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JAC

' Energy for discovery reach
10-14 TeVlepton collisions comparable to 100

200TeVproton collisions

e- e
V4 <\

Leptons make the full energy available for particle
production, protons only a fraction

— ‘< Fyo (5 Q) . \x

Luminositymust increase as g2 as production
Cross sections decrease

Physics Goals
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MC Highenergy Colliders ©

accelerating cavities

Electronpositron ringsare multi-passcolliders A— [
limited by synchrotron radiation.EP, FG€e, CEPC 2\ 1
o
. : AFE o< | —| —
Henceproton ringsare energy frontierLHC, FGC /" (m) R A
hh, SppC

.7\ .
\
Electronpositron linear collidersavoid synchrotron radiation, bigingle pass: SLC, ILC, CLIC
Typically cost proportional to energy and power proportional to luminosity,

Novel approachmuon collider (the first of its kind)

Large mass suppresses synchrotron radiatiomaiti-pass
Fundamental particle requires less energy than protons
But lifetime at rest only 2.2 a

Proportional to energy
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MC Muon Collider Overview &)

International

MuCol Would be easy if the muons did not decay Jcoiionervien
Lifetimeis U=20x2.2¢ s

Proton Driver Front End Cooling Acceleration Collider Ring
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§ N (S § 2| o 2 2= 3 2 Accelerators: H H
< § a a2 @ = Linacs, RLA or FFAG, RCS
= Q
Short, intense proton lonisation cooling of Acceleration to collision Collision
bunch muon in matter energy

Protons produce pions which
decay into muons
muons are captured
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A new Interest irMuon Colliders

Date of paper 41 International
Mu ¢ o
"4 10-TeV scale muon collider with sufficient integrated luminosity
provides an energy reach similar to that of a 100 TeV proton-proton Pheno
colhder [...] muon aud fzad; on cofhdem have similar reach and can Papers .
o 'l?/l W(ljJ|Zel’ F.IMaItonl, P.
1995 2024 eade et al.
backgmund [...] One of the key measmemen.'srﬁ om the multi-TeV colliders . . ] N
is the one of the Higgs self-coupling to a precision of a few percent, and Fabio Maltoni - Physics  (CINFN 55 0O(150) authors, 15
the scanning of the Higgs potential.” from F. Maltoni at IMCC Annual Meeting ~ editors, 100 papers
Selected summary plots, from Snowmass21 reports: DELPHES card availabl

2 IMCC reports, plus Muon Collider Forum report. Total of 15 editors, ~150 authors,

based on ~100 papers from 3 past years o TR
Composite Higgs N
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LIP g [10%cm s /Mw]

MC Muon Collider Promises (&)

Col US Snowmass Implementation Task Far¢é. Roser, R. Brinkmann, S. CousineaMJox coiifer
D. Denisov, S. Gessner, S. Gourlay, Ph. Lebrun, M. Narain, K. Oide, T. RaubenHeitifét, "

U J. Seeman, V. Shiltsev, J. Straight, M. Turner, L. Wang et al.
CME | LumiperIP| Yearsto | Costrange Power
[TeV] [1034cm251] physics [B$] [MVV]

FC@e 0.24 1318 1218
MC 3 TeV
ILC 025 2.7 <12 7-12 140
@ CLIC 0.38 2.3 1318 7-12 110
ILC 3 6.1 1924 1830 400
A cle—— T
[ MuColl e 7 cLc 3 5.9 1924 1830 550
0.9 | P
o8 g MC 3 1.8 1924 7-12 230
§:§ g 7 | MC 10 20 >25 1218 300
08 [ e ] FCehh 100 30 >25 3050 560
0 1 2 3 4 5 6 : :
Eem [TeV] Judgement by ITF, takectim grano salis
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MC IMCC Goals

MuCol

Develop higkenergy muon collider as option for particle physics:

A Muon collider promisesustainableapproach to theenergy frontier
A limited power consumption, cost and land use

A Technologyanddesign advancem past years

A Reviews in Europe and US foumalunsurmountable obstacle

Accelerator R&D Roadmap identifies the required work
A Has been developed with the global community

Goals are
A Assess and develop the muon collider concept for a @éMpfacility
Identify potential sites to implement the collider

2050
Develop an R&D roadmap toward the collider

D schulte Muon Coli S —————— T
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IMCC: International Muon

Qollider Collaboration
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A
A Develop an initial muon collider stage that can start operation around ===
A

imilar costs. Coloy



http://arxiv.org/abs/2201.07895

MC Muon Collider Community (&)
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MuCol

CERMostedcollaboration EU Design Studyelped to kickstart collaboration
e (since March 202F U+Switzerland+Uihd partners)
Ol pelin s, G elisel Sightitt EU support also helps with funding in institutes

CERN Council .
bod!

Initial ’para metric study
Establish tentative parameters
Develop tentative concept

ICB H SB H IAC * Establish Ereliminary parameters
Develop preliminary concept
* Establish consolidated Faramqters
Documentation of preliminary cor ce|
Stug idated BBESS Preliminary assessment repo
tudy consolidated concept INEEEIE—————
Final adjustment and review NI

Consolid;

ﬁ ﬁ ﬁ ﬁ ﬁ ﬁ LR e B

Increase resources of partners with otending requests
A Submit toHORIZONNFRA2024TECH

A Focus on magnet technologies
A National funding agencies

Looking fomew partners
A In particular US
A But also other regions
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MuCol

IEIO CERN

FR CEARFU
CNRE.NCMI

DE DESY
Technical University of Darmstadt
Universityof Rostock
KIT

UK RAL
UK Research and Innovation
University of Lancaster
University of Southampton
University ofStrathclyde
University of Sussex
Imperial College London
Royal Halloway
University ofHuddersfield
University of Oxford
University of Warwick

University of Durham

D. Schulte
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IMCC Partners

INFN

INFN, Univ., Polit. Torino
INFN, Univ. Milano
INFN, UnivPadova
INFNUniv. Pavia

INFN, Univ. Bologna
INFN Trieste

INFN, Univ. Bari

INFN, Univ. Roma 1
ENEA

INFNFrascati

INFN, Univ. Ferrara
INFN, Univ. Roma 3
INFNLegnaro

INFN, Univ. Milandicocca
INFNGenova
INFNLaboratoridel Sud
INFN Napoli

Univ. of Malta

Tartu University Yonsei University -
M
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Pittsburgh PAC

CHEP

FNAL
LBL
JLAB
BNL




MC US P5: The Muon Shot )

.
International
UON Collider

VMiuCol particle Physics Project Prioritisation Panel (P5) endorses /collaboration

muon collider R&E ¢ KA a A a

Recommend joining the IMCC
Consider FNAL as a host candidate

2 dzNJ Y dz2 y aK?2 l:l € Ehe New Aork Times

Particle Physicists Agree on a Road

sa US is already particpating to the collaboration Map for the Next Decade

AUGUST 28,2023 | 10 MIN READ
Particle Physicists Dream of a Muon Collider

After years spent languishing in obscurity, proposals for a muon collider are

regaining momentum among particle physicists

nature

Explore content v  About the journal v  Publish with us v Subscribe

nature > editorials > article

EDITORIAL ‘ 17 January 2024

US particle physicists want to build
amuon collider — Europe should
pitchin

A feasibility study for a muon smasher in the United States could be an affordable way to
maintain particle physics unity.

D. Schulte  Muon Collider, Bonn, October 2024 _____M«

A “muon shot” aims to study the basic forces of the cosmos. But
meager federal budgets could limit its ambitions.

US ambition:

A Want to reach a 10 TeV parton level collisions

A Timeline arond 2050

A Fermilab option for demonstator and hosting

A wWSTFSNBYyOS RSaA3ady Ay | aFSs¢
Informal discussion with DoE (Regina Rameika, A. Patwa):

A DoE wants to maintain IMCC aglabal collaboration

A Addendum to CERIWOENSF agreemeris in preparation

IMCC prepares options for Europe and for the US in parallel




MC Tentative Staged Target Parameters (O)

International

MuCol UON Collider

3TeV  10TeV 10TeV  10Tev
4 21
Target integrated luminosities L 10* cm?s 1.8 20 tbd 13
N 1012 22 1.8 1.8 1.8
NE | Ldt
3 ToV 1 b_l f, Hz 5 5 5 5
¢ a 1 Pyeam MW 58 14.4 14.4 14.4
10°TeV 10 ab 1 C km 4.5 10 15 15
14 TeV | 20 ab P, T . o5 . .
. B, MeV m 7.5 3 5 7.5
Need to spell out scenarios
el E % 0.1 0.1 thd 0.1
Need to integrate potential . mm 5 15 el 15
performance limitations for — )
(SOKYAOIf NRalz 02803z LRBPBNE X° 1.5 tod 1.5
Z >Y 25 25 25 25
e >Y 3.0 0.9 1.3 0.9
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MC Muon Collider Luminosity Scaling )

M u C 0] | /C4:U|(t)<§rga IiJ:)dna
Fundamental limitation
Requiresmittancepreservation and advanced lattice design

Apphes tn MAD erhama
Nog
L Y s f AY )4

cey,
/ / \ \ High beam power

High energy Large energy Dense beam
acceptance

Luminosity per power increases with energy
Provided technologies can be made available

Constant currentor required luminosity

scaling .
D Schulte  Muon Collider Bonn. October 2024 T w7 ) ot




MC Key Challenges )
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2) Beaminduced

MuCo 0) Physics case o

4) Drives thebeam quality

MAP put much effort in design background
optimiseas much as possible
Iniect Muon Collider Accelerator
K ryector >10TeV CoM Ring
~10km circumference 5
§
...................................................... &
4
&
: ¢¢
i Proton & pBunching Channel  yAcceleration - ’;ﬁ#

s Source Channel

-----------------------------------------------------------------

1) Dense neutrino flux
mitigated by mover system

3) Costand power consumption limit energy reach
and site selection

e.g. 35 km accelerator for T2V 10 km collider ring

Also impactdeam quality
~D. Schulte  Muon Collider, Bonn, October 2024 ______-dﬁw




MC Muon Decay and Neutrino Flux &)

U, Internatipnal
MuCol UON Collider

Collaboration

Muon decays in collider ring "
A Impact on detector, see Daniele
A Have to avoid dense neutrino flux

Aim fornegligible impact from arcs
A Imilar impact as LHC
A At 3 TeV this is the case for 200 m depth
A At 10 TeV go from acceptable to negligible with
mover system
A Mockup of mover system planned
A Impact on beam to be checkec

Fig. 7.23: Mock-up of the proposed magnet movement system.

Impact of experimental insertions
A 3 TeV design acceptable with no further work
A But better acquire land in direction of experiment,

also for 10TeV @

D schulte MuonColl S ————




JC Physics and Detector Concepts ()

MuCol Two detector concepts are being developed /,\luéﬁfga tonal
Collaboration
MUSIC MAIA
(MUon Smasher for Interesting Collisions) (Muon AcceleratorinstrumentedAperatug

L.Lee+C.Bell

D. Schulte  Muon Colli L ————




J'C

MuCol

o Po o o P>

=
=
o

—

Muon decay is dominant

Incoherent pairs is significant in inner
layers

Synchrotron radiation does not
matter much

Muon loss remains to be studied with
source terms

Coherent and trident cascade pairs
expected not important

Beaminduced Background

International
UON Collider
Collaboration

Detailed studies with FLUKA

Q1 ]
Three focusing ' Chicane
quadrupoles to control Three dipoles that remove the
the beam size in the IP electrons coming from the line

Overview of the lattice version 0.8.

The novel approach does not leave
a residual angle and does not
require combined function magnets

Reduce the amount of decay-
induced background by several

Interaction point (IP) & nozzle
order of magnitude

800000 {

B 600000 { I
160 L 4000004‘ / i f
‘ PATIAN Q3
140 2000 ! j' A oz Two focusing quadrupoles. Different
5 N Two defocusing quadrupoles. Here the e ey
138 e 200 -100 s[r':ﬂ] 100 200 - geamgpeitligiieaclics i maxmun combined function to reduce BIB
80
60
40 Per year of lonizing | Si 1 MeV neutron-equiv.
20 operation (~140d) dose fluence
0 Vertex detector 200 kGy 3x10™ n/cm?
—900 —100 0 100 200 * Inner tracker 10 kGy 1x10% n/cm?
ECAL 2 kGy 1x10* n/cm?

z [cm)]
_ ~ D.Schulte  Muon Colli L —————




MC Beaminduced Background &)

International
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ollaboration

Studies at JeVshowed that physics measurements can be done  ; \.on

A But improvement pote ntial exists Background hits overlay in [-0.5, 15] ns range Vs =10 TeV
T T I T T T T I T =
oV® =30ps o ]
. . - No ti d
Studies at 10eVare starting o["°T=60ps o e 1
10° B =5T Time window [-3 o,, 5 0]

solenoid ~

1 1 lllllll

Background is reduced using timing and directional information
A Optimisationof mask is ongoing

10°

Average number of hits / cm 2

T IIIIIIII
1 llllllll

- - - - - 10
Background has impact on reconstruction efficiencies

A D | lllllll

E_ i 5 g . | -
0 5 10 15 20 25 30 35 40 45
Tracking Detector Layer



MC Proton Complex and Target ©

. International
MuCol in target decay St

. protons wWess=) pions =) MUONS
Proton Driver Front End
m 400 kJ protons to produce 5 x@aptured muon pairs
. | fi fi
— [ - ?J_’E = 5
8 S & 8 poc 2 2
5 f—; g o = w® c B
5 £ w50 g =
8 E (&3] o c g > v
: °© | [g&F £
< =Yg £
=

5 GeV proton beam, 2 MW =400 kJ x 5 Hz
Power is at hand

ESS and Uppsala will focus on merging
beam into highcharge pulses GraphiteTarget

20 Tsolenoid
to guidepionsandmuons Tungstenshielding
Optimisation of parameters planned Toprotect magnet

D. Schulte  Muon Collider, Bonn, October 2024 4______—%




JC Target Design (&)

7 Collaboration Targetvessel Internatlonal

MuCol 2 MW, 5 x 1&* protons/pulse, 5 GeV (0.4 MJ), 5Hz solencid : OH‘;’ES?J&'.“&’
A graphite rod with 15 mm radius
Started studying alternative 4 MW target
AR Graphite

or liquid lead
A orfluidisedtungsten

Helium filling

Water connections

Outervessel  |nnervessel (finned)

Vessel E

Graphite target

Time: 1

? €/8/2023 1005 AM
633.4Max
61972
1 Tungsten Water (few cm) + st
absorber Boron carbide (1 cm) me
~ 2]
Jud, 523.97

Ko "™ Tunstenshieldin
window Ligquid SC Sofencid =
Tube support Graphite Target support tube Pofiow . —
Axial block target Window L
Vesselsupport | e——eeee Vacuum
Liquid metal (andluidised |& s
CNGS target tungsten) as alternativeesn fassrsaawaaad | U000 T

3.5 x 183 protons/pulse, 400 Collaboration w. ENEA
GeV(2.2 MJ), 1/6 Hz

D. Schulte Muon Collider. Bonn. October 2024 M




JC Final Cooling Principle )

International
LION Callider
n

ops Magnetic field

A‘ 1 . - -

S5
g

0
XX

Q00
S~V Cavities

Cooling

high transvers| B
emittance el

-re‘dpbéd't'rén‘s{:rérsal but
'i‘h,'crea,s‘ed' longitudinal emittance
M e Yy

S

Beam direction- - ©. - B -

*1.+ " Solenoid

6D Cooling
6D Cooling
Final Cooling

<X

A /:f Z:T High field solenoidminimisebeta-

energy loss re-acceleration function and impact of multiple
scattering

BJnch
Merge

Initial 6D Cooling

f o
[e]
=
2
@
o
@
v
L))
b0
Il
=
Q

Energy loss = cooling Multiple scattering = heating

deL_ 1 dFE €, 1 1 14 MeV @
ds  |(v/c)2ds E |2 (v/c)? E Lg
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MuCol

Muon Cooling Performance

MAP design achieved 55 um based on achieved fields (28 T)

Currently in 2430 um range (goal 22.5 um)
A In one design longitudinal emittance much better than target
A But field in one solenoid is 50 T

A Need about 50% more muons
A Can improve transmission (most losses due to beam dynamigs), |
A or more initial muons (4 MW target yields 90% more muo
but have to deal with moréeamloading

B.Stechaunent al.

Initial condition: £, =1mm, 6,, =2%, B =40

160

1404

]

-
N
[«

Best initial Exi, [MeV

20

100+

o0
O

60

40

Different scattering

in ICOOL

[ *
1 kkkdhenx®

icool data
icool fit
a

*  Theoretical model

0

100

200
ET?ﬁlprn

300

400

D. Schulte

better

ns,

Identification of optimum e

cooling as function of emittance

Muon Colli
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Older design
)

Bujj00) |euld

3uijcon a9

ERIETI
qo%na

8uij00) a9

Jojesedas adiey)

8urjood @9 |emuj

iow-Neuffer Plot
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ign ongoing
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—— Rectilinear A
Bunch Merge
—— Rectilinear B
— final
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1073 1

101

10°
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"

better
Ch. RogergZhuRuihy R. Taylor, BStechaunerE. Vol, D. &t al. -
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MC Cooling Cell Technology (&)

International
0 po Jhisicaise
: Most complex example 12 T
- 40

MuCol ‘D) 0.4 LIH wedge 650 MHz coils [ 5
cavities

Will develop exampleooling cell

with integration

A tight constraints

A additional technologies
(absorberg A y & i Ndzy

A early preparation of e
demonstrator facility 0.3

L. Rossi et al. (INFN, Milano, STFC, CERN); %4/
J. Ferreira Somoza et al.

i Windows and absorbers for high

F30 = density muon beam

A Pressure rise mitigated by
vacuum density

A Testsin HiRadMat

—

y (m)

RF cavities in magnetic field

MAP demonstrated higher than goal gradient N
Improve design based on theoretical understanding ’
Preparation ohew test stand but needs funding
A Test stand at CEA (700 MHz, need funding)

A Test at other frequencies in the UK considered
A Use of CLIC breakdown experiment considered

C.Marchand AlexejGrudievet al. (CEA, Milano, CERN, Tartu)

" D. Schulte  Muon Caollider, Bonn, October 2024




M Highfield Magnet Technology ()

UON Collider

MuCol Superconducting magnets reach highest fields, three Slsercotie
main technologies for the cables

NbTi(niob-titanium, operating at 24 k)

A is standardused in LHGmited to O(8 T) Cut through a cable wit
superconductor

Nb,Sn(niobiumtin, operating at 24 K) embedded in copper, s

A Canreach O(16 T) some remains

A Difficult technology, needs to mature further conductivity in case of

A Expensive quench

A Used in some points for HIHC

A Foreseen for FGigh also in arcs REBCO Tape Cu stabilisation (optional)

Ag cap layer
REBCO layer
buffer layer stack

HTS hightemperature superconductor, operating 20 K)
Different options exist, e.g. REBCO

In solenoids > 30 T demonstrated

Still expensive and technology challenges

Applications in other fields, e.g. medical, fusion reactors,
L2 6SNJ ISYSNIG2NBR F2NJ 6AYR

D Schulte Miuon Collider BRonn October MM
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MC Solenoid R&D ()

International
MuCol Target solenoid20 T, 20 K MHZ”EE?JTi"fé
StartedHTS solenoidievelopment for high fields
Synergies with fusion reactors, NRI, power

ISYSNI G62NE T2NWMSdyRBYALE &2 X

J. Lorenzo Gomez, F4E

15 T NBSn with 5 T resistive insert
Or 20 T HTS seems possible
Relevant for advanced fusion reactors

(gt mE -n

\M I \\‘\ Final Cooling solenoid
\ Goal 40T
Estimation of limit __

Broox= 55T Ly

™ .A.
[y
{ {

4(\\

MuCoI H &% ductor
Ope.iatm (':u ' 61

Bith. HTS |

D Schulte Miuon Collider BRonn October A




J'C

MuCol

In same tunnel

Acceleration [

- Core is sequence of pulsed synchrotron {D14ns)
A Alternative FFA

Superconducting magnets

D1 D2 D3

Acceleration Complex

14
Accelerators:

Linacs, RLA or FFAG, RCS ] 1) 'y
10 A i E
col s

: i
Lattice and integration: A. Chance et al. (CE > ° i
Long. dynamics and RF systemsDaimerel| 41 i
U. vanRienen A.Grudievet al. (Rostock, 2 i
Milano, CERN) i

Power converter: Boattiniet al.
Magnets: LBotturaet al. (LNCMI,
Darmstadt, Bologna, Twente)
FFA: S. Machida et al. (RAL)

| T
10

Fastramping magnets

D. Schulte

Muon Colli

International
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Long. Distribution assumed at
injection in RCS1

2
=
<]
G
4
-2
0.1 0.2 0.3 0.4
At (ns)
RF:

1.3 GHz cavities appear possible
A in spite of high bunch charge

Lattice:
Hybrid design works
Can spread RF in the arcs




J'C

MuCol

Efficient energy recoverfor resistive dipoles@(100MJ)

Synchronisation of magnets and RF for power and cost

Hourglass frame magnet

Window frame magnet

.65é7.14

k J5/89rkJ/m

Could consider using HTS
dipoles for largest ring

SimpleHTS racetrack dipole
could match the beam
requirements and aperture

FNAL 300 T/s HTS magnet for static magnets

Fastramping Magnet System

F. Boattini et al.
D. Amorim et al.

International
[«UON Collider
Collaboration
Differerent power converter options investigated
Commutated resonance
Attractive novel option
A Better control Gboost |
A Much less capacitors

Charger

Cpreload
._J— )

Beampipe study
Eddy currents vs impedance

Maybe ceramic chamber wit
stripes

D Schulte Muon Collider Bonn October ZOZA—M




JAC Collider Ring ()

MuCol  High performance 10 TeV challenges: ~ 3TeV JAvancotice
A Very small betdunction (1.5 mm) MAP developed 4.5 km ring with Nn
A large energy spread (0.1%) A magnet specifications in the HIHC range
A Maintain short bunches A 5 mm betafunction

10TeVcollider ringin progress
A around 16 T HTS dipoles or lower,8h Collider Ring E.Metral, D Amorim
A final focus based on HTS Impedance studies  etal. (CERN)

A Need to further improve the energy acceptance Single beam instability limits OK with
by small factor conservative feedback

hamber radius to keep emittance
th below 20 % after 3000 turns
== Coppg P00 um on Tungsten at 300 K

um on Tungsten at 300 K
gim o@ Tongsten at 300 K

px — Dy
By

== Copper

L=702.30 [m]

5

J—

Bx,y [Vkm]

K. Skoufaris, Ch.

Minimum chamber radius [mm]

Carli, support .. "
from P. Raimondi, i % m @ | e we
K. Oide, R. Tomas pamping timteefiens]

e

s [m]

/. OUullIUIlT IVIUUI I \CUIIIUCI, DUIII, \UVULUNJCI ocuvucL“t M‘f’r« ; EZ
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MuCol

Large aperture to shield magi
HTS cost is coming down

Collider Ring Technology

-=-Nb3Sn (PIT)
--Nb3Sn (RRP)
<~Nb35n (US-LARP)

International
UON Collider
Collaboration

Nb3SNgoodupto 11-12 T

A Mainlya questionof cost
A Needstechnicaldevelopment

—— Budget 175 KEUR/m
——— Budget 400 kKEUR/m
—— Budget 800 kEUR/m
—— Budget 1200 KEUR/m

. - Lo Nb3Sn (EU ITER)
A Used for other application z © [=reco
. < Bi-2212
A Hard to predict the cost
Shieldingof muon decayloss(500 W/m): o X
FLUKA20-40 mm tungesten (O safe) Mo
A Few W/m in magnets HT Scango higher
A NO prObIem Wlth radlatlon dose 0.11995 2000 2005 2010 2015 2020 2025 2030
Y Magnet coil radius 599 mm Year
Coil Dipole - Nb3Sn @ Top 4.5 K, cost = 700 EUR/kg
Beam aperture 300 . ° Exist%ng agnc . Dipole - ReBCO @ T_op = 20K
150 B Cu coating 3 TeV G'Slgr\ —— Margin limit X
B W absorber 250 —————— — Stress limit 56 l,\
125 Insulation space ‘\.\
BN Heat intercept E 2001 \ il \\\
=100 BN Beam pipe = 12T A g
E Kapton ins. £ 0 | 5 200 :
= 75 cpon T EPTT 160 mm | §1 | Wil\be moved
5 Magnet co ¢ ool ke S ot to redyce costi,
25 50 \ b35 n %”?5%'0 \
4.5 K
0 : 0 : : : ~
100 150 0 5 10 - 15 20 25
Shielding X [mm] _
— D. Schulte  Muon Col




/t IMCC Plans @

A AInternational

MuCol | Collider

yoration
For theES_PPUMII dgllver . _ T
A Evaluation report including tentative S Dovil ¢

Develap tentative concept
. Establish preliminary parameters
cost and power consumption scale
estimate

Devel pérgtl;lrgqn gjc?rq Hc?g;péd parameters
Documentation of preliminary concqpt
A R&D plan including some scenarios Study ponsalidated doncept
and timelines
A Requires to push as hard as possible

Preliminary assessment repqrt
with existing resources ESPPU submission ~ ESPPU result

HNa agjustment ana review |
Consolidated assessment rep (il

<«—— 2023 — € 2024 —_— e 2025 — e 2026 —_—

After ESPPU submission:
A Will fulfill EU contract
A Final deliverable is report on all R&D
A Will have some US process after the ESPPU
A Likely requiresReference Design
A LDG wants to maintain momentum
A EU Roadmagontinues

Continue together to develop green field concept

A Avoid becoming site specific before funding agencies put the
resources on the table

Developsite specific versionss derived approaches

Note: IMCC will prepare all reports together as a global
community

- D.Schulte Muon Coalli _____—-dﬁw




JC Implementation Considerations ()

e JARE:
Reviewing timeline (still evolving)
A Uncertainties from pysics case (e.g. HHC), society
development, budget profile etc.

A |dentify shortest possible timeline
A Technically limited, successiented schedule

Considered important for the timeline Consensus of magnet experts (review panel):

A Muon cooling technologies and integration A Anticipate technology to bmature in O(15 years):

A Magnet technology A HTS solenoidi® muon production target, 6D cooling and

A Detector technologies final cooling

A Civil engineering A HTS tape can be applied more easily in solenoids
A Strong synergy with society, e.g. fusion reactors

Technology readiness appears possible by 2040 A Nb,Sn 11 T magnetsr collider ring (or HTS if available):

A Provided funding is being made available 150mm aperture, 4K

A Main limitation from the magnet technology A This corresponds to BeVdesign
A Could build 10eWwith reduced luminosity performance
A Can recover some but not all luminosity later

D. Schulte Muon Collider. Bonn. October 2024 M




MC Staging Approaches &)

International

MuCol /'\UON Collider
/ Collaboration

Assumptions: Size scales with energy but

Aln O(15 years): _ ) technology progress will help
A HTS technology available for solenoids

A NbsSn available for collider ring
A In O(25 years):
A HTS available for collider ring

Scenario 1: Energy staging

A Start at lower energy (e.g. T8\

A Build additional accelerator and collider ring later
A Requires less budget for first stage

A 3 TeVdesign takes lower performance into account

Not reused

Scenario 2: Luminosity staging
A Start at with full energy, but less performant collider ring magnets
A Main sources of luminosity loss are collider arcs and interaction region
A Can recover interaction region later (as inlEHC)
A But need full budget right away
A Some luminosity loss remains (O(1.5))
A More power for the collider ring required (lower magnet
temperature)

D. Schulte Muon Collider. Bonn. October 2024 M

Could be much smaller with
improved HTS ramping magnets




MC R&DProgramme ()

Broad R&DOprogrammecan be distributed worlevide o b /\%ﬁ‘rgiﬁcjﬁg

F40 Collaboration

MuCol

Muon cooling technology

A RF test stando test cavities in magnetic field

A Muon cooling celkest infrastructure

A Demonstrator I
A1td /79wbx Cbhb!'[2 9{{ZX Wt! w/ZI X v "
A Workshop in October at FNAL RF  Solenoid Absorber

o RN T RAT 4T 1

¥
—_——c

-BUE

" F20

Magnet technology
A HTS solenoids
A Collider ring magnets with Nb3Sn or HTS

E [ 3 R
Opsurear insuurmerntation

and Matching Downstream
Instrumentation

L &8\ == High-intensity high-energy pion source

et Collimation and
phase rotation

Detector technology and design
A Can do the important physics with ne@rm technology
A But available time will allow to improve further and exploit Al, Ml and new technologies

Many other technologiesare equally important now to support that the muon collider can be done and perform

Training ofyoung people Strong synergy with HFM
Roadmap and RF efforts

- D.Schulte Muon Coalli A_Av




JC Test Facllity (&)

Ta.r et . . Interne:)ti?n:rl
Mucol + hgm (B phase) / Collimationandupstream Downstream MHST,&;Q;’M
Look for an existing proton  + superconducting solenoid@phase)diagnosticsarea, 10m  diagnosticsarea, 5 m

beam with significant power
Different sites are being
considered Momentum selection Cooling area,
A CERN, FNAL, ESS are chicane, 10 m 50 m
being discussed

A JPARC also interesting

s option Site choices at CERN, FNAL study in preparation
N E} . y,

o —— RF  Solenoid Absorber
] ;/ —— -
T s Ty &G

streain insuurentaion D
and Matching ownstream

/ Instrumentation
[~ == \ == High-intensity high-energy pion source

et Collimation and 10 kW option
phase rotation

D schulte  Muon Coll ——




Site Studies ()

Study is mostly site independent
Main benefit is existing infrastructure

collaborative spirit

Will do more later

Some considerations are important

A Neutrino flux mitigation at CERN

A Accelerator ring fitting on FNAL site

:' Scenario - Theoretical

10.n

Tunnel

Paint

Radiation Line | |
H

MuCol
INPUT
Pa ! |scenario
MAD X
Survey
Command
Based

GeodesyTools

iinate System Transformation

Geolocate
o
Inital Position and Orientation

tat

Intersect
Digital Terrain Model

‘: Display

{  Scenario - Geolocated
E Scenario Tunnel Paint Radiation Line | **’ 3 \/ Radiation
10.n 1 0.n '
D. Schulte  Muon Collider Bonn. October 2024

Geoprofiler Map

[o7]
°

$S7 Reben

]
f{Gonwlle Vernier

N /|
%

% VL AN, o
.-"d Q‘eyr\n

UON Collider
ollaboration

Candidate site€ERN, FNApotentially others©@ { { = Wt ! w/ X X 0 /v\lmematiml
[ ’_'“", ‘ g Y AN = ‘f‘ j

Summér[akesj 4
Park#a

Potential site next to CERN identified
A Mitigates neutrino flux
A Points towardmediterraneanand
uninhabited area in Jura
A Detailed studies require(280 m deep)

M




J'C

MuCol

First look is promising:
A Collider ringmitigates neutrino flux
from experiments

A Somework required to ensure

adjacent arcs are negligible
A Good connection to LHC tunnel
A Muon beam cooling complex on
CERN land injecting into SPS

Collider ring (10 TeV)
Both experiments on CERN la

Example CERN Site

)

International
UON Collider
/ Collaboration

Experimental cavern

nd

Transferline maximum slope 6%

1:5000

Potential location of muon cooling complex

Several studies remain to be done

e

D. Schulte  Muon Collj




J'C

Tentative Timeline (Fastack 10TeV) ()

International
UON Collider
/ Collaboration

MuCol Only a basis to start the discussion, will review this year
2025 2030 2035 2040 2045 2050 2055 2060 2065
Demonstrator Need at least two years of demonstrator
Decisionspreparadon operation (better more)
CJII Test Site construction Need RF teSt Stand bEfOI‘e
Test cell components/prototypes 1 1

|

N

Demongtrator construction

N

Test cel

site operation

Demonstrator installatiol

Collider

‘ Decision

Preparation

h/operation

D. Schulte

Muon Collider. Bonn. October 2024

Civil engineering

Decision starting in 2036

Estimated10reV
construction/installation

Ipstallation/commissioning

|

Initig

operation

Different initial estimates for detector
A seem to be fast enough
Buit need to develop robust timeline

Shutdown 2




MC Cost Estimate ()

International

MuCol Led by Carlod®si, who also does it for CLIC /- JuoN Colliger

Cost estimate is based on Project Breakdown Structure Overall optimisati fvet d d
A Fill in information at the level it is available to us veral optimisafion not yet done an
A Identify uncerainties probably needs time to fully conclude

A Make tradeoffs

A But cannot optimize at this moment Detailed studies ongoing of fatmping
magnet and RF cost and trad# \

Proton complex similar to SPL

Proton Driver / Target & Front End Cooling Acceleration Collider
H™ LINAC Accumulahr Compressor | Pion Chicane & Muon Phase Charge Bunch 6D Final Buncher  Pre- SC LINAC RLA 1,2 RCS 1,2,3 &4 3 TeV Collider
Ring Ring Target Absorber Buncher Rotator |  Separation ~ Merge Cooling Cooling accelerator 10 TeV Collider
Qs
"

Mostly driven by magnet cost Input data exists, but no optimisation for cost _ _
Magnet cost estimates exist

for different configurano' ns_
~ D.Schulte Muon Collj IM’




MC Synergies and Outreach &)

International
MuCol UON Collider
/ Collaboration

Training of young people
A Novel concept is particularly challenging and motivating for them

Technologies

Muon collider needs HTS, in particular solenoids

Fusion reactors

Power generators

Nuclear Magnetic Resonance (NMR)

Magnetic Resonance Imaging (MRI)

Magnets for other uses (neutron spectroscopy, detector solenoids, hadron collider magnets)
Target is synergetic with neutron spallation sources, in particular liquid metal target (ale®FCC
Highefficiency RF power sources and power converter

RF in magnetic field can be relevant for some fusion reactors

Highpower proton facility

Facilities such aduStorm mu2e, COMET, highly polarized {emergy muon beams

Detector technologies

Al and ML

Physics —r
S e D. Schulte Muon Colli o
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/t Conclusion @

International
MuCol /'\UON Collider

Collaboration

R&D progress is increasing confidence that the collider is a unique, sustainable path to the future
A Not as mature as some other projects
A Need to do more R&D

Started exploring the implementation at CERN using existing infrastructure
A Looks promising including neutrino flux mitigation

Cost estimate has started
We expect that a first collider stage can be operational by 2050
A If the resources ramp up sufficiently

A If decisionmaking processes are efficient

Need to continue ramping up the momentum

http://muoncolliderweb.cern.ch To join contactmuon.collider.secretariat@cern.ch

- D. Schulte MM
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/U\C Reserve @

International
MuCol UON Collider
e

ollaboration

D. Schulte  Muon Collider, Bonn, October 2024 _4___—-“-—




MC Alternatives: The LEMMA Scheme @

MuCol LEMMA scheme (INFN) P. Raimondi et al.

Positron Linac |Positron Acceleration
Ring

Positron Linac

H n

target
Rings

Accelerators:
Linacs, RLA or FFAG, RCS

100 KW

Isochr

Collider Ring

Ecom:

10s of TeV

A

nnnnnnnnnn

Note: New proposal by Curatolo

and L Serafinineeds to be looked at

A Uses BethéHeitler production
with electrons

45 GeVpositrons to producenuonpairs
Accumulatemuonsfrom several passages

ete” — 't

Excellent idea, but nature is cruel
Detailed estimates of fundamental limits show that we require a
very large positron bunch charge to reach the same luminosity as

the proton-based scheme
Y Need same game changing invention

D. Schulte  Muon Collider, Bonn, October 2024

Positron
Ring
*>
b
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MC Organisation &)

— AA International
M u C o} | ider

ion

Collaboration Board (ICB)
A Elected chairNadiaPastrone

Steering Board (ISB)

ChairSteinarStapnes

CERN members: Mike Lamont, GianlArgiuini

ICB memberddave Newbold (STFC), MaisdroosESS),
Pierre Vedrine (CEA), Rastrong(INFN)

Study members: SL and deputies

Will add US but wait for US decision on members

T T>o T

o o

Advisory Committee
A To be defined, discussion in SB

Coordination committee (CC)

A Study LeademDaniel Schulte

A Deputies:AndreaWulzer DonatellaLucchesiChris
Rogers

D. Schulte Muon Collider, Bonn, O



MC EU Design Study &)

MuCol SAiekes
Has been approved summer 2022
A Very helpful to kiclkstart collaboration

CERN Council
Reapproved early 2023 [ |
. . MucCol Consortium
It appears that there haS beelmme Issue Wlth th' @ 3:::;::‘::: 1 Governing Board | Advisory Committee
refereeing of several projects, probably not dire | /£ Committee

: ) 1
with the muon collider . I . I I

Project Office WPS — High-E: WP7 - M
o . - High-Energy = Magnets
'WP1 - Coordination WP3 - Proton Complex Complex Systems

and Communication

Brings 3 MEUR from the European Commission, tt o r2.-Physics and [ ea-puon PG —Radio W CoolngCel
. ietector Requirements Production and Cooling Frequency Systems ntegration

and Switzerland and about 4 MEUR from the partn

Basically nothing for CERN

Kickoff meeting in March 2023:
https://indico.cern.ch/event/1219912

Initial parametric study
+ Establish tentative parameters
Develgp tentative concept

eIy parameters oy oncent Many thanks to all that contributed

reli
op éablish oonsolidatped parameters

Documentation of preliminary conc{:pt
4 ldated . Preliminary assessment repqrt
Sudy consolidated concep! .
S https://mucol.web.cern.ch
Qonsolidated assessment repg ’

«— 2023 —— 2024 —> & 2025 — € 2026 —_—

Sat celeriterfieri quidquidfiat satisbene

S ~ D. Schulte  Muon Colli _____—-‘ﬁ-—
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MC US P5 Ask &)

International
MuCol UON Collider
Collaboration

S. Jindariani, D. Stratakis, Sridhara Dasu et al.

Goal is to contribute as much as Europe

Start of construction a bit later than in Roadmap

Will try to harmonise/define scenarios once US joins

Total resources would approach Roadmap
A Some increase in Europe and Asia assumed

A 1-2 years delay
D. Schulte  Muon Colli e ——— T

A But profile is different




