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Chapter 1

Introduction

The European Strategy for Particle Physics (ESPP) is a cornerstone of Europe’s decision-
making process for the long-term future of the field. Mandated by the CERN Council, it is
formed through a broad consultation of the particle physics community and has guided the di-
rection of the field for the past two decades. The ESPP was initiated by the CERN Council in
2005 and updated in 2013 and 2020. It is designed to convey to the CERN Council the views of
the community on strategic questions that are key to the future of particle physics. The process
involves all CERN Member and Associate Member States as well as international partners.

The most recent update, completed in June 2020, prioritised the full exploitation of the
LHC and detector upgrade projects for its high-luminosity phase. It identified an electron-
positron Higgs factory as the highest-priority next collider. For the longer term, it presented
the ambition of the European particle physics community to operate a proton-proton collider
at the highest achievable energy. In addition, it recommended the continued development of
scientific programmes beyond colliders at CERN as well as in other laboratories in Europe and
worldwide. The strategy also called for roadmaps to be drawn up setting the course of research
and development (R&D) in the fields of particle accelerator and detector technology for the
coming years.

Since the 2020 Strategy update, excellent progress has been made at CERN and other
research centres in preparation for future colliders. A Feasibility Study for the realisation of
the Future Circular Collider (FCC) was launched by the CERN Council following the adoption
of the strategy update and the final report was released in March 2025. The results have been
reviewed by panels which scrutinised both the scientific aspects of the project as well as the cost
estimates. The study was reviewed by the CERN Scientific Policy and Finance Committees in
September 2025 and will be presented to the CERN Council in November 2025. In addition, the
international landscape for future colliders has become clearer: in December 2023 the US P5
prioritisation process was concluded, endorsing an off-shore Higgs factory, located in either Eu-
rope or Japan, to advance studies of the Higgs boson following the HL-LHC, while maintaining
a healthy on-shore particle physics programme. In addition, the panel recommended targeted
collider R&D to establish the feasibility of a 10 TeV muon collider. Shortly afterwards, the
Technical Design Report for the proposed Circular Electron Positron Collider (CEPC) in China
was released, with the ambition for project approval in the official 5-year funding cycles of the
Chinese government. The International Linear Collider (ILC) project, foreseen for realisation
in Japan, has meanwhile established an International Technology Network in a bid to increase



global support.

Given these developments, as well as the long timescales involved in building new large-
scale facilities and the importance of long-term community engagement, the CERN Council
called for a third update of the European Strategy for Particle Physics in March 2024. According
to the remit, the strategy should develop a visionary and concrete plan that greatly advances
knowledge in fundamental physics through the realisation of the next flagship project at CERN.
This plan should attract and value international collaboration and allow Europe to continue to
play a leading role in the field. Regarding a future collider project, the strategy update should
include the preferred option for the next collider at CERN and prioritised alternative options
to be pursued if the preferred plan turns out not to be feasible or competitive. In addition, the
strategy update should indicate areas of priority for exploration complementary to colliders and
other experiments to be considered at CERN and at other European laboratories, as well as
participation in projects outside Europe.

Organisation of the 2026 ESPP process

Council established the European Strategy Group (ESG), which is responsible for submitting
final recommendations to the Council for approval in early 2026. The Strategy Secretariat is in
charge of organising the full process. In deriving the recommendations, the ESPP update should
take into account the input of the particle physics community, progress in implementation of the
2020 Strategy update, and the accomplishments in recent years. These should include results
from the LHC and other experiments or facilities worldwide, progress in the construction of
the High-Luminosity LHC and physics expectations from its operation, the FCC Feasibility
Study, and recent technological developments in accelerators, detectors, and computing. The
Physics Preparatory Group (PPG) is to distill the community’s scientific input and the scientific
discussion at the Open Symposium into the current “Physics Briefing Book™. This book is
provided to the ESG as the foundation for their consideration during their five-day-long session
for drafting the recommendations. This is scheduled to take place from 1 to 5 December 2025
at Monte Verita, (Ascona, Switzerland). The Physics Briefing Book is also shared with the
particle physics community for their final input into the process.

To organise the work and to cover the full breadth of physics as well as the technology

areas of accelerators, detectors and computing, the following nine PPG working groups were
formed:

Electroweak physics

Strong interactions

Flavour physics

BSM physics

Neutrinos and cosmic messengers

Dark matter and dark sector

— Accelerator science and technology
— Detector instrumentation

— Computing



The work of each of these groups has been co-organised by two conveners, with one
of them being a member of PPG. In addition, Early Career Researchers (ECR), have been
appointed to act as Scientific Secretaries. For the evaluation of the physics performance of
the proposed colliders and experiments in other areas, benchmark processes and measurements
have been defined by the PPG working groups. The focus in this book is on the presentation
and discussion of the performance against these benchmarks. The book does not aim to give a
complete and comprehensive overview on the different physics and technology areas.

Involvement of the particle physics community

To inform the process, the Strategy Secretariat called upon the particle-physics community
across universities, laboratories, and national institutes to provide input in various forms. The
timeline for submission of input was set to 31 March 2025. To allow the national HEP commu-
nities to consider the submissions collected by March 2025, a further opportunity for furnishing
input ahead of the Open Symposium, with a deadline of 26 May 2025, was offered. There
has been a strong engagement by the community and in total 266 scientific contributions were
submitted to the ESPP process. The submissions cover the full spectrum of particle physics and
express the priorities of the community at a level ranging from individuals to national commu-
nities. An overview on the submissions classified according to their self-attributed themes is
displayed in Fig. 1.1. The full list of submissions is given in Appendix C of this book.

A major focus was the preferred project to succeed the HL-LHC as a large-scale accelera-

Communications, education, outreach, knowledge transfer and careers

National inputs and national laboratories

Beyond the Standard Model physics
Neutrinos and cosmic messengers
Electroweak physics including Higgs
Others, e.g. personal contributions
Accelerator science and technology

Dark matter and the dark sector
Projects and large experiments
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Fig. 1.1: Community Inputs: self-attributed themes of the 266 community inputs to the ESPP
(multiple themes can be attributed to a single submission). The themes are ordered by umbrella
category and percentage of total submissions in parentheses.



tor facility at CERN. There are several proposals for such a flagship collider: the FCC feasibility
study was submitted as input to the Strategy, describing a 91 km circumference infrastructure
and the technical realisation of a precision electron-positron “Higgs and electroweak™ factory
(FCC-ee) followed by an energy-frontier hadron collider (FCC-hh) in a second stage. The pos-
sibility of proceeding directly to a FCC-hh as a standalone realisation at an earlier time was also
presented. Linear colliders were presented as alternative options, with a Linear Collider Facil-
ity (LCF) based on the design of the International Linear Collider (ILC) and CLIC both con-
sidered. In addition, smaller collider options were presented, based on re-using the LHC/LEP
tunnel. A first proposal, LEP3, suggests accelerating electrons and positrons up to energies of
230 GeV, while a second proposal, LHeC, proposes the realisation of electron-proton collisions
at one interaction point of the LHC. LHeC would require the construction of an additional new
energy-recovery linac for the acceleration of electrons. Moving from the precision frontier to
the energy frontier, several ways to reach the 10 TeV “parton scale” were presented. If the
FCC-ee is realised, a natural path is to proceed with proton-proton collisions with a centre-
of-mass energies in the range of 85 to 120 TeV, depending on the available high-field magnet
technology. A muon collider or wakefield accelerators could perhaps provide a path towards
high-energy lepton collisions on a longer timescale.

The PPG working groups broadly cover the physics and technology areas discussed in
the submissions. Related to non-collider physics, the areas of neutrinos, BSM physics, dark
matter, strong interactions and flavour physics attracted a lot of input, both presenting dedicated
projects as well as the physics potential. Numerous submissions in the categories of detector
instrumentation, accelerator science and technology, and computing complement the commu-
nity’s physics aspirations. Progress in these technologies is vital for the realisation of a post-
LHC collider and non-collider experiments. The full spectrum of the input by the community
was discussed at the Open Symposium, which brought together more than 600 physicists from
almost 40 countries in Venice, Italy, from 23 to 27 June 2025. The six physics topics as well as
the three technology areas on accelerators, detectors and computing, were summarised in rap-
porteur talks, followed by 45-minute discussions with strong engagement from those present in
Venice. An important part of the symposium was devoted to presentations of possible future
large-scale accelerator projects at CERN. In addition, the international perspectives from China,
Japan and the US were presented.

Content of the Physics Briefing Book

The submissions by the particle physics community as well as the input received during the
discussions at the Open Symposium provide the basis for the findings that are summarised
in this book. In Chapter 2 an overview on the theory perspectives is given. Addressing the
compelling questions and outstanding issues in particle physics requires a broad and diverse
experimental programme. This would include the HL-LHC, a new flagship collider, and a wide
variety of other experiments including those in neighbouring fields. In Chapters 3 to 9 the
outstanding questions in the various physics areas are summarised, together with a discussion
of the potential of the different colliders and other experiments to address them. In addition, the
potential of the different colliders to search for deviations from the Standard Model is evaluated.
Input from several physics areas such as electroweak, flavour and BSM physics are combined.
The results are presented in Chapter 3 (Section 3.5). The evaluation of the physics potential
of the different colliders is made assuming the luminosity and energy scenarios presented in
the respective submissions. For the combination of different machines, i.e. carrying out ete”

4



Table 1.1: Overview on the collider types and energies considered in the evaluation of the
physics performance. In the lower part of the table combinations of lower-energy precision
machines with colliders reaching higher energies are given.

. CLIC Muon Collider
Energies (GeV) FCC-hh Muon Collider Plasma Collider
ete” projects 91 160 240 365 380 550 1000 1500 85 TeV 3 TeV 10 TeV
FCC-ee X X X X
LCF-250 X X
LCF-250+550 X X X X
CLIC-380 X
CLIC-380+1500 X X
LEP 3 X X X(Q30
ep collider
LHeC 50 GeV (e-) on 7 TeV (p)
High-energy options
FCC-ee + FCC-hh (85 TeV) X X X X X
FCC-hh (85 TeV) X
LCF + 1 TeV option X X X X
LCF + High-energy lepton collider | X X X X
CLIC + 3 TeV X X X
Muon Collider X X
LEP3 + FCC-hh (85 TeV) X X X(230) X
LEP3 + High-energy lepton collider | X X  X(230) X
LHeC + FCC-hh (85 TeV) 50 GeV (e-) on 7 TeV (p) X

precision physics in a first stage, followed by a higher energy machine at the energy frontier in
a second stage, the scenarios presented in Table 1.1 have been considered. It should be noted
that the evaluations presented in this book are limited to those accelerator projects proposed for
realisation at CERN. The ILC considered as a global project in Japan and the CEPC considered
for realisation in China are not included in the evaluation. However, their potential is very close
to that of the LCF and FCC-ee colliders, respectively, modulo differences in luminosity.

Throughout the full book natural units ¢ =7 = 1 are used, leading to masses and momenta
being expressed in units of eV.

The status and developments in the areas of accelerator science and technology, detec-
tor instrumentation and computing are presented in Chapters 10 to 12. Chapter 10 contains a
brief description of the large-scale accelerator projects proposed for realisation at CERN (Sec-
tion 10.2). The differences in the physics potential between the various collider options, as
documented here, along with the technical readiness, risks, timescales and costs will be re-
viewed by the ESG. Alongside the final national inputs, that are expected to be submitted by
14 November, these assessments will provide the foundation for the final recommendations that
will be formulated in the ESPP drafting session in December 2025.



Chapter 2

Particle Physics: Open Questions
and Opportunities

Is the Higgs boson truly a solitary elementary scalar particle, or the first glimpse of a deeper
layer of physics? Why is our Universe made only of matter? What is the nature of dark matter
that outweighs visible matter five to one? These fundamental questions are at the heart of our
understanding of nature and none can be answered with our present experimental tools.

The Higgs boson plays a particularly special role here, and the needed precise study can
only be done at a new flagship collider. This should be complemented by neutrino facilities,
dark matter searches, precision experiments and innovative theory. This update of the European
Strategy for Particle Physics might be the most consequential since the launch of the LHC, as it
must chart the path to this next discovery machine.

We continue to reap rich scientific harvests from the present accelerators and their up-
grades, but the open problems in our field are such that we must now prepare for the next
generation.

— The Higgs sector: Is there only one Higgs boson? Is it elementary or composite? Do
its couplings follow the precise values predicted by the Standard Model? A Higgs fac-
tory, recommended already in the previous strategy, is the essential next step to stress-
test the Higgs mechanism. In the longer term, determining the Higgs self-coupling with
percent-level precision will reveal whether its peculiar potential truly drives electroweak
symmetry breaking. The nature of this potential also governs the character of the elec-
troweak phase transition in the early Universe: within the Standard Model it is a smooth
crossover, but with new physics it could become first-order, providing the conditions for
baryogenesis and connecting the Higgs sector directly to the origin of matter.

— Matter—antimatter asymmetry: In high-energy collisions, matter and antimatter are pro-
duced almost equally, yet our Universe is made of matter alone. Precision flavour physics
and neutrino experiments, together with collider data, hold the promise of elucidating this
profound imbalance.

— Dark matter: We readily observe its gravitational imprint on galaxies and clusters, yet we
do not know what it is. Collider searches, direct-detection experiments, and astrophysical
observations together may be needed to identify this elusive form of matter.
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These and other questions revolve around the outstanding ideas that motivate our field.
The chapters that follow in this Briefing Book will explore them in detail. In this introduction,
the theoretical ideas and their impact are outlined.

Where are we now and where are we going?

We have now observed all the particles and fields of the Standard Model, but we have not mea-
sured all their interactions and parameters: the Higgs self-coupling, many Yukawa couplings,
neutrino masses and mixings still await precise determination. Continued, intense scrutiny of
the Standard Model, and the search for deviations from it, must remain a central goal of particle
physics.

To achieve this, we need a broad programme: insights from the HL-LHC and its suc-
cessors, in particular a new flagship collider; but also from neutrino experiments, dark matter
detectors, and exquisitely sensitive smaller-scale searches. Equally essential are theoretical ad-
vances: more precise predictions, new conceptual frameworks, and innovative approaches that
connect the different strands of our field. Above all, we will need the many and diverse talents
of our community to pursue these goals together.

Electroweak and Higgs physics

Let us start with the ideas behind our main discovery in recent times: the Higgs boson. It is
a by-product and thus tell-tale of the Brout-Englert—-Higgs mechanism'. The Standard Model
by definition includes one complex scalar SU(2),., doublet. Three of its components were
“seen” already in the 1980s, as part of the massive W and Z bosons, whereas the fourth was
finally observed in 2012, lending credence to the Higgs mechanism for mass generation of
vector bosons. The non-zero groundstate expectation value v of the doublet following from the
assumed form of the Higgs field potential also provides fermion mass terms through Yukawa
interactions. It is worth reminding ourselves that standard mass terms are forbidden by SM
symmetries. Thus the Higgs field and its potential play a key role in the Standard Model and its
physical manifestations.

The potential and its characteristic shape are indeed an assumption. A potential with
a non-invariant ground state is not uncommon in physics; condensed matter colleagues deal
with such situations in the cases of ferromagnets and Bose—Einstein condensation of Cooper
pairs in superconductors. Our case is the Universe. The Higgs boson, a fluctuation around the
groundstate manifold of minima, can thus be viewed as a tangible piece of the vacuum itself!

The upshot of the Higgs mechanism, according to the SM, is then that all particle masses
are proportional to the groundstate value of the Higgs field, by an amount equal to the coupling
strength of the particle to the Higgs field. This includes the Higgs boson itself. Results from the
ATLAS and CMS experiments indeed suggest such a linear relation, but there is ample room
for deviations. However it may turn out, we, as a field, have established a new concept of mass
no less revolutionary than that of Newton and Einstein!

A key part of the future particle physics programme will be to stress-test the SM, and the
Higgs sector in particular. To that end vast numbers of Higgs bosons should be created in a
new Higgs factory, and their properties and interactions scrutinized. A classic example is the
“closure test” of the SM, in which the calculated value of the W mass (a function of the top
quark mass, the Higgs boson mass, the Fermi constant, etc.) is compared with the measured

'For brevity, we will refer to it below as the Higgs mechanism.
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value. Present uncertainties on the W and top masses will be dramatically reduced, putting the
Standard Model under great duress and raising the possibility of detecting interesting deviations.

Other highly important parameters to determine are the Higgs boson mass, width and
couplings. The best way to do so is in ete collisions producing an off-shell Z-boson radi-
ating a Higgs boson. In such a two-to-two process we can precisely determine the 4-vectors
of the incoming leptons and that of the outgoing Z-boson, and therefore also that of the Higgs
boson. The Higgs boson mass could thus be measured to a few MeV precision, an order of
magnitude improvement over the current 110 MeV uncertainty. The same process also yields
the total ZH cross-section, and thereby, using again Z-boson recoil, the Higgs boson width,
which is only 4 MeV in the Standard Model. Thus, with a Higgs factory we would improve our
knowledge about the Higgs boson and most of its couplings tremendously, by about an order of
magnitude with respect to HL-LHC outcomes. Similar improvements will be possible for other
electroweak parameters, providing additional dimensions for stress-testing. In particular, for
circular colliders it could be interesting, though very difficult, to measure the electron Yukawa
coupling, and test if the electron mass is indeed due to the Higgs mechanism.

The long-term goal of the Higgs programme is the determination of the tri-Higgs self cou-
pling, as a confirmation of the peculiar shape of the Higgs field potential. Recent studies have
shown that HL-LHC data on di-Higgs production can do better here than previously thought.
ATLAS and CMS expect a 706 observation of this process, leading to determination of the cou-
pling to about 30% accuracy. At low-energy Higgs factories the self-coupling is probed only via
loop effects, yielding about 20% constraints when combined with HL-LHC data, while higher-
energy facilities can directly probe double-Higgs boson production, substantially improving the
accuracy. A future collider at the energy frontier will change the game completely: we can
then anticipate a few percent-level accuracy on the tri-Higgs coupling, and thus on the poten-
tial shape. Yet even with such precision, the striking smallness of the Higgs boson mass itself
remains unexplained, leading us to the long-standing naturalness problem.

Naturalness

Some quantities in particle physics appear unnaturally small. Most striking is the Higgs boson
mass, lying 17 orders of magnitude below the Planck scale. The Standard Model is understood
as a low energy version of a more complete theory. Quantum corrections to scalar masses are
quadratically sensitive to the mass of any new particle from such a theory that interacts with
the Higgs boson. Unlike fermion masses, which are symmetry-protected, the Higgs boson mass
can thus receive large corrections.

This puzzle—why the Higgs boson remains light—Ilies at the heart of the naturalness
problem. It has been a powerful guide before, e.g. divergences in kaon physics led to the
prediction of the charm quark. By analogy, the Higgs hierarchy may hint at new degrees of
freedom at the TeV scale, such as superpartners, heavy vectorlike quarks, or at a composite
Higgs boson as a pseudo-Goldstone boson.

Future colliders should provide decisive tests. A Higgs factory will measure Higgs cou-
plings and electroweak parameters with unprecedented precision, probing for the indirect effects
of such new states. At higher energies, direct production of new partners could reveal whether
the Higgs boson is indeed elementary or part of a deeper structure.

Thus the naturalness problem, centred on the Higgs boson mass, is a theoretical puzzle but
a concrete experimental programme as well, one that future colliders are uniquely positioned to
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pursue. These considerations naturally motivate theories beyond the Standard Model, and raise
the question of how best to describe, and search for, possible new physics.

New physics and Effective Field Theory

Over the past decades, many models have been formulated to address specific shortcomings of
the Standard Model. Supersymmetry, for example, offers a natural solution to the hierarchy
problem and provides dark matter candidates as well; composite Higgs models reinterpret the
Higgs boson as a bound state of more fundamental constituents; extra-dimensional scenarios
give new perspectives on unification and gravity. While no single framework has yet been
confirmed, each has sharpened our questions and broadened our view of what new physics
might look like.

In parallel, more agnostic Effective Field Theory (EFT) approaches have matured into
powerful tools, now routinely embedded in event generators and experimental analyses. EFT
provides a systematic way to parameterize new physics effects from higher scales, without
committing to a specific model, and thus serves as a bridge between theory and experiment.
It is central to many performance studies in the chapters that follow, and is treated in depth in
Appendix A of this Briefing Book.

The interplay between model building and EFT is especially important: concrete models
can guide the choice of EFT operators and benchmark scenarios, while EFT results can be
mapped back to constrain or motivate classes of models. Strengthening these connections, and
deepening collaboration between theorists and experimentalists, will increase the value of both
approaches. In this way, even in the absence of immediate discoveries, we can steadily narrow
the space of possibilities and prepare for the surprises that future colliders and experiments may
bring.

However, while new physics may emerge at higher energies, the strong interaction itself
still poses key puzzles.

Understanding the Strong Interaction

QCD sets the precision benchmark for much of particle physics. Precise determinations of the
strong coupling ¢, still the least known gauge coupling, and of the quark masses are essen-
tial for many observables. Continued advances in high-order perturbation theory, together with
lattice-QCD determinations of non-perturbative matrix elements, are key to these determina-
tions and to quantitatively controlled predictions. They are indispensable for interpreting data
in terms of Standard Model parameters, for example in extractions of CKM elements from lep-
tonic and semileptonic decays, and in the hadronic contributions entering the calculation of the
anomalous magnetic moment of the muon.

A striking open issue in the Standard Model is the Strong CP problem. The QCD La-
. . . 2 = . .
grangian may contain a term proportional to g; GG which violates P, T and thus CP symmetry.
If even one quark were massless, this phase could be rotated away, but lattice QCD essentially
rules this out. The term induces an electric dipole moment of the neutron, yet experiments con-
strain such an EDM to be vanishingly small, implying |8| < 1071, Why this parameter is so
tiny is the essence of the problem.

Several explanations have been proposed. The most compelling introduces a new global
symmetry, the Peccei—Quinn (PQ) symmetry, under which 8 becomes part of a dynamical field.
The associated pseudo-Goldstone boson is the axion, whose ground state relaxes 6 to zero,
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naturally solving the problem.

Axions are light, weakly coupled pseudoscalar particles with interactions with pho-
tons (via E - B) and fermions. They could also form dark matter through the misalignment
mechani<in the early Universe, leading to a coherently oscillating axion field. Experiments
now exploit these couplings in stellar observations, haloscopes, helioscopes, and “light-shining-
through-walls™ setups to search across a wide mass range. Thus the strong CP problem links
nuclear physics, cosmology and astrophysics, and motivates one of the most active experimental
programmes in the field today.

The physics of heavy-ion collisions offers different challenges to understanding the strong
interaction, and here only a small selection is listed. The Quark Gluon Plasma created in such
collisions has the characteristics of a liquid, but when does it change to a collection of (quasi)-
particles, with which hard collisions are possible? In similarity to Rutherford scattering, one
can look for large angle scattering, which can be tested via jet substructure. A clear observation
of such large-angle scattering would provide evidence for quasi-particle behaviour.

At low temperature, chiral symmetry is broken, but can we see it being restored above the
critical temperature? Probing this is, in a sense, an exploration of how the QCD vacuum itself
changes under extreme conditions. A tell-tale of this restoration could be the “melting” of the p
mass peak, and increased mixing with the a; meson, to be tested through careful measurement
of the dilepton spectrum.

In heavy-ion collisions, the nuclei contain a high density of partons, especially gluons, at
small momentum fraction x. Can we see signs of parton saturation, in which partons in addition
to splitting have merged before scattering? This is a non-linear effect, and one may look for
such deviations from DGLAP scaling at small x values.

These and other studies address both the QCD phase diagram, from the liquid-like quark-
gluon plasma to the restoration of chiral symmetry, and the novel dynamics of parton saturation
at small x, making them a unique laboratory for strong-interaction physics.

Flavour physics

Flavour physics highlights the virtue of virtuality. Through its sensitivity to effects from quan-
tum corrections, it allows us to look, in detail, far beyond collider energy limits, and enables
stress-testing the Standard Model in many ways. A particular focus of stress-tests has been the
unitarity triangle, where many experiments have pinned the apex already very precisely, and
consistently. But with future experiments, including a possible Z-pole run at a Higgs factory,
much more severe stress tests of the CKM parameters are foreseen, some by as much as a factor
10. Major progress is also envisioned through (new) CP violating observables. For instance,
new sensitivity is possible in the charm sector, which is CKM suppressed, but should become
ever more accessible. In general, the focus of this research will increasingly shift towards
loop-dominated processes, in which penguin diagrams play a key role. The very rarity of such
processes, e.g. in the rare decays of the B&S meson to muons, or of K' to 7" v, makes them
very sensitive detectors of possible new heavy particles in loops. Further major benefits for
precision estimates of flavour observables are expected from lattice calculations of form factors
and hadronic matrix elements, towards percent-level accuracy.

A key condition for a successful flavour physics programme is the completion of the HL-
LHC programme. To go beyond this at the e*e” collider, one would run at the Z-pole to collect
a few times 10'% Z bosons. While the number of b hadrons is smaller than in LHC pp collisions,
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the cleanliness of events can be very valuable in decays with missing energy (e.g. to T leptons).

Neutrinos

Finding out the properties and structure of the neutrino sector of the Standard Model will be a
mayjor focus of our field in the coming decades. Their tiny interaction strengths can be overcome
with intense neutrino beams and very large detectors, as demonstrated already by the discovery
of neutrino oscillations; proof that neutrinos have mass, however small. This breakthrough has
had a profound impact on particle physics.

The puzzles of their flavour structure and mass ordering are likely to be solved by a variety
of worldwide experiments. A particularly compelling question is whether there is CP violation
in the lepton sector. Next-generation long-baseline experiments are very likely to provide an
answer.

The stakes are high: if CP violation among neutrinos is established, it would strengthen
the case for leptogenesis, a mechanism in which an asymmetry in the lepton sector in the early
Universe is converted into the observed matter—antimatter asymmetry through electroweak pro-
cesses. Thus, neutrino physics may hold the key to explaining why anything exists at all.

Numerous other experiments will contribute, often on smaller scales but with profound
implications. Chief among them is the search for neutrinoless double-beta decay, which would
establish that neutrinos are Majorana fermions, i.e. their own antiparticles, and indicate that
lepton number is not a fundamental symmetry of nature. Such a discovery would demonstrate
the existence of a new physics scale, that could explain the origin of the cosmic matter excess.
At the same time, another cosmic mystery remains entirely open: the identity of the dark matter
that dominates the mass of the Universe.

Dark Matter

A major unanswered question pertains to the nature of Dark Matter (DM). We have ample
indirect evidence of its existence (e.g. through galaxy rotation curves), but we do not know its
nature, only that it is not part of the Standard Model. What could DM be? Some options are the
Weakly Interacting Massive Particles (WIMPS), in the GeV-TeV mass range, for which there
are many candidates. In the very small (neV-MeV) mass range an option might be dark photons,
axions, or axion-like particles (ALPs). These can be found in many Standard Model extensions,
and in string theories. Another option is keV sterile neutrinos. An exciting new phase in
direct detection of DM will be offered by the next generation of large scale direct detection
experiments. Collider sensitivity for WIMPs is complementary to direct/indirect detection and
must therefore be part of the experimental Dark Matter search.

Theoretical Precision

Precision is key to future explorations in particle physics. Data from LHC and HL-LHC are
moving towards percent-level accuracy, while designs of possible future colliders and their de-
tectors aim for per-mille level accuracy. Such experimental precision must be matched by the-
ory, and indeed theorists have stepped up and achieved great progress, inventing new methods
and leveraging increased computing power, in both numerical methods and computer algebra
(Mathematica, FORM, etc.). Mathematics in particular has been a source of outstanding ideas in
this area, yielding powerful methods such as integration-by-parts identities, finite field methods,
differential equations for amplitudes, and much more.
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Precision has also found its way into higher order calculations in the Standard Model
gauge couplings. Predictions are generally available at least at next-to-leading order (NLO),
but the standard is now NNLO calculations and for some cases even NNNLO accuracy. This is
often supplemented by all-order resummed contribution of large logarithmic terms, for maxi-
mally precise predictions. A major recent innovation is going beyond the Leading Logarithmic
(LL) accuracy of parton showers, essential components of event generators, enabled by better
treatment of recoil. The emerging new standard is NLL, but NNLL accuracy is likely needed
to exploit full physics potential. One clear benefit is that with NNLL showers no anomalously
large value of ¢ is needed to match, for instance, LEP thrust data. Further significant progress
on higher-order corrections is vital to match the experimental precision that will be achieved in
future colliders. Moreover, in many cases non-perturbative aspects are limiting factors, hence
progress is much needed here as well.

Al

A particularly promising part of our future path is Artificial Intelligence, the subject of the
2024 Physics Nobel Prize. Classification, pattern recognition, which are strong points of Al,
are already now central to modern particle physics. This has led to marked improvements in
several physics studies, such as di-Higgs production signals at the LHC, and plays a key role in
determining parton distribution functions. Generative Al and Large Language Models already
assist with coding and other tasks, and as such are a major productivity boost. New analysis
strategies, calculational methods, and even future detector design may well emerge from this
revolutionary new tool, and the further impact of Al will no doubt be immense.

Final remarks

The Standard Model has carried us far, but its deepest questions remain unanswered. Answering
these demands tools beyond today’s accelerators. As recommended in the previous update of
the European Strategy for Particle Physics, a future path with a Higgs factory, followed by a
collider at the energy frontier, together with advances in neutrino and dark matter experiments,
will allow us to stress-test the Standard Model to a breaking point, and to explore entirely new
territory. By committing to this path, we can ensure that the coming decades of particle physics
are as revolutionary as the last.
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Chapter 3

Electroweak Physics

The study of EW interactions has been instrumental in shaping the SM, leading to the prediction
and in some cases the discovery of its bosonic and fermionic components. As the LHC con-
tinues to probe EW interactions, deeper questions about the fundamental nature of the Higgs
boson arise. These questions include its role in EWSB, its connection to the origin of fermion
masses and flavour dynamics and its potential role in the evolution of the cosmos and the sta-
bility of the Universe. Precision measurements in EW physics are powerful tools for probing
these questions and new physics beyond the SM.

This chapter discusses the expected status from the HL-LHC and the prospects from fu-
ture colliders in the areas of Higgs physics (Section 3.1), top-quark physics (Section 3.2), and
precision electroweak observables (Section 3.3). The role of and requirements on theoretical
aspects are covered in Section 3.4. Finally, comparisons across various future colliders using
an EFT interpretation are shown in Section 3.5. For the ¢ e machines, the luminosities quoted
in Table 10.1 are used, except for LCF where 0.1 ab™~! for the Z-pole run and 3 ab™ ! for the
250 GeV run are used. For the LCF 550 GeV, the ¢~ /e polarisation of £80% / 30% is used.
In addition, a luminosity of 8 ab ! for LCF 1 TeV, 5 ab~! for CLIC 3 TeV, 30 ab~ ! for FCC-hh,
1 ab~! for LHeC and 10 ab~ ! for the 10 TeV muon collider (MuC) are assumed here.

3.1 Higgs Physics

The SM is an extraordinarily successful model of nature, with its structure guided by prin-
ciples of symmetry. Despite this, 19 parameters (excluding neutrino masses and mixing) are
unpredicted, the majority of which are linked in some way to the properties of the Higgs bo-
son. Uncovering the fundamental principles behind the origin of the masses of all fermions,
i.e., including neutrinos, and the structure of the CKM and PMNS matrices, requires a deeper
knowledge of the Higgs sector.

One of the many open questions surrounding the Higgs boson is whether it is a funda-
mental particle. If so, it is surprising that the electroweak scale is so much smaller than other
fundamental scales of nature, such as the Planck scale or a possible energy scale of grand uni-
fication. This is the essence of the “naturalness” or “hierarchy” problem. Studying the Higgs
boson may reveal whether a deeper symmetry, such as supersymmetry —which also includes
an extended Higgs sector— explains the fact that the Higgs mass and the electroweak scale are
much smaller than the Planck scale. Alternatively, the Higgs boson could also be a composite
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particle, arising from some new strong dynamics that drive EWSB.

Within the SM, the Higgs boson is responsible for EWSB, which is determined by the
structure of the Higgs potential. If new BSM particles couple to the Higgs boson, the form of its
potential can change. This has implications not only for particle physics but also for our under-
standing of the early Universe and its long-term evolution. A strong first-order phase transition
in the early Universe could provide one of the conditions needed for electroweak baryogenesis.
Additionally, measurements of the top-quark and Higgs-boson masses suggest that the shape of
the potential renders our current vacuum metastable, raising fundamental questions about the
fate of the Universe. Any dynamics related to the symmetry breaking mechanism would imprint
itself on the properties of the Higgs boson.

3.1.1 High-Luminosity LHC

Since the Higgs boson discovery in 2012, the LHC has observed its couplings to gauge bosons
and third-generation fermions (via measurements of cross section times branching ratios) and
achieved evidence of Higgs boson decays to two muons [ID170]. In pp collisions, all the Higgs
boson production modes (gluon-gluon fusion, vector-boson fusion VBF, associated production
with vector bosons or pairs of top quarks) have been observed and so far, all measurements are
consistent with the SM expectations [1,2].

For the coming two decades, the LHC and the HL-LHC will continue to map the Higgs
sector with unprecedented precision. The gauge and 3rd—generation Yukawa coupling param-
eters are expected to be measured to an experimental precision of 1.5-4% [ID170]. Measure-
ments of rare decays, such as H — u+ u and H — Zy will reach a precision of 3% to 7% on the
corresponding effective couplings, respectively. Through recent improvements in flavour tag-
ging, the H — ¢¢ rate can be constrained to within 1.5 times the SM or better. The uncertainty
on the mass of the Higgs boson, my, is expected to improve to 21 MeV [ID170]. Based on cur-
rent projections, the dominant uncertainties on the Higgs boson couplings at the HL-LHC are
often the theoretical uncertainties on the SM prediction itself, followed by the experimental sys-
tematic uncertainties. Apart from the rare decays, the statistical uncertainties are sub-dominant.
Improvements in theoretical calculations and reduction of PDF uncertainties would therefore
yield major benefit to Higgs physics at the HL-LHC.

At the HL-LHC, the Higgs potential can be probed via measurements of Higgs boson pair
production (HH). Recent developments in analysis methodologies, detector calibration and jet
flavour tagging have resulted in significant improvements in sensitivity for HH final states; the
current projection for the measurement of the self-coupling has a precision of 27% which is
almost a factor of two improvement compared to projections shown for the last strategy [3].
These recent improvements have also opened the possibility to constrain the Higgs boson quar-
tic self-coupling at the HL-LHC via HHH final states. The expected limit is projected to be 86
times the SM value using the 6 b-quark final state [4]. The quartic couplings with vector bosons
(VVHH) can be probed via HH production in the VBF channel and are already constrained to
be different from zero at 95% CL by current LHC analyses. At the HL-LHC, a precision of
13% on the corresponding coupling can be obtained.

3.1.2 Electron-proton colliders

The LHeC, as an electron-positron collider, has sensitivity to Higgs boson couplings via deep-
inelastic scattering measurements. It can achieve a first measurement of H — ¢¢ and provides a
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precise determination of EW charged-current Higgs boson production. In addition, LHeC can
improve PDF and o5 uncertainties in hadron-collider measurements of Higgs properties, which
amounts to a reduction of these uncertainties by a factor of 3 at the HL-LHC [ID214]. These
improvements are not included in the HL-LHC projections shown here.

3.1.3 Electron-positron colliders

While future e’ e colliders produce far fewer Higgs bosons than the HL-LHC, they do offer
significant advantages due to their precisely known initial state and much cleaner experimental
environment. In addition, e e machines can make model-independent measurements of the
Higgs boson couplings, unlike interpretations of the HL-LHC measurements, which often as-
sume no exotic decays. At energies around 240 GeV, Higgs bosons are produced mainly via
ZH associated production. The VBF production cross section increases significantly with the
centre-of-mass energy and becomes the dominant process above roughly 450 GeV. For second-
stage linear colliders, running at energies of 550 GeV or above, the tH production modes and
di-Higgs boson production modes of ZHH and vVHH become accessible and benefit from the
increase in luminosity with the centre-of-mass energy.

Longitudinally polarised beams, which would be available at linear colliders, bring fur-
ther advantages: s-channel production via Z/y exchange, such as in ZH production, only occurs
for Left-Right and Right-Left (e , e") beam polarisations. Additionally, Higgs boson produc-
tion from WW fusion is enhanced for Left-Right and suppressed for Right-Left polarisation,
allowing for increased signal cross-sections and reduced background contributions. Depending
on the exact beam polarisation scheme used, the effective signal cross-sections changes by a
factor ranging from 1.0 to 1.4 for ZH production and 0.2 to 2.4 for WW fusion.

Conversely, circular e e colliders can offset the absence of longitudinal polarisation and
the high-energy limitations imposed by synchrotron-radiation losses with far larger instanta-
neous luminosity and the option to operate several interaction points simultaneously. The FCC-
ee (LEP3) yields roughly nine (two) times more Higgs bosons for all interaction points together
per unit time compared to the 250 GeV LC.

One of the major advantages of et e colliders is the measurement of the total ZH cross-
section. Since the initial state energy is known, the total rate of this process can be measured,
independently of the Higgs boson decay mode, by tagging only the Z boson decay in the final
state. For the FCC-ee, LEP3 and the LCF-CLIC at 380 GeV, this yields a precision on the
total ZH cross-section of 0.31%, 0.66%, and 0.56%, respectively [ID217, ID188, ID140]. The
Higgs boson coupling to Z bosons is most precisely measured at e e colliders, and constitutes
a powerful test of a potentially composite nature of the Higgs boson [5]. The total ZH cross-
section then enables the indirect determination of the total Higgs boson width, by combining
measurements of multiple production modes and final states, i.e., ZH production with H — ZZ*
and H — WW" decays or WW-fusion production with H — WW" decays. Using H — ZZ"
decays is statistically limited, and WW -fusion production at higher energies or alternative decay
channels are important.

Precision measurements of Higgs boson couplings, including those to 2nd—generation
charged fermions, are also possible [ID217, ID188, ID140]. Couplings to H — bb can be im-
proved compared to the HL-LHC to reach sub-percent-level precision. In addition, couplings to
H — cc¢ can be measured at the percent level. Sensitivity to the strange-quark Yukawa coupling,
which would give full access to the interactions of the Higgs boson with the 2nd—generation of
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charged fermions, is within reach of future e e colliders [6], with potential evidence achiev-
able at the FCC-ee [ID217] (see also [ID141]). As with the HL-LHC results, recent advances
in flavour tagging have led to significant improvements in these projections. Indirect sensitiv-
ity to the top-quark Yukawa coupling can be obtained at the #f production threshold through
loop corrections. However, measurements of the Higgs boson coupling to top quarks via ttH
production require a centre-of-mass energy above 480 GeV, with the cross-section doubling by
550 GeV. At linear colliders with an energy of 550 GeV and 1TeV, the tfH cross-section can
be measured at a precision of 5.6-8.7% and 3.9-5.7%, respectively [ID140] and depending on
the beam polarisation used. The FCC-ee, LEP3 and LCF at 250 GeV will be able to exclude
additional invisible Higgs boson decays with a confidence level of 95% for branching fractions
above 0.055%, 0.2% and 0.12%, respectively, using recoil or missing-mass techniques [[D217,
ID188, ID140]. Linear colliders running at higher energies of 3 TeV can improve the preci-
sion on the couplings of the Higgs boson with gauge bosons and fermions by a factor of two
compared to linear colliders at lower energies. Finally, FCC-ee has the potential to probe the
electron Yukawa coupling, however this would require beam monochromatisation and a dedi-
cated run at /s = my with five years of extra running time [7].

In addition to the couplings, the Higgs boson mass can be determined to a precision of
4 MeV, 10 MeV, 12 MeV for the FCC-ee, LEP3 and LCF at 250 GeV, respectively. These mea-
surements benefit from the well-defined initial state in ¢ e~ colliders, enabling reconstruction

of the Higgs boson through the recoil technique.

For all the measurements determined via e’ e colliders discussed above, the dominant

uncertainty is assumed to be the statistical uncertainty, implying that all experimental systematic
uncertainties as well as theoretical uncertainties are sub-dominant. This assumption places
requirements on both the detector design and future improvements in theoretical calculations.

The Higgs potential can be probed at ' e colliders either via precision measurements
of single Higgs boson production or via HH production for collider options with a centre-of-
mass energy at 550 GeV or above. In both cases, the measurements must be connected to the
parameter associated with the Higgs boson self-coupling, A;. The production of single Higgs
bosons is sensitive to A3 via loop effects and thus the precision of the single-Higgs-boson mea-
surements must be better than 1% to provide sensitivity close to that from HH production [8].
Measurements at multiple energies help break degeneracies in the interpretation of A;. For lin-
ear colliders running at higher energies, the precision on the self-coupling can be improved by
combining ZHH and vvHH processes and by exploiting the large cross-section of VWHH to
make differential cross section measurements [9]. To compare the two approaches in a consis-
tent manner requires an EFT analysis, as will be discussed in Section 3.5.

3.1.4 High-energy colliders

High-energy lepton or hadron machines operating at the multi-TeV scale offer unprecedented
energy reach. The advantage of proton-proton colliders is that they produce large samples of
Higgs bosons at high centre-of-mass energies, providing access to rare production and decay
modes, and also allowing for differential measurements which are particularly sensitive to BSM
effects. High-energy muon colliders offer a comparable energy reach, while also providing
unique and complementary sensitivity to the EW sector.

In combination with e"e collider data, the FCC-hh can achieve sub-percent-level pre-
cision on all Higgs-boson couplings, including those that involve rare decay processes such
as H — 4¢,00y,uu. For the studies presented in Ref. [ID227], the absolute determination of
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the couplings of the Higgs boson is obtained from ratio measurements at FCC-hh that rely on
absolute measurements from the FCC-ee (i.e., H — 4/). In these ratios, many of the experi-
mental and theoretical systematics uncertainties related to the production cross-section, such as
those from PDFs and missing higher orders are assumed to cancel. For the scenarios where
FCC-hh follows the HL-LHC directly, the numbers from the HL-LHC in [ID170] have been
scaled to a centre-of-mass energy of 85 TeV. For this scenario, the statistical uncertainties are
scaled accounting for the higher FCC-hh energy and luminosity, the experimental systematic
uncertainties are left unchanged and the assumptions of the theory uncertainties are outlined in
Section 3.4.

At the FCC-hh, the Higgs boson self-coupling can be measured using HH final states. For
the comparisons shown here only bbyy and bbt" T~ [ID227] final states are considered. The
FCC-hh is also expected to probe the quartic Higgs self-coupling (A,) via HHH production at
the level of 10 times the SM [4]. Furthermore, the FCC-hh will be able to measure the VVHH
coupling with a precision at the level of 1% [10].

The FCC-hh offers superior sensitivity to the top-quark Yukawa coupling, achieving a
precision of 1% [ID227]. The FCC-hh also provides stringent limits on the branching fraction
for Higgs boson decays to invisible particles, reaching down to 0.02%. Finally, the FCC-hh
will deliver sensitivity to a large number of EFT operators thanks to the abundant rate of t7H,
VH and VBF processes in the multi-TeV regime [ID227]. For the EFT comparison shown in
Section 3.5, differential distributions for WH and ¢fH production processes are also considered.

High energy muon colliders can probe Higgs physics via VBF production such as
,u+,u_ — v,V H. The expected precisions on the Higgs boson couplings, including invisi-
ble decay modes, are at the percent to sub-percent level and are competitive with those obtained
at the FCC-ee. With forward muon tagging, the normalisation of all couplings can also be
obtained via neutral-current (u+ u — /.PL W H) interactions. The precision of the Higgs bo-
son self-coupling via HH, VVHH and HHH final states is also similar to that achieved at the
FCC-hh. As with the FCC-hh, the muon collider also has sensitivity to a wide range of EFT
operators at high energies.

3.1.5 Comparison of kK parameters

Modifications of the Higgs boson couplings with respect to their SM values are often parametri-
sed using the so-called x-framework [11], with parameters k; acting as relative modifiers of the
respective effective coupling constant. While this parameterisation provides a straight-forward
comparison of possible observed SM deviations, it is not a consistent BSM model and, for
instance, it cannot readily parameterise BSM effects that modify kinematic distributions. The
sensitivity to these kinds of effects are better described in an EFT approach like the one of the
Standard Model Effective Field Theory (SMEFT), which is discussed in Section 3.5.

The results of the K fits are shown in Fig. 3.1 for the different ¢ e colliders and high
energy options, as well as the option of FCC-hh directly after the HL-LHC. These results are
obtained for a x scenario including the possibility of Higgs boson decays into additional light
degrees of freedom, which could be either invisible (BR;,,) decays or an exotic signal that
is not tagged by the experimental analyses (BR.,,). Here, the precision on the Higgs boson
width is independent of that of the different SM decays, and allows a comparison of the indirect
determination of I'y; across colliders. A determination of the Higgs boson width via this x
fit is not possible at pp or ep colliders without additional assumptions. Motivated by several
BSM scenarios, for pp and ep colliders Ky z < 1 is assumed (see Ref. [12], Section 10). For
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the kK parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint Ky, ; < 1 is assumed for the pp and ep interpretations. In these
cases, the reported value for Ky , refers to the lower bound of the 68% probability interval
(ie. 1 — Ky 2 < 6k with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the “T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for et e colliders or via neutral-current
(/.L+ u — ,lfL W H) interactions with forward muon tagging at a muon collider.

Allete and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+efenergies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H — u ™ and H — Zy, strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2™ generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC'. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

'"The FCC-hh only projection is not shown because the input data was not available.
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at e "¢ colliders, yielding from the fits at 68% probability, |x,| € [0.4,1.3] for the FCC-ee, and
|x,| < 1.2,1.3 at LCF 250 GeV and LEP3, respectively. Higher centre-of-mass energies, such as
e"e colliders above 550 GeV, muon colliders or hadron colliders, bring strong improvements
to many parameters such as ky, and ;. The LCF with energies up to 1 TeV combined with a
10 TeV muon collider yields comparative results to the FCC-ee +FCC-hh, apart from rare de-
cays and assuming no theory uncertainties. The option of the FCC-hh directly following the
HL-LHC bring a strong improvement in many couplings such as &,, k; and k,, compared to the
HL-LHC. The combination of the LHeC and FCC-hh offers complementarity, with the LHeC
providing strong constraints on Ky, and k,, while the FCC-hh improves the determination of
several other Higgs couplings. Additional benefits from LHeC measurements of PDFs and o
are not shown here; such improvements in theoretical inputs would further reduce the overall
uncertainties, as illustrated by the two different theory assumptions considered for the FCC-hh.

The width of the Higgs boson is measured best by FCC-ee when considering lower en-
ergy e+e70ptions. However, the best precision is obtained when a low energy ¢’ e machine is
combined with a high-energy option. For the invisible width of the Higgs boson, the highest
precision is achieved by a hadron collider - either directly following the HL-LHC or following

an e’ e or ep collider.

For the lepton colliders, theory uncertainties are not shown in the figure. Including these
will affect largely the precision of couplings with dependencies on uncertainties from o or on
the quark masses, such as k,, k. and k;,. At high-energy lepton colliders, the missing higher-
order corrections in VBF processes can also affect the precision of ky, and k. These uncer-
tainties are more pronounced the higher the collider energy.

3.2 Top-quark physics

The top quark, as the heaviest known particle in the SM, plays a pivotal role in the study of
electroweak symmetry breaking and the Higgs sector. Its large mass implies a strong coupling
to the Higgs boson, and suggests a unique sensitivity to new physics effects. New physics
could manifest itself by modifying top-gauge boson interactions and 4-fermion interactions,
which can be tested via EFT operators. In addition, the top-quark mass is a critical input to
SM consistency tests: it controls electroweak loop corrections that determine the predicted W
mass, and enters flavour observables such as meson mixing and rare decays through virtual
corrections.

For measurements of the top-quark mass, the HL-LHC could reach a precision of around
200 MeV [ID170] and this result will remain highly competitive for the next two decades.
Lepton colliders that can reach the top-quark pair production threshold (the FCC-ee and linear
colliders) provide a unique opportunity to measure the mass through threshold scans: the FCC-
ee aims for a precision of about 7 MeV, while linear colliders are projected to reach 20 MeV (see
Section 4.1.2 for more details). However, the experimental uncertainties are smaller compared
to the theoretical ones, which are currently around 35 MeV.

To be sensitive to top-gauge boson couplings and new physics via EFT operators, the HL-
LHC will probe top-quark interactions through channels such as four-top-quark (¢7¢f) production
and associated ¢7y and t7Z production. Differential measurements are important to provide in-
formation related to energy-dependent quark operators and will in many cases only be improved
beyond the HL-LHC by a future hadron collider [ID227].

At lepton colliders, running at energies around the #7 threshold enables a precise deter-
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mination of the top-electroweak couplings. For linear colliders, longitudinal beam polarisation
offers an advantage as polarised beams provide direct access to the chiral structure of top-quark
couplings. The FCC-ee can also probe the chiral structure of these couplings despite the ab-
sence of initial-state polarisation, as the information carried by the final-state polarisation of the
top quark is accessible through its decay products. Beyond the threshold region, EFT operators
with energy-growing effects become increasingly accessible. Having access to a wide energy
range, e.g., linear colliders above 550 GeV or a muon collider, opens up sensitivity to energy-
dependent operators. Measurements of cross-sections and forward—backward asymmetries at
higher energies, and polarisation asymmetries at linear colliders, constrain four-fermion con-
tact interactions involving the incoming leptons and top quarks (0" 0" tf) and further improve
the precision on top-electroweak couplings, as discussed in Section 3.5.

In contrast, hadron colliders exhibit complementary sensitivity to different classes of op-
erators, including those for four-quark interactions. The FCC-hh can provide a wide range
of differential measurements, such as 7, single top, ¢fZ, which are sensitive to these interac-
tions. In addition, processes such as tftf, tty and tfZ production can be measured to a level of
1% [1D227]. The LHeC also offers unique top-quark probes, particularly of the Wtb vertex.
These measurements can complement hadron and lepton collider programmes by isolating spe-
cific couplings with reduced QCD backgrounds and different kinematics. A comparison of the
physics potential of the different colliders for top-quark physics is discussed in Section 3.5.

Studies of FCNCs in the top-quark sector are excellent probes of new physics as they are
strongly suppressed in the SM. As these results are often statistically limited, high precision data
can yield significant improvements in terms of the reach to the BSM energy scale. Figure 3.2
shows the projected sensitivity to FCNCs to t — ¢ and t — u transitions, parameterised via
SMEFT operators (see Appendix A). Running at an energy above the top-quark pair threshold
is needed to obtain significant improvement compared to the HL-LHC. In general, high energy
colliders, such as a muon collider at 10 TeV or a hadron collider provide the best sensitivity.

3.3 Electroweak precision observables

Precision measurements of the electroweak sector provide a powerful test of the consistency of
the SM itself, as they are sensitive to BSM via off-shell and loop contributions. In addition,
if BSM signatures are observed, a broad range of measurements within the EW sector will be
crucial for exploring the exact nature of any new physics. As EWPOs are needed to provide
meaningful interpretation of other results, adequate precision is also critical in order to maxi-
mize the interpretative power within the SM as a whole. For example, quantities such as the
effective weak-mixing angle, sin’ By, and the W-boson mass, my,, depend parametrically on
other parameters such as the QED and QCD couplings and the masses of the Z boson and the
top quark. EWPOs also impact Higgs precision physics, as will be discussed in Section 3.5.

The HL-LHC will produce very large samples of Z and W bosons and can improve some
EWPOs, for example sin’ 6y and my,. In recent years, there has been significant improve-
ment of the measured precision of these observables via new analysis methodologies [13, 14].
Nonetheless, the precision continues to be limited by the uncertainties in the PDFs, and in the
QCD and EW higher-order corrections.

In contrast, lepton colliders can produce large samples of vector bosons, in a cleaner
environment. Circular colliders, the FCC-ee and LEP3, benefit from very high luminosities,
yielding 6 x 10'% and 2 x 10'? Z bosons for all interaction points, respectively. The linear col-
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Fig. 3.2: Sensitivity of SMEFT operators to FCNCs in the top-quark sector for different collider
options. Transitions between ¢t — ¢ and t — u and both are indicted by the different shaped areas.

Inputs for some of the operators were not available for all projects.

lider operates at lower luminosities, yielding 5 x 10° Z bosons but has polarised beams, which
partially compensate the lower luminosity via measurements that are sensitive to chiral observ-
ables. This section discusses traditional EWPOs determined by ¢*e” machines running at the
Z-pole and the WW threshold. High-energy lepton colliders (ete or /.L+ W ) also have en-
hanced sensitivity to some of the interactions that affect EWPOs via vector-boson scattering
and production measurements and will be compared in Section 3.5 using the SMEFT frame-
work. Table 3.1 highlights the projected uncertainties on a selection of EWPOs for the FCC-ee,
LCF and LEP3 [ID217, ID140, ID188]. The large luminosity of the FCC-ee at the Z pole leads
to improvements of roughly a factor 30 in observables that depend primarily on the total rate,
compared to the LCF. For chiral observables, where beam polarisation provides additional sen-
sitivity at LCs, the relative gain of the FCC-ee is smaller, at the level of a factor 5, as illustrated
in the table.

Running at the Z-pole energy, the Z boson mass and width and its couplings to fermions
can be determined. For the Z mass, the dominant systematic uncertainties are the absolute
beam energy calibration (with resonant depolarization) for FCC-ee and LEP3 and the absolute
momentum scale for linear colliders. For the linear collider estimates [[D140], the proposed
calibration method is challenging and therefore the estimated precision on the mass should be
considered as an optimistic estimate.

Measurements of the branching fractions provide the coupling strength of quarks and lep-
tons to the Z boson and can be sensitive to new physics. In these measurements, performed
relative to the total hadronic branching fraction, the uncertainties due to the production cross-
sections and luminosity cancel. With recent developments in flavour tagging, major improve-
ments in the measurements of the ratios of branching fractions to bottom (R,) and charm quarks
to all hadrons are expected and also include first estimates to measure the ratio of the branching
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Table 3.1: Current and projected uncertainties on a selection of EWPOs at the FCC-ee, the
LCF and LEP3. The current uncertainties are taken from Refs. [13, 15]. When a single num-
ber is quoted, it refers to the total uncertainty, otherwise the statistical error is quoted and the
experimental systematic error is given in the parentheses. A (9) stands for absolute (relative)
uncertainty.

| Observable | Current | FCC-ee | LCF | LEP3 |
Am, (keV) 2000 | 4 (100) 200 7.5 (100)
AT, (keV) 2300 | 4(12) 125 7.5 (23)
SR, (x107°) R, =" [ 1600 | 24(23) | 90(90) | 4.523)
u
SRy (x107°) Ry=pt- | 3300 | 1.2(1.6) | 70(60) | 2.2(3.0)
Asin” 6y, (x10°) 130 | 0405 | 27@23) |0.75(0.95)
Aa(my) " (x10%) 14 0.8,3.8 - 14,73
Amy; (keV) 9900 | 180 (160) | 500 (1600) | 430 (700)
ATy (keV) 42000 | 270 (200) | 2000 | 650 (500)

fraction to s-quarks over that for all hadrons. The projected uncertainties on a selection of these
ratios are shown in Table 3.1. Minimizing these uncertainties places strong requirements on the
design of the detectors.

The value of the electroweak parameter sin’ 0y, is determined at e e colliders via mea-
surements of different types of asymmetries. For linear colliders with longitudinal beam po-
larization, the asymmetry between the electron left- and right-handed couplings to the Z bo-
son can be measured directly via the quantity A;r [ID140]. For circular colliders, sin’ Oy
can be determined via the combination of several forward—backward asymmetries (A{;’g) and
pol(z )[ID217] Lower-energy
et e colliders, ep colliders and neutrino scattering facilities can also probe sin 9W. For exam-
ple, ep colliders such as EIC and LHeC would provide information about the running of sin’ O
at scales of a few tens of GeV and enable the separate, high-precision determination of the elec-
troweak couphngs of the up and down quarks. In addition, in the low-momentum range of
10°-10" GeV low-energy experiments like P2 [16], MOLLER [17] and CONUS+ [ID191]
can provide a precision on sin’ Oy of 0.13%, 0.12% and 5%, respectively.

from the forward-backward asymmetry of the 7-polarisation (Azp

The current precision of the fine-structure constant o(m;) [15] will not be sufficient for
future electroweak precision tests and therefore improved determinations of it are vital. At the
FCC-ee and LEP3, a/(m;) can be determined via off-peak measurements at the Z-pole of the
forward-backward asymmetry [18]. More recently, a novel approach based on the comparison
of the differential distributions of electrons, muons and positrons produced on the Z-peak has
been proposed [19]. This study has the potential to greatly reduce the statistical uncertainties
on the measurement of o(m;), though more work is needed to correctly assess the associated
systematic uncertainties. At linear colliders, the luminosity is not sufficient to perform such
a measurement via this methodology and therefore rely on predictions from Lattice QCD (see
Section 3.4). There are several experiments devoted to probing QED in the strong-field limit,
including the AWAKE plasma wakefield accelerator at CERN [20], the European XFEL in
Germany [21], or the FACET facility at SLAC [22]. The proposed new experiments will probe
QED in the critical field regime, which is of relevance for instance for astrophysical phenomena
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(for instance magnetars [23]), atoms with Z > 137 [24] and for high energy eTe” colliders [25,
26].

The mass, my,, and width, I'y,, of the W boson can be determined via a threshold scan
at the WW energy threshold or at higher energies, e.g., at 240 GeV. While there are multiple
methodologies to measure the W boson mass at e+e_colliders, the results are often dominated
by systematic uncertainties, such as the beam energy calibration at the threshold scan and mod-
elling of hadronisation at higher centre-of-mass energies. The LHeC enables a determination
of the W boson mass with a precision of 3 MeV using HL-LHC data (see more details in Sec-
tion 4.1.2). Runs at high centre-of-mass energies also enable high-precision tests of lepton
universality.

Multi-boson interactions, which give rise to final states with two or three bosons, test for
BSM physics via deviations in the rate or the kinematic distributions. While the experiments
at the LHC have performed a wide-range of diboson and triboson measurements, no official
projections for the foreseen precision at the HL-LHC are available. For future colliders, projec-
tions for measurements of e "¢~ — W W~ are included in the EFT fits in Section 3.5, using the
statistical optimal observables formalism defined in Ref. [27]. The sensitivity to new physics
in diboson processes at very high energies has also been studied at muon colliders [28] and
preliminary projections for similar processes at the FCC-hh are also considered [[D227]. The
expected sensitivities of these measurements to EFT operators are presented in Section 3.5.

Figure 3.3 (top) shows the expected precision on the top-quark and W masses for the
HL-LHC, FCC-ee and LCF. The indirect sensitivity to my, and m,, shown by the filled ellipses,
are obtained via a fit of SM theory predictions to projected EWPOs. For comparison, the direct
measurement precision is also shown via the dotted/solid lines for HL-LHC/e" e colliders. The
bottom panel of Fig. 3.3 shows oblique parameters S and T [29] for the different ete” collider
options. These parameters help account for possible modifications of the EWPOs and quantify
universal BSM corrections to the photon, W and Z self-energies (e.g. they do not depend on the
lepton and quark flavours). T measures the difference between the new physics contributions of
neutral and charged current processes at low energies and S describes new physics contributions
to neutral current processes at different energy scales. The best precision is obtained by the
FCC-ee, followed by LEP3. The effects of theory uncertainties are discussed in Section 3.4
(and shown in Fig. 3.4).

3.4 Theory requirements and uncertainties

Theory input is critical for the physics programme of any future collider. It is needed for the ex-
traction of interesting electroweak and Higgs boson quantities from the data (e.g. Monte-Carlo
(MC) simulations, PDFs, theory calculations for backgrounds), as well as for the interpretation
of these target quantities in terms of the SM or BSM theories. Theory input is also needed for
the determination of physical quantities from data, e.g. the value of a mass or a coupling, that
are used in the calculations. For Higgs physics at the HL-LHC, the precision in many cases
is limited by the theory [ID170], [30]. The required precision on the theory inputs is even
more demanding for precision physics at future high-luminosity ete” and high-energy hadron
colliders, but to a lesser extent for high-energy lepton colliders.

These inputs have several sources of purely theoretical uncertainties, including:

a) Missing Higher-Order Uncertainties (MHOUSs) in perturbative calculations.

23


https://indico.cern.ch//event/1439855/contributions/6461632/
https://<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>