and integrate over their momentum with reasonable weighting functions. x,
and x; refer to the momentum fraction carried by the relevant parton, meaning that its
momentum is p, = x, P with P being the momentum of the proton it comes from, and
equivalently p, = x;, P. The factorisation scale ur can be understood as the energy at
which the proton breaks apart into its constituent partons, whereas the renormalisation
scale yp is an artifact coming from higher order effects to be discussed in section 3.3.
fa(xg, pr) and fp(xp, pr) are the parton distribution functions (PDFs) which give the
probabilities that at an energy scale pr a parton of type a (or b) is found with a momentum
fraction x, (or x,) of the proton. Unlike the hard scattering cross section o,,_,x, the
PDFs cannot be calculated from first principles, but must be fitted from comparison to
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experimental data. They are universal, i.e. independent of the process, and their evolution
with respect to the scale pr can be computed perturbatively following the Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations [17-19].

3.2. Perturbative expansion

Observables like cross sections and decay widths are calculated from (squared) transition
amplitudes, the latter of which can be depicted in a diagrammatic way. In this section we
will use this intuitive pictorial approach to explain the mathematical foundations beneath
it. For the sake of simplicity we discuss a (non-realistic) toy model with the following
Lagrangian:

1 2
L= Lo+ Lin with Lo=_(3,9)(9"¢) - '"7152 and L =-——>¢>. (3.2)

The two terms in £, give the field ¢ a propagator and mass, whereas L;,; introduces
interactions of 3 particles of the same type, i.e. a vertex. In order to calculate the probability
amplitude for a certain scattering process to happen, we have to calculate the matrix
element of a time-ordered exponential of this interaction Lagrangian between the initial
and final state:

Sif = {f|T exp (1/ d*x Lint(x)) i) . (3.3)

Since the exponential can be expanded in a Taylor series as exp(t) =1+t + % +0 (1)
this can be rewritten into

(fliy + Mif with
<f|T(i/d4XLint(X))|i> (3.4)

Sif
Mis

—§<f|T( [ [ aty L Lint(y))|i>+0(a3) SN CE)

In order for a two-by-two scattering process to happen we need at least two vertices,
i.e. two insertions of L. For such a process (3.4) does not give a contribution, the
resulting matrix element is simply zero, whereas (3.5) leads to diagrams like the one in
figure 3.1. This is, however, not the only contribution: Any even power of L;,; will lead to
non-vanishing results, some of which for order 4 are shown in figure 3.2.

Figure 3.1.: Example diagram for a two-by-two particle scattering process at tree level.

10
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Figure 3.2.: Example diagrams for two-by-two particle scattering processes at one-loop
level. The loop can either show up as a correction to a vertex (1 and 3) or to
the internal propagator (2). Self energy corrections (i.e. loops in the external
legs) are omitted for simplicity and not relevant for the argument at hand.

It is obvious that this expansion does, in general, never end, but has to be truncated in
order to calculate a finite result. Taylor’s theorem guarantees that the remainder neglected
with such a truncation after the n-th term is only of the order A"*!, which is sufficiently
small for any for A < 1. For the process at hand we can write

Moy = PMEO) L PEMNLO) 4 (2°) (3.6)

where M) includes all diagrams without loops, also called tree level, and MNLO)
includes all one-loop graphs. The abbreviations stand for leading order (LO) and next-to-
leading order (NLO) and can analogously be expanded to any higher order, e.g. NNLO as
next-to-next-to-leading order, N3LO as next-to-next-to-next-to-leading order and so forth.
Since observables like the cross section o depend on the absolute square of this probability
amplitude,

o~ / dd |M|? , dd being the final state phase space, (3.7)
it is convenient to define ) := ﬁ and write
o=a (O'(LO) + oo N0 4 aﬁa(NNLO) +0 (af{))) . (3.8)

(3.8) is a very general formula, not only applicable to this toy model used for illustration,
but also to actual SM processes. For the strong interaction, also known as quantum
chromodynamics (QCD), only the naming is different: the coupling is not called A but g;

2
and the expansion of observables is done with respect to a; := Z—;.

3.3. Renormalisation

Only in very few cases the LO theoretical prediction is precise enough to keep up with
experimental accuracy; for many processes of QCD, NLO and NNLO calculations are
needed. As shown in figure 3.2, the Feynman diagrams associated with such calculations
contain loops, the internal momenta of which are fixed by neither boundary conditions nor
momentum conservation constraints. To account for all possibilities one has to integrate
over the whole phase space. A simple bubble as shown in figure 3.3 leads to an integral of
the following sort:

d*k 1

Bo= | il —m+ic [k +p)2—m?+ie]

(3.9)
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3. Perturbation Theory and Higher Orders

k+p

Figure 3.3.: The bubble integral diagram with external momentum p and loop momentum
k. For simplicity all propagators are scalar and of the same mass m.

The problem with this integral is that it does not converge at the upper limit |k| — co. This
phenomenon is known as ultraviolet (UV) divergence, since large momenta correspond to
short wavelengths. Counting the powers of |k| yields

 dlk| [k /°° dlk|
B ~ SRR 2 3.10
o~ [ i loE(e) (3.10)

a so-called logarithmic divergence. The standard approach to circumvent this problem
is dimensional regularisation (DR) [20], which means to perform the integral not in 4
spacetime dimensions, but in D = 4 — 2¢ ones, then take the limit ¢ — 0 later. There exist
multiple other possible schemes, but only DR leaves both the Lorentz and gauge invariance
of the integrals intact, thus allowing to still make use of Ward identities. Before taking the
limit, the structure of the integral is

5 [ 4k 1 L Biversent + Brnite + O (¢) . (3.11)
0= (2m)D [k2 — m? + ie] [(k + p)2 — m? + i€] T divergent finite g) . (3.

It is important to keep in mind that the two epsilons appearing in (3.11) are strictly different
objects: € assures the causality of the propagators, whereas ¢ is the dimensional regulator.
The result of the above integral has been calculated in [21], but is not important for the
discussion at this point. Even without knowing the precise form it is obvious that in order
to get a finite result one has to get rid of the first term, which is divergent in the limit
e — 0. This can be achieved by the introduction of counter terms, as outlined in the
following subsection 3.3.1.

Shifting the dimensionality of the integral or, in general, the physical phase space
brings some subtleties into the calculation. In natural units the action is per definition
dimensionless. From this follows that in D spacetime dimensions any Lagrangian has
to have mass dimension D. Normally, bosonic fields (both scalar and vectorial ones) as
well as derivatives have dimension one, [¢, A¥, 3"] = 1, fermionic fields have dimension 3
[¥] = 5, and couplings of any sort (Yukawa, gauge, scalar potential) are dimensionless,
[Y,g,A] = 0. Needless to say, masses have mass dimension one, [m] = 1, thus the name. If
now D = 4 — 2¢ # 4, all of this shifts according to table 3.1. Most importantly, couplings
are not dimensionless any more. One can, however, still define a dimensionless quantity A
using A = pg; A, where pig is the renormalisation scale.

—ow
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3.3. Renormalisation

Object 4 dimensions | D dimensions
scalar field ¢ 1 1-¢
vector field A* 1 1—¢
derivative o* 1 1
spinor field ¥ % % -
coupling Y, g, A 0 £

mass m 1 1

Table 3.1.: Mass dimensions of different objects compared in 4 and in D = 4 — 2¢ spacetime
dimensions. The A here is the trilinear coupling in the interaction term of (3.2),
not the quartic coupling in (2.5). The latter one is also dimensionless in D = 4,
but has dimension 2¢ in D = 4 — 2¢.

3.3.1. Counterterms

For the sake of clarity and simplicity we go back to a toy model similar to the one defined
in (3.2):

2
L= @) - - L gt 612)

This time, however, we include a quartic coupling instead of a trilinear one in the interaction
term, similar to (2.5), since it is the more realistic scenario. In this case, as written below
table 3.1, the coupling has mass dimension 2¢ in D = 4 — 2¢.

The following calculation relies on the simple basic assumption that divergent quantities
can be expressed as a product of a divergent prefactor and a finite renormalised version of
said quantity. Following the discussion in [1] we define

me=Zum?=1+8p)m* , Ay=Zypsr A= (1+8) 5 A and ¢ = Zgd . (3.13)

Everything with index 0 is called a bare quantity; the bare Lagrangian then looks like

2
A
Lo = S(080@ ) - gt - d (.19
2
= %Zd,(aygb)(&”gf)) — Zs(1+ ) m7¢2 = Zy(1+8) pg %q&“ . (3.15)

Ultraviolet divergent terms, e.g. the % pole of integrals like (3.11), can be absorbed into the
constants §x with X = m, A or Zy, such that the masses, couplings and fields themselves
remain finite. There are multiple ways of defining this absorbtion, i.e. different renor-
malisation schemes, the most common of which are minimal subtraction (MS), modified
minimal subtraction (MS) and the on-shell scheme (OS). The exact form of 8,, and §; at
one-loop level in the first two of these schemes can be found in [1].

3.3.2. Infrared divergences

Non-convergent integrals for large loop momenta are not the only source of divergences.
Not only the upper edge, |k| — oo, can lead to problems, but also the lower edge, |k| — 0,

13



3. Perturbation Theory and Higher Orders

> O <

Figure 3.4.: Example diagrams for two-by-two particle scattering processes with additional
radiation from either initial (1 and 2) or final state legs (3 and 4).

can do so. Other than these purely mathematical subtleties, also experimental aspects
influence the result. It might happen that an additional particle is radiated off one of the
external legs of the process observed, but is not resolved because it is either collinear to
the other particle it came from (collinear divergence) or has very close to zero energy
(soft divergence). In a two-by-two scattering process, there are four legs from which such
radiation can arise, as shown in figure 3.4. The origin of the divergence can be easily
explained. If a particle with momentum p radiates off another particle with momentum k,
the Feynman diagram contains one more internal propagator:

1 massless 1 1

p2—m?  (p +K)E—m? 2p -k 2EyEp(1—cosf)

propagator ~ (3.16)
which is clearly divergent in the limit 8§ — 0 (collinear) or Ex — 0 (soft). Fortunately,
the KLN theorem [22, 23] helps to clean up most of these divergent parts. It states that
soft and collinear poles from unresolved additional radiation (so-called real contribution)
cancel with infrared poles from loop integrals (so-called virtual component). However, a
few singularities from radiation collinear to one of the initial state partons of the process
(so-called initial state radiation, ISR) remain even after summing up the real and virtual
parts; these can be removed by absorbing them into the definition of the PDFs.

3.4. Running couplings

As mentioned in section 3.3, coupling constants are not dimensionless any more when
using dimensional renormalisation. A redefinition like in (3.13) allows to still end up with
a dimensionless quantity, but comes with the price of a dependence on the renormalisation
scale ug [24, 25]. The evolution of the coupling with respect to this scale is described by
the renormalisation group equation

da
Hr7— = Bla) (3.17)
HR
with the f-function on the right hand side. At one-loop level the QCD f-function reads
a; . . 2
B(as) = —Po Py + O (higher orders) with f, =11 - 3 (3.18)
T

and ny being the number of active colored quark flavors. Plugging (3.18) into (3.17) yields
the solution
as(Q)

1+ 59 5y log 1)

ay(pg) = (3.19)
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3.4. Running couplings

Knowing the value of o at one scale, e.g. as;(my), thus allows to calculate its value at any
other energy via a simple formula. At high energies this relation can be approximated as

47

ﬂ() log (Allz )

R
2
QCD

as(pR) = (3.20)

with Agep ~ 210 MeV for ny = 5 (valid at energies above the bottom mass, but below

the top mass) in the MS renormalisation scheme [26, 27]. The dependence on i is not
physical, but merely a remnant of the perturbative series being truncated. The more higher
order corrections are included in the calculation, the less it gets. Since one can, however,
never include all orders and has to truncate somewhere, a suitable scale has to be chosen
for every process. For decay processes, for example, a natural choice is to set the scale
equal to the mass of the decaying particle.

3.4.1. Confinement and bound states

The running of the coupling constant has severe consequences for the physical processes
mediated by the strong force. Since (3.20) shows «a; to be rapidly decreasing for large f,
the interactions between quarks and gluons become very weak at high energies. This
feature is called asymptotic freedom and allows for highly precise perturbative calculations
at high energies, i.e. short distances. On the other end of the spectrum, at low energies, i.e.
long distances, the force becomes very strong, thus enabling bound states to form. Here,
quarks and gluons can never be observed as free particles, but always group up such that
the resulting bound state is color neutral. This effect is known as color confinement and is
a common feature of non-abelian gauge theories.

When mesons (bound states of a quark and an antiquark) or baryons (bound states of
three quarks) are tore apart, it is energetically disfavored for the quarks to stay unbound.
Instead, particle-antiparticle pairs are created from the vacuum until there are only colorless
bound states again. Experimentally this can be observed when quarks or gluons are
produced: The final state will not consist of them individually, but results in a stream of
color neutral hadronic particles, a so-called jet.
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4. Effective Field Theory

Effective Field Theory (EFT) is a tool to describe phenomena at low energies in a way
agnostic of the details of their origin. It allows for the mathematical description of inter-
actions which might stem from heavier particles. A classical example for an EFT within
the SM is Fermi Theory, which can be used in the calculation of the muon’s decay width.
There is only one channel this decay can happen through, p= — e~ v,v,, the Feynman
graph of which is depicted in the left half of figure 4.1. Given that the energy scale of
the process - basically the muon mass - is far below the mass of the W boson mediating
the decay one can integrate out the latter, resulting in an effective four-fermion-vertex as
can be seen in the right half of the same figure 4.1. In terms of the amplitude this means
neglecting the momentum ¢ flowing through the W propagator,

T ig  1-y -ig"" \ & ig  1-y

Ty () w (7)) ¥ () v @D

Kl T, (1= ys) Py e yu(1 - ys5) ¥y 4.2

== l\/g v, Y ( Ys) u e)/,u( vs) ¥, (4.2)
g2

with the Fermi constant % = Counting the mass dimensions (in four spacetime

gm?,*
dimensions) in (4.2) shows a typicgl feature of an EFT: The operator itself (i.e. the inter-
acting fields, spinor and Lorentz structure) has dimension six, the prefactor dimension
minus two. It is usual that EFT operators have mass dimension larger than four, which is
why the coefficient needs negative mass dimension to end up with a total of four in the
end, leading to the desired dimensionless action. From this structure it follows that the
effects of the operator are suppressed by the scale in the denominator of the prefactor,
in the case at hand the W mass. Far below that scale it is save to do calculations within
the EFT. However, once the energy of a process approaches or even surpasses this scale,
the approximations made by the effective theory - i.e. integrating out internal particles -
become inaccurate and the underlying full theory has to be used.

In cases where physics beyond the Standard Model is studied, the full theory is not
known. The impact of effective operators being added to the SM Lagrangian is then often
interpreted as remnants of heavy particles yet to be discovered. According to the structure
and rules such operators must comply with, a distinction can be made between two
different types of EFTs: The linear one, which orders operators with respect to canonical
mass dimension, will be described in section 4.1; the non-linear one, using the more
abstract concept of chiral dimensions for accounting, is introduced in section 4.2. The work
presented in chapter 6 of this thesis happens in the realm of non-linear EFT and heavily
relies on the logic thereof.
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4. Effective Field Theory

4.1. Standard Model Effective Field Theory

The Standard Model has two types of symmetries: On the one hand it is invariant under
Lorentz (or rather Poincaré) transformations of the spacetime coordinates; on the other
hand, it contains the gauge group SU(3)c X SU(2);, X U(1)y. It is precisely the union of
all operators with mass dimension four that respect these symmetries and are constructed
only from SM fields as described in section 2.1. If one relaxes the requirement to reach
dimension four in the sense previously described, i.e. allowing dimensions larger than
four combined with prefactors of negative dimension, many more possible operators can
be constructed. Standard Model Effective Field Theory (SMEFT) [28, 29] takes these new
operators and orders them with respect to their mass dimension, hence there are operators
of dimension five, six, seven, eight and so on with coefficients of dimension minus one,
minus two, minus three, minus four and so forth. In a very generic way one can write

© 7

(8)
©) (6) (7) (®)
L=Low+ E O + E AZO + E A3O + E A4O +O(A5) . (43)

The scale A does not need to be the same for all of these operators but can differ from case
to case. This dependence is here absorbed into the Wilson coefficients cl(d), the operators

themselves are labeled Ol.(d). At dimension five there exist only a few operators, all of
which violate lepton number conservation. Among them is the Weinberg operator [30],
giving rise to neutrino Majorana masses. In general all odd-dimensional operators violate
B-L [31], which according to current experimental knowledge seems to be an accidental
symmetry of the SM, so they must be strongly suppressed. Therefore, most studies focus
on contributions from even-dimensional operators. At dimension six there exist 59 allowed
structures, leading to a total of nearly 2500 possible operators [32].

4.2. Electroweak Chiral Lagrangian

When interested specifically in effects from beyond the Standard Model (BSM) in the
Higgs sector, SMEFT only offers a limited spectrum of possible models and operators. A
more general approach is to incorporate the Higgs not as a SU(2), doublet, as it is done
in the SM, but the h field itself as a singlet and the corresponding Goldstone bosons in

Vi Vi

" e” = M e~
W

Ve Ve

Figure 4.1.: Muon decay in the full SM and after integrating out the W boson, i.e. in Fermi
Theory.
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4.2. Electroweak Chiral Lagrangian

a non-linear way by means of an exponential function. The description in this section
follows [33]. The leading order Lagrangian of such a theory, often called Electroweak
Chiral Lagrangian (EWChL) [34-37], reads

1 1 1 =
Ly= — -B,B" — —WeW — —Gb GP + Z Yip¥ (4.4)
4 4 4 W=01, L1 U, Di Er
2
—‘4 1
+ UZTr [(DyQ) Dm] (1+ Fa(h)) + 5 (3,m) (9"h) = V (B) (4.5)
- 0|0 |y, +iy(”) " Nar Or + 0O Yd+iY(") "MV ar Or
- n=1 ’ v i " n=1 ‘ v i

QP_Lg + h.c. (4.6)

— = h\"
+1L (Ye + Z Y™ (—)
n=1 v
In this Lagrangian, Qr, L, are the usual left-handed quark and lepton doublets, Ugr, Dg, Er

the corresponding right-handed singlets and Q = exp (2i @) is an exponential represen-

tation of the Goldstone modes ¢, on which the covariant derivative acts like
D,Q = 9,Q +igW,/0, Q —ig'B,o5 Q .

For the sake of a more compact notation, we introduce

Uk (o . (10 (0 0
o= fin) - i f) e 0] o)

as an alternative way of writing of the right-handed fermionic degrees of freedom. The
Higgs potential functions are

FQ<h>:ng,n(@) and v<h>=u42fv,n(ﬁ) . (@)

0 0

The Lagrangian £, consists of three main parts: The first line (4.4) corresponds to the
SM gauge boson and fermion kinetic terms as introduced in (2.3) and (2.4) without any
modifications. The second and third lines, (4.5) and (4.6), describe the Higgs potential and
Yukawa interactions. Choosing

2

2
my my (1)
fo1=2, fo2=1, fV,2:fV,3:ﬁa fV,4=ﬁ, Yo =Yy

and all other coefficients in the sums in (4.6) and (4.7) to be zero leads back to the Standard
Model and reproduces (2.5) and (2.6). From this form of £, it becomes apparent that the
main purpose of the EWChL is to study the Higgs sector [38-40].

Since (4.5) and (4.6) contain arbitrary powers of the Goldstone and Higgs fields, the
counting and ordering via conanical mass dimension as practised in SMEFT cannot be
applied. Instead, in analogy to chiral perturbation theory used for the description of pions,
kaons and other mesons, one defines chiral dimensions as follows [41]:

dy (A", §. b0, fon) =0, d(*¥¥,¢Y)=1 and d,(fir.) =2. (4.8)
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4. Effective Field Theory

This logic results in a simple relation between the chiral dimension d, and loop order L of
an interaction, d, = 2L+2. With this counting, £, in (4.4) ff. is the most general Lagrangian
of chiral dimension two that can be constructed from SM field content. Next-to-leading
order (NLO) effects at d), = 4 then come from a mixture of one-loop diagrams with vertices
from £, and tree level diagrams from the next higher order Lagrangian £4. The latter
is too long to be given here, but all parts of it relevant for this thesis will be listed and
explained later in chapter 6. More detailed discussions can be found in [35, 36, 40].
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5. Interpolation Grids for Dijet Production
at NNLO QCD

The discovery and increasingly precise description of the SM as outlined in chapter 2 was
made possible by a plethora of different experiments, many of which were operated at
colliders. The concept of accelerating particles with magnets, colliding them with each
other and observing the outcome has proven to be very insightful for the study of the
fundamental building blocks and concepts of nature. Various technical concepts have
been developed and implemented, allowing for collisions of different types of particles.
Today, in the year 2024, three large collider facilities are operative: The Relativistic Heavy
Ion Collider (RHIC) [42], part of the Brookhaven National Laboratory, hosts the PHENIX
[43] and STAR [44] experiments, trying to better understand the quark-gluon-plasma
and related phenomena [45]. Another one, SuperKEKB at the KEK research center in
Japan, hosts the Belle II experiment [46, 47], investigating the physics of B mesons at
the high precision and high intensity frontier, using an electron-positron-collider. The
third and by far largest one, at CERN along the border between France and Switzerland
near Geneva, is the Large Hadron Collider (LHC) [48]. As the title already suggests, this
thesis focuses on the latter one, which probes particle physics at the high energy frontier.
Being situated in the 27 km long circular tunnel previously used by LEP [49], the LHC is
currently the highest energetic accelerator worldwide, reaching center of mass energies
of up to 14 TeV. It has been operative since 2009 when it started with proton-proton
collisions at /s = 7 TeV, which was later increased first to 8 TeV, then 13 TeV and lately
13.6 TeV. The tunnel has four interaction points which host the experiments ALICE [50],
ATLAS [51], CMS [52] and LHCb [53]. The largest two of them are ATLAS and CMS, both
serving as multi-purpose-detectors. This setup allows for two independent observations
of the same physics via different measurement methodologies, thus not only delivering
experimental results but also offering a cross-check thereof. A very prominent finding
of the LHC was the discovery of the Higgs boson in 2012 [54, 55]. In future stages, both
the center of mass energy and luminosity are expected to grow further, leading to the
so-called High-Luminosity LHC (HL-LHC). This phase will allow for an even more precise
examination of the SM or any deviations from it, possibly leading to the next big discovery.

5.1. The need for fast and precise QCD calculations

The LHC is - in clear distinction to the previously mentioned SuperKEKB - colliding two
beams of protons. On the positive side, this allows to reach higher energies, since protons
only produce a very tiny fraction of the synchrotron radiation electrons emit. On the
negative side, however, hadronic initial states induce a far more complicated background
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5. Interpolation Grids for Dijet Production at NNLO QCD

{s = 14 TeV, 3000 fb™' per experiment

[ Total ATLAS and CMS
e
N S— S e HL-LHC Projection
i —— Experimental
12F B —— Theory Uncertainty [%]
3l Tot Stat Exp Th
10f N =
] GggH = 16 07 08 12
g sf 5(PDF+as) ]
S 1 ]
ANy w1
3 6 8(1/m, e
& - (Wmy) ]
3 . ) SEW) ] R ——— = 57 33 24 40
6(PDF-TH)
2 E Oy — 42 26 13 31
&(scale)
0k, ‘ 5 5 . ] . =N _
0 20 40 60 80 100 ttH _—_.J 4370348134
Collider;Energy//TeV 0 002 004 008 008 01 012 014

(b) Uncertainty estimations for ATLAS and
CMS at the upcoming HL-LHC. The
predicted theory uncertainty for ttH is
twice as large as the statistical and ex-
perimental ones, it needs to get smaller.
The figure is taken from [58].

(a) Relative uncertainty budget of Higgs production calcu-
lations for hadron colliders. The top mass uncertainties
shown by the brown band have already been solved
and removed [56]. All other contributions still remain,
the PDF and «; part being the largest one independent
of the collider energy. The figure is taken from [57].

Figure 5.1.: Charts underlining the necessity of more precise PDF and «; estimations.

and many non-perturbative effects. Since protons are bound states, the factorisation
theorem - as outlined in section 3.1 - has to be applied for any calculation of observables.
Therefore, every theoretical result can only be as precise as the empirical knowledge about
the parton distribution functions (PDFs). Figure 5.1 (a) illustrates why this is a problem:
For Higgs production, PDF and a; uncertainties are the most significant contribution to
the overall error budget. Throughout the high luminosity phase of the LHC (HL-LHC),
experimental and statistical uncertainties are expected to shrink further. In order to avoid
problematic situations like shown in figure 5.1 (b), the theory side has to keep up with
both more exact perturbative calculations as well as more reliable fits and uncertainty
estimations for said PDFs. These fits rely on computing time expensive iterative procedures,
requiring a lot of CPU power to achieve even marginal gains in precision. Advances at the
high precision frontier thus heavily rely on tricks to circumvent this bottleneck.

5.2. The APPLfast project

One way to make PDF and «; fits more efficient is to process and sort the theoretical
results in a different way than usual. The idea of writing them in the form of grids was
simultaneously developed by the APPLgrid [59] and fastNLO [60, 61] collaborations, which
combined efforts to create the APPLfast interface. After the first application of the program
on deep inelastic scattering data from HERA led to promising results [62], it was also used
for fits to ATLAS and CMS measurements [63]. The results outlined in section 5.4 are a
continuation of the work presented in this last-mentioned paper, however they use a newer
version of APPLfast and more precise input on both the theoretical and experimental sides.
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5.2. The APPLfast project

5.2.1. Monte Carlo event generation

Since perturbation theory is the best analytical tool available for collider calculations, it
is applied nearly whenever it is mathematically possible. For QCD, the expansion of the

2
perturbative series is done with respect to o, := f—;. Analogous to what was written in
(3.8) for the scalar toy model, an observable then takes the form

(Ofs(llR) )k+r (k)

oux(nanp) = )| =) oyl ) (5.1)

k

where r is the power of a; of the leading order. x denotes the momentum fraction of
partons and p indicates any scale dependence. On the right hand side of the equation
the latter shows up multiple times: As introduced in section 3.4, the coupling itself is
dependent on the renormalisation scale pz; moreover, the observable can contain factors
of both ug and pr, either from factorisation or logarithms in the virtual component.

Since the calculation of an observable at higher orders often involves very complicated
functions and integrals, the evaluation of which is either impossible or at least very hard
and time-expensive to perform analytically with standard computing tools, numerical
approaches are an advantageous option to use. Monte Carlo (MC) event generators provide
the input for such an endeavor: They generate kinematic points and configurations, i.e.
energy-momentum four-vectors of particles in the initial and final states of scattering
processes. The distribution of these points across the whole accessible phase space happens
with respect to physically motivated probability density and weighting functions. In case
the initial state is hadronic, the event generator also chooses numerical values for the
corresponding momentum fractions x and includes a discretised version of the factorization
theorem (3.1). For proton-proton collisions this yields

5 (atg(rm) |\ *) *)
s m
Upp—)X(x; As, IJ) = Z Z Z ( 2r ) X 0ab—>X,m Wab—>X,m
ab k m=1

X ﬁl(xa,m; IJF,m) fb(xb,m’ ,UF,m) > (5~2)
where Njc is the number of points generated, aélglx’m is the cross section (or general
observable) result for point m with incoming partons a, b at perturbative order k and
wilg)_)X, ., 1s the weight associated with it. Since the scales are often chosen dynamically,
i.e. proportional to a kinematic quantity of the process, like the momentum transfer, they
depend on the selected phase space point and also carry the index m. The higher Ny, the
better the whole phase space is sampled and the more precise is the result.

What is missing in (5.2) are corrections stemming from non-perturbative contributions
to the process. Some event generators like PYTHIA [64] or Herwig [65, 66] allow for the
inclusion of such effects like e.g. multi-parton interactions, hadronization or parton
showers. Within the APPLfast workflow, however, we do the calculation only at the
parton level, using the partonic event generator NNLOJET [67, 68]. Therefore, the final
states of APPLfast QCD calculations are jets rather than mesons or baryons.
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5. Interpolation Grids for Dijet Production at NNLO QCD

5.2.2. Interpolation workflow

APPLfast is based on the idea of interpolating results and saving them in the format of
grids. This logic can be easily explained on a simple function defined over a real interval.
LetI = [a,b] witha,b e R,a < band f : I — R continuous. We can split the interval into
N + 1 nodes, with the first and last nodes being defined as the edges, a = x[%1, b = x[N.

Now we can further define a set of functions E; : I — R, i € {0,...,N}, obeying the
conditions 1 = Zﬁo Ei(x) Vx e Iand E; (x[i]) =1 Vi€ {0,...,N}. This simple definition

allows to approximate f as

N
f) = ) fUE o) with £ = £l (53)
i=0

Figure 5.2 shows such interpolations for the case a = —2, b = 2, equidistant spacing of
the nodes and E;(x) ~ 3 (cos?(x) + 1). As expected intuitively, the approximation gets
better the larger N is. Other dimensions to tune are the distribution of nodes along the
interval and the precise functional form of the basis elements E;. The latter does, however,
become less important the larger N is, since the peaks get more narrow and resemble a
hat function or - in extreme cases - a smeared delta peak. If there is a second continuous
function g : I — R such that the product f - g is integrable over I, we can also approximate
their convolution integral as

N

b b
[ g ax =Y fligy with gy = [ B(xgex dr. 5.4

i=0

This relation is very useful when it comes to computing the right hand side of (3.1). Since
such evaluations have to be performed repeatedly for every PDF fit, the interpolation and
approximation can save sizable amounts of computing time.

For hadronic collisions there exist four variables to be interpolated, namely x,, xp, g ,
and pir. Therefore, we also need four sets of functions E;(x,), Ej(xp), Ey (i), Ew (pr). With
these, (5.2) can be rewritten as

N a[v] k+r . . .
Oppx ()= D DD ( o ) T R AR L)
Ljo,w=0 ab k
where the last object is defined as
®) AN (®) (0
Oab X [ijow] = Z Ei(xqm) Ej(xpm) Eo(fiRm) Ew(lr,m) X O absx. m WabosX.m - (5.6)
m=1

These formulae very nicely showcase the heart of the APPLfast logic: The time consuming

part in the calculation of observables is the evaluation of phase space points, i.e. the

computation of oF) wh) . Once this part is done and the sum over MC points
, . ab—>X,m “ab—X,m o :

and interpolation functions is executed, the results of (5.6) are saved in grids. Finally, the

rest of (5.5) is fast and easy to evaluate. Most importantly, this allows for an a posteriori
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(a) Plot of interpolation functions for N = 5. (b) Comparison of a polynomial (blue) and
the approximation to it (orange).
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(c) Plot of interpolation functions for N = 9. (d) Comparison of a polynomial (blue) and
the approximation to it (orange).

Figure 5.2.: Different interpolations and their effect on the accuracy of the approximation.
The higher number of nodes leads to a more accurate description of f.

change of the input value of the strong coupling constant as[v] or of the PDFs fa[i’W] and
fb[j L Conversely, this also means that these values, a; and PDFs, can be varied, fitted
and extracted without the necessity to rerun the event generator, i.e. without the repeated
investment of large computing resources.

On the fastNLO side, the actual grid entries usually are not the values 0(’;) .., but
ab—X [i,j,o,w]
the factors of a further decomposition with respect to the logarithmic scale factors they

contain:

2 2

k kla, ”R, HF,

o= Y, ol o[ g ). o
a+p<k Ho Ho

Ho is a constant reference scale to render the entry of the logarithm dimensionless. Often
the mass of a particle present in the process of interest or the momentum transfer is chosen
as its value. Defining

(ayr)’ (”f[:])z (”M)z
F
Lyjr = Iog( s ) and L") = log [ ~—- | and LI = log | ~—; (5.8)
0 Ho Fo
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allows to rewrite (5.5) and (5.6) in a different form:

N [U] k+r
A i j o]\ % B
O'pp—)X(X, s, [1) = E E E E ( Py ) X f;z[l’w] fl;[J’W] X (L}[e ]) (LI[:W])

Lj,o,w=0 ab k a+f<k

(kla.p)
X Oab—x [i,j.0,w] (5'9)

with the actual grid entries

Nmc
k|, k|e, k
o ol = D Ei(tam) Ej(Xom) Eo(trm) B () X o) w0 (5.10)
m=1

For simplicity, all four interpolations are written with the same N as the upper end of the
sum, which in general does not have to be the case. There could be four different N;, N;, N,
and Ny. The calculations described in these equations are not separated between the
event generator on one side and the grid interface and libraries on the other, but all of it
is intertwined and executed at runtime. This way, the phase space sampling done in the
warmup phase of NNLOJET and the interpolation grid spacing and node choice of APPLgrid
or fastNLO can be adapted to each other most efficiently.

5.3. Jet production at colliders

As outlined in section 3.4.1, quarks and gluons do never show up individually but always
prefer to be bound into color neutral objects. They hadronize, i.e. form baryons and
mesons, clustered together in a collimated stream, and are finally measured as energy
deposition in calorimeters. The reaction chain and outcome starting from one final state
particle of the actual hard scattering process is called a jet.

5.3.1. Jetalgorithms

For a rigorous definition of jet final states we need a prescription of how to recognize
what part of often rather diffuse detector signatures belongs to a jet. Figure 5.3 shows a
simple case in which the deposited energy of two neighboring jets is well-separated, such
that a clear definition can be made even by the naked eye. In a realistic scenario, millions
of such interactions occur simultaneously, producing large amounts of data every second,
so an easy and fast algorithm for jet clustering is indispensable.

Another very important aspect is infrared safety: Not only on the theory side soft and
collinear radiation leads to subtleties (see section 3.3.2), but also when it comes to jets it
can make a difference. Since per definition, real radiation is of such a form that it cannot
be resolved experimentally, i.e. does not influence the measurement, it should also not
change the jet definition. Expressed mathematically, this means that any jet observable
O,, that depends on the m four-momenta of final state partons must obey

Om(p1s - s Apis -, pj = (1= Dpis ... Pm) = Om(P1s - s Pis - - s Pj1: Pjt1s - - > Pm) (5.11)
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Figure 5.3.: Example picture of a multi-jet event, showing how detector results are grouped
together. The figure is taken from [69].

and

/llli?) Om(Pl, .. .,Apl', e ,pm) = Om(pla ce s Pi-15 Pivts - - - ,pm) . (512)

In other words: the collinear splitting of momentum p; into p; and p; as in (5.11) or the
addition of a soft particle with very small momentum Ap; as in (5.12) must not change the
outcome. Examples of situations in which this is not the case are shown in figure 5.4.

The most-used type of infrared safe jet algorithms nowadays are so-called sequential
recombination algorithms, prominent examples for which are the Durham kr algorithm
[71], the Cambridge/Aachen algorithm [72, 73] and the anti-kr algorithm [74]. All of them
apply the same basic logic: Initially there exist N four-momenta which were measured
and should be grouped into K < N jets. Now all distances d;; between pairs of momenta
and d;p between momenta and the beam axis are calculated according to

2

dij = min (P%kz ’ P?rkj) ? (5.13)
ds = p7 (5.14)
with
AR = (yi —y)* + (i = 9))° . (5.15)
¢ is the azimuthal angle of the momentum vector and y is the rapidity, defined as
1 E
y=—1n( +pz) : (5.16)
2 E-p,

27



5. Interpolation Grids for Dijet Production at NNLO QCD

>
collincar
splitting s
jet1 3 nojet |-

soft
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jet1 jet 2 » jet 1

Figure 5.4.: Examples of collinear and soft unsafe behavior: In the upper row, the collinear
emission of an additional gluon reduces the momentum of the quark below
some threshold, such that no jet is recognized. In the lower row, the additional
soft gluon leads to a state which was previously characterized as two jets to
suddenly be interpreted as only one jet. Both of these scenarios conflict with
the defining property of real radiation to produce a final state degenerate to
the leading order one. The figure is taken from [70].

The jet size R is a constant number to be freely chosen between 0 and 1. It determines how
large the resulting jets are in phase-space. Smaller R means more narrow jets, resulting in a
larger number of them. After all the differences are calculated, the minimum is determined.
If the minimal distance is one of those to the beam axis, the object the momentum belongs
to is declared to be a jet. If, on the other hand, the minimum is a pair of momenta, the
two are added and their sum is put back into the original set instead. In both cases, the
number of momenta to still be clustered is reduced by one. This logic is now applied
repeatedly, N times in total, until all momenta are grouped or defined as a jet. A flowchart
of this procedure is shown in figure 5.5. The difference between k1, Cambridge/Aachen
and anti-kr is only the value chosen for the exponent k of the transverse momenta when
calculating the distances. For kr it is k = 1, anti-kr uses k = —1 and Cambridge/Aachen
chooses k = 0. Both the CMS and ATLAS experiments use the anti-kr algorithm, which is
why the phenomenological calculations and fits presented in section 5.4 also do that.
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— Adapt no. of
ohjects
N' - N-1

f

— Calculate all

fd3. {d}
— Find minimal d

\

Stop jet alc
K=K;p;i - — Declare object]
i as final jet

K' - K'+1

— Combhine objects
i, j with minimal
distance:
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Figure 5.5.: Flowchart explaining the structure of a sequential recombination algorithm:
N input momenta p; are iteratively clustered, i.e. they are either declared a jet
or two of them are combined until none of them is left. The output is again a
list of momenta describing K jets, K < N. The figure is taken from [70].

5.3.2. Dijet kinematics

If at least two jets are found after the application of a jet algorithm, an event is considered
a dijet event. The jets are ordered with respect to their transverse momentum pr, the one
with the highest being called "leading jet", the second highest second-leading jet and so
on. The typical observables used for the description of dijet events are

(pr) = %(PT,1+PT,2) (5.17)
y- = %|y1—y2| (5.18)
Y = %|y1+yzl and (5.19)
mi; = (p1+p2)?, (5.20)

where p; is the momentum of the leading and p; that of the second-leading jet, and
equivalently for the rapidities y; and y,. y* can be understood as a measure for how much
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Figure 5.6.: Graphic illustration of the shapes of dijet events with different values for

rapidity observables y* and y;,. Low y, means the two jets are nearly back-
to-back, whereas high 1, indicates that both of them are headed in similar
directions in the same hemisphere of the detector. y* on the other hand
describes how tilted the symmetry axis between the two jet cones is. The
figure is from [75].

the jets are tilted towards the beam direction. y;, on the other hand quantifies the angle
between the two jets, i.e. how much both are directed towards the same region of the
detector. The meaning of these theoretical definitions is illustrated pictorially in figure 5.6.

5.4.

Dijet production at full color at the LHC

As mentioned at the beginning of section 5.2, the APPLfast algorithm was already used
with CMS and ATLAS data in the past [63]. Back then, calculations for both inclusive
jet and dijet processes were made, but only the latter was used for «; and PDF fits. Four
different data sets, two from each experiment, were taken into account:

CMS at /s = 7 TeV, anti-kr with R=0.7, double differential in m;, € [197,5058] GeV
and |Ymax| € [0.0,2.5], dynamical scale (pr) [76]

CMS at /s = 8 TeV, anti-kr with R=0.7, triple differential in (pr) € [133, 1784] GeV,
y* € [0.0,3.0] and y; € [0.0,3.0] [77]

ATLAS at \/s = 7 TeV, anti-krwith R=0.6, double differential in m;, € [260, 5040] GeV
and y* € [0.0,3.0] [78]

ATLAS at 4/s = 13 TeV, anti-k7 with R=0.4, double differential in m1, € [260, 9066] GeV
and y* € [0.0,3.0] [79]

All of these sets except for the first one use the leading jet’s transverse momentum rescaled
by an exponential of the absolute rapidity difference, pr; - exp(0.3y*), as dynamical scale
for both pg and pp. This at first glance odd choice is based on the studies in [80].
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Figure 5.7.: Rapidity slicing in the CMS publication [81] describing 13 TeV dijet data. Both
a triple differential option differentiating between y* and y;, and a double
differential variant only using |y|max are given.

Since the publication of [63] in 2022, CMS performed new dijet measurements at a center-of-
mass energy of v/s = 13 TeV, both double and triple differential [81]. The exact histogram
definitions are as follows:

« CMSat /s = 13 TeV, anti-kr with R=0.8, double differential in m;, € [249, 10050] GeV
and |y|max € [0.0,2.5]

« CMS at \/s = 13 TeV, anti-kr with R=0.8, triple differential in m, € [306,6094] GeV,
y* € [0.0,2.5] and y;, € [0.0,2.5]

In these data sets the scale is chosen to be the dijet mass, my2, for both ug and pr. Other
than the 8 TeV triple differential data, which has rapidity bins of length 1.0 as shown in
figure 5.6, the 13 TeV set uses a finer binning of only 0.5. This makes the comparison with
double differential results, which always use the 0.5 rapidity binning, easier, as can be
seen in figure 5.7.

This new experimental input is only one of the differences in the content of this thesis
compared to [63]. The other, maybe even more important one is the development of a new
version of NNLOJET, followed by advancements also on the APPLfast side and the interface
connecting them. In addition to performance boosts and workflow optimizations, also the
code necessary for the calculation of the full color structure for dijet production at NNLO
has been implemented. Previously, only the leading color amplitude was available.
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5.4.1. Expansion in color factors

To explain this difference between ’full’ (FC) and ’leading’ (LC) color, a recap of the
structure of QCD is necessary. In Lagrange densities and effective operators, Gluons
always show up in either a covariant derivative (2.7) or a field strength tensor (2.11).
They are associated with either a SU(3) generator T¢ or structure constant f%°. When
calculating observables, the amplitudes containing these objects are squared and summed
over polarisations, spins and color indices. At this point, general SU(N) relations can be
applied to simplify the result:

Tr(T*T?) = T 8% and Z TATS = Cr 6y and Z fabepabd — 0, 5 (5.21)
a.j ab

with Cr and Cy4 being the eigenvalues of the lowest-dimensional Casimir operators in the
fundamental and adjoint representations, respectively:

Cr=1g

and C4 =2Tg N, . (5.22)
C

All color indices have to be contracted until every generator and structure constant is

removed:

ZT“T“ ( 8i1dkj — 5ij5kl) , (5.23)

such that in the end only two objects remain, namely Tz = % and N, = 3 for SU(3). Since T
is common to all of these equations, it can be factored out. The rest of the amplitude then
appears as a series in N,. (5.23) introduces a hierarchy between two ways of contracting
indices, the second one being suppressed by a factor of - L with respect to the first one.
For complicated processes, this happens more often, and in the end there are multiple
fermionic strings with different color prefactors. For the sake of simplicity, sometimes the
most suppressed ones are left out. The resulting so-called ’leading color’ amplitude is then
only correct in good approximation, whereas 'full color’ indicates that all terms are being
included, thus the result is exact (with respect to the color structure).

Multiple studies for jet production [82-85] were performed with NNLOJET within the
leading color approximation and it was proven [86] that the sub-leading contributions
are indeed negligible for single jet inclusive cross sections. However, based on recent
developments for colorful antenna subtraction at NNLO QCD for jet observables [87, 88], it
has been shown that for dijet production it can make a sizable difference whether FC or LC
amplitudes are used [89]. The effects are non-uniformly distributed across the kinematic
range, i.e. they do not only lead to a constant enhancement factor but change the slope
of the histograms. The size of sub-leading color corrections can reach up to the order of
5% for triple differential dijet cross sections. Therefore, in the present day era of highly
accurate experimental measurements, full color results are strictly necessary.
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5.4. Dijet production at full color at the LHC

5.4.2. Code Validation

Since the introduction of full color dijet calculations was part of new versions of all
involved programs, proper validation was necessary. A very good way of testing the
reliability of the APPLfast algorithms is to look at the so-called closure plots: As the
interpolation logic described in section 5.2.2 is only an approximation, one must test how
well it reproduces the pure event generator results. Figures 5.8 and 5.9 show the ratio
ARFLIast and the asymmetry SEEE2SMLOET values differential in my; for the innermost
rapidity bins (y* € [0.0,0.5]) of the ATLAS 7 TeV and 13 TeV data sets, respectively. In
order to plot both nicely in the same diagram, the asymmetry is shifted upwards by a
constant of one. In both cases, results are shown for each channel - leading order (LO),
virtual (V), real (R), double virtual (VV), real virtual (RV), double real a (RRa) and double
real b (RRb) - separately and for the total NNLO combined. The distinction between RRa
and RRb regions is a technical detail of the implementation in NNLOJET that has no further
bearing on the results presented. Overall a very nice agreement at the sub-per-mille level
can be seen, proving that the interpolation works as intended.

Other than that, the general viability of the outcome has to be investigated. The closure
plots only tell how good the APPLfast and NNLOJET results match, but make no statement
about whether the latter actually delivers sensible numbers. To this end, fits to experimental
data have to be performed. Since one goal of the project is to provide a precise value of the
strong coupling a;, each data set is checked for the compatibility of such a fit result with
the PDG world average of a;(mz) = 0.1180 £ 0.0009 [90, 91]. The fits are performed using
a standard y? minimization logic, their outcome for both ATLAS and CMS 7 TeV data can
be found in figures 5.10 and 5.11. Seven different PDF sets are used for comparison, all
leading to agreeable results with y? per degree of freedom (y?/ndf) only little larger than
one and a; close to the given world average value. The error bars include fit, data and PDF
uncertainties, but no scale variations to asses the effect of missing higher orders.
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Figure 5.8.: Closure plots for ATLAS 7 TeV data, showing the ratio and asymmetry between
APPLfast and NNLOJET results. Despite a few outliers located far offside in the
double real channels, the overall agreement is very good. The plots were
made by Fazila Ahmadova and Daniel Britzger (MPI Munich) for the APPLfast

collaboration.
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Figure 5.9.: Closure plots for ATLAS 13 TeV data, showing the ratio and asymmetry be-
tween APPLfast and NNLOJET results. The double real channels again contain
a few tiny outliers, but overall the interpolation reaches the desired precision.
The plots were made by Fazila Ahmadova and Daniel Britzger (MPI Munich)

for the APPLfast collaboration. 35
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shown in the plot.

Results of the «a; fit to ATLAS 7 TeV data with seven different PDF sets, both
including (filled dots) and omitting (empty dots) the PDF error. It can clearly
be seen that the outermost rapidity bin yields nonsensical results way off the
world average. The fifth bin (2.0 < y* < 2.5) shows very good agreement only
by chance, while the innermost ones are promising. The plots were made by
Daniel Britzger (MPI Munich) for the APPLfast collaboration.
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5.4. Dijet production at full color at the LHC

5.4.3. Cross section results

Since our calculations were parameterized such that they best describe the measured data,
i.e. center-of-mass energies, jet algorithms, cone sizes, observables, binning, scales and
any other settings were chosen such that they are equal to what the experimentalists used
in their analysis, it was to be expected that our results match well with said data. The fact
that this match is indeed very strong can on the one hand be interpreted as a validation for
our program and on the other hand as another confirmation of the Standard Model, since
no new physics effects seem to contribute. Given that the results are qualitatively very
similar for all examined data sets, only one of them, namely ATLAS 7 TeV, is discussed
here in detail. However, the whole bunch of sets will be used later in section 5.4.4 for the
determination of the strong coupling constant at ug = my.

Figure 5.12 shows the total cross section separately for every rapidity bin and channel
as well as for the combined NNLO. The shape proportional to —— is identical to what can
be found in figure five in [78], the only difference being that the latter has a logarithmic
scale for m;2, whereas in figure 5.12 it is linear. The cross sections spans a total of eight
orders of magnitude, starting at ~ 10° pb for low m;, and ending at ~ 1072 pb for high mjs.
This behavior reflects the running of the strong coupling, which is larger at lower scales
and thus prefers jets with low momentum over high energetic ones.

In order to disentangle the contributions of every channel, figure 5.13 gives a different
picture of the same result. Two interesting features can be seen: First, there seems to be
some cancellation between the real and real virtual components on the one side and the
virtual and double virtual ones on the other. Second, the higher the rapidity, the larger the
size of this cancellation gets, for y* > 2.0 the (double) virtual contribution even surpasses
the leading order one. The double real part(s) on the other hand only make up around 5%
or less of the total result, regardless of the rapidity.

This latter fact is beneficial when looking at figure 5.14: For every rapidity bin and
nearly every value of the dijet mass, the total uncertainty of the result is dominated by
the contribution from the double real a’ region. This is a usual and well-known feature,
which can be tackled only by investing more CPU time or, equivalently, more MC points.
For a double differential result like this with an overall uncertainty of around one percent,
computing time of the order of half a million hours is necessary. For the triple differential
CMS 8TeV and 13 TeV sets nearly double this computational effort was required.
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Figure 5.12.: Cross section (in pb) results for dijet production at the ATLAS experiment
with 4/s = 7 TeV at full color NNLO QCD, double differential in dijet mass
and rapidity. The plots were made by Fazila Ahmadova and Daniel Britzger
(MPI Munich) for the APPLfast collaboration.
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Figure 5.13.: Relative contribution to the cross section per channel for dijet production at
the ATLAS experiment with /s = 7 TeV at full color NNLO QCD. The plots
were made by Fazila Ahmadova and Daniel Britzger (MPI Munich) for the

APPLfast collaboration.
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Figure 5.14.: Relative uncertainty contribution per channel for dijet production at the

ATLAS experiment with /s = 7 TeV at full color NNLO QCD. The plots were
made by Fazila Ahmadova and Daniel Britzger (MPI Munich) for the APPLfast
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5.4. Dijet production at full color at the LHC

5.4.4. Fits of the strong coupling constant

As is nicely visible in figure 5.10, the outermost rapidity bins often lead to less precise
and more fluctuating fit results than the inner ones. This observation has three main
reasons: First, these regions have less and only sparsely distributed MC points, which
leads to a larger statistical error. Second, the acceptance of the tracking detector gets
worse with high rapidities, meaning that there exists less data in this region to fit. Third
and last, highly boosted kinematics (large y;) correspond to extreme regions of the parton
momentum fractions x,;, where one of them is close to zero while the other one is close
to one. For such values, the PDFs have the largest uncertainties. In the pursuit of more
precise PDF sets, investigations of this boosted sector are worthwhile. However, in a
scenario where only the strong coupling shall be determined and no combined fit of the
coupling and the PDFs is aimed for, it makes sense to not include such points.

Various choices of rapidity cuts and scenarios were studied, finding that a restriction to
only the lowest boosts (y, < 1.0) yields the best outcome. Motivated by the aforementioned
reasons, only the results for this variant are shown and further explained here, while
others can be found in the appendix, see section A.1. Figure 5.15 shows the y* per degree
of freedom (y?/ndf) and fitted values of a; for three different combined data sets and six
ways of selecting rapidity bins. In the following, the term ’old data sets’ refers to the four
first ones listed in the beginning of this section, i.e. CMS 7 TeV and 8 TeV and ATLAS
7 TeV and 13 TeV, which were already part of the discussion in [63], yet back then only
at leading color. On the other hand 'new data set’ means the CMS 13 TeV data in either
its 2D or 3D form. The fits were performed once only for the old sets, once including the
new 2D set and once with the new 3D set. Because of this distinction, the rows in table
5.1 are separated the way they are. Said table explains the meaning of the different bins
shown in the plots in figure 5.15. The general logic is simple: The upper cut on y* or |y|max.
depending on which of the two is present in each set, is varied between 1.0 and 3.0 (or 2.5
if that is the highest available bin boundary), while yj, is always fixed to be smaller than
1.0. With this choice, the problematic boosted regions with large PDF uncertainties are
left out. The results of the fits for each of these bins are summed up in table 5.2.

Among these selection options, the best result is found from the variant with y* or
|y|max < 2.0 and yp, < 1.0, including the ATLAS 7 TeV and 13 TeV as well as the CMS 7 TeV,
8 TeV and 13 TeV double differential data sets. This bin is marked in table 5.2 and
leads to both a small error on the coupling and a low y? of the fit, yielding

as(mz) = 0.1176 + 0.0014 (5.24)

with y?/ndf = 1.03. As a side effect, all results in table 5.2 including this one are in very
good agreement with the world average of a;(mz) = 0.1180 % 0.0009 [90, 91].
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| Data set | bino binl | bin2 [ bin3 bin4 | bin5
ATLAS 7TeV (y*) <1.0 <15 <15 <20 <25 <3.0
CMS 7TeV (|y|max) <1.0 <15 <15 <20 <25 <25
ATLAS 13 TeV (y*) <1.0 <15 <15 <20 <25 <3.0
CMS 8TeV (y*, yp) Y'<10 | y"<1.0 | y"<20 | y* <20 |y <20 |y <3.0
Yp <10 | yp <1.0 | yp <1.0 | yp < 1.0 | yp < 1.0 | yp < 1.0
| CMS 13TeV 2D (Jylma) | <1.0 | <15 | <15 | <20 | <25 | <3.0 |
CMS 13TeV3D (y*,yp) || y" <10 | y" <15 |y <15 |y <20 |y <25]|y" <25
Yp <10 | yp <1.0 | yp <1.0 | yp < 1.0 | yp < 1.0 | yp < 1.0

Table 5.1.: Table describing the meaning of bins used for the a5 fit. Every next bin relaxes
the y* or |y|max cut by 0.5, while the y,, cut stays at 1.0. Since the 8 TeV set does
not have such fine binning, the steps here are always of size one. The CMS
7TeV and 13 TeV 3D sets do not contain data for |y|m.x > 2.5 and y* > 2.5,
respectively, so nothing new can be added there in the last bin.

5.5. Conclusion

The need for precise PDF and «a; determinations was explained and a way to provide them
based on grid interpolation programs was introduced. The logic and workflow of such
programs was described, using APPLfast and its interplay with the Monte Carlo event
generator NNLOJET as an example. The QCD color structure in jet final states was discussed,
emphasizing the importance of full color calculations for dijet production.

A new version of APPLfast was presented and parts of the validation procedure for it
were outlined. Based on ATLAS and CMS measurements of dijet production, full color
NNLO QCD calculations have been made and fastNLO grids were written; the resulting
cross sections were shown for one of the data sets. Finally, these calculations were used
for fits of the value of the strong coupling at ug = my, giving a nominal fit value of

as(mz) =0.1176 + 0.0014 . (5.25)

This is the first such fit to dijet production data using full color NNLO QCD theory input.
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5.5. Conclusion

Data set Bin # || as(my) Aag(myz) | x%/ndf
0 [ 01170 + 00019 | 0.8
1 | 01181 + 00018 | 089
ol old sets 2 | 01175 + 00018 | 0.88
Y 3 | 01170 + 00016 | 091
4 | 01170 £ 00016 | 0.90
5 || 01169 + 00016 | 0.92
0 [ 01172 + 00016 | 095
1 | 01181 = 00015 | 0.96
. + . .
with 3Tev op | 2| 01178 0.0015 | 0.95
4 | 01181 + 00013 | 118
5 || 01180 + 00013 | 1.18
0 | 01177 + 00015 | 093
1 | 01178 = 00014 | 0.96
. 2 || 01175 + 00014 | 095
with 3TeV3D |5 | 01173+ 00013 | 107
4 | 01179 + 00013 | 1.08
5 | 01178 + 00013 | 1.09

Table 5.2.: Summary of fit results for the strong coupling constant «; based on dijet pro-
duction data from the ATLAS and CMS experiments, combined with full color
NNLO QCD calculations performed with APPLfast, using the PDFALHC21 set.
The error margin given includes fit, PDF, data and theory uncertainties. As
described in the text, different sets of data and cuts on rapidities y* or |y|max
are shown, whereas highly boosted regions are always excluded, i.e. y, < 1.0 in
all bins. For a more detailed explanation of the cuts and content of every bin
see table 5.1. The bin chosen as nominal value is highlighted in
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Figure 5.15.: Fits of the strong coupling using only y;, < 1.0 data. The result on the very
left in each plot corresponds to the case without any cuts applied, including
all yp, values. The definition of the bins is given in table 5.1. The plots were
made by Daniel Britzger (MPI Munich) for the APPLfast collaboration.
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6. Higgs plus Jet Production at NLO QCD in
Non-Linear EFT

Since its discovery in 2012 [54, 55], the Higgs boson has been focused on by a plethora of
different studies. While many of its properties, like mass [92] and spin [93], are precisely
known, other aspects are still unclear or only vaguely estimated. Among those open
questions is whether or not the Higgs potential (2.5) is fully SM-like, i.e. whether the
mass, VEV, trilinear and quartic couplings have the relation predicted by electroweak
symmetry breaking, as described in section 2.3. Other than that remains the question
about the precise values of fermion masses and their (Yukawa) couplings to the Higgs
boson, the SM approach of which was outlined in section 2.4. Assuming that there
might be deviations from said SM description, in this chapter we use non-linear EFT to
calculate (differential) cross sections for Higgs plus jet production at next-to-leading order
in quantum chromodynamics (QCD). We choose this process for two reasons: First, it is
an excellent probe of the top quark Yukawa coupling. From the purely theoretical point of
view, tt production in association with a Higgs would be a more convenient channel, but
is experimentally very challenging due to the high energy threshold of two top and one
Higgs masses, 2m; + my ~ 470 GeV, and the large number of final states the tops can decay
into. Second, an effective coupling between the Higgs and gluons - a vertex non-existent
within the SM - would show sizable effects in this channel. Especially the high transverse
momentum region is known to be very interesting in this regard [94-105].

The following study is performed in the framework of non-linear EFT (or EWChL) [34-
36, 106—108] as outlined in section 4.2. Given the large mass hierarchy, all quarks except
for the top quark are assumed to be massless, such that none of them couple directly to the
Higgs. The calculations are mainly done using POWHEG-BOX-V2 [109-111] in combination
with GoSam [112, 113], ninja [114-116] and OneLOop [117], except for the virtual two-loop
contributions, which are determined with Reduze [118] and pySecDec [119-121].

6.1. Chiral Lagrangian for Higgs plus jet production

At the lowest two chiral dimensions, two and four, there is one operator each which
contributes to pp — hj. The relevant part of the effective Lagrangian reads

h_ a h
L D —myc - it + écg S GG . (6.1)
The first term comes from £, more precisely it is (4.6) with Yt(l) = ™ and can be

understood as a rescaling of the top Yukawa coupling. The second term is part of L4
and results from a loop being integrated out, as depicted in figure 6.1. The case ¢; = 1
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6. Higgs plus Jet Production at NLO QCD in Non-Linear EFT

Figure 6.1.: Integrating out a loop particle (in this case a fermion, e.g. the top quark)
results in an effective coupling between gluons and a Higgs, indicated by a
black square. The case depicted here is the simplest one with only two gluons.
Vertices including three or four gluons and a Higgs are also possible, those
come from integrated out box or pentagon diagrams. In general the particle in
the loop does not have to be from the SM nor must it be fermionic, but could
be an arbitrary heavy new resonance.

and c; = 0 corresponds to the SM. In the limit m; — oo the loop process gg — h can be
reduced to a simple tree level diagram with a gluon-gluon-Higgs vertex, exactly as shown
in said figure. It can be shown [122] that matching the two coefficients in (6.1) to such
a reduction yields ¢, = 0 and ¢, = % These are the two opposite extreme cases, all other
possible choices lie on or in close vicinity to the straight line between them in parameter
space, all approximately fulfilling the condition c; + %cg =1

Precise measurements of the inclusive Higgs production cross section [123, 124] suggest
that there is no or only a very tiny deviation from the expected SM value. The relation
between the EFT and SM values of this observable can be approximated as [97, 125]

3
EFT _ SM
Oine = (Cf + Ecg) Oincl +0 (_2) 4 (6-2)

the experimental constraint thus restricts the bracket on the right hand side to be close
to one. Fortunately, even despite this limitation on the EFT parameter space, beyond the
SM effects in the high pr tails of differential distributions can be sizable enough to be
experimentally visible [97, 98]. Since LHC experiments have already started to access the
high transverse momentum region [126-129] and during the upcoming high luminosity
phase of the LHC there will be more data available, precise theory predictions are needed
to correctly interpret observations. Previous studies on the matter were either only at
leading order [97, 98] or within the heavy top limit [130-132]. This work goes beyond
that, aiming for a calculation at NLO QCD accuracy, the outcome of which is discussed in
section 6.4. The content of this chapter is a continuation of work presented in [33], the
description and results shown here are based on the conventions and logic thereof.

6.2. Higgs production - state of the art

Results for inclusive Higgs boson production are known up to N3LO QCD accuracy within
the heavy top limit [133] and at NNLO QCD with the full top mass dependence [56].
Leading order full theory calculations for Higgs plus one jet [134, 135], Higgs plus two
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jets [136, 137] and Higgs plus three jets [138, 139] have also been published already. Higgs
plus one jet fully differential results in the heavy top limit are known at NNLO QCD
order [140-143] and are completed by m% expansions for the virtual part [144, 145]. The
Higgs plus one jet total cross section and Higgs transverse momentum distribution has
been calculated numerically at NLO QCD with full top mass dependence [146]. After all
master integrals featuring in the full virtual NLO QCD parts were known [147-150], also
an analytic study became available [151]. Electroweak (EW) corrections to Higgs plus
one jet are discussed in [148, 152] and studies of mixed QCD-EW effects can be found in
[153-155]. SMEFT studies of the Higgs transverse momentum distribution in Higgs plus
one jet production including dimension six operators are discussed in [94, 95, 99, 101, 130,
132]. Finally, an investigation of Higgs plus one jet production at NLO QCD in the context
of non-linear EFT was started in [33] and is continued in this thesis.

6.3. Next-to-leading order quantum chromodynamics

In order to achieve the precision needed for an experimental search, leading order is
not enough, but next-to-leading QCD effects have to be taken into account. We neglect
electroweak higher orders because the corresponding coupling is much smaller than g, and
the relevant diagrams are further suppressed by the masses of W and Z bosons appearing
in them. The NLO part consists, as introduced in section 3.3, of a virtual component,
containing more loops, and a real contribution, describing unresolved additional radiation.
POWHEG allows to combine these parts and put them together with suitable subtraction and
renormalisation terms following the Fixione-Kunszt-Signer (FKS) method [156].

6.3.1. Leading order calculation

At leading order in the EWChL, the process comprises tree level diagrams with an effective
gluon-Higgs vertex and one-loop diagrams with a modified top Yukawa coupling. The
second of these categories is just the SM amplitude [135] rescaled by c;, the first can be
easily calculated even by hand. As a cross check for these analytical results the same
processes have also been generated by GoSam using the UF0 model described in [157],
yielding excellent agreement. Up to interchanging of external legs, crossings and inversion
of the fermion flow direction in loops there exist six topologies of diagrams, all of which
are depicted in figure 6.2. They are arranged such that the rescaled SM diagram and the
corresponding pure EFT one are always right above each other.

6.3.2. Real contribution

Just as the leading order part, the real contribution consists of both tree level and one-loop
topologies, examples of both of which are shown in figure 6.3. The amplitude squared can
thus be expressed as

2 *
|/\/(rea1|2 = |Mone—loop| + |/\/(tree|2 +2R ( Mtree) . (6-3)

one—loop
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Figure 6.2.: All six topologies of leading order diagrams for Higgs plus one jet production
in non-linear EFT at chiral dimension four, which corresponds to one-loop level
in the SM. Vertices coming from the first operator in (6.1) are denoted with a
black dot, those from the second operator with a black square. In fermion loops
only the top quark contributes, since all other quarks are assumed massless.
External fermionic states on the other hand are always quarks from the other
five generations.

For technical reasons the three components in (6.3) have been generated via two different

GoSanm files, one only containing the modified SM, i.e. |M0ne_100p 2, and the other one
adding the rest. Both results are then combined in POWHEG, where also the subtraction of
soft and collinear divergences is taken care of. Since for such a 2 — 3 process there exist
many problematic phase space regions we had to implement a rescue system to recalculate
numerically unstable points at higher (quadruple) precision or discard them if necessary.
The numerical quality of a result is checked with respect to its invariance under rotation
around the beam axis; if this first check fails, quadruple precision is calculated. For the
quadruple result we check whether the % pole term is zero to good accuracy. Without
numerical fluctuations and rounding errors it would be exactly zero since the process is
loop-induced in the SM. If this second check also fails the point is discarded.

Figure 6.3.: Example diagrams for radiation off an initial state leg (left), off the loop (middle)
or off a final state leg (right). Many more topologies are possible: A gluon can
be radiated off any - both internal and external - fermion or gluon line and any
external gluon can split into a quark-antiquark pair.
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Figure 6.4.: Examples of diagrams contributing to the virtual component, which appear
either at one- or two-loop level.

6.3.3. Virtual component

The virtual amplitude consists of the interference of leading order and higher loop diagrams
and can be written as

Mvirtual =2R ( Eo Mhigher loops) . (6-4)

Examples for such higher loop contributions are shown in figure 6.4. There exist two
general types: one-loop diagrams with an effective gluon-Higgs coupling and two-loop
diagrams with a rescaled top Yukawa. The calculation of the latter part was previously
done within the SM [146], using Reduze [118] for the reduction to and pySecDec [119-121]
for the calculation of master integrals. That result can be also used for our EFT, since c;
only appears as a global prefactor and no additional diagrams at two-loop order arise.

The two-loop amplitudes for both the gluonic and fermionic parts can be reduced to
scalar form factors. For g(p1)g(p2) — g(p3)h(p4) this decompisition reads [158]

MM = F,T" + BT + FT + FyT)” (6.5)

with the tensor structures

1
Tayvr _ (S129”v _ 2p'gp¥) (Sz3p§ - 313P§) FB

T/ = (s239" = 2pip5) (s1spy — s12p) %12
T = (sisg™ — 2piph) (s12p5 — s23py) ;123
TV = (9" (s23p] — s13p5) + 9'" (s23ph — s12p}) + 97" (5125 — s23py)
+2P5p1P; — 2Py p3pi ] % : (6.6)
where s;; = (p1+p j)z. The first three of these structures are related to each other

by permutations of the gluon momenta. For the quark induced process q(p1)q(p2) —
g(p3)h(ps) the decomposition is easier, yielding [159]

Mpep =F1T+FT; (67)
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with two tensor structures

Ti = u(p) pso(p2) (p2-e€3) —u(p1) gso(p2) (p2-p3)
T, = u(p) pso(p2) (p1-€) —u(p1) gso(p2) (p1-p3) . (6.8)

The form factors can be calculated applying suitable projectors. For the gluon case these
are

HVT 1 D313 HvT D-4 HvT D-4 HvT D-2 HvT
P, = —— i +—— T +—1 +——T,
(D—=3)sa3 \ 2,503 Shs $12513 $12523
% 1 D-4 VT Dsy; VT D -4 VT D-2 VT
Py = L ——3T, +— L. +——T
(D = 3) s12 | 512523 $13533 S13 $13523
HVT 1 D-4 HVT D-4 HvT Dsj3 HVT D-2 HVT
P = — T — T - T — T
(D=3)s13\ 52, $13523 $12573 $12813
HVT D -2 $13 puvr - S12 vt S23 vt D HVT
poo= — T +—T +—T +——T, ,
(D —3) s12513 S23 \ S12 $23 $13 D-2

fulfilling Py, ,,; M¥'" = Fy. For the quark case we use

D-2 D-4 :
2 "1 Tz
2(D = 3)s1287, 2(D - 3)s12513523
D-4 D-2 .

Pz = - TT + 5
Z(D - 3)312813523 1 Z(D - 3)312333 2

P1:

obeying X,ins Pi MP€, = F;. The integrals appearing in the two-loop amplitude are
calculated numerically, fixing the Higgs mass as m;, = 125GeV and the top mass as
2

m; = 173.055 GeV, such that —& = 1 a nice rational number, to very good approximation.
m? 23
The one-loop diagrams and their interference with leading order can be evaluated with

GoSam [112, 113], ninja [114—116] and OneLOop [117], similar to the real radiation.

6.4. Phenomenology

In this section, results for Higgs plus one jet production are shown. The calculation of
these were performed within the non-linear EFT framework, using the setup previously
described. Based on measurements of the top Yukawa coupling by both the ATLAS and
CMS experiments yielding ¢; ~ 0.96 + 0.08 [160] and ¢; ~ 1.01 + 0.11 [161], respectively,
and a bound of ¢; € [-0.301,0.116] from marginalized SMEFT fits [162], a benchmark
point (¢; = 0.9, ¢; = %) for the EFT scenario was chosen. This point also fulfills the
previously mentioned requirement that c; + %cg = 1; the results obtained for it are compared
to the Standard Model (¢; = 1, ¢; = 0). As mentioned earlier, the masses are set to
m; = 173.055 GeV and my, = 125 GeV, while the widths of both particles are assumed to
be zero. The PDF set PDF4LHC15_nlo_30_pdfas [163-166] is linked via LHAPDF [167, 168],
the jets are clustered with the anti-kr algorithm [74], choosing a cone size of R = 0.4.
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EFT fb SM b
pr.pcut [GeV] Teut [fb] Ocut [fb]
LO \ NLO LO | NLO
50 (4.6107) - 10° | (9.3%99) - 10° | (4.6707) - 10° | (9.3%09) - 10°
100 (1.4709) - 10° | (2.84*%%) - 10° | (1.4439) - 10° | (2.88%s) - 10°
200 (2.2719) - 102 | (4.6732) - 107 | (2.2%37) - 102 | (4.6*%1) - 10
600 1.6 3.3107 137§ 2.7702
. . .1 .04
800 0.285:53 0.57+59 0.20*349 0.417002

Table 6.1.: LO and NLO cross sections of the SM (c; = 1, ¢; = 0) and EFT benchmark point
(c:=0.9,¢4= %) for various lower cuts on prj. The uncertainties are obtained
from a three-point scale variation. The numbers given in this table can also be
found in [169], to which the author of this thesis is one of the contributors.

The central scales are set dynamically to

Hr 1 [
i

where the sum runs over final state partons, which is just one in the leading order and
virtual cases and two for the real radiation. Results for the total cross sections for various
lower cuts on the Higgs transverse momentum pr are displayed in table 6.1.

The analysis shows that, as expected, there are only very tiny differences between the
SM and EFT scenarios at low prj. However, if the lower cut on this variable is pushed
further up and only the tails of the distributions are compared, sizeable differences appear.
This effect is even better observed in the ratio of the two results, o£5! / o5, which is
shown in table 6.2. For prj > 400 GeV the ratio of cross sections deviates more than 10%
from one, which could render it experimentally visible at the HL-LHC or future colliders,
even though the absolute values of o,y in both the SM and EFT are small.

A similar effect can be seen in the differential distribution with respect to pry, as plotted
in figure 6.5. For prj; > 200 GeV the two curves diverge from each other, reaching relative
differences of 1.2 around 600 GeV and over 1.4 in the outermost bins near 1TeV. This
sizable effect again highlights the importance of studying the high prj regime.

(6.9)
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pr.n cut [GeV] GCE‘iT / GCS‘I:?
LO | NLO
50 0.9966 = 0.0006 | 0.99 + 0.03
100 1.0001 + 0.0010 | 0.99 + 0.04
200 1.021 £0.002 | 1.02 % 0.02
400 1.118 £0.007 | 1.11 £0.01
600 1.251 £0.012 [ 1.23 £0.01
800 1.407 £0.016 | 1.37 £0.02

Table 6.2.: Ratio oE5T / 3™ of the cross sections for the SM (¢; = 1, ¢y = 0) and an
EFT benchmark point (¢; = 0.9, ¢4 = %) for various lower cuts on the Higgs
transverse momentum pr . The scale uncertainties are correlated between the
EFT and SM scenarios and mostly cancel, thus only the numerical uncertainties
are shown. The numbers given in this table can also be found in [169], to which

the author of this thesis is one of the contributors.

6.5. Conclusion

A calculation of Higgs plus one jet production at chiral dimension four (d, = 4) of non-
linear EFT with full top mass dependence was presented. The amplitude for this process
depends on two effective couplings ¢; and ¢4, which were chosen such that they fulfill
the condition ¢; + %cg = 1. This choice assures that the cross section for inclusive Higgs
production stays within the region allowed by experimental data [123, 124].

The Higgs plus one jet production cross section for both the SM (¢c; =1, ¢; = 0) and a
beyond SM benchmark point (¢; = 0.9, ¢; = %) was calculated at NLO QCD for various
lower cuts on the Higgs transverse momentum. It was shown that, as expected, the results
of the two scenarios are very similar at low prj, but the high prj regime allows to spot
differences. The EFT cross sections for pr; > 400 GeV show sizable deviations of more
than 10% from the Standard Model result not only at LO, but also at NLO. The absolute
values of the cross sections in this kinematic region are of the order of a few femtobarn.

Also differential distributions yield interesting results for large values of prj. In the
Higgs transverse momentum spectrum the differences between the EFT benchmark point
and the SM reach up to 40% at the upper edge of the studied kinematic range, i.e. at
1TeV. The divergence between the two graphs is visible already from pr; ~ 200 GeV
on. However, there are two caveats: First, the comparably large scale uncertainty bands
overlap in most of the calculated histogram bins. Second, these effects will be hard to
detect experimentally, since the cross section in each of these bins is less than a femtobarn.
The chances to pinpoint new physics in such a differential measurement are therefore
comparably small, but nevertheless existent and thus worth the effort.
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pr,, distribution with 30 GeV lower cut
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Figure 6.5.: Next-to-leading order cross section differential in Higgs transverse momentum
for both the SM (c; = 1, ¢; = 0) and an EFT benchmark point (¢; = 0.9, ¢4 = %),
including uncertainty bands based on a 3-point scale variation. In the high
pr.n regime the difference between the two values becomes large, in the most

extreme cases yielding EFT/SM ratios of over 1.4.
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7. Conclusion and Outlook

Within the scope of this thesis, two on the first glance disjoint projects have been combined.
On the one hand, a new interface between Monte Carlo event generators and grid libraries
was developed with the goal to produce more precise and reliable fits of the strong coupling
constant. The NNLO QCD dijet production calculations at full color necessary for that
were presented in chapter 5 and performed purely within the Standard Model. On the
other hand, predictions for Higgs plus one jet production at NLO QCD with full top
mass dependence in the context of non-linear Effective Field Theory were calculated in
chapter 6, describing effects strictly beyond the Standard Model (BSM). Despite being
disconnected, both sides are relevant contributions in the quest for a more complete and
profound understanding of nature.

Over the last decades, the Standard Model has been tested to utmost precision by all sorts
of experiments. The vast majority of them greatly supports its validity, rendering it widely
accepted among particle physicists around the globe. For a plethora of collider observables
it gives the most reliable, precise and correct results. For this reason it is important to
continue the exploration of its interactions and parameters. Since any process happening
at hadron colliders relies on factorisation if it is calculated perturbatively, optimising the
ingredients of the factorisation theorem (3.1) is an optimal point to start. To this end,
we used the grid interpolation technique to restructure the calculational logic such that
it allows for an a posteriori choice of PDF sets and input value of the strong coupling
as. To be more precise, a new version of the APPLfast interface was developed, allowing
to use the latest version of NNLOJET and thus calculate dijet production at NNLO QCD
including the full color structure. Theory predictions matching six distinct LHC (ATLAS
and CMS) measurements of the process at different center of mass energies, scale and
rapidity choices were produced in the fastNLO grid format. As part of this thesis, the grids
were used for a determination of the strong coupling at the Z mass, a;(myz), to 1% accuracy.
For future work it is planned to make them publicly available, such that they can be used
for PDF fits not only by the APPLfast collaboration itself, but by any interested PDF fitter
working group. Other than that, the newly developed APPLfast version will allow for grid
production for a large variety of processes with unprecedented efficiency.

Despite being highly accurate and well-tested for some phenomena, there also exist exper-
imental observations lacking explanations within the Standard Model. Very prominent
examples for such findings are neutrino masses, the existence of dark matter and dark
energy or the abundance of matter over anti-matter. For many of those and other anomalies
there exist alternative models which try to analyze and quantify their effects. Often these
models introduce new heavy particles beyond the reach of current and previous experi-
ments and search for signs pointing at their existence. Since among all Standard Model
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particles the Higgs boson was discovered the latest and is the least explored, it is often
part of or the portal to new physics models. Another reason the Higgs sector is so popular
among model builders is because it is easy to expand and very versatile, due to the scalar
nature of the fields involved. A more model independent way to parameterize BSM effects
is by the means of effective field theory, which allows to study low energy signatures of
high energy new physics without knowing the precise form of the full theory. However,
the possibilities of SMEFT are limited by the standard symmetry breaking mechanism of
the SU(2); gauge group of the SM. On the contrary, the Electroweak Chiral Lagrangian
provides exhaustive freedom in the description of the Higgs sector and thus is optimally
suited for BSM studies thereof. In this thesis, we performed calculations of Higgs plus
one jet production in the EWChL framework at NLO QCD, including the full top mass
dependence. For a benchmark point satisfying experimental constraints, cross section
values for various cuts on the Higgs transverse momentum were determined and compared
to the SM. At leading order it was already known that in the high pr; region differences
between EFT and SM points become comparably large. For our benchmark point with
c;=09andc,; = % the same is true at next-to-leading order, which highlights the necessity
of more detailed experimental studies of this sector. More precise measurements of the
tail of the Higgs transverse momentum distribution could open a window to explore the
signatures of possible yet undiscovered heavy color-charged particles. In this regard the
high luminosity phase of the LHC will be both enlightening and exiting.

To conclude this work let us recall the statement it started with: "There is nothing new to
be discovered in physics now. All that remains is more and more precise measurement.”
Now that after the Higgs discovery the Standard Model is complete, some might say a
similar thing. But as much as the striving for more precise measurements and calculations
is necessary and important, it is once again not the only research direction remaining. In
the era of not only the HL-LHC and future colliders like the FCC or CLIC, but also new
neutrino and dark matter experiments, many interesting and puzzling observations are to
be expected. We hope that the work done, the results achieved and the code developed
within the scope of this thesis will help to better interpret and understand them.
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A. Appendix

A.1. Fits with different rapidity cuts

As described in section 5.4.4, multiple ways of cutting the rapidity (|y|max. ¥, yp) Were
studied and only one of them (version six) was used for the nominal fit. The results of two
other variants, versions five and seven, are shown here.

As this numbering scheme implies, four more variants exist. These, however, produce
less beautiful results and are therefore not included in this thesis.

’ Data set H bin 0 ‘ bin 1 ‘ bin 2 ‘ bin 3 ‘ bin 4 ‘ bin 5 ‘
ATLAS 7TeV (y*) < 1.0 <15 <15 < 2.0
CMS 7 TeV ([y|max) <10 | <15 | <15 | <20 <25
ATLAS 13 TeV (y°) <10 | <15 | <15 | <20
CMS 8TeV (y*, yp) Y'<10 |y <10 |y" <20 |y <20 |y <20
Yp < 1.0 | yp <1.0 | yp <10 | yp < 1.0 | yp < 1.0 | yp < 1.0
CMS 13 TeV 2D (Jylmax) || < 1.0 <15 <15 <2.0
CMS 13TeV3D (y*yp) || y* <10 |y <15 |y <15 |y* <20 Yyt <25
yp <10 | yp <1.0 | y, < 1.0 | yp < 1.0

Table A.1.: Table describing the meaning of bins for rapidity cut version five. Differences
to version six used in section 5.4.4 are marked in

’ Data set H bin 0 ‘ bin 1 ‘ bin 2 ‘ bin 3 ‘ bin 4 ‘ bin 5
ATLAS 7TeV (y*) <1.0 <15 <15 < 2.0 <25 <3.0
CMS 7 TeV ([y|max) <1.0 <15 <15 <2.0 <25 <25
ATLAS 13 TeV (y*) <1.0 <15 <15 <20 <25 <3.0
CMS 8TeV (y*, yp) yU'<10 | y" <10 |y" <20 |y <20 |y <20]|y" <3.0

yp <10 | y, < 1.0 | yp < 1.0

| CMS13TeV 2D (Jylmax) || <1.0 | <15 | <15 [ <20 | <25 | <3.0

CMS13TeV3D (y*,yp) || y* <10 | y* <15 | y" <15 | y" <20 |y*<25|y <25
yp <10 | yp < 1.0 | yp < 1.0

Table A.2.: Table describing the meaning of bins for rapidity cut version seven. Differences
to version six used in section 5.4.4 are marked in
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Figure A.1.: Fits for rapidity cut version five. The result on the very left in each plot
corresponds to the case without any cuts applied, including all rapidity values.
The definition of the bins is given in table A.1. The plots were made by Daniel
Britzger (MPI Munich) for the APPLfast collaboration.
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A.1. Fits with different rapidity cuts
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Figure A.2.: Fits for rapidity cut version seven. The result on the very left in each plot
corresponds to the case without any cuts applied, including all rapidity values.
The definition of the bins is given in table A.2. The plots were made by Daniel
Britzger (MPI Munich) for the APPLfast collaboration.
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