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If you want to know more, look here:

Muon Collider Physics Summary [2203.07256]

The Muon Smasher’s Guide [2103.14043]

The Physics Case of a 3 TeV Muon Collider Stage [2203.07261]

https://arxiv.org/pdf/2203.07256.pdf
https://arxiv.org/pdf/2103.14043.pdf
https://arxiv.org/pdf/2203.07261.pdf


(Emerging) Conclusions
  

Muon Colliders BSM Physics Pillars:

•High Energy available for direct particles production

•High Rate available for Precision measurements

•Energy and Precision
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Explaining the origin of the Weak scale

•Δ=10 ➔ Δ=80 , simply from direct searches 

•Probe Δ=1/ξ=1000, in CH, in two ways

Added value from colliding muons [2203.07261]

•Current anomalies are in muons. If coincidence, a fortunate one: 

illustrates obvious potential of colliding μ for the first time!

WIMP Dark Matter

•Higgsino/Wino “very directly” accessible (more is coming on WIMP at 10 TeV)

How much is the Higgs radius?

• If as “large” as 1/(50TeV), we can tell

All this, at a single collider with feasible timescale

http://arxiv.org/abs/arXiv:1901.06150
https://arxiv.org/pdf/2203.07261.pdf
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Today, the mission is to explore uncharted territory* 
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The High Energy Physics Landscape
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Yesterday, HE-Physicists were used to follow a road. 

Today, the mission is to explore uncharted territory* 

This is why we started speaking about Frontiers

*Which is good! 

It means that the next discovery will be 
more revolutionary than the Higgs one

HEP TodayHEP Yesterday LHC
Our Frontiers are the directions in which 
(i.e., reasons why) New Physics might hide
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Why Colliders?

No single experiment can explore all directions at once.
None (in heaven or earth) can guarantee discoveries of 
new fundamental laws of nature.
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Why Colliders?

No single experiment can explore all directions at once.
None (in heaven or earth) can guarantee discoveries of 
new fundamental laws of nature.

But, high energy colliders have guaranteed outcome:
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. 

+
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new fundamental laws of nature.

Accurate measurements of 
great variety of observables.

Under precisely known 
experimental conditions.

Accurate predictions within the Standard 
Model of Particle Physics.
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laws, principles and techniques. 

1) Complete and conclusive exploration of the Energy Frontier

2) Sharp answers to well-posed Beyond the SM questions
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But, high energy colliders have guaranteed outcome:



Why Colliders?

No single experiment can explore all directions at once.
None (in heaven or earth) can guarantee discoveries of 
new fundamental laws of nature.

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. 
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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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But, high energy colliders have guaranteed outcome:
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One of the many additional axes that 
characterise New Physics complexity

One of the many additional axes that 
characterise New Physics complexity

vs.One Expensive Collider 

Many BSM opportunities

Complete and Conclusive 
Energy Frontier exploration.

Up to Collider reach
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Expensive? Yes, no doubt, but …
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vs.

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]

One Expensive Collider 

Many BSM opportunities

Complete and Conclusive 
Energy Frontier exploration.

Up to Collider reach
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Many Cheap Experiments

One opportunity each.

Conclusive? It depends.

Complete? No: 


Small Coupling Frontier 
is much harder to chart

Expensive? Yes, no doubt, but …
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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
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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
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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
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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]



Why Muons?

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 energyInput to the European Particle Physics Strategy Update

Muon Colliders

The Muon Collider Working Group

Jean Pierre Delahaye1, Marcella Diemoz2, Ken Long3, Bruno Mansoulié4, Nadia Pastrone5 (chair),
Lenny Rivkin6, Daniel Schulte1, Alexander Skrinsky7, Andrea Wulzer1,8

1 CERN, Geneva, Switzerland
2 INFN Sezione di Roma, Roma, Italy

3 Imperial College, London, United Kingdom
4 CEA, IRFU, France

5 INFN Sezione di Torino, Torino, Italy
6 EPFL and PSI, Switzerland

7 BINP, Russia
8 LPTP, EPFL, Switzerland and University of Padova, Italy

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 (hereinDIWHU�UHIHUUHG�WR�DV�³WKH�6WUDWHJ\´���FRQVLVWLQJ�RI�
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. 
  

5 March 2020

CERN-ESU-014
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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¶V�HQJDJHPHQW� LQ� WKLV�
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: 

භ 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; 

භ 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; 19

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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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 
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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). 
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භ 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; 

භ an international design study for a muon collider, as it represents a unique opportunity to achieve a multi-
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Electrons radiate too much 

[cannot accelerate them in rings above few 100 GeV]

muoncollider.web.cern.ch

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

Most focus on 10 TeV and 10/ab in what follows

muoncollider.web.cern.ch

IMCC Design Targets:

•~3 TeV MuC with ~1/ab, in 5 yrs for 1 IP

•10 TeV MuC with 10/ab, in 5 yrs for 1 IP

•Emax MuC = ?, to be assessed

https://muoncollider.web.cern.ch
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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



The case for direct searches
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EW particles discovered up to kinematical threshold

say, 0.9 Ecm/2=4.5 TeV


Striking for 10+TeV

5 10 15 20 25 30
20

50

100

200

500

s� [TeV]

s p
[T
eV

]

5 10 15 20 25 30
20

50

100

200

500

s� [TeV]

s p
[T
eV

]

5 10 15 20 25 30
20

50

100

200

500

s� [TeV]

s p
[T
eV

]

q
q�

q

q�

V1

V2

1a

q
q�

q

q�
1b

Figure 1: Diagrammatic contributions to the qq ! q0q0WW 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 hWWWW i 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.
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EW particles discovered up to kinematical threshold

say, 0.9 Ecm/2=4.5 TeV


Striking for 10+TeV

Naturalness implications*: (“minimal tuning” scenario: Δ=10 today)

•Δ=80, from Stops (SUSY) and from Top Partners (CH)

•Δ=2500, from generic Higgsinos (tree-level tuning)

*though less popular today than in the past, the question on the origin 
of the EW scale will keep being asked until when solution found!
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EW particles discovered up to kinematical threshold …

say, 0.9 Ecm/2=4.5 TeV


Striking for 10+TeV… but only if decay final states not “difficult” to see.


Relevant “difficult” cases:

Compressed spectra: 


Not studied yet. Perspectives to cover LHC “holes” already at 3 TeV

Perspectives to cover LHC “holes” already at 3 TeV 

Minimal WIMP Dark Matter: 

Possibly Higgsino, but more general. 

“Very direct” signatures from disapp. tracks [realistic BIB included! 2009.11287]

 Probed in mono-X [2009.11287, 2107.09688, 2203.07351]

“Indirect” probes above mass-reach [1810.10993]

https://inspirehep.net/literature/1818666
https://arxiv.org/abs/2009.11287.pdf
https://arxiv.org/abs/2107.09688.pdf
https://arxiv.org/abs/2203.07351.pdf
https://arxiv.org/abs/1810.10993.pdf
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EW particles discovered up to kinematical threshold …

say, 0.9 Ecm/2=4.5 TeV


Striking for 10+TeV… but only if decay final states not “difficult” to see.


Relevant “difficult” cases:

Compressed spectra: 


Not studied yet. Perspectives to cover LHC “holes” already at 3 TeV

Perspectives to cover LHC “holes” already at 3 TeV 

Minimal WIMP Dark Matter: 
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“Indirect” probes above mass-reach [1810.10993]
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EW-Neutral, Higgs portal-coupled particles:

[1807.04743]

Fig. 5: (Left) 2-� exclusion regions in the (g?,m?) plane from the fit presented in Figure 3, using the
SILH power-counting described in Eq. (4) and below (solid regions). The solid and dashed lines denote
the contributions to the constraints from different processes. The results correspond to the combination
of the HL-LHC with the 3 TeV muon collider. (Right) The same for the 10 TeV muon collider.

4 Extended Higgs Sectors410

4.1 SM plus a singlet extension411

� � � � � �� ��
��-�

��-�

��-�

��-�

�� [��	]

���
� �

��-���

��-���

���-��

� ��	
 ��	 �� ��	

� ��	

��% ���� ����������

�� = �� /��
�� = ��

� /���

���-��

Fig. 6: Direct 95 % C.L. reach on heavy singlet mixed with the SM Higgs doublet at various muon
colliders (adapted from [11]). The direct and indirect reach at other future colliders [59] is also shown
for comparison.

The simplest extension of the SM Higgs sector is the SM Higgs sector plus an extra real singlet. In412

the case when the extra singlet mixes with the SM Higgs doublet with mixing parameter sin �, the SM-413

like Higgs couplings are modified. Through the mixing, the heavy scalar S can be singly produced and414

can decay to a pair of SM gauge bosons or SM-like Higgs bosons. Considering the Vector Boson fusion415

production V V ! S, the most sensitive channel at a high energy lepton collider is S ! hh ! 4b [11].416

The 95% C.L. exclusion reach for a 3 TeV muon collider with 1 ab
�1 luminosity is shown in Fig. 6 as417

blue solid curve, which is better than the direct reach of HL-LHC once sin
2 � < 0.1. Comparing to the418

sensitivity of indirect measurements of the SM-like Higgs couplings, the 3 TeV collider can test new419

resonances down to mixing angles correlated to a deviation in the Higgs couplings of about 0.1%. The420

sensitivity in sin
2 � is better than that of the Higgs precision measurements at future Higgs factories,421
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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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A vector bosons collider

30

HL-LHC HL-LHC HL-LHC
+10 TeV +10 TeV

+ 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
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


⇤
Z� 10 10 10


⇤
t 3.3 3.1 3.1

⇤ No input used for µ collider
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FCC-hh

Fig. 5: Left panel: 1� sensitivities (in %) from a 10-parameter fit in the -framework at a 10 TeV muon
collider with 10 ab�1 [16], 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 1.8 ab�1) is assumed [16].

In the right panel of the figure we see that the performances 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 performed. In particular, CLIC measures �� at the 10% level [22], and the FCC-hh sensitivity
ranges from 3.5 to 8% depending on detector assumptions [23]. A determination 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.

The potential of a muon collider as a vector boson collider has not been explored fully. In particular
a systematic investigation of vector boson scattering processes, 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 amplitudes 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 measurements of the WW !HH process has been studied in [5, 17] (see also [2]) 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 [2,3] (see also [2])
for WW!tt, aimed at probing Higgs-top interactions.

5 High-energy measurements
Direct µ

+
µ

� annihilation, such as HZ and tt production reported in Figure 4, displays a number of
expected events of the order of several thousands. These are much less than the events where a Higgs or
a tt pair are produced from VBF, but they are sharply different 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 background thus enables percent of few-percent level
measurements of SM cross sections for hard scattering processes of energy Ecm = 10 TeV or more.
An incomplete list of the many possible measurements is provided in Ref. [24], including the resummed
effects of EW radiation on the cross section predictions. It is worth emphasizing that also charged final
states such as WH or `⌫ 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, that occurs
with high probability because of the large energy.
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Single Higgs couplings

<latexit sha1_base64="8RLmpAJ4CPiKR4h/1t/OFVZrXME=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LvSh4qGA/YLuUbJq2odlkSbJCWfZnePGgiFd/jTf/jWm7B219MPB4b4aZeWHMmTau++0U1tY3NreK26Wd3b39g/LhUVvLRBHaIpJL1Q2xppwJ2jLMcNqNFcVRyGknnDRmfueJKs2keDTTmAYRHgk2ZAQbK/lpT0Vp4/6ukWX9csWtunOgVeLlpAI5mv3yV28gSRJRYQjHWvueG5sgxcowwmlW6iWaxphM8Ij6lgocUR2k85MzdGaVARpKZUsYNFd/T6Q40noahbYzwmasl72Z+J/nJ2Z4HaRMxImhgiwWDROOjESz/9GAKUoMn1qCiWL2VkTGWGFibEolG4K3/PIqaV9Uvctq7aFWqd/kcRThBE7hHDy4gjrcQhNaQEDCM7zCm2OcF+fd+Vi0Fpx85hj+wPn8ATTtkTc=</latexit>

CLIC

<latexit sha1_base64="bIp/zZIofHgtYS9eH8iBKNDDTp8=">AAAB+nicdVDJSgNBEO2JW4xbokcvjUHwYugJISa3YEA8RjALJCH0dHoyTXoWumvUMOZTvHhQxKtf4s2/sbMIKvqg4PFeFVX1nEgKDYR8WKmV1bX1jfRmZmt7Z3cvm9tv6TBWjDdZKEPVcajmUgS8CQIk70SKU9+RvO2M6zO/fcOVFmFwDZOI9306CoQrGAUjDbK5pAf8DpSfXNTrp543nQ6yeVIgBuUynhG7QmxDqtVKsVjF9twiJI+WaAyy771hyGKfB8Ak1bprkwj6CVUgmOTTTC/WPKJsTEe8a2hAfa77yfz0KT42yhC7oTIVAJ6r3ycS6ms98R3T6VPw9G9vJv7ldWNwK/1EBFEMPGCLRW4sMYR4lgMeCsUZyIkhlClhbsXMo4oyMGllTAhfn+L/SatYsMuF0lUpXztfxpFGh+gInSAbnaEaukQN1EQM3aIH9ISerXvr0XqxXhetKWs5c4B+wHr7BLoklFQ=</latexit>

FCC-hh

Spåtind 2020 / Rickard Ström lars.rickard.stroem@cern.ch !17

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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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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Today: 
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(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

33
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

10-6

https://arxiv.org/pdf/2012.11555.pdf


Composite Higgs, indirect
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rH

[Chen, Glioti, Rattazzi, Ricci, AW]

https://arxiv.org/pdf/2202.10509.pdf


Composite Higgs, indirect
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Probed “twice”: 

Higgs couplings and VV > HHrH

[Chen, Glioti, Rattazzi, Ricci, AW]

https://arxiv.org/pdf/2202.10509.pdf


Composite Higgs, indirect
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μμ > ee, qq, tt, …

rH

Probed “twice”: 

Higgs couplings and VV > HH

[Chen, Glioti, Rattazzi, Ricci, AW]

https://arxiv.org/pdf/2202.10509.pdf


Composite Higgs, indirect
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μμ > ee, qq, tt, …

μμ > ZH, WW, WZ, ..

rH

Probed “twice”: 

Higgs couplings and VV > HH

[Chen, Glioti, Rattazzi, Ricci, AW]

https://arxiv.org/pdf/2202.10509.pdf


Composite Higgs, indirect

38

Superior reach on Higgs radius from measurements at the high collider 
energy, where Higgs size effects are enhanced.

Proton size discovered this way: raising energy until close enough to 

We might be lucky again!

r−1
P

rH

[Chen, Glioti, Rattazzi, Ricci, AW]

https://arxiv.org/pdf/2202.10509.pdf


Same mechanism, simpler model

39

Generically, we can test EW interactions at > 100 TeV scale.

Minimal Z’

[Chen, Glioti, Rattazzi, Ricci, AW]

https://arxiv.org/pdf/2202.10509.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 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 muonsÆ huge background contribution in the inner detectors.
Background from decaying muons (BIB)

New Challenge for 
Detector@Analysis design

Is this potential real?

Remember what we expect from colliders:



Is this potential real?

42

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, Rattazzi, Ricci, AW]

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/pdf/2202.10509.pdf
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
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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 
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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
A summary, and a work 
plan, available here

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
https://arxiv.org/abs/2203.08033
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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]

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

We might know the answer 
in few years
A summary, and a work 
plan, available here

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
https://arxiv.org/abs/2203.08033
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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 ´Ringµ dose and ´straight sectionµ 
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


(Emerging) Conclusions
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For 10 TeV MuC! Much better if higher Energy!
Muon Colliders BSM Physics Pillars:

•High Energy available for direct particles production

•High Rate available for Precision measurements

•Energy and Precision ➔ probing EW in 100 TeV ballpark

Explaining the origin of the Weak scale

•Δ=10 ➔ Δ=80 , simply from direct searches 

•Probe Δ=1/ξ=1000, in CH, in two ways

Added value from colliding muons [2203.07261]

•Current anomalies are in muons. If coincidence, a fortunate one: 

illustrates obvious potential of colliding μ for the first time!

WIMP Dark Matter

•Higgsino/Wino “very directly” accessible (more is coming on WIMP at 10 TeV)

How much is the Higgs radius?

• If as “large” as 1/(50TeV), we can tell

All this, at a single collider with feasible timescale

http://arxiv.org/abs/arXiv:1901.06150
https://arxiv.org/pdf/2203.07261.pdf


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

