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Muon Collider Concept ©

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

Proton Driver Target & Front End Cooling Acceleration Collider
H™ LINAC Accumulator Con[y.)ressor Pion Chicane & Muon Phase | Charge Bunch Final ~ Buncher Pre- SC LINAC RLA1,2 RCS 1,2,3 &4 3 TeV Collider
Ring Target Absorber Buncher Rotator Separation 5 Merge ; Cooling accelerator 10 TeV Collider
6

Cooling A Cooling B

: I?rotons !oroduce lonisation cooling of Acceleration to Collision
Short, intense pions which decay i
B . : muon in matter collision energy
proton bunc into muons which are
captured
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IMCC

International Muon Collider Collaboration

International
UON Collider
Collaboration

Collaboration formed 2022, currently hosted by CERN

* 61 formal member institutions, still growing /t iEAST
* Currently centred in Europe, strong US contribution
* R&D progamme developed with global community MuCol

In response to strategic requests:
* Last ESPPU demanded integration into European Accelerator R&D Roadmap

* EUis co-funding design study MuCol since 2023
* Different US recommendations: Snowmass, P5 and National Academy of Science

Goal is 10 TeV collider (green field) with potential initial stage
And implementations at specific sites, e.g. CERN and FNAL

Difference to most other projects: there could be competition for the site
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ESPPU Submission Content @

Muon Collider Assessment il
Present physics case and green field designs and technologies
* Parameters, lattice and component designs, beam dynamics, cost, ...
* Aim for 10 TeV with 10 ab

* Aim for initial stage around 2050 (e.g. with 3 TeV and 1 ab™!)

Back-up document
(406p, 450 signatories)

R&D plan The Muon Callder ..

* The main timeline driver

* Accelerator design, detector development, magnets, muon cooling
technology, ...

Implementation Considerations

e Currently for CERN and for FNAL

* Scaling from green field design, detailed lattice designs after ESPPU
Technically limited schedule

Cost and power consumption scales

D. Schulte, Muon Cooling Demonstrator, Milano, November 2 _____M«
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Physics Case for 10 TeV

International
Strong physics case for 10 TeV parton-parton centre-of-mass collider, in particular muon collider: MH%?&”{%&Q

Muon collider impact on precision physics and BSM has been studied extensively and should be presented
in all relevant sessions
* Soyou can form your own opinion

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

National Academy of Science Recommendation:

M. Spiropulu (Co-Chair), M. S. Turner (Co-Chair), N. Arkani-Hamed, B. C. Barish, J. F. Beacom, PH. H. Bucksbaum, M. Carena, B. Fleming,
F. Gianotti, D. J. Gross, S. Habib, Y.-K. Kim, P. J. Oddone, J. R. Patterson, F. Pilat, C. Prescod-Weinstein, N. Roe, T. M.P. Tait,

Staff: T. Konchady, D. Nagasawa, L. Walker, D. Wise, C. N. Hartman, A. Mozhi

A collider with approximately 10 times the energy of the Large Hadron Collider (LHC) is crucial for addressing the big
questions of particle physics and making discoveries.

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.
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Muon Collider Promises

Higher gradients could constrain length of linear collider /"\'u”éirgiﬂ?ﬁr'
C

ollaboration

Constant technology scaling:

Luminosity is proportional to beam power at different energies

*  Could reduce vertical emittance, but tried hard for decades

* Could shorten bunch to reduce beamstrahlung, but trident
cascade process will set in
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Muon Collider Luminosity Scaling

/“\b”é%’%aﬁh‘i?a'
Fundamental limitation Collaboration

Requires emittance preservation and advanced lattice design

Applies to MAP scheme N
O
L o<~y os—— fr»INg7Y

cey,
/ \ \ High beam power

_ Large ener
High energy acciptancfy

3TeV ——
| 0TV —— 1

Dense beam

| | L | 7 Luminosity per power increases with energy
\ Provided technologies can be made available
k\\\kxk\xk f ired luminosi

. . " " p» 1 Constant current for required luminosity
' scaling
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Key Parameters

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
N 1012 2.2 1.8 2.2 1.8 2.2 1.8
€ pum 25 25 25 25 25 25
c,=p* mm 5 1.5 4.7 2 4.7 2
L/IP 1034 cm2s! 1.8 17.5 2 10 0.9 7.9
Int L ab? 1 10 1 10 1 10
Acc. time years 2+2.8 2+2.9 2+2.5 2+5 2+5.6 2+6.3
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

D. Schulte, Muon Collider, HKUST, January 2026 —— e




Luminosity Drivers

International
UON Collider
Collaboration

Proton Driver Target & Front End Cooling Acceleration Collider
H™ LINAC Accumulator Com Rpressor Pion Chicane & Muon Phase Charge Bunch Final  Buncher Pre- SC LINAC RLA 1,2 RCS1,2,3 &4 3 TeV Collider
Ring Target Absorber Buncher Rotator Separafion - Merge Cooling accelerator 10 TeV Collider
Cooling A Cooling B

OOt Rt

The beam emittances result from
design, physics and technology of

the cooling system

The total number of muons
per bunch is given by the
proton pulses in the target

Important decay of muons afterwards

D. Schulte, Muon Collider, HKUST, January 2026

Aim for limited emittance
increase downstream

The total beam power is given by the

high energy complex power
consumption, cost, neutrinos

_____—Mv




/’Vu Ay/vu
- + Collaboration
W - u *

Subsystem Energy Length Achieved Achieved Target

' Transm. p /bunch p /bunch
GeV m % 10 10"

Proton Driver 5(7) 1500 - 500 (p™)

Front End 0.17 150 9 45.0

Charge Sep. 0.17 12 95 42.8

Rectilinear A 0.14 363 50 21.4

Bunch Merge 0.12 134 78 16.7

Rectilinear B 0.14 424 32 5.3

Final Cooling 0.005 100 60 3.2

Pre-Acc. 0.25 140 86 2.8 4.0

Low-Energy Acc. 5 - 90" 2.5

RLA2 62.5 02430 90 2.3

RCS1 314 05990 90 2.1

RCS2 750 05990 90 1.9

RCS3 1500 010700 90 1.7

3 TeV Collider 1500 04500 - 1.7 2.2

RCS4 5000 035000 90 1.5

10 TeV Collider 5000 10000 - 1.5 1.8

D. Schulte, Muon Collider, HKUST, January 2026

International
UON Collider

Need to produce many muons

Efficient muon transport is key to the
luminosity

* Need to have compact cooling system
* Need fast acceleration

Note: 1.67 TeV to produce muons for one
pair at collision point, compared to 10 TeV
muon pair energy

Need some improvement in muon
production or in transport

* Being studied

Note: u* can be 30% higher

—_



Key Challenges

International
UON Collider
Collaboration

2) Beam-induced

0) Physics case

4) Drives the beam quality
MAP put much effort in design background
optimise as much as possible
Iniect Muon Collider Accelerator
pirjector > 10TeV CoM Ring
~10km circumference 5
§
; .. b
......................................... 4
..... 4
4
. ¢’
E Proton & p Bunching Channel  u Acceleration gﬁé
Source Channel , =
1) Dense neutrino flux
3) Cost and power consumption limit energy reach mitigated by mover system
and site selection

e.g. 35 km accelerator for 10 TeV, 10 km collider ring

Also impacts beam quality
D. Schulte, Muon Collider, HKUST, January 2026 _____Mv




Physics and Detector Concepts

MAIA

Challenges: Music (Muon Accelerator Instrumented /"\'u”éE’Ei‘.K?’J:!
(MUOI’] System for Collaboration

. . Aperatus
Interesting Collisions) b )

High-energy lepton detector
requirements

Background from muon decay
and beam-beam effects (BiB)

Background hits overlay in [-0.5, 15] ns range Vs=10TaV
T T T T T

T
Il o tme window

Time window [-3 a, 5 0]

Achievements B a2
Two detector concepts are being developed I
Ee;fo'lrrza;ce: studu(ajs \'Nlth| (i!EANT D! an 7 Key conclusions:

etalled design and simulations o an . / v Full simulations show good physics performance

background suppression W+ with near-term technology in spite of BiB

e Butimportant improvements are possible

s
k]
2
7]
=]

0 u* (5 TeV) e

@ = (1 20TV)5p l wNeed strong R&D for optimization and integration

"

Proper investment crucial to enable exploitation
1088 . . . . .

A 4 8" of full muon collider potential in available time

-6000 -5000 -4000 ~3000 -2000 -1000 0 -5 using hew tEChnOIOgleS, Al, and ML

z (cm) —=200 =100 0 100 200 * -y
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Proton Complex

Proton Driver
Cha"enge: H™ LINAC Acctﬁmulator Comﬁ;ressow aol YV, & (\/\ »-\,n‘ ﬁ M M V—o International
ing ing “l AN, 1[ ‘ \ i I MM [ Ji++ _ VN Coliider
® ZMW,SGEV;SHZ; :ZU/ In E # “ llaboration
* 5x10% protons/pulse |—-Q-O AT w J\ OO0 ’°/ ui,w mhww i uMJWMw i
* Proton pulse accumulator and i
compressor rings WWW@W%%WMW e et et
Achieved: Beam creation and Acceleration | Accumulation and Compression i Transport | Target ’g
* Accumulator and combiner i | ; a
. . 1 1 1 qJ
ring lattices H- beam i | 5 °
* First collective effects studies ! ! ' g
promising : ; S
; ! ! T
* One or two bunches in | ; £
compressor, to be decided i i o
e a 5
10-6 v = 3 K lusions:
E Pt T ey conclusions:
L7 -.’-;:.*“ =100 'z » Can compress 2 MW, 5 GeV proton beam
[ ‘= SO Tl N — =
f ] ,-:a." - 5: to two 2 ns bunches, then merge them
= . ] 8 S q q q
=104 e 1012 * Optimisation in compressor ring
47 3 o, ANP E 2 ~ f llecti ffect i
1 e, fe2mw | £ ! or collective effects ongoing
= o AMW Lo " g 245N * For 4 MW need 10 GeV beam
“1}0 l'_[){l 2(1][] 2%() 3(1]{] ;5:[’” ion the full compression for u;c bunch at 5 GeV. Since this n;quircs a 2 bunch * COOI beamline to aVOid ion Ioss from

Fig. 5.1.8: Simulation of
solution scheme, this bunc!
the compression there is st

Temperature [K]

D. Schulte, Muon Collider, HKUST, January 2026

h has half of the full intensity shown in Table 5.1.1. Notice that at the end of
ill some emittance blow up that need still to be addressed.

black body radiation N

—




Target
Challenges: protons ‘ pions — muons

* 2 MW, 5 Hz, 400 MJ/pulse target

* Can we replace mercury with graphite?

US-MAP LTS+resistive hybrid solenoid
Achieves AEEE==EE==EEEE
* |nitial 2 MW graphite target conceptual {- II l

design, pion yield optimised 3
* HTS solenoid and shielding concept E
Al-HTS solenoid
developed
* Study of proton removal ongoing

I
Time: 13 g
/2021 10,05 AM

6334 Max
61972
60604
59236
57868

565

5133
5765
52397
510.29 Min

Target & Front End N

Pion Chicane &

Target Absorber International
’ \UON Collider
Collaboration

Helium cooling Muon/ Downstream
connections Inner vessel  Outervessel  Boam window

AT
OPAIn coll C
OMA i ¢

Key conclusions:
e m— * Yield, magnet shielding, target stress,
cooling, radiation are OK
* Components survive 2 MW beam
* Higher power alternatives to study:
* Graphite

V\aﬂw‘
v Agon Avgon.
v"wm\ /
1e-05 0x10fp /w o <0 00 50 200
Z coorgnate [cm) p*
Fig. 6.5.1: 2D map of the displacement per atom (DPA) in the superconducting magnets of the target et
area (left) and the peak DPA in the coils most exposed to radiation (right).
E * Liquid metal
Fig. 6.A.4; Liquid lead target curtain concept.
D. Schulte, Muon Collider, HKUST, January 2026 6




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

e 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, HKUST, January 2026

/:\:UI”(SE“EZ“K?JSJ
REBCO Tape

Cu slabilisation (optional)

Ag cap layer
REBCO layer
buffer layer stack

substrate

. . .00
HTS cost is coming down --Nb3Sn (PIT)
How much depends on the = /z-Nb3sn (RRP)
overall use of HTS m
<+ Nb3Sn (EU ITER)
z 10 |=ReBco
< © Bi-2212
~
3
<
§ X
AR
Nb3Sn cost slowly increasing
We may be the only users —
Industry would have to ramp 0.1
up just for us 1995 2000 2005 2010 2015 2020 2025 2030

Year
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Muon Cooling Concept

‘A 40, Magnetic field
O O ©

1""'
- 0 Q0
4 Cavities Separation ~ Merge Cooling Cooling

BT e e
. Electric field ®/EA® m’:‘
< é@@; a4
®®®
/T 7~ | ZT High field solenoids minimise beta-
function and impact of multiple

energy loss re-acceleration

N ~— e 4
International
UON Collider

Collaboration

accelerator

Cooling
Charge Bunch 6D Final Buncher Pre-

LH,-Absorber ol :
r'etluced transversal but
—9 ¥

SN
e B - |ncreased longitudinal emittance
D Oy ey
- u_.‘tﬂ-—‘?n (oL ')‘\
L

Beam direction. - < - .

T Solenmd

scattering

Energy loss = cooling ~ Multiple scattering = heating /

1 1 [(14MeV)~
ds  |(v/c)2ds E |2 (v/c) E Lg

_____—Mv

de | 1 dE e
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Total length O(1 km)

18 sequencies with one cell design each
Apertures decrease toward end
* Beam emittance shrinks

Fields increase

* To reduce equilibrium emittance

(@) 1.0-LH wedge coils

ool | HEN °0, HEE

cavities
0.6 |
0.4+

0.4
-0.64

081 =

-1.0

g2
> 0.0
0.2

00 05 10 15 20
z (m)

Solenoids act as focusing lenses

25

Layout

Cooling
Charge Bunch 6D Final Buncher Pre-
Separation  Merge Cooling Cooling accelerator

International
UON Collider
Collaboration

Here we pack the short train of

bunches into one with large emittances

(b) 0.4 qLIH wedge

650 MHz
cavities

coils [

0.2

RF, absorbers and solenoids are highly integrated

D. Schulte, Muon Collider, HKUST, January 2026

0.4+

0.2 1

x [m]

702.

—0.41

Final cooling has O(10) stages/cells

0.0

RF+low-field

* i+

H H H H H H . Absorber in high-
field solenoids

0 9 4 6 8 10

Beamline s [m]

Absorbers are in constant solenoid field
RF is more separated and has less focusing

e



Muon Cooling Lattice Design

Challenge: MUSK Soiiiaor
q q ana . Collab i
Novel, complex lattice with cavities and Previous design (MAP) gnilog)~711*7CreHe"
absorbers in solenoids L o o o I e
Goal \ 8 gnilooD A gnilooD
v‘<‘ °°°° Magnetic field _\
QER:;:::VHSI ‘ LH,-Absorber - H —
8 salout Achieved

N
104 '\

better
g [eV s]

) A =

energy loss re-acceleration v

Achieved: 107 -
Much improved lattice design ]
Improved simulation tools: BDSIM and RFtrack

Key conclusions: 10-2 T "m_; 0 mm“ R I1|:|1
* Canin principle reach or exceed performance target e, [mm]
* Much improved longitudinal, may be useful for collider ring < -
* Study of collective effects important better
D. Schulte, Muon Collider, HKUST, January 2026 i




, International
Challenges: . ‘J MuCool demonstrated >50 /:\uow Collider

ollaboration

MV/min5T
* H2-filled copper
* Be end caps

* 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

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

to optimise beamloading JETE TS S

4

RF cavities

R e

)-
L

(ARFRARREN
LA R S R ERREEE

* First window tests performed with protons
* Use of H2 gas in final absorbers

Key conclusions:

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

ol I beamdynamics

* Need RF test stands for experimental

optimization

Exploded view
(COILS SEQUENCE)

CCW Coil assembly

Absorber ) ) . ]
6D cooling cell engineering design almost ready

D. Schulte, Muon Collider, HKUST, January 2026 ———T o




RCS Designs ()

International
UON Collider
Collaboration

Challenge:
* Uses fast-pulsed normal magnets

* 5 Hz pulses of O(1-10ms) o bmmonior 66 turns
* 6-35 km circumference m fF station and 750 1500 e
- G | Tarsure

63~ 3‘\3 Ge\.’ 33- FSOGEV

55turns

RCS &
15-5.0Tev

* 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

Acceleration
SC LINAC RLA 1,2 RCS1,2,3 &4

bme

Power  Voltage

80 | — ¢, = 135, 135, 135, 135

¢s = optimised i
of T (RS | ED/m] | Loss (%] m Key conclusions:

Sps 1 5447 . 1.3.GHz TESLA-type c.avities work
* Emittance transport is OK

LHC 1 5678 1.6 12.8 * Cost and power is OK
* Need to connect to initial linacs

Aeilel (%)
s
5]

L S

T
TlRess YT
“Résa

o
e I RCS1

I25 50 7;5 100 125 l15{3 175 LHC2 5752 6'3/2 266

Turn
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Collider Ring

Challenges:

500 W/m loss, magnet strength,

— Dx

Shielding (30-40 mm)

International
UON Collider
Collaboration

o a Q ———— ar
lattice design with beta 1.5-5 mm, L=702.30 [m] = e 2480m
BN W absorber Cu layer beam screen 0.01 mm
0.1% beam energy Spread _ Insu\al\ﬂ;:uau Tungsten absorber 20:::m
i Eggg :Ia:;:; Heat intercept ;::
. 2 = . Magnet coil )eam pipe mm
Achieved: & aronts ot
ey Clearance to coils 1 mm
* Magnet Shleldlng deSIgn Total magnet aperture 118-158 mm (diameter)
* Magnet performance model and PR D e 0k
conceptual designs & [l O e —oreor e — oac] } T
) . oo T
* Cryogenics conceptual design L L L = Neqniiwg
* Lattice reaches target beta- o o E = i
functions but not yet full target o -
TR TTTETTTTETTIT
° Flrst Studies Of mover System I N N S I I R N I 002
impact on beam Cryogenic loads at different temperatures
o Snield) are assumed 10 DE al 3U K. 10 e ICgena, “BIL Sands 100 "Deam-1nduced 10sses . 0.004

Impedance is OK

Chamber radius to keep emittance
3000 tur

- Surface: Stress tensor, azimuthal stress (MPa)

Minimum chamber radius [mm]
a 8 u 3

o (Pa)
= e

-332

n

Vertical bend
116.7Tm

-370
v -370

01 012m

M a g n et Des Ig ns or under Lorentz Forces at nominal current for both block coil
U. dchulte, IViuon Lolllaer, HKUS 1, January 2026

25 3 3.5 4

F* [mm]

Key conclusions:

Further improve energy acceptance, but OK
with energy spread predicted in muon cooling
Mover system OK for beam in regular arcs
Address imperfections next

A



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? e

Mover system design

LUKA and RP studies

Scenarin - Theoretical

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 e ;z

D. SCIlUlte, ML!OH CoIIider, HKUST, January 2026




Site Specific Designs

Started tentative studies for concrete site at CERN and Fermilab, looks very promising /,\|memanona|
UON Collider

Collaboration

CERN:
One RCS in SPS and two in LHC

Construct facility on CERN land
* Adjusted parameters

Fermilab:
One RCS in Tevatron tunnel,
Three RCSs in one site-filler tunnel

(3.2 and 7.6 TeV, 10 TeV maybe possible)
SC LINAC CERN land { —— ““‘ T ez f,T‘IwuumAm-sAm- D/—\
200x25 m. | - @ . * o A Ny
RLA EE »
Length 200m.| . & oS

Target| |Cooling -
0x30 1000x25 m. ‘
roton — |RLA2
. Rccumulator \ ~_ Itength 1000m
b @200 m. —— - -
njection Tunne

| |
from RLA2 to SPS
Length 1010 m.

Muon Collider|
Rlng Length 10 km.

s Prevessin Site
_ |Experimental cavern

TI18

Length 257 m.

1 TH2
Length 533 m.

Injection Tunnel ™
Length 2006 m. -~

Experimental cavern,.»

Meyrin Site - Ig e
SPLI « 5 ~ N Injection Tunnel 2 e come
AN Length 2006 m.
@ OpensStestis () conrbutors, CCBY:SA

LINAC4 ——  ‘osu, J =
D. Schulte, Muon Collider, HKUST, January ZOZGM



Summary of cost

The cost range for the single tunnel CERN implementation was evaluated and compared to the Green Field /zﬂ:ul”éggiﬂfg?:r'
scenario, where a cost for Civil Engineering of 50kCHF/m was assumed in the absence of a detailed study.

Cost is bottom u . .
P Cost range for Muon Collider scenarios

* Based on existing conceptual designs, e.g.

fast-ramping magnets and power 10TeV Grean Flald _

converter
* Detailed scaling from known components,

e.g. ILC main linac modules, FCC-ee, .. roTel e cE _
Uncertainties
*  From components HeTeE -
* No optimisation performed BOWF 0.0 50 100 150 200 250 300
Good agreement with ITF

S e S 7 12 18 30 50

MC-3

MC-10




Cost Drivers

Cost drivers: = RE

* RFsystems » Other Magnets

e Superconducting solenoids = Power Converters

* Other superconducting magnets Solenoids

*  Fast-ramping magnet systems = Civil Engineering
m General infrastructure
m Other

Relative cost for 3.2 TeV Relative cost for 7.6 TeV

22.6%

International
UON Collider
Collaboration

Sensitivity Analysis for 7.6 TeV

5C Magnets

RF

Solenocids

Other (p driver, target, shielding)
General infrastructure

Power Converters

Civil Engineering

NC Magnets

Cryogenics

-1'500 -1'000 -500 o 500 1'000 1'500 2°000 2'500

m "Negative variance™  m "Positive variance"

MCHF

Sensitivity Analysis for 3.2 TeV

Selenoids

RF

Other (p driver, target, shielding)
Civil Engineering

General infrastructure
SCMagnets

Power Converters

NC Magnets

Cryogenics

-1'500 -1000 -500 [} 500 1'000 1'500 2'000
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Power Drivers @

Jdverzetise

,K eyRFéz\;ver drivers Summary TABLE full power
e Infrastructure 3.2 TeV 7.6 TeV 10 TeV
* Proton complex MAW A AR
* 6D Cooling P driver 16.700 16.700 16.700
L 6D Cooling 11.765 11765 11765

RLAZ 10.770 10.770 10.770
Have to add cryogenics to  RES 44.130 108.930 124.680
remove beam loss power  Collider 10.000 4.100 4.100
from RCS cavities General CV 20.000 20.000 20.000
(Estimate included inthe  1oTaL 113.425  172.265 188.015

ESPPU submission)
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R&D Programme

Accelerator design
* Complete start-to-end design to validate and
optimize performance, cost, power and risk

Muon cooling technology

* Implementation in steps important for timeline

* Need hardware, in particular RF test stands

* New detector technologies useful for
instrumentation

* Cooling RF requires urgent test infrastructure

Detector
* Strong potential for further improve physics
potential with technologies, Al and ML

Magnet programme
* Have conceptual designs, need hardware
* HTS solenoids have important synergy with society
(also power converter)
* Industry is ready to invest

International
UON Collider
Collaboration

IAC review:

“The committee would like first to congratulate the International
Muon Collider Collaboration for the tremendous progress made
over the last year on the technical studies, the overall project
planning and the organization of the collaboration. The committee
welcomes the idea to evaluate the priority setting of these R&D
activities, in view of the IMCC activities beyond the European
Strategy Process.

In general, all the R&D proposals presented are impressive and
complete, and the committee expressed support of this R&D
program in the long term. The R&D plan is quite thorough and will
provide a valuable foundation for prioritizing R&D plans as the
programme matures.

IAC composition:

Permanent members: Ursula Bassler (chair), Mauro Mezetto,
Hongwei Zhao, Akira Yamamoto, Maurizio Vretenar, Stewart
Boogert, Sarah, Demers, Giorgio Apollinari

Additional experts: Pierre Vedrine, Stephen Gourlay, Lyn Evans,
Alessandro Gallo, Barbara Dalena, Pantaleo Raimondi

*  Must not miss the opportunity
D. Schulte, Muon Collider, HKUST, January 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 / 2.3 m outer diameters, 1.4 m ‘ Deliverables ey and goals
technology length, 20T at 20K
Split 6D cooling Demonstration of solenoid with cell 510 mm bore, gap 200 mm, 7T at 20 K Sl 60 conlig ;’Ertgf e oo, B0, 7T
solenoid integration Fnalcooling - Build and e HS prototype 0 bore, 15 can ength A0t 41

Final cooling Build and test HTS prototype 50 mm bore, 15 cm length, 40 T at 4 K magnetsystem  comerer

LTS collider dipole  Demonstrate NbySn collider dipole Tdiameter, 11T, 45K, 5m long

Solenoid HTS RCS dipole Demons| 'S dipole 30mm x 100 mm, 10T, 20K, 1m long
H calle ofe  Demonstrate HTS collider dipole 140 mm diameter, 14T, 20K, 1 m long
HTS collider Demonstrate HTS IR quadrupole 140 mm diameter, 300T/m, 4. 5K, 1m long
quadrupole
Year I | m | m | IV [ V | VI |Vl |[vil IX | X
. . Muon cooling RF Design, build and test RF cavities 352 MHz and 704 MHz in 10 T field
Accelerator Design and Technologies cavites
. Klystron prototype  Design/build with Industry 704 MHz 20 MW peak power, 704 MHz / 352 MHz
Material (MCHF) 1.6 3.2 4.8 6.4 9.6 10.8 12.0 12.0 12.0 12.0 (and later 352 MHz) klystron
RF test stands. Assess cavity breakdown rate in 20-32 MV /m, 704 MHz-3 GHz caviti
. . R . A . R X . . magnetic field T ’ oee
FTE 47.1 | 606 | 75.0 | 85.0 | 100.0 | 120.0 | 150.0 | 174.6 | 177.2 | 185.1
SCRF cavities Design SRF cavities, FPC and HOM 352MHz, 1056 MHz, 1.3GHz, 1MW
Demonstrator couplers, fast tuners, cryomodules peak power (FPC)

Material (MCHF) | 0.6 22 3.9 5.4 7.8 15.1 | 259 | 324 | 318 | 12.6 s Cootine

First 6D cooling cell  Build and test first cooling cell

FTE 95 | 11.0 | 125 | 292 | 297 | 305 | 255 | 27.7 | 26.7 | 255 Scclmude Dot s it s s colimg ol

Cooling Design and build cooling demonstrator Infrastructure 1o test cooling modules
Detector demonstrator facilty with muon beam
. Final cooling Experimental determination of final 3% 10" muons, 22.5 pm 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 field

FTE 234 | 465 | 70.0 | 93.0 | 93.0 | 93.0 | 93.0 | 1164 | 139.5 | 139.5 v s e Prte component nd et s st Rong s O iy

system

Magnets 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 7.2 6.6 4.7 o e Tamet dsign and et of el T
components
FTE 23'3 28‘4 36‘4 40'9 44'3 47'1 46‘2 37'7 36’1 29‘4 Start-to-End Facility A start-to-end model of the machine Lattice designs of all beamlines, simu-
Design consistent with realistic performance lation codes with relevant beam physics,
TOTALS iy «peciﬁlcmm: e \ulning and R:ni:mck pn\cldums o

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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Muon Cooling Demonstrator

International

= UON Collider

Muon Cooling Demonstrator / cO\naboranon
1

|2025I I I |2°au| I + I |2035| |2°40| 4 IMI

a Technically Limited Timeline -
Construction I P | —
Production of test cavities A
Operation for tests [_RF Toot Stands | cmall ﬂﬁ
Construction .
Design & production (R | One-Cell Module | | = Launch RF test stands and

WEEE of first cell i
: !mof module cavity fIrSt mOdUIe (700 MHZ test
: P T of cell-wise module | Five-Cell Module \E‘jj'imi:‘:':‘:'j sta nd) ﬂght away

Production of first cooling module

Decision point
for demonstrator
2028

Demonstrator Demonstration
2 of module of cooling module

Addition of cells

Demonstration
of cooling

1 10 Year R&D Plan

Important decision in 2028
on sharing of effort and
demonstrator location

Two promising demonstrator
site studies at CERN

Budget for site Fermilab study
approved

D. Schulte, Muon Collider, HKUST, January 2026




Design of 10 MW HTS

izl . Internatipnal
wind generator UON Collider
Collaboration

Implement the proposed R&D plan, with deliverables

and resources estimates for the next 10 years

* Prepare sharing of work between partners

* Central funding through CERN and other partners is
instrumental

* |dentify additional funding sources

* Need strong support of ESPPU /'45\\
£ X
Y
Started a task force to prepare the implementation \\5:?
Exploit synergy with other particle physics and Collaboration on target solenoid/fusion with F4P, "—
accelerators ERUOFusion, GaussFusion, ENI is key example . 4
* Muons, neutrinos, ... * Have agreements that will lead to resources -
* An opportunity for particle physics to make an %
Strong synergy with societal applications exist important impact on society

* HTS magnets for fusion reactors, wind power

. . https://indico.cern.ch/event/1439855/contributions/6461515/ @n
generators, motors, material science, health

applications Early career experts are very motivated by the —
* Power converter required and possible innovations Infineon_

D. Schulte, Muon Collider, HKUST, January 2026 M




Global Engagement ()
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National Academy of Science:

Recommendation 1: The United States should host the world’s highest-energy elementary particle
collider around the middle of the century. This requires the immediate creation of a national muon
collider research and development program to enable the construction of a demonstrator of the key
new technologies and their integration.

US ESPPU submission:

Realisation of the plan above relies on sustained and adequate funding in both the US and Europe, and a
close collaboration between the two regions, as outlined in the next section . Potential contributions
from other regions of the world would further strengthen the program.
[https://arxiv.org/pdf/2503.23695]

IMCC will carry out the R&D together and develop options to host the collider at CERN or at Fermilab
and potentially also other sites
Envisage to share leadership between CERN and Fermilab

D. Schulte, Muon Collider, HKUST, January 2026 —— T
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Conclusion

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

https://www.facebook.com/cern/videos/
the-future-of-particle-physics-david-
gross-cern70/509915295164473/

Have global R&D programme proposal that needs to be funded
* Stronginterest in different regions hopefully translates into resources

A muon collider is disruptive

* It will push beyond the current boundaries
e It will be the first of its kind

* High-risk, high-benefit

Important innovation is required
e Not all issues have been solved Many thanks to the collaborators for
* This means uncertainty and risk all the work

* But also the potential to be creative and invent

Our web page:
http://muoncollider.web.cern.ch
Strong synergy with societal applications If you want to join:
muon.collider.secretariat@cern.ch
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Reserve @
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Timeline and R&D Programme Proposal

Decision on demonstrator T,

Muon Collider (Initial Stage) il

ollaboration
2025 M, o030 ., . o0ss| . .  oosm| . o0asf . . s0so] . . . 20ss| . 2060 ey,
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 T T T T T T T T T T

Technically Limited Timeline
Project preparation
Technology R&D
Civil engineering

Installation & commissioning Shutdown 1 Shutdown 2

m.m-m

Milestone [[ Muon Collider
| Construction of RF test stands 2025 - 2028
Production of test cavities 2026 - 2039

Tlmeline |S driven by R&D | Operation of test stands 2027 - 2040

Demonstration Phase To—(To+7)

Most ambitious example to define R&D programme priorities | Demonstator technical dsign

Construction of initial demonstrator

" 10 Year R&D Plan |
| 1
< >+ >

Initial final demonstrator

Construction of muon cooling module (5 cells)

* Assumes firm commitment to enable the muon collider as next flagship after HL-LHC | befniion o the pacement scenario for the calicer
. Project Preparation Phase T, (T, +35)
* R&D is fully successful Final demonsirator

Implementation studies with the Host states

o N O d e | ays d u e to d ecis i O n m a ki ng Environmental evaluation & project authorisation processes

Main technologies R&D completion

Industrialisation of key components

Ot h e r O pt i O n S Engineering Design completion

. Construction Phase (from ground breakin; 2 —(Ty+9
e In Europe after a higgs factory Crlengineering B

TI installation

* Inthe US to become leader at the energy frontier Demonstration Phase 7 years | Component consiruction

Accelerator HW installation

Project Preparation Phase 5 years | Bw commissioning

Beam commissioning

Construction Phase 9 years Physics operation starl TL+l0 |

D. Schulte, Muon Collider. ESPPU Open Symposium. Venice, June 2025 o ——rerr R




