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Introduction

• FCC-ee is highly motivated on its own:
• Quantum leap in Higgs+electroweak physics
• Huge increase in indirect sensitivity to high energy scales
• Exploration of dark sectors

• Also opens up the path to complementary FCC-hh!

• FCC is vital to the future of fundamental physics
• No realistic alternative to FCC-ee+hh combined physics case x feasibility 



Why FCC-hh?
• Follow up indirect observations with direct exploration

• Note: in astro/cosmo, observing known objects and processes in new 
regimes or to better accuracy is reason enough to keep making progress!

Hulse-Taylor binary 
neutron+pulsar system

LIGO+VIRGO



• What is the purpose of the FCC?

• Access top-Higgs interactions, Higgs self-couplings, multi-boson physics, 
and a plethora of other high-energy phenomena in new regimes

• The prospect of seeing terra incognita data at the decaTeV scale is 
amongst the most exciting in all of science

Why FCC-hh?

To explore the fundamental origins of our universe and its laws

(My proposal: rename FCC to the International Particle Observatory)



FCC as an origins explorer
• Origin of matter
• EW phase transition, CP violation, baryogenesis, etc. 

• Origin of the Higgs
• BSM in post-naturalness era, supersymmetry, compositeness, etc.

• Origin of flavour
• BSM flavour models

• Origin of dark matter
• Including dark sectors more generally

• Origin of neutrinos
• BSM neutrino models, neutrino portal, etc. 

• Origin of the Standard Model 
• SM is an EFT of an underlying UV theory that it originates from -- SMEFT (or HEFT)

etc.
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Origin of matter
• Nature of the electroweak phase transition: first or second order?

• Potential corroboration with gravitational wave signal at LISA

FCC CDR Vol. 1



Origin of dark matter

FCC CDR Vol. 1

• Coverage of entire doublet and triplet thermal WIMP mass range



Origin of Flavour
• B anomalies may be going away, but flavour still one of the most sensitive probes 

of new physics (which may or may not be related to the origin of flavour)

• Shows FCC-hh can probe directly most of the range that flavour physics is indirectly
sensitive to

Azatov et al [2205.13552]
Allanach, Corbett, Dolan, You [1810.02166]



Origin of the Higgs
FCC CDR Vol. 1

• Supersymmetry

• Massless spins 0, ½, 1, 3/2, 2 only
• Spin 3/2 must be supersymmetric
• (Ir)relevant for solving naturalness?

• Composite Higgs / extra dimensions

• Is the Higgs elementary or composite?

• Are there accessible extra dimensions? 

Note: naturalness aside, still motivation in 
exploring origin of Higgs in models from 
which it emerges, where its mass is calculable



• Why is unnatural fine-tuning such a big deal?

Naturalness is still a fundamental problem

Effective theory at each energy 
scale E is predictive as a self-
contained theory at that scale
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Planetary dynamics, 
thermodynamics, 
fluid dynamics, … 

Chemistry, 
atomic physics, 
nuclear physics, 
…

Strong / weak 
interactions, …

In all theories so far, no 
contributions from smaller 
scales compete with similar 
magnitude to effects on 
larger scales 

Naturalness is still a fundamental problem



• Why is unnatural fine-tuning such a big deal?
• Indicates an unprecedented breakdown of the effective theory structure of nature

• Are we missing a fundamentally new “post-naturalness” principle?

Effective theory at each energy 
scale E is predictive as a self-
contained theory at that scale

Unnatural Higgs means the next 
layer is no longer predictive 
without including contributions 
from much smaller scales

Naturalness is still a fundamental problem
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c.f. null results in search 
for aether



Potential BSM outcomes for naturalness at FCC

• Radically conservative: naturalness restored just around the corner
• Natural supersymmetry
• Composite Higgs/extra dimensions

• Creatively conservative
• Twin Higgs
• Stealth supersymmetry

• Post-naturalness BSM
• Split supersymmetry
• Vector-like fermions only
• Lowered vacuum instability scale
• Weak-scale new physics for cosmological dynamics

• Radically new? 
• Hard to imagine what form this might take, by definition
• How might this show up?
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“Radically conservative” historical precedent
• 1930-40s: Success of QED. QFT emerges as the new fundamental description of 

Nature. 

• 1960s: QFT is unfashionable, non-Abelian theory dismissed as an unrealistic 
generalisation of local symmetry-based forces. Widely believed a radically new 
framework will be required e.g. to understand the strong force.

• 1970s: QFT triumphs following Yang-Mills+Higgs+asymptotic
freedom+renormalisation. Nature is radically conservative, but more unified 
than ever.

• 1980s: Success of SM. QFT understood as most general EFT consistent with 
symmetry. Higgs and cosmological constant violate this symmetry principle.



• 1980-2020s: Success of SM, established as the fundamental description of 
Nature up to TeV scale. 

• 2040s: QFT is unfashionable, supersymmetry theory dismissed as an 
unrealistic generalisation of symmetry principles. Widely believed a 
radically new framework will be required e.g. to understand naturalness.

• 2060s: QFT triumphs following Yang-Mills+Higgs+asymptotic
freedom+renormalisation+supersymmetry. Nature is radically 
conservative, but more unified than ever.

• 2080s: Success of MSSM (This slightly facetious example is nevertheless 
one possible scenario)

“Radically conservative” naturalness solution at FCC?



Energy

𝚲

𝑬 < 𝚲

Radically new BSM? 
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Direct exploration by FCC-hh

Indirect exploration by FCC-ee
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e.g. Consider 
indirect sensitivity to 
UV theory

Direct exploration by FCC-hh

Indirect exploration by FCC-ee



Energy

𝚲

𝑬 < 𝚲

Matching explicit UV 
models populates a 
subspace of SMEFT 
coefficient space

Radically new BSM?
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Direct exploration by FCC-hh

Indirect exploration by FCC-ee



Energy

𝚲

𝑬 < 𝚲

Unitarity Locality Causality …

Positivity bounds forbid 
negative signs of 
SMEFT coefficients 
assuming only general 
fundamental principles
in the UV

Radically new BSM?

Measuring the “wrong” 
sign experimentally would 
have truly revolutionary
consequences for the 
underlying theory! 
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Direct exploration by FCC-hh

Indirect exploration by FCC-ee
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May not even have a 
Lagrangian/QFT description Direct exploration by FCC-hh

Indirect exploration by FCC-ee



Radically new BSM?

• Sometimes an anomaly in indirect precision measurement = something missing

• Sometimes its implications are far more radical

Anomaly in orbit of Uranus Discovery of Neptune

Anomaly in orbit of Mercury Explained by General Relativity
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• Note: GAIA, JWST or LIGO did not promise to discover exotic new physics or break GR

• No guarantee of discovery at Tevatron either. Hadron collisions thought by some to be 
too messy to do physics. 

• Value in pushing frontiers: we learn something regardless of outcome

• Definite questions are answered, even if in the negative

• Science is about continually refining existing knowledge and exploring the unknown

• A new generation of data management, analysis techniques, improved measurements, 
theoretical calculational tools, hardware development, cutting-edge engineering, large 
international collaboration, popular culture inspiration, and spirit of fundamental 
exploration, can only benefit humanity regardless of our own short-sighted 
disappointment at lack of BSM. Doing good science is its own reward.

No guarantee of new discoveries at FCC-hh



Conclusion
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