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Introduction to me 

• Assistant Professor in High Energy 
Physics at Cambridge University and 
fellow in physics at Murray Edwards 
College.

• Member of the ATLAS collaboration at 
CERN since 2010, with focus on BSM 
searches, statistical methods and 
(more recently) precision SM tests.

• Significant focus on future colliders 
(specifically the Future Circular Collider 
or FCC) and UK representative on the 
European Committee for Future 
Accelerators (ECFA).
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Overview of these lectures

1: Introduction

• (selected) History 
of particle 
colliders.

• Where we are 
now

• Possible post-
LHC colliders
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2: e+e- colliders

• Circular vs linear 
colliders.

• Precision 
prospects

• BSM prospects

• Experimental and 
theoretical 
challenges

3: 10 TeV pCM colliders

• Energy frontier physics 
drivers and challenges

• 100 TeV Hadron 
colliders

• Muon colliders

• Conclusion + outlook

This will be an interactive course- please ask (and answer) questions!

Disclaimer: I am not an accelerator physicist- 
so please refer to experts on the 
challenges/prospects in accelerator R+D.
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With that in mind…

• I have created a slido (this can also be accessed at www.slido.com with 
code #2195824) that will remain active until 6pm tomorrow.

• Please submit questions on the content (not answered in lectures) and/or 
requests for topics you’d like to learn a little more about.

• I’ll try to devote some time in Lectures 2 and 3 to answer and/or address 
the most popular requests (within reason).

• Disclaimer: I will broadly avoid discussing the cost comparisons of future 
colliders… but a nice discussion can be found in the Snowmass ‘21 
implementation taskforce report.
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I will try to get through all of my slides by the end of the final lecture, but if 
I don’t and we have great discussion along the way- that’s ok J

https://app.sli.do/event/rz15gJkCXLVgoPvUfa2n3z?_gl=1*3xnzta*_gcl_au*NDkzNTkwMDQyLjE3MjA2ODAzNTM.
http://www.slido.com/
https://arxiv.org/pdf/2208.06030
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1. Introduction
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Particle colliders
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Warm-up discussion
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What 
considerations 

might you have if 
designing/planning 

a collider?

Lets brainstorm…
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Particle colliders over time…guess the name + year?

(1) (2)
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Particle colliders over time…guess the name + year?
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(3) (4)
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Particle colliders over time…guess the name + year?
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(No clues allowed here)

(5)
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The CERN accelerator complex now
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Discoveries of fundamental particles
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How many of these new 
particle discoveries were 
associated with colliders?

Alternative question: which of them weren’t…?
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Discoveries of fundamental particles

• Dotted : discovered through neutrino beam produced at colliders

• Dashed: model introduced and later verified at colliders

• Solid: direct discovery at particle collider
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ASG @ BNL

DONUT @ 
Fermilab

DIS @ SLAC 
(1968)

UA1+UA2 @ SPS, CERN

SPEAR @ SLAC + 
SLAC-LBL detector

𝐽/𝜓 discovery
@ SLAC/BNL

E288 experiment
@Fermilab

PETRA
@ DESY

Tevatron
@ Fermilab

LHC @ CERN

”Project poltergeist”
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But…
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We shouldn’t be so naïve as to judge the success of a collider on 
whether it achieves a 𝟓𝝈 discovery of new particles.  

What collider am I referring to here?
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Legacy of the Large Electron Positron Collider (LEP)
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Z line-shape 
measurements 
• strict bound on number 

of (light) neutrino 
species.

Precision electroweak measurements (O(10%)-> 
O(1%))
• Fits based on EW radiative corrections enabled 

predictions of the top-quark mass (discovered at 
Tevatron) and the Higgs’ boson mass (discovered at 
LHC).
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The Large Hadron Collider at CERN
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+ LHCf        + SND   +    FASER

+ TOTEM

+ MoEDAL-MAPP

• World’s highest energy particle accelerator.
• High-Luminosity upgrade (HL-LHC) planned for later 

this decade to provide physics to the late 2030s…
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What should we consider a discovery?
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S. Gori

We have seen examples of both of these during LHC running…. But we 
often focus on the second one… 
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Timescales in particle physics
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22 years later in 2006…The European strategy for particle physics 36

The European strategy for particle physics

Particle physics stands on the threshold of a new and exciting era of discovery. 
The next generation of experiments will explore new domains and probe the deep 
structure of space-time. They will measure the properties of the elementary con-
stituents of matter and their interactions with unprecedented accuracy, and they 
will uncover new phenomena such as the Higgs boson or new forms of matter. Long-
standing puzzles such as the origin of mass, the matter-antimatter asymmetry of 
the Universe and the mysterious dark matter and energy that permeate the cos-
mos will soon benefi t from the insights that new measurements will bring. Together, 
the results will have a profound impact on the way we see our Universe; European 
particle physics should thoroughly exploit its current exciting and diverse research 
programme. It should position itself to stand ready to address the challenges that 
will emerge from exploration of the new frontier, and it should participate fully in an 
increasingly global adventure.

General issues
1. European particle physics is founded on strong national 

institutes, universities and laboratories and the CERN 
Organization; Europe should maintain and strengthen its 

central position in particle physics.

2.  Increased globalization, concentration and scale of particle 
physics make a well coordinated strategy in Europe 
paramount; this strategy will be defi ned and updated by CERN 

Council as outlined below.

Scientifi c activities
3. The LHC will be the energy frontier machine for the 

foreseeable future, maintaining European leadership in the 
fi eld; the highest priority is to fully exploit the physics potential 

of the LHC, resources for completion of the initial programme 

have to be secured such that machine and experiments can operate 

optimally at their design performance. A subsequent major 
luminosity upgrade (SLHC), motivated by physics results 
and operation experience, will be enabled by focussed R&D; 
to this end, R&D for machine and detectors has to be vigorously 

pursued now and centrally organized towards a luminosity 

upgrade by around 2015.

4. In order to be in the position to push the energy and 
luminosity frontier even further it is vital to strengthen 
the advanced accelerator R&D programme; a coordinated 

programme should be intensifi ed, to develop the CLIC technology 

and high performance magnets for future accelerators, and to play 

a signifi cant role in the study and development of a high-intensity 

neutrino facility.

5. It is fundamental to complement the results of the LHC with 
measurements at a linear collider. In the energy range of 
0.5 to 1 TeV, the ILC, based on superconducting technology, 
will provide a unique scientifi c opportunity at the precision 
frontier; there should be a strong well-coordinated European 

activity, including CERN, through the Global Design Effort, for 

its design and technical preparation towards the construction 

decision, to be ready for a new assessment by Council around 

2010.

6. Studies of the scientifi c case for future neutrino facilities 
and the R&D into associated technologies are required to 
be in a position to defi ne the optimal neutrino programme 
based on the information available in around 2012; Council 

will play an active role in promoting a coordinated European 

participation in a global neutrino programme.

7. A range of very important non-accelerator experiments 
take place at the overlap between particle and astroparticle 
physics exploring otherwise inaccessible phenomena; 
Council will seek to work with ApPEC to develop a coordinated 

strategy in these areas of mutual interest.

 ECFA-84-085-V-2

http://council-strategygroup.web.cern.ch/council-strategygroup/

1984: LHC proposed
1995: LHC approved
2012: Higgs discovery…are long…

http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf
http://council-strategygroup.web.cern.ch/council-strategygroup/
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To put this in context...?
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1984 1995 2012

My parents

SW- aged 7 Queuing for the Higgs seminar 

I have only been 
involved in a small part 
of the LHC journey…
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What this means for us…?
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If we want to avoid a (long) gap in data-taking- decisions on the next 
collider must happen soon…

2020 European strategy update Snowmass 2021

“An electron-positron Higgs factory is 
the highest-priority next collider. For 
the longer term, the European particle 
physics  community has the ambition 
to operate a proton-proton collider at 
the highest achievable energy” 

“The EF supports a fast start for the 
construction of an e+e Higgs Factory (linear 
or circular), and a significant R&D program for 
multi-TeV colliders (hadron/muon)"

Following the 2020 ESU, the FCC 
feasibility study was launched in 
2021, aiming to provide input by 
2025 to feed into the next ESU… 
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Big questions in particle physics today… 

21

• Outstanding questions 
about nature/our universe 
could be solved through 
uncovering new physics at 
particle colliders.

• Unlike the Higgs discovery, 
we no longer have a clear 
idea of the (energy) scale 
at which it might appear.

• (Maximally) exploring the 
unknown is key…

Image credit: Snowmass energy frontier report

Image credit: arXiv:1903.05063

Motivations for BSM physics will be discussed in more detail in Tevong’s lectures…

https://arxiv.org/pdf/2211.11084
https://arxiv.org/pdf/1903.05062
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Frontiers in particle physics

• Pushing the intensity and energy frontiers 
represent two complementary routes for 
probing new physics. An oversimplified view:

• Intensity frontier => precision 
measurements => indirect searches to 
new physics.

• Energy frontier => access high-mass 
scales => direct searches for new physics.

22

They should not be seen as exclusive: the LHC has shown we can do 
precision measurements at hadron machines, and (as we’ll see) intensity 
frontier e+e- machines can have unique sensitivity to some BSM 
scenarios.
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What should come after the HL-LHC?
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𝑒!𝑒" machine?

Hadron collider?

Linear collider?

Circular collider?

ILC (Japan?)
CLIC (CERN?)

CepC (China)

FCC-ee/hh
(CERN)

What should come 
after the (HL-)LHC?

As mentioned earlier, broad agreement in most recent Update to the 
European Strategy for Particle Physics (ESPPU) and US Snowmass P5 
processes for (1) an Intensity-Frontier  ”Higgs factory” followed by (2) 
ambitions to push the Energy frontier into the 10 TeV pCM range…
 

Muon collider? (Fermilab?) 

Figure 20: A schematic view of the Fermilab site and the layout of a possible complex for the Muon
Collider. The protons start at PIP-II and are accelerated, bunched and pulsed onto a high power
target. Muon cooling chain is indicated in green. Acceleration happens in stages with the final
stage taking place inside the large Accelerator Ring. Muons at the nominal energy are injected
into the Collider Ring, where the experiment(s) are located.

magnets and higher-gradient acceleration, the parameter space towards a 10 TeV Muon Collider
concept that would fit within the Fermilab site has been identified and a first design concept has
been developed. A schematic layout of this configuration is shown in Figure 20. The concept begins
with use of PIP-II as the initial part of the proton source. The PIP-II linac would be extended to
higher energy and followed by either a higher energy linac leading into proton accumulation and
bunching rings or a rapid-cycling synchrotron or FFA (fixed-field accelerator) ring. The goal would
be to produce intense ⇡ 10 GeV proton pulses at ⇠ 5 Hz and ⇠ 2 MW onto a pion production
target. This is followed by muon collection (from ⇡ decay) and bunching that leads into 6D muon
cooling channels, obtaining minimal emittance beams. The collection and cooling channel would
be ⇠ 1–2 km long.

Muon acceleration is achieved in three stages: (1) A Linac (up to 5 GeV) first that is followed
by a Recirculating Linac (up to 65 GeV). This energy would be sufficient for a Higgs Factory [207].
(2) This is followed by a set of two Rapid Cycling Synchrotrons that can fit into the Tevatron
ring tunnel and are capable of delivering an energy up to 1 TeV. (The first RCS would accelerate
to ⇠ 300 GeV, using normal-conducting magnets. The second would be a hybrid high-field RCS.)
(3) A final RCS ring that has a radius of 2.65 km and can bring the energy up to 5 TeV. (This

44

(more) HL-LHC+ ep (CERN)

HALHF (??)
C3 (??)
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Comparison of colliders

24

Hadron (pp) Lepton

Composite �̂� ≪ 𝑠
”Messy” collisions

Fundamental �̂�	~ 𝑠 => Clean(er) collisions

𝒆!𝒆" 𝝁!𝝁"

COM energy limited by synchrotron radiation 

𝑃 ∝ 	𝛾# =
𝐸
𝑚

#

~10 km ring for ~10 TeV~100 km ring for ~240 GeV

Apologies for potential 
over-simplifications here!

(CERN siting)
Muon collider (Fermilab 
siting) ~ 10 TeV (bigger 
version to come)

(more details in backup)
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Before we go any further…
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Any questions?
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2. 𝑒!𝑒" colliders
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Why study the Higgs’?
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Schematic taken from Snowmass topical group report on Higgs physics

3

This has profound consequences both theoretically and experimentally. From our modern understanding of quantum
field theory viewed through the lens of Wilsonian renormalization, fundamental scalars should not exist in the low
energy spectrum without an ultra-violet (UV) sensitive fine tuning. This is known as the naturalness or hierarchy
problem. From studying properties of the Higgs boson, one can hope to learn whether there is some larger symmetry
principle at work such as supersymmetry, neutral naturalness, or if the correct theory is a composite Higgs model
where the Higgs is a pseudo-Goldstone boson.

Experimentally, there are also a number of intriguing directions that open up if the Higgs boson is a fundamental
particle. The most straightforward question is whether the Higgs boson is unique as the only scalar field in our
universe or is it just the first of many? From a field theoretic point of view, one can construct the lowest dimension
gauge and Lorentz invariant operator in the SM from the Higgs boson alone. This means that generically if there
are other “Hidden” sectors beyond the SM, at low energies the couplings of the Hidden sector particles to the Higgs
boson are predicted to be the leading portal to the additional sectors. Additionally, with a scalar particle the question
remains as to whether the minimal Higgs potential is correct. The form of the potential has repercussions for both our
understanding of the early universe and its ultimate fate. For the early universe, the SM predicts that the electroweak
symmetry should be restored at high temperatures. However, depending on the actual form of the potential the
question remains as to whether there even was a phase transition, let alone its strength. Additionally, depending on
the shape of the Higgs potential, it controls the future of our universe as our vacuum may only be metastable.

Finally, the Higgs boson is connected to some of the most puzzling questions in the universe: flavor, mass and CP
violation. While it is often stated that the Higgs boson gives mass to all elementary fermions, this is just the tip of
the proverbial iceberg. The Yukawa couplings determine not only the masses, but also the CKM matrix and its CP
violating phase. Thus, the Higgs boson is the only known direct connection to whatever is responsible for the origin
of multiple generations, flavor and known CP violation. By studying it with more precision, we may perhaps gain
insight into these fundamental puzzles or, at the very least, test if this picture is correct. Furthermore, these puzzles
also extend to the neutrino sector. Whatever form neutrino masses take, Majorana, Dirac or both, their mass still
must connect to the SM Higgs boson or a new Higgs-like boson must exist that also breaks the electroweak symmetry.

The fact that understanding the properties of the SM Higgs boson connects to so many fundamental questions

illustrates how central it is to the HEP program. The connections briefly reviewed so far obviously can each be
expanded in greater detail, but to collect the various themes in a simple to digest manner this is illustrated in
Figure 1. The generality of the concepts and questions posed in Figure 1 could even belie connections to additional
fundamental mysteries. For example, the Higgs portal could specifically connect to Dark Matter or other cosmological
mysteries.

FIG. 2: Examples of the interplay between experimental observables and fundamental questions connected to the Higgs boson.

The goal of this topical report is to try to connect the many fundamental questions related to the Higgs boson to
various observables and vice versa. The Higgs presents a challenge in HEP, because to test the consistency of the SM
requires a dedicated experimental and theoretical program. The previous Snowmass report[1] advocated a bifurcation
into Higgs factories and Energy frontier targets; however to understand the Higgs will require both directions as well
as new theoretical concepts. Therefore, understanding how to map various observables to the interesting questions

https://arxiv.org/pdf/2209.07510
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“Higgs factory” physics drivers 

Disclaimer: whilst a lot of my schematics/ examples are based on 
FCC-ee, physics prospects are similar for most Higgs-factory 
concepts and I’ll try to highlight key differences.

28

Later on I’ll discuss some of the experimental/ theoretical challenges 
that must be overcome to meet these goals… 5

Physics landscape at the FCC-ee

Higgs
factory

mH, σ, ΓH
self-coupling

H→ bb, cc, ss, gg
H→inv
ee→H

H→bs, .. 

QCD - EWK 

mZ , ΓZ , Γinv

sin2θW , RZ
𝓁 , Rb, Rc

AFB
b,c , 𝞽 pol.

αS ,

mW, ΓW

Top

mtop, Γtop, ttZ, FCNCs

Flavor

CKM matrix
CPV measurements

Charged LFV
Lepton Universality

𝞽 properties (lifetime, BRs..)

Bc → 𝞽 ν
Bs → Ds K/π
Bs → K*𝞽 𝞽
B→ K* ν ν

Bs → φ v v … 

BSM

Heavy Neutral Leptons 
(HNL)

Dark Photons ZD

Axion Like Particles (ALPs)

Exotic Higgs decays  

most precise SM test“boosted” B/D/𝞽 factory: feebly interacting particles

Schematic from slides by M. Selvaggi at 2023 FCC week

https://indico.cern.ch/event/1202105/contributions/5396850/attachments/2659433/4606491/Detector%20Requirements%20from%20Physics.pdf
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𝒆!𝒆" colliders: circular or linear?
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Circular colliders
• Multi-pass at IP
• Modest accelerating gradients
• Limited by synchrotron radiation
• No (longitudinal)beam 

polarization
• Potential to re-use tunnel for 

hadron collisions.

Linear colliders
• Single pass at IP
• Maximum accelerating gradients
• No synchrotron radiation
• Can exploit (longitudinal) beam 

polarization
• Staged approach to higher energies 

(energy~length)

Left: FCC-ee (CERN)
Below: CEPC (China)

Right: ILC (Japan)
Below: CLIC (CERN)
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Question

30

Why would 
longitudinal beam 

polarization be 
useful in e+e- 

colliders?
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Beam polarisation
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e− e+

σRR
1+Pe−

2 ·1+Pe+

2

σLL
1−Pe−

2 ·1−Pe+

2

Jz = 0

σRL
1+Pe−

2 ·1−Pe+

2

σLR
1−Pe−

2 ·1+Pe+

2

Jz = 1

Figure 1.1: The various longitudinal spin configurations in e+e− collisions. The thick
arrow represents the direction of motion of the particle and the double arrow its spin
direction. The first column indicates the corresponding cross section, the fourth column
the fraction of this configuration and the last column the total spin projection onto the
e+e− direction.

One has to distinguish two cases:

a) in annihilation diagrams, see fig. 1.2, the helicities of the incoming beams are cou-
pled to each other;

b) in exchange diagrams, see fig. 1.3, the helicities of the incoming beams are directly
coupled to the helicities of the final particles.

e−

e+

J=1 ← only from RL, LR: γ, Z or Z ′

J=0 ← only from LL, RR

Figure 1.2: Possible configurations in s-channel diagrams: the helicities of the incoming
e+e− beams are directly coupled. Within the Standard Model (SM) only the recombination
into a vector particle with J = 1 is possible, which is given by the LR and RL configura-
tions. New physics (NP) models might contribute to J = 1 but also to J = 0, hence the
LL or RR configurations.

In case a) within the SM only the recombination into a vector particle with total an-
gular momentum J = 1 is possible, i.e., the beams have to carry opposite helicities,
FLL = FRR = 0. New physics (NP) models can contribute to J = 1 but might also al-
low to produce scalar particles, so that also J = 0 would be allowed, which would result
in same-sign helicities of the incoming beams, see fig. 1.2.

In case b) the exchanged particle could be vector, fermion or scalar; the helicity of the
incoming particle is directly coupled to the vertex and is independent of the helicity of the
second incoming particle. Therefore all possible helicity configurations are in principle
possible, see fig. 1.3.
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One advantage of linear 𝒆!𝒆" colliders is the opportunity to exploit 
beam polarization which can benefit precision SM measurements and 
BSM searches. Baseline design of ILC assumes 80% longitudinal 
polarization of electron beam and 30% polarization of positron beam.

• Enhance cross-section for 
SM vector-boson production 
OR suppress backgrounds 
in search for scalars.

• For t/u-channel exchanges, 
helicities of incoming beams 
directly coupled to helicities 
of outgoing particles.
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Phys.Rept. 460 (2008) 131-243
Int.J.Mod.Phys.Conf.Ser. 40 (2016) 1660003

!
depends on Pe+

"depends on Pe−

!e+

e−

a

c

b

!

⇒ helicity of e− not coupled
with helicity of e+

Figure 1.3: Possible configurations in t- and u-channel diagrams: the helicity of the in-
coming beam is directly coupled to the helicity of the final particle and is completely
independent of the helicity of the second incoming particle.

SM candidates for case b) are single W production, see fig. 1.4, where the e+W+ν̄
coupling is only influenced by Pe+, and Bhabha scattering, where the γ, Z exchange in
the t-channel leads to an enhancement of the LL configuration so that the cross sections
for the configurations (Pe−, Pe+) = (−80%, 0), (−80%, +60%) and (−80%,−60%) can be of
the same order of magnitude, see table 1.2.

!
influenced byPe+

!e+

e−

ν̄

e−

W+

γ

Figure 1.4: Single W+ production: the vertex e+W+ν̄ depends only on Pe+ .

(Pe−, Pe+) unpolarized (−80%, 0) (−80%,−60%) (−80%, +60%)
σ(e+e− → e+e−) 4.50 pb 4.63 pb 4.69 pb 4.58 pb

Table 1.2: Bhabha scattering at
√

s = 500 GeV for 45◦ < θ < 135◦. Due to the γ, Z exchange
in the t-channel all possible helicity configurations are allowed, e.g. the configuration LL
leads to higher cross sections than LR.

1.2.3 Use of effective polarization and left-right asymmetry

In the case of e+e− annihilation into a vector particle (in the SM this would be e+e− →
γ/Z0) only the two J = 1 configurations σRL and σLR contribute, as already mentioned in
sect. 1.2.2, and the cross section for arbitrary beam polarizations is given by

σPe−Pe+
=

1 + Pe−

2

1− Pe+

2
σRL +

1− Pe−

2

1 + Pe+

2
σLR

= (1− Pe−Pe+)
σRL + σLR

4

[
1 − Pe− − Pe+

1− Pe+Pe−

σLR − σRL

σLR + σRL

]

= (1− Pe+Pe−) σ0 [1 − Peff ALR] , (1.16)
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https://www.sciencedirect.com/science/article/pii/S0370157308000136?via%3Dihub
https://www.worldscientific.com/doi/pdf/10.1142/S201019451660003X
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International Linear Collider (ILC)
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TDR released in 2013 set initial program of 𝑒!𝑒" collisions at 250 GeV (peak 
cross-section for 𝑒!𝑒" → 𝑍ℎ for 125 GeV Higgs), with the possibility to upgrade to 
500 GeV and 1 TeV, and perform dedicated runs at Z-pole (”giga-Z”-5	×10$ Z-
bosons)  and WW/tt production threshold. 

Image taken from CERN 
courier article on ILC 
(Jan 2021)

Long history based on established technology (global design effort 
launched in 2005), with design efforts focused on Japan since 2013.

For 10-20% precision require combination 
of double Higgstrahlung and VBF

Initial 250 GeV stage would involve~ 20km length and two 
detectors in a push/pull configuration (SiD and ILD)

https://linearcollider.org/files/images/pdf/Executive%20Summary.pdf
https://cerncourier.com/a/ilc-beyond-the-higgs/
https://cerncourier.com/a/ilc-beyond-the-higgs/


Dr Sarah Williams: NExT PhD workshop 2024

ILC physics prospects
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“As well as a Higgs’ factory, it could also be a higgsino 
factory”
• ILC could identify/exclude new particles with EW 

interactions up to beam energy, and measure their 
masses/quantum numbers.

Plus exciting opportunities to probe hidden sectors/ 
LLPs and host additional beam dump experiments…

Chapter 1. Introduction

Table 1.1. Major physics processes to be studied by the ILC at various energies. The table indicates the various
Standard Model reactions that will be accessed at increasing collider energies, and the major physics goals of the
study of these reactions. A reaction listed at a given energy will of course be studied at all higher energies. The last
column gives the motivation for the use of polarized beams. Polarization is always an important component of the
ILC program, but for di�erent reasons in di�erent reactions. The codes A, H, L, and B are explained in the text.

Energy Reaction Physics Goal Polarization
91 GeV e+e≠ æ Z ultra-precision electroweak A

160 GeV e+e≠ æ W W ultra-precision W mass H

250 GeV e+e≠ æ Zh precision Higgs couplings H

350–400 GeV e+e≠ æ tt top quark mass and couplings A

e+e≠ æ W W precision W couplings H

e+e≠ æ ‹‹h precision Higgs couplings L

500 GeV e+e≠ æ ff precision search for ZÕ
A

e+e≠ æ tth Higgs coupling to top H

e+e≠ æ Zhh Higgs self-coupling H

e+e≠ æ ‰̃‰̃ search for supersymmetry B

e+e≠ æ AH, H+H≠ search for extended Higgs states B

700–1000 GeV e+e≠ æ ‹‹hh Higgs self-coupling L

e+e≠ æ ‹‹V V composite Higgs sector L

e+e≠ æ ‹‹tt composite Higgs and top L

e+e≠ æ t̃t̃ú search for supersymmetry B

1.3 Modes of operation of the ILC

At a proton-proton collider, one creates collisions at a fixed center of mass energy, relying on the
energy distribution of partons in the proton to sample a range of collisions energies for elementary
processes. At a circular e+e≠ collider, the maximum energy is preset by the size of the ring, and
typically the performance of the accelerator is best just near this maximum energy. An e+e≠ linear
collider is more forgiving in terms of operating at di�erent energies and in di�erent running conditions.
In principle, it is possible to run at any energy up to the energy set by the length of the machine, with
a penalty in luminosity roughly proportional to the reduction in the energy. Increasing the length of
the machine of course requires the purchase of more components, but in principle a linear collider can
also be lengthened to smoothly raise its maximum collision energy if physics discoveries call for this.

This flexibility has let the designers of the ILC to envision an experimental programs at series of
energies well adapted to individual physics goals. In Table 1.1, we list possible center of mass energies
at which the ILC could be run. These encompass the following:

• 91 GeV and 160 GeV: These energies correspond to the Z resonance and the threshold for
e+e≠

æ W +W ≠. The ILC is capable of achieving a luminosity much higher than that of
the LEP program of the 1990’s. This motivates a Giga-Z program, to improve the precision
electroweak measurements of Z asymmetries and couplings by an order of magnitude, and a
Mega-W program to measure the W mass with MeV precision.

• 250 GeV: This energy is the peak of the cross section for the reaction e+e≠
æ Zh, for h

the new boson resonance discovered near 125 GeV. Whether or not h is a Higgs boson, these
experiments will begin the precision study of the nature and couplings of this particle. The h

production events are tagged, allowing study of invisible and unexpected decay modes.

• 350-400 GeV: Within a few GeV of 350 GeV, the e+e≠ annihilation cross section is expected to
show a prominent rise associated with the threshold for top quark pair production. Because of
its short lifetime, the top quark has no stable bound states. Instead, it has a threshold structure
whose shape is precisely predicted by perturbative QCD. Measurement of this threshold shape
will yield the top quark mass to an accuracy of 100 MeV for input to grand unification and
other fundamental physics predictions. Measurements of the full details of the tt final states
near threshold and in the continuum will provide a new program of precision measurements
constraining electroweak symmetry breaking.
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Table taken from physics volume of ILC TDR
Figure from ILC Snowmass paper

A= use information from beam polarization 
asymmetry measurements.
H= enhance luminosity for annihilation through 
colliding opposite e+ e- polarisations.
L= enhance rates of SM processes through 𝑒!"𝑒#$

B= search for BSM by using 𝑒#"𝑒!$ to suppress 
SM backgrounds
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Figure 14.1: Scans over the parameter set of the MSSM giving models that account for the current
discrepancy between the observed value of the muon g � 2 and the consensus SM prediction, from
[628]. Left: Higgsino LSP; Right: Wino LSP. Other scenarios are described in the text. Color
encodes the predicted value of the LSP dark matter density, with green indicating a higher value.

(ii) wino DM : mLSP <
⇠ 600 GeV with �M ⇠ 0.3 GeV;

(iii) mixed bino/wino DM with �̃±
1 -coannihilation : mLSP <

⇠ 650 GeV with 15GeV < �M <
60 GeV;

(iv) bino DM with ˜̀-coannihilation with ⌧̃L: mLSP <
⇠ 650 GeV with 10 GeV < �M < 80 GeV;

(v) bino DM with ˜̀-coannihilation with ⌧̃R : mLSP <
⇠ 650 GeV with 10 GeV < �M < 100 GeV;

The next round of direct detection experiments [635, 636] will give us more information [628]. In
the case that no signal is observed, the upper limit on the LSP goes down to ⇠ 500 GeV and the
entire parameter region will be covered by the 1 TeV ILC. For certain choices of the signs of the
MSSM parameters (in particular, µ ⇥ M1 < 0) the di↵erent contributions to the spin-independent
direct detection cross section for a bino-like DM candidate interfere destructively, giving even more
space for that solution within the current direct detection constraints [625].

The parameter scans in the first two cases are shown in Fig. 14.1 [628]. These emphasize that
the SUSY particles solving the g � 2 anomaly may be close at hand and uniquely accessible to
an e+e� collider. The other cases give substantial opportunity for first discovery of new physics
at LHC. However, even in those cases, an e+e� collider will be needed to characterize the actual
scenario by measuring the quantum numbers and mixing angles of the observed SUSY particles,
and to clarify the role of the light SUSY particle in the cosmic dark matter. It has been shown that
the e+e� studies can measure the masses and mixing angles needed to evaluate the contribution to
(g�2) from the new particles and verify that the anomaly indeed has an understood supersymmetric
origin [637].

https://linearcollider.org/files/images/pdf/Physics.pdf
https://arxiv.org/abs/2203.07622
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Compact Linear Collider (CLIC)

34

Staged approach to collision energies at 380 GeV, 1.5 TeV and 3 TeV for site 
lengths of 11-50 km. Ambitious goal of 100 MV/m accelerating gradient achieved 
by using novel transformer technology: couple high current low energy ‘drive’ 
beam to high energy, lower current ‘main’ beam 
 

https://clic.cern/gallery

• Highest 𝑒!𝑒" COM on the market → 
highest direct reach for BSM.

• Baseline proposal assumes 80% electron 
polarisation, no positron polarisation.

https://clic.cern/gallery
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Integrated FCC programme
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Comprehensive long-term programme maximises physics 
opportunities at the intensity and energy frontier:

1. FCC-ee (Z, W, H, 𝑡 ̅𝑡) as high-luminosity Higgs, EW + top factory.

2. FCC-hh (~ 100 TeV) to maximise reach at the energy frontier, with pp, 
AA and e-h options (FCC-eh).

FCC Feasibility Study Status
Michael Benedikt
FCC Week, 5 June 2023

FCC integrated program

FCC-ee

2020 - 2040 2045 - 2063 2070 - 2095

FCC-hh

comprehensive long-term program maximizing physics opportunities
• stage 1: FCC-ee (Z, W, H, t ҧt) as Higgs factory, electroweak & top factory at highest luminosities
• stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, pp & AA collisions; e-h option
• highly synergetic and complementary programme boosting the physics reach of both colliders (e.g. model-independent 

measurements of the Higgs couplings at FCC-hh thanks to input from FCC-ee; and FCC-hh as “energy upgrade” of FCC-ee)
• common civil engineering and technical infrastructures, building on and reusing CERN’s existing infrastructure
• FCC integrated project allows the start of a new, major facility at CERN within a few years of the end of HL-LHC

+ AA, 
eA, ep

More on FCC-hh 
later on..
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Ultimate precision @ FCC-ee

• Unprecedented luminosity at multiple centre of mass energies enable 
ultra-precise measurements of Higgs (and EW and top) sectors of the 
SM…

• Rather than listing them… I thought we would play a game…

36

14

FCC-ee program
Plot + table taken from slides 
by M. Selvaggi at ZPW2024

https://indico.cern.ch/event/1341618/contributions/5702317/attachments/2777241/4840466/higgs_hllhc_fcc_zpw.pdf
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e+e- numbers game

Put these numbers in ascending order (and guess if you can?) 

1. # Z bosons/hour at FCC-ee (Z-pole)

2. # Higgs bosons/day at FCC-ee (Zh pole)

3. # Z bosons produced at LEP

4. # Crème eggs produced by Birmingham Cadbury's factory per 
day 

5. # Higgs bosons produced by the LHC in 2017.

37

In the interest of time- try guessing the highest and lowest…
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e+e- numbers game

Put these numbers in ascending order (and guess if you can/ want 
to…?)

1. # Z bosons/hour at FCC-ee (Z-pole) => 360 million (5)

2. # Higgs bosons/day at FCC-ee (Zh pole) => 2000 (1)

3. # Z bosons produced at LEP => 18 million (4)

4. # Crème eggs produced by Birmingham Cadbury's factory per day  
=> 1.5 million (2)

5. # Higgs bosons produced by the LHC in 2017 => 3 million (3)

38
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Luminosities and precision.

• The gains in precision at e+e- Higgs’ factories 
arise from high luminosities which give much 
higher statistics which drive down the (statistical) 
uncertainties.

• For linear colliders, polarization can provide an 
effective boost in statistics that can (partially) make 
up for lower luminosities (more later).

• Increased precision (sub-percent) gives indirect 
sensitivity to mass scales up to 50-70 TeV.

• Disclaimer: to fully reap the benefits of higher 
statistics the systematic uncertainties must be 
correspondingly brought down, and the theoretical 
precision must be comparable (more later)

39

FCC week, London, June 2023Gavin Salam 48

Alain Blondel1, Patrick Janot2: FCC-ee overview: new opportunities create new challenges 7

Fig. 4. Expected uncertainty contour for the S and T parameters for various colliders in their first energy stage. For ILC and
CLIC, the projections are shown with and without dedicated running at the Z pole, with the current (somewhat arbitrary)
estimate of future experimental and theoretical systematic uncertainty (left, from Ref. [30]); and with only statistical and
parametric uncertainties (right, from Ref. [42]).

Fig. 5. Electroweak (red) and Higgs (green) constraints from FCC-ee, and their combination (blue) in a global EFT fit. The
constraints are presented as the 95% probability bounds on the interaction scale, ⇤/

p
ci, associated to each EFT operator.

Darker shades of each colour indicate the results when neglecting all SM theory uncertainties

measurements; the interest of the Electroweak measurements and of the improvement of the associated systematic
uncertainties; and the large number of observables available at FCC-ee. Not all observables of Table 3 have yet been
used in this fit, and that the flavour observables have not been considered.

Dedicated analysis of the pattern of deviations for specific models of new physics will be necessary to fully explore
the ability of FCC-ee to identify or restrict the origin of one or several experimental deviation(s) from the SM
predictions. The e↵ects of a heavy Z0 gauge boson provide an illustrative example of complementarity, analysed in
Ref. [14] for a specific Higgs composite model. The precise measurements at and around the Z pole would be sensitive
to such a new object by Z/Z0 mixing or interference, while measurements at higher energies would display increasing
deviation from the SM in the dilepton, diquark or diboson channels. The combination of these two e↵ects would
provide a tell-tale signature and allow constraints on mass and couplings of this possible new object to be determined.

generated by G
PS from

 table 3 of 2106.13885

maximum scale probed indirectly ̶ up to 70 TeV
FCC precision gain

increase in precision at FCC-ee is equivalent to × 4 – 5 increase in energy reach

https://fcc-cdr.web.cern.ch/
 

https://fcc-cdr.web.cern.ch/
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Lets check the maths

40

1. Lets remind 
ourselves of the 

relationship between 
the cross-section for 
a process and the 
number of events 

expected at a collider
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Relationship between cross-section and luminosity

41

𝑛!"!#$% = 𝜎&&→(( 	% ℒ𝑑𝑡

• ℒ is the instantaneous luminosity.
• The cross-section relates to the quantum-mechanical probability of 

the event occurring (and has units of area).
• 𝑛#$#%&' is the total number predicted. The experimental observables 

we can use to measure 𝜎 are the number of (detector-level) events 
we reconstruct that satisfy a set of event-selection criteria,
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Lets check the maths

42

2. How do we use 
colliders to measure 

cross-sections?
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Measuring a (fiducial) cross-section

𝜎((→**
+,- =

𝑁-.&. − 𝑁/0
𝐶	 ∫ ℒ 𝑑𝑡	

43

This would be its own 
lecture course!

• 𝑁%&'& − 𝑁() is our best estimate of the number of reconstructed events that 
satisfy the selection (at detector-level) for that process.

• 𝐶 is a correction factor that accounts for detector inefficiencies and 
mismeasurement effects (and can be estimated using Monte-Carlo).
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Quick calculation

Assume 𝑁/0 = 0 (questionable assumption). Then undergraduate error 
propagation tell us:

∆𝜎
𝜎

1
=

∆𝑁-.&.
𝑁-.&.

1
+

∆𝐶
𝐶

1
+

∆(∫ℒ 𝑑𝑡)
(∫ ℒ 𝑑𝑡)

1

Now assume Poisson errors and that the second and third term on the 
RHS are negligible.

∆𝜎
𝜎

1
=

𝑁-.&.
𝑁-.&.

1

=
1

𝑁-.&.
→

∆𝜎
𝜎

=
1
𝑁-.&.
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Lets check the maths
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3. Now compare 
expected statistical 

errors for Z-pole 
observables between 
LEP and (say) FCC-

ee
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Lets compare Z bosons at FCC-ee and LEP

𝐹𝐶𝐶
𝐿𝐸𝑃

=
8×1021

18×103
= 4.44… .×103 ⇒

∆𝜎455
∆𝜎678

~
1

444444
~

1
666.66

i.e. reduction by a factor O(500)- consistent with statements like…

” The improvement in statistical uncertainties at the Z is typically a 
factor 500 “

Taken from FCC snowmass submission arXiv:2203.06520

46

https://arxiv.org/pdf/2203.06520
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Does this match up?

47

Table 5: Expected statistical and systematic uncertainties for selected electroweak precision
measurements at FCC-ee, compared with present precision and accuracy [35, 59]. These
precisions and accuracies can be obtained using the run plan shown in Table 1. The sys-
tematic uncertainties are initial estimates; the aim is to improve them so that they reach
the same level as the statistical errors.

Observable Present FCC-ee FCC-ee Comment and dominant exp. error
value ± error Stat. Syst.

mZ (keV) 91, 186, 700 ± 2200 4 100 From Z lineshape scan; beam energy calibration
�Z (keV) 2, 495, 200 ± 2300 4 25 From Z lineshape scan; beam energy calibration
R

Z

` (⇥103) 20, 767 ± 25 0.06 0.2 � 1.0 Ratio of hadrons to leptons; acceptance for leptons
↵S(m2

Z
) (⇥104) 1, 196 ± 30 0.1 0.4 � 1.6 From R

Z

` above
Rb (⇥106) 216, 290 ± 660 0.3 < 60 Ratio of bb to hadrons; stat. extrapol. from SLD
�

0

had
(⇥103) (nb) 41, 541 ± 37 0.1 4 Peak hadronic cross section; luminosity measurement

N⌫ (⇥103) 2, 996 ± 7 0.005 1 Z peak cross sections; luminosity measurement
sin2

✓
e↵

W
(⇥106) 231, 480 ± 160 1.4 1.4 From A

µµ
FB

at Z peak; beam energy calibration
1/↵QED(m2

Z
) (⇥103) 128, 952 ± 14 3.8 1.2 From A

µµ
FB

o↵ peak

A
b,0
FB

(⇥104) 992 ± 16 0.02 1.3 b-quark asymmetry at Z pole; from jet charge

Ae (⇥104) 1, 498 ± 49 0.07 0.2 from A
pol,⌧
FB

; systematics from non-⌧ backgrounds
mW (MeV) 80, 350 ± 15 0.25 0.3 From WW threshold scan; beam energy calibration
�W (MeV) 2, 085 ± 42 1.2 0.3 From WW threshold scan; beam energy calibration
N⌫ (⇥103) 2, 920 ± 50 0.8 Small Ratio of invis. to leptonic in radiative Z returns
↵S(m2

W
) (⇥104) 1, 170 ± 420 3 Small From R

W
`

tary to that o↵ered by measurements of the Higgs boson properties and flavor observables.
Electroweak precision observables (EWPOs) [1, 56] are sensitive to the existence of new
weakly-coupled particles via radiative corrections or mixing, even if these particles cannot
be directly produced or observed in current experiments. Historically, the first positive
evidence for the existence of a heavy top quark was obtained from B � B mixing, while the
global fit of the SM predictions to electroweak precision data led to the correct predictions
of the top quark [57, 58] and Higgs boson [1] masses before their discoveries in 1995 and
2012 respectively. These predictions were made assuming the minimal SM (three families
and a unique Higgs scalar), which, following these discoveries, no longer contains any un-
measured parameters. Any significant deviation would decisively point to the existence of
new physics.

The combination of large data samples at di↵erent center-of-mass energies from the Z to
above the top quark pair threshold and continuous parts-per-million control of the beam
energy at the Z and WW threshold [8] will allow the experimental precision of many EWPOs
to be improved by 1–3 orders of magnitude. A summary of the main EWPOs with their
expected statistical uncertainties and a provisional set of systematic uncertainties is shown in
Table 5 and compared to present uncertainties. The improvement in statistical uncertainties
at the Z is typically a factor 500. Performing the measurements with systematic accuracy
matching the available statistics requires proactive design of the detectors, of the analysis
techniques and tools, and considerable development of theoretical calculation techniques.
The resulting improved precision, as well as the increased number of observables reaching
interesting precision, equates to increased sensitivity to new physics, and hence to enhanced
discovery potential.

21

Al (LEP)=0.1465±0.0033
 χ2/DoF=4.7/7

ALEPH

DELPHI

L3

OPAL

Aτ (LEP)

0.1451±0.0060

0.1359±0.0096

0.1476±0.0108

0.1456±0.0095

0.1439±0.0043

ALEPH

DELPHI

L3

OPAL

Ae(LEP)

0.1504±0.0068

0.1382±0.0116

0.1678±0.0130

0.1454±0.0114

0.1498±0.0049

0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24
Ae,τ

Figure 4.8: Measurements of Aτ and Ae from the four LEP experiments. The error bars indicate
the quadrature sum of the statistical and systematic errors. The magnitude of the statistical
error alone is indicated by the small tick marks on each error bar. The value of A" and the χ2

of the fit assuming lepton universality are also quoted.

117

Choosing a measurement from LEP that has significant contributions from statistical 
uncertainties…

𝑝𝑟𝑒𝑠𝑒𝑛𝑡	𝑒𝑟𝑟𝑜𝑟
𝐹𝐶𝐶 − 𝑒𝑒	𝑠𝑡𝑎𝑡 =

49
0.07 = 700!
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Discussion

48

4. Now let’s discuss 
the (many) 

oversimplifications in 
this logic and other 
factors that must be 

considered…



Dr Sarah Williams: NExT PhD workshop 2024

Prospects at future 𝒆!𝒆" machines- Higgs’

6

FIG. 4: A snapshot of future Higgs precision measurements of SM quantities based on the order of magnitude for the fractional
uncertainties with the range defined through the geometric mean. In this figure the first stages of each e

+
e
� Higgs factory are

shown in combination with the HL-LHC, as well as the HL-LHC separately. The Higgs factories are defined as those listed in
Section 2.2 of the Energy Frontier Report, excluding the 125 GeV muon collider whose timescale is in principle longer term.
The specific precision associated to each coupling can be found in Section IV and references therein. A * is put on the ILC
measurements for the strange Yukawa to single it out as a new measurement proposed during this Snowmass study, and is
discussed further in Section V B 1. The ? symbol is used in the case where an o�cial study has not yet been performed, for
example in the case of strange tagging for CLIC, FCC-ee, and CEPC. This does not mean that they can not achieve a similar
precision, but that it is yet to be demonstrated whether based on their detector concepts the measurement is worse or can be
improved.

FIG. 5: A snapshot of future Higgs precision measurements of SM quantities based on the order of magnitude for the fractional
uncertainties with the range defined through the geometric mean. In this figure the ultimate reach of states of all Higgs
factories and High Energy colliders are shown in combination with the HL-LHC results, as well as the HL-LHC separately.
All benchmarks and stages are defined in Section 2.2 of the Energy Frontier Report. The specific precision associated to each
coupling can be found in Section IV and references therein. A * is put on the ILC measurements for the strange Yukawa
to single it out as a new measurement proposed during this Snowmass, and this is discussed further in Section V B 1. The ?
symbol is used in the case where an o�cial study has not yet been performed, but does not connotate that it should be worse
than similar colliders, simply that whether it is better or worse based on detector design has not been demonstrated. Note
that compared to Figure 4, di↵erences between Higgs Factories based on Linear Colliders and Circular Colliders can be seen.
Additionally for the High Energy Colliders such as FCC-hh and the Muon Collider, both o↵er extensions beyond the original
Higgs factory proposals, of course on a longer timescale.

49

Key point: care should be taken when comparing prospects for future 
facilities due to differences in staging options (i.e. first phase vs integrated 
programme, upgrades in energy/luminosity), assumptions on systematic 
uncertainties, etc.

=> All Higgs’ factory scenarios operating around the Zh threshold (~240 GeV) can 
achieve sub-percent precision in many Higgs’ couplings but will not be able to 
directly access the Higgs’ self coupling.

1.4 Electroweak Sector of the Standard Model 21

process allows for a clean determination of the Higgs-boson kinematics regardless of the Higgs decay channel.
The full FCC-ee program (combined with HL-LHC) allows for a 1% measurement of the Higgs-boson width.
Using a SMEFT fit, the ILC finds similar results for the full program, but with just the initial 250 GeV
run, a 2% measurement on the total width can be obtained. A Muon Collider running at

p
s = 125 GeV

can obtain a model independent measurement of the Higgs-boson width at the 68% level of 2.7% (1.7%)
with 5 fb�1(20 fb�1) by using a line-shape measurement [39]. A high-energy Muon Collider should obtain
a similar order of magnitude precision using the indirect methods employed at the LHC with the same
theoretical assumptions, and the FCC-hh could in principle also use these methods with further study.

collider Indirect-h hh combined

HL-LHC [40] 100-200% 50% 50%

ILC250/C3-250 [31, 33] 49% � 49%

ILC500/C3-550 [31, 33] 38% 20% 20%

ILC1000/C3-1000 [31, 33] 36% 10% 10%

CLIC380 [35] 50% � 50%

CLIC1500 [35] 49% 36% 29%

CLIC3000 [35] 49% 9% 9%

FCC-ee [36] 33% � 33%

FCC-ee (4 IPs) [36] 24% � 24%

FCC-hh [41] - 3.4-7.8% 3.4-7.8%

µ(3 TeV) [39] - 15-30% 15-30%

µ(10 TeV) [39] - 4% 4%

Table 1-4. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various future colliders.
Values for the indirect single Higgs determinations below the first line are taken from [42]. The values quoted
here are combined with an independent determination of the self-coupling with uncertainty 50% from the
HL-LHC.

A measurement of the Higgs self-coupling is out of reach of Run 3 of the LHC and requires either a larger
dataset, or/and a higher collision energy. The self coupling can be measured by the direct production of
hh pairs, or inferred indirectly through the contribution of the Higgs self-coupling to loop corrections to
the single-Higgs rate. However, for the indirect measurement to be relevant, it requires that new physics
contributions dominate only the triple Higgs coupling shift. While this can naively be accounted for in a
SMEFT fit, in realistic models this is much more di�cult [43].

The projected sensitivities to the Higg-boson self-coupling at the various future colliders are presented in
Table 1-4. These correspond to projections for a single experiment except for the ’combined’ results which
for the HL-LHC correspond to the combined projections of ATLAS and CMS experiments. We see that
this is an extremely challenging measurement at all colliders. Since the measurement is limited by the small
number of hh events, the measurement improves with the higher energy colliders. The indirect measurement
improves with the luminosity of the lepton colliders since it is extracted from single-Higgs production. In
principle measurements at di↵erent center of mass energies can be used to disentangle the indirect e↵ects
of shifts in the triple Higgs couplings, however it also depends on the assumptions of what types of other
operators can contribute.

The ATLAS and CMS experiments have determined that the observed 125-GeV mass boson has the Higgs
boson quantum numbers jPC = 0++. Small violations of CP symmetry in the hV V (V = W, Z) and
hff couplings are still allowed and are an important target of future experimental measurements. Hadron
colliders provide essentially the full spectrum of possible measurements sensitive to CP violation in the
Higgs boson interactions. Most processes other than the Higgs gluon interactions could be studied at an

Community Planning Exercise: Snowmass 2021
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Prospects at future 𝒆!𝒆" machines- EWPO

50

• For the different options the 
first number is the statistical 
error, the second is the 
expected experimental 
systematic.

• For some EWPO linear 
colliders can reach 
comparable precision due to 
effective enhancement of 
statistics through exploiting 
polarization.

34 Energy Frontier

Quantity current ILC250 ILC-GigaZ FCC-ee CEPC CLIC380

�↵(mZ)�1 (⇥103) 17.8⇤ 17.8⇤ 3.8 (1.2) 17.8⇤

�mW (MeV) 12⇤ 0.5 (2.4) 0.25 (0.3) 0.35 (0.3)

�mZ (MeV) 2.1⇤ 0.7 (0.2) 0.2 0.004 (0.1) 0.005 (0.1) 2.1⇤

�mH (MeV) 170⇤ 14 2.5 (2) 5.9 78

��W (MeV) 42⇤ 2 1.2 (0.3) 1.8 (0.9)

��Z (MeV) 2.3⇤ 1.5 (0.2) 0.12 0.004 (0.025) 0.005 (0.025) 2.3⇤

�Ae (⇥105) 190⇤ 14 (4.5) 1.5 (8) 0.7 (2) 1.5 (2) 60 (15)

�Aµ (⇥105) 1500⇤ 82 (4.5) 3 (8) 2.3 (2.2) 3.0 (1.8) 390 (14)

�A⌧ (⇥105) 400⇤ 86 (4.5) 3 (8) 0.5 (20) 1.2 (20) 550 (14)

�Ab (⇥105) 2000⇤ 53 (35) 9 (50) 2.4 (21) 3 (21) 360 (92)

�Ac (⇥105) 2700⇤ 140 (25) 20 (37) 20 (15) 6 (30) 190 (67)

��0
had (pb) 37⇤ 0.035 (4) 0.05 (2) 37⇤

�Re (⇥103) 2.4⇤ 0.5 (1.0) 0.2 (0.5) 0.004 (0.3) 0.003 (0.2) 2.5 (1.0)

�Rµ (⇥103) 1.6⇤ 0.5 (1.0) 0.2 (0.2) 0.003 (0.05) 0.003 (0.1) 2.5 (1.0)

�R⌧ (⇥103) 2.2⇤ 0.6 (1.0) 0.2 (0.4) 0.003 (0.1) 0.003 (0.1) 3.3 (5.0)

�Rb (⇥103) 3.1⇤ 0.4 (1.0) 0.04 (0.7) 0.0014 (< 0.3) 0.005 (0.2) 1.5 (1.0)

�Rc(⇥103) 17⇤ 0.6 (5.0) 0.2 (3.0) 0.015 (1.5) 0.02 (1) 2.4 (5.0)

Table 1-8. EWPOs at future e
+
e
� colliders: statistical error (estimated experimental systematic error).

� (�) stands for absolute (relative) uncertainty, while * indicates inputs taken from current data [86]. See
Refs. [33, 42, 93, 95–97].

The impact of these estimated future precision measurements on the indirect determination of the Higgs-
boson and top-quark mass is illustrated in Fig. 1-20. The dependence on mH and mt appears in loop
corrections to the SM theory predictions for Z coupling parameters and the W mass, and their agreement
with direct measurements of these masses is a highly non-trivial test of the SM.

For “canonical” electroweak precision measurements (Z-pole, WW threshold), circular e+e� colliders (FCC-
ee, CEPC) have in general a higher sensitivity than linear colliders (ILC, CLIC) due to the high luminosity
at center-of-mass energies below 200 GeV. Beam polarization at the linear colliders improves their sensitivity
and can help to control systematics. In particular, for a linear collider run on the Z pole, beam polarization
would enable measurements of the asymmetry parameters Af with a precision that is only a factor of a few
worse than for circular colliders, in spite of several orders of magnitude larger statistics for Z-pole physics
at circular colliders.

For many of the most precisely measurable precision observables at linear colliders, the most significant
source of experimental systematics stems from the polarization calibration. For the circular colliders, on
the other hand, modeling uncertainties for hadronic final states appear to be the dominant systematic error
source.

To exploit the full potential of the anticipated precision of any future e+e� collider, theory inputs are needed
on multiple fronts. Accurate MC tools for the simulation of QED and QCD radiation are crucial for the
evaluation of acceptance e↵ects, and theory calculations including higher-order e↵ects are needed for the
prediction of irreducible backgrounds. For the interpretation of electroweak precision measurements, one
needs to compare the measured values to their expectation within the SM, which requires multi-loop theory
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𝒆!𝒆" machines: benchmark scenarios
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1.3 Addressing the Big Questions with EF Colliders 11

Table 1-1. Benchmark scenarios for
Snowmass 2021 Higgs factory studies.

Collider Type
p

s P[%] Lint

e�/e+ ab�1 /IP

HL-LHC pp 14 TeV 3

ILC & C3 ee 250 GeV ±80/ ± 30 2

350 GeV ±80/ ± 30 0.2

500 GeV ±80/ ± 30 4

1 TeV ±80/ ± 20 8

CLIC ee 380 GeV ±80/0 1

CEPC ee MZ 50

2MW 3

240 GeV 10

360 GeV 0.5

FCC-ee ee MZ 75

2MW 5

240 GeV 2.5

2 Mtop 0.8

µ-collider µµ 125 GeV 0.02

Table 1-2. Benchmark scenarios for
Snowmass 2021 multi-TeV collider studies.

Collider Type
p

s P[%] Lint

(TeV) e�/e+ ab�1/IP

HE-LHC pp 27 15

FCC-hh pp 100 30

SPPC pp 75-125 10-20

LHeC ep 1.3 1

FCC-eh 3.5 2

CLIC ee 1.5 ±80/0 2.5

3.0 ±80/0 5

µ-collider µµ 3 1

10 10

To understand how future colliders have complementary potential to unlock the mysteries around these
fundamental questions beyond what the LHC and HL-LHC physics program can probe, it is illustrative
to use a simplified picture as depicted in Fig. 1-2. We can imagine that generic new physics lives in a 2D
parameter space governed by the coupling of new states to the SM and their mass scale. If the center-of-mass
energy of a collider is above the one of the LHC, it can directly search for new states to higher mass scales.
Higgs factories have smaller center-of-mass energies than the LHC, and therefore do not extend the direct
mass reach beyond the LHC. However, by colliding leptons they o↵er significantly reduced backgrounds and
the ability for triggerless readout, therefore they have the potential to probe new physics that is weakly
coupled to the SM. Additionally, even in the overlap region of Higgs factories with the LHC, the former can
be sensitive to new physics that is di�cult to discriminate from backgrounds at the LHC.

Beyond the direct search for new physics, a key program for the EF is the precision measurement of SM
predictions and parameters. Highly precise measurements allow the probing of scales above the kinematic
limit for direct searches at colliders. This can be captured through E↵ective Field Theory (EFT) techniques
when there is a gap between the probed energy scale and the scale of new physics. In EF studies, typically
this is done by employing specific EFTs, e.g. SMEFT or the more general HEFT formalisms. If M is
the mass scale of new physics and gBSM is its generic coupling to the SM, then often deviations in SM
parameters, ⌘SM , which occur from integrating heavy particles out at tree-level, scale at the leading order
as

�⌘SM ⇠ g2
BSM

v2

M2
, (1.1)
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Benchmark Higgs factory scenarios 
considered in Snowmass ’21 studies
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Figure 1-31. Comparison of 95% exclusion SUSY sensitivities at di↵erent colliders for a representative
set of scenarios, including small and large mass splittings for stop squarks, which are strongly produced, a
large mass splitting Wino-Bino model, and a small mass splitting Higgsino model. The limits come from a
combination of dedicated studies and extrapolations based on the collider reach program [415]. The hashed
gray band indicates the range of estimates in the case where both a dedicated study and Run-2 extrapolation
are available. Current expected limits from the LHC are shown as vertical lines. For the ILC limits (also
relevant for other e

+
e
� colliders, not shown) there are indirect constraints from precision e

+
e
� ! ff

measurements [416]

masses of particles, the relevant couplings, and impacts on precision measurements, rare processes, and
cosmology can be studied.

Figure 1-32 shows the dependence of the h(125) ! bb branching fraction on the mass of the psuedo-scalar
Higgs mA and tan �, the ratio of the up and down vacuum expectation values [417]. The branching fraction
is reported in terms of the coupling modifier b (ratio to the SM coupling). The plot shows the fraction of
pMSSM scan points with b within 1% of the SM expectation of unity, where the range of 1% is chosen to
approximately reflect the 95% CL corresponding to the 0.48% precision on b expected from a combination
of precision measurements at FCC-ee, FCC-eh, and FCC-hh [42]. Expected 95% CL exclusions from direct
searches for pseudoscalar Higgs boson (A) at the HL-LHC and FCC-hh are overlaid for reference; points to
the left of the lines are excluded. Exclusions at low tan � are obtained from studies of A ! bb/tt [418], and
those at high tan � come from projections for A ! ⌧+⌧� [30, 418]. As is evident in the plot, direct searches
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Will now look in more detail at the prospects associated with running at the Z-pole, Zh 
WW and 𝑡 ̅𝑡 threshold that are the default for circular colliders…

Linear colliders reaching higher energy – 
sensitivity to BSM @ higher mass scales
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CEPC vs FCC: similarities

Lots of similarities between CEPC 
and FCC-ee:

1. Similar circumference.

2. Separate beams for e+ and e-

3. Superconducting RF 
technology for particle 
acceleration, with energy 
booster and top-up injection.

4. Similar luminosity and energy 
for Higgs/ Z-pole/ WW and 
top* threshold runs…

52

https://home.cern/science/accele
rators/future-circular-collider

CEPC: 100km Higgs/EW factory in China
(could be followed by SppC pp collider)

~90 km Higgs/EW factory at CERN
(…to be followed by FCC-hh)

*𝑡 ̅𝑡 run currently optional for CEPC based on TDR.

https://home.cern/science/accelerators/future-circular-collider
https://home.cern/science/accelerators/future-circular-collider
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Physics opportunities at circular e+e- colliders

Whilst I have tried to document some of the differences between CEPC 
and FCC in the backup for reference, the physics cases and 
opportunities are VERY similar…

1. Push the intensity frontier at multiple energies enabling ultra-precise 
measurements of EW/Higgs/top parameters of SM.

2. Unique BSM sensitivity to low-mass feebly interacting particles.

3. Exciting flavour opportunities associated with tera-Z datasets.

4. Opportunity to reuse tunnel to push energy frontier through ~100 TeV pp 
collisions and benefit from synergies between ee/ep and pp collisions 
(next lecture).

I will now expand on these points using FCC as a case study…
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Case study- Higgs physics

• Large rates, clean experimental environment (no UE, Pileup, 
triggerless) with no QCD background will open up a new era of Higgs 
precision physics.

• Opportunities to remove model-dependence from measurements and 
reach sub-percent level for post couplings.

54

and WW fusion to a Higgs boson (WWH), e+e� ! H⌫e⌫e. The lowest order Feynman
diagrams for these two production mechanisms are displayed in Figure 4 (left) together with
their corresponding cross sections versus the center-of-mass energy (right). The predictions
include initial state radiation [33] using the HZHA program [34] and the small interference
term present in the WWH final state diagrams. Given the cross sections and the planned
FCC-ee running scenario, and with two interaction points [35], over a million ZH events
and almost one hundred thousand WWH events will be collected at various center-of-mass
energies. These numbers drive the statistical uncertainties for the following studies.

Our goal for this report is not to lay out the details of all studies possible with these large
data samples, but to pick out the studies that demonstrate the key capabilities of FCC-ee in
terms of Higgs boson physics that have been documented. In the following we will present
the sensitivity for the Higgs cross section, mass, and width, and then summarize the status
of the projected precision on the various coupling constants of the Higgs bosons to bosons
and fermions, including the Higgs boson self-coupling.

Figure 4: Lowest order Feynman diagrams for WW fusion and Higgsstrahlung (left) and
the corresponding cross sections versus the center-of-mass energy per production process
along with their sum (right). The default running scenarios at 240 GeV and 365 GeV are
indicated with dashed lines. Figure from [36].

.

3.1 Production cross Sections, mass, and width

The FCC-ee running scenario at
p

s = 240 GeV was optimized as a tradeo↵ between ZH
production rate and luminosity. A feature unique to lepton colliders is the measurement
of the Higgs boson properties using the recoil system in the ZH production mode. The
well-determined four-momenta of the initial state leptons and the fully reconstructed Z
boson (recoil system) in the final state allow clean recovery of the Higgs boson kinematics
independent of the Higgs boson decay mode. This cannot be accomplished at a hadron

15

> 1 million ZH 
events

~ 100,000 WW 
fusion

Plots taken from vol. 1 of FCC 
CDR: https://fcc-cdr.web.cern.ch/
 

https://fcc-cdr.web.cern.ch/
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Higgs recoil mass method

• Precise C.O.M knowledge* enables:

• Z to be tagged (through leptons).

• Construct recoil mass associated with 
Higgs 𝑚9:;<=>

1 = 𝑠 − 2 𝑠𝐸?? +𝑚??
1

• Event counting gives precise Zh 
production cross-section 
measurement.

• Absolute + model independent 
measurement of 𝑔@ coupling.
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FCC-ee recoil method

• 106 Higgs produced @ FCC-ee
• rate ~ gZ 2  →  δgZ/gZ ~ 0.2 %

• Then measure ZH → ZZZ
• rate ~ gZ 4 / ΓH   →  δΓH  /ΓH   ~ 1 %

• Then measure ZH → ZXX
• rate ~ gZ 2 gX 2/ ΓH   →  δ gX/gX  ~ 1 %

Provides absolute and model independent 
measurement of gZ coupling in e+e-

Higgs recoil mass measurement → ZH production cross section:

• tag the Z by reconstructing pair of leptons 
• reconstruct the the recoil mass

Precise knowledge of center of mass allows for:

gZ

and WW fusion to a Higgs boson (WWH), e+e� ! H⌫e⌫e. The lowest order Feynman
diagrams for these two production mechanisms are displayed in Figure 4 (left) together with
their corresponding cross sections versus the center-of-mass energy (right). The predictions
include initial state radiation [33] using the HZHA program [34] and the small interference
term present in the WWH final state diagrams. Given the cross sections and the planned
FCC-ee running scenario, and with two interaction points [35], over a million ZH events
and almost one hundred thousand WWH events will be collected at various center-of-mass
energies. These numbers drive the statistical uncertainties for the following studies.

Our goal for this report is not to lay out the details of all studies possible with these large
data samples, but to pick out the studies that demonstrate the key capabilities of FCC-ee in
terms of Higgs boson physics that have been documented. In the following we will present
the sensitivity for the Higgs cross section, mass, and width, and then summarize the status
of the projected precision on the various coupling constants of the Higgs bosons to bosons
and fermions, including the Higgs boson self-coupling.

Figure 4: Lowest order Feynman diagrams for WW fusion and Higgsstrahlung (left) and
the corresponding cross sections versus the center-of-mass energy per production process
along with their sum (right). The default running scenarios at 240 GeV and 365 GeV are
indicated with dashed lines. Figure from [36].

.

3.1 Production cross Sections, mass, and width

The FCC-ee running scenario at
p

s = 240 GeV was optimized as a tradeo↵ between ZH
production rate and luminosity. A feature unique to lepton colliders is the measurement
of the Higgs boson properties using the recoil system in the ZH production mode. The
well-determined four-momenta of the initial state leptons and the fully reconstructed Z
boson (recoil system) in the final state allow clean recovery of the Higgs boson kinematics
independent of the Higgs boson decay mode. This cannot be accomplished at a hadron

15

*Achieved through resonant depolarization (unique to circular l+l- colliders) 
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Why do we need tera-Z?

• Significantly higher statistics at Z-pole (~ 
5×10*+ Z-bosons) generates ultimate precision 
for EWPO, and best sensitivity for BSM 
searches (i.e. HNLs).

• Unprecedented flavour opportunities- 10x 
more bb/cc pairs than final Belle-II statistics.

• Exciting physics potential with boosted b/𝜏, 
and opportunities to probe LFV/LFU in 𝜏 
decays.
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background [192, 149]. Nevertheless, subsequent FCC-ee studies [193] suggested that the
2 ⇥ 10�9 sensitivity may be a conservative estimate, thus bringing FCC-ee and Belle II
sensitivities closer.

A number of other CLFV tau decays can be studied at FCC-ee, similar to what has been
achieved by the B factories. Particle identification, which will be available in the FCC-ee
detectors, should make these measurements highly competitive with the ultimate precision
achievable in Belle II.

8.3.4 Other measurements with tau leptons

Finally, the large ⌧ samples expected at FCC-ee, should allow to measure the ⌧ lepton
lifetime to an absolute precision of 0.04 fs (10�4 relative precision) and leptonic branching
fractions to an absolute precision of 3 ⇥ 10�5 (2 ⇥ 10�4 relative precision) [188]. This
would allow to measure the Fermi constant in ⌧ decays to a similar or even higher precision
(potentially as good as 10�5 if the systematic uncertainties can be kept at the same level
as the statistical ones). Comparing this number with the canonical GF measurement based
on the muon lifetime [2], o↵ers another way of probing new physics possibly responsible for
non-flavor-universal couplings, as shown in Fig. 16 [188].

SciPost Physics Proceedings Submission

Figure 2: Branching fraction of ⌧ ! e⌫̄⌫ versus ⌧ lifetime. The current world averages of
the direct measurements are indicated with the blue ellipse. Suggested FCC-ee precisions
are provided with the small yellow ellipse (central values have been arbitratily set to todays
values). The Standard Model functional dependence of the two quantities, depending on the
⌧ mass, is displayed by the red band.

FCC-ee, as discussed below. At this level of precision, the universality test would be limited
by the mass measurement, if no new measurements would be available. While FCC-ee may
possibly be able to improve the m⌧ measurement by a small factor, substantial improvements
are more likely to come from a next generation of ⌧ -factory experiments at the production
threshold.

3.1 Lifetime

The world-average value of the ⌧ -lepton lifetime is ⌧⌧ = 290.3 ± 0.5 fs [6]. Precision measure-
ments were pioneered by the LEP experiments in the early 1990’ies following the deployment
of their precise silicon vertex detectors [7–10]. More recently, Belle, with its O(103) times
larger statistics, has improved on these measurements [11].

The single most precise measurement from LEP, ⌧⌧ = 290.0 ± 1.4 (stat.) ± 1.0 (syst.) fs,
was provided by DELPHI [8]. The analysis employed several complementary methods. The
method with the smallest systematic uncertainty (1.3 fs) was the so-called decay vertex
method, where the flight-distance was measured for ⌧ decays to three charged particles. Here,
the largest systematic uncertainty (1.0 fs) came from the 7.5 �m accuracy of the vertex de-
tector alignment. This was estimated from samples of hadronic Z decays with three tracks in
one hemisphere, and its value resulted from the (limited) statistical power of the test samples.

The Belle measurement, ⌧⌧ = 290.17 ± 0.53 (stat.) ± 0.33 (syst.) fs, was based on events
in which both ⌧s decayed to three charged particles. In these events, the constrained kine-
matics combined with the longitudinal boost of the ⌧⌧ system provided by the asymmentric
KEKB collider allowed Belle to reconstruct the two secondary vertices as well as the primary
vertex and this way to extract the flight distances. As for DELPHI, the dominant systematic

5

Figure 16: Branching fraction of ⌧ ! e⌫e⌫⌧ vs. ⌧ lepton lifetime. The current world averages
of the direct measurements are indicated with the blue ellipse, while the projected FCC-ee
accuracy is given by the yellow ellipse (from Ref. [188]). The red line corresponds to the
prediction based on lepton universality given the present world-average value ⌧ lepton mass,
which may be further improved by the current and proposed charm factories in the future.

Another direct test of lepton favor universality can be achieved at FCC-ee by the precision
simultaneous measurement of the branching fractions of the ⌧ ! µ⌫µ⌫⌧ and ⌧ ! e⌫e⌫⌧

decays. The present 2 ⇥ 10�3 precision [2] in these branching fractions is still unchallenged
since the LEP times, where it was possible to control the systematic uncertainties very well.
The FCC-ee will be able to achieve the statistical precision of ⇠ 10�5 in these branching
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For flavour, see slides by Jernej. F. Kamenik at London FCC week

https://indico.cern.ch/event/1202105/contributions/5402639/attachments/2660472/4608865/Kamenik_FCC-Week_Flavours_2023.pdf
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Direct and indirect BSM searches

1. Indirectly discover new particles 
coupling to the Higgs or EW bosons up 
to scales of Λ ≈ 7 and 50 TeV.

2. Perform tests of SUSY at the loop level 
in regions not accessible at the LHC.

3. Study heavy flavour/tau physics in rare 
decays inaccessible at the LHC.

4. Perform searches with best collider 
sensitivity to dark matter, sterile 
neutrinos and ALPs up to masses ≈ 90 
GeV.
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Taken from FCC Snowmass submission 
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Fig. 9.1 Left: projected 2σ
indirect reach solely from Higgs
coupling constraints on stops
from FCC-ee and FCC-hh [278].
Right: projected direct FCC-hh
2σ and 5σ discovery reach for
supersymmetric Higgsinos,
Winos, sleptons, stops, squarks,
and gluinos (see Ref. [279] for
details). HL-LHC projections
are only shown for coloured
sparticles and projections for
Higgsinos and Winos are
currently under investigation

and higher values, reducing their effectiveness in explaining the hierarchy between the EW and Planck scales. Nonetheless,
supersymmetry still maintains a forefront role in addressing the puzzles posed by the Higgs.

With regard to the Higgs mass, the most important supersymmetric partner particles are those that interact with the Higgs
boson most strongly. In practice, these are the top squarks (stops), EW gauginos, and Higgsinos. Thus if supersymmetry
plays some role in resolving the hierarchy problem these particles should show up near to the weak scale. One can search
for the presence of these particles indirectly, using high precision measurements at low energies. In particular, the leading
indirect effect of stops is that they modify some of the properties of the Higgs boson. The most notable modifications are to the
interactions between the Higgs boson and gluons and also between the Higgs boson and the photon. None of these interactions
exist at the classical level (the photon and the gluon being massless particles, they do not directly interact with the Higgs
boson), but they are generated by quantum corrections. This is why they are particularly sensitive to new strongly coupled
degrees of freedom like stops. At FCC-ee high precision measurements of these interactions can thus reveal the presence of
these particles. Furthermore, supersymmetry requires a minimal interaction strength between the stop and the Higgs boson,
thus the main free parameter is only the mass of the particles. In the left panel of Fig. 9.1 the combined projected indirect
constraints on stops from LHC Higgs measurements are shown alongside projected constraints at FCC-ee and FCC-hh. Since
the precision of Higgs coupling measurements is greatest at FCC-ee the latter constraints are dominated by the FCC-ee
measurements. Dedicated studies at FCC-hh, using e.g. H+jet production at high invariant mass, could further reveal the
structure of the indirect corrections to the Higgs interactions.

At high energies it is also possible to produce the supersymmetric partner particles directly. The experimental signatures
typically involve final states featuring jets and missing energy, however a plethora of dedicated searches are required to cover
the full suite of possible experimental signatures. In the right hand panel of Fig. 9.1 the direct discovery reach at FCC-hh is
shown for a variety of supersymmetric particles. Details of the phenomenological studies are presented in the extensive review
of BSM searches at FCC-hh, Ref. [279]. Further dedicated analyses have been carried out in the framework of the FCC-hh
detector performance studies. The study of the reach for Higgsino and Wino, in the context of DM searches, is presented
in Sect. 12. The search for stops is reviewed in the next section. The direct reach shown in Fig. 9.1 extends far beyond the
indirect precision Higgs coupling reach, in some cases to well above 10 TeV. As a result, the combined FCC projects could
comprehensively and unambiguously determine whether supersymmetry is realised in proximity to the weak scale and thus
whether supersymmetry resolves the hierarchy problem.

It is typically assumed in supersymmetric models that an additional discrete global symmetry, R-parity, is respected. Such
a symmetry is useful for stabilising dark matter candidates and/or forbidding observable proton decay. However, it is possible
that R-parity is violated in a manner that is consistent with such constraints. In models with R-parity violation it is possible
to have single, rather than pair, production of sparticles. This can be probed by multi-lepton and multijet signatures at the
FCC-hh. At the FCC-eh, furthermore, one can constrain anomalous Yukawa interactions involving electrons and the first
generation quarks. For instance, an e-d-t̃ Yukawa interaction can be probed at the level of λ131 ! 0.01.

9.2.1 Direct stop search at FCC-hh

A dedicated study of stop production at FCC-hh, which corroborates earlier phenomenological estimates of the reach [280],
exposes some of the detector challenges met when using hadronic decays of highly energetic top quarks, helping to define
the detector design criteria. Here the main findings of the detailed analysis of Ref. [281] are presented.
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Image credit: FCC CDR

Projected 𝟐𝝈 indirect 
reach from Higgs 
couplings on stops.

https://arxiv.org/pdf/2203.06520.pdf
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Long-lived particles
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LLPs that are semi-stable or 
decay in the sub-detectors are 
predicted in a variety of BSM 
models:
• Heavy Neutral Leptons 

(HNLs)
• RPV SUSY
• ALPs
• Dark sector models

The range of unconventional signatures and rich phenomenology 
means that understanding the impact of detector design/performance 
on the sensitivity of future experiments is key!
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LLPs in e+e- colliders

59

• Targeting precision measurements of 
EWK/Higgs/top sector of SM.

• Unique sensitivity to LLPs coupling to Z 
or Higgs. 
• No trigger requirements.
• Excellent vertex reconstruction and 

impact parameter resolution can 
target low LLP lifetimes (this can 
drive hardware choices).

• Projections often assume 
background-free searches 
(should check these assumptions).
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FCC-ee top opportunities

• 𝑡 ̅𝑡 threshold scan will enable most precise 
measurements of top-quark mass and width.

• Precise measurements of top quark EW couplings 
provide essential input to precise extraction of top 
yukawa at FCC-hh.
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Fig. 6.1 Production cross
section of top quark pairs (left)
in the vicinity of the production
threshold, with different values
of the masses and widths
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6.2.2 Precision measurement of the top electroweak couplings

In many extensions to the standard model couplings of top quark pairs to Z/γ∗ can be enhanced. These are directly probed
at FCC-ee as they represent the main production mechanism for tt̄ production at e+e− colliders. It is essential to be able to
disentangle the tt̄Z and tt̄γ processes to provide separation among different new physics models. In the case of linear e+e−

colliders this is one of the motivations to implement longitudinal polarisation of the beams. However, it has been shown [165]
that FCC-ee’s very large statistics can fully compensate for the lack of polarisation. The information needed to disentangle
the contribution from the Z boson and photon can be extracted from the polarisation of the final-state particles in the process
e+e− → tt̄, as any anomalous coupling would alter the top polarisation as well. In that case, this anomalous polarisation
would be transferred in a maximum way to the top-quark decay products via the weak decay t → Wb, leading to an observable
modification of the final kinematics. The best variables to study are the angular and energy distributions of the leptons from
the W decays. A likelihood fit of the double-differential cross section of the lepton angle cos θ and the reduced lepton energy

x = 2E"
mtop

√
1−β
1+β measured in top semi-leptonic decays at

√
s = 365 GeV with one million tt̄ events allows a precision of

0.5% (1.5%) to be obtained for the vector (axial) coupling of the top to the Z and 0.1% for the vector coupling to the photon.
The fit includes conservative assumptions on the detector performance, such as lepton identification and angular/momentum
resolution and b quark jet identification. The precision of these measurements would allow testing and characterisation of
possible new physics models that could affect the EW couplings of the top quark, see for example Fig. 6.3. These data are
also sensitive to the top-quark CP-violating form factors [165].

6.2.3 Search for FCNC in top production or decay

The flavour-changing neutral currents (FCNC) interactions of top quarks are highly suppressed in the SM, leading to branching
ratios of the order of 10−13–10−14. However, several extensions of the SM are able to relax the GIM suppression of the top
quark FCNC transitions due to additional loop diagrams mediated by new particles. Significant enhancements for the FCNC
top quark rare decays can take place, for example, in some supersymmetric two-Higgs-doublet models. Evidence of an FCNC
signal will therefore indicate the existence of new physics. CMS and ATLAS obtained the best experimental upper limits on

123

See snowmass energy 
frontier report

• Searches for 
FCNC interactions 
above threshold 
can also provide 
strong probe of 
BSM.

https://arxiv.org/pdf/2211.11084.pdf
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Challenges for future 𝒆!𝒆" colliders

Accelerator R+D: 

• ILC and FCC-ee/CEPC accelerator 
technologies technologically 
advanced.

• CLIC accelerator technologies 
demonstrated; steps towards cavity 
industrialisation ongoing.

• Strong drive to improve energy 
efficiency of RF systems (particularly 
at higher-energy runs).

• Newer concepts (C3, plasma-driven 
acceleration, ERLs) carry higher 
technological risks.
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4.2 Power consumption

Estimates of power consumption for collider proposals are summarized in Table 11 and refer to the
total site power required by the collider complex for operation. Numbers provided by the proponents
were grouped into three categories. The lowest category is light blue (1) and indicates a power
consumption below 200 MW. The next category is blue (2), for a power consumption between 200
and 500 MW. The highest category is dark blue (3) and indicates a consumption larger than 500
MW. For reference, CERN’s annual electric energy consumption is about 1.3 TWh (2015), with a
peak power of about 230 MW at the times of the entire accelerator complex operational with the
LHC machine alone requiring some 120 MW.

One of the figures-of-merit for a collider is the luminosity-per-site power. Figure 4 shows the
luminosity-per-site power for each of the machines plotted in Figs. 1-3.

Figure 4. Figure-of-merit Peak Luminosity (per IP) per Input Power and Integrated Luminosity per TWh.
Integrated luminosity assumes 107 seconds per year. The luminosity is per IP. Data points are provided to the
ITF by proponents of the respective machines. The bands around the data points reflect approximate power
consumption uncertainty for the di�erent collider concepts.

4.3 Facility size

An overview of collider sizes (as provided by proponents) is shown in column 3 of Tab. 11. Collider
Size refers to either the length of a linear collider (main linac plus final focus) or the circumference
of a circular collider main ring, without the injector complex. The ITF defined four size categories
(shown in Tab. 11): light blue (1) for colliders that are designed to be shorter then 10 km, medium
blue (2) for colliders between 10-20 km, blue (3) for colliders between 20-50 km and dark blue (4)
for machines with a length or circumference larger than 50 km.

– 19 –

Continual disclaimer: I am not an 
accelerator expert, so apologies if I have 
missed/oversimplified here…



Dr Sarah Williams: NExT PhD workshop 2024

Challenges for future 𝒆!𝒆" colliders

Detector R+D:

Schematic taken from 2021 ECFA detector 
R+D roadmap 
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• There exist mature 
detector concepts for 
the established Higgs’ 
factory concepts.

• The red, orange and 
yellow dots show 
there is still significant 
R+D required to reach 
the performance 
goals.
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Challenges for future 𝒆!𝒆" colliders

Theory: substantial work on the theory side to reduce uncertainties and 
challenge the target experimental precision. 
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See slides by Christoph 
Paus at ZPW2024

9/48

Key topics for theory to address

Lineshape Summary

From: P.Janot talk at FCC theory workshop in June 2022

https://indico.cern.ch/event/1341618/contributions/5702307/attachments/2777205/4840392/fccee-ew-precision.pdf
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… and the list continues (though I don’t 
have time to discuss these in detail):

• Software + computing: need accurate 
simulations for future colliders (key 
interplay with theory), how to develop 
infrastructure whilst exploiting current 
machines. How can we use Machine 
Learning/AI?

• ”Sociological”: how to reach a 
consensus on the route forwards?

• ”Political”: if we do reach consensus, 
how to we get it funded/realized?
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Challenges for future 𝒆!𝒆" colliders
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Quick plug- the 2026 European strategy update…
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Interested to learn more? Check out 
the slides here:
https://indico.stfc.ac.uk/event/1012/ 

Save the date: 23-26 September ECFA-UK Workshop at IPPP, Durham

https://indico.stfc.ac.uk/event/1012/
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Before we continue/finish…
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Any questions?
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3. 10 TeV pCM colliders

67
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Question

68

Why do you think 
we could/should 
explore the “tens 
of-TeV” energy 

range?
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Why explore the “tens of-TeV” energy range?

69

12 Energy Frontier

Figure 1-2. The direct coverage of various colliders in the schematic space of coupling to the SM versus
mass scale of BSM physics. “Higgs factory” and “multi-TeV colliders” correspond to a generic option among
the ones listed in Table 1-1 and Table 1-2 respectively.

for Higgs related parameters, where v is the vacuum expectation value of the Higgs, or in general as

�⌘SM ⇠ g2
BSM

E2

M2
, (1.2)

where it is assumed that the energy scale E ⌧ M for the formalism to be applicable. If new physics only
creates loop level deviations in a SM observable, then one can insert a loop factor ⇠ 1/16⇡2 into Eqns.
1.1 and 1.2. Therefore depending on the precision achievable, as seen in Eqns. 1.1 and 1.2, mass scales
larger than the direct reach can be probed. We can then overlay these types of indirect collider searches,
particularly relevant for Higgs factories in Table 1-1, on our schematic space of BSM physics shown in
Fig. 1-2, as explicitely illustrated in Fig. 1-3. As can be seen in Fig. 1-3 the energy versus precision trade-o↵
crucially depends on the precision attainable. Suggestively, we have shown a 1% precision often associated
with parameter measurements (except for e.g. the HZZ coupling at Higgs factories), where the scaling
typically does not extend beyond the LHC without invoking strong coupling. However, for quantities that
are measured significantly more precisely, e.g. . 0.1%, at future Higgs-factory programs, such as MW , the
reach can extend much further. This exact scaling in mass reach depends on the type of BSM physics, and
both Higgs parameters and EW observables measured at Higgs factories are important for understanding
complementary measurements available at future multi-TeV colliders. The precision that can ultimately be
reached and in what types of observables strongly motivates advances in detector technology, increases in
luminosity, use of polarization at lepton colliders, and improved theoretical calculations. Moreover depending
on the type of collider, for example at a multi-TeV collider, the dichotomy between precision reach and energy
reach can potentially be bridged with the availability of large statistics for processes as e.g. Higgs production
if the environment can be fully controlled.

There can be a multitude of phenomena studied at low masses, incompatible with the EFT framework at
those energies, that benefit from a reduced background environment at an e+e� Higgs factory. Additionally,
even within one collider, precision measurements and direct searches coexist and o↵er multiple complementary

Community Planning Exercise: Snowmass 2021

• Whilst high-luminosity 𝑒!𝑒" 
colliders could provide indirect 
access to new physics up to 
the 10s of TeV mass range, 
directly accessing these mass 
scales requires colliders with a 
parton centre of mass energy 
(pCM) in that range.

•  Same arguments apply to 
higher mass SM processes (i.e. 
Higgs pair production).

• Ultra-high luminosities (=> 
statistics) can also enable rare 
processes to be studied.
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Accessing ~ 10 TeV pCM collisions

70

𝑒!𝑒" machine?

Hadron collider?

What particles 
could/should we 
collide?

Muon collider? 

Which of these options 
could be feasible for that 

energy range?
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Energy frontier physics drivers

• Higgs self-coupling (targeting ~ 5%).

• Rare Higgs decays (with high luminosities).

• Unprecedented BSM sensitivity.

• WIMP dark matter coverage.
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More info in the Snowmass energy frontier report: https://arxiv.org/pdf/2211.11084 

Details on Higgs-factory prospects 
of muon collider in backup!

https://arxiv.org/pdf/2211.11084
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Timelines = long

72

Figure 1: A sketch of what the Muon Collider timeline could look like, superimposed with approx-
imate HL-LHC and LBNF/DUNE schedules. Future collider decision tree adopted from Ref. [3]
is also shown. The decision tree is "optimistic" in the sense that the timeline is driven by physics
goals and technology readiness rather than financial considerations. We also assume that globally
more than one future collider can be pursued at the same time.

2.2 Why Collide Muons?
Despite the incredible success of the SM at predicting various particle physics phenomena, many
questions remain open. Discovery of the Higgs boson in 2012 helped to shed light on the origin
of mass but does not explain why electroweak symmetry breaking occcurs and what sets its scale.
Other unanswered questions have to do with the origin of Dark Matter, the origin of flavor, and
the nature of the neutrino sector. We also do not know if there is a fundamental reason for the
gauge symmetry and what kind of unification of the known forces may exist at the higher energy
scales. Conventionally, answers to these questions are pursued by probing small distances with
either precision (indirectly) or energy (directly). The Muon Collider has the potential to provide
both, leveraging full energy of the accelerator with a relatively clean environment.

A facility colliding high-energy muon beams has a number of advantages when compared to
its electron-positron and proton-proton counterparts [4]. First, since the muon is a lepton, all of
the beam energy is available in the collision. Second, since the muon is roughly 200 times heavier
than the electron and thus emits around 109 times less synchrotron radiation at the same energy,
it is possible to produce multi-TeV collisions in a reasonably compact circular collider. Finally,
a high-energy muon collider is the most efficient machine in terms of power per luminosity [5], a
very important consideration in light of the global push for a more energy efficient and sustainable
future.

In principle, muon colliders can reach very high energies in excess of 100 TeV. In order for
this to happen, the size of the accelerator ring will have to be sufficiently large (e.g. 100 km
ring would enable a 40-60 TeV collider). Further considerations such as cost, power consumption,
and construction time may also impose practical limitations for what energy and luminosity are
achievable, e.g. for energies much greater than 10 TeV synchrotron radiation must be taken into
account similar to electron colliders at much lower energy. However, there are no fundamental
physics reasons that would prevent it from going well beyond what is achievable by any other
currently proposed technology.

While the above arguments are highly appealing, there are several challenges with muons. First,
muons are obtained from decay of pions made by higher energy protons impinging on a target. The
proton source must have a high intensity, and very efficient capture of pions is required. Second,
muons have very large emittance and must be cooled quickly before their decay. Given their short
time, ionization cooling [6] is the only viable option. Moreover, conventional synchrotron acceler-

8

Above= “realistic” 
schedule for FCC

Left= “optimistic” 
technology-limited 
R+D timeline for 
muon collider from 
Snowmass.

Important to differentiate technical vs financial risk
 (and their error bars)
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Detector R+D challenges 

RED= Essential 
=> We do not 
have the 
technology to 
build detectors to 
meet the physics 
needs of 10 TeV 
pCM EF 
exploration…
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Taken from the ECFA R+D roadmap

Lots of 
opportunities for UK 
to drive detector 
R+D in these 
areas…

https://cds.cern.ch/record/2784893/files/ECFA%20Detector%20R&D%20Roadmap.pdf
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Question

74

What are the 
challenges 

associated with a 
muon collider?
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Muon collider challenges => muon decay (𝜏G~2.2×10HIs)! 

• After production (as tertiary beam) must be (6D) cooled into a single 
collimated bunch and (rapidly) accelerated (need fast ramp-up of magnets) 
before being collided.

• Additional challenges from beam induced background (BIB) and significant 
neutrino radiation (careful positioning and simulation studies).
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For more information see ”Towards a muon collider”  https://arxiv.org/abs/2303.08533

https://arxiv.org/abs/2303.08533


Dr Sarah Williams: NExT PhD workshop 2024

The road towards a muon collider…
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See slides by Karol Krizka here

The next steps towards a muon collider would be a demonstrator of these 
technologies and further simulation studies on detector challenges and 
physics potential. Interesting synergies with other areas:

• NuSTORM (intense neutrino beam).
• Radiation tolerant and high-field Solenoids.
• High-field dipoles (would also benefit FCC-hh).

https://indico.stfc.ac.uk/event/1012/contributions/6173/attachments/2131/3793/ukecfa-uc-20240501.pdf
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Direct BSM at muon colliders 

77

For more information see ”Towards a muon collider”  https://arxiv.org/abs/2303.08533

A high-energy muon collider would also be a vector-boson collider=> direct BSM and 
providing ”Higgs factory” (see next slide)
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Fig. 4 Left panel: exclusion and discovery mass reach on Higgsino and Wino dark matter candidates at muon colliders from
disappearing tracks, and at other facilities. The plot is adapted from Ref. [47]. Right: exclusion contour [23] for a scalar singlet
of mass m� mixed with the Higgs boson with strength sin �. More details in Section 5.1.

ment, without large physics backgrounds from QCD, a
10 TeV muon collider (over-)qualifies as a Higgs fac-
tory [23, 56–59]. Unlike e+e� Higgs factories, a muon
collider also produces Higgs pairs copiously, enabling
accurate and direct measurements of the Higgs trilinear
coupling [22,24,56] and possibly also of the quadrilinear
coupling [60].

The opportunities for Higgs physics at a muon col-
lider are summarised extensively in Section 5.1. In Fig-
ure 6 we report for illustration the results of a 10-
parameter fit to the Higgs couplings in the -framework
at a 10 TeV MuC, and the sensitivity projections on
the anomalous Higgs trilinear coupling ��. The table
shows that a 10 TeV MuC will improve significantly and
broadly our knowledge of the properties of the Higgs
boson. The combination with the measurements per-
formed at an e+e� Higgs factory, reported on the third
column, does not affect the sensitivity to several cou-
plings appreciably, showing the good precision that a
muon collider alone can attain. However, it also shows
complementarity with an e+e� Higgs factory program.

On the right panel of the figure we see that the per-
formances of muon colliders in the measurement of ��

are similar or much superior to the one of the other
future colliders where this measurement could be per-
formed. In particular, CLIC measures �� at the 10%
level [61], and the FCC-hh sensitivity ranges from 3.5
to 8% depending on detector assumptions [62]. A de-
termination of �� that is way more accurate than the
HL-LHC projections is possible already at a low energy
stage of a muon collider with Ecm = 3 TeV as discussed
in Section 5.1.

The potential of a muon collider as a vector bo-
son collider has not been explored fully. In particular a
systematic investigation of vector boson scattering pro-

cesses, such as WW !WW , has not been performed.
The key role played by the Higgs boson to eliminate
the energy growth of the corresponding Feynman am-
plitudes could be directly verified at a muon collider
by means of differential measurements that extend well
above one TeV for the invariant mass of the scattered
vector bosons. Along similar lines, differential measure-
ments of the WW ! HH process has been studied
in [24, 56] (see also [22]) as an effective probe of the
composite nature of the Higgs boson, with a reach that
is comparable or superior to the one of Higgs coupling
measurements. A similar investigation was performed
in [22,23] (see also [22]) for WW!tt, aimed at probing
Higgs-top interactions.

2.4 High-energy measurements

Direct µ+µ� annihilation, such as HZ and tt produc-
tion, displays a number of expected events of the order
of several thousands, reported in Figure 5. These are
much less than the events where a Higgs or a tt pair
are produced from VBF, but they are sharply differ-
ent and easily distinguishable. The invariant mass of
the particles produced by direct annihilation is indeed
sharply peaked at the collider energy Ecm, while the
invariant mass rarely exceeds one tenth of Ecm in the
VBF production mode.

The good statistics and the limited or absent back-
ground thus enables few-percent level measurements of
SM cross sections for hard scattering processes of en-
ergy Ecm = 10 TeV at the 10 TeV MuC. An incomplete
list of the many possible measurements is provided in
Ref. [63], including the resummed effects of EW radia-
tion on the cross section predictions. It is worth empha-
sising that also charged final states such as WH or `⌫

13

Indirect detection 0.333

FCC-hh 1.602FCC-hh 1.1

MuC 10 TeV 1.37MuC 10 TeV 1.1

CLIC 3 TeV 1.5

ILC 0.5 TeV 0.326ILC 0.5 TeV 0.249

FCC-ee 0.293FCC-ee 0.174

CEPC 0.261CEPC 0.119

Direct detection projection 2.004

Indirect detection 3.493

FCC-hh 6.488FCC-hh 4.75

MuC 3 TeV 1.38MuC 3 TeV 1.26

MuC 10 TeV 4.5MuC 10 TeV 4.0

CLIC 3 TeV 1.677CLIC 3 TeV 1.49

ILC 0.5 TeV 0.427ILC 0.5 TeV 0.249

FCC-ee 0.397FCC-ee 0.175

CEPC 0.359CEPC 0.119

m(e�±1 ) [TeV]10�1 1

Higgsino

Wino

No collider
2�, disappearing track
5�, disappearing track
kinematic limit

p
s/2

2�, indirect limit

Fig. 4 Left panel: exclusion and discovery mass reach on Higgsino and Wino dark matter candidates at muon colliders from
disappearing tracks, and at other facilities. The plot is adapted from Ref. [47]. Right: exclusion contour [23] for a scalar singlet
of mass m� mixed with the Higgs boson with strength sin �. More details in Section 5.1.

ment, without large physics backgrounds from QCD, a
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collider also produces Higgs pairs copiously, enabling
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muon collider alone can attain. However, it also shows
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are similar or much superior to the one of the other
future colliders where this measurement could be per-
formed. In particular, CLIC measures �� at the 10%
level [61], and the FCC-hh sensitivity ranges from 3.5
to 8% depending on detector assumptions [62]. A de-
termination of �� that is way more accurate than the
HL-LHC projections is possible already at a low energy
stage of a muon collider with Ecm = 3 TeV as discussed
in Section 5.1.

The potential of a muon collider as a vector bo-
son collider has not been explored fully. In particular a
systematic investigation of vector boson scattering pro-

cesses, such as WW !WW , has not been performed.
The key role played by the Higgs boson to eliminate
the energy growth of the corresponding Feynman am-
plitudes could be directly verified at a muon collider
by means of differential measurements that extend well
above one TeV for the invariant mass of the scattered
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ments of the WW ! HH process has been studied
in [24, 56] (see also [22]) as an effective probe of the
composite nature of the Higgs boson, with a reach that
is comparable or superior to the one of Higgs coupling
measurements. A similar investigation was performed
in [22,23] (see also [22]) for WW!tt, aimed at probing
Higgs-top interactions.

2.4 High-energy measurements

Direct µ+µ� annihilation, such as HZ and tt produc-
tion, displays a number of expected events of the order
of several thousands, reported in Figure 5. These are
much less than the events where a Higgs or a tt pair
are produced from VBF, but they are sharply differ-
ent and easily distinguishable. The invariant mass of
the particles produced by direct annihilation is indeed
sharply peaked at the collider energy Ecm, while the
invariant mass rarely exceeds one tenth of Ecm in the
VBF production mode.

The good statistics and the limited or absent back-
ground thus enables few-percent level measurements of
SM cross sections for hard scattering processes of en-
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list of the many possible measurements is provided in
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Figure 1: Diagrammatic contributions to the qq ! q�q�WW process. On the left, the scattering
topology. On the right, one representative “radiation” diagram.

that factorization fails for massive vector particles. On the other, because it suggests that it

simply does not make sense, even in an ideal experimental situation, to extract in a model

independent way the on-shell �WWWW � correlator from experimental data: the interesting

physics of WW scattering would always be mixed up in an intricate way with SM e�ects.

We thus believe that studying the conditions for the applicability of EWA is important, and

timely as well. Obviously the goal is not to find a fast and clever way to do computations.

One should view EWA as a selection tool that allows to identify the relevant kinematic region

of the complete process, the one which is more sensitive to the EWSB dynamics. One would

want to focus on the kinematics where EWA applies not to speed up the computations, but

to gain sensitivity to the relevant physics.

In this paper we shall analyze in detail the applicability of EWA. We will find, not

surprisingly, that, in the proper kinematic regime, factorization is valid and EWA works

egregiously. In order to prove that, we shall not need to focus, as KS did, on the case of

a heavy Higgs or a strongly interacting EWSB sector, actually we shall not even need to

restrict on the specific sub-process WW ! WW . Factorization indeed does not rely in any

way on the detailed nature of the hard sub-process. It relies instead on the existence of a

large separation of virtuality scales between the sub-process and the collinear W emission.

That only depends on kinematics and corresponds to requiring forward energetic jets and

hard high P� outgoing W ’s. When those conditions are imposed EWA works well, for both

longitudinally and transversely polarized W ’s, also including the case of weakly-coupled

EWSB (light and elementary Higgs) where all helicities interact with the same strength

⇠ gW at all energies.

One serious issue in the applicability of EWA is the size of the subleading corrections.

2

̂s

?†

Abstract
The perspective of designing muon colliders with high energy and luminosity,
which is being investigated by the International Muon Collider Collaboration,
has triggered a growing interest in their physics reach.

We present a concise summary of the muon collider potential to explore new
physics, leveraging on the unique possibility of combining high available en-
ergy with very precise measurements.

† The low FCC-hh mass reach on Top Partners
could be due to a non-optimal analysis

4

Fig. 3 Left panel: the number of expected events (from Ref. [24]) at a 10 TeV MuC, with 10 ab�1 luminosity, for several
BSM particles. Right panel: 95% CL mass reach, from Ref. [25], at the HL-LHC (solid bars) and at the FCC-hh (shaded bars).
The tentative discovery reach of a 10, 14 and 30 TeV MuC are reported as horizontal lines.

the right panel of Figure 4, in the context of a bench-
mark model [23,26] (see also [27,28]) where the only new
particle is a real scalar singlet with Higgs portal cou-
pling. The coupling strength is traded for the strength
of the mixing with the Higgs particle, sin �, that the
interaction induces. The scalar singlet is the simplest
extension of the Higgs sector. Extensions with richer
structure, such as involving a second Higgs doublet,
are a priori easier to detect as one can exploit the elec-
troweak production of the new charged Higgs bosons,
as well as their VBF production. See Refs. [50–54] for
dedicated studies, and Section 5.1 for a review.

In several cases the muon collider direct reach com-
pares favourably to the one of the most ambitious future
proton collider project. This is not a universal state-
ment, in particular at a muon collider it is obviously
difficult to access heavy particles that carry only QCD
interactions. One might also expect a muon collider of
10 TeV to be generically less effective than a 100 TeV
proton collider for the detection of particles that can be
produced singly. For instance, for additional Z 0 massive
vector bosons, that can be probed at the FCC-hh well
above the 10 TeV mass scale. We will see in Section 2.4
that the situation is slightly more complex and that, in
the case of Z 0s, a 10 TeV MuC sensitivity actually ex-
ceeds the one of the FCC-hh in most of the parameter
space (see the right panel of Figure 7).

2.3 A vector bosons collider

When two electroweak charged particles like muons col-
lide at an energy much above the electroweak scale
mw ⇠ 100 GeV, they have a high probability to emit

electroWeak (EW) radiation. There are multiple types
of EW radiation effects that can be observed at a muon
collider and play a major role in muon collider physics.
Actually we will argue in Section 2.5 that the exper-
imental observation and the theoretical description of
these phenomena emerges as a self-standing reason of
interest in muon colliders.

Here we focus on the practical implications [11,22–
24, 55–57] of the collinear emission of nearly on-shell
massive vector bosons, which is the analog in the EW
context of the Weizsäcker–Williams emission of pho-
tons. The vector bosons V participate, as depicted in
Figure 5, to a scattering process with a hard scale

p
ŝ

that is much lower than the muon collision energy Ecm .
The typical cross-section for V V annihilation processes
is thus enhanced by E2

cm
/ŝ , relative to the typical cross-

section for µ+µ� annihilation, whose hard scale is in-
stead Ecm. The emission of the V bosons from the
muons is suppressed by the EW coupling, but the sup-
pression is mitigated or compensated by logarithms of
the separation between the EW scale and Ecm (see [22,
23, 55] for a pedagogical overview). The net result is a
very large cross-section for VBF processes that occur
at

p
ŝ ⇠ mw, with a tail in

p
ŝ up to the TeV scale.

We already emphasised (see Figure 3) the impor-
tance of VBF for the direct production of new physics
particles. The relevance of VBF for probing new physics
indirectly simply stems for the huge rate of VBF SM
processes, summarised on the right panel of Figure 5.
In particular we see that a 10 TeV muon collider pro-
duces ten million Higgs bosons, which is around 10
times more than future e+e� Higgs factories. Since the
Higgs bosons are produced in a relatively clean environ-

Above: exclusion for scalar 
singlet mixing with Higgs
Left: comparison of HL-LHC 
(solid), FCC (shaded) and 
tentative muon collider reach 
at 10, 14, 30 TeV (lines)

https://arxiv.org/abs/2303.08533
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Snowmass energy frontier report
1.4 Electroweak Sector of the Standard Model 23

Figure 1-9. A snapshot of future Higgs precision measurements of SM quantities based on the order of
magnitude for the fractional uncertainties with the range defined through the geometric mean. In this figure
the ultimate reach of the final stages of all Higgs factories and multi-TeV colliders are shown in combination
with the HL-LHC results, as well as the HL-LHC separately. All benchmarks and stages are defined in
Section 1.3 of the Energy Frontier Report. The specific precision associated to each coupling can be found
in the Higgs-physics Topical Group report [14] and references therein. A * is put on the ILC measurements
for the strange-quark Yukawa coupling to single it out as a new measurement proposed during Snowmass
2021, and shown in Fig 1-13. The ? symbol is used in the case where an o�cial study has not yet been
performed. It does not connotate that a given collider should be worse than similar ones, but simply that
whether it is better or worse based on detector design has not been demonstrated.

specifically, the measurements of certain couplings, e.g. the light-quark Yukawas or the quartic self-coupling
of the Higgs boson, that are challenging at the future colliders proposed in the Snowmass 2021 proceedings,
motivate a continuing research and development.

1.4.1.2 What can we learn about BSM physics from Higgs physics

The ultimate goal of precision Higgs physics is to learn about new physics at high scales, or to find portals to
new physics that could be present at the EW scale or below. As discussed earlier from an EFT context, the
generic scale associated with precision Higgs physics at future colliders typically extends up to a few TeV.

To go further requires the understanding of the interplay between UV models and Higgs physics. Given that
the mapping of fundamental physics questions to Higgs direct and indirect observables is di�cult to fully
organize comprehensively, the topical report instead focused on specific types of models and observables:
Higgs Singlets, Higgs Doublets (including Flavor), Loop-level deviations, and Higgs Exotic Decays. Funda-
mental questions of course can be related to all of these types of models and is done so in the Higgs-physics
Topical Group report [14]. Other connections to fundamental questions are also emphasized in other parts
of the EF report, for example whether the Higgs boson is an elementary or composite particle is investigated
in Section 1.6.1.

Given that many of the model-dependent topics have been covered extensively for years, we first wish to
highlight some of the results that are new compared to the recent European Strategy Update [44]:

Community Planning Exercise: Snowmass 2021

https://arxiv.org/abs/2303.08533

https://arxiv.org/pdf/2211.11084
https://arxiv.org/abs/2303.08533
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What are the 
challenges 

associated with a 
100 TeV hadron 

collider?

Note: in my subsequent discussion I’ll use FCC-
hh as an example, however similar arguments 
could be made about a 100 TeV pp collider 
following CEPC.
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Comprehensive long-term programme maximises physics 
opportunities at the intensity and energy frontier:

1. FCC-ee (Z, W, H, 𝑡 ̅𝑡) as high-luminosity Higgs, EW + top factory.

2. FCC-hh (~ 100 TeV) to maximise reach at the energy frontier, with pp, 
AA and e-h options (FCC-eh).

FCC Feasibility Study Status
Michael Benedikt
FCC Week, 5 June 2023

FCC integrated program

FCC-ee

2020 - 2040 2045 - 2063 2070 - 2095

FCC-hh

comprehensive long-term program maximizing physics opportunities
• stage 1: FCC-ee (Z, W, H, t ҧt) as Higgs factory, electroweak & top factory at highest luminosities
• stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, pp & AA collisions; e-h option
• highly synergetic and complementary programme boosting the physics reach of both colliders (e.g. model-independent 

measurements of the Higgs couplings at FCC-hh thanks to input from FCC-ee; and FCC-hh as “energy upgrade” of FCC-ee)
• common civil engineering and technical infrastructures, building on and reusing CERN’s existing infrastructure
• FCC integrated project allows the start of a new, major facility at CERN within a few years of the end of HL-LHC

+ AA, 
eA, ep
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Taken from slides by F. Gianotti at FCC week.

4

Why FCC ? Physics potential

A multi-stage facility with immense physics potential 
(energy and intensity), operating until the end of the century. 
q FCC-ee : highest luminosities at Z, W, ZH of all proposed Higgs 
      and EW factories; indirect discovery potential up to ~ 70 TeV
q FCC-hh: direct exploration of next energy frontier (~ x10 LHC) and 
      unparalleled measurements of low-rate and “heavy” Higgs couplings (ttH, HH) 
q Also heavy-ion collisions and, possibly, ep/e-ion collisions
q Synergistic programme exploiting common civil engineering and technical 
      infrastructure, building on and reusing CERN’s existing infrastructure

1%

HL-LHC: SM width and !c=1δki (%)

20-30

2-4 experiments22  
2.3  
0.9  
0.16  

Int L/IP/y (ab-1)

182 x 1034
19.4
7.3
1.33

5-30 x 1034
      30

FCC-ee:
• Ultra-precise measurements 

of EW/ Higgs + top sectors 
of SM -> indirect sensitivity 
to BSM.

• Unique flavour opportunities
• Direct sensitivity to feebly 

interacting particles (LLPs)

FCC-hh:
• High-statistics for rare Higgs 

decays and 5% 
measurement of Higgs self 
interaction.

• Unprecedented direct 
sensitivity to BSM.

FCC-eh: 
• Energy-frontier ep collisions provide ultimate super-

microscope to fully resolve hadron structure
and empower physics potential of hadron colliders. 

• Very precise measurements of Higgs/top and EW 
parameters in synergy with ee and hh

https://indico.cern.ch/event/1202105/contributions/5423451/attachments/2659293/4606138/FCCweek-2023-London.pptx
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Taken from slides by F. Gianotti at FCC week.

6

Formidable challenges: 
q high-field superconducting magnets: 14 - 20 T
q power load in arcs from synchrotron radiation: 4 MW à cryogenics, vacuum
q stored beam energy: ~ 9 GJ à machine protection
q pile-up in the detectors: ~1000 events/xing
q energy consumption: 4 TWh/year à R&D on cryo, HTS, beam current, … 

Formidable physics reach, including:
q Direct discovery potential up to ~ 40 TeV
q Measurement of Higgs self to ~ 5% and ttH to ~ 1%
q High-precision and model-indep (with FCC-ee input) 

measurements of  rare Higgs decays (!!, Z!, µµ) 
q Final word about WIMP dark matter

FCC-hh: summary of main machine parameters for pp and physics potential

If FCC-hh after FCC-ee: significantly
more time for high-field magnet R&D 
aiming at highest possible energies

6.1-8.9

1020-4250

13-54

0.77-0.26

https://indico.cern.ch/event/1202105/contributions/5423451/attachments/2659293/4606138/FCCweek-2023-London.pptx
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Challenges for future hadron colliders: magnets

• Large scale production of 16 T 
magnets for accelerator (CF ~ 8 T 
for HL-LHC) using Nb3Sn 
technology.

• Possible alternative would be 
High-Temperature 
Superconductors (HTS) which 
could reach ~ 20 T.

• Recent milestone was attaining 
14.6 T at 1.9 K using FRESCA2 
(right), but still substantial 
roadmap ahead.

83

Note: when preparing the LHC, there was also 
R+D required to attain the required magnet 
strength. In the integrated programme, this R+D 
proceeds whilst FCC-ee is built and operated.
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Synergies in FCC programme- Higgs physics

• Integrated FCC programme will 
provide order of magnitude 
improvement in Higgs couplings.

• e+e- colliders can provide a model 
independent measurement of gHZZ 
=> provides standard candle to 
normalize other Higgs couplings.
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4

Why FCC ? Physics potential

A multi-stage facility with immense physics potential 
(energy and intensity), operating until the end of the century. 
q FCC-ee : highest luminosities at Z, W, ZH of all proposed Higgs 
      and EW factories; indirect discovery potential up to ~ 70 TeV
q FCC-hh: direct exploration of next energy frontier (~ x10 LHC) and 
      unparalleled measurements of low-rate and “heavy” Higgs couplings (ttH, HH) 
q Also heavy-ion collisions and, possibly, ep/e-ion collisions
q Synergistic programme exploiting common civil engineering and technical 
      infrastructure, building on and reusing CERN’s existing infrastructure

1%

HL-LHC: SM width and !c=1δki (%)

20-30

2-4 experiments22  
2.3  
0.9  
0.16  

Int L/IP/y (ab-1)

182 x 1034
19.4
7.3
1.33

5-30 x 1034
      30

• Can also measure ttZ couplings through 𝑒𝑒 → 𝑡 ̅𝑡. This gives a second standard 
candle used to extract gttH and gHHH at subsequent hadron machines.

• High-energy pp collisions provide the statistics to access rarer Higgs decays (𝐻 →
𝜇𝜇, 𝐻 → 𝑍𝛾) and HH events to give precise ultimate tests of the EWPT (~ 20 
million at FCC-hh).

https://fcc-cdr.web.cern.ch/
 

https://fcc-cdr.web.cern.ch/
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FCC-hh sensitivity to direct NP
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2 Objectives 

The objective is to develop, build and operate a 100 TeV hadron collider, with an integrated luminosity at 
least a factor of 5 larger than the HL-LHC, to extend the current energy frontier by almost an order of 
magnitude. The mass reach for direct discovery will approach several tens of TeV, allowing the production of 
new particles whose existence could be indirectly predicted by precision measurements during the earlier pre-
ceding e+e– collider phase. This collider will also measure the Higgs self-coupling precisely and thoroughly ex-
plore the dynamics of electroweak symmetry breaking at the TeV scale, to elucidate the nature of the elec-
troweak phase transition. WIMPs as thermal dark matter candidates will be discovered, or ruled out. 
As a single project, this particle collider facility will serve the global physics community for about 25 years 
and, in combination with a lepton collider, will provide a research tool until the end of the 21st century.  

2.1 Scientific Objectives 
The European Strategy for Particle Physics (ESPP) 2013 unambiguously recognized the importance of “a 
proton-proton high-energy frontier machine…coupled to a vigorous accelerator R&D programme…in 
collaboration with national institutes, laboratories and universities worldwide”. Since its inception, the in-
ternational FCC collaboration has therefore delivered a hadron collider conceptual design (FCC-hh) that 
best complies with this guideline and that offers the broadest discovery potential. Together with a heavy ion 
operation programme and with a lepton-hadron interaction point, it provides the amplest perspectives for research 
at the energy frontier. The visionary physics programme of about 25 years described in this section requires colli-
sion energies and luminosities that can only be delivered, within a reasonable amount of time, by a circular collider 
with four experimental interaction regions. 
To be able to definitely elucidate electroweak symmetry breaking, to confirm or reject the WIMP dark 
matter hypothesis and to directly observe new particles signalled indirectly by, e.g., the precision study 
of Higgs properties, the energy reach of the particle collider must be significantly higher than that of the LHC, 
i.e. making a leap from ten TeV to the 100 TeV scale. 

Since cross sections for the production of a state of mass M scale 
like 1/M2, the integrated luminosity should be 50 times that of the 
LHC, at least 15 ab-1, to be sensitive to seven times larger masses. 
The FCC-hh baseline design aiming at 20-30 ab-1 exceeds this tar-
get. It is sufficient to almost saturate the discovery reach at the 
highest masses. A further luminosity increase by a factor of 10 
would only extend it by < 20%. Fig. 1 shows discovery reach ex-
amples for the production of several types of new particles includ-
ing Z' gauge bosons carrying new weak forces and decaying to var-
ious SM particles, excited quarks Q*, and massive gravitons GRS 
present in theories with extra dimensions. Other scenarios for new 
physics, such as supersymmetry and composite Higgs models, will 
likewise see a great increase of high-mass discovery reach. The top 
scalar partners will be discovered up to masses of close to 10 TeV, 
gluinos up to 20 TeV, and vector resonances in composite Higgs 
models up to masses close to 40 TeV. 

Until new physics is found, two key issues, that will likely remain open after the HL-LHC, are at the top of the 
priority list of the FCC-hh physics objectives: how does the Higgs couple to itself? What was the nature of the 
phase transition that accompanied electroweak symmetry breaking and the creation of the Higgs vacuum 
expectation value? Today, neither the fundamental origin of the SM scalar field nor the origin of the mass and 
self-interaction parameters in the Higgs scalar potential are known. The next stage of exploration for any high-
energy physics programme is to determine these microscopic origins. The puzzle of the Higgs potential can be 
resolved, if there is an additional new microscopic scale involving new particles and interactions near the electro-
weak scale. With more than 1010 Higgs bosons produced at the design luminosity, see Fig. 2, FCC-hh can comple-
ment an intensity frontier lepton collider by bringing the precision for several of the smallest Higgs couplings (γγ, 
Ζγ, µµ), and for the coupling to the top below the percent level. The Higgs self-coupling can be measured with a 
precision of around 5%. Combined with the direct search potential for scalar partners of the Higgs boson, this will 
permit establishing the possible existence of conditions that allowed the electroweak phase transition in the 

Figure 1: Discovery reach for heavy resonances. 
Substantial discovery reach for 
heavy resonances

More details in FCC TDR and ESU submissions here 
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have upper limits on the DM mass in the TeV range. As an example, DM WIMP candidates transforming as a 
doublet or triplet under the SU(2) group of weak interactions, like the higgsinos and winos of supersymmetric 
theories, have masses constrained below ~1 and ~3 TeV, respectively. The full energy and statistics of FCC-hh 
are necessary to access these large masses. With these masses, neutral and charged components of the multiplets 
are almost degenerate due to SU(2) symmetry, with calculable mass splittings induced by electromagnetic effects, 
in the range of few hundred MeV. The peculiar signatures of these states are disappearing tracks, left by the decay 
of the charged partner to the DM candidate and a soft, unmeasured charged pion. Dedicated analysis, including 
detailed modelling of various tracker configurations and realistic pile-up scenarios, are documented in Volume 3 
of the FCC Conceptual Design Report. The results are shown in Fig. 4.  

The FCC covers the full mass range for the discovery of these WIMP Dark Matter candidates. 

 

  
Figure 4: Expected discovery significance for higgsino and wino DM candidates at FCC-hh, with 500 pile-up collisions. The 
black and red bands show the significance using different layouts for the pixel tracker, as discussed in the FCC-hh CDR. The 
bands' width represents the difference between two models for the soft QCD processes. 

1.6 Direct searches for new physics 
At the upper end of the mass range, the reach for the direct observation of new particles will be driven by the 
FCC-hh. The extension with respect to the LHC will scale like the energy increase, namely by a factor of 5 to 7, 
depending on the process. The CDR detector parameters have been selected to guarantee the necessary perfor-
mance up to the highest particle momenta and jet energies required by discovery of new particles with masses up 
to several tens of TeV. Examples of discovery reach for the production of several types of new particles, as ob-
tained in dedicated detector simulation studies, are shown in Fig. 5. They include Z' gauge bosons carrying new 
weak forces and decaying to various SM particles, excited quarks Q*, and massive gravitons GRS present in theories 
with extra dimensions. Other standard scenarios for new physics, such as supersymmetry or composite Higgs 
models, will likewise see the high-mass discovery reach greatly increased. The top scalar partners will be discovered 
up to masses of close to 10 TeV, gluinos up to 20 TeV, and vector resonances in composite Higgs models up to 
masses close to 40 TeV.  The direct discovery potential of FCC is not confined to the highest masses. In addition 
to the dark matter examples given before, Volume 1 documents the extraordinary sensitivity to less-than-weakly 
coupled particles, ranging from heavy sterile neutrinos (see Fig. 5, right) down to the see-saw limit in a part of 
parameter space favourable for generating the baryon asymmetry of the Universe, to axions and dark photons.  

The FCC has a broad, and in most cases unique, reach for less-than-weakly coupled particles. The Z 
running of FCC-ee is particularly fertile for such discoveries. 
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Cover full mass range for discovery of WIMP dark 
matter candidates

In summary- exciting possibilities to discover/characterize NP that could 
be indirectly predicted through precision measurements at FCC-ee  

https://fcc-cdr.web.cern.ch/
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For a nice review of electron-hadron colliders 
(including EIC) see https://cds.cern.ch/record/2811194 

Novel use of Energy Recovery Linac (ERL) technology that will be demonstrated 
with the PERLE ERL demonstrator (see slides by M. Klein here )

Feeding the electron beam into one of the LHC interaction
regions and establishing collisions with one of the LHC hadron
beams requires the design of novel, asymmetric focusing
quadrupole magnets next to the LHeC detector. The focusing
quadrupoles have to provide high magnetic fields and sufficient
focusing power for the high-energy hadron beams while not
affecting the electron beam with its much lower beam energy.

As the LHeCoperation is assumed to be performed parasitically on
top of the nominal HL-LHC operation, the LHeC does not consider
the option of crab cavities acting on the LHC hadron beams. Instead,
the head-on collisions in the LHeC are established by integrating a
dipole field inside the LHeC detector and gently bending the electron
beam onto the trajectory of the hadron beam. Synchrotron radiation
originating from the bending of the electron beam onto the LHC
hadron beam trajectories poses therefore a challenge for the detector
operation and background and needs to be minimized and screened
in the LHeC interaction region design. Based on the experience with
the HERA operation, the goal is to limit the maximum synchrotron
radiation power passing through the LHeC experiment to less then

50 kW. Putting limits on the maximum deflection and bending of the
electron beam when entering the interaction region requires the
design of novel, asymmetric superconducting focusing quadrupole
magnets based on Nb3Sn technology.

The LHeC design looked at SRF systems based both on the
International Linear Collider (ILC) design using 1.3 GHz structures
and on the European Spallation Source (ESS) design using 704MHz
structures. Unfortunately these two SRF options do not match to the
40MHz bunch structure of the LHC hadron beams. The linacs could
therefore not use the ILC or ESS SRF cavities as they are, but would
require a tuning on the precise RF frequency, which triggered the
launch of a new SRF design optimization for the LHeC. Furthermore,
beam stability studies showed that an RF frequency of 1.3 GHz would
limit the operational current in theRF systemand thus the performance
reach of the collider. Beam stability and RF power considerations led to
the choice of anRF frequency of 802MHzandfirst prototype structures
produced at the Thomas Jefferson National Accelerator Facility (JLab)
exceeded the design criteria in terms of Q0 and accelerating gradient
(18MV/m with a Q0 above 3 × 1010). The chosen SRF frequency is
being developed in synergy with the FCC SRF structures.

The initial goal of the LHeC was to provide a beam power in
excess of 600MW at the interaction point with a total wall plug
power consumption of 100MW for the electron beam. Later design
considerations aiming on pushing the performance reach beyond a
peak luminosity of 1034 cm−2 s−1 and minimizing the total
installation cost for the LHeC resulted in shorter linacs, a total
circumference of about 5.4 km (1/5th of the LHC circumferencewith
900m linac length) but with a slightly higher wall-plug power
consumption than the initial 100MW target. The updated LHeC
design features a peak current from the source of 20 mA and total
currents within the SRF cavities of more than 120mA (2 × 3 ×
20mA) [5]. Figure 2 shows the potential LHeC size and layout
options in relation to the LHC tunnel.

The current LHC planning foresees to extend operation until
about 2041 and foresees in total six running periods and five long
shutdowns. The nominal LHC operation started in 2010 and
extends over three running periods: Run 1 from 2010 until end
2012, Run 2 from 2015 until 2018 and Run three from 2022 until
2025 inclusively. Long Shutdown 1 lasted 2 years from 2013 until
2014 and was used for the consolidation of the inter-magnet splices
in order to allow the operation at nominal beam energy of 7 TeV.
The second Long Shutdown lasted 3 years and was used for the
repair of the diode installation that limited the magnet training
after LS1 and the implementation of the LHC Injector Upgrade
project. The third LHC run starts in 2022 and is scheduled to
extend until 2025 inclusive. A third Long Shutdown extending
from 2026 until 2028 will be used for the implementation of the
HL-LHC upgrade and the HL-LHC exploitation is assumed to start
with Run 4 in 2029. Assuming a 2 year long Long Shutdown 4, the
connection of LHeC accelerator complex and the installation of the
new LHeC detector could be envisaged during the Long Shutdown
4 in a configuration which may take alternating data on lepton-
hadron and on hadron-hadron, as has very recently been shown
[74]. For the estimate of the total LHeC performance reach of an
integrated luminosity of 1 ab−1 it is assumed that the LHeC
operates for two runs in parallel with the HL-LHC exploitation
followed by one run in a dedicated operation mode where the

FIGURE 4 | Resolving the proton structure: EIC marked in green with
spin resolution and the LHeC and FCC-eh colliders marked in red as potential
future colliders [76]. The resolving power is directly related to the maximum 1/
Q2 achievable at the respective facility. Note: Q2 is the square of the
momentum transferred by the electron to the proton.
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The FCC-eh program

low x high x

FCC-eh (60 GeV electron beams)
Ecms = 3.5 TeV, described in CDR of the FCC
run ep/pp together: FCC-hh + FCC-eh

J. Osborne, W. Bromiley, A. Navascues

FCC-eh
8 point FCC: point D 

Taken from slides by J. D”Hondt at FCC week 
Image credit: 
PERLE

Use of ERL technologies 
a key step towards 
improving sustainability 
whilst maintaining high 
luminosities.

https://cds.cern.ch/record/2811194
https://indico.ijclab.in2p3.fr/event/8623/contributions/27078/attachments/19800/27213/projectMK.pdf
https://indico.cern.ch/event/1202105/contributions/5435643/attachments/2662467/4612844/FCC-JDH-8June2023.pdf
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Synergies between ep and ee/pp collisions
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pp @ 100 TeV

~5-7% uncertainty 
on the s(W,Z,H)

~1% uncertainty 
on the s(W,Z,H)

Electro-Weak region

Kinematic range Parton Distribution Functions

low x

high x

J.Phys.G 48 (2021) 11, 110501

higher energies

Empowering the FCC-hh program with the FCC-ehTaken from slides by J. D”Hondt at FCC week Taken from updated CDR

BSMHiggs
Top
EW

Precision 
QCD

Non-linear 
QCD

• Empower 100 TeV pp programme with precision input on hadron structure and 
strong coupling (to permille accuracy) during parallel running.

• Complementary measurements of Higgs couplings (CC+NC DIS x-sections, no 
pile-up, clean)

• Plus… complementary BSM prospects (LLPs, LFV, not-too-heavy scalars, GeV-
scale bosons)

https://indico.cern.ch/event/1202105/contributions/5435643/attachments/2662467/4612844/FCC-JDH-8June2023.pdf
https://cds.cern.ch/record/2706220/files/Agostini_2021_J._Phys._G__Nucl._Part._Phys._48_110501.pdf
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Significance of Higgs self coupling
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https://www.nature.com/articles/s42254-021-00341-2

𝑉 𝜙 =
1
2𝜇

1𝜙1 +
1
4 𝜆𝜙

A

• On EWSB 𝜆 gives 3-higgs and 4-
higgs (self-) interaction vertices - 
accessed through di-Higgs 
production at the LHC and future 
colliders.

• Direct measurement could provide 
key understanding of EWPT and 
possible portal to new physics.  

https://www.nature.com/articles/s42254-021-00341-2
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Probing EWPT at the FCC
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New physics required for a strong first order phase transition (needed 
for EWK baryogenesis) could be accessed either by directly 
discovering new states (which can’t be too much heavier than the 
Higgs) or through O(1) deviations in the Higgs self-coupling (which will 
be measured to ~ 10%).N. Arkani-Hamed et al. / Physics Reports 652 (2016) 1–49 13

Fig. 10. Parameter space with first order phase transition in the Z2 model [27]. Red shaded region: for m2
S < 0 (m2

S is denoted as µ2
S in this figure [27]),

it is possible to choose �S = /2 (in Eq. (12)) to get tree-induced two-step first-order electroweak phase transition. Orange contours: value of vc/Tc for
m2

S > 0. The orange shaded region indicates vc/Tc > 0.6, where a one-step transition can be sufficiently first-order for electroweak baryogenesis. Above
the green dashed line, singlet loop corrections generate a barrier between h = 0 and h = v even at zero temperature, but results in the dark shaded region
might not be reliable. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Left: Production rate for the VBF process at a 100 TeV collider. Right: S/
p
B of VBF process at the 100 TeV pp collider for an integrated luminosity

of 30 ab�1 [27].

We conclude that, even in this very worst case scenario, a 100 TeV pp collider allows us to probe the physics giving us
a first-order phase transition. Needless to say, even small modifications from this worst-case scenario can make detection
much easier. For instance, if the Z2 symmetry is broken by an even tiny amount so that a > 10�10, then S will decay as
S ! HH inside the detector. Direct S production will be much easier to see, giving a spectacular signal pp ! SS ! HHHH .
This should allow a 100 TeV pp collider to cover the allowed range ofmS up to 1 TeV. While a detailed study is left for future
work, an estimate of the reach for producing 100 events is shown in Fig. 13. Note that, while at fixed mass the cross section
at 100 TeV is at least⇠100 times larger than at the LHC, themass reach is⇠ 2.5 times greater, compared to the typical factor
of ⇠5 we are accustomed to. This is because both the production and decay vertices of the off-shell Higgs are suppressed
by factors of (v/E) at high energies, and the cross-section scales as v4/E6 rather than the usual 1/E2. These suppressions
would be absent with more physical Higgses in the final state. It would be interesting to see whether such final states with
large Higgs multiplicity can be seen at a 100 TeV pp collider.

We have seen in our simple examples something we expect to hold more generally for models that drive a first-order
phase transition: there should be large signals at a 100 TeV collider, either through the direct production of new states, or via
an O(1) deviation in the cubic Higgs self-coupling. Probing the electroweak transition does not need a 103 TeV pp collider;
100 TeV pp collisions are just right to robustly probe this physics.

14 N. Arkani-Hamed et al. / Physics Reports 652 (2016) 1–49

Fig. 12. Left: Shift in triple Higgs coupling in the Z2 singlet model. Right: Percentage shift in the e+e� ! ZH cross section, which is directly proportional
to �ZH .

Fig. 13. Rate of process pp ! SS ! HHHH at the LHC and a 100 TeV pp collider.

3. Naturalness of the electroweak scale

The notion of naturalness, as introduced by Ken Wilson and Gerard ’t Hooft in the 1970s [28,29], is deeply connected to
our understanding of the structure of effective field theory, strongly supported by analogies with condensedmatter physics.
Naturalness has been the dominant force driving our thinking about physics beyond the Standard Model for the past four
decades, suggesting a rich spectrum of new physics at the weak scale.

However, there have also been reasons to question this doctrine throughout this period. Most glaringly, naturalness
seems to fail spectacularly for the cosmological constant, though this involves mysteries of gravity and cosmology that
may not be relevant for particle physics. Within particle physics, there have also been a number of counter-indications to
naturalness, from the lack of indirect signals that might have been induced by new physics at the weak scale in low energy
flavor and CP violation to the absence of new states going back to LEP and the Tevatron. The absence of new physics at LHC
Run 1 continues this trend and appears to put naturalness under further pressure. Settling the ultimate fate of naturalness is
perhaps the most profound theoretical question of our time that is amenable to experimental tests, and will largely dictate
the future development of fundamental physics in this century.

We will begin with a brief overview of this set of ideas to put them in context and elucidate their importance. As
we will see, on top of what we learn from LHC14, a 100 TeV collider is certain to play a decisive role in unraveling this
physics.

https://arxiv.org/abs/1511.06495

https://arxiv.org/abs/1511.06495
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Before we finish…
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Any questions?
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Slido questions

• Could future colliders be built now in principle or does part of the 
planning process assume future innovations which do not currently 
exist?

• What impact does geopolitics have on the planning process?

• Have local governments become more reluctant to fund future colliders 
as a result of increased political pressure to consider environmental 
issues?
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Conclusion 
+ outlook
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Conclusion

• I hope this course has provided you a very brief overview to the 
prospects and challenges associated with future colliders.

• This course is timely! Key decisions will be made in the coming years 
(please take part in the conversations) and your expertise (across the 
experimental and theoretical communities) will be essential to deliver 
these challenging programmes.

• I will leave the course slido open until 6pm today (and will circulate a 
document with responses questions I didn’t answer today).

• Feel free to email me on sarah.louise.Williams@cern.ch !
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Backup
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CEPC vs FCC: timelines

• Based on current 
hopes/plans- FCCee 
would commence 
operation in mid/late 
2040s compared to mid 
2030s for CEPC.

• This is mainly driven by 
constraints on FCC from 
LHC operations => the 
times from construction 
to operation are similar.
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Schematics taken from 
slides from 2023 FCC 
and CEPC weeks.

https://indico.ihep.ac.cn/event/19316/timetable/?view=standard
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CEPC vs FCC: location and costs

• FCC location is (exactly) fixed (one 
highlight of the feasibility study) whilst of 
6 considered sites for CEPC, 3 have 
been selected for further study.
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(…which are linked on some level…)

4

PA: Experiment

PB: technical

PD: experiment

PF: technical

PG: experiment

PH: technical

PJ: experiment

PL: technical

Major achievement: optimization of the ring placement
Layout chosen out of ~ 100 initial variants, based on geology and 
surface constraints (land availability, access to roads, etc.), environment 
(protected zones), infrastructure (water, electricity, transport), etc. 
“Éviter, reduire, compenser” principle of EU and French regulations
Lowest-risk baseline: 90.7 km ring, 8 surface points, 
4-fold superperiodicity, possibility of 2 or 4 IPs
Whole project now adapted to this placement

Number of surface sites 8
LSS@IP (PA, PD, PG, PJ) 1400 m
LSS@TECH (PB, PF, PH, PL) 2032 m
Arc length 9.6 km
Sum of arc lengths 76.9 m
Total length 90.7 km

V. Mertens,
J. Gutleber

Optimized placement and layout for feasibility study

• Quoted expected construction cost of 
CEPC ~ half that of FCC (variations 
in purchasing/labour costs)
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CEPC vs FCC: other differences 

• #IPs: CEPC has 2, whilst 
FCC (as of the mid-term 
review of the feasibility 
study) has 4.

• Different baseline operating 
plan.
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FCC with 4 IPs (not fixed, additional opportunities e.g. 125 GeV)

• Power consumption ~ similar but carbon 
footprint currently higher for CEPC due 
to China’s (current) prevalent use of 
coal as an energy source.
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Status of FCC feasibility study: mid-term review

• Mid-term review just completed 
(approval by council soon).

• Key updates:

• Choice of ring placement and 4 
IPs (higher statistics).

• Adaptation of accelerator RF/ 
optics for new placement 
(details in backup).

• Significant R+D ongoing to 
improve energy efficiency 
(including HTS).

98

For more details see slides by S. Williams at CEPC workshop.

4

PA: Experiment

PB: technical

PD: experiment

PF: technical

PG: experiment

PH: technical

PJ: experiment

PL: technical

Major achievement: optimization of the ring placement
Layout chosen out of ~ 100 initial variants, based on geology and 
surface constraints (land availability, access to roads, etc.), environment 
(protected zones), infrastructure (water, electricity, transport), etc. 
“Éviter, reduire, compenser” principle of EU and French regulations
Lowest-risk baseline: 90.7 km ring, 8 surface points, 
4-fold superperiodicity, possibility of 2 or 4 IPs
Whole project now adapted to this placement

Number of surface sites 8
LSS@IP (PA, PD, PG, PJ) 1400 m
LSS@TECH (PB, PF, PH, PL) 2032 m
Arc length 9.6 km
Sum of arc lengths 76.9 m
Total length 90.7 km

V. Mertens,
J. Gutleber

Optimized placement and layout for feasibility study

https://indico.ph.ed.ac.uk/event/259/contributions/2461/attachments/1312/1967/CEPCworkshop-FCCoverview-030723.pdf

