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Future colliders: 10 TeV pCM colliders (pp/ep, 𝝁!𝝁") 
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Introductions: big questions in particle physics 
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• 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

https://arxiv.org/pdf/2211.11084
https://arxiv.org/pdf/1903.05062
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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?

Broad agreement in most recent ESPPU and 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
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(more) HL-LHC+ ep (CERN)
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Frontiers in particle physics

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

• This talk will focus on two options 
for achieving (2):

• High energy (~100 TeV) pp 
collisions (i.e. FCC-hh) which 
could be complemented by 
intensity frontier ep collisions 
(FCC-eh).

• High-energy (~10 TeV) muon 
collider, which could provide both 
a “discovery” machine and “Higgs 
factory”
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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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Comparison of colliders
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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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Timelines = long
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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-
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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)



Dr Sarah Williams: PPAP community meeting 2024

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…

8

Taken from the ECFA R+D roadmap
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1) Large ton dual-phase (PandaX-4T, LZ, DarkSide -20k, Argo 200k, ARIADNE, ...)
2) Light dark matter, solar axion, 0nbb, rare nuclei&ions and astro-particle reactions, Ba tagging)
3) R&D for 100-ton scale dual-phase DM/neutrino experiments

Proposed technologies:
RPC, Multi-GEM, resistive GEM, 
Micromegas, micropixel 
Micromegas, µRwell, µPIC ...

Proposed technologies:
TPC+(multi-GEM, Micromegas, 
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MRPC, Picosec, FTM

Proposed technologies:
TPC+MPGD operation (from very 
low to very high pressure)

Figure 1.1: Schematic timeline of categories of experiments employing GDs together
with DRDTs and R&D tasks. The colour coding is linked not to the intensity of the
required e↵ort but to the potential impact on the physics programme of the experiment:
Must happen or main physics goals cannot be met (red, largest dot); Important to meet
several physics goals (orange, large dot); Desirable to enhance physics reach (yellow,
medium dot); R&D needs being met (green, small dot); No further R&D required or not
applicable (blank).
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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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Muon collider challenges => muon decay (𝜏/~2.2×10"0s)! 

• 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).

9

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

https://arxiv.org/abs/2303.08533
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Muon collider challenges: R+D

• NuSTORM (intense neutrino beam).

• Radiation tolerant and high-field 
Solenoids.

• High-field dipoles (would also 
benefit FCC-hh).

10

https://muoncollider.web.cern.ch/

The next steps towards a muon collider would be a 
demonstrator of these technologies and further simulation 
studies on detector challenges and physics potential.

The UK has significant involvement in the growing 
collaboration (mainly on the accelerator side) and there are 
interesting synergies with other areas:

https://muoncollider.web.cern.ch/
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UK muon collider activities

• Aim to grow UK community on the detector R+D side ahead of next EPSSU.

• Next Wednesday (3rd July) there will be a UK workshop on UK contributions 
to Muon collider detector R+D here at the University of Birmingham 
https://indico.stfc.ac.uk/event/983/

11

See slides by Karol Krizka here

Following the snowmass/P5 process there’s growing momentum in the muon 
collider community on detector/physics studies as well as accelerator R+D.

https://indico.stfc.ac.uk/event/983/
https://indico.stfc.ac.uk/event/1012/contributions/6173/attachments/2131/3793/ukecfa-uc-20240501.pdf
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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

Mid-term review of FCC feasibility 
study completed this year- aiming 
to finish in 2025!
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FCC-hh parameters and challenges
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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


Dr Sarah Williams: PPAP community meeting 2024

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.

14

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:  UK involvement and plans

• UK has seen significant activity+interest on the physics/performance side for 
FCC-hh (see previous dedicated meeting in July ‘22 and hackathon in May 
‘23.).

• Ongoing studies include:

• Higgs self-coupling studies (Liverpool, UCL)

• CPV studies in Higgs interactions (Manchester, Edinburgh, Glasgow, 
Cambridge).

• Boosted analysis techniques in ZH, H->bb (UCL).

• Flavour tagging using GNNs (UCL)

• Additional scalars in inert 2HDM models (Imperial)

15

See slides from Andy Pilkington at the ECFA-UK kick-off 

Where possible these efforts 
will feed into the final FCC 
feasibility study report!

Lots of opportunities 
to further explore 
physics potential of 
FCC-hh in the 
coming years!

https://indico.cern.ch/event/1147914/
https://indico.cern.ch/event/1254077/
https://indico.stfc.ac.uk/event/1012/contributions/6173/attachments/2131/3784/ECFAuk-hhcolliders-010524%20(1).pdf
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FCC-eh
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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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Brüning et al. Electron-Hadron Colliders
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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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17

23

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 FCC-hh 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)- see slides by U. Klein here

• 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
https://indico.ijclab.in2p3.fr/event/8623/contributions/27079/subcontributions/1943/attachments/19802/27128/Orsay_UKlein_26.10.2022.pdf
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Ongoing ep efforts: the ep/eA @ CERN study  

Mandate renewed in October 2022, with 
kick-off in October 2023 

“CERN continues to support studies for 
the LHeC and the FCC-eh as potential 
options for the future and to provide 
input to the next Update of the European 
Strategy for Particle Physics. The study 
is to further develop the scientific 
potential and possible technical 
realization of an ep/eA collider and the 
associated detectors at CERN, with 
emphasis on FCC.”
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https://indico.cern.ch/event/1335332/

The UK has significant leadership in this effort- for more detail see slides 
from Uta Klein at the ECFA-UK kick-off meeting and the backup

https://indico.cern.ch/event/1335332/
https://indico.stfc.ac.uk/event/1012/contributions/6172/attachments/2136/3792/FCCeh_01.06.2024.pdf
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Conclusion

• Have tried to provide a whistlestop tour of the landscape and UK 
involvement in plans for 10 TeV pCM colliders.

• Please feed into studies/discussions in the 10 TeV pCM strand of the 
ECFA-UK September workshop (and come along)- contacts are 
Andy Pilkington (Andrew.Pilkington@cern.ch , Karol Krizka 
(k.krizka@bham.ac.uk ) and myself (sarah.louise.williams@cern.ch )

• Whilst high-energy ep colliders featured in this talk- also very relevant 
for HL-LHC era with significant UK involvement in the ep/eA @CERN 
study- there will be a dedicated ep strand for the ECFA-UK 
workshop- contacts are Uta Klein (uklein@hep.ph.liv.ac.uk ) and 
Matthew Wing (m.wing@ucl.ac.uk ).

• Happy to take questions/comments. 
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FCC -hh synergies - BSM searches

22

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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Direct BSM at muon colliders 
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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)14
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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

Fig. 5 Left panel: schematic representation of vector boson fusion or scattering processes. The collinear V bosons emitted
from the muons participate to a process with hardness

p
ŝ ⌧ Ecm. Right panel: number of expected events for selected SM

processes at a muon collider with variable Ecm and luminosity scaling as in eq. (1).

are copiously produced at a muon collider. The electric
charge mismatch with the neutral µ+µ� initial state is
compensated by the emission of soft and collinear W
bosons, which occurs with high probability because of
the large energy.

High energy scattering processes are as unique the-
oretically as they are experimentally [11, 24, 63]. They
give direct access to the interactions among SM par-
ticles with 10 TeV energy, which in turn provide indi-
rect sensitivity to new particles at the 100 TeV scale of
mass. In fact, the effects on high-energy cross sections
of new physics at energy ⇤ � Ecm generically scale
as (Ecm/⇤)2 relative to the SM. Percent-level measure-
ments thus give access to ⇤ ⇠ 100 TeV. This is an
unprecedented reach for new physics theories endowed
with a reasonable flavor structure. Notice in passing
that high-energy measurements are also useful to inves-
tigate flavor non-universal phenomena, as we will see in
Section 5.3.

This mechanism is not novel. Major progress in par-
ticle physics always came from raising the available col-
lision energy, producing either direct or indirect discov-
eries. Among the most relevant discoveries that did not
proceed through the resonant production of new parti-
cles, there is the one of the inner structure of nucleons.
This discovery could be achieved [64] only when the
transferred energy in electron scattering could reach a
significant fraction of the proton compositeness scale
⇤qcd = 1/rp = 300 MeV. Proton-compositeness effects
became sizeable enough to be detected at that energy,
precisely because of the quadratic enhancement mech-
anism we described above.

Figure 7 illustrates the tremendous reach on new
physics of a 10 TeV MuC with 10 ab�1 integrated lu-
minosity. The left panel (green contour) is the sensitiv-
ity to a scenario that explains the microscopic origin

of the Higgs particle and of the scale of EW symme-
try breaking by the fact that the Higgs is a composite
particle. In the same scenario the top quark is likely to
be composite as well, which in turn explains its large
mass and suggest a “partial compositeness” origin of
the SM flavour structure. Top quark compositeness pro-
duces additional signatures that extend the muon col-
lider sensitivity up to the red contour. The sensitivity
is reported in the plane formed by the typical coupling
g⇤ and of the typical mass m⇤ of the composite sector
that delivers the Higgs. The scale m⇤ physically corre-
sponds to the inverse of the geometric size of the Higgs
particle. The coupling g⇤ is limited from around 1 to
4⇡, as in the figure. In the worst case scenario of inter-
mediate g⇤, a 10 TeV MuC can thus probe the Higgs
radius up to the inverse of 50 TeV, or discover that the
Higgs is as tiny as (35 TeV)�1. The sensitivity improves
in proportion to the centre of mass energy of the muon
collider.

The figure also reports, as blue dash-dotted lines de-
noted as “Others”, the envelop of the 95% CL sensitivity
projections of all the future collider projects that have
been considered for the 2020 update of the European
Strategy for Particle Physics, summarised in Ref. [25].
These lines include in particular the sensitivity of very
accurate measurements at the EW scale performed at
possible future e+e� Higgs, electroweak and Top facto-
ries. These measurements are not competitive because
new physics at ⇤ ⇠ 100 TeV produces unobservable
one part per million effects on 100 GeV energy pro-
cesses. High-energy measurements at a 100 TeV proton
collider are also included in the dash-dotted lines. They
are not competitive either, because the effective parton
luminosity at high energy is much lower than the one
of a 10 TeV MuC, as explained in Section 2.1. For ex-
ample the cross-section for the production of an e+e�
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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 `⌫
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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 `⌫
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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
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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)
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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
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HL-LHC HL-LHC HL-LHC
+10TeV +10TeV

+ ee

W 1.7 0.1 0.1
Z 1.5 0.4 0.1
g 2.3 0.7 0.6
� 1.9 0.8 0.8

Z� 10 7.2 7.1
c - 2.3 1.1
b 3.6 0.4 0.4
µ 4.6 3.4 3.2
⌧ 1.9 0.6 0.4


⇤
t

3.3 3.1 3.1
⇤

No input used for the MuC
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FCC-hh

Fig. 6 Left panel: 1� sensitivities (in %) from a 10-parameter fit in the -framework at a 10 TeV MuC with 10 ab�1, compared
with HL-LHC. The effect of measurements from a 250 GeV e

+
e
� Higgs factory is also reported. Right panel: sensitivity to

�� for different Ecm. The luminosity is as in eq. (1) for all energies, apart from Ecm=3 TeV, where doubled luminosity (of
2 ab�1) is assumed. More details in Section 5.1.

pair with more than 9 TeV invariant mass at the FCC-
hh is only 40 ab, while it is 900 ab at a 10 TeV muon
collider. Even with a somewhat higher integrated lumi-
nosity, the FCC-hh just does not have enough statistics
to compete with a 10 TeV MuC.

The right panel of Figure 7 considers a simpler new
physics scenario, where the only BSM state is a heavy
Z 0 spin-one particle. The “Others” line also includes
the sensitivity of the FCC-hh from direct Z 0 produc-
tion. The line exceeds the 10 TeV MuC sensitivity con-
tour (in green) only in a tiny region with MZ0 around
20 TeV and small Z 0 coupling. This result substantiates
our claim in Section 2.2 that a reach comparison based
on the 2 ! 1 single production of the new states is
simplistic. Single 2 ! 1 production couplings can pro-
duce indirect effect in 2 ! 2 scattering by the virtual
exchange of the new particle, and the muon collider is
extraordinarily sensitive to these effects. Which collider
wins is model-dependent. In the simple benchmark Z 0

scenario, and in the motivated framework of Higgs com-
positeness that future colliders are urged to explore, the
muon collider is just a superior device.

We have seen that high energy measurements at
a muon collider enable the indirect discovery of new
physics at a scale in the ballpark of 100 TeV. However
the muon collider also offers amazing opportunities for
direct discoveries at a mass of several TeV, and unique
opportunities to characterise the properties of the dis-
covered particles, as emphasised in Section 2.2. High en-
ergy measurements will enable us take one step further
in the discovery characterisation, by probing the inter-
actions of the new particles well above their mass. For
instance in the Composite Higgs scenario one could first

discover Top Partner particles of few TeV mass, and
next study their dynamics and their indirect effects on
SM processes. This might be sufficient to pin down the
detailed theoretical description of the newly discovered
sector, which would thus be both discovered and theo-
retically characterised at the same collider. Higgs cou-
pling determinations and other precise measurements
that exploit the enormous luminosity for vector boson
collisions, described in Section 2.3, will also play a ma-
jor role in this endeavour.

We can dream of such glorious outcome of the project,
where an entire new sector is discovered and charac-
terised in details at the same machine, only because
energy and precision are simultaneously available at a
muon collider.

2.5 Electroweak radiation

The novel experimental setup offered by lepton colli-
sions at 10 TeV energy or more outlines possibilities
for theoretical exploration that are at once novel and
speculative, yet robustly anchored to reality and to phe-
nomenological applications.

The muon collider will probe for the first time a
new regime of EW interactions, where the scale mw ⇠

100 GeV of EW symmetry breaking plays the role of
a small IR scale, relative to the much larger collision
energy. This large scale separation triggers a number of
novel phenomena that we collectively denote as “EW
radiation” effects. Since they are prominent at muon
collider energies, the comprehension of these phenom-
ena is of utmost importance not only for developing a
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The UK has significant leadership in this effort- for more detail see slides 
from Uta Klein at the ECFA-UK kick-off meeting.


