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Only one drawback: they are Expensive.

1) Complete and conclusive exploration of the Energy Frontier

2) Sharp answers to well-posed Beyond the SM questions
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Still, no doubt that next big project, to have a chance, must be ambitious 
enough to make great jump ahead in exploration of multiple directions


[even better if constructed with revolutionary technology]
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Many BSM opportunities
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Energy Frontier exploration.

Up to Collider reach
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Leptons are the ideal probes of short-distance physics:

All the energy is stored in the colliding partons

No energy “waste” due to parton distribution functions

High-energy physics probed with much smaller collider energy



Why Muons?

Estimate for EWK-only

charged particles 

5 10 15 20 25 30
20

50

100

200

500

sμ [TeV]

s p
[T
eV

]

pp  at which 

for pair prod. with 

s σpp = σμμ
M ∼ sμ

Estimate for EWK+QCD-

charged particles 

14

Leptons are the ideal probes of short-distance physics:

All the energy is stored in the colliding partons

No energy “waste” due to parton distribution functions

High-energy physics probed with much smaller collider energy

<latexit sha1_base64="7rUmEMmq13744h8fprw+eC7WG5s="></latexit>



Why Muons?

Estimate for EWK-only

charged particles 

5 10 15 20 25 30
20

50

100

200

500

sμ [TeV]

s p
[T
eV

]

pp  at which 

for pair prod. with 

s σpp = σμμ
M ∼ sμ

Estimate for EWK+QCD-

charged particles 

Reference Point:

14 TeV μ-collider ~ FCC@100 TeV

15

Leptons are the ideal probes of short-distance physics:

All the energy is stored in the colliding partons

No energy “waste” due to parton distribution functions

High-energy physics probed with much smaller collider energy

<latexit sha1_base64="7rUmEMmq13744h8fprw+eC7WG5s="></latexit>



Why Muons?

16

Leptons are the ideal probes of short-distance physics:
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No energy “waste” due to parton distribution functions

High-energy physics probed with much smaller collider energy

Electrons radiate too much 

[cannot accelerate them in rings above few 100 GeV]
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Muon colliders have a great potential for high-energy physics. They can offer collisions of point-like par-
ticles at very high energies, since muons can be accelerated in a ring without limitation from synchrotron
radiation. However, the need for high luminosity faces technical challenges which arise from the short
muon lifetime at rest and the difficulty of producing large numbers of muons in bunches with small
emittance. Addressing these challenges requires the development of innovative concepts and demanding
technologies.
The document summarizes the work done, the progress achieved and new recent ideas on muon colliders.
A set of further studies and actions is also identified to advance in the field. Finally, a set of recommen-
dations is listed in order to make the muon technology mature enough to be favourably considered as a
candidate for high-energy facilities in the future.

Contact: Nadia Pastrone, nadia.pastrone@cern.ch
Webpage: https://muoncollider.web.cern.ch
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Deliberation Document 
on the 2020 update of the European Strategy for Particle Physics 

The European Strategy Group 
(prepared by the Strategy Secretariat) 

 

The first European Strategy for Particle Physics (hereinafter referred to as “the Strategy”), consisting of 
seventeen Strategy statements, was adopted by the CERN Council at its special session in Lisbon in July 
2006. A first update of the Strategy was adopted by the CERN Council at its special session in Brussels in 
May 2013.  This second update of the Strategy was formulated by the European Strategy Group (ESG) 
during its six-day meeting in Bad Honnef in January 2020.  The ESG was assisted by the Physics Preparatory 
Group, which had provided scientific input based on the material presented at a four-day Open Symposium 
held in Granada in May 2019, and on documents submitted by the community worldwide. In addition, six 
working groups were set up within the ESG to address the following points, and their conclusions were 
discussed at the Bad Honnef meeting:  

Working Group 1:  Social and career aspects for the next generation; 
Working Group 2: Issues related to Global Projects hosted by CERN or funded through CERN outside 

Europe;  
Working Group 3:  Relations with other groups and organisations; 
Working Group 4:  Knowledge and Technology Transfer;     
Working Group 5:  Public engagement, Education and Communication;   
Working Group 6:  Sustainability and Environmental impact. 

This Deliberation Document provides background information underpinning the Strategy statements. 
Recommendations to the CERN Council made by the Working Groups for possible modifications to certain 
organisational matters are also given. The structure of the updated Strategy statements closely follows the 
structure of the 2006 Strategy and its 2013 update, consisting of a preamble concerning the scientific 
motivation, followed by 20 statements: 

1. two statements on  Major developments from the 2013 Strategy 
2. three statements on  General considerations for the 2020 update 
3. two statements on  High-priority future initiatives 
4. four statements on  Other essential scientific activities for particle physics 
5. two statements on  Synergies with neighbouring fields 
6. three statements on  Organisational issues 
7. four statements on  Environmental and societal impact 

Each Strategy statement gives a short description of the topic followed by the recommendation in italic text. 
Within the numbered sections there is no intention to prioritise between the lettered statements. In this 
Deliberation Document the Strategy statements are presented in blue indented text, and each statement is 
followed by some explanatory text. 
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of weak vector bosons and their decay products that can be used to make precision tests of electroweak 
physics and to investigate in depth the flavour puzzle. 

b)  Innovative accelerator technology underpins the physics reach of high-energy and high-intensity 
colliders. It is also a powerful driver for many accelerator-based fields of science and industry. The 
technologies under consideration include high-field magnets, high-temperature superconductors, 
plasma wakefield acceleration and other high-gradient accelerating structures, bright muon beams, 
energy recovery linacs. The European particle physics community must intensify accelerator R&D 
and sustain it with adequate resources. A roadmap should prioritise the technology, taking into 
account synergies with international partners and other communities such as photon and neutron 
sources, fusion energy and industry. Deliverables for this decade should be defined in a timely fashion 
and coordinated among CERN and national laboratories and institutes. 

Accelerator R&D is crucial to prepare the future collider programme, and should be ramped up. To this end, 
the European particle physics community should develop an accelerator R&D roadmap focused on the 
critical technologies needed for future colliders, maintaining a beneficial link with other communities such 
as photon or neutron sources and fusion energy. This roadmap should be established as soon as possible in 
close coordination between the National Laboratories and CERN. 

The accelerator community, led in Europe by CERN with partners in the United States and Japan, is investing 
efforts in the design of high-field magnets based on Nb3Sn superconductor. First successful tests of dipole 
magnets with an 11 T field have recently been reported, and a full-size quadrupole magnet using Nb3Sn 
technology has been constructed and successfully qualified in the United States. This is motivated by the 
needs of the HL-LHC upgrade programme. A focused, mission-style approach should be launched for R&D 
on high-field magnets (16 T and beyond); this is essential for a future hadron collider, to maximise the energy 
and to minimise the development time and cost. Development and industrialisation of such magnets based 
on Nb3Sn technology, together with the high-temperature superconductor (HTS) option to reach 20 T, are 
expected to take around 20 years and will require an intense global effort. CERN’s engagement in this 
process would have a catalysing effect on related work being performed in the National Laboratories and 
research institutions, and could lead to significant societal benefit. HTS technology has a wide variety of 
applications in medicine, science and power systems engineering as well as the high-field magnets, which 
are also used in fusion power plants. For example, HTS can be applied in the field of electric power systems 
in cables, motors, generators, and transformers where superconductors replace resistive conductors, plus 
superconducting magnetic energy storage (SMES) and fault-current limiters (FCL). 

In addition to the high field magnets the accelerator R&D roadmap could contain: 

● the R&D for an effective breakthrough in plasma acceleration schemes (with laser and/or driving beams), 
as a fundamental step toward future linear colliders, possibly through intermediate achievements: e.g. 
building plasma-based free-electron lasers (FEL). Developments for compact facilities with a wide 
variety of applications, in medicine, photonics, etc., compatible with university capacities and small and 
medium-sized laboratories are promising; 

● an international design study for a muon collider, as it represents a unique opportunity to achieve a multi-
TeV energy domain beyond the reach of e+e– colliders, and potentially within a more compact circular 
tunnel than for a hadron collider. The biggest challenge remains to produce an intense beam of cooled 
muons, but novel ideas are being explored; 17

Electrons radiate too much 

[cannot accelerate them in rings above few 100 GeV]
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muon lifetime at rest and the difficulty of producing large numbers of muons in bunches with small
emittance. Addressing these challenges requires the development of innovative concepts and demanding
technologies.
The document summarizes the work done, the progress achieved and new recent ideas on muon colliders.
A set of further studies and actions is also identified to advance in the field. Finally, a set of recommen-
dations is listed in order to make the muon technology mature enough to be favourably considered as a
candidate for high-energy facilities in the future.
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of weak vector bosons and their decay products that can be used to make precision tests of electroweak 
physics and to investigate in depth the flavour puzzle. 

b)  Innovative accelerator technology underpins the physics reach of high-energy and high-intensity 
colliders. It is also a powerful driver for many accelerator-based fields of science and industry. The 
technologies under consideration include high-field magnets, high-temperature superconductors, 
plasma wakefield acceleration and other high-gradient accelerating structures, bright muon beams, 
energy recovery linacs. The European particle physics community must intensify accelerator R&D 
and sustain it with adequate resources. A roadmap should prioritise the technology, taking into 
account synergies with international partners and other communities such as photon and neutron 
sources, fusion energy and industry. Deliverables for this decade should be defined in a timely fashion 
and coordinated among CERN and national laboratories and institutes. 

Accelerator R&D is crucial to prepare the future collider programme, and should be ramped up. To this end, 
the European particle physics community should develop an accelerator R&D roadmap focused on the 
critical technologies needed for future colliders, maintaining a beneficial link with other communities such 
as photon or neutron sources and fusion energy. This roadmap should be established as soon as possible in 
close coordination between the National Laboratories and CERN. 

The accelerator community, led in Europe by CERN with partners in the United States and Japan, is investing 
efforts in the design of high-field magnets based on Nb3Sn superconductor. First successful tests of dipole 
magnets with an 11 T field have recently been reported, and a full-size quadrupole magnet using Nb3Sn 
technology has been constructed and successfully qualified in the United States. This is motivated by the 
needs of the HL-LHC upgrade programme. A focused, mission-style approach should be launched for R&D 
on high-field magnets (16 T and beyond); this is essential for a future hadron collider, to maximise the energy 
and to minimise the development time and cost. Development and industrialisation of such magnets based 
on Nb3Sn technology, together with the high-temperature superconductor (HTS) option to reach 20 T, are 
expected to take around 20 years and will require an intense global effort. CERN’s engagement in this 
process would have a catalysing effect on related work being performed in the National Laboratories and 
research institutions, and could lead to significant societal benefit. HTS technology has a wide variety of 
applications in medicine, science and power systems engineering as well as the high-field magnets, which 
are also used in fusion power plants. For example, HTS can be applied in the field of electric power systems 
in cables, motors, generators, and transformers where superconductors replace resistive conductors, plus 
superconducting magnetic energy storage (SMES) and fault-current limiters (FCL). 

In addition to the high field magnets the accelerator R&D roadmap could contain: 

● the R&D for an effective breakthrough in plasma acceleration schemes (with laser and/or driving beams), 
as a fundamental step toward future linear colliders, possibly through intermediate achievements: e.g. 
building plasma-based free-electron lasers (FEL). Developments for compact facilities with a wide 
variety of applications, in medicine, photonics, etc., compatible with university capacities and small and 
medium-sized laboratories are promising; 

● an international design study for a muon collider, as it represents a unique opportunity to achieve a multi-
TeV energy domain beyond the reach of e+e– colliders, and potentially within a more compact circular 
tunnel than for a hadron collider. The biggest challenge remains to produce an intense beam of cooled 
muons, but novel ideas are being explored; 18
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Letter of Interest: Muon Collider Physics Potential
D. Buttazzo, R. Capedevilla, M. Chiesa, A. Costantini, D. Curtin, R. Franceschini,

T. Han, B. Heinemann, C. Helsens, Y. Kahn, G. Krnjaic, I. Low, Z. Liu,
F. Maltoni, B. Mele, F. Meloni, M. Moretti, G. Ortona, F. Piccinini, M. Pierini,
R. Rattazzi, M. Selvaggi, M. Vos, L.T. Wang, A. Wulzer, M. Zanetti, J. Zurita

On behalf of the forming muon collider international collaboration [1]

We describe the plan for muon collider physics studies in order to provide inputs to the Snowmass
process. The goal is a first assessment of the muon collider physics potential. The target
accelerator design center of mass energies are 3 and 10 TeV or more [2]. Our study will consider
energies ECM = 3, 10, 14, and the more speculative ECM = 30 TeV, with reference integrated
luminosities L = (ECM/10 TeV)2 ⇥ 10 ab�1 [3]. Variations around the reference values are
encouraged, aiming at an assessment of the required luminosity of the project based on physics
performances. Recently, the physics potentials of several future collider options have been studied
systematically [4], which provide reference points for comparison for our studies.

1 Physics study topics
Among the many possible directions, we plan to first focus on the following ones.

Reach of the direct search for heavy new physics particles. This will be a main strength
of the muon collider running at multi-TeV energies. Selected study topics include:
1) SUSY. The reaches for the stop, other sfermions, and EW-inos will be estimated, possibly
including R-parity-violating signatures. Scenarios with well separated to compressed particle
spectra will be considered, which will require significantly different strategies and challenge the
detector performances (see below). The lessons learned from SUSY benchmarks will be also
useful for the study of other new physics scenarios.
2) Minimal WIMP dark matter scenarios. Many of the simplest WIMP dark matter scenarios
put its mass in the multi-TeV range, within the reach of a high energy muon collider. They often
feature a highly compressed spectrum. Direct reach can be based on stub-tracks, as well as more
inclusive search channels, such as the mono-X. Indirect searches can also be sensitive [5]. Possible
benchmarks include the Minimal DM [6] in which the dark matter resides in an electroweak
multiplet, as well as the Coannihilation [7] and well-tempered [8] scenarios. See also [9, 10]
3) Heavy particle production in Vector Boson Fusion (VBF), including �� initial state. VBF
is instrumental at a high energy muon collider. Its potential in the singlet searches has been
demonstrated [11,12]. An assessment of the VBF opportunities for direct new physics searches, by
extending and refining Ref. [13], will be performed. This might impact the studies in “1” and ”2”.
High energy measurements. Cross-sections at the highest available energies offer tremendous
indirect sensitivity to very heavy new physics. This will be substantiated by the following study.
4) Effective Field Theory (EFT) sensitivity of high energy di-boson/di-fermion production cross-
section, with interpretation in Composite Higgs (and Top) and simple Z 0 models. The interplay
with direct searches will also be explored. Low-energy (e.g., Higgs couplings) and intermediate-
energy (e.g., VBF double-Higgs at TeV energies [14]) probes will be also exploited.
The precision measurement of the Higgs couplings. The muon collider with the baseline
energies and luminosities will produce a large number of Higgs bosons, from 105 at 3 TeV to more
than 107 at 10 TeV and above. We will study how to fully take advantage of this opportunity.The
main targets of the study are:
5) Projections of the precision of single Higgs coupling measurements, with EFT interpretation
for a comparison of the sensitivity with other probes such as those at point “4”. Unlike the
other proposed (e+e�) Higgs factories running at lower energies, the main Higgs production
mode would be vector boson fusion instead of higgsstrahlung. The implications of this difference
will be carefully investigated. The possible complementarity with low-energy Higgs factories,
probably constructed before the muon collider, will be investigated.

1
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Leptons are the ideal probes of short-distance physics:

All the energy is stored in the colliding partons

No energy “waste” due to parton distribution functions

High-energy physics probed with much smaller collider energy

Electrons radiate too much 

[cannot accelerate them in rings above few 100 GeV]

https://indico.cern.ch/event/944012/contributions/3989516/attachments/2091456/3518021/Physics_SnowMass_LoI.pdf
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Direct search of 
heavy particles

Answering questions like:

“Postponed“ Naturalness?


Extended Higgs Sector?

WIMP Dark Matter?


… ..

Muon Collider Physics Potential Pillars

High rate 
indirect probes 

Answering questions like:

Higgs potential shape?

BSM Higgs couplings?


What about the Top?

… ..

High energy 
probes 

Answering questions like:

 A Composite Higgs?


A new gauge force?

EW matter in loops?


… ..

1) Complete and conclusive exploration of the Energy Frontier

2) Sharp answers to well-posed Beyond the SM questions

Generic Exploration

Strategies

Specific BSM

Questions
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EW pair-produced particles up to kinematical threshold

Striking for 10+TeV

Figure 1: Number of EW pair-production events, computed with MadGraph [12], using the E↵ective
Photon Approximation for the calculation of the neutral VBF production cross-section. Namely, neutral
VBF is evaluated as the sum of the 4 subprocess initiated by l+l�, l+�, �l�, and ��, with a

p
�Q2 >

30 GeV cut on the virtual photons and the correspondingQmax = 30 GeV cuto↵ in the photon distribution
function. The photon distribution function is the one for muons. The neutral VBF cross-section would
thus be larger than what shown in the figure at the e+e� VHEL because of the smaller electron mass.

models [9]. We see that the statistics is su�cient to discover all particles up around the collider
mass-threshold Ecm/2, provided they decay to energetic and easily detectable SM particles. By
comparing with the reach projections of other future collider projects (see [10]), this simple
plot is su�cient to qualify as striking the direct discovery potential of the VHEL, especially
for Ecm � 14 TeV. On the other hand, detailed detector-level studies including BIB mitigation
strategies are compulsory to assess the observability of BSM particles decaying to soft objects
(because of, e.g., a compressed spectrum), or displaying disappearing tracks signatures like the

Higgsino/Wino (eh/fW ) Minimal Dark Matter candidates. The possibility of observing these
candidates indirectly through their radiative e↵ects, bypassing all this kind of complications,
has been studied in Ref. [11]. The reach of mono-photon searches has been also studied [7].

The VHEL potential for indirect new physics discoveries is equally or perhaps even more
striking that the direct one, but it is slightly less trivial to assess and to illustrate. The present
paper aims at outlining the elements for this assessment, based on selected sensitivity estimates.

The indirect physics potential emerges from the combination of two items. The first one is
that indirect e↵ects of heavy new physics e↵ects are generically more pronounced on processes
that take place at higher energy, i.e. closer to the new physics scale. In the E↵ective Field
Theory (EFT) description this is merely the observation that the corrections from operators of
dimension larger than 4 can grow polynomially with the energy. The luminosity benchmark in
eq. (1) generically allows for measurements of 2 ! 2 short-distance electroweak scattering pro-
cesses with percent or few-percent (i.e., moderate) precision. Still, a dimension-6 EFT operator
displaying quadratic energy growth, inducing relative corrections to the SM of order E2

cm/⇤
2,

could be probed at the VHEL with Ecm � 10 TeV for an e↵ective interaction scale ⇤ in the
ballpark of 100 TeV. On a process occurring at the EW scale, of 100 GeV, ⇤ ⇠ 100 TeV would
instead contribute as an unobservable O(10�6) relative correction. The power of precision probes
based on high-energy cross-section measurements has been outlined extensively in the context
of CLIC studies [13]. They make, for instance, the highest energy stage of CLIC comparable
or superior to the other future colliders project on physics targets such as Higgs and Top com-
positeness [10]. By rescaling the highest CLIC available energy, of 3 TeV, to the lowest VHEL
energy of 10 TeV, we immediately conclude that the VHEL performances are expected to be
vastly superior to those of any other project currently under discussion.

3
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8.3. SUPERSYMMETRY 121

ity is achieved for m(c̃0
1 ) ⇡ 0 (i.e. Dm(t̃, c̃0

1 ) � mt), while the reach in mt̃ degrades for larger
c̃0

1 masses. For this reason, high-energy lepton colliders, e.g. CLIC3000, might become com-
petitive with HL-LHC in these topologies, as their stop mass reach is close to

p
s/2 even for

low Dm(t̃, c̃0
1 ). Lower centre-of-mass energy lepton facilities do not have sufficient kinematic

reach. The exclusion limits are summarised in Fig. 8.8; the discovery potential in all channels
is about 5% lower. If the t̃�c̃0

1 mass splitting is such that final states include very off-shell W
and b-jets, t̃ masses up to about 1 TeV can be excluded at the HL-LHC [443]. A two-fold and
five-fold increase in reach is expected for the HE-LHC [443] and FCC-hh [139] respectively,
with potential of improvements, especially in very compressed scenarios, via optimisation of
monojet searches [455].
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(**) extrapolated from FCC-hh prospects
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Fig. 8.8: Top squark exclusion reach of different hadron and lepton colliders. All references
are reported in the text. Results for CLIC have been communicated privately by the authors.
Results for LE-FCC are extrapolated from HL- and HE-LHC studies.

Future collider searches of gluinos and stops will be powerful probes on the role of natu-
ralness in the Higgs sector, as shown in Table 8.1. For a SUSY-breaking mediation mechanism
near the unification scale, gluino searches at FCC-hh will probe naturalness at the level of 10�5

and, even in the case of low-scale mediation, naturalness can be tested at the level of 10�3 from
the leading stop contribution. Independently of any naturalness consideration, the measured
value of the Higgs mass can be used as an indicator of the scale of SUSY particle masses.
Indeed, in the minimal SUSY model, the prediction of the Higgs mass agrees with the experi-
mental value only for stops in the multi-TeV range or larger. The most relevant range of stop

CH Top Partners

MUC10 MUC14

“Postponed Naturalness” Probes

Note that scale here is logarithmic, but tuning is quadratic!
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Dominant Higgs and top production at CLIC

• Vector-boson fusion (VBF) 
benefits from high √s 

• Unprecedented precision on 
Higgs couplings to SM 
particles and the trilinear 
Higgs coupling (double Higgs 
production) 

• On-shell W+W−tt production

Higgs overview: Eur. Phys. J. C (2017) 
Top overview: JHEP 11 (2019) 003

• Associated production 
extraction of top Yukawa 
coupling with a precision of 
~2.7% (ttH)
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Fig. 3: Feynman diagrams of the highest cross section Higgs
production processes at CLIC; Higgsstrahlung (top left),
WW-fusion (top right) and ZZ-fusion (bottom).
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Fig. 4: Feynman diagrams of the leading-order processes
at CLIC involving the top Yukawa coupling gHtt (top left),
the Higgs boson trilinear self-coupling l (top right) and the
quartic coupling gHHWW (bottom).

alone), because the cross section rises relatively slowly with1 p
s.2

The polar angle distributions for single Higgs production for3

the CLIC centre-of-mass energies are shown in Figure 5.4

Most Higgs bosons produced at
p

s = 350GeV can be re-5

constructed in the central parts of the detectors while good6

capabilities of the detectors in the forward regions are cru-7

cial at
p

s = 1.4TeV and 3TeV.8

A SM Higgs boson with mass of mH = 126GeV has a wide9

range of decay modes, as listed in Table 2, providing the10

possibility to test the SM predictions for the couplings of11

p
s = 350 GeV 1.4 TeV 3 TeV

Lint 500 fb�1 1.5 ab�1 2 ab�1

s(e+e� ! ZH) 133 fb 8 fb 2 fb
s(e+e� ! Hne ne ) 34 fb 276 fb 477 fb
s(e+e� ! He+e�) 7 fb 28 fb 48 fb
# ZH events 68,000 20,000 11,000
# Hne ne events 17,000 370,000 830,000
# He+e� events 3,700 37,000 84,000

Table 1: The leading-order Higgs unpolarised cross sections
for the Higgsstrahlung, WW-fusion, and ZZ-fusion pro-
cesses for mH = 126GeV at the three centre-of-mass ener-
gies discussed in this document. The quoted cross sections
include the effects of ISR but do not include the effects
of beamstrahlung. Also listed are the numbers of expected
events including the effects of the CLIC beamstrahlung
spectrum and ISR. The cross sections and expected numbers
do not account for the possible enhancements from polarised
beams.
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the Higgs to both gauge bosons and to fermions[16]. All the12

modes listed in Table 2 are accessible at CLIC.13

3.1 Motivation for
p

s = 350 GeV CLIC Operation14

The choice of the CLIC energy stages is motivated by the15

desire to pursue a programme of precision Higgs physics16

and to operate the machine above 1TeV at the earliest pos-17

sible time; no CLIC operation is foreseen below the top-18
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Figure 7. Sensitivies of very high energy hadron and muon colliders at 95% C.L. in the plane (m�, sin
2 �).

The red lines show the reach in � ! ZZ of HE-LHC at
p
s = 27 TeV (dashed) and FCC-hh at

p
s = 100 TeV

(dotted), both with 3 ab�1. The solid lines show the reach in � ! hh(4b) of a muon collider at
p
s = 6 TeV

with 6 ab�1 (green), and at
p
s = 14 TeV with 14 ab�1 (blue). We have fixed BR�!hh = BR�!ZZ = 25%. The

grey dashed lines show two possible scalings for s� , as described in Section 2.1 (g⇤ = 1 in both cases).

production cross-section of a generic resonance decaying to hh, at lepton machines from 1.5 TeV to
14 TeV of center-of-mass energy. Since these searches are essentially background-free for large masses,
they are dominated by statistical errors. We discuss the impact of systematic errors in more detail in
Appendix B, also in relation with possible target luminosities for muon colliders.

Here, we show in Figure 7 the 95% C.L. sensitivities in the plane (m�, sin
2 �) at

p
s = 6 TeV

and 14 TeV, for total integrated luminosities of 6 ab�1 and 14 ab�1, respectively. We also compare
the reach of muon colliders to the one of high-energy hadron collider proposals such as HE-LHC and
FCC-hh. The take-home message of this comparison is that HELCs in the very high energy regime
could become very powerful discovery machines, even stronger than future hadronic colliders, at least
for New Physics mostly coupled to the Higgs sector.

4 Single Production & Beyond the Standard Model Scenarios

In this section we discuss the implication of the CLIC reach on singlet resonances in well motivated
Beyond the Standard Model (BSM) scenarios.

4.1 NMSSM

In the NMSSM, the particle content of the MSSM is extended with a singlet of the SM gauge group S,
so that the superpotential reads W = WMSSM + �SHuHd + f(S), with f a polynomial up to degree 3.
The SM-like Higgs boson mass receives an extra tree-level contribution, which lifts its upper limit to

m2
h
< m2

Z cos2 2� + �2 v2 sin2 2�/2 +�2
hh

, (22)

15

See also [Ruhdorfer, Salvioni, Weiler, 2019]

[Costantini, De Lillo, Maltoni et. al., 2020]  

["The muon's smashers guide", 2021]  

probed by per mille

Higgs couplings

Scalar Singlet Simplified Model

[Buttazzo, Redigolo, Sala, Tesi, 2018]

https://arxiv.org/pdf/1910.04170.pdf
https://arxiv.org/pdf/2005.10289.pdf
https://arxiv.org/pdf/2103.14043.pdf
https://arxiv.org/pdf/1807.04743.pdf
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Figure 16: Summary of the sensitivity to pure wino models at future experimental facili-
ties. The results for other facilities are taken from Refs. [17, 60].
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facilities. The results for other facilities are taken from Refs. [17, 60].
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Thermal Higgsino/Wino WIMP Dark Matter

[Han, Liu, Wang and Wang, 2020], [Di Luzio, Gröber, Panico, 2018]


By Disappearing Tracks:  [Capdevilla, Meloni, Simoniello, Zurita, 2021]

https://inspirehep.net/literature/1818666
https://inspirehep.net/literature/1700392
https://arxiv.org/abs/2102.11292


Large single-Higgs VBF rate

Precision on Higgs couplings driven by systematics. Could be 1‰ 

[Han, Liu, Low and Wang, 2020], ["The muon's smashers guide", 2021]

Rare/Exotic Higgs decay opportunities ?

High rate indirect probes
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Dominant Higgs and top production at CLIC

• Vector-boson fusion (VBF) 
benefits from high √s 

• Unprecedented precision on 
Higgs couplings to SM 
particles and the trilinear 
Higgs coupling (double Higgs 
production) 

• On-shell W+W−tt production

Higgs overview: Eur. Phys. J. C (2017) 
Top overview: JHEP 11 (2019) 003

• Associated production 
extraction of top Yukawa 
coupling with a precision of 
~2.7% (ttH)
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Fig. 3: Feynman diagrams of the highest cross section Higgs
production processes at CLIC; Higgsstrahlung (top left),
WW-fusion (top right) and ZZ-fusion (bottom).
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Fig. 4: Feynman diagrams of the leading-order processes
at CLIC involving the top Yukawa coupling gHtt (top left),
the Higgs boson trilinear self-coupling l (top right) and the
quartic coupling gHHWW (bottom).

alone), because the cross section rises relatively slowly with1 p
s.2

The polar angle distributions for single Higgs production for3

the CLIC centre-of-mass energies are shown in Figure 5.4

Most Higgs bosons produced at
p

s = 350GeV can be re-5

constructed in the central parts of the detectors while good6

capabilities of the detectors in the forward regions are cru-7

cial at
p

s = 1.4TeV and 3TeV.8

A SM Higgs boson with mass of mH = 126GeV has a wide9

range of decay modes, as listed in Table 2, providing the10

possibility to test the SM predictions for the couplings of11

p
s = 350 GeV 1.4 TeV 3 TeV

Lint 500 fb�1 1.5 ab�1 2 ab�1

s(e+e� ! ZH) 133 fb 8 fb 2 fb
s(e+e� ! Hne ne ) 34 fb 276 fb 477 fb
s(e+e� ! He+e�) 7 fb 28 fb 48 fb
# ZH events 68,000 20,000 11,000
# Hne ne events 17,000 370,000 830,000
# He+e� events 3,700 37,000 84,000

Table 1: The leading-order Higgs unpolarised cross sections
for the Higgsstrahlung, WW-fusion, and ZZ-fusion pro-
cesses for mH = 126GeV at the three centre-of-mass ener-
gies discussed in this document. The quoted cross sections
include the effects of ISR but do not include the effects
of beamstrahlung. Also listed are the numbers of expected
events including the effects of the CLIC beamstrahlung
spectrum and ISR. The cross sections and expected numbers
do not account for the possible enhancements from polarised
beams.
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the Higgs to both gauge bosons and to fermions[16]. All the12

modes listed in Table 2 are accessible at CLIC.13

3.1 Motivation for
p

s = 350 GeV CLIC Operation14

The choice of the CLIC energy stages is motivated by the15

desire to pursue a programme of precision Higgs physics16

and to operate the machine above 1TeV at the earliest pos-17

sible time; no CLIC operation is foreseen below the top-18
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Fit Result [%]

10TeV Muon Collider with HL-LHC with HL-LHC + 250GeV e+e�

W 0.06 0.06 0.06

Z 0.23 0.22 0.10

g 0.15 0.15 0.15

� 0.64 0.57 0.57

Z� 1.0 1.0 0.97

c 0.89 0.89 0.79

t 6.0 2.8 2.8

b 0.16 0.16 0.15

µ 2.0 1.8 1.8

⌧ 0.31 0.30 0.27

Table 3: Results of a 10-parameter fit to the Higgs couplings in the -framework, based
on the attainable precision in each on-shell Higgs production and decay channel listed in
Table 2. Additionally, we include the e↵ects of adding data sets projected from the HL-LHC
and a 250 GeV e+e� Higgs factory. One should keep in mind that a muon collider will also
strongly constrain Higgs properties via o↵-shell measurements, which are not included here.

high energy muon collider is an impressive Higgs factory as well as a discovery machine, and

there are numerous interesting avenues for future work related to the Higgs.

4.1.2 Flavor and exotic couplings

Flavor physics in the SM only arises through the Higgs couplings, which determine both

the mass pattern of the di↵erent generations and the mixings that allow for flavor changing

processes. Taking as motivation that flavor is one of the strangest aspects of the SM, there

has been a rich history of testing the flavor structure of the SM indirectly using measurements

from intensity frontier experiments. This program has resulted in stringent bounds on flavor

changing processes, probing new physics scales that are naively well out of the direct reach

of any future energy frontier experiment. Nevertheless, not all of the SM Yukawas have been

measured yet, and large deviations in flavor diagonal Higgs couplings due to BSM physics are

possible [80,81] as well as smaller flavor-changing BSM Higgs couplings [82], depending on the

particular flavors involved. Measuring the SM Yukawas may require more than an O(10)TeV

muon collider. Any channel with a branching fraction similar to Br(h ! µ+µ�) ⇠ O(10�4)

will result in an absolute yield of 103 decays before backgrounds, acceptances, and e�ciencies

are accounted for. Nevertheless, if detectors are optimized, there is still the possibility to go
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Large double-Higgs VBF rate 
[Buttazzo, Franceschini and AW,]; also 2008.12204; 2005.10289;]


Higgs 3-linear:  δκλ =1σ ( 5%, 3.5%,1.6%) for E = ( 10, 14, 30) TeV  
[FCC reach is from 3.5 to 8.1%, depending on detector assumptions]


Composite Higgs ξ:   ξ =1σ ( 2.5‰, 1.2‰, 0.3‰) for E = ( 10, 14, 30) TeV  
[FCC-all reach is 1.8‰]

4

Fig. 2 Main Feynman diagrams contributing to double Higgs boson production via W-boson fusion. Diagram a) contains the
trilinear Higgs self-coupling, b) grows with the quartic coupling gHHWW , while c) and d) are sensitive to the Higgs coupling
to W bosons.

ments including two-fermion production [21]. There-
fore, a scheme of collecting 80% (20%) of the data with
�80% (+80%) electron beam polarisation is envisaged,
which is denoted by “4:1 polarisation scheme” in the
following. A polarisation scaling factor fp is defined as
the ratio of the total number of events for the assumed
polarisation running scheme with respect to the total
number of events without beam polarisation for the
same total luminosity. We apply these scaling factors
to obtain the total number of signal and background
events for the entire energy stage. The treatment of the
polarisation is detailed in Sec. 5.1. A proper optimisa-
tion of the selection criteria taking into account the po-
larisation dependent kinematics would result in a bet-
ter signal selection and hence a higher significance. The
chosen approach is conservative compared to a proper
combination of data sets.

3 Simulation and reconstruction for signal and
background samples

3.1 Definition of signal and background processes and
Monte Carlo generation

The process e+e� ! HHnn with a total cross section of
0.59 fb (0.149 fb) at

p
s =3TeV (1.4TeV) in the decay

channels bbbb and bbWW⇤ defines the signal. This
includes a contribution from Z(! nn)HH which cannot
be distinguished from WBF experimentally. It amounts
to a fraction of 1.76% of the total e+e� ! HHnn
cross section for the unpolarised case at 3TeV. In the
baseline polarisation scheme at 1.4 TeV, this contri-
bution is larger: 13.5% for unpolarised beams, 9.3%
and 39% for negatively and positively polarised elec-
tron beams, respectively. However, these ratios are still
small compared to the statistical uncertainty of the
measurement, keeping in mind that the case of posi-
tively polarised beams, which has the largest contri-
bution of Z(! nn)HH to the HHnn final state, only
contributes 20% of the luminosity collected at 1.4TeV.
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No such ambiguity exists in the ZHH production process.

The background consists of processes with multiple in-
termediate electroweak gauge bosons resulting in mul-
tiple jets, single Higgs boson production in association
with electroweak gauge bosons decaying to hadrons, as
well as di-Higgs production with decays to other fi-
nal states. In order to avoid overlap, Higgs boson pair
production is removed from the inclusive multi-quark
background samples. Specifically, the background pro-
cesses which turned out to be non-negligible after the
selection are e+e� ! qqqq (only relevant at 3 TeV),
e+e� ! qqqqnn, e+e� ! qqqqln, e+e� ! qqHnn,
e±g ! nqqqq, and e±g ! qqHn where q refers to u,
d, s, c, and b quarks, l = e±, µ±, t±, and n = ne , nµ , nt ,
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ments including two-fermion production [21]. There-
fore, a scheme of collecting 80% (20%) of the data with
�80% (+80%) electron beam polarisation is envisaged,
which is denoted by “4:1 polarisation scheme” in the
following. A polarisation scaling factor fp is defined as
the ratio of the total number of events for the assumed
polarisation running scheme with respect to the total
number of events without beam polarisation for the
same total luminosity. We apply these scaling factors
to obtain the total number of signal and background
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larisation dependent kinematics would result in a bet-
ter signal selection and hence a higher significance. The
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combination of data sets.
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to a fraction of 1.76% of the total e+e� ! HHnn
cross section for the unpolarised case at 3TeV. In the
baseline polarisation scheme at 1.4 TeV, this contri-
bution is larger: 13.5% for unpolarised beams, 9.3%
and 39% for negatively and positively polarised elec-
tron beams, respectively. However, these ratios are still
small compared to the statistical uncertainty of the
measurement, keeping in mind that the case of posi-
tively polarised beams, which has the largest contri-
bution of Z(! nn)HH to the HHnn final state, only
contributes 20% of the luminosity collected at 1.4TeV.
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The background consists of processes with multiple in-
termediate electroweak gauge bosons resulting in mul-
tiple jets, single Higgs boson production in association
with electroweak gauge bosons decaying to hadrons, as
well as di-Higgs production with decays to other fi-
nal states. In order to avoid overlap, Higgs boson pair
production is removed from the inclusive multi-quark
background samples. Specifically, the background pro-
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Large double-Higgs VBF rate 
[Buttazzo, Franceschini and AW, 2020], also 2008.12204, 2005.10289;]


Higgs 3-linear:  δκλ =1σ ( 5%, 3.5%,1.6%) for E = ( 10, 14, 30) TeV  
[FCC reach is from 3.5 to 8.1%, depending on detector assumptions]


Composite Higgs ξ:   ξ =1σ ( 2.5‰, 1.2‰, 0.3‰) for E = ( 10, 14, 30) TeV  
[FCC-all reach is 1.8‰]
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Large double-Higgs VBF rate 
[Buttazzo, Franceschini and AW, 2020], also 2008.12204, 2005.10289;]


Higgs 3-linear:  δκλ =1σ ( 5%, 3.5%,1.6%) for E = ( 10, 14, 30) TeV  
[FCC reach is from 3.5 to 8.1%, depending on detector assumptions]


Composite Higgs ξ:   ξ =1σ ( 2.5‰, 1.2‰, 0.3‰) for E = ( 10, 14, 30) TeV  
[FCC-all reach, from Higgs couplings, is 1.8‰]

From no-so-accurate measurements of 
high mass Higgs pair

Trick is that ξ is a d=6 operators, OH, and 
its effect grows with WW>HH  energy
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Figure 7: Left: 95% C.L. reach on ⇠ ⌘ CHv2 (blue contours), and isolines of S/B (black contours)
as a function of collider luminosity and energy. The baseline luminosity in eq. (1) is highlighted
as a white line. Right: Combined constraints at 68% C.L. in the (CH , C6) plane from double
Higgs production, for Ecm = 3 (gray), 6 (green), 10 (blue) and 14 (orange), and 30 TeV (red).

a function of Mhh and pT,h, and we perform a di↵erential analysis dividing the phase space in 9
bins – three bins in each variable – chosen in order to maximize the sensitivity to the new physics
coe�cients. Furthermore, we require the Higgs bosons to be in the central region with rapidity
⌘h < 2 (i.e., around 15�). The cuts that define the bin of highest invariant mass and pT are
reported in Table 8, together with the corresponding `+`� ! hh⌫⌫̄ cross-sections as functions of
CH and C6, for the di↵erent collider benchmarks. This bin is the one that dominates the single-
operator CH sensitivity for CH > 0. The other bins are important for the global sensitivity in
the (C6, CH) plane. Notice that the optimal cuts in (Mhh, pT,h) scale roughly linearly with the
collider energy, as one would näıvely expect in the very high energy regime where all the masses
can be neglected. Also note that the SM cross-section decreases with increasing Ecm since no
logarithmic enhancement is present in the high-mass region. We then compute the overall event
yield, including the hadronic dijet decay modes h ! bb̄, cc̄, gg, that add up to BRh!jj = 70%.
We do not include hadronic WW , ZZ and ⌧⌧ modes, but they could also be considered in order
to increase the number of events. The di-Higgs tagging e�ciency is taken to be ✏hh = 30%. The
resulting number of reconstructed SM events is reported in the fifth column of Table 8.

The single-operator sensitivity to CH (assuming CH > 0) is given in the last column of
Table 8, expressed in terms of the 95% C.L. bound on the parameter ⇠ ⌘ v2/f2

⌘ CHv2, which
is related to the sigma-model scale f in theories where the Higgs is a composite pseudo-Goldstone
boson [24]. The ⇠ parameter (i.e., CH) also controls single-Higgs coupling modifications � =
�⇠/2 (see eq. (18)), that can be probed at the permille level at future Higgs factories such as
CLIC, FCCee and ILC [25]. A similar sensitivity to ⇠ can be achieved already at the 10 TeV
VHEL by “directly” measuring the e↵ect of OH in double Higgs production. The 14 and
30 VHEL sensitivity on ⇠ exceeds the one of Higgs factories. For instance a the 30 VHEL
sensitivity corresponds to Higgs coupling modification of �VHEL30

2�
' 2⇥10�4, which would

require exquisite experimental and theoretical precision to be detected. The “direct” VHEL
sensitivity is instead obtained from measurements with O(10%) precision in the di-Higgs high
mass tail, thanks to the enhancement of the new physics e↵ect. The left panel of Figure 7
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to W bosons.

ments including two-fermion production [21]. There-
fore, a scheme of collecting 80% (20%) of the data with
�80% (+80%) electron beam polarisation is envisaged,
which is denoted by “4:1 polarisation scheme” in the
following. A polarisation scaling factor fp is defined as
the ratio of the total number of events for the assumed
polarisation running scheme with respect to the total
number of events without beam polarisation for the
same total luminosity. We apply these scaling factors
to obtain the total number of signal and background
events for the entire energy stage. The treatment of the
polarisation is detailed in Sec. 5.1. A proper optimisa-
tion of the selection criteria taking into account the po-
larisation dependent kinematics would result in a bet-
ter signal selection and hence a higher significance. The
chosen approach is conservative compared to a proper
combination of data sets.

3 Simulation and reconstruction for signal and
background samples

3.1 Definition of signal and background processes and
Monte Carlo generation

The process e+e� ! HHnn with a total cross section of
0.59 fb (0.149 fb) at

p
s =3TeV (1.4TeV) in the decay

channels bbbb and bbWW⇤ defines the signal. This
includes a contribution from Z(! nn)HH which cannot
be distinguished from WBF experimentally. It amounts
to a fraction of 1.76% of the total e+e� ! HHnn
cross section for the unpolarised case at 3TeV. In the
baseline polarisation scheme at 1.4 TeV, this contri-
bution is larger: 13.5% for unpolarised beams, 9.3%
and 39% for negatively and positively polarised elec-
tron beams, respectively. However, these ratios are still
small compared to the statistical uncertainty of the
measurement, keeping in mind that the case of posi-
tively polarised beams, which has the largest contri-
bution of Z(! nn)HH to the HHnn final state, only
contributes 20% of the luminosity collected at 1.4TeV.
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Today: 
10-3

(a) Inclusive Zh (red) and fiducial WW
(blue) rates for unpolarized beams;

(b) Polarized inclusive Zh (L: red, R: or-

ange) and fiducial WW (L: blue, R: purple);

(c) Same as panel (a), but with di↵erential

WW rate (blue) for unpolarized beams.

(d) Same as panel (a), combined with fidu-

cial WWh (green) for unpolarized beams;

Figure 4: �2 profiles in the (CB, CW ) plane at a
p
s = 10 TeV muon collider. The four panels

combine di↵erent inclusive and di↵erential measurements with polarized and unpolarized beams.
Solid filled contours are for the combination of the �2 relevant for each panel. The iso-lines are
for ��2 values equivalent to 67%, 95%, and 99% confidence level. For completeness of display,
we add the inset in the lower-left corner to show the same quantities on a bigger scale.

available statistics, for which a handful of events are found in each bin. Unbinned techniques
such as the Matrix Element method could be studied to assess the optimality.

The fully di↵erential cross-section of the process could be obtained analytically by exploiting
the narrow-width approximation and the high-energy (Ecm � mW ) limit. While these are
excellent approximations, we instead employed exact tree-level predictions for the cross-section
in the bins as a function of CW and CB. They have been obtained using MadGraph [15], with
the EFT operators in eq. (2) implemented via FeynRules [34].

The result is shown in panel (c) of Figure 4, for unpolarized beams. After combining with
the Zh cross-section measurement, the di↵erential analysis eliminates the second solution and
allows for a better simultaneous determination of CW and CB as reported in Table 4.

2.3 High-energy tri-bosons

We have seen above that a di↵erential analysis of the W+W� process can resolve the degeneracy
between CW and CB and improve their global determination. However, it is important to

15

Measuring ZH&WW @ E=Ecm
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Figure 3: Iso-contours of the 1� sensitivity to CW , in terms of the bS parameter in eq. (4), in
the luminosity-energy plane. The FCC reach is also indicated, as well as the iso-contours of the
relative statistical uncertainty of the cross-section measurement.

Ecm. In this situation, the prediction should be performed in the underlying BSM model and not
in the EFT, duly taking into account the detailed short-distance dynamics of the BSM particles
and including potentially prominent e↵ects associated with the direct production of the new
particles. In theories unlike Composite Higgs, where CW is potentially enhanced by a strong
coupling relative to 1/m⇤, the EFT analysis would instead be justified even at low luminosity,
provided of course the quadratic term is duly included in the cross-section prediction.

It is worth stressing again that the VHEL sensitivity to such high m⇤ scales emerges from the
measurement of the high-energy (Higgs-strahlung) Zh cross-section, not from the measurement
of the total Zh production cross-section. The latter is dominated by the VBF process V V ! hZ.
Considering Ecm = 30 TeV for definiteness, the cross-section of the latter process is

�(V V ! Zh)
Ecm=30TeV

= 5.8⇥ 106
⇥
1� (0.5TeV)2CW + (1.44TeV)4CW

2
⇤
⇥

1

90
ab , (7)

where the sensitivity to the OW operator does not come from the contact interactions in eq. (2),
but rather from the interactions between pairs of Higgs field currents that emerge from OW

using the equations of motion. The SM V V ! Zh is more than 3 orders of magnitude larger
than the one of the `+`� ! Zh, but its dependence on CW is much weaker. The linear CW term
is few times the EW scale (squared) in eq. (7) and of order E2

cm in eq. (5). Correspondingly, the
sensitivity to CW is of order (1/25TeV)2 even in the unrealistic assumption that the experimental
and theoretical uncertainties were so low that the statistical potential (corresponding to a relative
uncertainty of 4⇥10�4) of the measurement could be entirely exploited. This should be compared
with the (1/162TeV)2 reach of the Higgs-strahlung measurement at the 30 TeV VHEL. The
comparison is even less favorable for VBF at lower VHEL energies.

We discussed in the Introduction that this behavior was expected on general grounds. The
V V ! Zh takes place at EW-scale energies. On one hand, this is what makes its cross-section
large. On the other hand, it makes its dependence on new physics weak because it probes
interactions at the EW scale rather than at the VHEL energy Ecm. The VBF Higgs production
process is thus irrelevant as a probe of the CW (and CB) operator. It does not even constitute a
relevant background because it produces the Zh system with low invariant mass and is e�ciently
eliminated with a lower cut. Of course the conclusion only holds for the specific operators we
are considering (notice that we are setting CHW,B = 0). The V V ! Zh potential to probe other
EFT operators should be investigated.

9

“Equivalent” S-parameter.

MUC14
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

Unfortunately, no direct reach projection is currently available for the HE-LHC.
The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.

The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [450])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

8.3 Supersymmetry
Supersymmetry (SUSY) remains the only known dynamical solution to the Higgs naturalness
problem that can be extrapolated up to very high energies, in a consistent and calculable way.

“Standard” Future Colliders

others

[Buttazzo, Franceschini, AW, 2020]

lH = 1/m*
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

Unfortunately, no direct reach projection is currently available for the HE-LHC.
The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.

The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [450])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

8.3 Supersymmetry
Supersymmetry (SUSY) remains the only known dynamical solution to the Higgs naturalness
problem that can be extrapolated up to very high energies, in a consistent and calculable way.
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Figure 8: Left: 2� sensitivity of future collider projects to Higgs compositeness, from Ref. [13].
Right: the VHEL projections based on the sensitivity to CH in Table 8 and to CW (single
operator reach) from the “Combined” fit (which excludes polarized measurements) in Table 4.

real and virtual radiation of massive vector bosons accurately. EW PDFs will definitely play a
role in this context [35], however it should be taken into account that the soft-collinear region
that is most relevant for high-energy tri-boson production is not modeled by PDFs.

We are clearly very far from a complete assessment of the VHEL precision potential to probe
new physics. However some of our findings can already be used to quantify the VHEL reach on
Higgs compositeness, as in Figure 8. The left panel shows the 2� reach on Higgs compositeness
at several future collider projects, in the (m⇤, g⇤) plane [13]. The parameter m⇤ is the Higgs
compositeness scale, i.e. the inverse of the geometric size of the Higgs particle. The parameter g⇤
is the typical coupling strength of the composite sector the Higgs is part of. It ranges from above
the Weak coupling to the maximal coupling ⇠ 4⇡. The ⇠ parameter previously mentioned is
⇠ = g2⇤v

2/m2
⇤. The plot is obtained by comparing the future colliders sensitivity to several EFT

operators with the estimate of the size of these operators in terms of m⇤ and g⇤. For the OW

operator, the estimate reads CW ' 1/m⇤, while the OH operator scales like CH = ⇠/v2 = g2⇤/m
2
⇤.

The impact of other operators, as well as of direct searches at the FCChh for the resonances
of the new composite sector, are also reported. The right panel of Figure 8 shows the VHEL
potential, based on the sensitivity estimate reported in this paper. The envelop of the reach
of the other future colliders is displayed as a dashed line, while the one of the HL-LHC is in
dark grey. Already at 10 TeV, the VHEL can probe the scale of Higgs compositeness a factor
2 better than the other colliders at intermediate g⇤. The direct sensitivity to CH (i.e., ⇠) from
hh production at 10 TeV is somewhat inferior to the indirect one of Higgs factories such as
CLIC and FCCee. However this little gap could be bridged by accurate measurements of the
Higgs couplings as previously mentioned. At 14 and at 30 TeV, the VHEL potential on Higgs
compositeness exceeds the one of the other future collider projects even more significantly.

The VHEL can probe Higgs compositeness scales in the ballpark of many tens of TeV. This
might confirm the SM point-like nature of the Higgs way beyond current knowledge, or it might
reveal Higgs compositeness at scales that are way too high to be probed directly. The evidence for
Higgs compositeness in this case will be indirect, but still robust and easy to interpret. Indeed,
its manifestation in high-energy probes will be a sizable correction to the SM predictions, with
several peculiar features among which the quadratic energy growth that could also be tested with
a scan in energy. New physics characterization would be arguably easier for high-energy probes
than for regular precisions tests. Finally, if the Higgs compositeness scale is 10 TeV or less,
its direct signatures will be discovered at the VHEL and the precision probes described in this
paper will provide handles for the characterization of the newly discovered Composite Sector.

26

[Buttazzo, Franceschini, AW, 2020]
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Fig. 8.2: Exclusion reach of different colliders on the two-fermion/two-boson contact inter-
actions from the operator OW and OB. The blue bars give the reach on the effective scale
L/(g2

2
pcW ) and the orange bars on L/(g2

1
pcB), where cW,B are the Wilson coefficients of the

corresponding operators and the gauge couplings come from the use of the equations of motion.
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters.

Figure 8.3 displays the 95% CL exclusion reach on gZ0 and M, at various colliders. For
hadron machines, the reach of direct searches (round curves at small gZ0) is obtained from
recasting the results in Refs. [443, 444], overlaid with the indirect sensitivity (diagonal straight
lines at large gZ0) discussed previously. It is seen that the direct mass reach is inferior to the
indirect one for high gZ0 , in agreement with the generic expectation that strongly-coupled new
physics is better probed indirectly. Moreover, the indirect reach benefits greatly from higher
collider energies. These two observations explain both the competitiveness of lepton colliders
in indirect searches and the good indirect performances of the FCC-hh and HE-LHC colliders.
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Muon Collider “Standard” Future Colliders
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Generically, we can test EW interactions at > 100 TeV scale.
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Accurate measurements of 
great variety of observables.

Under precisely known 
experimental conditions.

Accurate predictions within the Standard 
Model of Particle Physics.


Directly based on microscopic physics 
laws, principles and techniques. 

+
Remember what we expect from colliders:

Is this potential real?
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Accurate measurements of 
great variety of observables.

Under precisely known 
experimental conditions.

Accurate predictions within the Standard 
Model of Particle Physics.


Directly based on microscopic physics 
laws, principles and techniques. 

+

Ilaria Vai – 7th October 2021 
3rd Muon Community Meeting

Beam-Induced-Background

3

C. Curatolo et al

1 MeV neutron equivalent and Total Ionizing 
Dose 

FLUKA @ 1.5 TeV

Beam Induced Background (BIB) is mainly due to the decay of muons→ huge background contribution in the inner detectors.
Background from decaying muons (BIB)

New Challenge for 
Detector@Analysis design

For info, you can browse 
the slides of the last Muon 
Community Meeting

Is this potential real?

Remember what we expect from colliders:

https://indico.cern.ch/event/1062146/timetable/#20211007.detailed
https://indico.cern.ch/event/1062146/timetable/#20211007.detailed


Is this potential real?

39

Accurate measurements of 
great variety of observables.

Under precisely known 
experimental conditions.

Accurate predictions within the Standard 
Model of Particle Physics.


Directly based on microscopic physics 
laws, principles and techniques. 

+
Remember what we expect from colliders:

NOT an easy extension of QED/QCD radiation treatment

Because of the peculiarities of broken gauge theories

Because of the accuracy we need

Because from radiation structure we can learn about New Physics! 

 [Chen, Glioti, Ricci, Rattazzi, AW, to appear]    

EW Infrared logarithms are order one at MUC energies

Accurate resummation is needed. 

 [Manohar and Waalewijn, 2018, …]                                    s

As well as accurate EW showering. 

 [Chen, Han, Tweedie, 2016; Han, Ma and Xie, 2021, …]    s

https://arxiv.org/abs/1611.00788
https://arxiv.org/abs/1611.00788
https://arxiv.org/pdf/2007.14300.pdf
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Accurate measurements of 
great variety of observables.

Under precisely known 
experimental conditions.

Accurate predictions within the Standard 
Model of Particle Physics.


Directly based on microscopic physics 
laws, principles and techniques. 

+
Remember what we must expect from colliders:

NOT an easy extension of QED/QCD radiation

Because of the peculiarities of broken gauge theories

Because of the accuracy we need

Because from radiation structure we can learn about New Physics! 

 [Chen, Glioti, Ricci, Rattazzi, AW, to appear]    

EW Infrared Logarithms are order one at MUC Energies

Accurate resummation is needed. 

 [Manohar and Waalewijn, 2018, …]                                    s

As well as accurate EW showering. 

 [Chen, Han, Tweedie, 2016; Han, Ma and Xie, 2021, …]    s

We can, e.g., access charged current int. from W in.state radiation.

Exclusive/semi-inclusive complementarity in EFT interactions sensitivity.

https://arxiv.org/abs/1611.00788
https://arxiv.org/abs/1611.00788
https://arxiv.org/pdf/2007.14300.pdf


Is the collider feasible?
  

41

Timeline%Discussions%

D.%Schulte% Muon%Collider,%EPSTHEP,%July%2021% 13%
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!!!!!!!!!!!!!!!!!Demonstrator!exploitaAon!and!upgrades 

Models,!prototypes 
PreNseries 

Design!and!modelling 

Muon%collider%is%a%longTterm%direcFon%toward%highTenergy,%highTluminosity%lepton%collider%
%
CollaboraFon%prudently%also%explores%if%muon%collider%can%be%opFon%as%next%project%(i.e.%operaFon%
mid2040s)%in%case%Europe%does%not%build%higgs%factory%
%

TentaFve%Target%for%Aggressive%Timeline%
to%assess%when%3%TeV%could%be%realised,%assuming%massive%rampTup%in%2026%Exploring%shortest%possible%aggressive%

Fmeline%with%iniFal%3%TeV%stage%on%the%
way%to%10+%TeV%
•  Important%rampTup%2026%

HighGfield%magnet%and%RF%programmes%
will%allow%to%judge%maturity%what%can%be%
reached%in%a%collider%with%this%Fmeline%
%
Prepara<on%of%R&D%programme%needs%
to%be%advanced%enough%for%
implementaFon%aoer%next%ESPPU%

Based%on%strategy%decisions%a%significant%
rampTup%of%resources%could%be%made%to%
accomplish%construcFon%by%2045%and%
exploit%the%enormous%potenFal%of%the%
muon%collider.%%

International Muon Collider Collaboration
Objective:
In time for the next European Strategy for Particle Physics Update, the study aims to 
establish whether the investment into a full CDR and a demonstrator is scientifically 
justified.
It will provide a baseline concept, well-supported performance expectations and 
assess the associated key risks as well as cost and power consumption drivers. It will 
also identify an R&D path to demonstrate the feasibility of the collider.

Scope:
• Focus on two energy ranges:

– 3 TeV, if possible with technology ready for construction in 10-20 years
– 10+ TeV, with more advanced technology, the reason to chose muon

colliders
• Explore synergy with other options (neutrino/higgs factory)
• Define R&D path

D. Schulte Muon Collider, Collider Forum 1, October 2021 3

International Muon Collider Collaboration
Objective:
In time for the next European Strategy for Particle Physics Update, the study aims to 
establish whether the investment into a full CDR and a demonstrator is scientifically 
justified.
It will provide a baseline concept, well-supported performance expectations and 
assess the associated key risks as well as cost and power consumption drivers. It will 
also identify an R&D path to demonstrate the feasibility of the collider.

Scope:
• Focus on two energy ranges:

– 3 TeV, if possible with technology ready for construction in 10-20 years
– 10+ TeV, with more advanced technology, the reason to chose muon

colliders
• Explore synergy with other options (neutrino/higgs factory)
• Define R&D path

D. Schulte Muon Collider, Collider Forum 1, October 2021 3

[Daniel Schulte, IMCC head. link]

[Daniel Schulte, IMCC head. link]

We might know the answer 
in few years

http://arxiv.org/abs/arXiv:1901.06150
https://indico.cern.ch/event/1087958/attachments/2329052/3968294/Germany.pdf
https://indico.cern.ch/event/1087958/attachments/2329052/3968294/Germany.pdf
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Design!and!modelling 

Muon%collider%is%a%longTterm%direcFon%toward%highTenergy,%highTluminosity%lepton%collider%
%
CollaboraFon%prudently%also%explores%if%muon%collider%can%be%opFon%as%next%project%(i.e.%operaFon%
mid2040s)%in%case%Europe%does%not%build%higgs%factory%
%

TentaFve%Target%for%Aggressive%Timeline%
to%assess%when%3%TeV%could%be%realised,%assuming%massive%rampTup%in%2026%Exploring%shortest%possible%aggressive%

Fmeline%with%iniFal%3%TeV%stage%on%the%
way%to%10+%TeV%
•  Important%rampTup%2026%

HighGfield%magnet%and%RF%programmes%
will%allow%to%judge%maturity%what%can%be%
reached%in%a%collider%with%this%Fmeline%
%
Prepara<on%of%R&D%programme%needs%
to%be%advanced%enough%for%
implementaFon%aoer%next%ESPPU%

Based%on%strategy%decisions%a%significant%
rampTup%of%resources%could%be%made%to%
accomplish%construcFon%by%2045%and%
exploit%the%enormous%potenFal%of%the%
muon%collider.%%

International Muon Collider Collaboration
Objective:
In time for the next European Strategy for Particle Physics Update, the study aims to 
establish whether the investment into a full CDR and a demonstrator is scientifically 
justified.
It will provide a baseline concept, well-supported performance expectations and 
assess the associated key risks as well as cost and power consumption drivers. It will 
also identify an R&D path to demonstrate the feasibility of the collider.

Scope:
• Focus on two energy ranges:

– 3 TeV, if possible with technology ready for construction in 10-20 years
– 10+ TeV, with more advanced technology, the reason to chose muon

colliders
• Explore synergy with other options (neutrino/higgs factory)
• Define R&D path

D. Schulte Muon Collider, Collider Forum 1, October 2021 3
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[Daniel Schulte, IMCC head. link]

[Daniel Schulte, IMCC head. link]

A first MUC, at 3 TeV, could start 
being built as early as 2038!

We might know the answer 
in few years

http://arxiv.org/abs/arXiv:1901.06150
https://indico.cern.ch/event/1087958/attachments/2329052/3968294/Germany.pdf
https://indico.cern.ch/event/1087958/attachments/2329052/3968294/Germany.pdf


Is the collider feasible?
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Neutrino Flux Mitigation

D. Schulte Muon Collider, Collider Forum 1, October 2021

Need mitigation of arcs at 10+ TeV: idea of Mokhov, Ginneken to move beam in aperture
Our approach: move collider ring components, e.g. vertical bending with 1% of main field

Need to study mover system, 
magnet, connections 
and impact on beam

15 cm

~2 x 600 m Opening angle ± 1 mradian

14 TeV, in 200 m deep tunnel 
comparable to LHC case

14

t1

t2
s1

neutrinos

Neutrino Hazard “Ring” dose and “straight section” 
dose
(plot from B.King, hep-ex/005006)

4

Expected scaling laws:
Ring:          N * E3, from Energy*cross section*1/
Straight: : N *E4, from Energy*cross section*1/ *1/

arc

Concentrate neutrino cone from arcs 
can approach legal limits for 14 TeV

Goal is to reduce to level similar to LHC

3 TeV, 200 m deep tunnel is about OK

Working on different 
approaches for experimental 
insertion

One famous possible issue is radiation from h.e. neutrinos

http://arxiv.org/abs/arXiv:1901.06150


Conclusions
  

The muon collider is potentially a first-class option for 
the continuation of the high energy physics journey

•Could be compact enough (even 30 TeV in LHC-sized tunnel with FCC-hh magnets)

•Not in competition with other projects: we do not know if feasible!
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Its physics potential relies on three pillars, plus

•Muon-specific opportunities (intriguing muon-related anomalies)

•Neutrino opportunities (in MUC operation, or demonstration stages)

Direct search of 
heavy particles

Answering questions like:

“Postponed“ Naturalness?


Extended Higgs Sector?

WIMP Dark Matter?


… ..

High rate 
indirect probes 

Answering questions like:

Higgs potential shape?

BSM Higgs couplings?


What about the Top?

… ..

High energy 
probes 

Answering questions like:

 A Composite Higgs?


A new gauge force?

EW matter in loops?


… ..

http://arxiv.org/abs/arXiv:1901.06150
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Its physics potential relies on three pillars, plus

•Muon-specific opportunities (intriguing muon-related anomalies)

•Neutrino opportunities (in MUC operation, or demonstration stages)

Muon-specific 
opportunities

Direct probes of B-Anomalies models

[2101.04956, 2103.01617, 2104.05720]


Direct/Indirect probes of g-2 anomaly

[2006.16277, 2012.02769, 2101.10334, 

2102.05619, 2012.03928]

http://arxiv.org/abs/arXiv:1901.06150
https://arxiv.org/pdf/2101.04956.pdf
https://arxiv.org/pdf/2103.01617.pdf
https://arxiv.org/pdf/2104.05720.pdf
https://arxiv.org/pdf/2006.16277.pdf
https://arxiv.org/pdf/2012.02769.pdf
https://arxiv.org/pdf/2101.10334.pdf
https://arxiv.org/pdf/2102.05619.pdf
https://arxiv.org/pdf/2012.03928.pdf
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Its physics potential relies on three pillars, plus

•Muon-specific opportunities (intriguing muon-related anomalies)

•Neutrino opportunities (in MUC operation, or demonstration stages)

http://arxiv.org/abs/arXiv:1901.06150
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Its physics potential relies on three pillars, plus

•Muon-specific opportunities (intriguing muon-related anomalies)

•Neutrino opportunities (in MUC operation, or demonstration stages)

Why working on muon colliders physics?

• It is Important: we must consolidate the potential, define new targets, 

motivate and inform Accelerator design.

• It is Fun: novel BSM possibilities wait to be explored, as well as novel 

challenges for predictions, object reconstruction, BIB mitigation, etc.

http://arxiv.org/abs/arXiv:1901.06150


Outlook
  

The Very High Energy Muon Collider is a Dream
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The Very High Energy Muon Collider is a Dream

And, often, Dreams DO become Reality!
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Outlook
  

The Very High Energy Muon Collider is a Dream

And, often, Dreams DO become Reality!

Thank You !
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http://arxiv.org/abs/arXiv:1901.06150

