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Energy efficiency of present and future colliders 
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Thomas Roser et al., Report of the Snowmass 2021 Collider Implementation Task Force, Aug 2022
16

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

Snowmass’2021 AF-EF-TF: Collider Implementation Task Force Report

Figure 4: Figure-of-merit Peak Luminosity (per IP) per Input Power and Integrated Luminosity per
TWh. Integrated luminosity assumes 10

7 seconds per year. The luminosity is per IP. Data points are
provided to the ITF by proponents of the respective machines. The bands around the data points
reflect approximate power consumption uncertainty for the different collider concepts.

4.3 Facility size

An overview of collider sizes (as provided by proponents) is shown in column 3 of Tab. 16. Collider
Size refers to either the length of a linear collider (main linac plus final focus) or the circumference of a
circular collider main ring, without the injector complex. The ITF defined four size categories (shown
in Tab. 16): light blue (1) for colliders that are designed to be shorter then 10 km, medium blue (2)
for colliders between 10-20 km, blue (3) for colliders between 20-50 km and dark blue (4) for machines
with a length or circumference larger than 50 km.

The length of HEP linear colliders is typically dominated by the distance required for particle ac-
celeration and is proportional to final beam energy (approximately the product of 2⇥ the final beam
energy and the accelerating gradient). Using acceleration technologies with higher accelerating gradi-
ents allows to decrease acceleration length and is responsible for the different lengths of similar energy
linear colliders. For example, superconducting radio-frequency cavities accelerate with a gradient of
⇠ 30 MV/m (ILC), CLIC is based on the two-beam acceleration scheme with copper cavities and ac-
celerates with ⇠ 100 MV/m, while plasma-based accelerators can provide peak gradients of 103 � 10
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MV/m (LWFA, PWFA). Adding to the length required for acceleration is the length required for the
beam delivery system (final focusing), which also increases with increasing with beam energy.

Overview of linear collider sizes:

• < 10 km, Category 1: CCC (0.25 TeV), XCC (0.125 TeV), LWFA (3 TeV), LWFA (15 TeV)

• 10� 20 km, Category 2: ReLiC (0.24 TeV), ILC (0.25 TeV), CLIC (0.38 TeV), PWFA (3 TeV),
SWFA (3 TeV), PWFA (15 TeV)

• 20� 50 km, Category 3: ERLC (0.24 TeV), CCC (3 TeV), CLIC (3 TeV)
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Luminosity per 
power consumption

Options @ 10 TeV Scale 

The effective energy reach of hadron colliders (LHC, 
HE-LHC and FCC-hh) is approximately a factor of 

seven lower than that of a lepton collider operating 
at the same energy per beam

https://arxiv.org/abs/2208.06030


proton (MAP) vs positron driven muon source
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𝟏𝟎𝟏𝟑-𝟏𝟎𝟏𝟒𝝁/𝒔𝒆𝒄

arXiv:1905.05747v2 [physics.acc-ph]

MUON JINST collection

Fully driven by muon lifetime

High-priority future initiatives [..]

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

[..] 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 June 2020    

10.17181/CERN.JSC6.W89E

Jean Pierre Delahaye (CERN), Marcella Diemoz (INFN-
IT), Ken Long (Imperial College-UK), Bruno Mansoulie

(IRFU-FR), Nadia Pastrone (INFN-IT) (chair), Lenny 
Rivkin (EPFL & PSI-CH), Daniel Schulte (CERN), 

Alexander Skrinsky (BINP-RU), Andrea Wulzer (EPFL & 
CERN-CH)

Muon Collider Working Group

https://arxiv.org/abs/1905.05747v2
https://iopscience.iop.org/journal/1748-0221/page/extraproc46
http://dx.doi.org/10.17181/CERN.JSC6.W89E


Accelerator R&D Roadmap - implementation
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presented to CERN Council in December 2021
published https://arxiv.org/abs/2201.07895

Bright Muon Beams and Muon Colliders
Panel members: D. Schulte,(Chair), M. Palmer (Co-Chair), T. Arndt, A. Chancé, J. P. 

Delahaye, A.Faus-Golfe, S.Gilardoni, P.Lebrun, K.Long, E.Métral, N.Pastrone, 
L.Que[er, T.Raubenheimer, C.Rogers, M.Seidel, D.Stratakis, A.Yamamoto

Associated members: A. Grudiev, R. Losito, D. Lucchesi

Technically limited timeline
Development path 
to deliver a 3 TeV

muon collider after HL-LHC Roadmap Plan

MDI
Dipoles/solenoids 
High field
(Nb3Sn, HTS?)

RF cavi;es
SC e NC

Cooling cell
Demonstrator

Aspirational Minimal

[FTEy] [kCH
F] 

[FTEy] [kCH
F] 

445.9 11875 193 2445

Scenarios

~70 Meu/5 years

https://arxiv.org/abs/2201.07895


Project Organization
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International Muon Collider Collaboration MuCol EU Design Study

INFN is deeply involved and play the role of main 
responsibility or at least deputy  responsibility on the 
outlines WP:

• WP6 RadioFrequency Systems

• WP7 Magnets Systems

• WP8 Cooling cell IntegraDon

• WP2 Physics&Detector – MDI

19 countries: CERN, IT, US, UK, FR, DE, CH, ES.. CHINA, KOREA, INDIA.… Interest from Japan                      80 institutes ++  

AYer the ESPPU recommenda\on in June 2020:
Laboratory Directors’ Group (LDG)
ini\ated the Muon Collider Collabora\on  July 2, 2020 

Study Leader:  Daniel Schulte
Deputies: Andrea Wulzer, Donatella Lucchesi, Chris Rogers Collaboration Board (ICB) elected chair  Nadia Pastrone

Donatella 
Lucchesi Dario

Giove Lucio 
Rossi



Interna/onal Muon Collider Collabora/on @ CERN
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ObjecFve
In Bme for the next European Strategy for ParBcle Physics Update, the Design Study based at CERN since 2020 aims 
to establish whether the investment into a full CDR and a demonstrator is scienEfically jusEfied. 

It will provide a baseline concept, well-supported performance expectaBons and assess the associated key 
risks as well as cost and power consumpBon drivers. 
It will also iden;fy an R&D path to demonstrate the feasibility of the collider. 

Scope
Focus on the high-energy fronBer and two energy ranges: 
– 3   TeV with technology ready for construcaon in 10-20 years 
– 10+ TeV with more advanced technology, the reason to choose muon colliders

NEW OPTION: iniBal 10 TeV stage at reduced luminosity
• Develop iniBal stage to start operaBon by 2050: lower energy or luminosity
• IdenBfy potenBal sites 
• Explore synergies with other faciliBes’ opBons (neutrino/higgs factory)
• Define R&D path 

Reviews of the muon collider concept in Europe and US found no insurmountable obstacle



*FOR INFO: DAVIDE.ZULIANI@CERN.CH

First ECFA-INFN 
ECR Meeting

The Muon Collider project

LNF, FRASCATI - 03/07/2024

DAVIDE ZULIANI 1,2,  ON BEHALF OF IMCC

1INFN PADOVA, 2INFN TRIESTE, 3UNIVERSITÀ DI PADOVA



DAVIDE ZULIANI

What to do after LHC? 
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FIRST ECFA-INFN ECR MEETING

THE MUON COLLIDER PROJECT

And most importantly, why?
CREDITS: R. FRANCESCHINI





DAVIDE ZULIANI

The Muon Collider machine
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FIRST ECFA-INFN ECR MEETING

The “Dream Machine”

CREDITS: D. SCHULTE
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Pros of a Muon Collider
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Yay!

CREDITS: D. LUCCHESI

FIRST ECFA-INFN ECR MEETING
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• Muons decay :(
• Decay products interact with machine, 

producing huge flux of particles

• Result:
• Huge flux of particles interacting with 

detector:
BEAM-INDUCED BACKGROUND

Cons of a Muon Collider
Life is not user-friendly 

FIRST ECFA-INFN ECR MEETING

CREDITS: N. BARTOSIK, F. COLLAMATI, N. MOKHOV
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Cons of a Muon Collider
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Life is not user-friendly 

• Muons decay :(
• Decay products interact with machine, 

producing huge flux of particles

• Result:
• Huge flux of particles interacting with 

detector:
BEAM-INDUCED BACKGROUND

• Need to use innovative techniques to 
mitigate this effect
• Hardware: tungsten nozzles
• Software: efficient algorithms

FIRST ECFA-INFN ECR MEETING

CREDITS: C. SELLGREN, S.P. GRISO, L. SESTINI
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Physics @ Muon Collider

15THE MUON COLLIDER PROJECT

All in one
CREDITS: D. BUTTAZZO, P. MEADE

Discovery potential Precision measurements

FIRST ECFA-INFN ECR MEETING



Ok, let’s say that 
I’m interested in 
working on the 
Muon Collider…
what can I do?

Beware: quite some bias towards experimental activities

A typical quiet conversation between a theorist 
and an experimentalist

TAKEN FROM P. MEADE
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Muon Collider: theory
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• Possibility to reach 𝒪(1%) 
precisions in couplings

• Access to Higgs self-
couplings

Higgs potential Higgs compositeness

• Is the Higgs an elementary 
particle?

• The higher the energy, the 
better the probe

SUSY and DM

• Different scenarios can be 
probed

• Again, going to higher 
energies is a game changer

FIRST ECFA-INFN ECR MEETING
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Muon Collider: machine
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• 5 GeV proton beam, 2 MW 
power at hand

• Need to properly design 
target, solenoid and 
magnet shielding

Target Cooling

• Principle of muon cooling 
demonstrated

• Integration/optimisation of 
overall cooling design 

• Integrating improved 
technology

Magnets

• Target solenoid: 20 T, 20 K
• Started HTS solenoid 

development for high fields
• Synergies with fusion 

reactors, …

FIRST ECFA-INFN ECR MEETING
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Muon Collider: MDI
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BIB, nozzles optimisation, incoherent pair production, …

FIRST ECFA-INFN ECR MEETING

CREDITS: A. LECHNER, D. CALZOLARI
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Muon Collider: detector

20THE MUON COLLIDER PROJECT

• Evaluate “real” impact of 
BIB on detector

• Test theoretical 
expectations with full 
simulation and 
reconstruction algorithms

Physics analyses Algorithm optimization 

• Optimize algorithms:
• Object reconstruction
• Jet tagging
• …

• Usage of innovative 
techniques (mainly ML)

Detector configuration

• Detector optimisation for 
10 TeV configuration

• Test-beams!!
• Practically, you can build 

your own detector

FIRST ECFA-INFN ECR MEETING
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Bonus: building a demonstrator

21THE MUON COLLIDER PROJECT

• The MICE collaboration demonstrated the muon 
cooling
• Proof-of-principle, need demonstration of 6D 

cooling (including re-acceleration)
• Currently designing a demonstrator

• Possibly operative in 10 years

Better safe than sorry 

FIRST ECFA-INFN ECR MEETING

CREDITS: R. LOSITOCREDITS: C. ROGERS
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A bit of advertisement
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FIRST ECFA-INFN ECR MEETING
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Conclusions
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• The Muon Collider is a fascinating and new 
project, where you basically can:

• Elaborate theories on Higgs physics and 
extension of SM

• Actively participate in building and testing 
prototypes

• Study muon collisions and their impact on 
the detector (BIB mitigation)

• Optimize detector for 10 TeV configuration

Take-home message

FIRST ECFA-INFN ECR MEETING

You just need 
to join us :)



Thank you for 
your attention!



Backup slides
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Muon collider parameters
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FIRST ECFA-INFN ECR MEETING

CREDITS: D. SCHULTE


