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Abstract

Despite the Standard Model’s ability to describe collider data from all experiments con-
ducted around the world, several questions about the history of the Universe, including
the hierarchy problem, the baryon asymmetry, and the dark matter density, remain open.
To address these unresolved issues, the particle physics community agrees on the need
to construct a next-generation collider that could probe the Standard Model with higher
accuracy and potentially reveal deviations from the predictions of this fundamental the-
ory. Future lepton colliders, operating at energies from the Z pole up to the multi-TeV
scale, could probe the electroweak sector in various ways. In this thesis, the influence of
radiative corrections on the modelling of electroweak processes is investigated.

The thesis first introduces the necessary concepts, including the construction of the
Standard Model, future collider proposals and their physics capabilities, and Monte Carlo
generators. It then examines three topics. First, a method to measure the electroweak
couplings of light quarks is presented as an example showing how processes with photon
radiation should be modelled for experimental analyses. Projected results for different fa-
cilities operating at the Z pole improve current precision by an order of magnitude. Second,
the framework of collinear factorisation is introduced, and its application in the form of
the Equivalent Vector Boson Approximation for multi-TeV collisions is re-evaluated. It is
shown under what conditions the approximated framework provides a good description of
the full process. Third, an extension of the factorised approach that resums large logarith-
mic contributions is introduced within the framework of Electroweak Parton Distribution
Functions, together with its implementation in the Monte Carlo generator Whizard. Sev-
eral examples are presented, suggesting that this approach may be a promising way to
speed up computations and improve the precision of measurements at future colliders.



Streszczenie

Chociaz Model Standardowy doskonale opisuje wyniki pomiaréw w zderzaczach czastek
na calym $wiecie, wiele pytan dotyczacych historii Wszech$wiata — na przyktad problem
hierarchii, asymetria barionowa czy gesto$¢ ciemnej materii — pozostaje otwartych. Aby
sie z nimi zmierzy¢, spolecznoéé fizykow czastek zgadza sie co do zasadno$ci budowy
zderzacza nowej generacji, ktéry mogtby testowaé Model Standardowy z wieksza precyzja i
potencjalnie odkry¢ odstepstwa od tej teorii. Przyszte zderzacze leptonéw, dzialajace przy
energiach od rezonansu Z az po skale teraelektronowoltéw, moglyby bada¢ oddzialywania
elektrostabe na rézne sposoby. Niniejsza rozprawa doktorska omawia wplyw poprawek
radiacyjnych na modelowanie proceséw elektrostabych.

Na poczatku rozprawa przedstawia niezbedne zagadnienia, w tym strukture Model
Standardowego, przyszte zderzacze i ich mozliwoéci fizyczne oraz generatory Monte Carlo,
a nastepnie omawia trzy tematy. Po pierwsze, praca prezentuje metode pomiaru elek-
trostabych sprzezen kwarkéw jako przykilad pokazujacy, jak nalezy modelowaé promie-
niowanie fotonéw w analizach do$wiadczalnych. Oczekuje sie, ze przyszte maszyny ope-
rujace przy rezonansie Z moglyby poprawi¢ obecng dokladno$é tego pomiaru o rzad
wielkosci. Po drugie, praca wprowadza formalizm faktoryzacji kolinearnej oraz anal-
izuje jego zastosowanie w kontekscie réwnowaznego przyblizenia bozonéw wektorowych
(ang. Equivalent Vector Boson Approximation) dla zderzen w skali teraelektronowoltéw.
Rozprawa omawia takze warunki, pod jakimi podejscie to zadowalajaco opisuje procesy
fuzji bozonéw. Po trzecie, praca przedstawia rozszerzenie tego formalizmu, ktére resumuje
duze wklady logarytmiczne, w ramach elektrostabych funkcji rozkladu partonéw (ang.
Electroweak Parton Distribution Functions), a takze jego techniczna implementacje w gen-
eratorze Monte Carlo Whizard. Kilka oméwionych dalej przyktadow wskazuje, ze pode-
jécie to ma szanse przyspieszy¢ obliczenia i poprawié precyzje pomiardow przy przyszlych

zderzaczach.
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Chapter 1

Introduction

Since antiquity, humans have sought to understand what the Universe is made of. Over two
thousand years ago, the first ideas of atoms appeared: small, indivisible particles differing
in shape, size, and arrangement, giving rise to the diversity of materials. Since then,
humanity has made considerable progress towards the modern understanding of matter
and its fundamental interactions. Today, it is known that an atom consists of a nucleus,
made of protons and neutrons, which are bound states of quarks held together by gluons,
the carriers of the strong force. The nucleus is surrounded by a cloud of electrons. This
structure is stabilised by the electromagnetic force, mediated by photons, while potential
nuclear beta decays are governed by the weak force, carried by W and Z bosons.

Six types of quarks have been discovered, along with three charged leptons — the
lightest being the electron — and three corresponding neutral leptons, called neutrinos.
Each of these particles has an antiparticle with the same mass but opposite charges. The
picture is completed by the recently discovered Higgs boson, responsible for the mecha-
nism of mass generation. The Standard Model is a modern theory that incorporates this
knowledge.

Even though the mathematical framework of the Standard Model perfectly describes
collider experiments around the world, several questions remain unanswered. Among these
are the incorporation of the gravitational force into the theory, the observed distribution
of dark matter in the Universe, and the origin of neutrino masses, all of which pose
significant challenges to the Standard Model’s viability. To reveal potential solutions to
these outstanding problems, new experiments — often involving the construction of next-
generation collider facilities — are being discussed. The proposals span a wide range of
energies, from the Z-pole run up to the multi-TeV regime. Although these machines can
pursue the goal of uncovering the hidden mysteries of the Universe in different ways, a
common strategy is to measure the Standard Model as precisely as possible.

This doctoral thesis discusses how various future colliders can precisely probe the elec-
troweak sector of the Standard Model using radiative processes in different incarnations,
and how such processes can be simulated. To this end, Chapter 2 introduces the principles
of the Standard Model and its known limitations. Chapter 3 describes the landscape of
future colliders, while Chapter 4 highlights their physics research programmes. Chapter 5
introduces the concept of a Monte Carlo generator and elucidates its importance to mod-



ern particle physics. The following chapters present the main scientific achievements of
the thesis towards improving the precision in electroweak measurements: a method to
measure Z boson couplings to quarks at the Z-pole run of future e e~ facilities (Chap-
ter 6), a revalidation of the collinear factorisation framework and the Equivalent Vector
Boson Approximation at multi-TeV colliders (Chapter 7), and a novel implementation of
the Electroweak Parton Distribution Functions into the Monte Carlo generator WHIZARD
(Chapter 8). Further work planned in these directions is described in Chapter 9. The
major findings of the thesis are summarised in Chapter 10.

The main results of this thesis are based on the following publications: “Determination
of the first-generation quark couplings at the Z-pole” [1], “EVAluation of the Equivalent
Vector boson Approximation at highest energy colliders” [2], and a manuscript on Elec-
troweak Parton Distribution Functions, currently being prepared. The Author of this
thesis has made significant contributions to all of these publications. For the first analy-
sis, the Author carried out all major stages of the work, including the literature review,
the design and execution of the event-generation procedure, the application of the sta-
tistical framework, and the preparation of the final plots. In the second publication, the
Author contributed to the revalidation of the Monte Carlo implementation of the formal-
ism in WHIZARD, generated all Monte Carlo samples, investigated the kinematics of the
processes under study, and assessed the level of agreement between results obtained using
the approximation and those based on full matrix-element calculations for selected cases.
The third publication was entirely driven by the Author, who implemented the formalism
in WHIZARD, performed its validation, generated all event samples, prepared all figures,
and discussed the application of the framework across a range of scenarios. Moreover,
the new physics examples in Chapter 4 rely substantially on the results obtained by the
Author [3-8]. A wide range of other publications was consulted in the preparation of this
thesis, and each has been cited accordingly. All academic content — including the theoret-
ical background, analytical methods, results, and conclusions — was conceived and written
entirely by the Author. Al-based tools such as CHATGPT, DEEPSEEK, GRAMMARLY, and
WRITEFULL were used for language refinement.



Chapter 2

The Standard Model of particle
physics

All known particles and their interactions are incorporated in the mathematical framework
of the Standard Model (SM), a modern theory that summarises the current understanding
of particle physics. In this chapter, the structure of the SM is presented, and its limitations
and open questions are discussed, providing foundations for the research in this thesis.

2.1 Formulation of the Standard Model

The key object to understand the theory of particle physics is the Lagrangian of the SM,
which compactly encodes all known non-gravitational interactions between the fundamen-
tal particles [9]:

1

Lsv = = 7Gu G = W, W — 7

B,,B"

+ Y i Dy’ + (D) (D"9) - V()

fermions

i f
=Y (V1 Yr®puvp +he.).
u,d,e
Although somewhat intricate at first glance, this expression represents one of the greatest
triumphs of modern theoretical physics. It successfully describes an enormous range of
experimental results obtained over the past decades.

The SM is built upon the non-simple gauge symmetry group
Gsm = SU(3)c x SU(2), X U(1)y ,

where each factor corresponds to a fundamental interaction associated with a distinct type
of charge: colour for SU(3)¢, weak isospin for SU(2), and hypercharge for U(1)y. The
first three terms in the Lagrangian describe the field strengths of the corresponding gauge
bosons, GZ, Wli, and B,,, respectively:

e non-Abelian SU(3)¢: G, = 9,Gy, - 0,G), + g5 fachZGi, (a,b,e=1,...,8)



e non-Abelian SU(2): W, = 9,W, =W, + g* WIW), (i, j,k=1,2,3)

 Abelian U(1)y: By, = 0,B, -9,B,.

gs is the strong coupling constant, g is the weak-isospin coupling constant, and fabc and

/¥ are the structure constants of the SU (3)c and SU(2), groups, respectively. The fields
G“ correspond to the gluons, while W* and B combine to form the photon, the Z boson
and the W™ bosons after electroweak symmetry breaking.

The next term, with the sum running over all fermions, i.e. quarks and leptons, is
the fermion kinetic term. Not only does this term describe the fermion field propaga-
tion through spacetime, but it also encodes fermion-boson interactions via the covariant

derivative: A
T

- - . T i Y
z/Jz’y“Duw = wz’y“ ((% - zgsTaGZ - 197W,1 - zg'iBu)w.

T" are the SU(3)¢ generators, 7 are the SU(2), generators, ¢' is the hypercharge coupling
constant, and Y is the hypercharge of the fermion.

The next two terms, involving the Higgs doublet field ¢, are responsible for the dy-
namics of the Higgs field and electroweak symmetry breaking. The SM potential is given
by

V(9) =" g'o+A(0'9)",
where u2 < 0 triggers spontaneous symmetry breaking and A > 0 ensures that the potential
is bounded from below, which is necessary for a stable vacuum. This combination of
parameters leads to the famous “Mexican hat” shape of the potential, which makes the
minimum occur at a non-zero field value.

The last term corresponds to the Yukawa interaction, connected to the mass generation
mechanism for fermions. For three generations of fermions, Y, are the matrices of the
Yukawa couplings that must be determined experimentally.

2.2 Calculations in the Standard Model

Even though the structure of the SM Lagrangian is relatively simple, deriving experimen-
tally measurable predictions is non-trivial. First, one must consider electroweak symme-
try breaking to get physical particles — in contrast to, for instance, the unbroken bosonic
gauge fields W,i and B,, [10-13]. In addition, for perturbative quantisation, an appropriate
gauge fixing must be introduced to eliminate unphysical degrees of freedom and to define
well-behaved propagators for the gauge fields. The resulting terms in the Lagrangian can
be classified into two categories: quadratic terms, which describe field propagators, and
cubic and quartic terms, which encode particle interactions.

A convenient method for calculating amplitudes for specific processes is the well-known
Feynman-diagram approach. The expressions associated with the basic building blocks —
propagators and vertices — can be derived from the Lagrangian using the Feynman rules,
which, in simplified terms, involve stripping off the fields, multiplying the corresponding
SM coefficients by an imaginary unit, and including symmetry factors which account for
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Figure 2.1: Building blocks for Feynman diagrams of the electroweak theory: propaga-
tors, neutral-current vertices and charged-current vertices [14]. Selected items are shown,

relevant for further discussion in the thesis.

identical fields. Although this procedure may appear to be a “cookbook recipe”, the
formalism is firmly grounded in the underlying path-integral formulation of quantum field
theory.

Figure 2.1 shows selected building blocks of Feynman diagrams within electroweak
theory [14], which will be used further in the thesis. The photon propagator is given by

. Guv _ _ kukl/i|
Z[k2+ie (1 5A)(l.#)? ’

the W boson propagator by
—i kK,
S |9 - Q-5 |,
k:Q—m%,V+ze|: W k‘2—£wm12/v
and the Z boson propagator by
i ik,
—— g, —(1=-&)————— | .
k:2—m22+i6|:gu ( . )k2—§Zm2Z:|
Here, k denotes the boson momentum, g, is the metric tensor, my, stands for the W
boson mass, myz for the Z boson mass, and {x are the gauge fixing parameters in the R
gauge [15,16].
The so-called neutral current interactions can be mediated either by the photon or the

Z boson. In the former case, the vertex is associated with
ieQ ",
while in the latter

i g
cos Oy

f f.5
o (gv — 947 ) .
e is the elementary charge, @ is the charge of a given fermion in units of the elementary

charge, and g‘J; (gf;) is the fermion vector (axial) coupling given by the weak isospin TE{ ,
the charge, and the weak mixing angle 0y :

.2
g‘f/=Tg—2Qfsm Ow, gf;:TSf.



Conventionally, the couplings can also be expressed in terms of the left- and right-handed
1=

couplings, gi and g{%, associated with the left- and right-handed projectors, Py, = —;

and Pg = 1+2'Y5, respectively.
The charged current interaction is mediated by the W bosons. An important feature
of this interaction in the quark sector is the presence of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix [17,18], which describes quark flavour mixing, encoding the fact that weak
interaction eigenstates are not aligned with mass eigenstates. For the W' boson, the
quark contribution is associated with
z‘%mﬂ“PL,

while for the W boson, with
. g V*
ZE ij
Vi; are the elements of the CKM matrix. Similar mixing is observed in the lepton sector
and is described by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [19,20]. This

matrix is responsible for neutrino oscillations, which will be discussed later, and the mixing

’}"uPL.

is generally larger than that observed in the quark sector. However, since neutrinos are
hard to detect at colliders, the effects of the PMNS matrix are irrelevant for the analyses
presented in this thesis and will be neglected. Following this assumption, the vertex
involving leptons contributes as

i%’}/MPL .
This explicit form shows that only the left-handed fermions and right-handed antifermions
take part in the charged-current interactions.

External lines also need to be taken into account, since they play an important role
in considerations related to factorisation, as elaborated later in this thesis. An incoming
fermion with mass m, momentum p, and helicity1 s is represented by the Dirac spinor
u(p, s), satisfying (p — m)u(p,s) = 0, while an incoming antifermion is represented by
v(p, s), with (p + m)v(p, s) = 0. Outgoing fermions and antifermions are associated with
u(p, s) and v(p, s), respectively. Assuming p" = (E,py,py, p,), for massless fermions in

the Weyl representation, one can write

_[VE = slpl x(p, )
u(p,s) =

VE + slp| x(p, s)
and
o(p.s) = (—s\/E + 51l x (. —s))
’ sVE - slp| x(p,—s) |’

where the two-component helicity eigenstates x are given by

1 Ip| +p
xX(p, +1) = ——= ( o i
V2|p|(lp| + p.) \Pz + 1Dy

"In this thesis, s = 1 is assumed to remain consistent with the notation for gauge bosons, for which

A denotes the helicity. The helicity corresponds to a spin quantisation axis in the direction of the particle
momentum and is a conserved quantum number only for massless particles. Typically, s is associated with

. . . 1
the fermion spin, i.e. s = *3.



and

\(p,=1) = ——— (_pf N ipy) :
V2Ipl(Ipl +p:) \ Ipl + 2
Gauge bosons are included via their polarisation vectors: ¢, (k, ) for an incoming
line and E:(k}, \) for an outgoing one, where A denotes the boson helicity. Taking k" =
(Ev, kg, ky, k), the polarisation vectors for a massive gauge boson with a mass my can
be written as’

1 kok. kyk, K2+ k2
ek, +1) = (0 = —iky, —— + ik, ———— |, (2.1)
V20k2 +k2) |k K| K|
1 bk kyk, K2+ k2
ek, -1) = (o LE tiky, —o— — ik, ———— |, (2.2)
V2(k2 + E2) |E| K| |k
By [ |k
o |4
Mk, 0) = —— | =, Ky, Ky, ks | 2.3
mvlkl(EV y ) (2.3)

2.3 Open questions in the Standard Model

Although the SM provides an excellent framework for describing particle interactions at
the fundamental level, it does not answer all the questions about the nature of matter and
the evolution of the Universe. Some of these open issues are discussed in this section.

2.3.1 Gravity

The SM accounts for three of the four known fundamental interactions: the strong, weak,
and electromagnetic forces. Gravity, however, is not included. Its modern theoretical
description, general relativity, is a classical field theory and differs fundamentally from the
quantum field theory framework used in the SM [21]. This mismatch makes the unification
of all four forces challenging.

From the practical perspective, incorporating gravity into the description of physics
at colliders is unnecessary because its strength at accessible energy scales is negligible.
Similarly, in most astrophysical contexts, particle-level forces play only a secondary role;
gravitational interactions alone successfully explain the majority of observed phenomena.

Nevertheless, unifying all interactions is not merely an aesthetic goal. A consistent
theory combining gravity with the other fundamental forces would have profound impli-
cations for the understanding of the early Universe, where microscopic quantum processes
and macroscopic gravitational dynamics were tightly interconnected. Without such a uni-
fied framework, the description of the Universe’s earliest moments remains incomplete.

Another issue related to gravity is the so-called hierarchy problem. In a natural theory,
one expects dimensionless parameters to be of comparable order. It is therefore puzzling
that gravity is many orders of magnitude weaker than the weak interaction. This disparity

*Different conventions exist for polarisation vectors, including relative complex phases. While these
do not affect cross-section calculations, which depend only on the squared amplitudes, care must be taken
when considering amplitude-level quantities. In this thesis, the convention used in WHIZARD is adopted.

10



is closely related to the question of why the Higgs boson mass is so much smaller than the

Planck scale.

2.3.2 Unification of forces

The unification of gravity with the quantum-level forces is only one of the challenges
in understanding the interplay of fundamental interactions. The SM provides a partial
unification by combining the electromagnetic and weak forces into the electroweak interac-
tion [22-24]. Below the electroweak scale, these forces appear distinct due to spontaneous
symmetry breaking; above this scale, they merge into a single interaction.

The coupling constants of the strong, weak, and electromagnetic interactions evolve
with energy, which is known as running of couplings. While the electromagnetic and
weak couplings converge at the electroweak scale, the strong coupling remains separate
at accessible energies. A clear manifestation of electroweak unification is seen in neutral-
current interactions, where both the photon and the Z boson mediate processes of the
same type, and their contributions cannot be separated to make reliable predictions using
only one of the mediators.

This observation motivates the expectation that at even higher energies, the strong
force may also unify with the electroweak interaction. Theories that attempt such uni-
fication propose frameworks in which all fundamental forces can be integrated, with all
coupling constants converging at a single high-energy scale. Typically, these models in-
volve incorporating the gauge group of the SM into a larger, simple gauge group, which
breaks to the observed gauge group at lower energies. Unfortunately, the predicted unifi-
cation scales lie far beyond the reach of current collider experiments. Such a framework
is referred to as a Grand Unified Theory (GUT), with common examples based on the
SU(5) or SO(10) gauge groups [25-28].

2.3.3 Free parameters of the Standard Model

The SM has at least 18 free parametersg, whose values must be determined experimen-
tally [29]. These include six quark masses, three charged lepton masses, three gauge
couplings at a given energy scale, the Higgs vacuum expectation value (VEV), the Higgs
boson mass, three CKM mixing angles, and one CP-violating phase. Some quantities,
such as the masses of the weak bosons, can be derived from the 18 constants, while others,
including parameters describing mixing in the lepton sector, require independent measure-
ment. Extensions of the SM that introduce new particles typically bring additional free
parameters, such as particle masses or couplings. From this perspective, the SM can be
viewed as an effective, low-energy description of nature [30-32].

Although there is no fundamental theoretical limit on the number of free parameters
a reasonable theory may have, the relatively large number in the SM is often seen as a

3Other parameter-counting schemes for the Standard Model also appear in the literature. For instance,
some authors count in the parameter ¢', related to the strong CP problem, which will not be discussed
in the thesis. Furthermore, nine extra parameters appear if the neutrino masses are taken into account,
which includes three neutrino masses, three PMNS mixing angles, and three phases.
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conceptual drawback. GUTs offer the possibility of reducing the number of independent
parameters by relating gauge couplings or fermion masses, but additional assumptions
are needed to specify symmetry-breaking scales. Other approaches invoke new flavour
symmetries, extra dimensions, or more fundamental building blocks of nature, as in string
theory [33,34]. However, to date, no framework consistently accounts for the origin of all
18 SM parameters from first principles.

2.3.4 Experimental Observations

The SM provides a very accurate description of collider experiments. However, several
effects observed in other types of experiments lie beyond its applicability; they include
neutrino oscillations, dark matter density, and the baryon—antibaryon asymmetry in the
Universe.

Neutrinos exist in three flavour eigenstates, v,, v, and v, corresponding to the three
charged leptons. Due to their extremely weak interactions with matter, detecting neutri-
nos requires large-scale detectors capable of observing rare events. Already in the 1960s,
experiments noted that the number of neutrinos produced in the Sun and detected on
Earth was smaller than predicted by solar models [35]. Initial attempts to resolve this
discrepancy focused on refining the solar models, but at the beginning of the 21st cen-
tury, the deficit was attributed to neutrino oscillations — the transformation of neutrinos
between flavours during propagation [36].

Neutrino oscillations can occur only if neutrinos have non-zero masses, whereas the
minimal SM assumes massless neutrinos. To account for neutrino masses, one needs
to introduce right-handed neutrinos, which are singlets under the SM gauge group, and
a Yukawa term for the neutrinos. The smallness of neutrino masses implies extremely
tiny Yukawa couplings; explaining why these couplings are so small may motivate the
introduction of a heavy mass scale, as in the seesaw mechanism [37, 38].

Another experimental indication for the existence of physics beyond the Standard
Model (BSM) comes from the observed density of dark matter. As early as the 1930s, it was
noticed that the motion of stellar objects could not be explained if their mass originated
solely from visible matter [39]. Subsequent observations, most notably measurements of
galaxy rotation curves by Vera Rubin in the 1970s [40], provided strong evidence for the
presence of invisible matter affecting the dynamics of galaxies and clusters. Also, other,
more modern observations support this theory, most notably microlensing [41-43].

All evidence for dark matter appears to arise from gravitational interactions, which
are not described within the Standard Model. These observations may instead indicate
the need for modifications to the theory of gravitation [44] or point towards a fundamental
quantum theory of gravity. The prevailing interpretation within the scientific community,
however, is that dark matter consists of a distinct form of matter composed of new par-
ticles. Its name, dark matter, reflects one of its few well-established properties: it does
not interact with light [45]. Dark matter may be composed of several particle species with
masses spanning multiple orders of magnitude. While the minimal Standard Model does
not contain any particle that can account for the observed dark matter density, heavy
right-handed neutrinos could already serve as viable candidates. Many other possibilities
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exist, including axions, WIMPs, primordial black holes, and wimpzillas [46-51].

Another notable fact is that the Solar System, and the observed Universe more broadly,
is composed almost entirely of matter rather than antimatter. Analyses of cosmic radiation
reaching Earth indicate that the vast majority of observed objects in the Universe are made
of matter, and there is no evidence for large systems of antimatter [52,53]. If such regions
existed, detection of high-energy radiation produced by matter—antimatter annihilation
would be expected [54]. Current understanding of the early Universe does not provide
any explanation for this imbalance. This phenomenon, known as the baryon—antibaryon
asymmetry, cannot be accounted for by mechanisms within the SM and therefore suggests

the existence of new physics to explain this cosmological observation.
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Chapter 3

Future colliders

The ideas discussed in the thesis apply to experiments at future colliders, which will achieve
higher luminosities and energies than those available today. In this chapter, the context
for strategic decisions regarding the next major particle physics facility is outlined, and

the most relevant proposals are presented.

3.1 Current status of LHC and strategic discussions

In the early 1980s, the European Organization for Nuclear Research (CERN) decided to
build the Large Electron-Positron Collider (LEP) to deepen understanding of fundamental
forces [55]. After the discovery of the Z and W bosons in 1983 [56,57], LEP appeared as a
perfect tool to study these particles by colliding electrons and positrons at high energies.
With the machine becoming operational in 1989, many aspects of the SM were confirmed.
LEP delivered the most precise measurements in several domains, for example, in the
electroweak sector. The 27-km circular tunnel hosting LEP was reused in the 2000s to
build the Large Hadron Collider (LHC) [58], which started its operation in 2008. LHC
and its four experiments, ALICE [59], ATLAS [60], CMS [61], and LHCb [62], enabled
the confirmation of the Brout-Englert-Higgs mechanism by finding a 125-GeV resonance
identifiable with the Higgs boson in 2012 [63,64]. Further aspects of the fundamental
theory of particle interactions will be studied at the High-Luminosity upgrade of LHC
(HL-LHC) [65], whose operation is expected to conclude in the early 2040s.

Not only did the LHC allow for the discovery of the Higgs boson, but it also enabled
precise measurements of its properties, including its mass, decay modes, and couplings
to various SM particles [66-78]. Numerous additional measurements have been taken
to test the comsistency of the SM rigorously and determine its parameters with high
precision [79-84]. Beyond the SM, LHC has placed stringent constraints on a wide range
of theoretical extensions, such as supersymmetric models [85-93]. It has also provided
significant insights into hadronic physics, for instance, through the studies of B-meson
decays at LHCb [94-100]. Furthermore, several exotic hadrons, including tetraquark and
pentaquark states [101-104], have been observed, improving our understanding of the
strong interaction. The ALICE experiment has made major contributions to the study of
the quark-gluon plasma, offering valuable data for modelling the early Universe [105-110].
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As discussed in Section 2.3, several questions within the SM remain unresolved. To
address these open issues, the particle physics community explores various experimental
paths, with decision-making processes structured regionally. In Europe, the primary pro-
cess guiding the long-term future of particle physics is the European Strategy for Particle
Physics (ESPP) [111]. Mandated by the CERN Council for the first time in 2005, the
ESPP was developed through broad consultation with the European scientific community,
with wider participation from physicists and partners around the world, including those
from the US and Asia. The first resulting document was adopted by the CERN Council
in 2006 and placed LHC at the top of European particle physics’ scientific priorities [112].
Research and Development (R&D) activities for future accelerators also featured high on
the priority list. To accommodate developments in the field, the original Strategy antic-
ipated regular community-driven updates. The first of them was prepared in 2012 and
then adopted by the Council in 2013 [113]. Following the discovery of the Higgs boson,
LHC confirmed its leading role in particle physics, and the high-luminosity upgrade was
recommended to fully exploit the physics potential of the accelerator.

The second update, initiated in 2018, was expected to deliver an ambitious post-LHC
programme for CERN. At that time, two major projects were developed at CERN: the
Compact Linear Collider (CLIC) [114-116] and the Future Circular Collider (FCC) [117—
119]. Other projects outside Europe got attention: the International Linear Collider
(ILC) [120-124] in Japan and the Circular Electron-Positron Collider (CEPC) [125-127]
in China. The Strategy was approved by the CERN Council in 2020 [128]. It emphasised
the necessity of the successful completion of HL-LHC over the coming decade, and recom-
mended an e*e” Higgs factory as the highest priority to follow LHC. The third update was
launched in June 2024. One of the goals mandated by the Council for the ongoing update
is to recommend a visionary and concrete plan for the next flagship collider at CERN
and to explore alternative options if the preferred plan is not feasible or competitive. The
community-driven part of the process concluded in December 2025 [129], naming FCC the
priority for CERN. The update should be adopted by the Council later in 2026.

The American analogue of the ESPP is the Snowmass Process, organised under the
aegis of the Division of Particles and Fields of the American Physical Society. The first
meeting took place in 1982 in Snowmass, Colorado, and gave the process its name [130],
even though subsequent meetings have been held every seven to ten years in various
locations. The outcomes of this community-driven process are submitted to the Particle
Physics Project Prioritization Panel (P5), a temporary subcommittee of the High Energy
Physics Advisory Panel (HEPAP). HEPAP, in turn, was a permanent advisory committee
to the United States Department of Energy and the National Science Foundation, the
primary funding agencies for particle physics in the USA'. The most recent Snowmass
process [131], culminating in the 2023 P5 Report [132], endorsed the construction of a Higgs
factory either in Europe or Japan as the next major collider facility. It also recommended
that the particle physics community explore the feasibility of a 10 TeV parton centre-of-
mass (pCM) collider.

'Some changes to the organisation of science funding have been pursued by the current American
administration, and it is therefore not clear how the Snowmass process will evolve in the future.
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Over the past two decades, strategic discussions regarding future facilities have also
been active in Japan. In 2004, the International Committee for Future Accelerators (ICFA)
endorsed the idea of building a next-generation linear collider using superconducting tech-
nology [133]. By 2007, a reference design of ILC was released, comprising a 31-km linear
accelerator to collide electrons and positrons with possible upgrades up to 1TeV [134].
Japan’s physics community officially expressed interest in hosting ILC in 2011. A full
technical design report (TDR) was completed in 2013 [120]. Japan has been expected to
cover about half of the cost, with international partners sharing the rest [135]. However,
due to the unclear international situation, Japan’s government has never committed to
hosting the project, and following the recommendation of the panel formed by the Min-
istry of Education, Culture, Sports, Science and Technology of Japan (MEXT) in 2022,
the pre-lab phase was not initiated. Nevertheless, there are ongoing international and
domestic efforts to revive the project in Japan, for example, through the International
Development Team (IDT).

The idea of building a large next-generation collider also emerged within the Chinese
community. Around 2013, the Institute of High Energy Physics began exploring the
feasibility of a circular e*e” collider. In 2015, a preliminary Conceptual Design Report
for CEPC, followed by plans for a subsequent proton—proton machine called the Super
Proton—Proton Collider (SPPC), was published [136]. Since then, China has continued
to seek international collaboration to realise the project, which was eventually included
in the 14th Five-Year Plan for Science and Technology (2021-2025) as a major science
initiative. In 2023, the CEPC Technical Design Report was published [127]. In recent
years, the preparatory phase has begun, but the project has not been included in China’s
15th Five-Year Plan (2026-2030). As a result, formal government approval and funding
are currently on hold.

3.2 Collider proposals

Given the scope of the results presented in this thesis, the findings are relevant to a
diverse set of proposals, including both circular and linear e*e™ colliders, as well as a
muon collider. Additionally, further developments based on this research will be valuable
for studying hadron-hadron interactions at ultra-high energies. This section introduces
the relevant collider and detector proposals currently under discussion. Further details are
given in Appendix A. Most of the specifications are presented according to the submissions
to the ongoing Update of the ESPP [137].

3.2.1 Circular e*e” colliders

Two major circular e*e” colliders are currently under consideration by the global particle
physics community: FCC proposed at CERN and CEPC planned in China. The FCC
initiative was launched in 2014 to investigate the feasibility of a next-generation accel-
erator to succeed LHC at CERN [138]. The 2020 Update of the European Strategy for
Particle Physics recommended a detailed feasibility study of FCC, which has been actively
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pursued in recent years. Despite several technical differences between FCC and CEPC,
their fundamental operational principles are comparable. In the following, the European
FCC design is described for reference [139-141].

Project overview

The FCC concept represents the next step in running a flexible experimental infrastructure
for the post-LHC era. The proposed strategy follows a staged approach, beginning with
the construction of a highest-luminosity electron-positron collider (FCC-ee), envisioned
to act as a Higgs, top-quark, and electroweak factory, and eventually succeeded by a
highest-energy hadron collider (FCC-hh). FCC-ee could potentially begin its operation in
2048. The staged approach permits control of technical and financial risks. In this way, a
long-term scientific programme is secured for decades to come, if resources allow.

FCC-ee offers a platform for electroweak measurements and Higgs boson studies through
its operation at four baseline centre-of-mass energies: the Z pole, the WW pair production
threshold, the ZH production threshold, and the ¢t production threshold. The collider
is designed to remain flexible among the Z, WW, and ZH runs, allowing for adaptive
scheduling of data collection. The FCC-ee luminosity strongly depends on the collision
energy. During the Z-pole run, which features three energy points at 88, 91, and 94 GeV
to scan the production threshold, the luminosity could reach up to 140 X 10** em ™27t per
interaction point. The WW run could achieve a luminosity of 20 X 103 cm_QS_l, while the
ZH run could reach 7.5x 10** cm™s™". The # runs are expected to deliver a luminosity of
1.8x 10** em™%s7! at 340-350 GeV, and 1.4 X 10%* cm™ 27! at 365 GeV. Tt is assumed that
the Z-pole, WW, and ZH datasets would be delivered in less than a decade of operation,
and a few additional years would be needed to collect the tt data.

To exploit the machine’s high luminosity, four multi-purpose detectors would be in-
stalled. Over a projected 15-year operation period, FCC-ee is expected to produce more
than 6 X 10" Z bosons and 2.7 x 10° Higgs bosons [142]. From an infrastructural per-
spective, the FCC-ee project, comprising tunnel and subsurface structures, surface sites,
territorial developments, injector, transfer lines, booster, particle collider and four exper-
iments, as presented in Figure 3.1, is technically ready for implementation.

The estimated total construction cost for CERN is approximately 14 billion Swiss franc
(BCHF), covering the Z, WW, and ZH stages. Civil engineering represents the highest
cost, accounting for 45% of the total amount (6.2 BCHF), including all site-related de-
velopments. Technical infrastructures, including site-external connections, are estimated
at 2.8 BCHF. The construction of the collider and the full-energy booster accounts for
4.1 BCHF, while the injector complex and transfer lines contribute an additional 590 mil-
lion CHF. CERN’s direct investment in the four experiments is estimated at 290 million
CHF, while the non-CERN contribution of approximately 1.3 BCHF is expected.

3.2.2 Linear e*e” colliders

Among the proposals currently considered for a linear e*e™ facility, ILC and CLIC are the
most advanced options. As explained in Section 3.1, the situation of ILC in Japan re-

17



4 L
Booster RF System

Small Experimental
Area

H
Collider RF System

Figure 3.1: Schematic layout of FCC-ee engineering structure [142].
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mains uncertain due to the lack of commitment from the governmental bodies to advance
the project. Similarly, support for CLIC at CERN has become limited, with growing re-
sources spent on the FCC Feasibility Study. Several other proposals are being developed;
for example, plasma acceleration technology is now gaining attention from a broader au-
dience [143]. The linear collider community remains, however, active and motivated to
pursue the idea. In this spirit, a proposal was made in 2024 to consolidate the effort and
deliver a single project as Plan A for the entire community. The idea of a Linear Collider
Facility (LCF) at CERN was presented for the first time in July 2024 in Tokyo at the
Linear Collider Workshop 2024 [144]. Since it combines several projects into one proposal,
this section describes the LCF as a reference linear collider, with a particular emphasis on
the ILC concept.

Project overview

The LCF presents a fast and cost-effective approach to building a new collider capable of
comprehensively probing the Higgs boson’s properties, thanks to its wide range of centre-
of-mass energies, from the Z pole up to at least 1 TeV, and the use of polarised beams [145].
With a six-year preparatory phase followed by ten years of construction, the first stage
could begin data collection in 2042, a few years before the FCC-ee project. As detailed
later in this section, subsequent upgrades would extend the research capabilities for over
two decades.

The proposal assumes constructing a 33.5-km tunnel and, similarly to the ILC project,
equipping the machine in the first stage with superconducting radiofrequency (RF) cavities
suitable for polarised e*e” beams (with the polarisation fraction up to 80% for electrons
and 30% for positrons) at a centre-of-mass energy of 250 GeV, achieving a luminosity of
2.7 % 10** em™?s™. The estimated cost of the machine is 8.3 BCHF. The tunnel length is
chosen to accommodate further upgrades; if no energy upgrades are planned, the length
can be reduced to about 20km, lowering the cost by about 10%. In the longer tunnel,
the same superconducting technology can reach up to at least 550 GeV, for an additional
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cost of about 5.5 BCHF, by installing more accelerating modules at any time as resources
allow.

The baseline construction scenario assumes first building a 250-GeV machine operating
at half of the maximum luminosity. The luminosity can then be doubled by increasing the
number of bunches per train, at an additional cost of about 10% of the initial investment.
Furthermore, at 550 GeV, and building on the experience gained during the earlier phase,
it may also be possible to increase the positron polarisation to 60%. On the other hand,
if scientific or strategic considerations arise — for example, if another project is realised
elsewhere in the world — the machine could instead start operation directly at 550 GeV.
Alternatively, a CLIC-like design could be employed if technically or physically motivated.
The CLIC approach uses normal-conducting RF cavities and a two-beam acceleration
scheme to achieve accelerating gradients up to 100 MV /m. In this concept, RF power
is generated locally by decelerating high-intensity drive beams through specialised power
extraction structures, which then transfer energy to the main beams of colliding particles.

Given the two decades of development for the ILC project and more than one decade of
operation of the European XFEL [146], superconducting radio-frequency cavities (SCRF)
are currently the most advanced technology and would be employed in the first stage
to minimise the time to first collision. Superconducting cavities with a gradient of 31.5
MV /m are proposed. SCRF technology has also seen important advancements towards
higher gradients and quality factors [144]. In particular, a factor of two improvement in
quality factors over the specification chosen about 15 years ago for ILC is now reliably
achievable with a small modification to the cavity production process. Similarly, the
klystron efficiency is expected to achieve about 80%, with 65% assumed for the original
ILC design. Overall, the projected luminosity of the LCF exceeds that of ILC by more
than a factor of two for the same power consumption.

The length of 33.5 km includes a 5-km beam delivery region designed to accommodate
collisions up to 3 TeV. To provide better experimental conditions, the project would feature
two interaction points which would share the collider luminosity. Notably, the LCF also
offers the opportunity to explore a rich beyond-collider programme, such as beam-dump
experiments, which could help, for instance, to search for new particles or probe strong-
field QED [144].

3.2.3 Muon Collider

A muon collider could provide a route to achieving the highest centre-of-mass energies in a
clean collision environment [147,148]. Such a machine would combine the key advantages
of e*e™ and hadron colliders. However, this concept comes with the challenge of the
muon’s finite lifetime. Although the idea of a muon collider was already proposed in the
1960s [149], it has remained infeasible for many years. With the muon’s rest-frame lifetime
of 2.2 us, acceleration must be extremely rapid, a continuous source of muons is required,
and neutrino radiation from muon decays must be mitigated. In recent years, several
major advancements have been made, making the Muon Collider a credible proposal on a
20-30-year timescale. This section outlines several key challenges that must be addressed
beforehand.
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Figure 3.2: Schematic layout of the Muon Collider design [148].

Project overview

The Muon Collider is a concept of a compact, high-energy machine which would produce,
accelerate, and collide two muon beams of opposite charge. The idea represents the first
machine to combine the high-energy reach of a hadron collider and the high precision of
a lepton collider, reaching a centre-of-mass energy of 10 TeV, and a luminosity of 21 X
10** em™s™'.  An initial implementation, for example, starting at 3 TeV, could occur
already around 2050. The main components of the collider, as indicated in Figure 3.2,
are the proton driver producing short proton pulses of high intensity, the target on which
the proton beam is directed to produce pions, the decay channel guiding the pions and
forming muon beams from pion decays, a sophisticated cooling system reducing the beam
emittance in a sequence of absorbers and RF cavities in a high magnetic field, a system of
linacs and two recirculating linacs accelerating the beams to 64 GeV followed by a series
of high-energy accelerator rings to reach the desired collision energy, and the final collider
ring for experimentation.

One of the main advantages of the Muon Collider is its capability to achieve significant
luminosity even at higher energies. In fact, many of the design parameters are optimised
to provide the highest collision rates. The luminosity scales approximately with the square
of collision energy, which yields a constant rate for very massive particle pair production,
as well as a growing rate for vector boson fusion (VBF). This feature is unique to the
Muon Collider. In the circular tunnel, the beam can pass through the interaction point
multiple times, while the impact of beamstrahlung on the beam focusing is negligible. The
luminosity is highest for collider rings having strong dipole fields, and smaller rings are
preferred so that muons can collide multiple times. For this reason, a separate collider
ring is proposed after the final acceleration stage.

The instantaneous luminosity scales as £ ~ ny * (Nu)2v where ny, is the number of
bunches and N, the number of muons per bunch. Effectively, for a fixed total stored
muon current, the instantaneous luminosity is inversely proportional to the number of
bunches, which favours operation with a single bunch. It also allows for operating the
machine with two interaction points. On the other hand, the luminosity decreases with
the product of the transverse and longitudinal emittances, so it is crucial to achieve the
lowest emittance while preserving high numbers of particles per bunch. If the current
target parameters are achieved, the projected integrated luminosity of 10 ab™! could be
collected within 5 years.

The size of the facility depends on future technology and design choices. Currently,
the focus of technical studies is on 10 TeV, but a potential intermediate energy of 3 TeV
is envisaged. The 3-TeV machine would cost about half as much as the full complex and
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be less demanding in several areas, for example, neutrino flux mitigation. The facility,
using 10T static dipoles and pulsed dipoles swinging by +1.8 T, would require a ring
of circumference around 10km. Achieving the nominal energy of 10 TeV would require
higher-field dipoles of 16 T and a ring of up to 35km. Efforts are being made to fit the
facility into the 27-km LHC tunnel, which can be possible if better technology is available
or the nominal energy is reduced to about 7.5 TeV [148].

The Muon Collider cost is given as a range for each scenario, together with a most
probable value. For a 3.2-TeV machine at CERN, the estimated cost lies between 9 and
18 BCHF, with a most likely value of about 12 BCHF. The 7.6 TeV option at CERN is
expected to cost between 12 and 25 BCHF, with a most probable estimate of 17 BCHEF.
A green-field scenario reaching 10TeV would require between 14 and 28 BCHF, with a
central estimate of 19 BCHF. Overall, these cost projections remain highly competitive
with those of full-programme e*e™ colliders or proposed hadron machines.

3.2.4 Other collider proposals

The findings of this thesis are specifically applicable to lepton colliders operating at the Z
pole and the multi-TeV scale. The presented proposals, including circular and linear e*e”
machines and a circular p* ™ collider, are the most probable successors of LHC. However,
the results can also apply to other facilities, for instance, a u*u* machine or a hadron
collider. In the following, two examples of such proposals are briefly described.

pTristan

The ultra-cold muon technology developed for the muon g —2 experiment at J-PARC [150]
enables the creation of a low-emittance positive muon beam, which can be used for realistic
collider experiments. By colliding the positive muon beam of 1 TeV with a high-intensity
electron beam at the Tristan energy (30 GeV) within a storage ring of the same circum-
ference (3km), it becomes possible to realise a collider experiment with a centre-of-mass
energy of 346 GeV [151]. This is sufficient to produce Higgs bosons via VBF, while avoid-
ing s-channel annihilation background processes, such as W W~ and quark-antiquark
production.

With modern accelerator technologies, the so-called pTristan project could potentially
achieve a luminosity of the order of 5 X 10% em™ 57! per detector, comparable to the
design goal of ILC. Assuming ten years of operation with a single detector, the integrated
luminosity could reach 1 ab_l, resulting in the production of approximately 100,000 Higgs
bosons via W boson fusion. If 16-T dipole magnets are available at the time of construc-
tion, centre-of-mass energies of 775 GeV can be achieved with 50-GeV electrons and 3-TeV
antimuons. At this energy, due to the enhancement of the W boson fusion process, it is
possible to produce 500,000 Higgs bosons with the same luminosity.

A collider using two positive muon beams with centre-of-mass energies up to 2TeV is
also feasible within the same storage ring. While the production of a low-emittance positive
muon beam is already established, a narrow negative muon beam for muon colliders has

not yet been achieved. Such a collider would be well-suited for new particle searches,
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including the pair production of the superpartners of the muon.

Two independent projects in Japan have made significant advancements that en-
able the planning of such facilities. The first is the SuperKEKB experiment, which
has achieved the world’s highest luminosity and aims for an instantaneous luminosity
of 8 x 10% cm %™ [152]. The second key development is the production of ultra-cold
muons, originally developed for precise muon g — 2 measurements at J-PARC [150]. In
this method, positive muons from pion decay are stopped on a material surface where they
capture electrons to form a bound p'e” state (muonium). Laser ionisation is then used
to strip the electrons and extract ultra-cold positive muons, which can be accelerated into
a low-emittance beam suitable for colliders.

An upgrade to include polarised beams is under consideration. Muons produced from
pion decay are fully polarised due to the vector-axial structure of weak interactions, and
given that the muon spin may be preserved by the usage of a longitudinal magnetic field
during the formation of muonium, 80% polarisation can be achieved for positive muon
beams. The potential for beam polarisation of the electron beam at SuperKEKB has also
been studied [153], and an electron polarisation of 70% is targeted.

The cost of the machine has not been estimated yet, but it is expected to be more
affordable than other multi-TeV proposals.

FCC-hh

FCC-hh, a hadron collider, would be the next major step in high-energy particle physics,
building on the technical and operational legacy of LHC [154]. Designed to collide protons
at centre-of-mass energies between 80 and 90 TeV, FCC-hh would deliver an integrated
luminosity of approximately 20 ab™! to each of two general-purpose experiments over
a 2b-year operation period. Two additional specialised experiments are to be hosted.
Beyond proton—proton collisions, FCC-hh would also accommodate proton—ion and ion—
ion collision modes, and potentially also electron—proton and electron—ion collisions at one
of the interaction points. If development proceeds according to schedule, beam operations
could begin by the early or mid-2070s. The total construction cost is currently estimated at
18.9 BCHF, assuming the reuse of the FCC-ee tunnel, and roughly 10 BCHF is attributed
to the collider magnets.

FCC-hh would be housed in the 90-km tunnel, previously used for FCC-ee. Located in
the France-Switzerland region, where electricity is already largely decarbonised, the project
could remain environmentally sustainable. Technically, FCC-hh would extend both the
centre-of-mass energy and peak luminosity by up to an order of magnitude compared to
HL-LHC. The FCC design builds upon the LHC experience, with new challenges arising in
magnet technology and cryogenic power consumption due to strong synchrotron radiation
at higher energies. Even though the projected luminosity performance of FCC-hh should
be attainable, the technical readiness of the project depends critically on the development
and availability of the magnets. The principal technology is a high-field dipole magnet
system based on NbgSn superconductors, targeting a field of 14T and operating at 1.9 K.
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3.2.5 Future detectors

Analogous to the diversity of collider proposals, numerous detector concepts have been
developed, often differing substantially in design. However, they typically share similar
fundamental operating principles. The International Large Detector (ILD) concept [124,
155] might be used as a representative example, given its potential suitability for both
linear and circular e*e” colliders [156]. The ILD is chosen as the most mature design, as
it is based on full simulations and prototype beam test results.

The ILD is a detector concept developed for experiments at future high-energy lepton
colliders, optimised to perform precision physics across a broad energy range, starting
from 90 GeV up to 1 TeV. The project incorporates a high-precision, large-volume tracking
system that combines silicon and gaseous detectors and a highly granular calorimeter, all
situated within a central solenoidal magnetic field. From its beginning, the ILD concept
has remained open to new technologies, and no final decisions have been made regarding
many sub-detector components. In several areas, multiple technological options remain
under investigation.

The main driver of ILD’s design is the goal of achieving the highest possible precision,
guided by the “particle flow” approach. This concept aims to reconstruct all particles in
an event individually. To accomplish this, the detector must effectively distinguish single
objects even within dense jets and measure neutral and charged particles separately. This
requires exceptional particle separation capabilities, particularly in the calorimeters, which
are built with extremely high granularity in both transverse and longitudinal dimensions.
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Chapter 4

Physics at future lepton colliders

Based on the technical developments described in the previous chapter, future lepton
colliders will provide unprecedented experimental conditions. Their experimental pro-
gramme will particularly advance Higgs physics, top-quark physics, electroweak studies,
and searches for BSM effects. Thanks to the large data sample collected at the Z pole,
the FCC can also significantly improve measurements in flavour physics. Although this
division is somewhat arbitrary — for instance, new Higgs states could simultaneously in-
fluence top-quark properties and modify the electroweak sector — it remains a common
framework in strategic documents. The same categorisation is therefore adopted in the
thesis. Selected research directions, relevant to all major collider proposals, are highlighted
in this chapter.

4.1 Higgs physics

For many years, the particle physics community sought to understand how fundamen-
tal particles acquire mass. One of the proposed solutions connects the origin of mass to
the existence of a new scalar field and to the spontaneous breaking of a gauge symme-
try assumed in the massless SM. This framework is commonly referred to as the Higgs
mechanism. Although the abbreviated term will be used throughout this thesis, it is his-
torically imprecise, as it neglects the prior contribution of Englert and Brout, published
shortly before that of Higgs, as well as the independent work of Guralnik, Hagen, and
Kibble [157-159]. Furthermore, earlier theoretical developments by Nambu [160] and An-
derson [161] provided essential conceptual groundwork [162]. Alternative explanations
for mass generation have also been proposed. For instance, a yet unidentified spectrum
of heavy particles interacting through a new fundamental force could lead to dynamical
symmetry breaking [163,164].

In the absence of a mass-generation mechanism, the SM becomes theoretically incon-
sistent and loses predictive power. Specifically, the amplitudes of certain processes — such
as longitudinal vector-boson scattering — increase with energy, eventually violating the
unitarity bound at sufficiently high energies. With the Higgs mechanism, this growth is
cancelled by the inclusion of Higgs-exchange diagrams, whose amplitudes possess the same
energy dependence but opposite signs. This cancellation restores unitarity and ensures
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the self-consistency of the electroweak sector.

The requirement of unitarity places quantitative constraints on the energy scale of
the symmetry-breaking mechanism [165,166]. The Higgs boson must have a mass below
approximately 1TeV, whereas any new heavy states associated with alternative scenarios
should appear below the scale of a few TeV. This reasoning gave rise to the so-called
No-Lose Theorem, according to which the LHC would have necessarily uncovered the phe-
nomenology of electroweak symmetry breaking, irrespectively of the mechanism realised
in nature.

The 2012 discovery of a scalar particle with a mass of approximately 125 GeV at the
LHC marked a major success in particle physics [63,64]. Interpreted as the Higgs boson,
this particle completed the spectrum of fundamental particles predicted by the SM. As a
consistent and predictive framework whose free parameters are now experimentally deter-
mined, the SM has so far provided an accurate description of all collider measurements.
No significant deviations from its predictions have yet been observed.

Despite this success, the Higgs mechanism leaves several fundamental questions un-
resolved [167]. The observed pattern of Higgs couplings, and consequently the masses
and mixings of quarks and leptons, arises from parameters inserted into the theory by
hand, without any underlying explanation. Even the key feature of spontaneous symme-
try breaking remains unexplained by any deeper, microscopic, theoretical principle.

A genuine dynamical origin for these features would likely require new interactions that
couple to the Higgs field. Probing such effects is a central objective of future electron-
positron colliders. At centre-of-mass energies around 250 GeV, the cross section for the
Higgs production process e’ e~ — ZH reaches its maximum. Running at this energy
will enable precise studies of the Higgs sector, making a future collider a true Higgs fac-
tory [144,168]. In this so-called Higgsstrahlung process, each Higgs boson is produced in
association with a recoil Z boson. This enables straightforward identification of Higgs
events from four-momentum conservation and facilitates precise measurements of Higgs
decay branching ratios, including searches for decays to invisible final states. Additionally,
the recoil Z boson provides a direct way to determine the Higgs boson mass. By analysing
the distribution of recoil Z bosons, the absolute production cross section can be measured,
which in turn allows for the absolute normalisation of the Higgs boson partial widths.

Additional measurements at higher energies — such as WW fusion, ttH production,
and double-Higgs production — will further constrain possible extensions of the SM. Com-
paring precision measurements from different processes will provide a critical test of the
significance of any deviations from the SM predictions. These probes will also enhance
the precision of top-quark measurements, as discussed later.

One of the key parameters of the Higgs boson is its trilinear self-coupling, which is
directly related to the shape of the Higgs potential. It is not a free parameter in the
SM, but its modifications appear in various extensions of this fundamental theory. At
the tree level, two processes are particularly sensitive to this coupling: e'e” - ZHH and
e"e” - vHH, both of which become accessible at centre-of-mass energies above 500 GéV.
At lower energies, sensitivity to the trilinear coupling can only be obtained through loop-
induced effects; however, this approach provides limited discriminatory power between
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different BSM scenarios. The HL-LHC is expected to measure the Higgs trilinear coupling
with a precision of around 25% [169]. A full LCF programme operating at energies up
to 1 TeV could directly improve this precision to about 7% (for all allowed values of the
coupling). In contrast, FCC-ee is projected to reach approximately 17% assuming the SM
value of the coupling.

Higher-energy colliders open new opportunities for probing the Higgs potential. At
the TeV scale, Higgs bosons are abundantly produced via VBF, potentially improving the
precision of Higgs measurements by an order of magnitude or more. The Muon Collider or
FCC-hh could probe the Higgs self-coupling with a precision of roughly 4%. Furthermore,
not only could triple Higgs production be observed at these energies, but also the restora-
tion of electroweak symmetry at multi-TeV energies could be investigated through the
polarisation of the final-state vector bosons. Compared to high-energy hadron machines,
these studies benefit from the clean environment of the Muon Collider, free from QCD
backgrounds. These topics will be addressed in the studies presented below.

4.2 Top physics

The top quark is the heaviest particle in the SM, with a mass of about 173 GeV, exceed-
ing that of the Higgs boson. Consequently, due to its large Yukawa coupling, the top
quark provides a sensitive probe of the Higgs sector and the mechanism of EW symme-
try breaking. It also has a unique feature in QCD: its lifetime is much shorter than the
hadronisation time-scale, so its spin information is retained in the decay products and
can be used to study the chirality structure. Recent experimental findings indicating a
threshold enhancement in ¢t production consistent with a pseudoscalar state [170,171] fur-
ther motivate top-quark measurements. Future electron—urements,- particularly of the
top-quark mass and its electroweak and Higgs couplings. The mass of the top quark is
a key parameter in testing the consistency of the SM, - it influence-s electroweak loop
corrections that determine the predicted W -boson mass.

For collision energies up to a few TeV, top-quark pair production in electron—positron
collisions is dominated by s-channel Z /v exchange. Each top quark decays predominantly
into a b quark and a W boson. Consequently, the topology of the process e'e” — tt —
bW bW ™ — 6f is determined by the subsequent decays of the W bosons, allowing for the
classification of events into hadronic, leptonic, and semi-leptonic final states. Backgrounds
to the production process arise, for example, from single-top production and from triple
gauge boson production [172,173].

Near the top-quark pair production threshold, the cross section rises sharply over a
few GeV in collision energy. The position of this threshold is directly related to the top-
quark mass, while its shape provides information about the top-quark width. Background
contributions can be efficiently suppressed near the threshold via kinematical cuts. Even
for small data sets, well below a single inverse attobarn, the theoretical uncertainties
are dominant [144,174,175]. The FCC-ee targets a precision of 7MeV for the top mass
measurement, based on fast-simulation analysis, while linear colliders are expected to
achieve about 20 MeV. The results strongly depend on the running scenario; for example,
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if the same integrated luminosity of 410 b is assumed, the statistical uncertainty reaches
4.3MeV at FCC-ee and 6.3MeV at ILC [175]. The experimental uncertainties remain
smaller than the theoretical ones, which are currently estimated at around 35MeV [169].

The top-threshold cross section is also affected by the exchange of soft gluons and
virtual Higgs bosons, resulting in strong sensitivity to both the strong coupling constant
and the top-quark Yukawa coupling. The top-quark Yukawa coupling, which is of order one
in the SM, can be extracted from threshold-scan data with a precision of about 4% [176].
However, its contribution across the threshold region is nearly flat. When performing a
simultaneous fit with several parameters, the Yukawa coupling is also nearly degenerate
with the strong coupling constant, and both are significantly influenced by theoretical
uncertainties arising from missing higher-order corrections [177-179]. Nevertheless, the
Yukawa coupling can be effectively probed at higher energies, above 500 GeV, where the
associated production of a top-quark pair with a Higgs boson becomes relevant, allowing
percent-level precision to be achieved at a linear collider operating at 1TeV.

Other top-quark measurements can also be performed more effectively — or even exclu-
sively — at higher energies, when additional top-related processes might be considered. In
the multi-TeV regime, VBF production, ete” - ttv.,, becomes dominant due to the log-
arithmic enhancement of the cross section. The process provides an independent probe of
the top-quark Yukawa coupling, as well as the electroweak top-quark interactions [180,181].
In several BSM models in which the Higgs boson is a composite particle [182-184], the
top quark is involved in the composite structure, potentially leading to large deviations in
the couplings. The process is also sensitive to potential effects from heavy new particles.
Moreover, it serves as a valuable tool for studying theoretical aspects of VBF, owing to the
large invariant mass of the produced top-quark pairs regulating potential soft divergences
and the sensitivity to different vector-boson polarisations, as will be discussed later in the
thesis.

4.3 Electroweak sector

As elaborated earlier, the SM is a remarkably successful theory that precisely describes
all collider data from past and ongoing experiments. Nevertheless, it requires setting
at least 18 fundamental parameters to specific values, which can only be determined
experimentally. Within the SM, other quantities can be derived from these constants.
For example, the W boson mass depends on the weak coupling and the Higgs VEV,
while the top Yukawa coupling is directly related to the top-quark mass and the Higgs
VEV. In this sense, the choice of fundamental parameters is somewhat arbitrary — for
instance, one could treat the top Yukawa coupling as a fundamental constant and derive
the top mass from it. However, these relations hold only within the SM; if the theory is
extended by new forces or particles, they may no longer apply. From this perspective, it
is essential to measure as many SM parameters as possible to overconstrain the system
and identify potential deviations from the theory’s predictions. At future lepton colliders,
the electroweak sector will be probed with unprecedented precision.

The major e*e” collider proposals envisage running at 91 GeV. The so-called Z-pole
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run would produce between 10 and 10" Z bosons, depending on the specifics of the
facility. These large samples could be used to improve the precision of Z-boson coupling
measurements, as shown in Chapter 6. Additional information can be obtained from the
WW threshold scan, as considered for FCC-ee, and other higher-energy runs. Currently,
the Z-boson mass and width are known with a precision of about 2MeV; FCC-ee could
reduce these uncertainties to 100 keV and 12 keV, respectively, while the ILC could achieve
200keV and 125 keV [169]. Further improvements are also expected for the W boson, whose
mass and width are currently known with uncertainties of about 10 MeV and 42 MeV.
FCC-ee could reach precisions of roughly 200 keV for the mass and 300 keV for the width,
while the ILC could achieve 1.6 MeV and 2MeV, respectively. At the same time, these
estimates should be treated with caution, owing to subtle differences in the treatment
of theoretical uncertainties. The precision attainable at the ILC may be sufficient to
saturate the experimental precision for certain other measurements, for example, in the
Higgs sector [139].

Another important feature of the SM is the unification of the electromagnetic and weak
interactions. The weak mixing angle describes how the gauge fields of the SM mix to form
the physical fields associated with the Z boson and the photon, and it is also related to the
ratio of the W and Z boson masses. Measuring this parameter provides one of the most
stringent tests of the underlying principles of the SM. At e*e™ colliders, the weak mixing
angle can be determined via measurements of various asymmetries. Linear colliders have a
significant advantage due to beam polarisation: the left-—right asymmetry, which measures
the difference in event rates between left- and right-handed electron beams, directly probes
the difference between the electron left- and right-handed couplings to the Z boson [185].

Both linear and circular colliders can also measure forward—backward asymmetries,
which quantify the difference in event numbers with fermions emitted in the forward
and backward directions. These measurements, combined with auxiliary inputs (e.g.,
from 7-pair production), allow for a model-dependent determination of the weak mixing
angle. In general, linear colliders could directly improve the current precision of the weak
mixing angle measurement by a factor of 40-50, while circular colliders could achieve
an improvement of up to a factor of 200 under additional assumptions [169]. The high
luminosity of circular colliders would also enable an order-of-magnitude improvement in
the determination of the fine-structure constant.

Another path becomes available if higher, multi-TeV energies are reached, as expected
for the Muon Collider or future upgrades of linear e*e™ facilities. A unique feature of
these machines is the simultaneous access to both high energy and precision, allowing de-
tailed studies of the energy-dependent features of the SM [148]. In the multi-TeV regime,
new phenomena emerge, with abundant electroweak radiation being a prominent example.
Analogous to photon initial-state radiation, weak bosons can be emitted from highly ener-
getic charged particles, effectively making a multi-TeV collider a weak boson collider [186].
VBF processes provide a complementary probe of the electroweak sector compared to stan-
dard annihilation processes, giving access to the gauge couplings of the SM and enabling
tests of gauge symmetry restoration above the electroweak scale [187,188].

Furthermore, a global interpretation of experimental data can offer new insights into
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the structure of the SM or its possible extensions. The SM Effective Field Theory
(SMEFT) provides a convenient and quasi—umiversal1 framework for parametrising de-
viations from the SM. SMEFT is based on adding higher-dimension operators to the SM
Lagrangian, each multiplied by a dimensionless coefficient which is expected to be zero in
the SM. Experimentally, these coefficients can be constrained through a variety of mea-
surements at a given collider, providing a global picture of the facility’s capabilities and
enabling meaningful comparisons between different machines. Future lepton colliders will
deliver an impressive volume of data, enabling coefficient fits to be improved by orders of
magnitude [169,189].

4.4 BSM searches

Various BSM theories have been proposed to address open questions about the Universe.
Future colliders hold enormous potential not only for testing the SM through high-precision
measurements, but also for performing efficient direct searches for new particles or inter-
actions. The following sections highlight a few examples of such searches, based on the
studies by the Author of this thesis.

4.4.1 Heavy Neutral Leptons

Heavy Neutral Leptons (HNLs) appear in extensions of the SM, which aim to explain the
smallness of light neutrino masses through the seesaw mechanism. In many BSM models,
introducing additional neutrino states can also account for the baryon asymmetry of the
Universe or the observed dark matter density [190-192]. In realistic scenarios, typically
at least two HNLs are needed.

Lepton colliders provide an ideal environment for searching for HNLs. Depending on
the HNL’s properties, a variety of experimental signatures can be explored. For light
HNLs, one can investigate the invisible decays of the Z, W, or Higgs bosons. If the HNL
has very weak couplings to SM particles, it may be long-lived, leading to the distinctive
signature of displaced vertices [193,194]. Conversely, for HNL masses above the W mass,
decays are generally prompt. These scenarios have been extensively studied in the context
of lepton collider research [3-5].

The study was based on an effective extension of the SM, assuming that only one
HNL is kinematically accessible at colliders. All heavy-neutrino couplings to SM leptons
were taken to be equal, as motivated by the close-to-maximal mixing in the SM neutrino
sector. For each of the considered running scenarios, the sensitivity extends nearly up to
the centre-of-mass energy, and the expected limits on the heavy-neutrino coupling to SM

leptons are significantly stronger than those achievable at high-energy hadron colliders.

'The framework assumes that the effects of new physics appear above a particular energy scale, often
connected to the collision energy. Ambiguities in comparisons between different colliders can arise if, for
example, new particles are within the reach of the highest-energy facility but not others. Additionally,
due to the large number of free parameters, extra constraints are typically imposed on the coefficients.
Interpretation may also be complicated if, for instance, the Higgs sector is extended. These issues are,
however, beyond the scope of this thesis and will not be further discussed.
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Figure 4.1: Comparison of the expected 95% confidence level discrimination limits between
Majorana and Dirac neutrinos (solid lines), as a function of the heavy neutrino mass, my,

and the 50 discovery limits (dotted lines) for different collider scenarios [5].

HNLSs can be of Dirac nature, exhibiting only lepton-number conserving decays, or of
Majorana nature, allowing also lepton-number violating decays. If heavy neutrinos are
discovered at a future lepton collider with a significance of 50, their nature should also be
established at the 95% confidence level, as illustrated in Figure 4.1.

4.4.2 Dark Matter

As explained in Section 2.3, one of the main motivations for BSM searches is the existence
of dark matter. e*e” colliders offer a unique possibility for general searches for dark
matter particles using the mono-photon signature. Pair production of dark matter particles
can be tagged by a photon emitted from the initial state. Its kinematics, including the
distributions of energies and angles, can provide information about the nature of the new
particles, independently of how the interactions are mediated. Such searches were carried
out in [6].

Figure 4.2 shows example limits on the mediator coupling to electrons, g..y, for the
ILC running at 250 and 500 GeV and CLIC running at 3 TeV. The mass of the DM particles
was set to 1 GeV for ILC and 50 GeV for CLIC. Different structures of mediator couplings
were studied. The mediator coupling to DM was fixed by setting its width to 3% of its
mass. For the considered couplings, the mono-photon analysis gives higher sensitivity to

processes with light mediator exchange than the direct resonance searches.

4.4.3 Additional gauge bosons

One of the distinctive features of the SM is its underlying gauge symmetry (see Sec-
tion 2.1). Many BSM models extend this symmetry to provide an explanation for ad-hoc
effects present in the SM. If any of these scenarios is realised in nature, the existence
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Figure 4.2: Expected limits on mediator coupling to electrons for the ILC running at 250
and 500 GeV (left) and CLIC running at 3 TeV (right), for relative mediator width, I'/M
= 0.03, and different mediator coupling scenarios, as indicated in the plot. Presented are
combined limits corresponding to the baseline running scenarios, with systematic uncer-

tainties taken into account [6].

of additional neutral gauge bosons, denoted here as Z', is its natural consequence. In
this context, simplified models containing a single Z' boson can be useful for studying
potential deviations from SM predictions in a generic way. Recent measurements at the
LHC have excluded the existence of a Z' with a mass of up to about 5TeV [195-203].
e*e” colliders could probe masses up to approximately 20 TeV, depending on the collision
energy [204-214].

The Muon Collider has the potential to significantly improve these limits, reaching
scales up to 70TeV based on very conservative assumptions, as shown in Figure 4.3.
Such an analysis was carried out in [7] within a statistical framework employing leptonic
observables in 2-fermion processes, including the total cross section, forward—backward
asymmetry, left-—right asymmetry, and polarisation asymmetry. The method also allows
for efficient discrimination between different scenarios. Employing hadronic observables

could further enhance the sensitivity.

4.4.4 Non-standard neutrino interactions

Since experimental results from precision measurements and direct collider searches show
no evidence for new particles or interactions, the scale of new physics responsible for
generating neutrino masses is likely to lie above the electroweak scale. In such a case, the
SM serves as an excellent low-energy description of a more complete theory via SMEFT.
At energy scales well below the electroweak scale, the theory can be further simplified by
integrating out the heavy SM particles. The resulting framework, the Weak Effective Field
Theory (WEFT) [215], can be used to constrain non-standard interactions in the neutrino
sector.

Particle colliders produce large numbers of neutrinos. A particularly intense neutrino
flux is expected at the Muon Collider, where neutrinos are copiously produced from muon
decays. Another important advantage of the Muon Collider is the well-defined composi-
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Figure 4.3: The reach in My for a 3-TeV and 10-TeV muon collider with luminosities
of 0.9ab™" and 10 ab_l, respectively assuming no beam polarisation. Systematic errors
are included. The bars correspond to the exclusion limit of the given Z'-model at 95%
confidence level [7].

tion and energy spectrum of the flux. This feature can be exploited to host a dedicated
experiment probing the neutrino interactions, as proposed in [8].

Example constraints for right-handed interactions in the WEFT framework are shown
in Figure 4.4. By considering differential event rates, one can obtain very stringent limits
on flavour-changing processes, significantly improving upon data from dedicated flavour
experiments. Observation of such processes would, in turn, be a clear sign of new physics.
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Figure 4.4: The projected constraints on the Wilson coefficients of new right-handed
interactions in the WEFT framework. Projected limits are reported both in terms of

the dimensionless couplings [e%? Jap (top axis) and in terms of the effective new physics

scale [Ag?]aﬁ = v/y [eﬂ? Jap (bottom axis). Each coloured bar indicates the limit on one
particular interaction. Darker bars show the projected limits for a 10 kg-year detector,
while the lighter bars show what a 10 ton - year neutrino detector can do at a 10-TeV muon
collider. The constraints coming from low-energy experiments, such as precision meson

decay measurements, are indicated with dark arrows [8].
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Chapter 5

Monte Carlo generators

Given the statistical nature of quantum interactions, experiments in particle physics re-
quire collecting large datasets. These data can only be interpreted efficiently through com-
parison with the results of computer simulations that encode the current state of knowledge
in the field. Monte Carlo techniques are therefore widely used in collider physics to predict
experimental outcomes. Typically, the simulation chain can be divided into three stages:
particle-level event generation, simulation of particle propagation in matter, and simula-
tion of detector response. In this chapter, the basic principles of Monte Carlo generators
used for particle-level event production are introduced, followed by a presentation of the
two codes employed in this thesis: PYTHIA and WHIZARD.

5.1 General concept

Collider physics typically describes the collision of two beam particles, with momenta
denoted as pr; and pro and masses as my; and my o in the following, resulting in the
production of n final-state particles, with momenta gp;. In this case, the differential cross

section for such processes is given by

n dgpy 4.4 < My ?
doj-p = l_[ o300 (2m)°6" | pra+pr2 - ZQFJ 3 5
i1 (2m)°2qp; i=1 4\/(]91,1 “Pr2)” —mimys
(5.1)

Three main components can be identified: the matrix element M gy describing the hard

process I — F, the kinematic flux factor in the denominator, and the phase-space inte-
gral [216]. The dimension of the integral is 3n — 4. For many simple processes, it may be
calculated analytically. However, for multiple particles in the final state, the dimension-
ality becomes high, and only numerical methods can be applied. Traditional geometrical
methods of integration face significant challenges due to the high dimensionality, singu-
larities in the denominator, and experimental cuts that distort the integration space. The
Monte Carlo (MC) approach appears to be best suited for both numerical integration of
cross sections and generation of events distributed according to the corresponding differ-
ential probabilities.

MC methods are computational algorithms which rely on random sampling [217]. One
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of their most common applications is numerical integration. For example, consider a shape
drawn within a unit square (or unit volume in higher dimensions). Its volume can be
estimated by randomly sampling points within the unit shape and calculating the ratio of
points that fall inside the drawn shape to the total number of points sampled. This simple
example illustrates that increasing the number of sampling points improves precision.
Additionally, the spatial distribution of these points plays a crucial role. A uniform random
distribution is often a natural choice. Still, in cases where the shape is highly irregular, it
may be beneficial to concentrate more points in the complex regions to enhance accuracy.
Although problems in particle physics typically involve high dimensionality, the same
principles apply. Monte Carlo generators are often equipped with high-efficiency pseudo-
random number generators and tools that efficiently partition phase space into regions of
varying importance, allowing for more effective sampling.

Nevertheless, the efficient calculation of the hard-process matrix element is only one
of the many tasks required of Monte Carlo event generators. These codes must also
account for several other aspects which significantly alter the overall picture of particle
collisions, due to the intrinsically complex nature of the underlying theory of particle
physics. For instance, because quarks are only observed within bound states, it becomes
necessary to distinguish between the physical particles that are accelerated and the par-
tons — their constituents — that participate in the hard-scattering process, which gives
rise to the concept of beam structure functions. Likewise, particles produced in the hard
interaction must be “dressed” into hadrons, a process known as hadronisation. Another
challenge comes from the presence of multiple soft and collinear emissions, which cannot
be adequately described using fixed-order perturbation theory. To handle these, approxi-
mate methods such as parton showers are introduced to complement the hard-scattering
picture. The different ways in which these effects are modelled have led to the develop-
ment of multiple Monte Carlo generators, each with its own strengths and assumptions.
Among the most well-known and widely used are HERWIG [218-220], MadGraph [221-223],
PYTHIA [224-226], SHERPA [227-229], and WHIZARD [230-232]. In the following, further
discussion will focus on hard-process matrix elements, beam structure functions, parton

showers, and hadronisation models — which are relevant to the studies in this thesis.

5.1.1 Hard scattering

The core of Monte Carlo generation is the calculation of the matrix element for the hard
scattering process. Since multiple, often similar, Feynman diagrams typically contribute
to a given process, dedicated techniques are required to simplify the calculations and
avoid redundancies. The SM consists of a finite set of well-defined building blocks that
can be used to construct matrix elements, which allows for straightforward automation by
recursion. However, when exploring BSM scenarios, the variety of possible building blocks
becomes extremely large. In the past, BSM theories had to be implemented individually,
but automated methods have existed for over a decade.

To match the precision of experimental data, Monte Carlo generators must go beyond
leading-order (LO) calculations in perturbation theory. Modern codes include at least
next-to-leading order (NLO) corrections, which account for single real-emission diagrams
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as well as interference between tree-level and one-loop amplitudes. For certain applica-
tions, even higher-order corrections, involving multiple real emissions or additional loop
diagrams, are required. This will certainly be the case for precision measurements at
future colliders [169,233,234].

At hadron colliders, the relatively large value of the QCD coupling compared to the
EW or QED couplings means that NLO EW corrections are typically comparable in size to
next-to-next-to-leading order (NNLO) QCD corrections. This justifies the primary focus
on QCD corrections in theoretical predictions for hadron collider physics. In contrast, at
lepton colliders, typical production channels are electroweak in nature, and as a result,
EW and QED corrections at NLO or — in some cases — NNLO become the dominant
sources of theoretical uncertainty.

5.1.2 Beam structure functions

As mentioned in Section 5.1, beam particles are not always point-like. It is a well-known
fact that protons consist of quarks and gluons, which are the partons that participate in the
hard-scattering process. Parton Distribution Functions (PDFs) describe how these partons
contribute to the momentum of the beam particles [235]. Similar language can, however,
also be applied to leptons, which at high energies resemble a collection of particles arising
from QED/electroweak emissions [236-242]. Beam-beam interactions further smear the
energy distribution of the beam particles [243]. All these effects can be described within the
broader technical concept of beam (structure) functions, which allow for the incorporation
of arbitrary distortions to the simple picture of a point-like beam particle with a well-
defined energy.

A simple example of a structure function is PDFs, which are widely used in LHC
physics, serving as an interface between the beam protons and their constituents partici-
pating in hard scattering. They are extracted from the QCD analysis of the data coming
from deep-inelastic lepton—nucleon scattering experiments, mainly at the HERA electron—
proton collider, but also from fixed target experiments or from proton—proton collisions.
There are several different collaborations, each performing independent fits. PDF fits from
different groups are available in a standardised manner via the LHAPDF library [244].
The generator typically calls the PDFs as a function of the parton flavour, the energy frac-
tion of the incoming beam particle, the factorisation scale, and some other parameters,
for example, the QCD order of the fit. In the so-called five-flavour scheme, one hadron
includes 11 components: a gluon, five quarks, and five anti-quarks, with several PDF
sets additionally including a photon component from coupled QED and QCD DGLAP
evolution [245].

At high-energy lepton colliders, beam particles also cannot be considered point-like
due to multiple photon (and weak boson) emissions. Even though the coupling constant
is small, the emission probability is enhanced by the large ratio between the energy scale
and the lepton mass. Similar to the QCD case, resummation — which can be done (semi-)
analytically due to the well-defined initial conditions — is necessary. The resulting object
gives the probability of finding a lepton, an anti-lepton, or a photon inside the incoming
beam object. A generalised approach, in which more partons are considered, is one of the
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topics of this thesis and will be described in greater detail in Chapter 8.

Lepton colliders exhibit another phenomenon important for the beam structure: beam-
strahlung, which is classical radiation emitted by a beam due to the electromagnetic field
of the opposing beam. The effect is especially pronounced at linear colliders, where the
beams interact over much longer time scales. In addition, the bunch charge densities at
linear colliders are much higher, since the beam bunches are compressed to significantly
smaller transverse sizes at the interaction point. In the simplest case, the effect can be
approximated by applying a Gaussian spread to the beam energy; however, more sophisti-
cated methods involving advanced parametrisations or dedicated Monte Carlo tools exist.

5.1.3 Parton showers

Typical events at high-energy hadron colliders contain tens of different final-state particles.
Even though events at lepton colliders have lower multiplicities due to the simpler initial
state, multiple particles are still produced in final-state QCD interactions and particle
decays. Generating all of these particles using the standard matrix-element approach
would not be feasible — or at least not efficient — due to arising singularities, the high
dimensionality of the phase-space integrals, and complications in the automated generation
of matrix elements themselves [216]. This gives rise to the concept of parton-shower
algorithms, which approximate the production of multiple particles as a chain of single
splittings.

In QCD, the emission rate for a branching such as ¢ — ¢qg diverges when the gluon
is emitted at a small angle (collinear limit) or when the gluon energy vanishes (soft
limit) [246]. It is similar to the QED splitting f — f+, with differences in the behaviour
of the couplings. Furthermore, the non-Abelian structure of QCD allows for g — gg split-
tings, which are absent in QED. The splittings ¢ — ¢ and v — ff are less important, as
they do not have soft divergences.

Parton showers allow one to iteratively build a cascade of simple expressions for single
splittings to construct a multi-parton final state, as well as to introduce a Sudakov term,
maintaining the unitarity of the shower by resumming virtual and unresolved real emissions
in perturbative QCD. The core idea is to factorise a complex 2 — n process into a simple
hard-scattering process (e.g. 2 — 2) convoluted with splitting functions. In the soft
and collinear limits, not only do amplitudes factorise, but also the phase space [247]. The
subsequent splittings are combined one by one, and a whole shower develops. The incoming
and outgoing particles must be on-shell, but closer to the hard interaction — or at shorter
timescales — the partons may be more off-shell, as follows from the uncertainty principle.
Final-state radiation is typically generated in an evolution variable leading to progressively
softer and more collinear emissions. On the other hand, initial-state radiation is usually
constructed via backward evolution, which corresponds to emissions that become harder as
the hard scattering is approached [248]. In general, the hard process must be characterised
by the largest scale, for example, in terms of its virtuality Q2, which helps avoid potential
double-counting.

Nevertheless, this picture does not eliminate the singularities. They are an inherent
feature of QCD, resulting from the fact that at small QQ, the strong coupling constant ex-
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ceeds values for which perturbative expansion remains valid. To avoid this, a lower cut-off,
typically at around 1 GeV, is needed to regulate divergences. In this way, the singulari-
ties are removed, but the branching probabilities can still exceed unity. To mitigate this
issue, the Sudakov factor is introduced. It corresponds to the probability of no emissions
occurring at a given (shower) time. The time might be related to the parton virtuality,
but there are also implementations with showers ordered in emission angles or transverse
momenta. More deeply, the Sudakov factor approximates the complete virtual corrections
from loop diagrams, in the same way that parton showers can be seen as approximations
to the full matrix elements for real emissions.

Most current work focuses on QCD showers, which are crucially important for LHC
physics. This involves not only improving the precision of showers themselves, for instance,
through better tuning to data [249,250], but also matching showers to higher-order per-
turbative corrections [251,252]. In the latter case, avoiding double-counting is one of
the main challenges. At next-generation lepton colliders, QED showers are becoming in-
creasingly important, and work in this direction will be necessary [234]. For multi-TeV
colliders, whether hadron or lepton machines, the effects of weak radiation must also be
included [253,254]. These issues are discussed further in the thesis in the context of photon
and weak-boson radiation.

5.1.4 Hadronisation and decays

At low energy scales, QCD becomes strongly coupled, causing quarks, except for the top,
and gluons to bind together into composite states known as hadrons, which are observed
experimentally. Because hadronisation is an inherently non-perturbative process, it can-
not be described from first principles, and phenomenological models must be employed.
Two such models — string fragmentation [255,256] and cluster fragmentation [257] —
were developed in the 1970s-1980s and, in various forms, have remained essential com-
ponents of all modern MC event generators. The Lund string model was implemented
in JETSET [258], which was later integrated into PYTHIA. The cluster fragmentation was
adopted as part of HERWIG.

Hadronisation models are generally motivated heuristically, starting from simple, semi-
classical pictures. Despite their empirical basis, they contain multiple free parameters
that must be fitted to experimental data. While this might seem unsatisfactory, it is not
surprising considering that there are hundreds of known hadrons, each characterised by its
mass, width, couplings, and decay patterns [246]. The origins of these parameters remain
poorly understood; lattice QCD offers some insight [259,260], but the understanding is
still limited.

The string model is based on the assumption of linear confinement. A quark—antiquark
pair is connected by a colour flux tube of typical hadronic size [246]. As the quark and
antiquark move apart, the potential energy stored in the string increases. If the energy
becomes sufficient to produce a new quark—antiquark pair, the system may split into
two colour singlets, and the process can repeat as long as each resulting subsystem has
enough invariant mass to produce new objects. In the Lund string model, this continues
until only on-shell hadrons remain. While this mechanism becomes more complex for
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systems involving gluons or when modelling baryon production, the model achieves strong
predictive power once its parameters are fitted to data.

Cluster fragmentation takes a different approach. At the end of the parton shower, all
gluons are split into quark—antiquark pairs. By controlling the colour flow in the event,
colour singlets can be formed from these quark—antiquark combinations. Typically, the
quark and antiquark with complementary colours are created in adjacent shower branches
and are close in angle, resulting in small invariant masses. These pairs serve as the building
blocks for hadrons. Unlike the string model, no additional internal structure is needed,
and the model often allows for a compact description with relatively few parameters, such
as masses and flavour content. However, to accurately reproduce event kinematics, more
sophisticated techniques must be employed.

Hadronisation models ultimately produce a collection of hadronic resonances. Except
for the proton, the hadrons are unstable on macroscopic timescales, so MC generators must
also simulate their decays. The decay patterns measured experimentally must be imple-
mented in any MC framework, and given the constant progress in hadron spectroscopy,

the databases must be kept up to date.

5.2 Pythia

PyTHIA is one of the most widely used general-purpose Monte Carlo event generators. It
incorporates hard-scattering matrix elements, PDFs, initial- and final-state parton show-
ers, multiparton interactions, hadronisation, and particle decays. While some aspects of
its physics are firmly based on theoretical derivations, others rely on phenomenological
models with parameters tuned to experimental data.

The software’s origins date back to 1978 with the first release of JETSET [258,261-263],
a program implementing the Lund string model for jet fragmentation. Many components of
JETSET were later integrated into PYTHIA [224-226,264-269], making the current version
the result of nearly 50 years of development. Although the current major version PYTHIA
8 has been public for over a decade, the legacy version PYTHIA 6 is still partially in use.

Initially, PYTHIA was written in Fortran 77. The first complete rewrite in C+4 was
released as PyTHIA 8.100 [225]. Although PYTHIA 8 introduced a number of conceptual
and technical improvements, some features present in the final Fortran version, PYTHIA
6.4, were initially absent or less mature. Over time, these aspects have been progressively
implemented and refined in PYTHIA 8. For specific applications — such as studies involv-
ing lepton colliders, which are less central to the PYTHIA collaboration’s focus — both
versions are often used and cross-checked [270].

PyTHIA is designed to be self-contained and suitable for a wide range of standalone
physics analyses. While the number of implemented scattering processes is limited, PYTHIA
can be easily interfaced with other software packages. A prominent example is the Les
Houches Accord [271] and its associated Les Houches Event Files [272,273], which enable
matrix element calculations from external providers to be combined with PYTHIA’s parton
showers and hadronisation.

PYTHIA supports a wide range of initial-state configurations, including hadron—hadron,
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lepton—lepton, and photon—photon collisions, as well as mixed combinations. Several PDFs
are implemented internally for protons, pions, and leptons. A broader selection of PDFs
can be accessed via interfaces to the LHAPDF library [244,274]. On the other hand,
PyTHIA 8 does not support beam polarisation or beam spectra beyond a simple Gaussian
spread, which are important features for linear e*e™ colliders. Detector simulation is also
not included, but thanks to the HEPMC interface [275], it can be handled by external
software tools.

The implementation of hard processes in PYTHIA 8 primarily focuses on 2 — 1 and
2 — 2 interactions, with some support for 2 — 3 processes. For instance, 2 - 3 QCD
processes are available and useful for validating parton shower algorithms. The generator
also includes a wide range of electroweak and top-quark production processes, as well as
Higgs production, including scenarios within a generic two-Higgs-doublet model [276].
BSM physics is also supported. Users can simulate events involving supersymmetric
particles, new gauge bosons, left-right symmetric models, leptoquark production, and
extra-dimensional states. For processes unsupported internally, parton-level events can be
generated using external tools like MADGRAPH 5 or WHIZARD and passed to PYTHIA for
showers and hadronisation.

Given its historical origins, parton showers play a central role in PYTHIA. The current
implementations of initial- and final-state radiation are based on dipole-based, p | -ordered
evolution, introduced in PYTHIA 6.3 [277]. PYTHIA 8 also includes photon splitting into
quark or lepton pairs, as well as weak boson emissions [278]. Hadronisation is another
distinct feature of PYTHIA, stemming from its origin in the Lund string fragmentation
model. This model remains a core part of the code and is also used by other generators,
such as WHIZARD, when interfaced to PYTHIA. Additionally, the treatment of particle
decays is relatively sophisticated — for example, 7 decays are simulated with full spin
correlations [279]. PYTHIA also includes a model of multi-parton interactions, which nat-
urally arise in hadron—hadron collisions due to the composite structure of the incoming

particles. This feature, however, has limited relevance in lepton—lepton collisions.

5.3 Whizard

WHIZARD [231] is a comprehensive software package for computing multi-particle scatter-
ing cross sections and generating event samples, written using the modern Fortran 2008
standard. It supports NLO QCD and EW corrections in the SM for both lepton and
hadron colliders. Tree-level matrix elements for arbitrary partonic processes are automat-
ically generated using the built-in Optimized Matrix Element Generator O’Mega [230].
External matrix element providers, including those incorporating loop corrections, such
as Recola [280,281], OpenLoops [282,283], and GoSam [284,285], are also interfaced. The
program reliably computes cross sections and can efficiently generate unweighted event
samples for processes of various complexity. The events can be exported in standard
formats, including ASCII, STDHEP, LHEF, and HEPMC, making them usable for sub-
sequent hadronisation and detector simulation in external codes.

A distinct feature of WHIZARD is its dedicated command language, SINDARIN (Script-
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ing INtegration, Data Analysis, Results display and INterfaces). Although it might appear
as a complication, the language offers a wide range of configurable options, giving users
substantial flexibility in controlling the simulations. The language is thoroughly docu-
mented in the official WHIZARD manual [286].

WHIZARD was originally developed around 1999 for the then-planned linear electron-
positron collider TESLA [287], with the goal of providing a tool capable of precisely
describing electroweak processes involving multiple weak and Higgs bosons using full ma-
trix elements. The acronym “WHiZard” stood for W, Higgs, Z, And Respective Decays.
Several components of the package had been published before the first official version of
the code was released. VAMP, a multi-channel adaptive Monte Carlo integration pack-
age, dates back to 1998 [288], and CIRCE, a package for the simulation of lepton collider
beamstrahlung, to 1996 [289]. The first official version of WHIZARD appeared in 2000 [290].

WHIZARD 1 was developed for a decade, during which several major steps occurred.
Key milestones included full support for a wide range of BSM scenarios, including particles
with spin 3/2 and spin 2, for example, the Minimal Supersymmetric SM, the Next-to-
Minimal Supersymmetric SM, the Little Higgs, models with anomalous couplings, and
extra dimensions. Initially, various methods were used for matrix element generation
until the in-house generator O’Mega became available with Version 1.20. Version 1.40
added essential configurations to support a variety of collider setups, including asymmetric
beams or intrinsic transverse momentum in structure functions. Support for full-colour
amplitudes was introduced in Version 1.50 [291].

In 2010, Version 2.0 was released as an almost complete rewrite of the original code.
This version was built around the internal density-matrix formalism, which enables the
factorisation of production and decay processes while fully preserving colour and spin
correlations. This native, distinctive feature of WHIZARD also supports arbitrary beam
polarisation states, a crucial aspect for electroweak precision studies. In this release series,
LHAPDF 6 [244] was also integrated.

The next major version, WHIZARD 3.0, was released in 2021, introducing full automa-
tion of NLO QCD calculations and support for Majorana fermions in UFO models [292].
This release also included NLO EW and mixed NLO EW /QCD corrections. Development
is ongoing, with the latest version incorporating features such as Equivalent Vector Boson
Approximation (EVA) and electroweak PDFs, as discussed in this thesis. As of writing of
this thesis, the current version is WHIZARD 3.1.7.

From the perspective of lepton colliders, several WHIZARD features related to beam
structure are particularly important. One key effect is beamstrahlung, which occurs when
charged particles emit radiation as they are accelerated or deflected by the strong elec-
tromagnetic fields of the opposing beam during collisions. This phenomenon is espe-
cially significant at linear colliders, where extremely dense particle bunches collide, lead-
ing to energy loss and beam energy spread. As a result, the initial collision energy be-
comes less sharply defined. In WHIZARD, beamstrahlung effects are modelled using the
CIRCE1 and CIRCE2 packages, which fit energy spectra generated by, for example,
GUINEAP1G [293,294]. Additionally, a parametric Gaussian option is available to model
beam energy spread. As mentioned earlier, WHIZARD allows full flexibility in selecting
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arbitrary beam polarisation states. It also supports asymmetric beam configurations and
crossing angles.

Thanks to these capabilities, WHIZARD has been widely used in design studies and
physics simulations for future lepton colliders such as the ILC, CLIC, CEPC, FCC-ee, and
the Muon Collider [115,118,121,126,148|.
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Chapter 6

Z boson couplings to quarks

As explained in Chapter 4, future colliders operating at the Z pole will collect unprece-
dented statistics of Z bosons in a clean collision environment, allowing for exact measure-
ments of the SM parameters, including the measurement of the electroweak couplings to
quarks. The most stringent constraints in this domain still come from the LEP experi-
ments. According to the recent Particle Data Group Review [295], the partial width of the
Z boson to hadrons is known with the precision of 0.11%. The partial width to b quarks,
I'ys, is measured at the level of 0.34%, while the SM value is calculated at a precision
of 0.05%. The corresponding value for ¢ quarks, I'.z, is measured up to 1.8%, and the
theoretical predictions are estimated with a precision of 0.07%. Remarkably, although the
SM calculations estimate I',,;, I'y7 and I'g3 with a sub-permille precision, no experimental
results are quoted. It highlights the need to develop methods for measuring these param-
eters at future experiments. Measurements of these couplings are important tests on both
the chirality and the flavour structure of the SM.

Future experiments will benefit from vastly larger data samples than those achieved
by LEP: depending on the collider type, 10°-10" Z bosons will be available for physics
studies. Improvements in detector technologies and heavy-quark tagging algorithms (see
e.g. [296-303]) are expected to significantly enhance the experimental sensitivity and de-
liver more stringent constraints, even with the same analysis methods. Nevertheless, due
to the lack of efficient light-quark tagging algorithms, a dedicated approach is required to
measure the light-quark couplings to the Z boson. The approach may rely on radiative
processes. At high energies, photon emission becomes abundant, and differences in the
radiation probabilities of particles with different quantum numbers can be used to distin-
guish among them. This chapter presents an analysis of a method applicable at the Z-pole
run of future e*e” facilities for measuring the light quark couplings to the Z boson [1].

6.1 Outline of the Z-pole measurement

The measurement can be taken by simultaneously examining both radiative and inclusive
hadronic decays of the Z bosons. The probability of photon emission is related to the
electric charge of a particle; as a consequence, up-type quarks emit more photons than
down-type quarks, because their electric charge is twice as large. At the same time,
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down-type quarks dominate the non-radiative sample due to the larger value of their
SM electroweak coupling. These facts can be leveraged to fit the cross sections in the
two categories of radiative and inclusive decays and therefore disentangle the electroweak
couplings of different quarks.

The idea of the measurement originates from LEP [304-308]. The best measurements
yielded the precision of 3% for d-type and 6% for u-type quarks. However, given the
limited tagging capabilities, the LEP experiments were unable to treat all quark flavours
separately and only delivered results for the two isospin states. Prospects for the efficient
s-quark tagging [299,300,309,310] at future facilities make the full flavour decomposition
possible. The goal of this study is to propose a method to disentangle the couplings
of the five kinematically accessible quark flavours and estimate the level of systematic
uncertainties which have to be achieved to benefit from the increased data statistics of
future colliders. From this perspective, the analysis might serve as the most precise test
of flavour universality in the electroweak sector of quarks.

The coupling strength of the Z boson to a given fermion f is conventionally defined as
2 2
e =4((g)" + (41)?).

where g‘f/ (gf;) is the vector (axial) coupling. As mentioned in Chapter 2, the couplings
are expressed in terms of the third component of the fermion weak isospin (T; ) and its

charge (Qy):
.2
g‘f/=T3f—2QfSHl Gw, gIJjX:Tf7
where Oy, is the weak mixing angle. The total width of the Z boson to hadrons, I'y,g, is
given at fixed order in ag by [295,305,308]

r :NG“M2(1+%+(’)(042)) Z ¢ (6.1)
had 02471_\/5 T s q > .

q=u,d,s,c,b

where N, is the number of colours, G, is the Fermi constant, Mz is the mass of the Z
boson and ¢, is the coupling to a given quark. For simplicity, it will be assumed throughout
the text that the sum always runs over the five quark flavours.

The total width for radiative hadronic decays, I'jqq+~, can be expressed at leading

order in QED as
3

G, M
pilz « 2
Chadey = Ncmf(ycut)% ngQq ; (6.2)

where f(y..) is an acceptance factor depending on a parameter y.,; incorporating the
isolation criteria for photons, « is the electromagnetic coupling constant and @, is the
electric charge of the given quark, respectively. Radiative cross sections exhibit divergences
arising from soft and collinear photon emissions. In practice, this does not pose a problem,
as detector resolution is finite. From a theoretical perspective, infrared safety is restored
by introducing appropriate photon isolation criteria. The function f(y.,;) parametrises
the acceptance associated with the applied cut. The choice of the parameter y,.,; will be
discussed in Section 6.4.
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Since the electric charges of u-type and d-type quarks are different, the expressions
for the total hadronic width (Eq. 6.1) and the radiative partial width (Eq. 6.2) include
different combinations of the quark couplings ¢,. In this way, by solving the set of equations
for total and radiative events, the dependence on the couplings can potentially be resolved.

Similarly, the hadronic cross section at the Z pole, ete” » 7 - qq, ¢ = u,d,s,c,b,
can be expressed as

Ohad = zaq =Cy - thp (6.3)
q q
where C; is a constant which can be derived with high accuracy from theoretical calcula-
tions at a given order. Here, it is assumed that the contribution from the v exchange is
negligible at the Z pole.

The radiative hadronic cross section with exactly one photon identified in the final

state (the one-photon cross section) can be parametrised as

2
Ohad+y = Cy - Z Cqu) (64)
q
where Cy is another constant, which can be derived from theoretical calculations and
simulations for a given set of cuts and isolation criteria for photons. This parametrisation

assumes that hard initial-state radiation is strongly suppressed at the Z pole.

6.2 Statistical framework

In the following, the details of the statistical framework for fitting data for different flavours
are presented in two cases: first, when only statistical uncertainties are included, and
second, when both statistical and systematic errors are taken into account.

6.2.1 Fit with statistical uncertainties only

Formally, the cross section for each quark flavour can be presented as a sum of processes
with and without hard photon radiation in the final state (a zero-photon exclusive sample
and a one-photon inclusive sample):

Oq = O0q + Ong -

The separation between the two samples depends on the cuts defined for the photon
isolation. The resulting fraction of hard radiative events is given by

The definition of a radiative event is directly related to photon reconstruction crite-
ria. Thus, a set of cuts y (including transverse momentum, isolation angle, etc.) must
be introduced to describe hard photons reconstructable in the detector. The measured
radiative cross section depends on the factors F,, = F'(y) and G, = G(y) (assumed to be
quark-flavour independent for simplicity) which characterise the experimental acceptance
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of, respectively, radiative and non-radiative eventsl; for the latter, measurable photons
come mostly from hadronisation and decays of neutral hadrons. The cross section can be

written as

0%) :ZFy'Uvq"‘Gy'UOq:Z(quy"'(l_fq)Gy)'Uq'
q q

()
Here, 054

theoretically computed cross sections, practically obtained from Monte Carlo generators.

denotes the experimentally accessible cross section, while 0,4, 0g4, and o, are

Experimentally, based on dedicated flavour-tagging algorithms, one can classify ha-
dronic 2-jet-like events into N flavour-based categories. In the simplest case, same-flavour
quark pair production can be assumed, resulting in, for example, N = 3 when differenti-
ating between bb, c¢ and lighter-quark final states only, or N = 5 in the case of complete
flavour decomposition (bE, cc, S§, u, dcf). On the other hand, one can also allow for more
freedom and classify events based on single jet-tagging results (which can differ between
the two jets in a single event), obtaining more possible event categories (up to N = 15 for
full flavour decomposition, assuming that the difference between jets formed from quarks
and antiquarks is neglected). The main advantage of the single-jet classification is that sys-
tematic uncertainties can be better constrained from data. In this study, flavour-tagging
with four single-jet categories (“light jet”, “s jet”, “c jet”, “b jet”) will be assumed.

Let j be an index referring to a given double-jet category of an event, 7 = 1,..., N.
For example, j = 1 might correspond to an event with two light jets, j = 2 to an event
with one light jet and one s jet, etc. The total number of hadronic events expected in
each category, after the final selection and classification, can be written as:

Nj=) &My Lin 0, (6.5)
q

where &, is the event selection efficiency for flavour ¢, with results obtained from simula-
tion, L; is the total integrated luminosity and M, ; gives the probability of a ¢g event
being classified as category j. The values for the efficiency &, resulting from the simulation
studies (as described later in the text) are given in Table 6.1.

A similar equation can be set for radiative events:

()
N“/j = Z (qu - Mg Jq - Fy+ Eoq - Mog; (1- fq) : Gy) *Lint - 0g, (6.6)
q
where £,, and &, are the selection efficiencies for radiative events and non-radiative
background, i.e. “fake” radiative or category migration events (excluding the photon
selection cut efficiencies incorporated in F, and G; results from this study are given in
Table 6.1). M.,,; and My, ; are the jet-flavour classification matrices for radiative and

non-radiative events. In the following, it is assumed that M,; = M. = Moyq;. The

Y497

'In this context, a subtle difference between the two is worth noting: F), describes how many radiative
events were correctly classified into the radiative sample (“acceptance”) and G, how many non-radiative
events were incorrectly classified into this sample (“mis-acceptance”).
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q d U S c b
&y | 0.955 | 0.955 | 0.947 | 0.949 | 0.936
Eoqg | 0.902 | 0.903 | 0.852 | 0.892 | 0.870
Eyg | 0.917 | 0.922 | 0.876 | 0.914 | 0.888

Table 6.1: Event selection efficiencies obtained from the simulation. See text for details.

single-jet tagging-efficiency matrix adapted from [300] reads”:

[0.773  0.190 0.031 0.006 |
0.773 0.190 0.031 0.006
0.311 0.645 0.038 0.006 |. (6.7)
0.107 0.068 0.795 0.030

10.026 0.007 0.059 0.908 |

The five rows of the matrix correspond to five quark flavours (d, u, s, ¢, b), and the four
columns to four available single-jet classification labels (“light jet”, “s jet”, “c jet”, “b
jet”). In this study, the elements of M, ; are obtained from this matrix as the product
of the corresponding single-jet classification efficiencies. Differences between tagging for
quarks and antiquarks are neglected, as well as contributions from possible gluon jets.
Since all tagging probabilities are taken into account in the analysis, i.e. contributions
in each row sum up to one, the exact values of the entries are not critically important.
However, their associated uncertainties must be carefully estimated, as they significantly
influence the migration between classification categories. This issue is discussed in more
detail in Section 6.4.4.

To simplify the formulae, two matrices are defined:
Agj =& Myj - Ling,
Byj = &g Myj - Ling* fq - Fy+&q- Myj - Ling - (1= fo) - Gy

and Egs. 6.5 and 6.6 are rewritten:

Nj=) Agj-oq, (6.8)
q

Ny=) Byj-oy. (6.9)
q

Now, the dependence on ¥ is implicitly assumed and hence the superscript in N,(y?) has
been dropped.

Future experiments will measure event numbers in 2N categories (total hadronic and
radiative), and the goal is to extract M = 5 quark-level cross sections which are directly
related to the quark couplings (Eqgs. 6.3 and 6.4). Assuming the number of events is large
for each category j, one can consider the X2 function:

2 2

2 _ ¢ (ny = Nj) (95 = Nyyj)

=) N, 3 N,
J J

>The values for the u and d tagging were averaged, as explained later.
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where n; and n.; are the numbers of hadronic and radiative events, respectively, observed
in given categories.

Following the maximum likelihood principle, partial derivatives with respect to o, are
calculated:

N
’YJ)B

o> (n; — N;) (ny; = Ny
80'7; ~_2Z Nj Aij_zz. N,

j j vJ

YR

where higher powers of V; and N, ; have been neglected. For the extremum, this expression
evaluates to zero, giving

T n N,;
A..(_J ) B; (—W— ]):O.
; YAN; Z K Nyj
To linearise the equation, N; and N,; in the numerators can be expanded using Egs. 6.8
and 6.9 while keeping the occurrences in the denominators unchanged. In this way, one
obtains a system of M equations for cross-section values, which can be represented in a

matrix form:

H-0=V,
or alternatively (i =1,...,M):
Y Hig-oq=V
q
where H is a Hessian matrix and V is a Hessian vector, defined as:
H. = 1 82)(2 _ AijAgj " BUBQJ
" 290,00, £ N, N ’

J
v, = ZN?AW+Z By,

The solution can be found by inverting the matrix H:
- -1
c=H "-V.

While more numerically stable methods exist for solving such equations, the inverse of the
Hessian matrix directly provides the covariance matrix of the extracted cross sections. In
particular, cross-section uncertainties are given by the square root of the diagonal elements
of the inverse matrix:

Ao; = (H_l)ii :
Since the cross section depends on the quark coupling linearly, and the proportionality
constant can be precisely determined from theoretical calculations, the uncertainty on the
coupling is assumed to be the same as the uncertainty of the cross-section measurement,
Ao, = oc.

6.2.2 Fit with systematic uncertainties

The matrices A,; and B,; can be obtained from simulations of physics processes and
detector performance with negligible statistical uncertainty. However, they are influenced
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by multiple systematic uncertainties which must be included in the analysis for reliable
fitting. Assuming K independent systematic uncertainties described by variations dj, the

X2 formula can be extended to include the dependence on the systematic variations:

1\ 2
ey =y el y (D) DX ENI0]

J J

where the third term corresponds to the assumed normal distributions for the systematic
variations d; and the last term includes Lagrange multipliers )\, introduced to enforce
proper normalisation of the tagging probabilities, as the sum of their variations, w,, has
to be zero for each quark flavour q. The dependence of the numbers of expected hadronic

and radiative events, N; and IV, ;, on the considered systematic effects is described by the

V3
variation of the matrices Ay; and B,; (see Eqs. 6.8 and 6.9). To allow for a semi-analytical

solution, the linear dependence of A,; and B, ; is imposed on the systematic variations,

c k
+Zaqj’(5k,
k
MC k
Byj = By, +quj'5k7
k

k k _ M M . .
where ag; and bg; correspond to lo variations of quc and quc, which are the nomi-

0, and the matrices are rewritten:

nal values obtained from the Monte Carlo simulation, due to systematic uncertainty k.
Following the linear approximation, one can rewrite the experimentally measured cross
sections by defining the expected cross section (theoretical value calculated within the
SM), aéh, and the cross-section deviation parameters, A,:

th
o4 =04 +A,.

When solving the maximum likelihood problem with systematic uncertainties included,
one tries to find a solution for Aq, Ok, and Ay, assuming small deviations from the nominal

predictions, i.e. |A ] < a |aqj| < A, and |qu| < B,;, so that the terms including

ajs
products of deviations (Aqu, 00, and A,6;) do not play a major role and can be
neglected.

By calculating respective derivatives of 6.2.2 and assuming they are equal to zero at the
extremum, the problem can be reduced to solving the system of 2M + K linear equations,

similar to the one previously discussed:

H -

> oy Dy
1l
<h

where H and V are the extended Hessian matrix and vector, respectively.

6.3 Event simulation

Reliable measurements require comparison of data with accurate and realistic Monte Carlo
simulations. The process e'e” — ¢ is one of the simplest electroweak processes and is
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thus often perceived as a “standard candle” for event generators (see e.g. [179]); however,
the reconstruction of isolated photons poses several challenges. A proper description neces-
sitates the full matrix-element generation of measurable photons. On the other hand, due
to soft and collinear divergences, a theoretically infrared-safe pseudo-observable must be
constructed. Using ISR structure functions, resummation techniques, and parton showers,
one can reproduce the experimental measurement as accurately as possible. Additionally,
hadronisation effects must also be included, as neutral hadrons decay into photons. In the
following, we will use this modelling prescription: data samples shall be generated using
fixed-order ME calculations, with exclusive emissions of hard photons, and matched with
initial-state radiation (ISR) structure functions and final-state radiation (FSR) showers,
accounting for collinear and soft emissions, and hadronisation models.

A similar matching was studied in the literature in the context of dark-matter pro-
duction detected in the mono-photon signature at lepton colliders [6,311]. A matching
procedure for simulating photons using both ME calculations (for hard emissions) and
ISR structure function (for soft emissions) was developed for WHIZARD. It is based on
two variables, g_ and ¢, , defined for each photon as:

0
q- =/4EpE, sin 77,

0
q+ = \J4EQE, cos 57,

where Ej is the nominal beam energy, £, is the energy of the emitted photon and 6,
is its emission angle with respect to the electron beam direction. The variable g_ (g4)
represents the virtuality of an electron (positron) in the case of a single photon emission.
As a rule, photons with ¢4+ > ¢y, and E, > E,,;,, are generated in the full ME picture,
while all the softer emissions are modelled via the built-in ISR structure function handler
for the ISR photons in WHIZARD. Figure 6.1 shows how the variables ¢4 separated the
phase space in the case of [6], where ILC running at 500 GeV was considered. As indicated
in the plot, only photons in the ME domain can be detected; all photons from the ISR
structure function are outside the detector acceptance.

However, as dark matter is typically assumed to be electrically neutral and colourless,
the procedure of [311] does not account for photons originating from the final-state showers
or hadronisation. To include these effects, the procedure was extended in the following way:
parton-level events are generated with WHIZARD and include ISR, while PYTHIA 6 [224]
is employed to simulate parton showers and hadronisation. A standard cut is applied,
requiring the invariant mass of the parton-level hadronic system to be greater than 10 GeV.
The results were found to be qualitatively consistent when using PYTHIA 8 [269).

To separate hard and soft final-state radiation regimes, an additional criterion based

on the invariant mass of the photon-quark pairs, M is used. A hard photon is defined

Y4q1,2°
as one fulfilling all the following criteria:

. Qi > 05 GeV,

e E,>05GeV,

. MWh,z > 1GeV,
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Figure 6.1: Detector acceptance in the (g4, q_) plane expected for the future experiments
at 500 GeV ILC. Red dashed lines indicate the cut used to restrict the phase space for ME
photon generation. The plot is taken from [6].

and is generated using fixed-order ME calculations. All remaining soft photons, not meet-
ing at least one of these criteria, are simulated via the internal structure function handler
for ISR photons in WHIZARD and the PYTHIA parton shower for FSR. Events with at least
one ISR or FSR photon passing the hard photon selection are rejected to avoid double
counting.

The above matching criteria are somewhat technical. They are applied at the event-
generation level to ensure that all photons observable in the detector are simulated using
the full ME approach, accounting, for instance, for proper interference between initial-
and final-state radiation. Meanwhile, soft effects are incorporated through corresponding
modelling methods. The matching parameters are set well below the experimental accep-
tance; for example, the energy cut of 0.5 GeV is below the threshold of 2 GeV required for
the photon to be reconstructed in the detector. In this context, variations of the match-
ing parameters below the experimental sensitivity do not alter the final results but may
influence computational performance.

The authors of [311] validated the matching procedure applied for CLIC running at
380GeV and at 3TeV against KKMC [312-314], a Monte Carlo code designed to sim-
ulate two-fermion production processes in the electron—positron colliders and based on
the coherent exclusive exponentiation of the initial and final state bremsstrahlung [315].
Similar cross-checks for Z-pole running were performed, resulting in no significant devia-
tions between KKMC and the matching method, confirming the method’s applicability
in this regime. However, prior to the construction of the experiments, a more comprehen-
sive study and comparison of various Monte Carlo generators will be required to evaluate
systematic uncertainties associated with this aspect of the analysis.

For this study, the following samples were generated: 10 million events with 0 ME

o1



photons, 10 million events with 1 ME photon and 1 million events with 2 ME photons.
Higher photon multiplicities were neglected, given that the cross section for the 2-ME-
photon sample is already approximately 30 times smaller than that of the 1-ME-photon
sample. The samples were subsequently matched using the procedure outlined above.
Table 6.2 summarises the cross sections for each flavour for all the unmatched samples
(with generator-level cuts applied only to ME photons, but not those modelled in showers)
and the final matched sample. As expected, the cross section for the matched samples is
consistent with the cross sections of the unmatched 0-ME-photon samples, which include
higher-photon multiplicities via modelling methods. The contribution of radiative events is
larger for up-type quarks than for down-type quarks; however, the ratio deviates from the
naively expected value of four due to the specific values of the quark couplings themselves
and ISR.

oq [fb] d u s c b total
0y unmat. 5.46e+06 | 4.28e+406 | 5.46e+406 | 4.28e+06 | 5.47e+06 | 2.49e+07
17 unmat. 3.63e+05 | 4.63e+05 | 3.63e+05 | 4.65e+05 | 3.64e4+05 | 2.02e+4-06
27 unmat. 8.48¢+03 | 2.19e+04 | 8.51e+03 | 2.19¢+04 | 8.50e+03 | 6.92e+04
0+142y mat. | 5.44e+06 | 4.34e+06 | 5.45e+06 | 4.33e4+06 | 5.45e+06 | 2.50e+07

Table 6.2: Cross sections for each quark flavour for unmatched samples (generator-level
cuts applied only to ME photons) and the final matched sample. Integration uncertainties
are below 107,

Figure 6.2 shows the fraction of events rejected by the matching procedure in the 0-
ME-photon sample, categorised by quark flavour, for both ISR and FSR, contributions. As
expected, the ISR rejection efficiency is independent of the quark flavour. In contrast, the
FSR rejection efficiency differentiates between up- and down-type quarks, with a factor of
approximately four between the two, reflecting the difference in the squared quark charges.

To account for experimental effects, the detector response was simulated in DELPHES
3.5 [316], a fast simulation framework designed to model general-purpose collider experi-
ments. DELPHES provides a simplified yet realistic description of detector components, a
tracking system, embedded into a magnetic field, calorimeters and a muon system. Stan-
dard event formats from Monte Carlo tools are supported. DELPHES outputs reconstructed
objects like jets, leptons, and missing transverse energy.

The ILCgen cards, based on the performance of the ILD and SiD concepts [155,317],
were used. Although originating from linear-collider studies, ILD is currently also con-
sidered for circular colliders [179,318]. The ILCgen cards assume the photon tagging
efficiency of 95% for photons with energies above 2 GeV and the absolute value of pseu-
dorapidity below 3, and 90% for photons with energies above 2 GeV and pseudorapidities
between 3 and 4. Other photons are considered undetectable.
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Figure 6.2: The fraction of events from the sample with no photons generated at the ME
level rejected by the matching procedure for different quark flavours for ISR (aquamarine
upwards) and FSR (purple downwards).

6.4 Analysis procedure and results

In this section, different steps in the analysis procedure are explained, and results for
various assumptions are given.

6.4.1 Event reconstruction

An important advantage of performing measurements at the Z pole is the reduced contri-
bution from ISR, due to the limited phase space available for photon emission. However,
photons produced in hadronic decays still present a significant background and must be
accounted for in the analysis. To maximise the sensitivity to true hard-photon emissions,
photon reconstruction criteria should be carefully optimised at the experimental level. In
the analysis, other background channels to the inclusive sample of hadronic Z decays (e.g.
Z — 77) are neglected, as their impact is expected to be negligible and can be easily
mitigated by standard cuts, for instance, on the invariant mass of the di-jet system.
At the ME level, the photon isolation parameter is defined as

¢ = E,sin6", (6.10)
where E, is the photon energy and G%in is the angle between the photon and the closest
quark. This variable corresponds to the photon transverse momentum with respect to the
quark direction. The redefinition of the variable to the detector-level analysis is straight-
forward: the angle 9%2” is replaced by 9:}7;”, the angle between the photon and the closest
jet.
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The Durham jet algorithm in the exclusive mode was used in DELPHES to cluster all
final-state objects into two jets. The photon isolation criteria were not applied in DELPHES,
so all photons were included in the jet clustering. In this way, radiative event tagging could
be separated from the standard reconstruction procedure, focusing on the analysis-specific
approach. It is worth mentioning that in this context, the physical interpretation of the qT
variable becomes somewhat vague, as including all photons in jets changes jet kinematics.
However, the definition remains comprehensive at the analysis level and will be used in
the following.

Figure 6.3 (left) shows the distribution of ¢" for all reconstructed photons at the
detector level. The number of events corresponds to 100 fb! of unpolarised data, the
lowest integrated luminosity considered in the study, and can be easily scaled to other
integrated luminosities. At the detector level, only photons with an energy above 2 GeV
and an absolute value of pseudorapidity below 2.5 were selected, which corresponds to the
central region in the detector. For low values of qT, the total distribution is dominated by
the 0-ME-photon sample — for which the reconstructed photons originate from hadronic
decays, with 90% of the photons coming from 7 decays, 6.4% from 7 decays and 0.9% from
w(782) decays — while for larger values the 1-ME-photon sample becomes dominant. The
transition between the two regions occurs at about 10 GeV. Above this value, the photon
sample is completely dominated by hard photons, i.e. those generated at the ME level
and not those modelled in showers. Figure 6.3 (right plot) shows the signal efficiency
(ratio of the accepted radiative events over all the radiative events) and purity (ratio of
the accepted radiative events over all the accepted events) as a function of y.,;. For the
purpose of this study, only events with exactly one hard-tagged photon, i.e. for which
qT > Yeut, are selected. Events with one proper photon generated at the ME level become
dominant for a cut value of about 7 GeV, for which about 10% of events are preserved.

In this context, a brief remark is in order. For the statistical analysis, a small con-
ceptual change was introduced compared to the procedure described in Section 6.2. The
one-photon sample was treated exclusively by requiring exactly one tagged photon, while
the full hadronic sample was taken inclusively. This choice simplifies the technical imple-
mentation of the tagging algorithm by avoiding ambiguities arising from events with mul-
tiple photons. With this approach, radiative events were not removed from the hadronic
sample, and the two samples were treated as independent. This is justified by the fact
that the fraction of radiative events in the full hadronic sample is small, at the percent
level. An alternative strategy would be to explicitly remove the radiative events from the
hadronic sample and modify the fit procedure accordingly.

6.4.2 2-flavour fit

In the next step, the statistical framework described in Section 6.2 was adopted. The
quark flavour tagging efficiencies were taken from [300], assuming that both jets are tagged
independently and that light jets have the same tagging probabilities, which follows from
the fact that the goal of this analysis is to separate the light quark couplings using photon
radiation and no other methods. To avoid any bias coming from the small difference
present in [300], the values for the u and d tagging of [300] were averaged.
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Figure 6.3: Left: the distribution of selected photons (normalised to an integrated lu-
minosity of 100 fb_l) as a function of qT. The thick grey line stands for the sum of all
the samples, the solid aquamarine line for the O-ME-photon sample, the purple dashed
one for the 1-ME-photon sample and the blue dotted one for the 2-ME-photon sample.
Fast detector simulation is included in the results. Right: the signal efficiency (left axis,
black solid line) and the signal purity (right axis, pink dashed line) for different values
of Yeut, starting at a minimal value of 2 GeV considered in the study. Note that these
distributions are defined at the event level, i.e. they relate to the number of those events

in which exactly one photon was tagged.

First, a sample of events with two tagged light jets was considered, i.e. all events in
which at least one jet was not classified into the first category were rejected. A transverse
momentum cut p? > 10 GeV and a pseudorapidity cut |n;| < 4 were applied on both jets.
In this sample, a subsample consisting of events with one tagged photon (£, > 2GeV,
|n| < 2.5) was identified. The numbers of events in the main inclusive sample (“hadronic”)
and its subsample (“radiative”) were used to fit the data and extract ¢; and ¢, using X2
minimisation.

Subsequently, the impact of systematic uncertainties was studied. The measurement

is assumed to be affected by the following factors:

o relative uncertainty on the integrated luminosity,

o relative uncertainty on the radiative event selection efficiency,

o relative uncertainty on the background to the radiative sample due to hadronisation
photons,

o tagging uncertainties (introduced for all tagging and mis-tagging probabilities used

in the fit procedure).

By setting the tagging uncertainties as an absolute shift to the elements of the tagging
matrix (6.7), it is ensured that the relative tagging uncertainty for the light quarks is
larger than for the heavy quarks, as the corresponding elements of the tagging matrix are
smaller, and an absolute shift of the same magnitude is more significant.
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Figure 6.4: The uncertainty of the d (aquamarine) and u (purple) coupling measurements
as a function of y., (left) and the integrated luminosity (right). Dashed lines indicate
statistical uncertainty only, solid lines with points — statistical and systematic uncertain-
ties of 0.1% combined, dash-dotted lines — statistical and systematic uncertainties of 1%
combined. The luminosity uncertainty was fixed at 10~%. For the left plot, 100 fh~! of
data is assumed and for the right plot, the value of y.,; is set to 10 GeV.

For simplicity, uncertainties were initially set to the same value for all the contributions,
except for the luminosity uncertainty which was always kept at 1074 (see e.g. [319-322]).
The results are shown in Figure 6.4, where the relative statistical uncertainties on the
and d quark couplings are compared with the total uncertainties calculated assuming the
systematic uncertainties to be either 0.1% or 1%. The left plot presents the dependence
of the results on the y.,; parameter. As naively estimated from Figure 6.3, the optimal
value of the parameter corresponds to about 10 GeV, where the FSR-initiated photons
start to dominate over photons coming from hadronic decays. The right plot illustrates
the dependence on integrated luminosity. The measurement is dominated by systematic
uncertainties, as increasing the integrated luminosity beyond 10°fb~! yields no significant
improvement. In the following, possible enhancements to the measurement, together with
the impact of specific systematic effects, are discussed.

6.4.3 5-flavour fit

To enhance the fit precision, an inclusive approach incorporating all jet flavours was con-
sidered. This strategy encompasses events involving heavy-flavour jets (e.g., b-jet pairs)
as well as mixed-flavour combinations (e.g., one light jet and one s jet). By simultane-
ously utilising all available information, the fitting procedure was expected to benefit from
improved constraints on certain uncertainties, derived directly from the data.

For this purpose, the statistical framework was extended to include all possible jet
combinations, and the fitting procedure was repeated. A comparison between the 2- and
5-flavour fits is given in Figure 6.5. The improvement is especially remarkable at lower
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Figure 6.5: The uncertainty of the d (aquamarine) and u (purple) coupling measurements
as a function of y., (left) and the integrated luminosity (right). Dashed lines indicate
statistical uncertainty only, solid lines with points — statistical and systematic uncertain-
ties for the 5-flavour fit, and dash-dotted lines — statistical and systematic uncertainties
for the 2-flavour fit. 0.1% uncertainty is assumed for all the contributions, except for the
luminosity uncertainty (fixed at 10_4). For the left plot, the integrated luminosity was
fixed at 100fb™" and for the right plot, the value of y.,; was set to 10 GeV.

values of y.,; and larger integrated luminosities. As expected, the inclusion of other
channels helps constrain systematic uncertainties from the data, which results in better
scaling of the measurement uncertainty with growing luminosity. It is also interesting
to note that the precision for the d quark becomes worse than for the u quark at larger
statistics, which can be explained by the signal contamination originating from the s-quark
channel.

Figure 6.6 gives more insight into these results. In the left plot, the dependence of
the results on y,,; for all five flavours is shown. The developed statistical method results
in stringent limits for all quark flavours. In the most favourable case of the b quark, this
analysis, optimised for the light quark case, can still provide results better than the current
measurement by a factor of five. The light quark couplings can be constrained at the sub-
percent level, yielding an essential prospect for electroweak precision measurements. It is
also worth noting that the results for light quarks are significantly worse than for heavy
quarks already at the statistical level, which is connected to the lack of u/d discrimination
in the flavour tagging.

In the right plot, the results are presented as a function of the integrated luminosity for
the three lightest quarks. In addition, scenarios assuming identical tagging and mis-tagging
probabilities for the two light quark flavours are considered. Under this assumption, the
corresponding systematic variations are treated as fully correlated, thereby reducing the
number of systematic uncertainties included in the fit. For all other results presented in

this work, a more conservative approach is adopted, in which all systematic variations are
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Figure 6.6: The uncertainty of the d (aquamarine), u (purple), s (pink), ¢ (blue) and
b (grey) coupling measurement as a function of y.,; (left) and the integrated luminosity
(right). Dashed lines indicate statistical uncertainty only; the two other lines — statistical
and systematic uncertainties combined for two cases: solid lines with points for u- and
d-tagging uncertainties uncorrelated, dash-dotted lines for u- and d-tagging uncertainties
fully correlated. 0.1% uncertainty is assumed for all the contributions, except for the
luminosity (fixed at 10_4). For the left plot, the integrated luminosity was fixed at 100 fh !
and for the right plot, the value of y.,; was set to 10 GeV. Data for heavy quarks (correlated
u- and d-tagging uncertainties) are skipped in the right (left) plot to improve readability.

assumed to be independent and are thus treated as fully uncorrelated. The figure shows
that this assumption has a crucial impact on the results. Even though the u and d jets
are classified into the same category of “light jet”, the uncertainties for the two physical
particles are, in principle, independent. For this reason, the conservative approach was
followed in this work.

6.4.4 Discussion of systematic uncertainties

In the preceding considerations, all systematic uncertainties, except for the luminosity
uncertainty, were assigned a common value. However, it is instructive to relax this as-
sumption and evaluate the individual impact of specific sources of uncertainty. Figure 6.7
shows this comparison by varying the uncertainties of tagging, of the selection efficiency
of hadronisation background and of radiative events, respectively. Three values are con-
sidered: 0.1% (treated elsewhere as the “reference” value, and used also for non-varied
sources of systematic uncertainties in each plot), 0.01%, and 1%.

The tagging uncertainty has a crucial impact on the results, though its estimation
remains a non-trivial task, as this topic is rarely addressed in the context of future fa-
cilities. Nonetheless, reasonable estimates can be inferred from the current performance
of b-tagging algorithms. For instance, at ATLAS, the present uncertainty is at the level
of a few percent, arising from both statistical limitations and hadronisation uncertainties,
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including experimental effects, such as jet energy resolution, and Monte Carlo simula-
tion [323]. Given the anticipated large amount of hadronic data at future colliders, along
with significant advancements in Monte Carlo generators and detector technologies, a 1%
uncertainty is a conservative estimate. An uncertainty of 0.1% appears optimistic yet
achievable, while a 0.01% uncertainty may be potentially attainable with major improve-
ments in simulation and reconstruction techniques. Nevertheless, to fully explore the
physics potential of future Z-pole runs at lepton colliders, a deep understanding of jet
tagging is mandatory.

The dependence on the uncertainty of the acceptance of hadronic events is rather small
and appears around the transition value of y.,; (see Figure 6.3). The impact of the un-
certainty on the acceptance of radiative events is marginal in the considered range. Both
sources of uncertainty receive contributions from experimental effects (e.g. photon tagging
efficiency, energy resolution) and theoretical predictions (e.g. radiative corrections, hadro-
nisation models). Given the substantial theoretical work undertaken for the corresponding
LEP measurements [324-329], it might be anticipated that theoretical uncertainties will
remain well controlled by the time such measurements are conducted at a future facility.
Furthermore, it is assumed that collecting a large dataset will enable effective mitigation
of uncertainties associated with hadronisation models. Advances in detection techniques
required for employing the particle flow concept are expected to enable high precision in
constraining the experimental uncertainty. Therefore, sub-percent levels appear achiev-
able. In any case, the results are not strongly sensitive to the exact values assumed and can
be rescaled once more precise information on experimental performance becomes available.

In Figure 6.8, the results are shown as a function of the luminosity for different val-
ues of the tagging uncertainty. The plot clearly shows that to benefit from higher data
statistics, sub-permille tagging uncertainty must be achieved. According to this study,
sub-percent level precision for the light quark couplings to the Z boson can be achieved
at a future experiment at a linear collider collecting 100 b of data, provided that the
tagging uncertainty is reduced below 0.3%), and the relative uncertainty on the background
to the radiative sample from hadronisation photons remains at 1% or below. The effect of
the uncertainty on the radiative event selection efficiency is found to be marginal. Higher
integrated luminosities yield an improvement in the precision; for instance, at 40 ab_l,
corresponding to a single experiment at a circular collider, with the tagging uncertainty
of 0.3%, the results improve by 25-50%, depending on the quark flavour. By achieving
sub-permille precision on the tagging efficiency, the results can improve further, up to a
factor of 5-6 for the u and d quarks.

6.4.5 Discussion of correlations in the measurement

The measurement aims to disentangle the dependence of the cross sections on the quark
couplings, but the measured parameters of the SM are all correlated. By collecting more
data of better quality, one can minimise this effect. In Figure 6.9, the correlation el-
lipses are shown for the d and u quark couplings as their deviation from the SM values.
The improvements yielded by increasing luminosity or improving tagging efficiency are
compared. Both an improvement in the amount of data collected and a higher tagging
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Figure 6.8: The uncertainty of the d (aquamarine), u (purple) and s (pink) coupling
measurement as a function of the integrated luminosity. The plot shows the variation of
the tagging uncertainty; the solid lines indicate the uncertainty of 0.1%, the dashed lines
of 1%, and the dash-dotted one of 0.01%. 0.1% uncertainty is assumed for all the unvaried
contributions, except for the luminosity (fixed at 10_4). The y.,+ parameter was set to
10 GeV.
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Figure 6.9: The correlation ellipses for the measurement of the d and u couplings for
three different cases: 100fb~" of collected data with tagging uncertainty of 0.1% (solid
aquamarine), 100 fb™! of collected data with tagging uncertainty of 0.01% (dashed pur-
ple), 10,000 fb~! of collected data with tagging uncertainty of 0.1% (dash-dotted pink),
respectively. The deviation from the SM value is shown. 0.1% uncertainty is assumed for
all the other contributions, except for the luminosity (fixed at 10_4). The ..+ parameter
was set to 10 GeV.

efficiency change the sensitivity of this measurement and can significantly enhance the
precision.

It is interesting to note that improving the tagging uncertainty affects the uncertainties
of both couplings in a similar way, while increasing the integrated luminosity leads to a
noticeable improvement mainly for the v quark. The same conclusion can already be drawn
from Figure 6.8 by inspecting the behaviour of the u- and d-quark coupling measurements
as a function of the assumed tagging uncertainty. The worse results for the d quark at
the default tagging uncertainty of 0.1% most likely stem from confusion with the s quark,

which is significantly reduced once the tagging uncertainty is improved.

6.5 Summary of the measurement

Future e*e™ colliders operating at the Z pole will further constrain the Standard Model
parameters and possibly pave the path beyond. Precision measurements of the Z boson
couplings to fermions will be possible thanks to very high data statistics. The method to
extract the values of the Z couplings proposed in this thesis builds upon the LEP analyses,
far exceeding their scope and capabilities, based on up- and down-quarks’ different contri-
butions to radiative and non-radiative Z boson decays. However, thanks to the inclusion
of the s-tagging, the full flavour decomposition is now possible.

For uncertainties of 0.1%, one can expect a precision of about 0.3% for the measurement
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of the light quark couplings to the Z boson, improving upon the statistically limited LEP
data by at least an order of magnitude. In general, for integrated luminosities considered
for future experiments at e*e” colliders, the tagging uncertainty should achieve a precision
of about 0.3% to measure the light quark couplings to the Z bosons at the sub-percent
precision. At the same time, the same method allows for constraining the precision of the
b (¢) coupling up to 0.05% (0.1%), which yields an improvement of a factor of 5-15 and
can potentially be further optimised. Possible extensions of the analysis are highlighted
in Chapter 9.
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Chapter 7

Collinear factorisation and
Equivalent Vector Boson

Approximation

In the previous chapter, photon radiation at low-energy lepton colliders was used as a
tool to improve tagging capabilities in the light-quark sector. However, the radiation itself
is also of theoretical interest. At sufficiently high energies, well above the electroweak
scale, photon emissions from the initial and final states represent only one manifestation
of a more general phenomenon of boson radiation; other electroweak bosons can also be
emitted and may subsequently participate in the hard-scattering process.

An important feature of physics predictions at the LHC is the ability to disentangle
different components of an interaction by applying — in the relevant energy regimes —
the concept of factorisation. Since protons are composite particles and the underlying
interaction occurs at the partonic level, the factorisation leads to the definition of PDFs,
which describe the probability of finding a given parton with specified kinematic properties
inside the proton, before it participates in the hard interaction described by a proper
matrix element. The concept is inherently connected to the separation of scales in the
underlying subprocesses — in this case, the confinement scale and the scale of the hard
process. A similar concept can be applied to high-energy lepton colliders. Although leptons
are elementary, point-like particles, they can be effectively described as states composed
of various constituents arising from initial-state radiation of electroweak bosons. For
example, if a process initiated by a photon emitted collinearly from a charged lepton is
considered, the interaction can be described by convoluting a universal structure function
encoding the probability of finding a photon inside the lepton with the matrix element of
the corresponding photon-initiated hard process.

This chapter provides an overview of such processes at leading order, which must
be carefully studied to obtain reliable predictions for the discussed Muon Collider. The
framework of collinear factorisation for lepton colliders is introduced in the context of the
Equivalent Vector Boson Approximation, its Monte Carlo implementation is presented,
and the range of applicability of the approach is examined [2].
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7.1 Historical remarks

The concept of collinear factorisation discussed in this chapter dates back to the first half
of the 20th century. This approach was first proposed for photons and is known as the
Equivalent Photon Approzimation (EPA) or the Weizsdcker- Williams Approzimation [330—
332]. Over the years, the EPA has been broadly discussed in the literature to assess its
applicability to collider experiments and establish a set of conditions for its validity [333—
337].

In the 1980s, the approximation was extended to the weak-boson case. The so-called
Equivalent Vector Boson Approximation (EVA) [338-340] is based on the fact that the
masses of weak bosons can be viewed as negligible for collision energies well above the
electroweak scale, even though a truly collinear kinematics is never realised due to the
finite masses. The EVA is much more complex than the EPA; the structure functions
depend on the isospin of the radiating fermions and differ for transverse and longitudinal
polarisations. For the last four decades, the approximation has been studied from different
perspectives, often yielding indefinite conclusions regarding its validity [186,253,341-354].

As a remark, it should be noted that the fundamental difference between the EPA and
EVA lies in the massiveness of the weak bosons. This distinction changes the motivation
for introducing a structure-function formalism. In the case of EPA, the numerical stability
of the full matrix-element description becomes challenging at low momentum transfer. The
approximation is therefore introduced to capture the problematic region of phase space
where the photon is nearly on shell. Since there is a large (infinite) hierarchy of scales
between the vanishing photon mass and the collision scale, EPA is naturally restricted to
the low-momentum-transfer regime, while full matrix-element calculations are employed
at higher momentum transfer, and matching between the two is necessary.

In contrast, EVA was originally developed to describe VBF processes at a time when
full 2 — 4 matrix-element calculations were computationally prohibitive. It therefore
served as an approximate alternative rather than as a component to be matched. The
approximation was expected to provide a reasonable description over the full phase space,
noting that the hierarchy between the electroweak scale and the collider energy is much
less pronounced than in the photon case. With modern Monte Carlo tools, however, VBF
topologies can now be computed straightforwardly using full matrix-element calculations,
and the original motivation for EVA has largely disappeared. Nevertheless, EVA remains
in use because of its simplicity and computational efficiency; in practical applications,
an order-of-magnitude speed-up compared to full matrix-element calculations can be ob-
served. In the following, a wide set of processes will be discussed to assess in which cases
the approximation is justified.

Both approaches rely on identifying regions of phase space that produce logarithmic
enhancements from collinear splittings in the initial state. In this regime, processes initi-
ated by electroweak bosons emitted from the incoming leptons become non-negligible and
can eventually dominate over standard annihilation channels. The transition typically oc-
curs at energies of a few TeV, depending on the specific process. This makes such studies

particularly relevant today, as future facilities discussed in the current update of the ESPP
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Figure 7.1: Prototype diagram in the EW deep inelastic scattering (DIS) picture as the
starting point for the derivation of the EVA.

are designed to reach the multi-TeV scale. This is the primary reason for revisiting the
EVA framework and reconsidering its applicability.

7.2 Derivation of the EVA structure functions

In this section, the derivation of the EVA structure functions is presented in a formalism
that resembles its implementation and usage in WHIZARD. The derivation follows to some
extent the ideas of [350,355], but several different choices are made.

7.2.1 Matrix-element picture

To derive the EVA structure functions, one may consider a simple process which starts
with the emission of a single weak boson'. Suppose a weak boson V' is emitted from an
incoming fermion f4 with momentum p, as depicted in Figure 7.1. After emitting the
boson, the fermion becomes f1'4 and carries momentum p'. The emitted boson V| which
has momentum ¢, interacts with another incoming particle fg with momentum k. This
interaction produces a final state X, which carries momentum px. The exact form of the
interaction fgV — X is irrelevant.
In general, the matrix element of this process can be written as

Mg = M (fa - VfA)A,Yu(Q)MV(fBV - X),

where M"(fa — Vfi;) is associated with the splitting fa — Vi, Axy(q) is the vector-
boson propagator, and M”(fgV — X) corresponds to the hard scattering fgV — X. Asa
side note, care should be taken to treat the polarisation vectors of the intermediate vector
boson correctly, i.e. either by including them as external legs in the emission and hard-
scattering subprocesses, or by treating them as part of the propagator. More specifically,
in the latter case, the propagator of the vector boson V reads

diiy(q)
|4 wy
AMV(Q) = 2 2 )
q“ —my,

'The derivation for photon emission follows a similar approach but is simpler, because the photon is
massless, and can be easily found in standard textbooks [11].
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where dfy(k) is the propagator numerator in a given gauge G (e.g. R¢-gauge or axial
gauge) and my is the vector-boson mass [11]. At the same time, the numerator might be
rewritten as a polarisation sum:

G G G
du(q) = Y e (e \) e (g \").
AI,)\”

In this way, Efj(q, A)* is associated with the splitting process f4 — V fi and Ef(q, A
with the hard scattering fgV — X.

The first step of the approximation is to discard the off-diagonal spin-correlations
between the vector bosons in the internal line, i.e. it is assumed that A= A=
Depending on the gauge, the sum goes over transverse (A = 1), longitudinal (A = 0),
and, possibly, also unphysical (scalar) polarisations (A = S).

Assuming that only one polarisation state, A = Ay, contributes to the hard process,

one can write

)gg(Q7 )\V)*EE(Q7 )\V)

2 2

MM (fa = VEDAL () = alp', Ap )V (gv = 9477 )ulp, Ay, T
- Vv

, (7.1)

where the standard spinor formalism, outlined in Section 2.2, is used, and gy, and g4 are,
respectively, the vector and axial couplings of a given boson V. Due to the commutativity,
the polarisation vector ¢(g, Ayy) might be associated with the expression for the hard pro-
cess fgV — X. To construct structure functions for the vector-boson emission accounting
for particle polarisation, one needs to find explicit expressions for the helicity-dependent
amplitudes from Eq. 7.1.

7.2.2 EVA kinematics

For simplicity, suppose the massless particles f4 and fg collide collinearly in the z-
direction, and their energies are equal. Then, the kinematics is given by:

p'u = (E7 07 07 E)7

kﬂ = (E7 07 07 _E)7

p'“ = (E', E'sin 6 cos o, E'sin 0 sin o, E' cos 9) ,

q“ = p“ - p'” = (E — E', —FE'sin 0 cos o, —FE'sin #sin ¢, B — E'cos 9) .
0 is the angle between the collision axis and the outgoing fermion f1'4, and ¢ is its azimuthal
angle. Furthermore, let x be the fraction of the initial energy carried by the vector boson,
ie z = % (the Bjorken x).

Suppose that f1'4 and V are emitted at very small angles in the splitting, i.e. their

transverse momenta are small as compared to the collision energy. In the collinear limit,
assuming ¢ = 0, one can expand

E'sing=E'0+ 0(92) .

Let p, = E'0 = E(1 — )6 (the transverse momentum of fj at leading order in 6). Then,

by expanding all the functions of 6 to leading order in 6 and replacing 0 — E(If_ 2 the
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momenta read:

2
p’ﬂ = ((1 —(L‘)E, P, Oa (1 - :E)E - 2(121—wa) )

2
o PL
= 2B, =py, 0, Bx + —L .

Following the same procedure for the polarisation vectors of Egs. (2.1)—(2.3), one obtains:

1 . pL
K - _ rL
€ (qa+1)_ \/5(07 ]-7 2, [BE),
1 . Pl
H _ - I
g, -1) === (0.1, = 75
p my
€ (Q>O) = (_17 07 07 1) .
V2z E

An additional step is carried out beforehand for the longitudinal polarisation, for which

the vector can be decomposed as

q/J
"(q,0) = my t #(q).

The first term above vanishes via the Dirac equation and hence is neglected in this deriva-
tion [339].
In this approximation, the amplitudes are given by

)\fA = -1, )\f,,4 =-1 )\fA = +1, )‘fk =+1
Ay = +1 grLpLV2 -2z V2R p1
X Vi-zz
Ay = -1 V2911 _9rPIV2 -2z
Vi-zz x
\ 0 29, myV1—=x 29rmy V1 —x
V= T T

Here, the left- and right-handed coupling constants, g;, = gy + ga and gr = gy — ga,
were introduced. It is important to mention that no helicity flip is possible for massless

fermions at leading order in EW coupling, i.e. Ay, = A fly or the amplitude vanishes.

7.2.3 Phase-space integration

The differential cross section for the process depicted in Fig. 7.1 might be written as

1
e IMA(fEVA = X)IPAPS,  (7.2)
q —my

where dPS is the phase space measure given by

do = 5 g [Ma(fa = FaVa)[?

_ d3p’ dspx
(2m)32E" (27)32E %

dPS (27T)46(p+k—p'—px).
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The factor x/2s is the flux factor (s = 4E2) multiplied by x, which comes from the boost of
the splitting frame along the z-axis to the frame of the hard process. M denotes a matrix
element contracted with its corresponding polarisation vector for the emitted/absorbed
vector boson, and the overline indicates averaging over initial-state spins and summing
over final-state quantum numbers (while keeping the vector-boson polarisation explicit).

The following factor can be expressed in terms of *x = 1 — x, p; and the azimuthal
angle ¢:

a*p' 1 _dadp? do T
(2m)32E" (¢ - m¥ )2 4(2r)® (p% - am})?

Then, integrating Eq. 7.2, one obtains:

o(fafp = faX) =

1 pi.max d 2 oy
’ D Trxr IR
) ZJ dr L 167:2 " F —am? )2|M)\(fA - AV 6(f5Vh = X).
X T 1 -ami,

Here, the trivial azimuthal-angle integration has been performed, as well as the integration
over px, yielding the hard-scattering cross section for fgV, — X. This factorisation of
phase-space integrations is analogous to electroweak factorisation in QCD or QED.

The minimal sensible value of x,,;, is my /E, which corresponds to the minimal energy
fraction to produce the boson V' on-shell. The maximal possible value of p| .y is E. At
the same time, the allowed emission angle is restricted by on-shellness and four-momentum
conservation within the collinear approximation.

From the above equation, one can identify the EVA structure functions as:

2 2 _
2 pl,maa: dpl xx
FAV(x7pL,maX) = :
0

M ')l
167’[’2 (pi _ im%/)2| )\(fA - fA /\V)|

They can be directly computed, yielding:

2 2_2 2 -2 2
2 gr t grx Pl max T TMY Pl max
F+($7pl,max) = 4—2 In — 5 - 3 — |
& rmy, pJ_,max + rmy,
2 2 _2 2 =2 2
2 g, + grx pJ_,maX + zmy Pl max
F—(x)pl,max) = 4—2 In D) - 9 _ 92 | (73)
T Ty, Pl max T xmy,

_ 2
(g% + 912%)1' Pl max

2
FO(mpr_,maX) = 2 2 _ 9
27 P hax T IM

The values of the structure functions F' for the W boson are shown in Figure 7.2,
assuming p max of 5 TeV. All three structure functions depend on the scale choice p max,
but only the transverse ones entail a logarithmic enhancement. Overall, the approximation
also depends on the minimum energy fraction x,;, carried by the vector boson, appearing
in the integration of the structure function convolved with the hard-process cross section.
One of the goals of the analysis is to study the influence of these parameters on the quality
of the EVA in comparison to full matrix-element results. From physical considerations,
ZTmin = my [ E is needed to have enough energy for the production of an on-shell vector bo-
son, and p| max << F4 is required for the collinear (or at least small-angle) approximation
to remain valid. Nevertheless, in the following, different choices will be discussed.
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Figure 7.2: The EVA structure functions for the W bosons. The SM values of the param-

eters are used, and the p .« parameter is set to 5 TeV.

7.3 EVA in Whizard

As mentioned in Section 5.3, WHIZARD originates from precision electroweak studies;
interestingly, difficulties with the EVA description in [356,357] triggered the first version
of the code allowing for the direct computation of the 2 — 4 processes. In 2008, the EVA
framework was implemented in Version 1.91. However, in 2010, WHIZARD 2 was released
with a major overhaul, primarily to support the LHC physics. The EVA framework was
reimplemented in 2014, but the treatment of polarisation was simplified by averaging over
the helicity states of the incoming partons. As part of this thesis, the implementation
was corrected and revalidated, with proper inclusion of beam polarisation. The updated
implementation was released in Version 3.1.7.

In the current WHIZARD implementation, the EVA mode default (set by the variable
$ewa_mode) incorporates the full leading power structure functions from Eq. (7.3). Addi-
tionally, two other modes with different choices of approximation are included to compare

with previous studies:

e« EVA mode log_pt for which:

2
Gy (xapJ_,max) = 1672

2
gi + g?ﬂQ (m,max)
In ,

_ 2
gh + gL (pJ_,max)
In ,

=2
Tmy,

2
G—(xapL,max) = 1672 jmz
|4

2 2.\
(91 + gr)T

2
G0($apL,max) = 812

)
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e EVA mode log for which:

2
H+(l‘apL,max) =

2
9?% + giff 1 D1 max
16m2x ’

2
H—(xapJ_,max) = 1672

_ 2
gi + 912;::62 (pJ_,max)
In ,
2 2\
(91 + gr)T

2
HO(xapL,max) = S22

In WHiZARD, the EVA is a single-beam structure function, which means it can also
be applied to asymmetric beam setups. The code allows users to specify the minimal
value of x and the maximal value of the scale pimax (either as fixed constants or as
dynamical expressions, e.g., the hard-process scale, §). The legacy mode was introduced
to facilitate comparisons with Version 2. An example SINDARIN input file for running
EVA in WHIZARD is provided in Appendix B.1.

7.4 EVA and full matrix-element calculations

In this section, the application of the EVA to a set of processes is discussed to assess
under which conditions the description provided by the EVA can reliably emulate the full
calculation. The processes are organised according to complexity, understood in terms of
both the contributing polarisations — where the first processes are dominated by a single
vector-boson polarisation — and the increasing multiplicity of topologies constituting the
full process. The default parameter settings are z,;, = 2my [4/s for the lower Bjorken
cutoff, while the central value of the momentum scale is P max = Vs /4. The latter is
heuristically chosen, as it yields good agreement for most processes and will be discussed
in more detail in the following. If not stated otherwise, the results are presented for a
fictitious electron—muon collider operating at 10 TeV to facilitate the technical comparison
between full ME calculations and the EVA by removing s-channel contributions.

As a general remark, it is worth emphasising that the EVA can only describe well phase
space regions that are dominated by VBF-like topologies. For most processes, additional
diagrams, such as s-channel annihilation or bremsstrahlung, give significant contributions
to the full results. Unfortunately, a separation into different sets of topologies and a
diagram-by-diagram comparison between the full calculation and the approximation is not
possible due to large gauge cancellations between the different topologies in the full matrix-
element case [348,356,357]. While these gauge cancellations can be partially separated on
a diagram-by-diagram basis, for instance, by working in an axial gauge, they cannot be
ignored; a diagram-based selection within the full process is never physically meaningful.
Therefore, non-diagonal beam flavour combinations are considered, and technical cuts are
applied in order to extract the VBF-like contributions for which the EVA should yield
reasonable results, which can then be relaxed for more realistic beam setups and viable
physical cuts.
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Figure 7.3: Invariant mass distributions of the di-Higgs system in the process ey~ —
HH + X (left: charged current, right: neutral current) at /s = 10 TeV for the full matrix
element evaluation (red) and the EVA for different values of i, and pj max, respectively.
The green band represents a two-sided variation of z,,;,, = 2my /+/s by a factor of two.
The blue band in the left panel represents a scale variation by a factor of two around the
central scale p| max = \/§/ 4. To facilitate the comparison between the two effects, the

scale variation is not shown in the right plot.

7.4.1 Di-Higgs

The first process of interest is e = — HH + (Devy, or e"1”), depending on which vector
bosons mediate the process. Figure 7.3 shows the invariant mass of the di-Higgs system.
Here, the EVA is considered in two incarnations: as the Equivalent W-boson Approxima-
tion (EWA) and as the Equivalent Z-boson Approximation (EZA). Here, no generator-level
cuts are applied. In this case, by using beam leptons of different flavours and ignoring
light-lepton Yukawa couplings, all topologies contributing to the process are of the VBF
type, and one can therefore expect them to be well within the realm of the EVA. Neverthe-
less, the approximation always assumes the vector bosons to be on shell, which suggests
that it cannot accurately describe regions of phase space in which one of the vector bosons
is far off shell, for example in configurations where two Higgs bosons can be interpreted as
emitted from a single vector-boson line. Such emissions are expected to be predominantly
collinear, thereby driving the invariant mass of the Higgs pair towards lower values.

Indeed, the EVA agrees very well with full ME calculations for large values of myy 2
1.5 TeV, independently of the parameter choice. On the other hand, the threshold region
— where the major part of the total cross section comes from — heavily depends on
the choice of both zi, and p max. The weak dependence on p| yax in the tails follows
from the fact that the main contribution (~ 99%) for this process occurs through the
longitudinal structure function Fy of Eq. 7.3, which is not logarithmically enhanced and
for which the scale factor becomes approximately constant for im%/ < pi?max, i.e. in the
high-energy regime where z — 0.

The dependence on x,,;, is obviously the strongest in the low invariant mass regime,
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Figure 7.4: Invariant mass distributions of the di-Higgs system in et uw — HH + X for
different collision energies.

where the Bjorken-z values are small for each beam. As explained earlier, a natural choice
for this variable is i, = 2my /+/s, because this represents the minimum energy fraction
to produce a vector boson V off a single beam. In Figure 7.3, a variation around this value
by a factor of two up and down is shown. It becomes apparent that the naive choice is not
optimal. Instead, one can artificially enhance the population of the EVA phase space in
the low-z region by choosing smaller values for x,,;,. Nevertheless, there does not seem to
be a unique choice for x,,;, which works for all processes. As the approximation performs
well for mygy > 1.5 TeV, an invariant mass cut could be applied to remove the threshold
region. Below this value, one must rely on full matrix-element calculations.

In Figure 7.4, the di-Higgs invariant mass distributions for three different centre-of-
mass energies are shown. Two notable effects emerge: first, the threshold cut-off —
beyond which the EVA and full results begin to align — shifts to higher values as the
centre-of-mass energy increases; the ratio between the two results slowly approaches one
and then stabilises. The higher the /s, the higher this point moves up in the invariant
mass spectrum. Second, a sharp rise in the ratio is visible at the tail end of the 3-TeV
distribution. This points to an unphysical divergence of the transverse structure functions
when z — 1, an artifact of the collinear approximation in the EVA derivation. The effect
can be mitigated by introducing an upper cut-off, e.g. ZTax ~ 1 — 2"% In any case,
this sharp discrepancy from the full matrix element is not concerning for the total cross
section, because it only appears at the far end of the distribution, where the differential
cross section is tiny.

The distributions of transverse momenta and rapidities of the two Higgs bosons are
shown in Figures 7.5 and 7.6, respectively. Interestingly, the kinematics of the parton
subleading in p; is much better described by the EVA than the leading one, and this
behaviour persists when cutting off the threshold region in mgg, as shown in Figure 7.6.
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Figure 7.5: Transverse momentum distributions for the leading-Higgs p; (left) and the
sub-leading p, (right) in e*p~ = HH + X at /s = 10TeV for the full matrix element
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the green one around x,,;, = 2my /+/s at this central scale.
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Figure 7.6: Pseudorapidity distributions for the leading (left) and sub-leading Higgs in p
(right) for e* i~ — HH + X for /s = 10 TeV evaluated with the EWA (blue) and with the
full matrix element. The cut myy > 1500 GeV is imposed to show events from the region

where the invariant mass distributions for the two approaches agree.
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Figure 7.7: Invariant mass distributions of the v, v -system in et w o = v+ X (left:
charged current, right: neutral current) at /s = 10 TeV for the full matrix element evalu-

ation (red) and EVA results for different values of p | max.

This is expected, since EVA assumes the vector bosons to be on shell and collinear with
the incoming beam particles, suppressing hard recoil effects that significantly affect the
particle leading in p . This shifts the peak in the p ;-distribution to slightly larger values
as compared to the EVA. Nevertheless, after a cut of mgg > 1.5 TeV, the EVA perfectly
describes the kinematics of the subleading parton, which, being softer, is less sensitive to
these approximationsQ.

It is worth noting that this behaviour of the leading parton occurs despite the relative
simplicity of the process, with VBF topologies only and negligible contributions from
transverse vector bosons. Thus, the mismatch is likely more severe in more complex
processes, and any kinematic cuts should be treated carefully. WHIZARD allows users to
generate a p ; kick in the EVA in the so-called recoil scheme, but this option remains to
be validated.

7.4.2 Tau neutrinos

Next, the process e+,u_ — v, U; + X is studied, where the neutrinos of the third family
are chosen to avoid non-VBF topologies. Nevertheless, there are weak bremsstrahlung
diagrams from Z boson radiation with subsequent Z — v, v, decay contributing to the
process. These, in turn, can be addressed by cuts on m,;. It is worth underlining that this
process is not directly measurable experimentally, but in contrast to the di-Higgs case, its
hard matrix element, VV — v, v, is dominated by transversely polarised vector bosons,
which makes it a good testing ground for the transverse structure functions Fy and their
scale dependence.

The results in Figure 7.7 are, indeed, much more scale-dependent, even with a large
generator-level invariant mass cut of 500 GeV applied. Four different scale choices are

2For consistency, myy is used in all plots to denote the invariant-mass cut. In this way, a single
notation is employed for all final states, irrespective of whether they are produced via WW or ZZ fusion.
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Figure 7.8: Invariant mass distributions of the process v, system in et W - v+ X at
Vs = 10 TeV with the three different major EWA modes implemented in WHIZARD. The
same scale choice of v3/4 is set for all the cases.

probed: v3/2, V5/4, V3/5 and V5/8. The largest scale choice clearly overshoots the
correct result, while the smallest one undershoots it. The two scales in the middle yield a
similarly reasonable performance; among them, v§/4 provides better agreement for larger
cross sections and is therefore heuristically selected as the default. The strong sensitivity
to the scale choice makes the EVA less reliable for processes dominated by transverse
polarisations.

Even for the scale choices that bring the EVA results close to the full calculation,
the slopes of the tails in the distributions differ. This clearly shows a breakdown of
the EVA whenever non-VBF diagrams contribute significantly to a process. Moreover,
the performance of the EVA depends strongly on the mass scale of the final state. For
light final states, where large transverse momenta and off-shell effects play an important
role, the approximation loses predictive power, because the condition v > my is not
guaranteed.

In Figure 7.8, the invariant mass distributions arising from the three different EVA
implementations of F\, Gy, and Hy with the same scale choice of V§/4 are shown. F)\
and G, agree for large invariant masses and deviate significantly only in the low-z regime,
because the structure functions G only contain the logarithmic terms of F), so they
should be equal where these terms are largest. The structure functions H) agree with G
in the low energy regime and deviate at larger invariant masses, because H) contain the
same logarithmic terms as G, but with a different dynamical scaling, i.e. they are related
by the replacement p| max = TP max.- Therefore, differences between the two are mainly
expected when £ — 0, which is the case for the high-energy tails.
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Figure 7.9: Left: invariant mass distributions of the yv-system in e’ p~ — vy + X at
Vs = 10TeV for the full matrix element evaluation (red) and EVA results for different
values of xp, and py max. The blue and green bands show the scale and i, variation
by a factor of two, respectively. Right: the |An.,,| distribution with an additional cut of
myy > 2200 GeV.

7.4.3 Di-photon

Photon production has also been studied in the literature to assess the applicability of the
EWA for the processes dominated by transverse polarisation [350]. As only electrically
charged particles couple to photons, there is no EZA equivalent in this case. The di-photon
production in the VBF picture, e p = Y + Vv, is indeed dominated by transverse W
bosons; nevertheless, the full process receives large contributions from bremsstrahlung-like
topologies, in which photons are emitted from the initial-state leptons. Additionally, the
final-state particles are massless. Hence, no agreement between the EVA and the full
process should be expected, contrary to some claims in the literature.

In Figure 7.9a, the invariant-mass distribution for et i — vy + X is shown. Similar
to the v, case, this process is heavily scale-dependent due to the large transverse contri-
butions. It also exhibits additional non-VBF-like topologies that undermine the accuracy
of the EVA. Their impact is minimised by imposing generator-level cuts on the photons,
namely an invariant mass cut m., > 500 GeV, a transverse-momentum cut p, -, > 50 GeV,
an angular separation cut AR > 0.4 and a pseudorapidity cut |7,,| < 3. These cuts are
expected to suppress soft contributions, which are likely to originate from the initial-state
radiation. Nonetheless, as discussed earlier, any cuts must be applied with care due to
the kinematic mismatch between the EVA and the full calculation. Even with these cuts
in place, the impact of the non-VBF-like topologies remains visible, as reflected in the
differing slopes of the ratios observed in the distributions.

In Figure 7.9a, the variation of x,,;, is again shown in the green hatched region. This
variation solely affects the low m.., region due to the lower invariant mass cut-off. However,
due to the sizeable transverse contributions, the variation of the scale p| max affects the
whole range, including the tail of the distribution. The agreement between EVA and the
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Figure 7.10: Invariant mass distributions of the yvy-system in e"p~ — 4y + X at /s =
10 TeV for the full matrix element evaluation (red) and EVA results for different cut setups

and a scale variation by a factor of two in the blue band.

full matrix evaluation is poor. Since the ratio of the two shows a constant slope over the
whole range of the m., distribution, the accuracy cannot be improved even by a large
invariant mass cut, in contrast to the di-Higgs case.

To find a region in the phase space in which the two approaches agree, a set of technical
cuts may be applied. The pseudorapidity difference between the photons An,. can be
considered, as indicated in Figure 7.9b. Expecting that the EVA would agree better for
large invariant di-photon masses, the distribution is examined for events satisfying m.,, >
2200 GeV. In the EVA, events typically exhibit a large forward—backward separation
An,., in contrast to the full matrix-element calculation, where additional non-VBF-like
topologies populate the region of smaller An... A lower cut on |A7,.| thus mainly affects
the results of the full matrix element evaluation. The agreement of the EVA with the
full matrix elements in the m., tail region can also be improved with an additional cut
removing events with large pseudorapidity |7(~;)| < 2.5. Finally, a cut on s;; = (p; + pj)Z,
for all pairs 7 # j of the final state four-momenta, reduces the full matrix element mostly
in the low m,, region. This technical cut is expected to improve agreement because it
introduces a large scale to the process, enhancing the validity range of the small-angle
expansion. Nevertheless, it cannot be applied in a real experimental setup, when the
neutrinos cannot be reconstructed. The combination of all cuts yields better agreement,
as indicated by Figure 7.10; however, the full process is still not reproduced reliably, and
differences in the slopes remain visible.

Furthermore, the modest agreement is achieved only for the specific cut values dis-
played in the plot. For example, increasing the cut on s;; does not result in any further
improvement. Additionally, even when relaxing the generator-level cuts mentioned earlier,
it was not possible to identify universally applicable kinematic cuts that yield satisfactory
results within the EVA for this process. The conclusion is that the EVA fails to accurately
describe the v production due to missing diagrams from non-VBF topologies and the
absence of an inherent large scale. It is only achievable to approximate the full matrix
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element calculation within a limited region of phase space, defined by carefully tuned

technical cuts.

7.4.4 Top pairs

The next process to consider is top-pair production. In Figure 7.11, the results for et T
tt+ X and /f - — tt+ X are shown. In the latter case, the full matrix element calculation
receives a small, few-percent contribution from additional s-channel diagrams. Top-pair
production proceeds both through purely longitudinal and mixed transverse—longitudinal
polarisations of the initial-state vector bosons. Interestingly, the EVA yields accurate
results for my; 2 1TeV in both cases, despite the additional non-VBF topologies and
scale-dependent contributions from transversely polarised bosons; similarly to di-Higgs
production, the low-m;; is not well described due to the missing contributions from off-
shell W bosons.

This indicates that the presence of a heavy state, the top quark pair, enhances the
reliability of the EVA, as the heavy scale helps suppress effects not captured by the small-
angle approximation, as previously mentioned. It suggests that the EVA may also apply
to more realistic collider scenarios involving same-flavour leptons, once the energy scale
allows for neglecting the s-channel contributions. Furthermore, the observed agreement
suggests that off-diagonal transverse-longitudinal interference between the amplitude and
its complex conjugate plays only a minor role, contrary to the expectation of [339]. The
scale variation is naturally more pronounced than in the di-Higgs case because of the
transverse—longitudinal mixed contributions. Nevertheless, the width of the scale variation

bands is significantly reduced as compared to the vy and v, cases.
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7.4.5 Associated ZH production

In the case of associated ZH production, the EVA result differs significantly from the full
calculation over the whole range of the invariant mass spectrum, as shown in Figure 7.12a,
where no generator-level cuts are applied. The discrepancy can be alleviated by a carefully
tuned cut on 0z, the angle between the final-state particles and the beam axis in their
rest frame, see Figure 7.12b. Rejecting values of |cos 0z g| close to unity corresponds to
removing the peaking region of low Mandelstam variable #, which is artificially enhanced
in the EVA results, following the collinear approximation. The agreement can be further
improved by applying a technical cut on the invariant masses of all final-state parton
pairs, which suppresses contributions from non-VBF-like topologies (as can be seen from
the fact that only the full result is affected), as shown in Figure 7.12c. Alternatively,
a dynamical cut that depends on the invariant mass mzg of each event can also work

similarly (Figure 7.12d).
In order to better understand the impact of the angular cut, the differential distribution
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in |cosfz| is presented in Figure 7.13, where transverse and longitudinal contributions of
the final-state Z boson are shown separately. The process is dominated by transverse
contributions, and the agreement with the full result increases significantly for values of
|cos @z m| < 0.9. This is not true for the longitudinal contributions. Therefore, a cut on
7 g cannot improve the agreement in this case. This means that in general, the cut can
only be useful for processes where the longitudinal contributions are small, so one should
not impose it, for example, on the HH production. Lowering the cut even further does
not increase the agreement because in this regime, the discrepancy for the longitudinal
modes cannot be neglected.

Furthermore, Figure 7.13 shows how a dynamical cut on cosfz i can somewhat im-
prove the results by reducing the excess transverse contributions of the EVA at large values
of [cos 0 r|. Nonetheless, a comparison of Figures 7.12c¢ and 7.12d proves that a constant,
fine-tuned cut on |cos 6z p| performs better in achieving a flat ratio between the EVA and
the full result. The EVA does not provide a viable alternative to the full matrix-element

approach.
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Figure 7.13: Distributions of the cosine of the Z-boson emission angle in the rest frame
at /s = 10 TeV. Both plots correspond to a high invariant-mass region, my > 2200 GeV,
while in the right plot, an additional dynamical cut on cosfz g is applied.

7.4.6 Vector boson scattering

The last investigated process is vector boson scattering, e wo— W W™ + X, as shown
in Figure 7.14a. A 20-GeV generator-level cut on p, is applied to the final-state W
bosons for better convergence. The EVA deviates significantly from the full matrix element
calculation, differing by two orders of magnitude in the high myw region. The situation
resembles the associated ZH production, where large contributions in the EVA case arise
when the final-state W bosons are produced at low angle. Therefore, applying a specific
cut on |cos(9W+7W—)|, the angle of the W-boson emission with respect to the beam axis in
the rest frame of W W™, can significantly improve the agreement between the EVA and
the full matrix element calculation, as illustrated in Figure 7.14b. The cut value of 0.97
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Figure 7.14: Invariant mass distributions of the W' W™ final state in the vector boson
scattering e i~ = W'W™ + X at /s = 10TeV for the full matrix element evaluation
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matrix element and EWA as solid lines are shown, while EWA with other cut values is

indicated in dashed lines.

was chosen to optimise overall agreement. Nevertheless, comparison with other possible
values shows that this choice is merely fine-tuned, and either more or less restrictive
cuts deteriorate the accuracy, assuming they barely affect the full calculation. A slight
flattening of the ratio in Figure 7.14b is visible above ~ 1.5 TeV for the chosen cut, but in
general, the EVA fails to describe this process.

7.5 Implications for EVA phenomenology

A broad range of physics processes was analysed to revalidate the EVA and its implemen-
tation within the Monte Carlo event generator WHIZARD. While precision measurements
at the highest energies will ultimately rely on fixed-order calculations of the full processes,
the EVA remains an interesting concept. It might enhance the understanding of phase-
space regions dominated by electroweak splitting kinematics and enable the development
of efficient tools for probing this regime with reduced computational requirements. These
studies confirmed that the EVA offers a reasonably accurate description for processes
primarily driven by the fusion of longitudinal W or Z gauge bosons, such as di-Higgs
production. In contrast, for processes dominated by final-state transverse electroweak
gauge bosons, additional, often fine-tuned, selection cuts might be necessary to isolate the
VBF-enhanced kinematic regions.
The key findings can be summarised as follows:

e The processes mediated by longitudinal vector bosons are described better within
the realm of the EVA than transverse and mixed transverse—longitudinal modes due

to the strong dependence of the transverse structure functions on the scale pj max,
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which modifies the shape of differential distributions over the full spectrum. The

best agreement can typically be achieved for dynamical scales around v/5/4.

The dependence on lower Bjorken cutoff x,,;, is most pronounced in the low-invariant
mass regime, where the x; are small for each beam. The naive choice of this variable
corresponding to the minimum energy fraction needed to radiate a massive vector

boson V off a single beam, x,;, = 2my /+/s, might not bring the best agreement.

A universal approach to enhancing the reliability of the EVA is to impose a lower
bound on the invariant mass of the final state to remove the region dominated by
off-shell vector-boson interactions. A sensible cut-off should consider not only the
masses of the produced particles but also the collision energy, e.g. the ratio of
these quantities. Similarly, the presence of a heavy final state tends to improve the

reliability of the EVA.

The kinematics of the final states produced via vector boson fusion in the EVA does
not fully match that from the complete matrix element calculation, so all kinematic
cuts must be applied with care. Notably, the EVA tends to describe the kinematics

of the particle subleading in p; more accurately than that of the leading one.

For instance, by the excellent agreement for top pair processes, it is apparent that
interferences between amplitudes for hard processes initiated by differently polarised
vector bosons at the same leg (which are included in the full process but excluded
by definition in the factorised EVA) only play a minor role.
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Chapter 8

Electroweak Parton Distribution
Functions

As presented in the previous chapter, the framework of collinear factorisation can be ex-
tended to high-energy lepton colliders. It provides an approximate and efficient method for
obtaining reliable predictions in selected cases by separating the beam-structure function
and the hard interaction, analogously to the concept used at the LHC for proton—proton
collisions. Another parallel emerges at very high energies: the relevant logarithmic en-
hancements become large, making higher-order corrections non-negligible and motivating
resummation, as in the context of QCD PDFs.

In this chapter, an overview of Electroweak Parton Distribution Functions (EWPDFs)
for leptons is presented, together with their implementation in the Monte Carlo generator
WHIZARD and their application to high-energy lepton collisions. While the EVA is based
simply on a kinematic approximation, EWPDFs are deeply rooted in quantum field theory
and entail systematic improvements, e.g. by means of resummation.

8.1 The concept of Electroweak Parton Distribution Func-

tions

In high-energy lepton collisions above the electroweak (EW) scale, collinear splitting of
electroweak gauge bosons becomes the dominant process, mostly through initial-state
radiation. Under these conditions, VBF-like topologies tend to prevail over s-channel
annihilation processes, allowing for the use of approximate frameworks. As an example,
consider a simple EPA formula:

2

E
(.’L‘) IOg R
my

EPA o _QED
(z)

f’Y :%Pvf

PW%ED(x) =(1+(1 —1:)2)/x is the splitting function
for £ — f~, E is the lepton energy and my is its mass. The logarithmic factor grows with

where « is the fine-structure constant,

energy. Given that higher orders contribute with increasing powers of o logk(E2 / m?),
accounting only for the leading contribution might not be enough already for energy scales
available at multi-TeV colliders.
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A need for a new conceptual framework arises: logarithms can be systematically re-
summed using the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations [358—
360] in a similar way to the standard QCD PDF. Multiple emissions — also represent-
ing different interaction types — appear in the evolution from subsequent splittings of
comparable probabilities. In this way, the leading-order structure functions evolve into
EWPDFs [242,361], which account for various partons representing the full spectrum of
the SM particles. For example, a gluon content of the lepton might be considered via a
chain ¢ — f~ — lqq — {qqg.

The EWPDF framework is considerably more complex than the well-established QCD
formalism broadly used for hadron collisions. Above the EW scale, the full SM gauge
symmetry is restored, requiring the inclusion of unbroken-phase electroweak gauge bosons
in the evolution, including their mixing and interference [362-364]. Additionally, since the
SM is a chiral theory, parton polarisation effects arise even when the initial lepton beams
are unpolarised. The residual effects of EW symmetry breaking also appear through the
inclusion of longitudinally polarised gauge bosons.

For leptons, gauge-boson radiation is predominantly electromagnetic below the EW
scale, as emissions of weak bosons are suppressed by their masses. However, above
this scale, all electroweak states become dynamically activated. Denote an EWPDF as
filz, Qz) with ¢ labelling a specific particle carrying a fraction x of the beam energy at
factorisation scale QZ. Then, the evolution is given by the full EW DGLAP equations [365]:

dfi o I
dln@Q? ;%ZPW ® i
J

where [ specifies the gauge group, and the Pz-{j are the splitting functions for j — 4. The

convolution ® is given by:
1

real) = [ i)
Zo
The complete list of the splitting functions Pl-{j can be found in the literature [362,363].

In contrast to hadron PDFs, for which the initial conditions must be determined from
fits to experimental data, the initial conditions for lepton PDFs can be deduced. At
leading order, for a beam lepton ¢, f,(x, mg) = 0(1—x)+ O(«). All other PDFs vanish for
Q® = mj at this order [366]. At the QCD scale, the QCD interaction becomes available
with the initial condition fy(z, ,uéc p) = 0. At the EW scale, the matching conditions are
f,y(a:,mQZ) +0, fz(z,my) =0 and frz(z, my) = 0. The last PDF represents interference
between the photon and the Z boson, and should be included to properly account for the
constructive or destructive interference in neutral-current diagrams.

For illustration, consider a muon beam with energy below the EW scale, such that the
five light quarks, the three charged leptons, the photon, and the gluon are kinematically
accessible. Since QED and QCD interactions play a dominant role in this regime, no addi-
tional particles need to be included". Adopting the standard QCD PDF notation — where

1Neut]rinos7 despite their negligible masses, can participate only through W /Z interactions and there-
fore become relevant only above the EW scale. The small neutrino component in the muon beam originating
from muon decay is neglected in this derivation.
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singlet and non-singlet combinations are introduced to separate closed-loop emissions from

final-state quark contributions — the singlet distributions may be written as [361]:

fo=) Uu+fi). fo=) (u+la) fo= ) (fa+fa)

i=e,u,T i=u,c i=d,s,b

The corresponding non-singlet PDFs are
NS :
fzi :féi_fe.ﬂ f€,12:fé_fﬁa f£,23=fp—f%7

NS
fui = ful - fﬂpfu,lQ = fu - fcv
NS
Ja,” = fa, = fa,» Jaie = Ja—Jss farz=ta—fo
The DGLAP equations for the singlet contributions are given by

Iz Py 0 0 2NPp, 0 I

d fu 0 P, 0 2N,P, 2N,P, fu
g Q° fol=10 0 Pgg 2NgPi, 2NgFP, |®| fp |,

fy Py Py Py Py 0 fy

fq 0 Pou Py 0 Fyg fq

where Ny, N,, and N; denote the numbers of active lepton, up-type quark, and down-
type quark flavours, respectively. A characteristic feature of these equations is the mixing
that occurs among the different states. On the other hand, the DGLAP equation for any
non-singlet PDF reads 1
NS
dlog Q? /

It is remarkable that the non-singlet contributions do not mix; therefore, any PDF that

NS
:Pff®f .

vanishes in the initial condition remains zero at all higher scales.
In this basis, the flavour-state PDFs are given as

i+ @Ne- DS

p 2N, ’

_ /NS
ﬁ=ﬁ=h=ﬁ=ﬂ=ﬁj%L,
fu= == o= 3L,

fa=fi=fo= b= h=fi= 42

The above relations for the sea-flavour PDFs hold strictly in the massless limit. When
fermion masses are included, corrections proportional to In (m?/ m?) must be taken into
account. Moreover, for scales near or below the QCD scale, the effects of confinement
become relevant. Conversely, for scales near or above the EW scale, the full unbroken SM
gauge interactions must be incorporated, including interactions of the W and Z bosons,
similar to the EVA. Once the massive electroweak bosons become kinematically accessible,
the PDFs naturally acquire polarisation due to the chiral structure of the electroweak
interactions, while the DGLAP evolution due to QCD and QED is purely vector-like.
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The EWPDF approach can potentially help improve the precision of predictions for
multi-TeV interactions. In this context, an analogy to the standard EPA treatment be-
comes apparent. EWPDFs are expected to provide the most accurate description in the
kinematic regime where resummation effects dominate and should be matched to fixed-
order calculations covering the remaining phase space. Developing a consistent matching
prescription for this purpose is a natural next step and constitutes the ultimate goal of
the studies initiated within this thesis.

8.2 EWPDF in Whizard

The technical implementation of EWPDFs in WHIZARD, developed as part of this thesis,
draws inspiration from two major features of the generator: the EVA formalism discussed
in the previous chapter and the LHAPDF-based [244,274] treatment used for hadron
collisions. However, two key considerations motivated the development of a new framework
rather than a direct reuse of these pre-existing components.

First, the EVA formalism in WHIZARD relies on analytic expressions for electroweak
boson distributions. In contrast, EWPDFs typically require numerical computation due
to the intrinsic complexity arising from resummation effects, running couplings, and the
interplay among different parton types. Numerical solutions of the DGLAP equations
yield grids similar in spirit to those used in the LHAPDF framework. Yet LHAPDF,
as implemented for the proton, supports as partons only six quarks and their antiquarks,
gluons, and photons. In contrast, the EWPDF case requires treating all SM particles —
along with their distinct helicity states — as independent degrees of freedom. For these
reasons, an entirely new framework had to be established.

In WHiZARD, the EWPDF is a single-beam structure function, similarly to the EVA
case; thus, it can also be applied to beam setups asymmetric in momentum or flavour.

The implementation supports 56 partonsQ:
o 24 entries for quarks (6 flavours x 2 helicities for particles and antiparticles),
o 12 entries for charged leptons (3 flavours X 2 helicities for particles and antiparticles),

o 6 entries for neutrinos (3 flavours for left-handed neutrinos and right-handed an-

tineutrinos),
o 4 entries for massless gauge bosons (2 helicities for the photon and the gluon),
« 9 entries for massive gauge bosons (3 helicities for the Z, W and W~ bosons),
e 1 entry for the Higgs boson.

The current version neglects the three mixed parton states, Z/v+ and h/Zp [242,367].
The inclusion of these states, while contributing moderately to the final calculations, poses

Several PDF components are related to each other if the masses of the corresponding particles are
neglected, e.g. fu, = fe.) fur = fer etc. [366]. To allow for maximal flexibility in defining the grids, the
correlations are not imposed in the code.
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significant technical challenges and will require major changes in the interface routines of
the internal Matrix Element generator, which has been left for further work within the
WHIZARD collaboration.

In the derivation of the EWPDFs, particle masses at the GeV scale are consistently
incorporated into the calculations. The WHIZARD implementation distinguishes five mass
states: the top mass, the Higgs mass, the Z boson mass, the W boson mass, and the
massless case. However, the current version of the EWPDF grids provided by the Authors
of [242] and used for this analysis includes only a single scale, associated with the Z boson
mass.

Similarly to the EVA case, the code allows users to specify a minimal value of zx.
However, since partons are treated as massive, only & > Mparton/V/s is sensible. Users can
additionally set the process scale, either as fixed constants (e.g. related to the nominal
collision energy) or as dynamical expressions (e.g. the hard-process scale). The concept
will be discussed further in the thesis.

Even though the implementation was developed using a specific set of EWPDFs; it can
be used with any future grids. Only minimal adjustments may be required — for example,
adapting the parton numbering scheme, which in the current version combines the PDG
code with the helicity code into a three-digit identifier (e.g. 301 denotes the left-handed s
quark, while —240 denotes the longitudinal W boson).

An example SINDARIN input file for running EWPDFs in WHIZARD is provided in
Appendix B.2.

8.3 Comparison of EWPDF with EVA

As discussed earlier, EWPDFs are constructed within the framework of collinear splittings.
Unlike the EVA, they include the resummation of large logarithms, which can improve the
precision of collider predictions, even under the collinear approximation. To separate the
impact of higher-order corrections from that of the small-angle expansion, it is useful to
compare results obtained with the EWPDF framework to those from the EVA, alongside
full matrix-element calculations.

In the following, a few representative cases are examined, drawing on a reduced selec-
tion from Section 7.4 to eliminate redundancy. Building on previous findings, the default
factorisation scale is chosen as v§/4. Unless stated otherwise, results are shown for an
electron—-muon collider operating at 10 TeV, which suppresses the s-channel contributions
that could otherwise undermine the VBF approximation.

8.3.1 Di-Higgs

The first process to consider is again e i — HH + X, where contributions mediated by
the W and Z bosons were included. It should be emphasised that, within the EWPDF
formalism, fully inclusive predictions generally require summing over all possible initial-
state partons that can contribute to a given final state. In the present analysis, however,
the selection is restricted to specific sub-processes in order to enable a direct and trans-
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right plot.

parent comparison between the EWPDF and EVA frameworks. In any case, these parts
are considered to yield the dominant contributions.

Figure 8.1 shows the invariant mass distribution of the di-Higgs system, comparing the
EVA and EWPDF predictions with the full matrix-element calculations. In the left plot,
the scale variation by a factor of two is additionally presented. The conclusions drawn in
the EVA case also hold here: the collinear approximation provides a good description of
the full process except near threshold, where discrepancies can be mitigated by imposing
a lower invariant-mass cut. The tail of the distribution is essentially scale-independent,
reflecting the dominance of the longitudinal W boson contribution.

Two noteworthy effects appear in the threshold region. First, the EWPDFs describe
this regime significantly better than the EVA, which might stem from either resummation
effects or differences in the numerical treatment of PDFs. Second, the EWPDF distribu-
tions start at different values depending on the scale choice. This is, however, a technical
artifact: in the current EWPDF grid implementation, weak bosons appear as partons
only for energies above the Z boson mass, and their contributions vanish identically below
this threshold. Consequently, when the scale v/§/8 is used, non-zero entries arise only for
V5 > 8my. This issue can be addressed in future releases of EWPDF grids through a
more refined treatment of threshold effects.

8.3.2 Tau neutrinos

In the next step, the process e+,u_ — v U, + X is studied. As before, tau neutrinos are
selected to suppress non-VBF topologies. The process is dominated by transversely po-
larised vector bosons and is therefore theoretically interesting, although not experimentally
observable. It is important to emphasise that neutrinos produced via Z boson emissions
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are still present and cannot be removed without violating gauge invariance; their impact
is controlled instead through an invariant-mass cut applied to the tau-neutrino pair.

Figure 8.2 shows the invariant-mass distribution of the tau-neutrino system. As found
in the previous chapter, the agreement between the collinear framework with the standard
scale choice and the full calculation remains rather poor in the threshold region. This
motivated the search for an alternative scale that performs better in this regime.

In the literature, a typical scale choice for EVA or its extensions is associated with
either the collision energy or the invariant mass of the initial state. On the other hand, in
LHC physics, a scale related to the transverse mass is often chosen for various processes
involving massive final states with significant transverse momentum. Transverse-mass
observables are employed at hadron colliders because the longitudinal momentum of the
initial state is unknown on an event-by-event basis. Similarly, in processes involving
unobserved neutrinos at lepton colliders, the longitudinal momentum of the final state
cannot be fully reconstructed. In such cases, transverse observables appear to be an
appropriate choice.

For nearly massless neutrinos, the transverse mass, typically defined as Hp =+/m? + pi,
effectively reduces to the transverse momentum of the neutrino, p;. This leads to an
unphysically small scale in the low-p| region. To regulate this behaviour, an alternative
scale is tested, in which the neutrino mass is replaced by the weak-boson mass, 2Hp =
24 /m%,v 1z + pi. In the collinear framework, the two neutrinos are always produced back-
to-back, which motivates the overall factor of two. This choice reflects the presence of a
virtual electroweak boson exchange that mediates the interaction. The weak-boson mass
is thus used as a proxy for the intrinsic electroweak scale of the process.

A very good agreement is obtained for the WW-initiated process, while the agree-
ment for the ZZ-initiated process remains acceptable. This behaviour is expected: the
full process e+,u_ - U, e i receives sizeable contributions from ¢-channel photon-
exchange diagrams, which do not appear in the former case. Such diagrams are absent in
the EWPDF framework, which includes only VBF-like topologies.

Figure 8.3 demonstrates that the scale choice of 2H7 indeed performs better than the
invariant-mass scale. Here, an additional cut on the pseudorapidity of the 7 neutrinos,
|n;| < 2.5, is applied. This cut corresponds to the central detector region (an acceptance
of about 10 degrees). For the WW-initiated process, it becomes clear that this scale
accurately reproduces the full results, with the kinematics implicitly better captured, as
the kinematic cut yields nearly perfect agreement in this case and spoils accuracy for
the other scales. In contrast, for the ZZ case, the agreement remains moderate due to
the missing y-exchange diagrams, although the cut still leads to a visible improvement,
especially in the peak region.

8.3.3 Top pairs

The next process is the top-pair production. Figure 8.4 shows the results for e+;f -
tt + v, v, and W ot + Vv, where the latter includes additional small contributions
from s-channel diagrams in the full matrix-element calculation. In both channels, the
factorised approach provides a reasonably accurate description of the processes. The
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EWPDF predictions outperform those of the EVA, and the transverse-mass scale (now
unmodified) gives a slightly better agreement with the full result than the invariant-mass
scale, although the difference remains modest.

Figure 8.5 shows the same distributions, now with an additional cut applied to the final-
state pseudorapidity. In this case, the transverse-mass scale almost perfectly reproduces
the full matrix-element results, even for the u*p~ collider. This demonstrates that the
collinear framework can be applied reliably to realistic collider setups and can successfully

reproduce the full results in specific cases.

8.3.4 Vector boson scattering

Finally, the last process considered is vector boson scattering, e+,u_ - W'W + VyVe.
As in the previous chapter, a generator-level cut of 20 GeV on the p; of the final-state
W bosons is applied to improve convergence. The invariant-mass distribution is shown in
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Figure 8.6. Without any additional cuts, the collinear framework differs significantly from
the full matrix-element prediction. However, the 2Hp scale — shown here also for the
EVA case — performs noticeably better. Moreover, the EWPDF result follows a similar
slope to the full calculation, whereas the EVA result deviates more strongly.

When the pseudorapidity cut |n;| < 2.5 is applied, the agreement improves substan-
tially, with the EWPDF reproducing the full calculation almost perfectly. Tightening the
cut further to |n;| < 1.5 shows that the good performance of the transverse-mass scale
persists, in contrast to the findings of the previous chapter with the typical, invariant-mass
scale choice. This strongly suggests that the novel scale choice captures the relevant kine-
matics much more effectively and should be adopted as the default choice for subsequent

analyses.

8.3.5 EWPDF vs. EVA — general remarks

The comparison above shows that good agreement between the EWPDF and the full
matrix-element calculations — and, at the same time, between the EWPDF and EVA
frameworks — can be achieved for the most relevant processes once an appropriate scale
is chosen. The transverse-mass scale clearly outperforms the invariant-mass scale used
in Chapter 7 and, at the same time, captures the kinematics more accurately. Overall,
the differences between EVA and EWPDF appear subtle, and the description provided by
the EWPDF framework is, in general, more accurate in the relevant collinear regime, as
it is not merely a kinematic approximation but a proper QF T-motivated framework. As
such, it offers means to systematically improve the accuracy of the results presented in
this thesis.

However, several caveats should be considered before concluding differences and sim-
ilarities between the two formalisms. First, the results in this section were compared to
full leading-order calculations, while the EWPDF framework, by construction, incorpo-
rates higher-order effects through resummation. The deviations between the two collinear
approaches may therefore originate from these additional contributions. Investigating this
lies beyond the scope of the present thesis but will be pursued in future work.

Furthermore, the EWPDF approach introduces a qualitatively new feature: the pres-
ence of multiple other particles as partons. This aspect will be explored in the next section,

where processes involving colour-charged particles will serve as an illustrative example.

8.4 Colour-charged particles in the EWPDF framework

The Authors of [361] showed that VBF processes involving colour-charged particles can
contribute significantly to the phenomenology of the Muon Collider. In particular, pro-
cesses such as dijet production can reach cross sections of tens of picobarns, forming an
important background at future multi-TeV colliders. Naturally, a fraction of these events
originates from purely QED interactions, for example through vy — ¢g. However, the
dominant contributions stem from QCD interactions, such as gg — jj or gqg — gq.

The coloured partons involved in these processes originate from a sequence of mixed
electroweak and QCD splittings and are well described within the framework of EWPDFs.

93



Cross section [pb]

0 5 10 15 20 25 30
Energy [TeV]

Figure 8.7: Cross sections for various processes initiated by photons at a muon collider
as a function of the collision energy (red: tt production, blue: bb production, green:
T production). Solid lines are calculated within the new EWPDF implementation in
WHIZARD, while the dotted lines were obtained by the Authors of [361]. A 100-GeV cut
is applied on the transverse momentum of outgoing particles and a 300-GeV cut on their
invariant mass (trivially satisfied for the t¢ production).

In this section, a few example processes involving coloured particles at a u*u~ collider are
presented to complement the discussion given above.

8.4.1 Photon-initiated processes

First, the photon content of the muon is considered. Figure 8.7 shows the cross sections
for three processes initiated by photons treated as partons: ¢ production, bb production,
and 777 production. Collision energies in the range of 1-30TeV are scanned. The
factorisation scale is set to V3/2 to compare with previous studies [361]. The results
shown as solid lines, obtained using the new WHIZARD implementation, are compared with
those privately reported by the authors of [361]. The two sets of results are in excellent
agreement, and the tiny differences visible upon closer inspection can be safely attributed
to numerical fluctuations. This agreement further validates the technical implementation
of the EWPDF framework in WHIZARD.

Depending on the collision energy, the cross sections typically lie in the range from
single to tens of femtobarns. By applying a cut on the transverse momentum of the
final-state particles of pr > 100 GeV and an invariant-mass cut of m;; > 300GeV (the
latter being trivially satisfied for ¢t production), it is expected that these events will be
experimentally accessible at a future muon collider. The hierarchy among the processes
originates from QED and kinematic effects. At high energies, the cross section for vy — ff
is expected to scale as Ny - Q;Lc, where ()¢ is the fermion electric charge and N is the

number of colours. Under this approximation, one would therefore expect the ratios

- n = 16 1
olyy =77 ) s olyy = tE) fo(yy = bB) = 1ig2 o

94



1071

—— uu-uu
—— ud-dd

ui-gg
1072 uy-ug

Cross section [pb]

1073 /./—

2 4 6 8 10
Energy [TeV]

Figure 8.8: Cross sections for various processes initiated by uw quarks and photons at
a muon collider as a function of the collision energy (red: wu — wu, blue: uu — dd,
green: uu — gg, yellow: uy — wug). Solid lines are calculated within the new EWPDF
implementation in WHIZARD, while the dotted lines were obtained by the Authors of [361].
The same set of cuts is adapted (see text for details).

However, the large mass of the top quark significantly reduces its cross section due to the
limited v/3 available from the photon spectrum. As a result, the top-quark cross section
is lowered to approximately one quarter of the tau-lepton cross section.

8.4.2 Quark-initiated processes

The u-quark content of the muon can arise from secondary splittings of electroweak gauge
bosons. In this way, mixed EW-QCD interactions can take place. Figure 8.8 shows
the cross sections for processes initiated by u quarks and photons: ua — i, ut — dd,
uu — gg, and uy — wug. Collision energies in the range of 1-10 TeV are considered,
the factorisation scale is set to v/5/2, and the running of a is included. For technical
simplicity, in the case of asymmetric initial states, the quark is taken to originate from the
muon beam, while the photon comes from the anti-muon beam; an identical contribution
is expected from the opposite configuration.
Following [361], a set of cuts is imposed to separate the hadronic activity:

j Vs
pr > (4 +3 TeV) GeV, |nj| <244, m;; >20GeV, (8.1)

where pgp denotes the transverse momentum of each outgoing particle, 7; the pseudora-
pidity in the laboratory frame, and m;; their invariant mass. The energy-dependent cut
on pjjl, is chosen to control collinear logarithms of the form (o, /) log(pjf / \/E) [368]. The
pseudorapidity cut corresponds to a minimum angle with respect to the beam axis of
approximately 6; ~ 10° in the laboratory frame.

The two sets of results (from WHIZARD and from the previous work) are again found
to be in perfect agreement. In this case, the dominant contribution arises from the mixed
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Figure 8.9: Cross sections for various processes initiated by gluons and photons at a muon
collider as a function of the collision energy (red: gg — wu, blue: gg = gg, green: vg — uu,
yellow: vg — dJ). Solid lines are calculated within the new EWPDF implementation in
WHIZARD, while the dotted lines were obtained by the Authors of [361]. The same set of

cuts is adapted (see text for details).

photon—quark interaction, closely followed by uu scattering. For a realistic phenomenolog-
ical study, all accessible quark flavours should be included; here, they are shown separately
to allow a clear comparison with the previous work, while in a full analysis, they would
be summed to estimate the total hadronic contribution.

A qualitative comparison between up-type and down-type quarks showed that up-type
quarks generally give larger contributions. At the 10-TeV Muon Collider, the cross sections
for processes initiated by u@ pairs can exceed those initiated by dd pairs by roughly an
order of magnitude. This hierarchy arises because QED-induced production of coloured
partons scales with the quark electric charge (squared per beam); in contrast, production
via weak bosons is governed by the electroweak couplings, which are larger for down-type
quarks. The relative importance of the two contributions can, however, be understood
from the logarithmic enhancements in the splitting: for QED, the relevant logarithm
involves the muon mass, ln(Q2/ mi), while for weak boson emission it is controlled by the
mass of the heavy bosons, ln(Q2 / m?,[, / Z). As a result, photon-induced splittings dominate
at high energies, leading to a strong preference for up-type quarks.

8.4.3 Gluon-initiated processes

The gluon content of the muon arises from a sequence of splittings, beginning with the
emission of an electroweak boson that subsequently produces a coloured state. Figure 8.9
shows the cross sections for processes initiated by gluons, or by gluons and photons treated
as muon partons: gg — ui, gg — ¢g, vg — ui, and vg — dd. The same setup as in the
previous case is used, including the energy range, scale and cuts of Eq. 8.1. For gluon—
photon processes, the gluon is taken to originate from the muon beam, while the photon

comes from the anti-muon beam. As in the previous examples, the WHIZARD results agree
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perfectly with those of [361].

In this case, the dominant contribution arises from gluon—gluon scattering, with cross
sections reaching the level of single picobarns. The remaining processes also contribute to
the background, although typically at the level of one to two orders of magnitude lower
per channel. The large enhancement of gluon—gluon scattering relative to quark—antiquark
production originates from the non-Abelian structure of QCD. In particular, triple-gluon
vertices lead to a stronger singular behaviour in the forward region, i.e. at low transverse
momentum. The impact of this enhancement can be partially mitigated by imposing more
stringent transverse-momentum cuts on the final state. Naturally, for final states involving
quarks, a sum over all accessible flavours should be performed to obtain the total cross

section.

8.5 Implications for EWPDF phenomenology

In this chapter, the EWPDF implementation in WHIZARD was presented, and a repre-
sentative set of processes was studied to validate the implementation and to outline the
physics potential of the formalism. The EWPDEF approach provides a promising path to-
wards improving theoretical precision in the collinear regime by systematically including
resummation effects. However, further developments are required to establish a consistent
physics prescription for its use, in particular when complemented by analogous treatments
of final-state particles as partons in subsequent electroweak showers.
The main conclusions of this chapter can be summarised as follows:

e The WHIZARD implementation of the EWPDF framework has been validated and is
technically correct, reproducing full matrix-element calculations in the appropriate

kinematical regime.

e The EWPDF formalism for longitudinal functions shows a very mild dependence on
the choice of factorisation scale.

e In general, the factorisation scale based on the transverse mass provides a better
description than the commonly used invariant-mass-driven scale. For light partons,
a small modification of the scale by including the weak-boson mass effectively shifts it
towards the physically relevant regime and better captures the underlying dynamics
of the splittings that produce the parton.

e Higher-order QCD processes, effectively accounted for within the EWPDF frame-
work, should be included in phenomenological studies at future multi-TeV colliders,
as they yield sizeable cross sections in kinematically accessible regions of phase space.
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Chapter 9
Future prospects

The two major analyses presented in this thesis — the measurement of light quark cou-
plings to the Z boson and the implementation of EWPDFs — can be further developed.
This chapter outlines the main ideas that will guide the work carried out in these direc-

tions.

9.1 Quark couplings at lepton colliders

Chapter 6 presented a method that can be used to measure the quark couplings to the Z
boson at the Z-pole run of future e*e™ colliders. Although the study was motivated by
the goal of obtaining constraints for light quarks, the method was applied to measure the
couplings of all five accessible flavours. The study can be further extended to separate the
left- and right-handed components of the couplings. The key idea is highlighted in this
section.

In Chapter 2, the electroweak couplings of the Z boson were introduced in terms of
their axial and vector components, g‘]; and gf;. They can be expressed as the sum and

difference of left- and right-handed fermion couplings,

fo f_
f_9.%9r  f _9L~9R
gy D) v 9a D) )
respectively. The left- and right-handed couplings in the Standard Model are, in general,
given by
91{/3 = QTJL/R - 2Qfsin2 Ow
where Tgf "R s the fermion weak isospin, @y is its electric charge and Oy, is the weak
mixing angle. The difference between the left- and right-handed couplings arises from the
weak isospin, which is zero for the right-handed states. For example, for the left-handed

electron:
T5h=-1 Q. =-1 = gi=-1+2sin’0y ~-0.538,

while for the right-handed one:

T =0, Q,=-1 = gh=2sin"6y ~0.462,
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Analogously, the couplings for down-type quarks are given by

2

d .2 d .2
gL=—1+§s1n Ow, gr=3sin” Oy

and for the up-type one by
g =1- Z%sin2 Ow, 9gp= —%sinQQW.

Future linear colliders are expected to provide beams highly polarised in the longi-
tudinal direction. Efforts are also being made to achieve beam polarisation at circular
colliders [369], at which the beams become naturally polarised in the transverse direction
through synchrotron radiation, as described by the Sokolov—Ternov effect [370]. In princi-
ple, the use of spin rotators could transform this transverse polarisation into longitudinal
polarisation at the interaction point, as demonstrated at HERA [371], thereby allowing
one to probe the chiral structure of the Standard Model, although this is experimentally
challenging and often constrained by luminosity considerations.

Separating left- and right-handed contributions facilitates drawing meaningful conclu-
sions for such studies. In the massless limit, four contributions can be considered for the
fermion pair production:

LL: erer = fufr.

LR: erer = frfL.

RL: eger = fufr.

RR: erel — frfL.
In this naming convention, the first letter denotes the incoming electron helicity, while the
second letter denotes the outgoing fermion helicity.

9.1.1 Z boson exchange

First, assume that the Z boson is the only mediator of the interaction, i.e. the photon
contribution and the Z/~ interference are neglected. Such an approach might be suitable,
for instance, for the Z-pole run of e*e™ colliders. In this framework, the emission-angle
differential cross sections for different polarisation combinations scale as:

er2, 12
d
o N (9L2) (91.) — (1+cos€)2,
deost |, (s—mZ)2 +m,I',

do |G’ e
deostO|py, (s —m3)? +myl% ’
do | @GR’ e
deosO| g (s —m3)? +myl% ’
eN2, [1\2

d
o (9r)"(gR) (1+ cos0)?,

- 2 2 1.2
dcosO|pr (s —m3)?+m5Ty
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where I'; is the Z boson width, and the angular dependence can be heuristically under-
stood in terms of helicity conservation. Experimentally, the polarisation of the final-state
fermion can only be determined in specific cases, such as those of 7 leptons or top quarks.
For this reason, it is convenient to sum over the final-state polarisations. Expanding
the angular terms, grouping them into even and odd contributions and splitting off the
common propagator factor, one arrives at:

1+ cos>f cos 6
L | (5 [(a0)’ + (R’ | 295 [(a1)* = (9h)’]
R| (65 [ + (98)°] | —2(65)* [(a1)” = (98)’]

where L stands for the LL and LR contributions summed over, and R stands for the
RL and RR contributions.

that the total cross section is only related to the symmetric 1 + cos” term, while the

The separation into the two groups follows from the fact

forward-backward asymmetry can be calculated using only the asymmetric cosf term.

An important remark is in place: the couplings of the final-state fermions factorise
from those of the initial electrons. Consequently, the same combinations of the final-
state fermion couplings hold in differential cross sections with either a left-handed or
right-handed electron beam. From this perspective, the cross-section measurements with
different beam polarisations — while helping to control systematic uncertainties — do not
allow for disentangling left- and right-handed contributions. The degeneracy can be lifted
if the forward—backward asymmetry is measured. This, however, introduces experimental
challenges related to charge identification, which is needed to distinguish fermions from
anti-fermions. This example illustrates that the Z-pole run will have limited power to
constrain the left- and right-handed couplings.

9.1.2 ~/Z exchange

Now, assume that both photon and Z boson contributions are present, and the interference
cannot be neglected. This is the case for higher-energy runs of future e*e™ facilities. The
differential cross sections scale then as:

Wal e e [
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The first term in each expression corresponds to the photon-mediated interaction, the
second one to the Z-boson-mediated one, and the third one to the interference between
the two. The Z boson width does not play a major role for energies well above the Z-pole
and has been neglected for simplicity.

Expanding the angular terms and grouping them in the same way as previously, one
obtains:

1+cos2 6

2Q £)° 2 2 2Qy97
L | =3+ % ()" + (9n)"] - 2 (o + )

s (s—m2 )2 s(s—mZ%)

2Q2 e \2 ) e
R| %4 ton) E [(92)2 + (gﬁ;)Q] = 299m (o 4 )

il (s—m s(s—m%)
cos 6
e\2 4 e
L 295 [00) - (9] - 725 (9] - gR)
e\2 4 e
R| ~ 20 [(g]) ~ ()] + 28 (gf — o)

It is evident that the couplings of the electron and the final-state fermion no longer fac-
torise. Different beam polarisations result in independent combinations of g{ and g{%, even
for the symmetric term alone. It implies that if a single flavour can be tagged in the final
state (for instance, a cleanly tagged b quark), g£ and g]]; can be disentangled by measuring
total cross sections at two different beam polarisation setupsl, without the necessity of
taking the experimentally challenging measurement of the forward-backward asymmetry.

Experimentally, it is not feasible to achieve pure beam polarisations. The beam polar-
isation fraction for electrons (P~) and positrons (P") can be defined as

+ NE-Np
P _Ni +
L +Ng

where N Z‘r /g denotes the number of left-/right-handed (lower index) electrons/positrons
(upper index) in a bunch. The total cross section is then given as

1-pP 1-pP" 1+P 1+P"
o= 5 5 or + 5 5 OR

el M

[(1=P"P")(op+0R)+ (P = P")or—-01)],

where oy, (0g) denotes the pure left-handed (right-handed) electron contribution. Then,

'One caveat is that in this approach, the couplings are measured as a pair, i.e. one cannot distinguish
which one is gi or gé. This can be either mitigated by measuring — even with moderate precision — the
forward—backward asymmetry or heuristically treated as a freedom in naming parameters of the theory.
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can be written as

the differential cross section
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where the symmetric and asymmetric parts have been explicitly separated again.

As mentioned earlier, the expression can be used to disentangle the left- and right-
handed couplings of a single fermion based on cross-section measurements with two differ-
ent beam polarisations, provided that a clean data sample is collected. In the case of light
quarks, when tagging algorithms cannot efficiently distinguish the v and d quarks, the
forward-backward asymmetry measured at two different polarisations can be employed to
gain additional information. Finally, the method based on the photon radiation presented
in Chapter 6 can be used to separate the contribution. A dedicated analysis should be
carried out to determine which approach provides the best sensitivity once systematic
uncertainties are taken into account. This, however, lies beyond the scope of the thesis
and will only be investigated in the future.

9.2 Electroweak Parton Distribution Functions

As elaborated in Chapter 8, the EWPDF framework provides an interesting realisation
of the concept of electroweak factorisation at the highest achievable energies and can po-
tentially improve precision thanks to resummation of higher-order effects. The WHIZARD
implementation, being the first of its kind on the market, has certain limitations. Ad-
dressing those will be one of the main challenges for future work in this direction.

The EWPDF framework, as developed in [242], incorporates the effects of mixed par-
tons in the initial state. These correspond to v/ Z interference for transverse polarisations
and to H/Z interference for longitudinal polarisations. These effects originate from the
structure of the electroweak sector of the SM, unifying the weak and electromagnetic in-
teractions, as well as the electroweak symmetry breaking mechanism giving rise to particle
masses. The impact of mixed states is expected to be moderate; nevertheless, they must
be included to achieve the highest possible precision [362].

From a technical perspective, their implementation would require modifications to the
interface with O’Mega, the matrix-element provider of WHIZARD. By default, it provides
squared matrix elements for cross-section calculations, whereas in the presence of mixed
states, the cross section is obtained from the product of matrix elements corresponding to
the two mixing components. An additional complication arises from the different masses of

102



the mixed states. While the associated effects can be neglected as higher-order corrections,
they must be treated consistently within the Monte Carlo framework. For these reasons,
the inclusion of mixed initial states is deferred to future work and will be pursued in close
collaboration with the WHIZARD team.

Another issue concerns the treatment of beam remnants. The current technical im-
plementation of the EWPDF framework in WHIZARD assumes that beam remnants are
always massless and electrically neutral; by contrast, colour quantum numbers are pre-
served in order to allow a potential interface with parton-shower and hadronisation models
in PYTHIA. The implementation will need to be extended to properly account for the rem-
nants’ quantum numbers.

As an example, consider the W-boson content of the muon. In this case, the leading-
order contribution arises from the y — Wy, splitting. The corresponding beam remnant,
the muon neutrino, is indeed massless and electrically neutral, and colour conservation
is trivially satisfied. Within the collinear framework, the remnant is emitted collinearly
with the incoming beam, so that the only interaction requiring explicit treatment is the
hard-scattering process.

A similar situation holds when considering the electron content of the muon, for which
the leading contribution involves a sequence of two splittings. The dominant process is
p — py — pe’ e, although the chain may also be initiated by WW-boson emission. In this
case, the beam remnant consists of two electrically charged particles. While, in principle,
the energy sharing between the remnant particles should be modelled, within the collinear
approximation, the remnant leptons are expected to escape detection.

Significantly more complications are expected for the gluon content of the muon, which
is most likely generated through a chain such as y = puy = pgg — pqggg. The resulting
beam remnant is composed of multiple particles in various possible configurations and
may carry electric charge, colour charge, and, in the case of heavy quarks, non-negligible
mass. Since quarks inevitably hadronise (or decay, as in the case of the top quark), some
of the hadronisation products may no longer be soft or collinear and could, in principle,
enter the detector acceptance, effectively forming an underlying-event contribution [372]
in lepton collisions. These considerations point to the need for a dedicated, parton-shower-
like treatment of beam remnants within the EWPDF framework.

Similarly, careful treatment of final-state showers, including electroweak contributions,
is required. Although several algorithms are available, a dedicated study is necessary to
assess their applicability in this context [254,373,374]. Contributions arising from initial-
state splittings, which underpin the formulation of the EWPDF framework, from final-
state splittings implemented in parton-shower algorithms, and from the hard-scattering
process itself must be clearly identified and conceptually separated in order to avoid po-
tential double counting. The Author has initiated the work on electroweak showers at
high energies, and the first results are expected in 2026.

The discussion in this thesis focused solely on the lepton-collider case. Nevertheless,
further developments of the EWPDF framework can be envisaged for hadron-collider stud-
ies. Conceptual work in this direction has already begun [375]. In particular, the inclusion
of the full spectrum of Standard Model particles inside the proton could become important

103



for precision studies at future colliders such as the FCC-hh. A key conceptual difference
is that, for hadrons, the PDFs must ultimately be extracted from experimental data [376].
There remains considerable scope for further research in this direction.

Finally, as outlined earlier, the EWPDF framework offers the potential to improve
the precision of theoretical predictions. This can be achieved by matching the resummed
results obtained within the collinear EWPDF formalism to higher-order calculations per-
formed in the full phase space. The development of a consistent matching prescription,
together with a demonstration of the accuracy and reliability of the resulting predictions,
may be regarded as the ultimate objective of studies based on the EWPDF framework.
This clearly lies beyond the scope of the present thesis.
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Chapter 10

Summary

In the absence of a deeper theoretical framework explaining the origin of the Standard
Model’s structure and given its inability to account for several observed phenomena, the
particle physics community broadly agrees on the need for a next-generation facility to
explore fundamental physics. Proposed future colliders differ in their technical designs and
experimental conditions, including energy staging and achievable data rates. Their energy
reach spans from the Z pole up to the multi-TeV regime, enabling a broad programme of
precision measurements to test the validity of the Standard Model.

This doctoral thesis demonstrated how several proposed future colliders could probe
the electroweak sector of the Standard Model with high precision through radiative pro-
cesses. It introduced the theoretical structure of the Standard Model, reviewed the main
collider proposals and their physics potential, and described methods for simulating their
performance using Monte Carlo techniques. A novel method to measure the couplings of
the Z boson to quarks at the Z-pole run of future e*e™ facilities was proposed, achieving an
order-of-magnitude improvement over current experimental precision. Furthermore, the
collinear factorisation framework was presented, alongside a revalidation of the Equivalent
Vector Boson Approximation within the Monte Carlo generator WHIZARD. A new and
unique implementation of Electroweak Parton Distribution Functions in the same gener-
ator was also developed, and first physics studies were initiated, providing an important
tool for the high-energy physics community. Finally, possible future directions for research
building on this work were outlined.

The main findings of this thesis can be summarised as follows:

o Future e*e™ colliders operating at the Z-pole will enable precision measurements of
the Z boson couplings to fermions, driven by the extremely large data samples and
anticipated advances in flavour-tagging techniques. Using the proposed method, the
electroweak couplings of quarks can be extracted with a precision of about 0.3% for
light quarks, assuming systematic uncertainties of 0.1%. More generally, achieving
sub-percent precision requires flavour-tagging uncertainties to be controlled at or

below the sub-percent level.

e The collinear approximation provides an efficient and accurate description of several
processes mediated by vector bosons. However, the transverse structure functions
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exhibit a strong dependence on the choice of factorisation scale, which has a signifi-
cant impact on the shapes of differential distributions. The scale commonly used in
the literature, based on the invariant mass of the final state, does not provide the
most accurate description. Instead, choosing the transverse mass as the character-
istic scale better reproduces both the overall normalisation and the kinematics of
processes dominated by vector-boson-fusion topologies. This choice should ensure
that the scale sets a minimal reference, allowing the framework to correctly reflect
the electroweak nature of interactions mediated by massive gauge bosons. A general
strategy to improve the reliability of collinear frameworks is to impose a lower bound
on the invariant mass of the final state to suppress contributions from partons being
far off shell.

e An entirely new and self-contained implementation of the EWPDF formalism was
introduced in WHIZARD and validated across a variety of processes. The studies
demonstrated that QCD-induced contributions can play a major role at high-energy
lepton colliders and should be included for reliable phenomenological predictions.
This framework provides a foundation for further work, encompassing both technical
improvements and theoretical developments, and offers a novel tool for the broader
high-energy collider community.

Electroweak radiative processes will be important at future collider facilities, both at
low and high energy scales. Their proper modelling can be essential for many measure-
ments. The results presented in this thesis contributed to the development of advanced
simulation tools, opening new prospects for precision studies.
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Appendix A

Technical design of future
machines

In this appendix, further details on major collider and detector proposals are given. If
not stated otherwise, the specifications are presented according to the submissions to the
recent Update of the ESPP [137].

A.1 Future Circular Collider

The FCC-ee design is based on technologies validated in previous high-energy collider
facilities [139-141]. It adopts a double-ring configuration with separate beam pipes for
electrons and positrons, which allows for storing a large number of bunches and for ta-
pering of magnet strengths to match the local energy of each beam. Regular top-up
injection from a full-energy booster synchrotron, located in the same tunnel, ensures high
luminosity, as proven successful in several past colliders, including KEKB [377], BEPC
IT [378], and SuperKEKB [379]. All energy stages of FCC-ee utilise the “crab-waist”
collision scheme, implemented at DA®NE [380] and SuperKEKB [381]. Additionally, pre-
cision energy calibration at low-energy modes (Z and WW) is assured through resonant
depolarisation [382].

The FCC-ee injector complex consists of two separate linacs for electrons and positrons,
each accelerating beams to 2.86 GeV. The positron linac features a conventional positron
source using electrons directed onto a tungsten target. This system is augmented by a
novel non-insulated high-temperature superconductor (HTS) solenoid, operating at a peak
field of 12.5 T. Subsequently, the beams are transferred to a damping ring, followed by
acceleration in a high-energy linac up to 20 GeV. At the Z pole, each beam consists of
11200 bunches. Such a high number is possible due to the relatively mild synchrotron
radiation and beam—beam effects at low energy. As the collision energy increases, these
effects become more significant, and fewer bunches are achievable: 1780 at the WW
threshold, 440 during the ZH run, and 60 at the ¢t threshold. The damping ring and
linacs are connected to the main ring via 5.6-km transfer lines.

The RF system is based on two-cell 400 MHz superconducting Nb/Cu cavities oper-
ating at 4.5 K and offering an accelerating gradient of 10.6 MV /m for the Z, WW, and
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ZH runs. For the tt run, additional six-cell 800 MHz bulk Nb cavities operating at 2K
are employed with an accelerating gradient of 20.1 MV /m. Two distinct cryomodule types
have been developed to accommodate these cavity systems: one housing four 400 MHz
cavities, with a total length of 11.24 m, and the other containing the 800 MHz cavities
(10.25 m total length). As an RF power source, a tristron is proposed as a viable compact
and cost-effective alternative to traditional two-stage multi-beam klystrons.

The vacuum chamber for the collider arcs is constructed from silver-bearing copper.
The collider ring spans approximately 100 km, of which the arcs constitute 77 km. Dipole
magnets occupy nearly the entire available length, ensuring a high dipole filling factor and
efficient bending over the vast ring circumference.

A.2 Linear Collider Facility

Given the current status of the LCF, the original ILC design is first presented, followed
by a discussion including details of anticipated future upgrades.

A.2.1 Original ILC technical design

The original ILC concept was described in the Technical Design Report in 2013 [120,122—
124,383]. The machine consists of a few major components. They include a polarised
electron source based on a photocathode DC gun, a polarised positron source, in which
positrons are produced from electron—positron pairs originating from converting high-
energy photons produced by the main electron beam passing through an undulator, a 3.2-
km damping rings for electrons and positrons in a common tunnel used to reduce the beam
emittance, beam transport systems, followed by a two-stage bunch compressors before
injection into the main linac, two 11-km main linacs, two beam-delivery systems of 2.2 km,
bringing the beams into collisions at a 14-mrad crossing angle. The schematic design
is shown in Figure A.1. The main linacs accelerate beams from 15 GeV to the assumed
collision energy. Each linac consists of over seven thousand 1-m-long superconducting nine-
cell niobium cavities operating at 2 K, assembled into about 850 cryomodules of two types:
Type A with nine 1.3 GHz cavities and Type B with eight cavities and one superconducting
quadrupole. To operate at 2K, the cavities are immersed in a saturated helium-4 bath.
The RF power is provided by 10 MW multi-beam klystrons, which have achieved the ILC
specifications and are well industrialised. The average accelerating gradient in the complex
is 31.5MV/m. Over ten years of optimisation preceded the determination of these key
parameters, culminating in the publication of the TDR.

The electron beam is produced by a laser illuminating a strained GaAs photocathode
in a DC gun, providing the necessary bunch train with 90% polarisation. Two indepen-
dent laser and gun systems are installed to ensure continuous operation without inter-
ruption. The beam is pre-accelerated to 75MeV using normal-conducting structures and
then accelerated to 5 GeV in a superconducting linac. Before injection into the damping
ring, superconducting solenoids are employed to rotate the spin vector into the vertical
and energy is compressed in a cryomodule. The electron beam is also used to produce
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Figure A.1: Schematic layout of ILC design [384].

positrons by transporting it through a superconducting helical undulator, generating pho-
tons. These photons are then directed onto a rotating 0.4 radiation-length titanium-alloy
target, producing a beam of electron-positron pairs. The positrons are extracted and,
after pre-acceleration to 400 MeV in a normal-conducting system, accelerated to 5 GeV in
a superconducting linac. Similarly to the electron case, the spin is rotated and the energy
spread compressed before injection into the damping ring.

The role of the damping rings is to reduce large transverse and longitudinal beam
emittances to achieve the required luminosity. One electron and one positron ring, one
above the other, are envisioned in the design. The complex is located in the central region,
about 100m from the interaction region, to avoid the experimentation hall. Damping is
accomplished by approximately 113 m of superferric wigglers, operating at 4.5 K, in each
damping ring. The electron and positron beams are then transported through the longest
continuous beamlines, identical for both particle types, to the main linac. Besides serving
as a transport line, this system performs several additional functions, including energy
collimation, beam stabilisation, spin rotation, and bunch-length compression, each han-
dled by dedicated subsystems. The final BDS is designed to transport the beams exiting
the main linacs, focus them to the required sizes, bring them into collision, and extract
the spent beams into dumps. It must also fulfil other critical roles, such as minimising
background from the beam halo and monitoring the beam energy and polarisation before
the collisions. Due to the presence of two interaction points in the LCF concept, unlike
the original ILC design which featured two detectors in a “push-pull” configuration, this

part of the machine layout requires re-optimisation.

A.2.2 Potential upgrades

Although the primary focus is building a 250-GeV machine to study the properties of the
Higgs boson, the Z-pole run could also offer a valuable physics programme [144,145]. In
its initial configuration, the collider could operate at the Z pole with an instantaneous
luminosity of 2.05 X 10% em™%s7! and polarised beams. If needed, it could also efficiently
explore the WW threshold. Two aspects are relevant in this context: the potential for
higher luminosity at lower centre-of-mass energies, and the ability to achieve high polar-
isation for both beams. At lower energies, beamstrahlung is naturally suppressed, which

allows for adjustments to beam conditions and achieving higher luminosity per bunch
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crossing. These adjustments could be made with only modest changes to the luminosity
spectrum. Possible improvements — such as increasing the repetition rate, the number
of bunches, the number of particles per bunch, or reducing the beam sizes at the inter-
action point — could lead to up to an order-of-magnitude increase in luminosity. As for
beam polarisation, the baseline design assumes 80% polarisation for electrons and 30% for
positrons. However, ongoing efforts aim to reach 90% and 60% respectively, which would
increase the effective polarisation from 88.7% to 97.4% [385].

One advantage of the circular e"e” colliders is the ability to reuse the circular tunnel
to accommodate a next-generation hadron facility. Nevertheless, a linear tunnel could also
host another collider based on modernised or novel technologies. The SCRF technology
used for the first stage of the machine is currently being developed in different directions.
Those developments could not only exceed previous record quality factors or avoid degra-
dation with increasing gradients, but also potentially reduce cost. For example, if an
accelerating gradient of 60 MV /m and a quality factor of 1.4 X 10" are achievable, like in
the HELEN concept [386,387], the baseline tunnel of 33.5 km could be equipped with a
1-TeV machine. Similarly, the use of CLIC high-gradient RF cavities, widely studied in
recent years, could realistically enable reaching 1.5 TeV within the same footprint [144,388].

Among other ideas, C* has been proposed as a compact, high-gradient facility with a
normal-conducting distributed-coupling accelerator operated at cryogenic temperatures [389,
390]. Originally prepared for 250- and 550-GeV collisions, the project could be adapted
to run in the LCF tunnel, reaching up to 2 TeV in a 15-km facility and up to 3 TeV in the
longer tunnel. It is also interesting that the same tunnel could potentially host a facility
reaching the 10-TeV scale. Such a machine must be based on unprecedented technology
with GeV-per-meter accelerating gradients. It could be possibly realised, for instance,
with the future wakefield accelerator concept [391-394].

A.3 Muon Collider

In the Muon Collider, the beam production starts at the proton complex [147,148]. The
first part of the system, the proton source, has not been determined, but it is expected
to share many characteristics with proton sources used for neutrino experiments [395].
The first storage ring, the accumulator, accumulates the produced protons. The incoming
beam is chopped to allow a clean injection into the ring. The second ring, the compres-
sor, rotates bunches from the accumulator in longitudinal phase space to shorten them.
The intense short bunches are then passed onto the target, while ensuring that neither
the transverse nor longitudinal properties of the beam are compromised in the process.
Since the final collider is assumed to work in a single-bunch mode, the bunches must be
recombined and hit the target simultaneously. The target is immersed in a 20-T solenoid
field. After removing beam impurities in the beryllium absorber, the beam passes through
a longitudinal drift where pions decay. The muons are captured into bunches and split by
charge.

The bunches are cooled in a 6-dimensional ionisation cooling system, which helps en-
sure high luminosity. Ionisation cooling appears to be the only solution compatible with
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the short muon’s lifetime, which, for many years, remained prohibitive for the concept of
colliding muons. The system consists of a series of solenoids manipulating the beam to
pass through energy absorbers. The reduced beam’s momentum is restored longitudinally
using RF cavities. An initial rectilinear cooling system reduces the beam’s 6-dimensional
emittance enough to allow for merging of multiple initial bunches into a single bunch.
Further emittance reduction is achieved through another stage of rectilinear cooling, fol-
lowed by final transverse cooling using a series of high-field solenoids operating with a
low-momentum beam. The beam is then re-accelerated using a pre-accelerator to reach
semi-relativistic speeds, preparing it for injection into the main acceleration system. The
design of this stage is crucial for achieving high luminosity, and it is currently thoroughly
optimised, although the feasibility of the concept has already been proven [396].

To mitigate muon decays, the highest possible acceleration gradient should be achieved.
The initial acceleration phase (“low-energy acceleration”) is composed of a set of linacs and
recirculating linacs. The beams after final cooling pre-acceleration at 255 MeV pass first
through a linac accelerating them to 1.25 GeV and then by a pair of multi-pass recirculating
linacs accelerating the beams to 5 GeV and 63 GeV, respectively. Then, a series of rapid
cycling synchrotrons is employed to accelerate bunches to the desired collision energy. The
current green-field design assumes intermediate stages of 0.31 TeV, 0.75 TeV, and 1.5 TeV
before the final 5 TeV ring, but this acceleration scheme might differ for other options, for
instance, if the LHC tunnel is to be reused.

The collider ring consists of two straight interaction regions positioned opposite each
other, where the counter-rotating muon bunches collide. These interaction points pro-
vide two distinct locations for separate experiments. Additional systems, such as those
designed to mitigate neutrino radiation, are also located in these areas. A significant flux
of neutrinos would be produced along the direction of the long straight sections housing
the experiments, leading to high radiation doses where these neutrinos reach the Earth’s
surface. As a result, the affected area must be controlled by the host laboratory and ap-
propriately fenced off. Although neutrinos interact only weakly, their number presents a
challenge in meeting radiation safety standards. Key mitigation strategies include minimis-
ing the length of the straight collider sections and placing the machine deep underground.
Further reduction of neutrino flux density can be achieved by intentionally altering the
muon beam trajectory to increase the angular spread of emitted neutrinos. At 3 TeV,
periodic orbit variations within the beam pipe are sufficient. However, for 5-TeV beams,
a more active solution is necessary: arc beamline components are mounted on movable
supports, allowing small, periodic deformations of the ring. This dynamic adjustment
gradually changes the muon beam direction over time, thereby spreading the neutrino
flux and reducing exposure at any fixed surface location. The final design of the system

remains under study.

A.4 International Large Detector

Several performance targets define the ILD’s design requirements [124,155]. First, the de-
tector must achieve an excellent impact-parameter resolution to identify displaced vertices
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Figure A.2: Schematic layout of the ILD [155].

for heavy-flavour tagging. Second, a good momentum resolution is needed for the Higgs
recoil mass measurement, which can be provided by the combined silicon-TPC tracker
at high momenta and by minimising the detector’s material budget at lower momenta.
Third, the goal for jet energy resolution of 3% for light-flavour jets is set to enable statisti-
cal separation of hadronic decays of the W, Z, and Higgs bosons. Additional requirements
include near-complete hermeticity, allowing detection of particles at angles as low as pos-
sible by the presence of the beam pipes, which is essential for measuring missing energy.
Finally, the readout system is expected to operate without a hardware trigger, ensuring
maximal efficiency for all possible event topologies.

To optimise the precision reconstruction of both charged and neutral particles, all
major detector components are placed within a strong 3.5-T solenoidal magnetic field. This
configuration enables separation of charged and neutral particles in the calorimeter and
helps eliminate low-energy background from the primary detection region. Furthermore, to
preserve resolution, the material in front of the calorimeters must be minimised, requiring
that both the tracking and calorimetry systems be located inside the magnet coil.

The detector design is shown in Figure A.2. Closest to the interaction point is a pixel
detector designed for the precise reconstruction of short-lived particle decay vertices. ILD
has adopted a layout consisting of three double layers of pixel sensors. Over the past
decade, Monolithic Active Pixel Sensor (MAPS) technology has matured significantly,
now approaching the required standards in terms of material budget, readout speed, and
granularity [397]. Other geometries, for example, involving stitched sensors, are being
explored.

For charged particle tracking, ILD uses a hybrid system combining a high-resolution
Time Projection Chamber (TPC) with additional strip or pixel detectors. The TPC,
roughly 4.6 m in length and spanning radial distances from 33 cm to 180 cm, provides up
to 220 three-dimensional points for continuous tracking. The high number of points enables
reconstruction of complex topologies, such as long-lived particles. Additional silicon strip
or pixel layers placed inside and outside the TPC further refine tracking precision.

A powerful calorimeter system is essential to meet performance goals, particularly for
particle-flow algorithms, which depend on fine-grained sampling. For the electromagnetic
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part, one option is to use silicon diode sensors with 5 X 5 mm? pads, capable of sampling
electromagnetic showers up to 30 times. For the hadronic calorimeter, ILD is exploring
two technologies. One uses silicon photomultiplier sensors on scintillator tiles, which offer
analogue readout with 3 x 3cm” tiles [398]. The other relies on resistive plate chambers
with finer 1 x 1cm” granularity, though it provides only limited 2-bit amplitude informa-
tion [399].

Differences in the operation of linear and circular colliders present distinct challenges
for the detector. For instance, ILC operates in a bunch-train mode, with trains of 1-2
thousand bunches separated by hundreds of nanoseconds, repeating at 5 or 10 Hz, while
FCC-ee operates continuously, with collisions occurring every 20 ns. Additionally, FCC-ee
anticipates significant operation at the Z-pole energy, placing different constraints on the
detector, particularly in its innermost regions. Adapting the calorimeter systems to the
FCC’s operation mode presents challenges in readout bandwidth, power consumption, and
cooling, which must be addressed without compromising the compactness and granularity
of the system.

In the very forward region, three specialised calorimeter systems are planned. Lu-
miCal, a fine-sampling silicon-tungsten calorimeter, is dedicated to measuring electrons
from Bhabha scattering and determining the integrated luminosity. LHCAL (Luminos-
ity Hadronic CALorimeter) extends the reach of the endcap calorimeter system closer to
the beamline, closing the gap between the electromagnetic calorimeter endcap and Lumi-
Cal. BeamCal, positioned further downstream from the interaction points, provides fast
feedback on the beam position. As the inner detector region for FCC-ee differs signifi-
cantly from the linear-collider environment, the layout of the forward calorimetry requires

re-optimisation.

A.5 Other detector concepts

A major challenge for detectors at the Muon Collider is the mitigation of machine-induced
backgrounds [148]. To address this, the detector design incorporates typically two cone-
shaped tungsten shields, known as nozzles, positioned along the beam line between the
interaction point and the outer edges of the detector. The nozzles absorb high-energy
particles produced by beam interactions. However, as these particles interact with the
shielding material, they might escape the nozzles. The result is a residual background flux
composed of low-energy particles that can still reach the sensitive detector components.
The presence of the nozzles also reduces the angular coverage close to the beamline. This
poses additional challenges for the detector’s design and operation.

Two distinct detector concepts have been developed for the Muon Collider: MUSIC
(MUon System for Interesting Collisions) and MAIA (Muon Accelerator Instrumented
Apparatus) [400,401]. Both designs share a common layout, consisting of a cylindrical
detector measuring about 11.4 meters in length and 12.8 meters in diameter. Despite
differences in several components, the two concepts follow a similar multi-purpose detec-
tor architecture, incorporating a full set of subsystems typical for collider experiments.
These include an all-silicon tracking system, an electromagnetic calorimeter, a hadronic
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calorimeter, and an outer muon system. A superconducting solenoid provides the mag-
netic field necessary for measuring the momentum of charged particles within the tracking
volume. The primary differences between MUSIC and MAIA lie in the placement of
the solenoid and the choice of electromagnetic calorimeter technology. In the MAIA de-
sign, the solenoid is located outside the tracking system, whereas in MUSIC it is placed
between the electromagnetic and hadronic calorimeters. As for the calorimetry, MAIA
employs a silicon-tungsten electromagnetic calorimeter, while MUSIC uses a semihomoge-
neous crystal-based technology.

Asymmetric colliders, such as pTristan, present other challenges. The asymmetry be-
tween the energies of the two colliding beams, 30 GeV and 1TeV or even 50 GeV and
3TeV, results in the final-state particles being strongly boosted in the direction of the
higher-energy u+ beam. Consequently, these particles appear at small polar angles, typ-
ically within a few to ten degrees in the laboratory frame [151]. The detector must be
designed to preserve sensitivity at such small angles. While this requirement introduces
additional complexity, it should not be too severe, given that, for instance, the LHCb
detector currently operating achieves coverage down to polar angles of approximately 15
milliradians [62]. Another consideration is the background arising from the decay products
of the muon beams, the challenge shared with the Muon Collider’s detector. In particular,
the " beam generates a significant flux of positrons and photons, and effective shielding
is necessary to protect the interaction region from these particles.

Even greater challenges are anticipated at FCC-hh. The experimental environment
at FCC-hh would feature extreme conditions, including up to 1000 proton-proton pile-up
events, the presence of highly boosted objects, and radiation levels reaching up to 10"
hadrons per square centimetre [402]. These factors impose severe demands on detector
technology and data acquisition systems. Although a conceptual detector design already
exists for performance studies, the long timescale before potential collisions means that
the current specifications will significantly evolve.
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Appendix B

Structure functions in Whizard

In this appendix, Sindarin files for using structure functions in WHIZARD are given.

B.1 EVA

The revisited EVA implementation was made available in the WHIZARD release 3.1.7.
Below, an example SINDARIN file to run WHIZARD for e+/f — HH + X in the EVA

framework is presented:

model = SM
sqrts = 10 TeV
beams = "et+", "mu-" => ewa

$ewa_mode = "default" #0ther options: "log", "log_pt", "legacy"
ewa_x_min = 2xmW/sqrts
scale = eval 0.25%M [H, H] #Scale corresponding to sqrt(s-hat)/4

process procEWA = "W+", "W-" => H, H
integrate (procEWA)

B.2 EWPDF

The new EWPDF implementation will be made available in an official release version in
2026. Below, an example SINDARIN file to run WHIZARD for e+,u_ — HH + X in the
EWPDF framework is presented:

model = SM

sqrts = 10 TeV

beams = "e+", "mu-" => lhapdf_ew

scale = eval 0.25%M [H, H] #Scale corresponding to sqrt(s-hat)/4

process procEWPDF = "W+", "W-" => H, H
integrate (procEWPDF)
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