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Physics Case

Physics case is very strong and is supported by globally: /C‘\Uémiﬂ?d”é‘!

ollaboration

Snowmass, P5, and now National Academy Recommendation:
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A collider with approximately 10 times the energy of the Large Hadron Collider (LHC) is crucial for addressing the big
qguestions 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. , , )

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

At ESPPU in Venice, the muon collider impact on precision physics and BSM has been presented in all relevant sessions
e« Some improvement potential remains
o Expect to get support of physics case in Europe

Strong physics case has strong complementary to FCC-ee + FCC-hh
e Need to continue in all cases
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IMCC

International Muon Collider Collaboration H
C

UON Collider
ollaboration

Collaboration formed 2021-2022, currently hosted by CERN
= ° 61 formal member institutions, still growing, many from the US
P o Waiting for CERN-DoE Agreement Addendum

| memaina, e R&D progamme developed with global community
/;‘UON Collider o Cyrrently strong accelerator effort in Europe, strong and growing US contribution

ollaboration

e Plan to move to co-hosting in Europe and US

IMCC addresses a number of strategic requests:

« Last ESPPU demanded muon collider integration into European Accelerator R&D MuCol
Roadmap

e EU is co-funding design study MuCol since 2023, expect results in 2027

o Different US recommendations to explore muon collider: Snowmass, P5 and National @i FAST
Academy

IMCC is site agnostic
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Global Engagement

Expect to continue R&D in Europe /:\Héargiﬁ&n;.

Expect increase in US P5 and now National Academy:

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.

21

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.

))-

IMCC operation mode described in US Community submission to ESPPU

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
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Organisation

Collaboration Board (ICB)
 Elected chair: Nadia Pastrone
« Represents partners

Steering Board (SB)
o Chair Steinar Stapnes
« Members from host lab members, ICB representatives,
SL and deputies
e Reports to LDG (and CERN Council) and hopefully to
DoE or other entity in the future
« Some US representation, will enlarge this part together

ﬁlnternational
UON Collider
7 Collaboration
ther regional

body

with US

Coordination committee (CC)
o Study Leader Daniel Schulte, deputies: Andrea Wulzer,
Donatella Lucchesi, Chris Rogers
e Several US members
« Will evolve as resources become available in US
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ESPPU Submission Content

Muon Collider Assessment /‘\'Jé%r%iﬁ%?d”é‘!
. . 7 Collaboration
Present physics case and green field designs and technologies

o Parameters, lattice and component designs, beam dynamics, cost, ...
o Aim for 10 TeV with 10 ab™

Back-up document (406p,

o Aim for initial stage around 2050 (e.g. with 3 TeV and 1 ab™) 450 signatories)
10 page submission with project summary
R&D plan The Muon Collider J
Input to the European Strategy for Particle Physics - 2026 update
¢ The maln tlmellne drlver 20 page to answer ESPPU-specific questions
o Accelerator design, detector development, magnets, muon cooling Addendum to: The Muon Collider

Input to the European Strategy for Particle Physics - 2026 update

technology, ...

@e International Muon Collider Collaboration Y,
400 page collider overview (to be published)

( R )
The Muon Collider

Implementation Considerations
e Currently for CERN and for FNAL
o Scaling from green field design, detailed lattice designs after ESPPU
Technically limited schedule
Cost and power consumption scales

Supplementary report to the European Strategy for Particle Physics - 2026 update

Ghe International Muon Collider Collaboration y
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https://indico.cern.ch/event/1439855/contributions/6461618/attachments/3045996/5381966/ESPPU_MuonCollider.pdf
https://indico.cern.ch/event/1439855/contributions/6461618/attachments/3045996/5381966/ESPPU_MuonCollider.pdf
https://indico.cern.ch/event/1439855/contributions/6461618/attachments/3045996/5386500/ESPPU_MuonCollider_Addendum_v02.pdf
https://indico.cern.ch/event/1439855/contributions/6461618/attachments/3045996/5386500/ESPPU_MuonCollider_Addendum_v02.pdf
https://indico.cern.ch/event/1439855/contributions/6461618/attachments/3045996/5386500/ESPPU_MuonCollider_Addendum_v02.pdf
https://indico.cern.ch/event/1439855/contributions/6461618/attachments/3045996/5381964/ESPPU_Muon_Collider_Backup.pdf
https://indico.cern.ch/event/1439855/contributions/6461618/attachments/3045996/5381964/ESPPU_Muon_Collider_Backup.pdf

ESPPU Submission Content

Muon Collider Assessment /“\LT&E%%H?JS!
. . 7 Collaboration
Present physics case and green field designs and technologies

o Parameters, lattice and component designs, beam dynamics, cost, ...
o Aim for 10 TeV with 10 ab™

Back-up document (406p,
450 signatories)

O A|m fOI’ |n|t|a| St o Muon Colliders
ESPPU Submission 2018 R
page submission with ect summary
R&D pl an The Muon Collider Working Group he Muon Collider
Jean Pierre Delahaye] , Marcella Diemozz, Ken Longd, Bruno Mansoulié”, Nadia Pastrone” (chair), ut to the European Strategy for Particle Physics - 2026 update
1 1 1 1 Lenn Rivkinﬁ, Daniel Schultel, Alexander Skrinsk 7, Andrea Wulzer™®
¢ The main tlmellne drl d d nage to answer ESPPU-specific questions
" | . . \
e AcCce I erator d esign, d e " CERN, Geneva, Switzerland ldendum to: ThE_Mll(_)Il Collider
| 2 INEN Sezione di Roma, Roma, Italy to the European Strategy for Particle Physics - 2026 update
tec h NO I Ogy ) ee % Imperial College, London, United Kingdom
4 CEA, IRFU, France nternational Muon Collider Collaboration Y,

5 : : g .
INF{),N Sezione di Torino, Torino, Italy D page collider overview (to be published)
EPFL and PSI, Switzerland N\

. . " BINP, Russia e Muon Collider
I m p I eme ntat ion Co nsi d erc ® LPTP, EPFL, Switzerland and University of Padova, Italy

o Currently for CERN and tor FNA
e Scaling from green field design, detailed lattice designs after ESPPU
Technically limited schedule
Cost and power consumption scales

blementary report to the European Strategy for Particle Physics - 2026 update

The International Muon Collider Collaboration y
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https://indico.cern.ch/event/1439855/contributions/6461618/attachments/3045996/5381966/ESPPU_MuonCollider.pdf
https://indico.cern.ch/event/1439855/contributions/6461618/attachments/3045996/5381966/ESPPU_MuonCollider.pdf
https://indico.cern.ch/event/1439855/contributions/6461618/attachments/3045996/5386500/ESPPU_MuonCollider_Addendum_v02.pdf
https://indico.cern.ch/event/1439855/contributions/6461618/attachments/3045996/5386500/ESPPU_MuonCollider_Addendum_v02.pdf
https://indico.cern.ch/event/1439855/contributions/6461618/attachments/3045996/5386500/ESPPU_MuonCollider_Addendum_v02.pdf
https://indico.cern.ch/event/1439855/contributions/6461618/attachments/3045996/5381964/ESPPU_Muon_Collider_Backup.pdf
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Evaluation Report: Physics
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Physics and Detector Concepts

MUSIC

(MUon System for
Interesting Collisions)

Challenges:

High-energy lepton detector
requirements

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

Achievements

Two detector concepts are being developed
Performance studies with GEANT . ve
Detailed design and simulations of MDI and
background suppression
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MAIA
Internatipnal
(Muon Accelerator Instrumented /‘\uow Collider
Collaboration
Aperatus)

Average number of hits / cm 2

i 1 ]
0 5 10 15 20 25 30 35 40 45
Tracking Detector Layer

Key conclusions:
Full simulations show good physics performance
with near-term technology in spite of BiB
e But important improvements are possible
« Need strong R&D for optimization and
integration
« Proper investment crucial to enable
exploitation of full muon collider potential in

available time using new technologies, Al, and
ML




Proton Complex
Challenge: Proton Driver

H™ LINAC Accumulator Ccmﬁpressow
1

« 2 MW, 5 GeV, 5 Hz, Sl "E

e 5x 10" protons/pulse
e Proton pulse accumulator and

compressor rings

International
.UON Collider
tEllaboration

R NN VT T T T T 1 O TV T,
HELRRIUERLIERIEEIE e NI

Achieved: Beam creation and Acceleration Accumulation and Compression . Transport | Target 4:;
« Accumulator and combiner ring : | | o
lattices ; | | @
« First collective effects studies &
show stable beam ' i ' 5‘“
« Optimise between one or two ; ; o0
bunches in compressor E i ﬁ
! | G
| | £
o w 204 1 7.5 ; 154 .
10— X%;x::: - el \ Key conclusions:
= Xse® 1¢é i - g, 3 Tool il | E
- poSeesgedd Lip T N | « Can compress 2 MW, 5 GeV proton beam
it =7 _| X o ‘ = = e g ————— -5.01 after 41 tums | & =104 . injection
=973 TR 8o -z g T =) [ (E LSRN P S L to two 2 ns bunches, then merge them
_ : >< ® 6 i ﬁ —-60 -40 —zox[g‘m] 20 40 60 ¥ [mm] 21 . . . . .
gam_\, 1 X7 .:4.‘ Lyp-1— . o Optimisation in compressor ring
~>107°g X e = 5 U = : E : '
- B ANP £ 3 | for collective effects ongoing
109 ®e e amwll A RBEEL| I ——— e« For 4 MW need 10 GeV beam
s " — 10_2 N | . : e . . .
| 1 | | 1 — ST I P I e Cool beamline to avoid ion loss from black
100 150 200 250 300 350 Fig. 5.1.8: Simulation of the full compression for one bunch at 5 GeV. 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 bOdy radlatlon

the compression there is still some emittance blow up that need still to be addressed.
U, AUBUDL ZULD ” —— = 10
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Target

EIIIII US-MAP LTS+resistive hybrid solenoid

All-HTS solenoid

Target & Front End
Pion Chicane &

Target Absorber F International
UON Collider
Collaboration

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

Achieved:
e Initial 2 MW graphite target conceptual
design, pion yield optimised
e HTS solenoid and shielding concept
developed
e Study of proton removal ongoing

irnurm Principsl Sty
Type: Maimam Principal Sress

Muon/ Downstream *

Helium cooling
connections Inner vessel Quter vessel Beam window

Time: 13
6/8/2023 10:05 AM

55555

633.4 Max b
619.72
606.04
592.36
578.68

565

551.33
537.65
523.97
510.29 Min

Target rod Target support structure

DPA bn coll €2 ——

maas Key conclusions:

 Yield, magnet shielding, target stress,
cooling, radiation are OK

« Components survive 2 MW beam

e Higher power alternatives to study:

o Graphite

o Liquid metal

s Ll =0 OO TS50 700

2l
Z coordinate [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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Ch " “" "‘ ﬁ«lnterna’uonal
. S -, L . . UON Collid
alienges . ""QT‘”"‘"S"'EFS"“'.".-'.'.-,'_'-._ : ‘ Previous deSIgn (IVI ot ) CoIIaborOatlioerz
Novel, complex lattice ™= T p— rediiced tansversal but T e 3"":"3
e R )5%1533519 o nki;%lo SD%U n§| ;?sjs
with cavities and > 'B-'- Goal o 30Dy WM nolimegaz
. . o dlrectlon B 4 gnilooD A gnilooD
absorbers in solenoids e HIMKO
ngh magnetic field _ S . Electric field \@ @ @ 'C\)' 3t
Acnieved \
104 '_\
] \
Achieved: 3,
Much improved lattice design = ‘#E
Developed simulation tools: BDSIM and RFTrack = =
This allowed to start collective effects studies =
. . = -3
Magnet scaled and conceptual designs for 6D cooling - 10
40 T final cooling solenoid conceptual design (55 T is E |
identified to be the limit) = .
10—+ 10-° 10? 101
" < better ZTmm]
o Al A2 A3 A4 Bl B2 B3 B4 B5 B6 B7 BS .
. i i : Key conclusions:
H E b _g II\\ . . .
= 0 5 &2 e Canin principle reach or exceed performance target

‘ | « Magnet models and prototypes need to be built
H }- « Much improved longitudinal, is useful for collider rmg

EEEEEE R E e
 Study of collective effects |mportant —
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Challenges: MuCool demonstrated >50 /»\L,”geNfgiﬁ‘ﬁ;;J
« NC RF cavities in magnetic field (30 MV/m) MV/min5T Collsboration

e HTS magnets (up to 40 T in final cooling)
e Bright beam hard on absorbers and windows
o Can evaporise liquid hydrogen

« H2-filled copper
e Be end caps

MAP proved gradient

e Initial RF designs

« More RF design ongoing
Coils to optimise beamloading

T

labdadid 11111 108

Pipaee Cooling Cell e First window tests performed with protons
e Use of H2 gas in final absorbers

—3> Current route/direction

[ nternal electrical connection

Key conclusions:
« Ready to ramp-up effort, in particular

Exploded view
(COILS SEQUEMCE)

CW Coil =7  Coils support

prototyping and experimental work, also

 S— B O I o beamdynamics

S—— « Need RF test stands for experimental
— optimization

Absorber

6D cooling cell engineering design almost ready

D. Schulte, R. Taylor, IMCC Plans & Status, 2" USMCC Annual Meeting, Chicag
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RCS Designs

—— . =135, 135, 135, 135

-~ ¢s = optimised

Challenge:
o Uses fast-pulsed normal magnets y
e 5 Hz pulses of O(1-10ms) =
e 6-35 km circumference % .
e Cost ° "
« Recover energy from magnetic field 0.2 of; " 0.4

High bunch charge
Maintain beam quality

Achieved:
« Lattices for all site independent RCSs
« Beam propagation through complex
e Conceptual design of magnets and power
converters
e Optimised design together with RF

| bbbyl 1
S

0.02

ke [m=t]

International
UON Collider
Collaboration
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B

RCS E[J/m] Loss [%] P [MW]

e SPS 1 5447 1.1 1.9

LHC 1 5678 1.6 12.8
o_ LHC 2 5752 6.3/2 26.6

5 [m]
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Key conclusions:

1.3 GHz TESLA-type cavities work
Emittance transport is OK

Cost and power is OK

Need to connect to initial linacs




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 performance model and
conceptual designs

e Cryogenics conceptual design

 Lattice reaches target beta-
functions but not yet full target
energy acceptance

e First studies of mover system
impact on beam

e Impedance is OK

Chamber radius to keep emittance

F3
S

=»= Copper 100 um on Tungsten at 300 K
~»~ Copper 50 um on Tungsten at 300 K
== Copper 10 um on Tungsten at 300 K
—— Copper at 300 K

- = Tungsten at 300 K

w
8 &

Minimum chamber radius [mm]
™

3

growth below 20 % after 3000 turns

= N
@ S

Collider Ring

— Shielding (30-40 mm)

International
UON Collider
A Collaboration
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Placement Studies

Challenge:
Obtain negligible neutrino flux

Achieved:
e Detailed modelling
 First good orientation found
e Mover system concept + Ve

W-I-

.5 5
P— S R ,

INPUT I-' Scenario - Theoretical

Parse v, | |Soenana Tunnel

MAD X
Survey

Command
Based

Site study at CERN for experlmental |n$ert|on

i FoRnanG
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Arc mitigation concept

Mover system design

Key conclusions:
e Are close to a solution
 Need to continue working

-
o
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Site Specific Designs

Started studies for concrete sites at CERN and Fermilab, looks very promising |tt|
CERN: /QH?EE?J'J?(?;
One RCS in SPS and two in LHC
Construct facility on CERN land
« Adjusted parameters

(3.2and 7.6 TeV, 10 TeV maybe
passible)

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

l

@ Public Access Areas

#" Buildings
Parking Lots

¢ Pands

—— Public Access Roads

===+ Bicycle Path

-— Trails

SC LINAC "~ CERN land C.‘_)
200x25 m. N
‘Target Cooling /RLA1 "

1000x25 m. Length 200m.
|RLA2
RE%EIan ulator Length 1000m.

Injection Tunnel
Muon Collider 7% from RLA2 to SPS

i Length 1010 m.
Ring Length 10 km.

. _ PrevessinSite

4 e
’ 7y N Experimental cavern
e/ A
- TI18
P Length 257 m.
o 1L-I1%1 533
eng m.
SPS
Injection Tunnel
Length 2006 m. | -
Experimental cavern, > w
Meyrin Site - ¢ ‘f iy, e “~_|LHC
SPL %5 Injection Tunnel 2 '?B“.?Jfé’éé&ii%’.i“&h% @ : e
q\, B b Y
LINAC 4 / —ongth 2000 m. & EE

& OpenStreetMap (and) contributors, CC-BY-5A ﬁ‘
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Cost and Power Scale

International
Design of collider and components advanced Cost range for Muon Collider scenarios AH?M?JK’??S

enough to estimate cost and power

10 TeV Green Field

Cost and power estimates based on conceptual
designs and scaling from know components,

e.g.

7.6 TeV @ CERN

e Conceptual design and simulations of fast- 32 TeV @ CERN L

ramping magnets and power converter e o0 o 00
Detailed scaling from ILC cryostats and

cavities to RCS

Beam loss studies for cryogenics power

15.0 20.0 25.0 30.0 35.0

Unit 3.2TeV 7.6TeV

More work to be done
Will perform and overall optimization

Further R&D will reduce cost uncertainty

Operation power MW 117 182
Energy consumption TWh  0.53 0.82
Stand-by power MW 73 111
Energy consumption TWh  0.09 0.14
Off state power MW 58 69

(e.g. HTS solenoids) Enerey eonsumplion

TWh  0.17 0.21

Yearly energy consumption TWh 0.8 1.2

D. Schulte, R. Taylor, IMCC Plans & Status, 2" USMCC Annual Meeting, Chicago, August 2025
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Timeline and R&D Programme Proposal

Decision on demonstrator To

: " SO Gl er
\ Muon Collider (Initial Stage) oS

2ds| . o3l | . 08 . . o040 |, . o0ss , 205 , |, 205 ., . 2060 , ., 2065),

LDG r>admap

1 I 1 L] I 1
Technically Limited Timeline
Project preparation
Technology R&D

Technology demonstration Civil engineering

Installation & commissioning Shutdown 1 Shutdown 2

10 Year R&D Plan
o vear Rt y ) -
Initial final demonstrato m m

| Milestone | Muon Collider |

Construction of RF test stands 2025 - 2028
Production of test cavities 2026 — 2039

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

Most ambitious example to define R&D programme priorities Bemommtor oo T M=

Construction of initial demonstrator

e Assumes firm commitment to enable the muon collider as Construction of muon cooling module (5 cells)

Definition of the placement scenario for the collider

next flagship after HL-LHC Project Preparation Phase T, (T, +5

Final demonstrator

R&D iS fUlly Successful Our t|me||ne |S ConS|Stent W|th CERN Implementation studies with the Host states

Environmental evaluation & project authorisation processes

s : Directorate Working Group (table): | Mainechnologies Rt completion
No delays due to decision making , Industrialisasion o key componeats
: Demonstration Phase 7 years Engineering Design completion
Other options

. . Construction Phase (from ground breaking) T, = (T, +9)
Project Preparation Phase 5 years Civil ngineering : S
1 . TI installati
In Europe after a higgs factory Construction Phase 9 years Componeat construction
Accelerator HW installation

In the US to become leader at the energy frontier HW cottiseituig

Beam commissioning

| Physics operation start |  T,+10 N | ﬁ

0, August 2025 0 T ——

- - - a =
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R&D Programme

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

International
UON Collider
7Collaboration

Detailed R&D programme proposal with deliverables defined

Muon cooling technology

Y . . , Year I m | m | IV | V VI | VII | VIl | IX | X
« Implementation in steps important for timeline ["Accelerator Design and Technologies
. FTE 471 | 60.6 | 75.0 | 85.0 | 100.0 | 120.0 | 150.0 | 174.6 | 177.2 | 185.1
« New detector technologies useful for Demonstrator
instrumentation Material MCHF) | 06 | 22 | 39 | 54 | 78 | 151 | 259 | 324 | 31.8 | 126
: : : FTE 95 | 11.0 | 125 | 292 | 29.7 | 30.5 | 255 | 27.7 | 267 | 255
« Cooling RF requires urgent test infrastructure T
Material MCHF) | 05 | 1.1 | 1.6 | 21 | 21 | 21 | 21 | 26 | 31 | 3.1
Detector FTE 234 | 465 | 70.0 | 93.0 | 93.0 | 93.0 | 93.0 | 116.4 | 139.5 | 139.5
] ] ] Magnets
« Strong potential for further improve physics Material MCHF) | 3.0 | 49 | 101 | 100 | 110 | 134 | 117 | 72 | 66 | 47
potentlal W|th technologles’ AI and ML FTE 233 28.4 36.4 40.9 443 47.1 46.2 37.7 36.1 294
TOTALS
Material (MCHF) | 5.7 | 11.4 | 203 | 239 | 306 | 41.4 | 51.7 | 542 | 535 | 324
Magnet programme FTE 103.3 | 146.5 | 194.0 | 248.1 | 267.0 | 290.6 | 314.8 | 356.3 | 379.4 | 379.6
« Have conceptual designs, need hardware Totals:

e HTS solenoids have important synergy with
society (also power converter)
o Industry is ready to invest
o Must not miss the opportunity
D. Schulte, R. Taylor, IMCC Plans & Status, 2" USMCC Annual Meeting, Chicago, August 2025
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Duration 10 years

Accelerator: 300 MCHF material, 1800 FTEy
Detector:

—

20 MCHF material, 900 FTEy see==""__




- Muon Cooling Demonstrator

202 b %030 2035 2040 . 2045 > = ]
Construction : Technically Limited Timeline International
Production of test cavities RF Test Stands ; B % = / CoHCa)Tl)g?elltI?c?r:
Operation for tests =l =
Launch RF test stands and
Construction .
of first cell " One-Cell Module | [~ 7| first module (700 MHz test
I of first cell .
RS of module cavity Stand) rlght away

|
: of cell-wise module Five-Cell Module

Decision point :
for demonstrator Demonstrator Demonstration

2028 LB E of module of cooling module

Important decision in 2028
on sharing of effort and
demonstrator location

Addition of cells

DENENENENENE | pemonstration

of cooling

N A A

I 10 Year R&D Plan i [ |
Two promising demonstrator site studies at CERN

Budget for site Fermilab study approved

2025 2030]

20| . 20| . 2045

| | ; : I ~—| Chicane &

- . Proton dump
DG roadmap Project preparation N | ' ___
Technology R&D S (O Bt > - S R
S— . . - mm’wm:m_ ﬁE S “‘w} 8 ~‘
Technology demonstration Civil engineerin : ! S e R
- i = e = [ % R

Optlmlsatlon Cooling cells and ‘f ] Prepafatior; line | I

muon dump

Target area

Installation &

Extraction line
from PS

CTF3
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Way Forward

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, DoE and other
partners is instrumental

ldentify additional funding sources

Need strong support of ongoing ESPPU

Turn US support into resources

Started a task force to prepare the implementation
Led by F. Meloni and E. Nanni
Exploit synergy with other particle physics and
accelerators
« Muons, neutrinos, ...

Strong synergy with societal applications exist
« HTS magnets for fusion reactors, wind power
generators, motors, material science, health
applications
« Power converter

D. Schulte, R. Taylor, IMCC Plans & Status, 2" USMCC Annual Meeting, Chicag
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s DESIgN Of 10 MW HTS

Wi International
~ wind generator %UON national
: -

ollaboration
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| NEAMA / /f# 5:\\
C:fmer e Lmag  Rmag . “k\* ) ))

T K& =
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Collaboration on target solenoid/fusion with F4P,
ERUOFusion, GaussFusion, ENI is key example
« Have agreements that will lead to resources
e An opportunity for particle physics to make an
important impact on society

®
https://indico.cern.ch/event/1439855/contributions/6461515/ @ ﬂ "

Early career experts are very motivated by the

required and possible innovations (iﬁﬁneon |




Practical Approach

R& D Ta s k Fo rce wW i I I St d rt soonNn Technologies Deliverables Key parameters and goals

. . Magnets
® LEd by F . M e I onl an d E . N anni Target solenoid Develop conductor, winding and magnet 1 m inner / 2.3 m outer diameters, 1.4 m
. . . technology length, 20 T at 20K
® Wl I I INC I u d ed I I | nte e Ste d p d I"t Nners Split 6D cooling Demonstration of solenoid with cell 510 mm bore, gap 200 mm, 7T at 20 K
solenoid integration
Final cooling Build and test HTS prototype 50 mm bore, 15cm length, 40 T at 4 K
solenoid
EX'Stlng R&D plan haS been dEVElOpEd Wlth gIObaI Communlty, Fast-ramping Prototype magnet string and power 30mm x 100 mm, 1.8 T, 3.3T/s
l“@ . . . magnet system converter
k -‘ ve ry St fron g U S con t rl b u t oNn LTS collider dipole = Demonstrate Nb;Sn collider dipole 160 mm diameter, 11T, 4.5 K, 5 m long
:" . . . . HTS RCS dipole Demonstrate RCS HTS dipole 30mm x 100 mm, 10T, 20K, 1 m long
o SO me p 0 I IS h N g St I I | remains to b e d one HTS collider dipole = Demonstrate HTS collider dipole 140 mm diameter, 14 T, 20K, 1 m long
. . . . . HTS collider Demonstrate HTS IR quadrupole 140 mm diameter, 300T/m, 4.5K, 1m long
Goal is to prepare plan for practical implementation of R&D: usdepale
Radiofrequency
Muon cooling RF Design, build and test RF cavities 352 MHz and 704 MHz in 10 T field
P . I h o f k b d . . cavities
otential sharing or work between partners according to interest, Klystron prototype  Design/build with Industry T04MHz 20 MW peak power, 704 MHz / 352 MHz
. (and later 352 MHz) klystron
ex p e rt I Se, dan d resources RF test stands Assess cavity breakdown rate in 20-32 MV /m, 704 MHz-3 GHz cavities
. . . . . . magnetic field in7-10T
e obviously will have to deal with uncertainties of future funding SCRFcavities  Design SRF cavitics, FPCand HOM 352 Mz, 1056 Mz, 13 GHz, 1MW
couplers, fast tuners, cryomodules peak power (FPC)

Muon Cooling

First 6D cooling cell Build and test first cooling cell

Integration of R&D into programmes and applications for (co-) funding .., .o

Build and test first 5-cell cooling module

e P .g . DO E fu N d | ng’ LDG Roa d ma p | N E uro pe’ H |gh _fi e | d M agn et g:iﬁfwm Ez?lﬁ: and build cooling demonstrator f:if::i:::z;u;sz test cooling modules
Programme, CERN MTP, programmes in different countries, ... e e e -

Design & Other Technologies
Neutrino flux mover Protoype components and tests as needed Range to reach O(£1mradian)

WI” need to be aware Of OngOIng R&D Effo rtS and plans ::;m Instrumentation component designs Protoype components and tests as needed
e Ensure lines of communication between efforts and existing WGS o sude fasget design and s of evant el B
¢ AISO he'ps ensure Support Of ECRS perfOrming new R&D effo rtS Start-to-End Facility CAO::;}r(:iZI—I;d model of the machine Lattice designs of all beamlines, simu-
Design consistent with realistic performance lation codes with relevant beam physics,
specifications tuning and feedback procedures L
et
D. Schulte, R. Taylor, IMCC Plans & Status, 2" USMCC Annual Meeting, Chicago, August 2025 ) E—— T 23 _
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Conclusion

é Y4 )

Excelle.nt tgchmcal progres.s has I?een Have global R&D
made, in spite of resource limitations orogramme proposal
e Supported by review committees
from LDG, MuCol, and IAC reviews that needs to be fundea

During its current IMCC review, the IAC was highly impressed by the significant
progress and the marked improvement in the robustness and quality of the
studies. The muon collider presents an extraordinary technical opportunity,
and encouragingly, all major technical challenges are being actively tackled. In
particular, launching and supporting a cooling demonstrator and test stands
as soon as possible will be crucial to sustaining this strong momentum.

IAC review (just before ESPPU Venice meeting)

International
UON Collider
7 Collaboration
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

Now need:
pe 0 TSy Support of Many thanks to the collaborators for all the work
ramp up ESPPU for our Global
resources also elobal R&D support Our web page: h.ttp://muoncc?llider.web.cc?rn.ch
for the If you want to join: muon.collider.secretariat@cern.ch
programme

accelerator

D. Schulte, R. Taylor, IMCC Plans & Status, 2" USMCC Annual Meeting, Chicag
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http://muoncollider.web.cern.ch/

Reserve

International
UON Collider
Collaboration
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R&D Plan Reviews

LDG Mid-term Review

Reviewers: Norbert Holtkamp (chair), Mei Bai, Frederick
Bordry, Nuria Catalan-Lasheras, Barbara Dalena, Massimo
Ferrario, Andreas Jankowiak, Robert Rimmer, Herman ten
Kate, Peter Williams

Found good progress for Roadmap implementation
e “75% of Roadmap goals have been achieved”

Recommendations:

« Develop a Start-to-End Performance Simulator:

o This is (one of) the most urgent and
crucial parts of the R&D plan
« Define and fund a High-Field HTS and RF
Development Strategy:
o This is an important part of the R&D plan
o New funding needed
« Conduct an Independent Review of Scope,
Schedule, and Costs:
o Initial review by our International
Advisory Committee (I1AC)

D. Schulte, IMCC progress, USMCC Annual Meeting, Chicago, August 2025 A

MuCol mid-term review by EU /“\%WE@H?QS!
. 7 Collaboration
Very good technical progress

IAC review:

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

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

“During its current IMCC review, the IAC was highly
impressed by the significant progress and the marked
improvement in the robustness and quality of the
studies. The muon collider presents an extraordinary
technical opportunity, and encouragingly, all major
technical challenges are being actively tackled. In
particular, launching and supporting a cooling
demonstrator and test stands as soon as possible will be
crucial to sustaining this strong momentum.”




Muon Collider Greenfield Overview

International
UON Collider
"Collaboration

hPr(ﬁoluce a Target rrr:aterldal Rapidly reduce the Rapidly Collfl]de

‘5 POWET to withstan beam size Accelerate tight
proton beam high-power beams

Proton Driver Target & Front End Cooling Acceleration Collider

H™ LINAC Accumulator Com ressor Pion Chicane & Muon Phase
Target Absorber Buncher Rotator

3 TeV Collider

Charge Bunch el Charge |SC LINAC RLA 1,2
10 TeV Collider

Separa lon 6D Merge 6D Cooli INg Merger

Coollng Coollng Pre-
accelerator

RCS 1,2,3 &4

R. Taylor v1.5 (2025)

e Based on MAP diagram, made as .svg for easy addition as machine evolves.
o Currently on version 1.5 (added initial cooling).

e Please email me if you have updates to subsystems of complex overview.

e Design is currently the same for Greenfield, CERN and Fermilab, sans RCS.

D. Schulte, R. Taylor, IMCC Plans & Status, 2" USMCC Annual Meeting, Chlcago August 2025
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IMCC Organisation

Study Leader: Daniel Schulte
Deputies: Andrea Wulzer, Donatella Lucchesi,
Chris Rogers

ther regional
body

Physics: Andrea Wulzer

Detector and MDI: Donatella Lucchesi
Protons: Natalia Milas

Muon Production and Cooling: Chris Rogers
Muon Accelerator: Antoine Chance
Collider: Christian Carli

Magnets: Luca Bottura

RF: Alexej Grudiev, Claude Marchand
Beam-matter / Target System: Anton Lechner -
Collective effects: Elias Metral -
Demonstrator: Roberto Losito

Cooling cell design: Lucio Rossi
US (Accelerator): Mark Palmer
US (detector): Sergo Jindariani
Asia (China): Jingyu Tang

Each block has ~monthly progress meetings

R. Taylor, D. Schulte Second Annual US Muon Collider Collaboration Meeting- Status and Plans of the IMCC Effort - 7" August 2025
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MuCol Organisation

CERN Council

International
UON Collidar
Collaboration

MuCol Consortium

Study Leader

Management
Committee

Governing Board

Advisory Committee

Project Office

WP1 - Coordination
and Communication

WP3 - Proton Complex

WP2 - Physics and
Detector Requirements

Complex

WP4 - Muon
Production and Cooling

WP5 = High-Energy

WP6 - Radio
Frequency Systems

WP7 — Magnets

Systems

WP8 - Cooling Cell
Integration



MuCol
Deliverables

D1.2

D1.3

D1.4

D1.5

D2.1

D2.2

D3.1

D4.1

D4.2

Preliminary ESPPU report No. 1

Preliminary ESPPU report No. 2

Intermediate ESPPU report

Consolidated ESPPU report

Beam-induced background and detector

configuration

Detector performance by using physics

Processes

Final report on parameters and initial study

for the Proton Complex

Development of BDSIM simulation

Preliminary Report on key subsystems for

ESPPU input

MuCol
Milestones

Each with laboratory
leads and deadlines.
(CERN, DESY, UKRI,
CEA, UMIL, UNIPD)

0.

Milestone Name

Website Available

Kick-off meeting

Tentative parameters available

First annual meeting

Preliminary parameters

Second annual meeting

Consolidated parameters

Third annual meeting



MuCol
Deliverables

ND

D1.1

Del.

D1.2

D1.3

D1.4

D1.5

D2.1

D2.2

Deliverable Name

MuCol
Milestones

Data-management plan

Dissemination and Exploitation plan

Preliminary ESPPU report No. 1
Preliminary ESPPU report No. 2
Intermediate ESPPU report

Consolidated ESPPU report

Beam-induced background and detector EaC h Wlth I ab() rato ry

configuration Ieads and deadl | nes.
(CERN, DESY, UKRI,
CEA, UMIL, UNIPD)

Detector performance by using physics

processes

10

11

First annual meeting

Preliminary parameters

Second annual meeting

Consolidated parameters

Third annual meeting

Training on detectors design and physics

performance tools

Workshop on MDI and IR design

Release of simplified detector performance

model (DELPHES card or/and similar format)

E&®e . i B2 _ _ _  _® _ & _ B _ . .w w E . _wm



Key Target Parameters

International
UON Collider
Collaboration

m“ Site independent CERN 2 tunnels CERN 1 tunnel

Sqrt(s) TeV 3 10 3.2 7.6 3.2 7.6

L/IP 1034 cm-2s-1 1.8 17.5 2 10 0.9 7.9

Int L ab-1 1 10 1 10 1 10
Accumulation 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 3.7 11 11

Bdipole T 11 14 11 14 4.8 11
Collider dipole technology Nb3Sn HTS Nb3Sn HTS NbTi grbl:—glig

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, IMCC progress, USMCC Annual Meeting, Chicago, August 2025
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20@20 ].['

T™M2
SOLID

TM3
UHF-DEMO

"y ]
m}
L]

TM4
RCS-String

TM5
MBHY

TM6
MBHTS

FCC-ee, CLIC
(e+ source)

Magnet R&D Impact

NMR Sy

High-field science

i

MRI

High field, low
consumption

High field, low
consumption

Ultra-high-field

High pulsed
power and

High-field large
bore, cryo-free
technology

Ultra-high-field

High-field, large
bore and large
stored energy

energy recovery

r

T

High pulsed
power and
energy recovery

Motors/generators

E

High-field,
compact
windings

3D, compact
pole winding

3D, compact
pole winding

3D, compact
pole winding
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R&D Impact Examples

Fusion for Energy (ITER EU Domestic Agency) N
o Framework agreement and first addendum in final negotiation /zﬁﬁgﬁgg';d;;
o Contribution to the design of the HTS target solenoid, relevant to the central solenoid of DTT
EUROFusion (next step European fusion reactor)

o Framework agreement signed in 2023, first addendum signed in 2024

/z;l"f\\ o Contribution to the design of the HTS target solenoid, relevant to the magnets of a Volumetric Neutron
\{\‘%_9/})) Source proposed as next step in the European fusion strategy

Gauss Fusion (one of the leading EU fusion start-ups)
o Consultancy agreement signed in 2023
o CERN contribution to the design of the LTS/HTS GIGA stellarator magnets, based on advances in the
HTS target solenoid
ENI (oil and gas energy giant)
o Framework agreement and first addendum signed in 2024
o Collaboration on the conceptual design and project proposal for the CERN construction of a large bore
HTS solenoid (20@20 model coil) relevant to the muon collider and fusion
Infineon Technologies Bipolar (world leader bipolar high-power semiconductors, focus on green grid)
. o |[FAST-2 proposal to INFRA-2025-TECH-01-02 (CERN, INFINEON, PSl)
@’ o Proposal of fast pulsed power cell + magnet system sent to IFAST-2 coordination for ranking at TIARA
o Industrial interest in rapidly pulsed and large energy/power supplies

Note: Examples in Europe because we
restarted here
Expect similar interest in all regions

D. Schulte, IMCC progress, USMCC Annual Meeting, Chicago, August 2025 M




Start-to-end Model

This is an important part of the proposed R&D plan /“\'”ter”aio”a'

UON Collider
"Collaboration

Due to resource limitations we had to set priorities in the LDG Roadmap:

« Design of the collider areas with lattice challenges and contained Critical Technology Elements
Address the key challenges such as neutrino flux and beam-induced detector background
Development of missing critical simulation tools
Development of realistic performance targets for the components

Protons produce lonisati I £ m”,;
° | b | . Eh D‘rt_,. intense FIII:I'FIS Whll:h |::|E|:a1,r onsg ||:|‘r.'| coolng o P.I:I:E|Er3ti|]r1 to
N Ow avalla e: proton bunch into muons which are TLIT T MEEET collision energy Collision

Initial cost model
Initial power consumption model

With increased resources can:

« Design missing connecting systems proton pulse - Graphite target - ot comertan
. . . . accumulation and - Target solenoid -6D cooling solenoids -RCS RF system
e Further improve existing system designs compression TmoTE s —
. . Identified and prioritized with communit -Final cooling solenaids - LOllgerTing dipales
® Reflne COSt and power Consumptlon mOdel Other areas nEFnlal:I now alsoto be a|:||:|re55.1;|:| - Final focus quadrupoles

{some work started) - Machine-detector interface

Optimise for risk and cost - Neutrino flux

0. 5chulte, 5. Stapnes, Muon Collider, LOWG, CERN, June 2025

Are introducing a formalized configuration management for the overall optimisation

D. Schulte, IMCC progress, USMCC Annual Meeting, Chicago, August 2025 A




Power Consumption Estimate

Power estimate is based on Unit 3.2TeV 7.6TeV Internztional

UON Collider
« Conceptual designs, e.g. fast-ramping magnets  Operation power MW 117 182 colleboration
and power converter Energy consumption TWh  0.53 0.82
« Detailed estimates for RF systems Stand-by power MW 73 111
« Cryogenics power estimates include beam Energy consumption TWh  0.09 0.14
losses and shielding Off state power MW 58 69
o More study for beam loss in RCS RF, Energy consumption TWh  0.17 0.21
maximum range (-4 to +9 MW for 3.2 TeV Yearly energy consumption TWh 0.8 12
and -10 to 19 MW for 7.6 TeV)
« For cryostats detailed scaling (e.g. pulse length,
rate, etc.) from known cryostats has been E;
applied I
« An overall estimate for general cooling and

ventilation has been added

. Ecopper
e ElJ/m Eiron [J/m Loss [% PIMW
No overall optimization has been performed for [J/m] 14/ m] [J/ml [%] [MW]
LHC 1 5678 9.2 80.6 1.6 12.8
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
D. Schulte, IMCC progress, USMCC Annual Meeting, Chicago, August 2025 A




Injector Complex

« The injector complex needs to undergo optimization before detailed design. Svewcoiise:

« Each component of the surface injector complex needs tailored civil engineering design based on
individual component requirements.

e Upon freezing the layout, detailed studies into the environment, topography and below ground

services can be conducted.

D. Schulte, IMCC progress, USMCC Annual Meeting, Chicago, Augus g !!Egﬂf




» A preliminary cross section of the Collider Ring
has been established based on an LHC cross
section.

The Interaction Regions haven’t yet been
designed.

An Interaction Region from the FCC housing a
single detector has been used for the preliminary
costing exercise as well as the affiliated shafts
and surface sites.

« Therefore, specific designs tailored to the Muon
Collider Ring need to be developed, specifically,
cavern and shaft sizes for the Interaction Region
as well as any further areas necessary to
accommodate the required services.

D. Schulte, IMCC progress, USMCC Annual Meeting, Chicago, Augus . !!E,ﬁ"’
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Surface Structures

International
UON Collider

« Ensuring the surface structures are housed where possible on CERN owned land is of upmost Collaboration

Importance.
« Geographical studies will confirm surface placement of the injector complex and particularly, the

surface experimental sites if not to be housed on CERN land. Ensuring these surface sites are in turn

located on feasible plots of land.
« The Neutrino Flux model, however, aims to find an optimal Collider Ring placement with the surface

experimental sites housed on CERN land.
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Long Term R&D
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A o o e e o 3 e e ) e e e e s e e o e e e A A e
comtmsiity | s - With the aim to begin Civil
Permiting / Envronmenta ol Feasibility and Permitting or Sie Investigation Construction in 2040.
———— R e — ! - Site specific technical
designs, site preparation, an
e et ere | e e environmental impact study
Technical Decision Reporting and all the corresponding
v oo e procedures in preparation for
construction need to be
conducted.
Muon Collider 0 As yvell a)s thg preparation.for
200 , . . o000l | . 2008 , . . oos] , . . 2oas] . 2050 , . 208 ., 2060 2005y, civil engineering construction

Technically Limited Timeline works, Obtaining all required

- -
permits, preparation of
technical documentation,

Installation & commissioning Shutdown 1 Shutdown 2 .
tenders and commercial
| Run1 M Run2 documents.
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RF and High-Field HTS Development Strategy

For the RF development: /;‘\:uléﬁcﬁltd'
The key challenge is the normal conducting RF in the muon cooling section
« Attempt to remain within state of the art for the other parts
» This might change once the commitment to a muon collider becomes stronger
This is therefore a part of the muon cooling technology development

Had good discussions with the LDG RF panel
SLAC is investing into an RF test stand
» Also efforts at INFN and in the UK

A clear Roadmap for the development of HTS magnets exists and funding needs to be secured
e The LDG should play an important role

The HTS solenoid technology is of high importance for societal applications
« We can profit from developments driven by society
« We can contribute to society
« We see that this is leading to additional support for R&D
The power converter for the fast-ramping magnets are of high relevance for society

D. Schulte, IMCC progress, USMCC Annual Meeting, Chicago, August 2025 A




Muon Cooling Demonstrator

Challenge: B B o RF Test stands, to develop International
Demonstrate muon cooling technology in stages w = =) novel RF and magnet technologies /CO\HQE Collider

Critical for timeline , One-cell module to test RF in operational
- AN magnetic environment

AChlevefj' o : . . —— Five-cell module to demonstrate
e Defined the scope and concept, made initial | - integration of absorber, RF and magnets

cost estimate, investigated three promising
locations at CERN
« Staged timeline to implement demonstrator
e SLAC is moving forward building a 3/1.3 GHz
test stand

Demonstration of cooling module to
show operation with beam

Demonstration of cooling to
demonstrate beam physics performance

Muon Cooling Demonstrator

I2025 1 1 L 1 I2030 1 L L 1 L 2035 L 2040 L L 1 2045l >

'Teéhnicallly I.'.imi'ted' Tirﬁeline

AF Test Stands
or Gawnty Modsls

DLW I T [T {1 of first cell

-G of first cell

Key conclusions:
Installation of demonstrator at CERN
appears possible with limited cost

RF Test Stands

for 704 MHz f:‘::,f e e Fermilab has approved a study
TSI of first cooling module e RF test stands are critical and urgent
o Consistent with implementation
Demonstrator 1258 of module s

Addition of cells
R&D plan \Project < Construction

preparation

D. Schulte, IMCC progress, USMCC Annual Meeting, Chicago, August 2025




Magnets

Achieved: HTS conductor International
« Systematic dipole/solenoid performance prediction (LTS and HTS) QPSR SIR 61 kA .| 10 TeV full-length /éﬁgﬁgg';ﬁ;;
o Aperture, field, cost, stress, loadline, protection, ... . prototype
« HTS solenoid designs (6D cooling, final cooling, target)
« Normal-conducting fast-pulsed dipoles (HTS as alternative)
e Technically limited R&D timeline developed .| HCS SCdipole
prototype

3 TeV full-length
prototype

-

I TDTD > 0> 1) 2 s Qe 2 g

Dipole - ReBCO @ T_op = 20K

300
-~ Protection |
Did adjust collider ring field - B iy
— Stress limit 40T NI UHF solenoid Ls 10 TeV HTS short
- model
E 200 J
W 6D cooling solenoids [
HTS final cooling solenoid £ 150 7 _
mechanical design S 20T/20K model coil [ A [+ RCS string test
8 100 2
Y / _ - o ﬁ . Fast pulsed
I RFMFTF Spiit Solenoid 4 NC dipole First HTS winding tests
. N & 0 5 10 15 20 25
IS, W BIT] :
Target HTS'solenoid * Key conclusions:
- AT 4 e —— __i_\\— . « Design work is basically done
= o Opportunity to ramp up effort (engineering designs, building
- models, ...)
. o A I, « With sufficient resources HTS solenoids and NbsSn dipoles
Normal-conducting RCS pul URRR C .. ) .
magnets 'H | 3] il | . could be ready for decision in 10-15 years, consistent with
| | I

- implementation timeline

o « HTS dipoles likely take longer -
D. Schulte, IMCC progress, USMCC Annual Meeting, Chicago, August 2025 2 M -




Goal:
Identify collective effects intensity
bottlenecks

Achieved:
e Initial studies for proton complex
e Assessed impedances (beam
screen and RF cavities) in RCSs
and collider ring
o Studying counter-rotating
beam impedance
 Studies started on muon cooling
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Collective Effects

/Collaboration

o

Chamber radius to keep emittance 100 _
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I'y
I . . .
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l L]
i A care of by design
I . e
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! S
J / (e . L. . . .
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Cooling Stages

1

longitudinal and transverse space charge in 6D
cooling, impedance of cooling absorbers



R&D Plan Deliverables and Resources
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Technologies Deliverables Key parameters and goals

Magnets

Target solenoid Develop conductor, winding and magnet 1 m inner / 2.3 m outer diameters, 1.4 m Technologies  Deliverables Key parameters and goals
Magnets
t'EE hn Dlﬂ gy ]'E‘ng th! 2” T at‘ 2[} K Target solenoid Develop conductor, winding argld magnet 1m inner / 2.3 m outer diameters, 1.4 m

technology length, 20T at 20K

Split 6D cﬂﬂling Demﬂnsuaﬁnn Df Sﬂlenﬂid with EE]]_ 51{] 111 bﬂI’E, gap ED[} I'Ilﬂl, T T at 2{] K Split 6D cooling Demonstration of solenoid with cell 510 mm bore, gap 200 mm, 7T at 20 K

solenoid integration

S DlEﬂDid integrati Dn Final cooling Build and test HT'S prototype 50 mm bore, 15 cm length, 40 T at 4 K

solenoid

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

LTS collider dipole ~ Demonstrate Nb;Sn collider dipole

SDlEﬂDid HTS RCS dipole Demonstrate RCS

66 diameter, 11 T, 4.5K, 5m long
30mm x 100 mm, 10T, 20K, 1 m long

HTS collidesdip Demonstrate HTS collider dipole 140 mm diameter, 14 T, 20 K, 1 m long
HTS collider Demonstrate HTS IR quadrupole 140 mm diameter, 300T/m, 4.5K, 1m long
quadrupole
Year I I1 III IV A\ VI vili | VIII | IX X Radiofrequency
. & Muon cooling RF Design, build and test RF cavities 352 MHz and 704 MHz in 10 T field
Accelerator Design and Technologies cavities
Klystron prototype  Design/build with Industry 704 MHz 20 MW peak power, 704 MHz / 352 MHz

Matel‘ial (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
FTE 47' 1 60.6 75 .O 85.0 1 0'0.0 1 20‘0 1 50'0 1 74 .6 1 77 .2 l 85 : l RF test stands :lisgerf;::ca\éigdbreakdown rate in 12:-7?:21131;f/m, 704 MHz-3 GHz cavities

SCREF cavities Design SRF cavities, FPC and HOM 352 MHz, 1056 MHz, 1.3 GHz, 1MW

DemOHStrator couplers, fast tuners, cryomodules peak power (FPC)
Material MCHF) | 0.6 bk 3.9 5.4 7.8 15.1 | 259 | 324 | 31.8 | 12.6 Muon Cooling

First 6D cooling cell  Build and test first cooling cell

FTE 9.5 11.0 | 125 | 29.2 | 29.7 | 305 | 255 | 27.7 | 26.7 | 25.5 Scellmodule  Build and test irst 5-cell cooling module

Cooling Design and build cooling demonstrator Infrastructure to test cooling modules

Detect()l' dtemonstra'tor facilit}l/ o with mll.;()n beam '
Material (MCHF) | 0.5 1.1 1.6 2.1 2.1 2.1 2.1 2.6 3.1 3.1 bt T e aserber i Ry e 2y emitance, 0
FTE 234 | 465 | 70.0 | 93.0 | 93.0 | 93.0 | 93.0 | 116.4 | 139.5 | 139.5 Design & Other Technologles

Neutrino flux mover Protoype components and tests as needed Range to reach O(+1mradian)

Magnets ystem

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 2 6.6 4.7 nstrumentation ,

Target Studies Target design and test of relevant 0.4 MJ/pulse, 5 Hz
FTE 233 | 284 | 364 | 409 | 443 | 47.1 | 462 | 377 | 36.1 | 294 components

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 l speciﬁcationls tuning and feedback procedures l

Material MCHF) | 5.7 | 11.4 | 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

D. Schulte, IMCC progress, USMCC Annual Meeting, Chicago, August 2025 A




R&D Plan Deliverables and Resources

International
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Technologies Deliverables Key parameters and goals

Magnets

1m inner / 2.3 m outer diameters, 1.4m
length, 20T at 20K

Deliverables

Target solenoid Develop conductor, winding and magnet

technology

Technologies Key parameters and goals

Magnets

Target solenoid Develop conductor, winding and magnet 1 m inner / 2.3 m outer diameters, 1.4m

technology length, 20T at 20K
Split 6D cooling Demonstration of solenoid with cell 510 mm bore, gap 200 mm, 7T at 20K Split D cooling - Demonsiruion of slensidwithcel - 510umm bore,gap 200mm, T at 20K
SDlEﬂDid integrati Dn f(j)rlnjlll;(()ioling Build and test HT'S prototype 50 mm bore, 15 cm length, 40 T at 4 K
Final cooling Build and test HTS prototvpe 50 mm bore. 15 cm length. 40 T at4 K magactsysem  converter

LTS collider dipole
HTS RCS dipole
HTS colliderdip
HTS collider

Demonstrate Nb;Sn collider dipole 66 diameter, 11 T, 4.5K, 5m long
30mm x 100 mm, 10T, 20K, 1 m long
140 mm diameter, 14 T, 20 K, 1 m long

140 mm diameter, 300T/m, 4.5K, 1m long

Demonstrate RCS

solenoid Totals: B

Demonstrate HTS collider dipole
Demonstrate HTS IR quadrupole

L]
D t 1 O quadrupole
Yeal' I ]:[ u ra I O n ye a rS Radiofrequency
Muon cooling RF Design, build and test RF cavities 352 MHz and 704 MHz in 10 T field
Accelerator Design and Technolc cavities
Klystron prototype  Design/build with Industry 704 MHz 20 MW peak power, 704 MHz / 352 MHz

Material (MCHF)
FTE

1.6
47.1

3.2
60.6

(and later 352 MHz) klystron

RF test stands Assess cavity breakdown rate in 20-32MV/m, 704 MHz-3 GHz cavities

Accelerator: 300 MCHF material, 1800 FTEy

magnetic field in7-10T
SCREF cavities Design SRF cavities, FPC and HOM 352 MHz, 1056 MHz, 1.3 GHz, 1MW
DemOHStrator couplers, fast tuners, cryomodules peak power (FPC)

20 MCHF material, 900

LT |

,, Detector:
110"

-TEY

Muon Cooling

Material (MCHF)
FTE

0.6
9.5

First 6D cooling cell  Build and test first cooling cell

5-cell module Build and test first 5-cell cooling module

14L.J | LT L | JU.J | Ld.J | oy | | L. T | Lt o

Cooling Design and build cooling demonstrator Infrastructure to test cooling modules

Detector
Material (MCHF)
FTE

0.5
23.4

1.1
46.5

1.6
70.0

2.1
93.0

2.1
93.0

2.1
93.0

2.1
93.0

2.6
116.4

C N |
139.5

3.1
139.5

Magnets
Material (MCHF)
FTE

3.0
23,3

4.9
28.4

10.1
36.4

10.0
40.9

11.0
44.3

13.4
47.1

11.7
46.2

72
S0T

6.6
36.1

4.7
29.4

TOTALS

Material (MCHF)
FTE

5.7
103.3

11.4
146.5

20.3
194.0

23.9
248.1

30.6
267.0

41.4
290.6

51.7
314.8

54.2
356.3

535
379.4

32.4
379.6
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demonstrator

Final cooling
absorber

facility
Experimental determination of final
cooling absorber limit

with muon beam

3% 10" muons, 22.5 um emittance, 40 T
field

Neutrino flux mover

system

Beam
Instrumentation

Target Studies

Start-to-End Facility

Design

Design & Other Technologies

Protoype components and tests as needed Range to reach O(+1mradian)

Instrumentation component designs

Target design and test of relevant
components

A start-to-end model of the machine
consistent with realistic performance
specifications

Protoype components and tests as needed
0.4 MJ/pulse, 5 Hz
Lattice designs of all beamlines, simu-

lation codes with relevant beam physics,
tuning and feedback procedures




European Accelerator R&D Roadmap
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Reviews in Europe and the US found muon collider promising e Begin [ Tnd [Descipion T Apriond T Ml
e Requires important innovation MCNF | 2022 | 2026 | Newino fu mic | 25 | 380 |0 10
MC MDY 2021 | 2025 E:E:i:mmcmr 15 0 15 ]
interface
European Strategy for Particle Physics Update (ESPPU) MCACCHE | 2025 | 2025 | Highenorgy eom | 11| 0| 75 |0
. . plex :
supported muon collider R&D in 2020 MCACCMC {2021 | 2025 [ Muon coolng sys- |47 10 122 0
MCACCP 2022 | 2026 | Proton complex 26 0 35 0
MCACC.COLL | 2022 | 2025 | Collective effects 18.2 0 18.2 1]
across complex
CERN Council charged Laboratory Directors Group (LDG) to I R Rl -l T I R
MO HFM.HIE 2022 | 2025 High-ﬁeld magnets 6.5 0 6.5 1]
develop Accelerator R&D Roadmap IEET G [P P [GTEET N N
« Directors of institutes, e.g. INFN Frascati, PSI, DESY, RAL, B i i vl Wl il Wl
MC.REHE 2021 | 2026 | High Energy com- | 10.6 0 1.6
CERN) see MC.REMC 2022 | 2026 E}I?ml:lfnulmg RF 13.6 0 7 0
MCRETS 2024 | 2026 | RF .D.“...EL stand + test 101 3300 0 ]
MC.MOD 2022 | 2026 ;:zi::lﬁcmljng Lest 17.7 0 4.9 100
LDG formed five panels, one on Muon Collider NCDEN | 2023 | 200 | Cooling demon | T 70 | 38 | 0
MC. TAR 2022 | 2026 'ﬁ:;: :;;:flll; &l 1405 o 25
MC.INT 2022 | 2026 Cw:'dl:h:tl:un and 13 1250 13 1250

Muon Collider panel developed an R&D Roadmap with the
help of the global community until end of 2021 equivalent yeas and the mateia in ECHE, & should b6 noced Cht. e personae contains  significan

number of PhD students. Material budgets do not include budget for travel, personal IT equipment and
similar costs. Colours are included for comparison with the resource profile Fig, 5.7,

http://arxiv.org/abs/2201.07895
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Muon Collider Roadmap CT

International
Protons produce lonisation cooling of /zﬁﬁgﬁfﬂ'!?ﬁé

Short, intense pions which decay et mattegr Acceleration to
proton bunch into muons which are collision energy Collision

captured

TaBet & Front En Cooli ‘ ‘ Acceleration
h X [
6D

"\ Lo

RCS 1,2,3 &4 W B TeV Collid:
| TeV Collidé

H™ LINAC cumulator Compres
Ring Ring

Vion Chicane & Buncher Pre- |SCLINAC RLA 1,2
Absorber B accelerator

arget

l‘\.la."ﬂ"u.'-"

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

- 6D cooling RF cavities

- Final cooling solenoids

- Pulsed magnets and
power converters
- RCS RF system

ldentified and prioritized with community - Collider ring dipoles
Other areas need now also to be addressed - Final focus quadrupoles

(some work started) - Machine-detector interface
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Muon Cooling Challenges

: e ' /’
v - - B T B s Maanetic field International
Ve : —".“ HYe\ %9 "\UON Collider
*4 ‘*ﬂ:-,‘ (¢) @ 0 Collaboration
high transversl "."- . " 000
A e 0
(11 _':-’ L

emittance LH,-Absorber

retluced ‘t_ransversal but Cavities

mcreas.ed longitudinal emlttance --—.g.-’

Beam dlrectlon

h '.."-- ElECtrIC FE|d ® ® 7
'4-2 !\(; ® 0

High field solenoids minimise beta-
unction and impact of multiple

cattering

Energy loss = cooling  Multiple scattering = heating

dGJ_
ds
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