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Muon Collider Concept
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The main challenge is the short muon lifetime t=y x 2.2 us
Up to 100 ms at collision energy
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IMCC

International Muon Collider Collaboration

Develop high-energy muon collider as option for particle physics:

* Implement globally defined accelerator R&D roadmap to
justify CDR phase

*  Mid-term roadmap review found 75% of goal achieved

Focus on feasibility of 10 TeV with 10 ab™! (site independent)

* Explore initial stage by around 2050, maybe with 3 TeV with
1 ab or lower luminosity 10 TeV

Explore implementation at specific sites reusing infrastructure

Provided ESPPU with

* Assessment of muon collider

* An R&D plan for the next 10 years

* Implementation considerations (including site, timeline, ...)

* Back-up document (406p, 450 signatories)

In US the National Lab Accelerator Study Group for the Muon
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Collider identifies how the US labs can best engage @
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Physics Case for Leptons at 10 TeV
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Physics case is pointed out in many places, just one example from last year:
M. Spiropulu (Co-Chair), M. S. Turner (Co-
Chair), N. Arkani-Hamed, B. C. Barish, J. F.

National Academy of Science Beacom, PH. H. Bucksbaum, M. Carena, B.

Fleming, F. Gianotti, D. J. Gross, S. Habib,
A collider with approximately 10 times the energy of the Large Hadron Collider Y.-K. Kim, P. J. Oddone, J. R. Patterson, F.
(LHC) is crucial for addressing the big questions of particle physics and making Pilat, C. Prescod-Weinstein, N. Roe, T. M.P.
discoveries. Tait,

Staff: T. Konchady, D. Nagasawa, L. Walker,

. . . D. Wise, C. N. Hartman, A. Mozhi
A 10-TeV muon collider on the Fermi National Accelerator Laboratory

(Fermilab) site would have similar discovery reach as a 100-TeV proton collider.

A muon collider combines the physics advantages of an electron-positron and
a proton-proton collider, with a much smaller size.

Strong physics case complementary to FCC-ee + FCC-hh exists, see for example
Snowmass and NAS report

D. Schulte, Muon Collider, MIP2026, Huizhou, April 2026 _____Mv




Muon Collider Target Parameters

Requires emittance preservation and advanced lattice design f'\@éﬁrﬁiﬂ?d”;'
C

ollaboration
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—— v, v ternationa
: Subsystem Energy Length Achieved | Achieved | Target - / ' . / ' CO:“TSE f,";'gﬂf;l
Transm. | p /bunch || 4~ /bunch Wy MWt v,
GeV  m % 10 10" <e— =X ot
Proton Driver 5(7) 1500 — 500 (p™)
Front End 0.17 150 9 45.0
Charge Sep. 0.17 12 95 42.8 Need to produce many muons
Rectilinear A 0.14 363 50 21.4
Bunch Merge 0.12 134 78 16.7 Efficient muon transport is key to the
Rectilinear B 0.14 424 32 5.3 luminosity
Final Cooling 0.005 100 60 3.2 « Need to have compact cooling system
Pre-Acc. 0.25 140 86 2.8 4.0 e Need fast acceleration
Low-Energy Acc. 5 —~ 90™ 2.5
RLA2 62.5 02430 90 23 Need some improvement in muon
RCS1 314 05990 90 2.1 production or in transport
RCS2 750 05990 90 1.9 o Being studied
RCS3 1500 10700 90 1.7 Note: u* can be 30% higher
3 TeV Collider 1500 04500 - 1.7 2.2
RCS4 5000 035000 90 1.5
10 TeV Collider 5000 10000 - 1.5 1.8
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Muon Collider CTEs

International
Protons produce lonisation cooling of mgﬁgﬂl“ﬂf”r

Short, intense pions which decay BN —— gr Acceleration to
proton bunch into muons which are uon i atte collision energy Collision

Acceleration
SC LINAC RLA 1,2

atured
& Front End Cooling /\

Chicane & on Phase | Charge
Separatio Me

Proton Driver
H™ LINAC Ag

Buncher Pre-
accelerator

6D
Cooling B

- Pulsed magnets and

accumulatclon and - Target solenoid - 6D cooling solenoids _RCS RF system
compression - 6D cooling RF cavities
- Final cooling solenoids - Collider ring dipoles

Identified and prioritized with community
Other areas need now also to be addressed
(some work started)

- Final focus quadrupoles
- Machine-detector interface
- Neutrino flux
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Physics and Detector Concepts
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Challenges: MUSIC MAIA
Muon decay can give important (MUon Smasher for Interesting Collisions) (Muon Accelerator Instrumented Aperatus)
background
* 40 000 muons/m/bunch
crossing
* 1/3 of energy in electrons and
positrons
Ty
Ve
pt
W+ 2 - 55 . L.Lee +C.Bell
et

Two detector concepts are being developed
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Beam-induced Background

Achievements: . - Final focus magnets \ /“\U&E@?ﬂ?ﬁ;g

* Two conceptual detector designs hit"se:::uzm o Collaboration
Q 2 q q b €

 Simulation studies with background also T | aperture B R

from machine
* Studies of different lattices
* Reconstruction algorithms
* Physics studies

@ e* (1.20 TeV)
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Detailed studies Interaction point (IP) & nozzle Q 160 101
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Conclusions:
| 14 .
1 * Can do the physics
W F 1013 * Also thanks to HL-LHC technology
AN @ B * But room for improvement
\.'} Two defocusing quadrupoles. Here the wo fo(.:usmg qusclrapates: Bifterent ' 12 P ..
o | L | [ options in the past to employ = =10 * Radiation level similar to HL-LHC
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Proton Complex

Proton Driver

&

Challenge: H" LINAC Accukrinnngator Corr'?iJrr‘Essuw w© YNNI ol 4 M ‘v\_ﬂ‘ “\/ 3 International
« 2MW, 5 GeV, 5 Hz, I f’n \ Nz ze f‘\ RERy 1 \ ﬁ Haboration
* 5x10% protons/pulse _OO. s J\M;\'w AN i ‘ Q‘j L MMNMAU V bivamM
* Proton pulse accumulator and Sl

compressor rings JWMWW%JWWMW
Achieved: Beam creation and Acceleration Accumulation and Compression Transport Target
¢ Accumulator and combiner

ring lattices

First collective effects studies
promising
One or two bunches in
compressor, to be decided
6 i
10 % :“‘ F
1 o*? a*‘ 7
—— AL L
107 a® 4t g -
=h 3 " e ‘*. C E
= 7 ®® r a
__.; B ® @ Q
= 1075= S =107 2
& 3 ." AN P = E
- ® = o
] ..- L e 2MW [ o
10 *E N < o 4 MW :_“),_a o' /= VAV
| | : : | : e e :
100 150 200 250 300 350 Fig. 5.1.8: Simulation of the full compression for one bunch at 5GeV. Since this requires a 2 bunch

Temperature [K] solution scheme, this bunch has half of the full intensity shown in Table 5.1.1. Notice that at the end of

the compression there is still some emittance blow up that need still to be addressed.
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Increasing Charge Density =

Key conclusions:

* Can compress 2 MW, 5 GeV proton beam
to two 2 ns bunches, then merge them

* Optimisation in compressor ring
for collective effects ongoing

* For4 MW need 10 GeV beam

* Cool beamline to avoid ion loss from
black body radiation

—



Challenges:
* 2 MW, 5 Hz, 400 MJ/pulse target
* Can we replace mercury with graphite?

Achieved:

* Initial 2 MW graphite target conceptual
design, pion yield optimised

* HTS solenoid and shielding concept
developed

* Study of proton removal ongoing

Timei 135

/8202 10:05 AM
6334 Max
61972

Target

EIIIII US-MAP LTS+resistive hybrid solenoid

AU-HTS solenoid

Target & Front End
Pion Chicane &

Target Absorber International
UON Collider
Collaboration

Helium cooling Muon/ Downstream
‘connections. Inner vessel Outer vessel Beam window

Target rod Target support structure

010§ty v o bl
2 cooniate (cm)

Fig. 6.5.1: 2D map of the displacement per atom (DPA) in the superconducting magnets of the target

area (left) and the peak DPA in the coils most exposed to radiation (right).
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Key conclusions:
* Yield, magnet shielding, target stress,
cooling, radiation are OK
* Components survive 2 MW beam
* Higher power alternatives to study:
* Graphite
* Liquid metal

argen

%0 200

Fig. 6.4.4: Liquid lead target curtain concept.
ou, April 2026



Note: High-field Magnet Technology

NbTi (niob-titanium, operating at 2-4 k)
* jsstandard, used in LHC
* Expect5Tin MC

Nb,Sn (niobium-tin, operating at 2-4 K)
*  Expect O(11T)in MC

e  Stil not mature

* Used in some points for HL-LHC

* Foreseen for FCC-hh also in arcs

HTS (high-temperature superconductor,

operating up to 20 K)

* Different options exist, e.g. REBCO

* Insolenoids >30T demonstrated

* Still expensive and technology
challenges

* Applications in other fields, e.g.
medical, fusion reactors, power
generators for wind energy, engines,

D. Schulte, Muon Collider, MIP2026, Huizhou, April
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REBCO Tape

HTS cost is coming down
How much depends on the
overall use of HTS

Cost (A.U./ kA m)

Nb3Sn cost slowly increasing
We may be the only users
Industry would have to ramp
up just for us

Cu slabilisation (optional)

Ag cap layer
REBCO layer
buffer layer stack

substrate

-~Nb35sn (PIT)
e 2-Nb35n (RRP)
m
<+ Nb3Sn (EU ITER)
10 | =ReBco

© Bi-2212

—

0.1
1995 2000 2005 2010 2015 2020 2025 2030

Year
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Muon Cooling Lattice Design

Challenge: Musseis
g g Sy . C i
Novel, complex lattice with cavities and Previous design (MAP) gilog)CO!12boration
absorbers in solenoids AR G o ng noingoz
Goal \ \ dgnilood A gmlooj

high transversl .- -
emittance E

Dk 600, Magnetic field 1
) Rt
@ o0 H |

\gl Cavities AC h I eVe d

nce -— ¥ \
10 -2 :\

A
Electric field |@ @ ©)

/T/T‘jzn

)
energy loss re-acceleration v

]

better
gL [V 5]

Achieved: 10-7 -
Much improved lattice design ]
Improved simulation tools: BDSIM and RFtrack

Key conclusions: 102 T 1o-1 T Ill:l'} T 1ol
* Canin principle reach or exceed performance target e [mm]
* Much improved longitudinal, may be useful for collider ring < -
* Study of collective effects important better
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Muon Cooling Technology (&)

, 1 International
Challenges: ® / MuCool demonstrated >50 /:\u”oi Collider

ollaboration

* NC RF cavities in magnetic field (30 MV/m) MV/min5T
* HTS magnets (up to 40 T in final cooling) H2-filled copper
* Bright beam hard on absorbers and windows Be end caps

* Can evaporise liquid hydrogen

* MAP proved gradient
* Initial RF designs
* More RF design ongoing

260 560 570 580 590 600
Absorber length s [em]

Cooling Cell

* First window tests
performed with protons

* Use of H2 gas where
required

Key conclusions:

* Ready to ramp-up effort, in particular
prototyping and experimental work, also

AbSorber beamdynamics
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Challenge:

* Uses fast-pulsed normal magnets

* 5 Hz pulses of O(1-10ms)

* 6-35 km circumference

* Cost

* Recover energy from magnetic field
* High bunch charge

* Maintain beam quality

Achieved:

* Lattices for all site independent RCSs

* Beam propagation through complex

* Conceptual design of magnets and
power converters

* Optimised design together with RF

80| — ¢. =135, 135, 135, 135
¢s = optimised

25 50 75 100 125 150 175
Turn
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RCS Designs

LA £ <

RCS 1 RCS 2

b) WF1

Power  Voltage

-m

63 - 313 GeV 313 - 750 GeV

bme

International
UON Collider
Collaboration

66 turns pr—

RCS 3 RCS &
750 1500 Gev

15-5.0Tev

Acceleration
SC LINAC RLA1,2 RCS 1,2,3 &4

Key conclusions:
* 1.3 GHz TESLA-type cavities work

* Emittance transport is OK

* Cost and power is OK

¢ Need to connect to initial linacs

SPS 1 5447
LHC1 5678 1.6 12.8
LHC 2 5752 6.3/2 26.6

M



Challenges:

500 W/m loss, magnet strength,
lattice design with beta 1.5-5 mm,
0.1% beam energy spread

Achieved:

* Magnet shielding design
* Magnet conceptual designs

* Cryogenics concept

* Lattice reaches target beta-
functions but not yet full target

energy acceptance

* First studies of mover system

impact on beam

e

— Dx

[L=702.30 [m]]

Fio. 6.7.2: Fstimated heat load denosited on the cold mass in W/

Cryogenic loads at different temperatures

| Arc with an integer — say eight — vertical machine deformation periods

< a function of ahsorher temner-

Vertical bend
+16.7 Tm
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Collider Ring

Shielding (30-40 mm)

Beam aperture
Cu coating
W W absorber Cu layer beam screen

Insulation space | Tungsten absorber
Heat intercept

Beam pipe

Clearance fo coils

ar
23.49 mm
0.01 mm
20-40 mm
5mm
1mm
5mm
3mm
0.5 mm
1mm

Total magnet aperture

40 60 B0 100 120 1

X [mm]

au (Pa)

il ||

n

118-158 mm (diameter)

Surface: Stress tensor, szimuthal stress (MPa)

International
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oS

Y. P

»

002 004 006 008 01 o

12m

Fig. 6.1.31: Mechanical stress on conductor under Lorentz Forces at nominal current for both block coil

and cos-theta magnet configurations.

Key conclusions:

somewhat

* Should improve energy acceptance should

* OK with energy spread predicted in muon

cooling

* Mover system does not compromise
beam in regular arcs




Placement

Challenge:
Obtain negligible neutrino flux
Similar impact as LHC

International
UON Collider
Collaboration

Fermilab
site study

Achieved:

* Detailed modelling

* First good orientation found
* Mover system concept

Experiment?

Mover system design

Key conclusions:
Close to a solution
Arcs impact similar to current CERN impact
* Hottest spot inside fence is like sitting in a plane
* More work to be done

Geoprofiler Map

Site study at CERN for experimental insertion
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Site Specific Designs

Started studies for concrete site at CERN and Fermilab, looks very promising f\'u”éiréiﬁ'ﬁ?;'
Collaboration
CERN: . . Fermilab:
One RCS in SPS and two in LHC One RCS in Tevatron tunnel,

Construct facility on CERN land three RCS in one site-filler tunnel

* Adjusted parameters (3.2 and 7.6 TeV, 10 TeV maybe possible)

I
& Public Access Areas ~e
SC LINAC CERN land '  svorar A
20023 @ | | s
Tar et Coolln | ~  |RLA1 ' -+ By — , |l
 |Length 1000m,

Rccumulator -
Injectlon Tunngl

Muon Collider| from RLA2 to SPS
Ring Length 10 km. \

No Ertrance

Length 1010 m.

_ Prevessin Site
Experimental cavern

TI18

Length 257 m.

T2
Length 533 m.,
J

Injection Tunnel
Length 2006 m. |

Injection Tunnel 2
Length 2006 m.

© OpenStreetMap (and) contrioutors, CC-BY-SA

LINAC4 — "5.
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Summary of Cost Scale and Power Estimate

Bottom up cost estimate

* Component level

* Conceptual designs

* Detailed scaling from other
projects

Good agreement with cost scaling

by US Shnowmass process

Main cost drivers: RF and magnets

Cost range for Muon Collider scenarios }U\'Lrjgzrgaﬂ@ﬂa'
ollider
C

ollaboration

10 TeV Green Field

32TeV @ CERN

I I

BCHE 00 5.0 100 150 00 250 300
i i . Project Cost
Main power driver: RCSs Froject Cost oty & 7 12 18 20 50
Summary TABLE full power Mc1
3.2 TeV 7.6 TeV 10 TeV Relative cost for 7.6 TeV Sensitivity Analysis for 7.6 TeV
MW MW MW scmagners | [ I
6.6% RF e
P driver 16.700 16.700 16.700 Solenoids I
ED -le | r“ 11_?55 11_?65 1 1_?65 Other (p driver, target, shielding) =_
= RF General infrastructure
RLAZ 0770 10770 10770 ¥ A - —
RCS 44190  108.930 124680 . power conerters o Gvi Engnaering e —
Collider 10.000 4.100 4.100 (S:oI(TnEoids Ncc agrets -..-
= Civil Engineering ryogenics
Gemral w ED'DDD zn'mﬂ Zﬂ'nm = General infrastructure 7.9% 1’500 -1'000 -500 o 500 17000 1'500 2'000 2'500
TDTAL 113.‘425 1?2_265 133.015 u Other m “Negative variance™ m "Positive variance” MCHF

P !




R&D Programme

Accelerator design ermational
« Complete start-to-end design to validate and MHSEEFJ'S’?E
optimize performance, cost, power and risk

) Year I m | m | IV |V [ VI[vh vim IX | X
Muon COOIlng tech nOIOgy Accelerator Design and Technologies
. PR : : : Material (MCHF) | 1.6 | 32 | 48 | 64 | 96 | 108 | 120 | 120 | 120 | 120
Implementation in steps important for timeline FTE 471 | 60.6 | 750 | 85.0 | 100.0 | 120.0 | 150.0 | 174.6 | 177.2 | 185.1
* Need hardware, in particular RF test stands Demonstrator
. N q hnologi ful f Material MCHF) | 06 | 22 | 39 | 54 | 78 | 151 | 259 | 324 | 31.8 | 126
ew detector technologies usetul Tor FTE 95 | 110 | 125 | 292 | 297 | 305 | 255 | 277 | 267 | 25.5
instrumentation Detector
) . . Material MCHF) | 05 | 1.1 | 1.6 | 21 | 21 | 21 | 21 | 26 | 31 | 31
* Cooling RF requires urgent test infrastructure FTE 234 | 465 | 700 | 93.0 | 93.0 | 93.0 | 93.0 | 1164 | 139.5 | 139.5
Magnets
Material (MCHF) | 3.0 | 49 [ 101 | 100 | 110 | 134 | 11.7 | 72 | 66 | 47
Detector FTE 233 | 284 | 364 | 409 443 | 47.1 | 462 | 377 | 361 | 294
. . . TOTALS
*  Strong potential for further improve physics Material MCHF) | 5.7 | 114 | 203 | 239 | 306 | 414 | 517 | 542 | 535 | 324
potential with technologies, Al and ML FTE 103.3 | 146.5 | 194.0 | 248.1 | 267.0 | 290.6 | 314.8 | 356.3 | 379.4 | 379.6

Magnet programme
* Have conceptual designs, need hardware
* HTS solenoids have important synergy with society
(e.g. fusion, power generators for windmills, ...)
* Industry is ready to invest
*  Must not miss the opportunity

D. Schulte, Muon Collider, MIP2026, Huizhou, April 2026 _____Mv

Ideal for early career experts
since innovation is essential




Challenge:
Demonstrate muon cooling technology in stages
Critical for timeline

wéng

Achieved:

Gy
* Defined the scope and concept, made initial
cost estimate, investigated three promising ERTRTG |

locations at CERN

+ Staged timeline to implement demonstrator , V-
* SLAC is moving forward building a 3/1.3 GHz ~ail
test stand Cl
4"_

Muon Cooling Demonstrator

L2045 o

L2025 , , L2030 , , 2035, , , | 2040, ,
Technically Limited

Production of test cavities
Operation for tests

RF Test Stands
for Cavity Models

Timeline

of first cell
of first cell
=50 of module cavity

WL of cell-wise module

Production of first cooling module

RF Test Stands
for 704 MHz

Demonstrator 228 of module

R&D plan

Addition of cells

IProject | Construction
preb/‘g' ;

D. Schulte, Muon Collider, MIP2026, Huizhou, April 2026

RF Test stands, to develop International
novel RF and magnet technologies ’ - \UON Collider
Collaboration

One-cell module to test RF in operational
magnetic environment

Five-cell module to demonstrate

integration of absorber, RF and magnets

Demonstration of cooling module to
show operation with beam

Demonstration of cooling to
demonstrate beam physics performance

Key conclusions:

* Installation of demonstrator at CERN
appears possible with limited cost
(O(10kW)) proton beam

* Expensive solution with O(80 kW)
would allow future upgrade

* Fermilab has approved a study

* RF test stands are critical and urgent

* Consistent with implementation
timeline




International
R&D plan widely recognized as a good planning base o Collider
National Academies Recommendation 1: The United
. . . . - ’ H
R&D task force is establishing an overview of available States should host the world’s highest-energy
resources, potential resources, interested partners elementary particle collider around the middle of the
- Focus on next five years century. This requires the immediate creation of a
- Priorities being defined to maximize the impacts of national muon collider research and development
the resources available program to enable the construction of a demonstrator
- Contact Federico Meloni, Emilio Nanni, or me of the key new technologies and their integration.
High-energy acceleration Demonstrator National Lab Accelerator Study Group for a Muon Collider
CEA, CERN, BNL, STFC(?) CERN, INFN, FNAL, SLAC, STFC +Muon Gollder o411 dy Group Membership composed of representatives of DOE National Labs with Accelerator Facilities
RCS powering Magnets
CERN, U. Bologna, KIT, Tu-Chemnitz CERN, INFN, U. Bologna, Poli Torino, Argonne: Philippe Piot, Summary of Charge
Infineon Bipolar (DE), Hitachi U. Twente, EPFL/SPC, KEK, Berkeley: Jean-Luc Vay . Identify the key accelerator challenges to
semiconductors (CH) U. Southampton, TU Tampere, PSI, CEA, Brookhaven: Steve Peggs, enable the realization of a 10 TeV Muon Collider
TU Darmstadt fr"\b'-:RStg"'eti?“’laV(Chair)’ . Assess Irllebcapabi‘litiqs and rgtl’es‘of U.S.h
MDl Tape manUfaCtUrerS ASG ICAS ENI La L Robert Rimmer, nafqona aboratories in contri utlngtot ese
o . i ! ! ! oS Al:amosz Sts.;ve Bussel, critical areas
CERN, INFN, U. Padova, FNAL, other US? | Gauss Fusion, EUROFusion Oak Ridge: Fulvia Pilat, . Build on exlsting U.S. and IMCC R&D planning
SLAC: Emilio Nanni documents to identify areas of alignment,
RF Legend Scientific Secretary: Diktys Stratakis, USMCC overlap, and gaps
CERN, LBNL, IIT, NIU, INFN, SLAC, CEA, Weekl . inars throush March
Daresbury,fULAN’ U Strathclyde’ Academic partnerslinterest . 'eekly community seminars throug arc
U. Helsinki, U. Tartu, U. Rostock Industrial partners/interest « Report this summer
THALES
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Synergy Examples

Design of 10 MW HTS wind generator ﬁ{mema%onm
SR c

UON Collider
ollaboration

HTS solenoids have strong synergy with fusion

reactors

* Can potentially contribute to huge impact on
climate change

HTS is also useful for wind power generators,
motors, material science, health applications

Efficient power converter for different applications
* Interest of collaboration by Infinion, ...

Charger

Collaboration on target solenoid/fusion with I Gpreload

Fusion for Energy, ERUOFusion, GaussFusion, ENI
is key example

* Have agreements that can lead to resources Early career experts are very motivated by the
* An opportunity for particle physics to make an required and possible innovations —
important impact on society Excellent training ground @
https://indico.cern.ch/event/1439855/contributions/6461515/
D. Schulte, Muon Collider, MIP2026, Huizhou, AD,WM




Conclusion

UON Collider

International
Excellent technical progress has been made, in spite of resource limitations mnabmmn
* Supported by review committees from LDG, MuCol, and IAC reviews

Have global R&D programme proposal that needs to be funded https://www.facebook.com/cern/videos/
* Strong interest in different regions hopefully translates into resources the-future-of-particle-physics-david-
gross-cern70/509915295164473/

A muon collider is disruptive
* US Particle Physics Projects Prioritization Panel (P5) called it

*  “This is our muon shot”
* It will push beyond the current boundaries Many thanks to the collaborators for
. . . . all the work
* It will be the first of its kind
* High-risk, high-benefit Our web page:
http://muoncollider.web.cern.ch
Important innovation is required If you want to join:
o Not all issues have been solved muon.collider.secretariat@cern.ch

e  This means uncertainty and risk
* But also the potential to be creative and invent

Strong synergy with societal applications To the younger: You will have to make it work

D. Schulte, Muon Collider, MIP2026, Huizhou, April 2026 _____Mv
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Reserve

International
UON Collider
Collaboration
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Key Parameters

! 4
International
UON Collider

Collaboration

mm Site independent CERN 2 tunnels CERN 1 tunnel

Sqrt(s) TeV 3 10 3.2 7.6 3.2 7.6

L/IP 103* cm2s?t 1.8 17.5 2 10 0.9 7.9

Int L ab 1 10 1 10 1 10

Accumulation years 2+2.8 2+2.9 2+2.5 2+5 2+5.6 2+6.3
time

C km 4.5 11.4 4.8 8.7 11 11

Baipole T 11 14 11 14 4.8 11
Collider dipole technology Nb3Sn HTS Nb3Sn HTS NbTi Nb3Sn
or HTS

Accumulation time: Time to obtain the integrated luminosity with two IPs.
Ramp-up over the first three years 5%, 25%, 70% of nominal.

D. Schulte, Muon Collider, MIP2026, Huizhou, April 2026 ______M,




R&D Plan Deliverables and Resources

International
UON Collider
Collaboration

Technologies Deliverables Key parameters and goals

Magnets

Target solenoid Develop conductor, winding and magnet ~ 1m inner / 2.3m outer diameters, 1.4m ‘ Delierables - -
teChn()lOgy 1ength, 20 T at 20 K Target solencid Develop :.'undum\r,windin;‘:::i;:\gnc: L inner /2.3 ouer diameters, 1.41m
Split 6D cooling Demonstration of solenoid with cell 510 mm bore, gap 200 mm, 7T at 20K Spli oD coling :ﬂ:‘:tg': ottt St oy st T
solenoid integration e socine Buldaad e HTS prototype i bore, 1 e ength, AT st 1€
Final cooling Build and test HTS prototvpe 50 mm bore. 15 cm lenoth. 40T at 4 K . Nbﬂs“;nmumpm , .m.c,.n-l-@{.a..] o

HTS RCS dipole  Demon : fole 30mm x 100 mm, 10T, 20K, 1m long
S ol Demonstrate HTS collider dipole 140 mm diameter, 14T, 20K, 1m long
| HTS collider Demonstrate HTS IR quadrupole 140 mm diameter, 300T/m, 4.5K, Im long

solenoid Totals:
Year 1 | | Duration 10 years

Muon cooling RF Design, build and test RF cavities 352 MHz and 704 MHz in 10T field
Accelerator Design and Technol( caviies
. Klystron prototype  Design/build with Industry 704 MHz 20 MW peak power, 704 MHz / 352 MHz
Materla] (MCHF) 1 6 32 (and later 352 MHz) klystron
. RF test stands Assess cavity breakdown rate in 20-32 MV /m, T04 MHz-3 GHz cavities
FIE 411 | 606| Accelerator: 300 MCHF material, 1800 FTEy
SCRF cavities Design SRF cavities, FPC and HOM 352 MHz, 1056 MHz, 1.3GHz, 1MW
Demonstrator . couplers, st ers, ryomodules_posk powes (FPC)
Material MCHF) | 0.6 | 22| Detector: 20 MCHF material, 900 FTEy ,,
First 6D cooling cell  Build and test first cooling cell
FTE 9.5 1 1 .0 ‘ TZ. ‘ rr LT I =77 | TUT ‘ ZJ7 ‘ Z7T.7 | ZO. T | ZJ.J S-cell module Build and test first 5-cell cooling module
Cooling Design and build cooling demonstrator Infrastructure to test cooling modules
Detector demonstrator Facility with muon beam

Final cooling Experimental determination of final 3 10" muons, 22.5 jum emittance, 40T

Material (MCHF) | 0.5 1.1 1.6 2.1 2.1 2.1 2.1 2.6 3.1 3.1 absorber cooling absorber limit feld
FTE 234 | 465 | 700 | 93.0 | 93.0 | 93.0 | 93.0 | 1164 | 139.5 | 139.5 Newinofluxmoe oy coponns s it s et Rt s O i
Mﬂgnets Beam Instrumentation component designs Protoype components and tests as needed

Material (MCHF) | 3.0 4.9 10.1 | 10.0 | 11.0 | 134 | 11.7 72 6.6 4.7 Insumenition

Target Studies Target design and test of relevant 0.4 Mfpulse, 5 Hz
FTE 233 | 284 | 364 | 409 | 443 | 471 | 462 | 37.7 | 36.1 | 294 compancats

Start-to-End Facility A start-to-end model of the machine Lattice designs of all beamlines, simu-
TOT. ALS Design :::.:::j\“::fh realistic performance 1::[::; ,.‘:x;tx:l Lr;l;s:‘:d::r:- physics,

Material MCHF) | 5.7 114 | 203 | 239 | 306 | 414 | 51.7 | 542 | 535 | 324
FTE 103.3 | 146.5 | 194.0 | 248.1 | 267.0 | 290.6 | 314.8 | 356.3 | 379.4 | 379.6
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Timeline and R&D Programme Proposal

International
UON Collider
Collaboration

206 M. 2030 . . 203 . 20s| . . o0as| . . o050 . . o0ss] . o060 ., . 2065,
T T T T T T | T T T T | T T | T T T T | T T T T T T T T T

Decision on demonstrator

Muon Collider (Initial Stage)

2

T T T T T T T T T T T
Technically Limited Timeline
LDG roadmap Project preparation
Technology R&D
Civil engineering

Installation & commissioning Shutdown 1 Shutdown 2

m.m-m

R&D timeline drivers
Superconducting magnets
* Collider ring with no HTS dipoles for first
stage
*  Muon cooling demonstration
* RF cavities, solenoids, absorbers,
integration, demonstration with beam

D. Schulte, Muon Collider, MIP2026, Huizhou, April 2026 4___%*

" 10 Year R&D Plan |
I 1

Initial final demonstrator

Timeline is driven by R&D

Most ambitious example to define R&D programme priorities
*  Muon collider next flagship after HL-LHC

Other options

* In Europe after a higgs factory

* Inthe US to become leader at the energy frontier



Magnet R&D Impact

™1

20@20 ].[' ;

High field, low
consumption

Motors/generators

High-field, large
bore and large

Ultra-high-field

stored energy

High-field large
bore, cryo-free
technology
High-field,
compact

windings
High pulsed
power and

energy recovery

3D, compact
pole winding

3D, compact
pole winding

™2 High field, low
SOLID consumption
™3 |l Fcc-ee, cLIC .
UHF-DEMO Il] (e+source) | Utra-high-field
» e
RCS-String -
energy recovery

T™M5
MBHY FCC-hh, SppC.
™6 F\
MBHTS A FCC-hh, SppC.
™7

- FCC-hh, SppC
MBHTSY :ﬁ\
T™8
MQHTSY [l

3D, compact
pole winding

D. Schulte, Muon Collider, MIP2026, Huizhou, April 2026

International
UON Collider
Collaboration

L. Bottura




Practical Examples

International
UON Collider
Collaboration

*  Fusion for Energy (ITER EU Domestic Agency)

* Framework agreement and first addendum in final negotiation

e Contribution to the design of the HTS target solenoid, relevant to the central solenoid of DTT
*  EUROFusion (next step European fusion reactor)

/@%\ * Framework agreement signed in 2023, first addendum signed in 2024
\(( ‘;\)) e Contribution to the design of the HTS target solenoid, relevant to the magnets of a Volumetric
=7 Neutron Source proposed as next step in the European fusion strategy

*  Gauss Fusion (one of the leading EU fusion start-ups)
* Consultancy agreement signed in 2023

l _7‘ * CERN contribution to the design of the LTS/HTS GIGA stellarator magnets, based on advances in
the HTS target solenoid
K&i

* ENI (oil and gas energy giant)
* Framework agreement and first addendum signed in 2024

. * Collaboration on the conceptual design and project proposal for the CERN construction of a
eni large bore HTS solenoid (20@20 model coil) relevant to the muon collider and fusion

. IFAST-2 proposal to INFRA-2025-TECH-01-02 (CERN, INFINEON, PSI)
* Proposal of fast pulsed power cell + magnet system sent to IFAST-2 coordination for ranking at

(infineon TIARA
. L. Bottura

Industrial interest in rapidly pulsed and large energy/power supplies
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European Accelerator R&D Roadmap

International
UON Collider
Collaboration

Reviews in Europe and the US found muon collider promising L e [ oo |t | ]
[FTEy] | [kCHF] | [FTEy] | [kCHF]
*  Requires important innovation EE ] R A R R
MC.MDI 2021 | 2025 Iﬁ::l:;:zjzzctor 15 0 15 0
interface
European Strategy for Particle Physics Update (ESPPU) e B e e N N B
. . lex
Supported muon C0|||der R&D N 2020 MC.ACCMC | 2021 | 2025 ?Iuon cooling sys- | 47 0 22 0
MC.ACC.P 2022 | 2026 | Proton complex 26 0 35 0
MC.ACC.COLL | 2022 | 2025 | Collective effects 18.2 0 18.2 0
. . across complex
CERN Council charged Laboratory Directors Group (LDG) to NCACCAIT | 202 | 2035 | Higheney | 117 | 0| 0| 0
develop Accelerator R&D Roadmap e e e
o . . . solenoids
* Directors of institutes, e.g. INFN Frascati, PSI, DESY, RAL, VCTR 2021 | 2026 | Fastramping mag- | 275 | 1000 | 225 | 520
net system
C E R N' .. MC.REHE 2021 | 2026 ]l;lllegthl;I:nergy com- 10.6 0 7.6 0
MC.REMC 2022 | 2026 | Muon cooling RF 13.6 0 7 0
MC.RETS 2024 | 2026 | RF .le.st stand + test 10 3300 0 0
LDG formed five paneIS' One On Muon Collider MC.MOD 2022 | 2026 Xss:lecooling test 17.7 400 49 100
MC.DEM 2022 | 2026 | Cooling 4demon- 34.1 1250 3.8 250
MC.TAR 2022 | 2026 'Sl"l:;:(sl;;tleg:l 60 1405 9 25
Muon Collider panel developed an R&D Roadmap with the MOINT ] 2022 12006 | Coarditanon and | 13 120|310
\ [ [ [ Sum [ 4459 [ 11875 | 193 [ 2445 |

help of the global community until end of 2021

Table 5.5: The resource requirements for the two scenarios. The personnel estimate is given in full-time
equivalent years and the m¢© ~ ' ° t 7T Tt e ! o T ant
number of PhD students. M and
similar costs. Colours are ir
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http://arxiv.org/abs/2201.07895

Muon Collider Roadmap CT

International
Protons produce lonisation cooling of g mgﬁgﬂl“ﬂf”r

Short, intense pions which decay B Acc‘e!eratlon to
proton bunch into muons which are collision energy Collision

Acceleration
SC LINAC RLA 1,2

Buncher Pre-
accelerator

cher Rotator

- Pulsed magnets and
power converters
- RCS RF system

- Proton driver - Graphite target - Muon cooling design
bunch compression - Target solenoid - 6D cooling solenoids

- 6D cooling RF cavities

- Final cooling solenoids

Identified and prioritized with community - Collider ring dipoles
Other areas need now also to be addressed - Final focus quadrupoles
(some work started) - Machine-detector interface

D. Schulte, Muon Collider, MIP2026, Huizhou, April 2026




MuCol Timeline

I-merna-torlal
LDG anticipated input to next ESPPU by 2026 MH?;E:’;'J?:;
The ESPPU has been advanced to early 2025

I (nitial barametric study
Establish tentative parameters
Develgp tentative concept
Establish preliminary parameters

Develap preliminary concept
Establish consolidated parameters
Documentation of preliminary concq pt
Preliminary assessment repqrt

ssessmgnt rep |

‘ 2025 2T26 5027

Study consolidated concept

FInal agjustment and review
Consolidated a

v

a

L 4
"
v
"

2023 2024

ESPPU submission ESPPU recommendation

D. Schulte, Muon Collider, MIP2026, Huizhou, April 2026 M




Muon Cooling Challenges

u"i. / .‘I
! 2
International
UON Collider
Collaboration

high transversl ". . " "+, .
emittance Lot LH,-Absorber 0\9/'0 . Charge Bunch 6D Final Buncher Pre-
r'etluced transversal but Cavities Separa 1on Merge Coollng Coollng accelerator

< Magnetic field

v,

e
Cooling

|ncreased Iongltudlnal emittance
e

'| l‘a‘.p‘i i' Beamﬁctipr!»;,'f s Sl : '[—li::ﬂ_@’
S D S
d S Elecm?ﬁem ia 0 @; mm:—
_- . 4 ._ i 00 p
®®®
/I é Z:T High field solenoids minimise beta-
function and impact of multiple

energy loss re-acceleration
scattering
Energy loss = cooling ~ Multiple scattering = heating /
2
de, 1 dEe; 1 1 14 MeV
ds  |(w/c)2ds E |2 (v/c)? E Lpg

il 2026 ———T
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ESPPU Submission March 2025

International
UON Collider
Collaboration

Collaboration produced ESPPU input:

L A

* Short, ten-page report (10p)

;Addendum to: The Muon Collider

o the European Strategy for Particle Physics - 2026 updat

The Muon Collider

Soppmmary rupert w the Eurepens Stase for Partick Pryvkcs - I8 st

* Addendum to answers specific
questions from ESPPU (18p)

The hermanonal Mase Collider Callabsrasion

The sacat op-4a-<huks vervbom of this Gooument caa be Sound st the Solloming link:

* Back-up document (406p, 450
signatories)
e Assessment of collider status
based on progress of R&D
« R&DPlan
* Final polishing is ongoing, you
Urgently sign up to support

D. Schulte, Muon Collider, MIP2026, Huizhou, April 2026 _____Mw
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IMCC

International Muon Collider Collaboration f»\ﬁggfgglo;;:
Collaboration
Develop high-energy muon collider as option for particle physics: m“ 3 TeV 10 TeV
* Implement globally defined accelerator R&D roadmap (2022) L/IP 10% em-2sL 1.8 17.5

to justify CDR phase

«  Mid-term roadmap review found 75% of goal achieved s H 2.2 Lo
f Hz 5 5
Focus on feasibility of 10 TeV with 10 ab! (site independent) C Kkm 4.5 11.4
* Explore initial stage by 2050, maybe around 3 TeV with 1 ab!
or lower luminosity 10 TeV Baipole T 11 14
Explore implementation at specific sites reusing infrastructure Collider techn. Nb3Sn HTS

Provided ESPPU with

* Assessment of muon collider concept, technologies and
work progress

* An R&D plan for the next 10 years

* Implementation considerations (including site, timeline, ...)

* Back-up document (406p, 450 signatories)

Roadmap:
Will inform other strategy processes http://arxiv.org/abs/2201.07895

. Schulte, Muon Collider, MIP2026, Huizhou, April 2026 ______M,
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Challenges:

* NC RF cavities in magnetic field (30 MV/m)

* HTS magnets (up to 40 T in final cooling)

* Bright beam hard on absorbers and windows
* Can evaporise liquid hydrogen

Cuywalls Lo, W,”:tm”
pe RN‘ i | * MAP proved gradient

R“ i * Initial RF designs

F == N k * More RF design ongoing

Edfield

Fig. 63.1: Design of the 704 MHz cavity for muon cooling.

Temperature [K]
o .

Total displacement [mm] .
R

International
UON Collider
Collaboration

MuCool demonstrated >50
MV/min5T
H2-filled copper
Be end caps

260 560 570 580 590 600
Absorber length s [em]

First window tests performed with protons
Use of H2 gas where required

* 40T final cooling solenoid
conceptual designs exist
* 55T might be possible

Key conclusions:
* Ready to ramp-up effort, in particular
prototyping and experimental work, also

D. Schulte, Muon Collider, MIP2026, Huizhou, April 2026

beamdynamics

4___—%—

Fig. 6.1.7: Cross-section of the 40 T solenoid; the arrows indicate the axial and radial Lorentz forces
acting on each pancake. The lengths of the radial arrows have been scaled down by a factor of 3.




Muon 6D Cooling Cell

Challenge: AN A2 A3 A4 Bl B2 B3 B4 B5 B6 B7 BS International

. 10 \ ﬂUON Collider

* Integrated 6D cooling cell oS N —— . ; A M \\ _ Collaboration
* HTS solenoid designs &0 N W s o5 : CEACERY
-5 - 4 ° 4 :
Achieved: ‘

* Cooling cell engineering design
almost ready

* Solenoid models for use in
beamdynamics optimisation

Cooling cells, = 1 km length channel: absorber, RF, solenoid
About 3000 solenoids, axis field= 2...14 T

. Free bore diameter from 90 mm to 1.5 m
Coils
. RF cavities Sh
Dipole Expodediew i
Cooling Cell (COILS SEQUENCE) Q‘
T — et s : g e o s B NI
EREEEREY - K ; o | AR i ol I )
i : i ER—— o L. Rossi et al.
- L Bottura et al.
b

Key conclusions:
---- - CW Coil assembly o . .
! (Rotated + Cover + * Key challenge is force from magnetic field
Special plate)
* Concept to connect flanges developed
* |terations to improve overall and components
design also considering beam dynamics is
required/ongoing
Absorber * Conceptual design ready in a few months

D. Schulte, Muon Collider, MIP2026, Huizhou, April 2026 4____‘%,




RCS Designs

. 51 0T UON Collid
Challenge: . o nosi | SCNACIRIATRNRCSHZ 3 chllabofm‘i;g
* Uses fast-pulsed normal magnets o 01— v RCS3

] RCS
* 5 Hz pulses of O(1-10ms) eeg M

e 6-35 km circumference

Acceleration

AE (GeV)

Aeygfer[%)

0.2 0.3 0.4 0.5 0 M 10

* Cost and power efficient acceleration A oo
* High bunch charge s = =
* Maintain beam quality 0.05 1 A
. 0.0 K:©3§ 80| — s = 135, i35, 135,135

Achieved: _ \—‘/ $s = optimised
* Lattices for all site independent RCSs E %03 S60| |

* Strong synchrotron motion 0.02 \/ 1340 i ]

* Including hardware specifications 0.01 | g | B
+ Beam propagation through complex oo e vt 2005 E

works 00 25 50 75 Xl[();% 125 150 17.5 20.0 0 :__,:g r
0 25 50 75 100 125 150 175

Turn

 ubudubodtubbobodbudoubodbubodubudautid = <

Lattice: A. Chance et al.

Long. dynamics: H. Damerell et al.
RF: Alexej Grudiev et al.

Power converter: F. Boattini et al.
Magnets: L. Bottura et al.

Key conclusions:

* 1.3 GHz TESLA-type cavities work
* Emittance transport is OK

* Need to connect to initial linacs

o 0
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Fast-ramping RCD Dipoles

229 mm

Challenge:

Fast ramping normal magnets (1-10 ms)
with efficient energy recovery in power
converter (200 MJ stored in magnets)

¢) WFIM

161 mm

International
UON Collider
Collaboration

Achieved:

* Conceptual design of magnets and
power converters

* Optimised design together with RF 1o 10 g

* Power converters can switch sign of i \: B
magnets without changing direction of
voltage on capacitors

e) WF3

Fig. 6.1.18: Summary of the optimized geometries (the cross sections are 10 scale): a) Hourglas
Almm2, b) Wis uw.ummu 10 Al ) Window frame WES lMl xw mm2, d
HM, J =20 Almm2; ) Window-frame WF#3, J =20 Afmm.

Bipolar

Current

Unipolar
g

Charger

Voltage

:

Power  Voltage Current

B

96 mm

@ Switch S2 ON
H Switch S2 OFF, S10N
A switch S10FF

D1 conducts
2 conducts $1 conducts
' .

D2 conducts

1 1
1 1
1 1
1 | e Preload Capacitor
1 1

Phase1 | Phase2 | Phase3 | Phase4

—  Booster Capacitor

»
>

A 4

* High recovery efficiency for RCSs (98-99%)

Power converter: F. g
Boattini et al. 4
- ED/m] | B [/m] | Ecopper [3/m] m Magnets: L. Bottura
SPS 1 5447 etal.
LHC 1 5678 9.2 80.6 1.6 12.8 Key conclusions:
LHC 2 5752 63.4 298 6.3/2 26.6

Energy in magnets, losses per cycle and total power at 5 Hz including cooling

* Ready for experimental
optimization/models/protoypes
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Collective Effects

Chamber radius to keep emittance
GoaI: w0 growth below 20 % after 3000 turns

Identify collective effects intensity

2

—— TESLAHOMs Q=1e5
LL cavity, Q=1le5

International
UON Collider
Collaboration

—¥~- Copper 100 um on Tungsten at 300 K
%~ Copper 50 um on Tungsten at 300 K.

35° _.~ Copper 10 um on Tungsten at 300 K T =
bottlenecks e Copperat 300K ]
.2 30- —— Tungsten at 300 K i
N
= ~
No copper

* Initial studies for proton complex __/ﬁ O it o e o ey
5 -
* Assessed impedances (beam __(////—;N ,
. . 10 - o Every stripes are jumped X
screen and RF cavities) in RCSs S R T — e
o g Damping time [# of turns]
and collider ring
* Studying counter-rotating
beam impedance
* Studies started on muon cooling

Abs. wake strength [V/pC/mm]

Achieved:

Minimum chamber radius [mm]

Cumul. loss [%]

2000 4000 6000 8000 10080
Turn
Iy Key conclusions:
'y c . .
- ;i RS I * Impedances in RCSs and collider ring can be taken
s I .
ow 'H v L %élo ; A care of by design
5 IHHHH“HH”H]””‘ ”“l S 4 SN e Beam-beam can be handled by 20 turn feedback
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Lattice Designs
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Collider Ring Magnets

Challenge:
High-field collider ring magnets with large aperture

Achieved:

* New method developed to identify field limit, depending on
technology, temperature, cost, aperture, considering current,
stress and protection (quadrupoles, dipoles, combined function
magnets)

» Different conceptual dipole designs (block coil, cos-theta)

* Combined function design ongoing

Dipole - ReBCO @ T_op = 20K

_Surface: Stress tensor, azimuthal stress (MPa) _
o4 A7 International
008l ) \UONCollider
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0.08;
7 . f/

|
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Fig. 6.1.31: Mechanical stress on conductor under Lorentz Forces at nominal current for both block coil
and cos-theta magnet configurations.
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