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WHY COLLIDERS?

2

to make a collider 
you must get (near) point-like particles 

so focused and aligned that they can hit each other
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WHY COLLIDERS?
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to make a collider 
you must get (near) point-like particles 

so focused and aligned that they can hit each other

why not just hit a target? 
center of mass energy much larger 

easier to understand without nuclear interactions
goal: 10 TeV 

precision
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WHY MUONS?
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P ≈ 3 × 10−7( 1 km
R )2( E

m )4eV/s

circular e+e-:

huge power loss,  
need a giant ring

linear e+e-:
single pass; sufficient  

luminosity requires high 
power 

circular pp:

B ≈ 3( E
1 TeV )( 1 km

R ) T

energy reach ≪ beam energy 
giant ring/powerful magnets

*

Began with the logical choice: readily available, 
stable charged particles: e, p

can they continue to 10 TeV+?

p
e
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switch to superconducting magnets 
Tevatron explored new energy 

huge success for physics, spin-off technology

WHY MUONS?

5

P ≈ 3 × 10−7( 1 km
R )2( E

m )4eV/s

circular e+e-:

huge power loss,  
need a giant ring

linear e+e-:
single pass; sufficient  

luminosity requires high 
power 

circular pp:

B ≈ 3( E
1 TeV )( 1 km

R ) T

energy reach ≪ beam energy 
giant ring/powerful magnets

use of these particles fundamentally 
limits our reach: 

next machine - hard 
machine after that - impossible

in the past: overcame this 
with a paradigm shift

government money well spent!

*

Began with the logical choice: readily available, 
stable charged particles: e, p

can they continue to 10 TeV+?

p
e



Tova Holmes, University of Tennessee

WHY MUONS?
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we need more paradigm shifts 
if we don’t want to reach a dead end

one option: 
a muon collider

Not a starter beam!
Muons aren’t stable: 

have to produce them 
they decay in flight

but: fundamental 
challenges get easier with energy

lifetime increases:

τ′￼μ = 21 ms × ( E
1 TeV )

big consequences: 
luminosity increases with E 

beam decays decrease  with E 

as we contemplate higher energies, muons gain an advantage

p

µ

e
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WHY HIGHER ENERGIES?
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UNDERSTANDING THE HIGGS
the theory today’s understanding the future?

v = μ/λ

mh = μ 2

better understanding of birth (EWSB) 
and possible death (metastability) of the universe

N. Craig, R. Petrossian-Byrne

understanding what the Higgs potential is  
is the first step to understanding why it is

https://indico.fnal.gov/event/56615/contributions/255033/attachments/162423/214683/Craig_Fermilab_MuonColliders.pdf
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UNDERSTANDING THE HIGGS
the theory today’s understanding the future?

v = μ/λ

mh = μ 2

N. Craig, R. Petrossian-Byrne
“The Muon Collider”

[2308.02633]

higgs parameters: 
ee vs µµ

self coupling 
across machines

https://indico.fnal.gov/event/56615/contributions/255033/attachments/162423/214683/Craig_Fermilab_MuonColliders.pdf
https://arxiv.org/pdf/2504.21417
https://arxiv.org/pdf/2308.02633
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WHY HIGHER ENERGIES?
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DARK MATTER

concrete targets that a µC can find or disprove

[2203.07351, 2003.05450]

long-favored models of WIMP 
dark matter are within reach 

of a muon collider, but out of reach 
of direct detection

dark matter mass

center of mass 
needed  

to reach it

higgsino

neutrino fog

wino

https://arxiv.org/abs/2203.07351
https://arxiv.org/abs/2003.05450
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WHY HIGHER ENERGIES?
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PRECISION FROM ENERGY

“The Muon Collider”

neutrino fog

higgs compositenessZ’ search

high E plus precision gives us access to higher dimensional EFT operators 
— lets us extend far beyond the CoM energy in some areas

https://arxiv.org/pdf/2504.21417
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AT THE INTENSITY FRONTIER
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The Muon Collider

potential for precision high E  
cross section, νDIS measurements 

could also be possible to  
strip off neutrinos at an early 
stage for a lower E beam to 

study oscillations 

more work needed to further  
develop neutrino program

unprecedented number of high E neutrinos produced  
in well-understood, collimated beams

https://arxiv.org/pdf/2504.21417
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A MUON COLLIDER

12

high-energy 
acceleration

collider 
ring

low-energy 
acceleration

particle 
detector

muons
pionsprotons anti-muons

target cooling channel

overarching driver is luminosity: 

create, cool, and collide muons as 
fast as possible

example beam loss for  
400 GeV - 5 TeV in 0.04 s
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A MUON COLLIDER
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high-energy 
acceleration

collider 
ring

low-energy 
acceleration

particle 
detector

muons
pionsprotons anti-muons

target cooling channel

2-4 MW  
at 5-15 GeV 

with 2-4 ns bunch size

Most recent technical specs from “The Muon Collider” (input to ESPPU)

starting constraint on number of muons produced 
impacts proton to muon efficiency 

small bunch size reduces initial muon emittance

proton driver

space-charge is key constraint: must go to higher energies to increase bunch density 

compare to: 
spallation 
sources

https://arxiv.org/pdf/2504.21417
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A MUON COLLIDER
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2-4 MW on target  
in 20 T solenoid 
with 0.7 m radius

Most recent technical specs from “The Muon Collider” (input to ESPPU)

starting constraint on number of muons produced 

magnet and target materials and design push the limits of what can be done today

high field captures more pions and muons;  
need large bore to accommodate shielding 

high-energy 
acceleration

collider 
ring

low-energy 
acceleration

particle 
detector

muons
pionsprotons anti-muons

target cooling channel

target and capture

compare to: 
spallation sources, 

neutrino beams, and 
fusion facilities

https://arxiv.org/pdf/2504.21417
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A MUON COLLIDER
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6 orders of magnitude 
of phase space reduction 
as compact as possible 

peak B-field of up to 40 T

Most recent technical specs from “The Muon Collider” (input to ESPPU)

all parameters (x, y, z, px, py, pz) must shrink 
to allow collider to provide high luminosity 

reduces loss of muons due to decays 
gives strong focus, improves final cooling rate

cooling channel

cooling cells involve RF cavities in high fields, challenging solenoid engineering 

high-energy 
acceleration

collider 
ring

low-energy 
acceleration

particle 
detector

muons
pionsprotons anti-muons

target cooling channel

novel for a 
muon collider!

D. Stratakis
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https://arxiv.org/pdf/2504.21417
https://indico.desy.de/event/45968/contributions/186271/
https://arxiv.org/pdf/2504.10295
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A MUON COLLIDER
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avg. gradients up to 2.4 MV/m 
magnet ramp speed O(kT/s)

Most recent technical specs from “The Muon Collider” (input to ESPPU)

rapid acceleration

use combination of fixed-field and ramping magnets to ease challenge

fast acceleration required to increase  
gamma before muons decay 

high-energy 
acceleration

collider 
ring

low-energy 
acceleration

particle 
detector

muons
pionsprotons anti-muons

target cooling channel

compare to: linear 
colliders for gradients, 

but ramp speed is 
unique for muC

RCS 3&4

RCS 2

collider

RCS 1

https://arxiv.org/pdf/2504.21417
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A MUON COLLIDER
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dipoles ideally 16T 
integrated design of MDI 

beam modulation and/or movers

Most recent technical specs from “The Muon Collider” (input to ESPPU)

collider ring
smaller ring size means higher luminosity 

optimize focus and beam-induced background 
neutrino mitigation around the ring

engineering and scalability of HTS magnets is the biggest constraint

high-energy 
acceleration

collider 
ring

low-energy 
acceleration

particle 
detector

muons
pionsprotons anti-muons

target cooling channel

compare to: dipole 
needs for FCC-hh, but 
neutrino mitigation is 

unique

energy staging option uses Nb3Sn

https://arxiv.org/pdf/2504.21417


Tova Holmes, University of Tennessee

A MUON COLLIDER
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up to 25x25µm feature size 
up to O(10 ps) precision timing 

Most recent technical specs from “The Muon Collider” (input to ESPPU)

detector
required to keep occupancy down 

and allow for signal - BIB discrimination 
reduces incoherent ee backgrounds and gives 

high-pT precision
5 T solenoid w/ 1.5 m radius

challenge is 4D precision while maintaining reasonable power and read-out

high-energy 
acceleration

collider 
ring

low-energy 
acceleration

particle 
detector

muons
pionsprotons anti-muons

target cooling channel

compare to: HL-
LHC detectors, but 
biggest change is 
integrating timing

[2502.00181]

https://arxiv.org/pdf/2504.21417
https://arxiv.org/abs/2502.00181
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A MUON COLLIDER
DEMONSTRATOR

need dedicated demonstrator program to show: 
RF functionality in high B field 

production of solenoids meeting our specs 
integration of cooling cell components 

operation of cells with beam 
chain of cells cool according to simulation

high-energy 
acceleration

collider 
ring

low-energy 
acceleration

particle 
detector

muons
pionsprotons anti-muons

target cooling channel

Most recent technical specs from “The Muon Collider” (input to ESPPU)

ionization works! but can 
we engineer a system to 

take advantage of it?

Late 6D Cooling Cell

https://arxiv.org/pdf/2504.21417
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A RECENT HISTORY
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2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

NAS EPP report places 
a US MuC as its top 

recommendation 

P5 report strongly  
recommends MuC R&D

MICE 
collaboration 
demonstrates 
muon cooling

Snowmass shows huge 
excitement for a muon 

collider

SNS achieves 
steady 1.4 MW 

operations

ATLAS and CMS 
HL-LHC Upgrade 

TDRs finalized

First 12 T 
Ni3Sn HL-LHC 
magnets sent 

from US to 
CERN

First end-to-end 
design of a 6D 
cooling channel

Clear physics case 
developed for 10 

TeV muC

Full design of a final 
cooling channel for a 

muon collider

Fermilab hosts muon 
collider demonstrator 

workshop

First 10 TeV µC 
detector concepts

First ITER central 
solenoid module 

completed

50 MV/m RF 
demonstrated in 

3T field

(not exhaustive)
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A RECENT HISTORY
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2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

NAS EPP report places 
a US MuC as its top 

recommendation 

P5 report strongly  
recommends MuC R&D

MICE 
collaboration 
demonstrates 
muon cooling

Snowmass shows huge 
excitement for a muon 

collider

Formation 
of IMCC

SNS achieves 
steady 1.4 MW 

operations

ATLAS and CMS 
HL-LHC Upgrade 

TDRs finalized

First 12 T 
Ni3Sn HL-LHC 
magnets sent 

from US to 
CERN

First end-to-end 
design of a 6D 
cooling channel

Clear physics case 
developed for 10 

TeV muC

Full design of a final 
cooling channel for a 

muon collider

Fermilab hosts muon 
collider demonstrator 

workshop

First ITER central 
solenoid module 

completed

First 10 TeV µC 
detector concepts

Formation of the 
US Muon Collider 

Collaboration

50 MV/m RF 
demonstrated in 

3T field

(not exhaustive)
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THE IMCC
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IMCC Annual Meeting in 2 wks 

Last year, 181 contributions showing 
new results across accelerator, 

experiment, and theory 

training day with background for 
newcomers in all these areas 

enthusiasm for increased US role Many meeting organizers, 
presenters from the US, 

presentation on USMCC status

this ambitious program 
requires a global effort

~20% of 
participants 

from US
dedicated funding 

from CERN and EU, 
as well as national 

funding

https://indico.cern.ch/event/1615465/overview
https://indico.desy.de/event/48594/
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THE IMCC
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last year, compiled comprehensive 
documents for the European Strategy 

10-page summary 

400-page report with extensive 
description of R&D progress, 

status, and plans 

https://indico.cern.ch/event/1513450/attachments/3042022/5374013/ESPPU_MuonCollider.pdf
https://arxiv.org/abs/2504.21417
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THE USMCC
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Define necessary work for mid-P5 panel 

Design a US demonstrator 

Engage with the international community  

Create a long-term vision for Fermilab 
that leads to a muon collider 

Build on a theory-driven physics case

Core Purposes

Build a collaboration that continues to connect accelerator, 
experiment, and theory 

Explore synergies with other areas of HEP (neutrino, CLFV, Beam 
Dump, etc) 

Engage with all parts of the US scientific community interested 
in muon beam capabilities 

Provide a grassroots organization to interface with the funding 
agencies, strategy processes, and advocacy

Connections
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THE USMCC
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Define necessary work for mid-P5 panel 

Design a US demonstrator 

Engage with the international community  

Create a long-term vision for Fermilab 
that leads to a muon collider 

Build on a theory-driven physics case

Core Purposes

Build a collaboration that continues to connect accelerator, 
experiment, and theory 

Explore synergies with other areas of HEP (neutrino, CLFV, Beam 
Dump, etc) 

Engage with all parts of the US scientific community interested 
in muon beam capabilities 

Provide a grassroots organization to interface with the funding 
agencies, strategy processes, and advocacy

Connections
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Princeton/Chicago/Tennessee Acc+Exp for MuC 
(Simons Foundation) 

Fellowships (Cottrell x2, Sloan x2) 

UCSB/Princeton/Northeastern/UTK Interdisciplinary 
Seminar Series (Kavli Foundation) 

Differentiable simulation for ionization cooling (DOE) 

+ start-ups, internal funding, and fractions of base 
grants/ECAs/CAREERs 

US MUC FUNDING

26

At the labs At the universities

also at labs

Fermilab demonstrator (LDRD) 

Fermilab future collider software (LDRD) 

Brookhaven collider R&D - RCS and 
cooling cell (LDRD) 

LBNL future collider detectors (LDRD) 

SLAC high-field RF test stand (GARD) 

ORNL LDRD — this workshop
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LONG-TERM VISION
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NAS Report released June 11, 2025

Reinforces and adds more urgency to 2023’s P5

https://nap.nationalacademies.org/catalog/28839/elementary-particle-physics-the-higgs-and-beyond
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TAKE-AWAYS
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from arxiv

Muon Collider Papers

the reports are in: muon colliders 
hold huge potential for the US and 

the future of particle physics

the US community is 
engaged and eager to 

ramp up

2nd Annual
US Muon Collider 

Meeting 
indico.uchicago.edu/event/479/Chicago, August 7-8, 2025

Organizing 
Committee

Lawrence Lee (UTK)
Zhen Liu (Minnesota)
Simone Mazza (UC Santa Cruz)
Mark Neubauer (UIUC)
Isobel Ojalvo (Princeton)
Mark Palmer (BNL)
Nadia Pastrone (INFN)
Kevin Pedro (Fermilab)
Ben Rosser (Chicago)
Emma Snively (SLAC)
Diktys Stratakis (Fermilab)
Zahra Tabrizi (Pittsburgh)

Scott Berg (BNL)
Andre de Gouvea (Northwestern)
Sarah Demers (Yale)
Karri DiPetrillo (Chicago)
Paolo Ferracin (LBNL)
Maurice Garcia Sciveres (LBNL)
Steve Gourlay (Fermilab)
Tova Holmes (Tennessee)
Walter Hopkins (ANL)
Matheus Hostert (Iowa)
Sergo Jindariani (Fermilab)
Mithlesh Kumar (BNL)USMCC

big challenges still to 
solve — need people 
and resources to make 

it happen

more 
every 
year

(so far)



Tova Holmes, University of Tennessee

GET INVOLVED
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muoncollider.us 

self-subscribe to our mailing list 

email me to join the collaboration

http://muoncollider.us
https://listserv.fnal.gov/scripts/wa.exe?SUBED1=usmcc-info&A=1


BACK-UP
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• Main IMCC document had many US editors: 

• Core editorial team: Federico Meloni (chair), Chris 
Rogers (deputy chair), Kevin Black, Christian Carli, 
Steve Gourlay, Sergo Jindariani, Roberto Losito, 
Donatella Lucchesi, Patrick Meade, Elias Metral, 
Simone Pagan Griso, Nadia Pastrone, Daniel Schulte, 
Diktys Stratakis, Rebecca Taylor, Andrea Wulzer 

• Many additional chapter authors from US: Artur 
Apresyan, Sergey Belomestnykh, Scott Berg, 
Nathaniel Craig, Andre de Gouvea, Karri DiPetrillo, 
Jeff Eldred, Spencer Gessner, Eliana Gianfelice, Timon 
Heim, Tova Holmes, Walter Hopkins, Sergei 
Nagaitsev, Emilio Nanni, Mark Palmer, Kevin Pedro, 
Katsuya Yonehara

31

400 page IMCC Update 
summarizing status

12 page US supplement 
detailing regional plans

EUROPEAN STRATEGY INPUT

https://edms.cern.ch/ui/#!master/navigator/document?D:101765627:101765627:subDocs
https://indico.cern.ch/event/1439855/contributions/6461576/attachments/3076691/5443733/152-Update-ESPPU_USMCC_draft_v8.pdf
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THE USMCC LEADERSHIP

32

Sergo Jindariani

Chair

Tova Holmes

Vice Chair Communications

Diktys Stratakis

Accelerator

Simone Pagan Griso

Experiment

Patrick Meade

Theory

Kiley Kennedy
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R&D Progress

33

Design of many collider areas has progressed 
• Lattice designs 
• Technologies 
• Detectors and MDI 
• Demonstrator scope and design 
• Cost and power consumption scale

REBCO, 20 K
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Site Specific Designs

34

Started studies for concrete site at CERN and Fermilab 

• At CERN re-use SPS and LHC and construct facility on CERN land 
• Neutrino flux appears solvable 

• Adjusted parameters (3.2 and 7.6 TeV) 
• Stage with one tunnel or two different tunnels 

• Use of different technologies
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Timeline and R&D Programme

35

Goal is to be able to commit to a muon collider in 2036 to enable collider by 2050 
• Considering the timeline drivers: 

• Magnet technologies: this excludes high-field HTS dipoles 
• Muon cooling technologies 
• Start-to-end design 
• Detector optimization 

Ramping up of programme to rapidly gain confidence and balance risk vs R&D cost



Muon Collider CTEs and R&D Plan

2

3D. Schulte      Muon Collider, LDG Review, February 2025 

- Proton driver 
  bunch compression

- Graphite target 
- Target solenoid

- Muon cooling design 
- 6D cooling solenoids 
- 6D cooling RF cavities 
- Final cooling solenoids

- Pulsed magnets and 
  power converters 
- RCS RF system

- Collider ring dipoles 
- Final focus quadrupoles 
- Mover system• Demonstrator 

• Detector R&D and optimization 
• Other technologies

R&D programme key ingredients: 
• Start-to-end design and optimization 
• Magnet technologies 
• RF technologies 
• Cooling technology
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R&D Deliverables and Resources

37
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SITING AT FERMILAB: ROADMAP

Donato Passarelli

possible demonstrator source

Future of US MuC is 
integrated with the 

future of FNAL

US MuC 
Coordination team 

met with FNAL 
director search to 
discuss priorities

https://accelconf.web.cern.ch/linac2024/pdf/MOXA002_talk.pdf
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RECENT HIGHLIGHTS:
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PUSHING COMPACTNESS
charge-agnostic cooling channel studies

C. Riggall, R. Ganesan
K. Capobianco-Hogan
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RCS design for FNAL site

Highest current E w/i 
FNAL site is 5.42 TeV

Smallest current max ring size 
for 10 TeV is 21.9 km

reducing size and 
cost of cooling 

channel
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RECENT HIGHLIGHTS:

• Training clusters of new students in muon 
collider accelerator R&D, e.g.: 
• 6 students based at FNAL for the 

summer (Princeton, U Chicago, 
Wisconsin, Tennessee) 

• 4 students incorporated into BNL LDRD 
(Stony Brook, Princeton, Tennessee) 

• Interested in expanding summer program 
in future years — needs funding for 
student and expert time!

40

THE NEXT GENERATION
summer accelerator 
students at Fermilab

clear that muC is an excellent 
motivator attracting a new 
generation to accelerator

~100 attendees at Muon Collider 
Accelerator School next week!work on previous slide 

done within these groups!

https://indico.uchicago.edu/e/mucschool2025
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RECENT HIGHLIGHTS:
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THE NEXT GENERATION

B. Di Girolamo

HL-LHC Project FTE

Need real growth in accelerator physics 
to enable a large-scale US collider 

• Training clusters of new students in muon 
collider accelerator R&D, e.g.: 
• 6 students based at FNAL for the 

summer (Princeton, U Chicago, 
Wisconsin, Tennessee) 

• 4 students incorporated into BNL LDRD 
(Stony Brook, Princeton, Tennessee) 

• Interested in expanding summer program 
in future years — needs funding for 
student and expert time!

https://agenda.infn.it/event/47981/contributions/271622/
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RECENT HIGHLIGHTS:
10 TEV DETECTOR CONCEPTS

2 detector concepts 
developed for 10 TeV, 

MAIA led by US + DESY

photons, electrons, positrons
(0.0003% of a BIB event)

Working closely with MDI 
designers to assess and 

mitigate BIB

Moving from simple to 
complex object ID and 

quantifying performance

photon

charged pion

5 TeV hadronic 
boson decays!

R. Powers
G. Penn

P. Chang
D. Calzolari

[2502.00181]

https://arxiv.org/abs/2502.00181
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RECENT HIGHLIGHTS:

• Unique interplay at a muon collider 

• O(0.1)/crossing neutrino interactions 

• 4 OoM between crossing rate and key processes 

• Possibility for trigger, but trade-offs and possible designs 
need to be studied 

• Which are most viable for luminosity?

43

HIERARCHY OF RATES

event info 
reduction

# of events 
reduction

huge amount of work to be done further understanding BIB 
mitigation and its impact on these questions
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NEUTRINO RADIATION MITIGATION
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C. Ahdida

impact of movers much more to do 
at FNAL site

Most recent technical specs from “The Muon Collider” (input to ESPPU)

detailed evaluation 
given geology done for 

CERN 

variety of intensities 
from different portions 

of the collider

https://indico.desy.de/event/45968/contributions/186421/
https://arxiv.org/pdf/2504.21417
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FNAL DEMONSTRATOR + ACE

45
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TECHNOLOGY SPIN-OFFS: MRIS

46

L. Bottura

https://indico.cern.ch/event/1564581/contributions/6591803/attachments/3096510/5485791/Part%20III.pdf
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MAGNET LIMITATIONS
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L. Bottura

https://indico.cern.ch/event/1564581/contributions/6591803/attachments/3096510/5485791/Part%20III.pdf
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A TECHNICALLY LIMITED TIMELINE SKETCH
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2025

2030

2035

2040

2045

Demonstrator

LDRD for detailed design

RF tests in B-fields

Single cell 
integration tests

Full demonstrator 
with beam

DetectorsCollider

CDR

TDR

Construction begins

Ready for physics

CDR

TDR

Construction begins

Ready for physics

R&DR&D
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P5 TIMELINE
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EUROPEAN STRATEGY TIMELINE
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US and European siting have slightly different 
timing constraints due to interplay with existing 

projects, but are consistent within error bars

 “The [R&D] programme requires 
approximately 300 MCHF material budget 
and about 1800 FTEy of personnel for the 
accelerator and about 20 MCHF and 900 
FTEy for detectors. With timely funding, 
the programme spans about 10 years.”

Most recent technical specs from “The Muon Collider” (input to ESPPU)

https://arxiv.org/pdf/2504.21417
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COMPLEMENTARITY WITH HH
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Most recent technical specs from “The Muon Collider” (input to ESPPU)

https://arxiv.org/pdf/2504.21417
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POWER CONSUMPTION
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Most recent technical specs from “The Muon Collider” (input to ESPPU)

https://arxiv.org/pdf/2504.21417
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STAGING OPTIONS
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Most recent technical specs from “The Muon Collider” (input to ESPPU)

https://arxiv.org/pdf/2504.21417
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BEAM TARGETS
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Most recent technical specs from “The Muon Collider” (input to ESPPU)

https://arxiv.org/pdf/2504.21417
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DETECTOR TARGETS
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Most recent technical specs from “The Muon Collider” (input to ESPPU)

https://arxiv.org/pdf/2504.21417
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THE USMCC LEADERSHIP
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Sergo Jindariani

Chair

Tova Holmes

Vice Chair Communications

Diktys Stratakis

Accelerator

Simone Pagan Griso

Experiment

Patrick Meade

Theory

Kiley Kennedy

will soon also begin 
naming members of a 

broader leadership 
strategy group


