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Automated Transverse Momentum Resummation

for Electroweak Boson Production

by Monika HAGER

The production of electroweak bosons, followed by leptonic decays, is among the most
basic hard-scattering processes studied at hadron colliders. Such processes provide back-
grounds to new physics searches, enable the study of possible anomalous gauge couplings
and provide spectra for determining the W boson mass and the angle fyy. At small
transverse momentum q7, the electroweak boson production processes involve disparate
scales, namely the small gr and the large mass M of the bosonic states. Fixed-order
perturbative results suffer from large logarithms of the ratio of these scales and hence

become unreliable. The appropriate treatment of these logarithms is their resummation.

This thesis presents a framework for transverse momentum resummation for quark-
induced boson production processes with arbitrary electroweak final states. The resum-
mation is performed in an automated way and is based on reweighting events generated
using a tree-level event generator. The kinematics of the electroweak final states are
accessible, and this allows for the analysis of general observables in the small transverse

momentum region.

Making use of the event generator MadGraph5_aMCQ@NLQO, the resummation is imple-
mented at next-to-next-to-leading logarithmic accuracy and matched to next-to-leading
fixed-order results. Results for Z and W boson production with leptonic decay as well
as for WZ production are presented. The predictions are validated using an existing

resummation code and compared to experimental measurements.
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Chapter 1

Introduction

If you can’t explain something to a
first year student, then you haven’t

really understood.

Richard P. Feynman, 1918-1988

Man muss die Dinge so einfach wie
moglich machen. Aber nicht

einfacher.

Albert Einstein, 1879-1955

This chapter is written in a popular scientific way, the first formulas entering in the last
section only. It is therefore traceable for the courageous layperson, relating the current
work to historical and modern endeavors in theoretical and experimental elementary
particle physics. I attempt to clarify the role of precision physics with respect to “New
Physics”, introduce the concept of scale and pay special attention to the relation of
theory and experiment. I do urge the non-professional reader to read through the whole

chapter including the last section, to get a taste of the work of physics.

In the second chapter, I introduce the notion of the effective field theory, appliable to
a certain aspect of a problem, as opposed to a more general theory claiming to explain
“everything”. I show how a complex problem can be decomposed by reducing mutual
dependencies of physical quantities, a technique known as factorization. Most of the
second chapter is dedicated to the derivation of the factorization formula that will be

used in the rest of this work.
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While physical processes can be measured and provide well-behaved results, our theo-
retical calculations can involve infinite expressions and large unphysical quantities that
need to be eliminated. In the third chapter I disclose these “mathematical beasts”,
establish their cause and demonstrate their treatment, allowing us to keep heading for

the desired result.

The fourth chapter is dedicated to refining the results by choosing observables that
can be measured with more precision in the experiment and by considering effects that
had not been treated in previous work [1-4]. I combine the method, which has been
developed to work well for a specific range of energies, with other techniques in order to

obtain a result valid for all energies of interest.

At the heart of the framework for automated transverse momentum resummation pre-
sented in this thesis are two codes that are made available for other researchers in the
field. The first one is a general reweighting code, applicable for Z and W bosons pro-
duced through quark-anti-quark annihilation with leptonic decay. To run the reweighting
code, only technical adaptations such as setting paths are necessary. The second one
is an analysis code that is specific and needs to be tailored to the production and de-
cay process of interest. These codes are featured in chapter five, along with detailed

instructions.

In the second to last chapter, I apply the resummation method to various scattering
processes to obtain qualitative and quantitative results for diverse observables. The
results are validated using an existing resummation code and compared to experimental
measurements, and the findings are discussed. I conclude with an assessment of the work

performed and an outlook to possible applications and extensions of the framework.

1.1 The Larger Picture: What it’s all about

1.1.1 Why we Need Physics

It seems like humans have always been driven by the desire to understand who we are,
where we came from and where we are going. This desire has led to multifarious activities
such as the observation and exploration of our surroundings which led to the evolution
of science. Archaeological relics corroborate astronomical observations dating back as
far as the last ice age. The carvings on the 30’000 year old bone in Fig. 1.1 are thought

to represent lunar phases.

The ancient Greeks laid the foundation for science to explain nature based on its in-

trinsic laws without involving heavenly powers to claim correctness of the explanations.
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FIGURE 1.1: Left: 30’000 years old bone with carvings presumably representing lunar
phases. Right: Determination of the earth’s circumference by Eratosthenes. The large
and the small circle segment are similar, as they share the same angle. Knowing this
angle and the distance between Syene and Alexandria (marked as two points on the
circle) suffices to determine the circumference of the earth. Illustrations from [5].

The Pythagorean Theorem!, the principle of Archimedes on buoyancy, the formulas
for surfaces and volumes of spheres, cubes and cones and many more topics of Greek

provenance are taught in school to this day.

The Greeks were also active in astronomy and mapmaking. Let me trace the reasoning
of Eratosthenes? to determine the circumference of the earth. Eratosthenes imagined
a circle sector defined by the center of the earth and the positions of the two cities
Syene and Alexandria, which as he knew are located at equal longitude. If he knew the
angle of that circle sector and the length of the circular arc, the circumference could
be calculated, because the ratio of the angle to the full angle of 360 degrees equals the
ratio of the circular arc (the distance between the two cities) to the circumference of the
earth, see Fig. 1.1. The distance between the two cities was measurable by the pace of a
camel caravan from Syene to Alexandria needing 50 days when advancing approximately
100 stadia® per day. But how to find out the angle? Eratosthenes assumed that the sun
was directly overhead at noon on the summer solstice in Syene, because the reflection
of the sun was visible on the surface of the water in deep wells. Since the two cities are
located at equal longitude the sun reaches its highest point at the same time of the day
in both of them. He noticed that the rod of a sundial in Alexandria threw a shadow at
noon on the summer solstice. He assumed solar light rays to fall on the earth on parallel
paths so that angles between these parallel rays and straight lines are equal. Using the

straight line from the earth’s center to Alexandria, he found a circle sector similar to

'In a rectangular triangle the lenghts of the sides relate as a® + b*> = ¢, ¢ being the longest side.
2Eratosthenes of Cyrene (around 276-194 BC) was a Greek mathematician and geographer.
3A stadium is an ancient Greek unit of length, corresponding to approximately 185 meters.
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the first one: This sector was defined by the rod of the sun dial in Alexandria and its
shadow. This allowed him to measure the desired angle. His result for the circumference

of the earth was 10 to 15 percent off from todays value.

There is general agreement on the fact that in the medieval period vivid scientific activity
took place rather in the Chinese, the Indian and the Islamic cultures than in Europe
One should still not overlook the wealth of inventions and enhancement of devices that
era left behind in Europe such as the wheeled plough, the water mill, the compass, the
foot-operated loom and spinning wheel, the wheel clock, the furnace, spectacles, the

production of oil colors, acids and alcohol and lastly the letterpress, to name only a few.

The 16th and 17th centuries put forward a major scientific revolution and rang in a
drastic change of the self-concept of mankind in the universe. Due to a variety of
astronomical observations the idea that earth rests at the center of the universe could
no longer be upheld. Galilei* constructed a telescope to observe the nocturnal sky and
discovered the phases of Venus. They were easy to comprehend assuming the planets
revolve around the sun. The evolution from geocentrism to heliocentrism is referred to

5

as the Copernican® revolution.

Physics as it is taught at universities today starts after this revolution with Newtonian

6. Newton’s three laws of motion” allow us to understand just about every

physics
physical phenomenon accessible by our senses. Want to construct an Eiffel Tower or a
bicycle? The Laws of Newton suffice. Want to fly to the moon? The Laws of Newton
together with his Gravitational Theory suffice®. Want to predict the flight path of a
ball? The Laws of Newton suffice?. At this point, I need to clarify the term “mass”,
an important quantity in physics, and its relation to the everyday notion “weight”.
The mass of an object is constant throughout the universe, while its weight depends on
gravitational attraction. Compared to your weight on the earth, you would feel six times

lighter on the moon, because the moon exerts a gravitational force on masses which is

six times smaller than the one on earth.

4Galileo Galilei (1564-1642) was an Italian physicist, mathematician and astronomer.

®Named after the Polish astronomer and natural scientist Nicolaus Copernicus (1473-1543).

Tsaac Newton (1643-1727) was a British mathematician, physicist and astronomer.

"First law: Any object either remains at rest or continues to move at a constant velocity, unless acted
upon by a force. Second law: The vector sum of the forces F' on an object is equal to the mass m of
that object multiplied by the acceleration a of the object: F' = ma. Third law: When one body exerts a
force on a second body, the second body simultaneously exerts a force equal in magnitude and opposite
in direction on the first body.

8This applies to the aspects of the construction of the spacecraft and making use of gravity, albeit not
to the transmission of wireless signals or the use of computing devices necessary for such an endeavor.

9While playing with my dog I had been able to convince myself that she was well informed about the
Laws of Newton. Albert Einstein also pondered on falling objects and the observation that gravity and
acceleration had the same effect on masses led him to the equivalence principle which is at the heart of
his Theory of General Relativity.
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Another dramatic change in our idea of the world befell us some 100 years ago with the

10 The millenia-old question'!, whether

advent of Quantum and Relativistic Physics
matter could be split up into smaller pieces endlessly or whether there existed some
basic elementary building blocks no further reducible, was approaching an answer in
the Bohr!'? model which postulates that matter consists of atoms comprising a nucleus
and a shell. Based on the Standard Model, born 50 years ago, today’s answer to this
question is: “Yes, there are basic building blocks of matter - elementary particles that
are indestructible and have no substructure.” Though the effects of Quantum and
Relativistic Physics are not relevant for our everyday life, we do use tools that are
sensitive to their effects. The laser beam, widely in use in research and in industry,
could not have been developed, were the principles of Quantum Physics still unknown.

The Global Positioning System would be very inaccurate, were Relativistic Physics not

considered!3.

1.1.2 A Roadmap to Physics

After briefly touching upon basic concepts such as the Laws of Newton, the Standard
Model and other physical terminology, let’s look for some orientation in the multitude
of physical theories. The Cube of Physics [6] is useful for relating physical theories
to each other and to understand how they have evolved. It is spanned by three axes
corresponding to three fundamental constants of nature, the speed of light ¢ in vacuum,
the Planck constant h'* and the gravitational constant G, see Fig. 1.2. All physical
theories attribute a value to each one of these constants, the shift of values documenting

the ceaseless development of our understanding of nature.

According to the Special Theory of Relativity, the speed of light ¢ in vacuum is constant
throughout the universe. It can be measured accurately. Before the formulation of
Special Relativity in 1905, it was thought to be infinite, meaning light was thought of
as propagating instantaneously. One corner of the Cube of Physics is therefore located

15 The Laws of Newton, also known

on the c-axis where the speed of light is infinite
as “Newtonian Mechanics®, live on this corner of the cube. This corner approximately
dates from the year 1700. Special Relativity dwells on the neighboring corner on the

c-axis. The Laws of Newton are not in contradiction to Special Relativity, the latter

The Swiss, German and US-American physicist and Nobel laureate Albert Einstein (1879-1955)
concieved the Special and General Theories of Relativity.

1 Around 400 BC the Greek philosopher Democritus (460-371 BC) expected matter to consist of
indivisible objects, the indestructible “atoms”.

2Niels H. D. Bohr (1885-1962) was a Danish physicist.

3https://www.srf.ch/sendungen/einstein/einstein/haetten-wir-ohne-einstein-kein-gps

“Named after the German physicist Max Planck (1858 - 1947).

15¢ = 00, or, more precisely, 1/e=0.
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FI1GURE 1.2: The Cube of Physics. Photograph and illustration M. Hager.

is simply a generalization of the former. A common wording in physics is: “Special

Relativity reduces to Newtonian Mechanics if we set ¢ to infinity”.

Now we turn to the vertical h-axis. The Planck constant h is the characteristic constant
of Quantum Mechanics. It relates energy to frequency and provides a threshold for the
fundamental uncertainty principle of Quantum Mechanics!®. The constant h does not
appear in the Laws of Newton, and it can be stated that “Quantum Mechanics reduces to
Newtonian Mechanics if we set h to zero”. With these considerations, the neighborhood
of Classical and Quantum Mechanics has been settled. The evolution from Newtonian
Physics to Quantum and Relativistic physics took 200 years. The more recent corners

can therefore be dated to the year 1900.

We are now in a position to set foot on the fourth corner of the c¢/h-plane. Here
live the theories that have incorporated the findings both of Quantum Mechanics and
Special Relativity, among them the Standard Model of Particle Physics and Quantum
Field Theory, the two foundations on which the present thesis is based. We need to
consider Special Relativity, because in the experiments performed in particle physics,
also known as high energy physics, subatomic particles are accelerated to high velocities
- nearly to the speed of light. Approaching the associated questions using Newtonian
Mechanics alone would therefore not lead to meaningful results. We need to consider
Quantum Mechanics, because atomic and subatomic particles behave very differently
than the everyday-objects in the world around us. As sketched above, the latter can

be satisfyingly studied using Newtons Laws, while the former have shown to be well

16The Uncertainty principle imposes a fundamental limit on the precision with which certain pairs of
physical properties of a particle, e.g. energy and lifetime, can be determined.



Chapter 1. Introduction 7

T

LIGO Hanford Data

LIGO Livingston Data
0.40
Time (sec)

FicUure 1.3: Upper left: Masses bend spacetime. Lower left: Moving masses cause

gravitational waves. Upper right: Observation site in Hanford, USA, with arms of 4 km

length each. Lower right: Measurement data from two observation sites. Illustrations
Courtesy Caltech/MIT/LIGO Laboratory [7].

described by Quantum Mechanics. The Standard Model is about fifty years old; this
corner can thus be dated with the year 1970.

The cube-neighborhood of Special Relativity is complete, whereby the remaining ad-
jacent corner is inhabited by the General Theory of Relativity. This theory describes
gravity as a geometric property of space and time and can be termed a generalization
of Special Relativity and Newtonian gravitation. The characteristic constant of grav-
ity is the gravitational constant G. While this corner can be dated to the year 1915,
and General Relativity is well-established experimentally, the direct verification of one
specific prediction of the theory was successful only 3 years ago with the detection of

gravitational waves.

What is a gravitational wave? In Special and General Relativity, space and time are no
longer considered independent properties of the universe. Instead, they are viewed as
related to each other and are combined in the concept of spacetime. According to General
Relativity, spacetime is bent by masses. A moving mass therefore causes a gravitational
wave - a ripple of spacetime that spreads through the universe at the speed of light.
Gravitational waves can be observed using so-called laser interferometers. As a rule, the
smaller the effect to be measured is, the larger the observation apparatus needed. As
the effect of a gravitational wave is tiny, the two "arms* of the interferometer must be of
considerable length. Other local sources such as earthquakes or lightning could produce
measurement results similar to those of a gravitational wave. At least two measurement

sites are therefore needed to confirm an observation (see Fig. 1.3 for illustration).
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How to combine General Relativity with Quantum Mechanics is an open problem - in
fact it has been, still is and will remain a topic of vigorous research. The Cube of Physics
is "under construction” to this date. No one knows how physics will evolve in coming

decades. Maybe physics will be represented by another model in the future.

1.1.3 Environment of the Present Work

My work relies on the Standard Model, a theory that describes the elementary parti-
cles and their interactions. We have already discussed that elementary particles are the
basic building blocks of matter. Where can they be found? Our contemporary physical
world view as it has evolved over the last 300 years, based on countless observations,
experiments, models and theories, is the following: Matter in and around us consists of
atoms. A number of atoms can be bound to form molecules. Water, oxygen, proteins,
plastic and starch are examples of molecules. The atoms are electrically neutral, while
they are composed of electrically charged sub-particles. Negatively charged electrons
are distributed in the shell of the atom, while positively charged protons and electri-
cally neutral neutrons form the nucleus of the atom. The proton and the neutron are
subsumed under the term nucleons. Electrons can be withdrawn or added to the shell,
leaving behind an atom or molecule that is no longer electrically neutral, a so-called ion.
The ionisation process can be induced naturally or by experiment. A natural processes
involving ions is the rusting of iron. The main component of sea salt is a compound of
sodium and chloride ions. Processes involving the atom are studied in Atomic Physics

and in Chemistry.

The nucleus of the atom is likewise subject to natural or experimentally evoked mod-
ifications. The natural radioactivity in our surroundings is a manifestation of such an
occurrence in the atomic nucleus. When potassium in our body decays to calcium, a
neutron in the potassium nucleus decays spontaneously to a proton, hereby emitting an
electron and leaving behind a calcium atom!”. The processes involving the nucleus of

the atom are studied in Nuclear physics.

Now that we have become acquainted with the electron, the neutron and the proton,
let’s reason whether they are elementary or composite particles. The radioactive decay
can be taken as an indication that the neutron has some kind of substructure. But this
is not enough, as we shall see in the following sections. There are particles that are
elementary, yet decay all the same. Dedicated experiments in the sixties and seventies,

where electrons were scattered from positrons'®, protons from protons and electrons

17As a matter of fact a third particle is ejected, called a neutrino. This is an electrically neutral
particle of vanishing mass that is challenging to detect. It is considered elementary.

18The positron is identical to the electron save for the electric charge which is opposite to that of the
electron.
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from protons, allowed to discern elementary from composite particles. The Standard
Model considers the electron as an elementary particle, while the neutron is considered
a composite particle. The radioactively decaying proton is also considered a composite

particle!?.

Evidently this leads to the question: Are protons and neutrons composed of elementary
particles? The Standard Model answers: ” Yes, protons and neutrons consist of quarks,
which are elementary.“ Even though electrons and quarks are both elementary, there
exist essential differences. The electron can be bound in the atomic shell, but it can also
exist as a free particle. It is a stable particle that does not decay. It can be detected in
a simple experimental setup, see Section 1.2. A single quark on the other hand does not
exist as a free particle for more than the blink of an eye. Three quarks can be bound
to form a proton or a neutron. There also exist short-lived particles made up of two

quarks. Observing quarks requires considerable experimental effort.

We are now touching upon basic components of the Standard Model. Quarks come
with positive or negative fractions of the electron charge and in three gemerations, see
Fig. 1.4, differing only in mass from one generation to the next. The first generation of
quarks with the up and the down quark make up the protons and neutrons of ordinary,
stable matter. The next two generations have been found to form further short-lived
particles. The electron, in conjunction with the neutrino, the aformentioned electrically
neutral, almost massless particle difficult to detect, makes up the first generation of
leptons. The muon, belonging to the second generation, is the heavier sibling of the
electron. It will be introduced in Section 1.2 and featured in Section 1.5. The remaining
particles postulated by the Standard Model, the mediators of the interactions amongst

the elementary particles called bosons, are featured in Section 1.3.

Many physical phenomena can be understood by means of the Standard Model. It
can describe ordinary matter and why matter sticks together even though it is mainly
empty space, as we know from Atomic Physics. The Standard Model distinguishes
elementary particles from composite particles and describes the latter’s substructure.
These questions have been investigated in collider experiments and many particles have
been discovered in accordance with the Standard Model. However the Standard Model
can not explain all physical ocurrences. It has a so-called hierarchy problem that will
be highlighted in Section 1.4. It neither can explain the “dark matter” nor the “dark
energy“ that seems to dominate our universe. A few recent experimental measurements

show deviations regarding important quantities predicted by the Standard Model. More

9Protons and neutrons bound in the nucleus both decay radioactively. The situation is different
for free neutrons and protons. Free neutrons can decay in the same manner as bound neutrons. On
average free neutrons exist for about 15 minutes before they decay. Free protons on the other hand are
considered stable, as no decay has ever been witnessed. In fact, experiments searching for free proton
decay are ongoing.
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precise measurements and theoretical studies are necessary in order to judge whether
these deviations disclose ”New Physics“ or whether they stem from the inevitable un-

certainties of calculations and measurements, see Section 1.5.

To sum up, the present work is based on Quantum Field Theory and the Standard
Model. It belongs to the areas of research called ” Collider physics®“, ” Elementary par-
ticle physics“ and ”Precision physics” and aims at improving the precision of physical

quantities relevant for the Standard Model.

1.2 Tracking the Invisible: From the Cloud Chamber to
the LHC

One of the earliest detectors for radiation was the cloud chamber as used by Wilson?°.
During my studies at the University of Bern, I had the opportunity to operate a simple
version of the cloud chamber [9]. A ethanol soaked piece of paper is placed along the side
of a plastic chamber similar to a bucket. The chamber is then sealed with a plastic foil
at the top and placed in a cooling bath of liquid nitrogen. After about an hour droplet
tracks become visible inside the chamber. What happened? The alcohol vaporizes from
the paper at the top of the chamber, which is at room temperature. As the vapor ap-

proaches the significantly cooler region near the bottom of the chamber?! it condensates

20Charles T.R. Wilson (1869-1959) was a British physicist.
21The liquid nitrogen is at its boiling point around -200° Celsius.
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F1GURE 1.5: Left: Alpha decay. Photograph by A. Ariga. Middle: Beta decay. Photo-

graph by A. Ariga. Right: The discovery of the positron. The radius of the curvature

is larger on the lower side of the lead plate and smaller on the upper side. This shows

that the particle went from the lower side to the upper side of the plate. The track of
an electron would be bent the other way round. Illustration from [10].

to droplets. Specks of dust or charged particles can serve as condensation nuclei for the
droplets. Dust particles lead to single droplets. Other droplets appear rapidly, one after
the other, forming a track resembling a string of pearls. Why? Wilson hypothesized
that the condensation nuclei are charged particles knocked off the air molecules present
in the chamber by some radiation permeating the chamber. The droplet tracks indirectly
verify the presence of charged particles and moreover of radiation producing these in
the chamber. Fig. 1.5 shows two of the innumerable patterns that emerge and decay in
this simple experimental setup, witnessing occurrences our senses are blind for, but are
nonetheless accessible indirectly, provided we come up with an intuition how to reveal

nature’s secrets.

What exactly is this radiation apparent in our surroundings manifesting itself in the
cloud chamber and where does it stem from? In the cloud chamber mainly alpha and
beta radiation can be observed. The radiation can stem from the natural radioactivity
in our surroundings. A beta decay occurs e.g. when potassium in our body decays to
calcium: A neutron in the nucleus of the potassium atom decays spontaneously to a
proton, hereby emitting an electron - the beta-radiation??. Electrons leave behind thin,
crooked trails. This is because the light electrons are deviated when they collide with
the heavy air molecules. The heavier and larger alpha-particles®® hit many air molecules
when passing the chamber and therefore show thick, straight tracks. Another source for
the radiation observable in the cloud chamber is cosmic radiation consisting of highly
energetic particles that reach the earth’s atmosphere from outer space. These particles,
mainly protons and atomic nuclei, interact with the molecules in the atmosphere, creat-
ing a particle shower composed of mesons, short-lived particles made up of two quarks.
The mesons decay for their part, e.g. to a muon and a neutrino. The muon is the heavier

version of the electron and can be observed in the cloud chamber with a little luck (as

22This is the often quoted “wave-particle duality” of Quantum Mechanics: Depending on which aspect
we are interested in, we speak of a particle (the electron) or a wave (beta-radiation).

23 Alpha particles consist of two neutrons and two protons bound together. As such they can also be
termed Helium nuclei or (fully) ionized Helium.
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