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MC Physics Goals @

UON Collider

' Energy for discovery reach . ‘ . | . ml.aboram
10-14 TeV lepton collisions comparable to 100-

200 TeV proton collisions
e_

\ £ \
Leptons make the full energy available for particle ) _ \/g f Ldt
production, protons only a fraction Theorists defined —_T1
: goals: 3 TeV 1 ab
Luminosity must increase as E,? as production Vields constant 10 TeV | 10 ab— 1
cross sections decrease number of events in _
the s-channel 14 TeV 20 ab 1
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MC High-energy Colliders ()

Electron-positron rings are multi-pass colliders - 4 — /:W
limited by synchrotron radiation: LEP, FCC-ee, CEPC
o

4
E 1
: . AE o< | —]| —
Hence proton rings are energy frontier: LHC, FCC- /" 177) R 4

hh, SppC .

\
Electron-positron linear colliders avoid synchrotron radiation, but single pass: SLC, ILC, CLIC
Typically cost proportional to energy and power proportional to luminosity,

Novel approach: muon collider (the first of its kind)

Large mass suppresses synchrotron radiation => multi-pass
Fundamental particle requires less energy than protons
But lifetime at rest only 2.2 us

Proportional to energy
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/t Muon Collider Overview @

International

MuCol Would be easy if the muons did not decay Jcotiabesasion
LifetimeisT=y x 2.2 us

Proton Driver Front End Cooling Acceleration Collider Ring
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R E 3 § |#2x®° g8 S 2® & © —
8 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 in Muon Colliders

Date of paper 41 International
M u ( ﬂUON Collider
Collaboration
"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 A. W(l;lzer, FI Maltoni, P.
1995 2024 Meade et al.
backgmund [...] One of the key measmemen.'srﬁ om the multi-TeV colliders . . ] N
is the one of the Higes self-coupling to a precision of a few percent, and Fabio Maltoni - Physics  (CINFN (X8 0(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 available

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

Dark Matter
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/«C Muon Collider Promises @

Col US Snowmass Implementation Task Force: Th. Roser, R. Brinkmann, S. Cousineau, /‘1[?5%’22“?;2!
D. Denisov, S. Gessner, S. Gourlay, Ph. Lebrun, M. Narain, K. Oide, T. Raubenheimer, ~ €°''2°°ration

(U J. Seeman, V. Shiltsey, J. Straight, M. Turner, L. Wang et al.
CME Lumi per IP Years to Costrange | Power
[TeV] | [103*cm™2s?] physics [BS] [MW]

MC T Tev FCC-ee 0.24 8.5 13-18 12-18
ILC 0.25 2.7 <12 7-12 140
@ CLIC 0.38 2.3 13-18 7-12 110
ILC 3 6.1 19-24 18-30 400
Pl
1 p MuColl e d CLIC 3 5.9 19-24 18-30 550
0.9 | - ]
8;? L ' ] MC 3 1.8 19-24 7-12 230
o6 - 7 ]
osfr ] MC 10 20 >25 12-18 300
0.4 | X 1
os | i FCC-hh 100 30 >25 30-50 560
o 0 1 2 3 4 5 6
Eem [TEV] Judgement by ITF, take it cum grano salis
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MC IMCC Goals &)

International
MuCol /'\UON Collider

Collaboration

Develop high-energy muon collider as option for particle physics: IMCC: International Muon
* Muon collider promises sustainable approach to the energy frontier Collider Collaboration

* limited power consumption, cost and land use
* Technology and design advances in past years N Nl S P PP
 Reviews in Europe and US found no unsurmountable obstacle N el Bl R I
Accelerator R&D Roadmap identifies the required work e — e
* Has been developed with the global community il -l I I

Goals are et me s

* Assess and develop the muon collider concept for a O(10 TeV) facility i il il I

* Identify potential sites to implement the collider e e e

* Develop an initial muon collider stage that can start operation around ‘
2050 R

http://arxiv.org/abs/2201.07895

 Develop an R&D roadmap toward the collider
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http://arxiv.org/abs/2201.07895

/t Muon Collider Community @

International
UON Collider
Collaboration

MuCol
CERN-hosted collaboration EU Design Study helped to kick-start collaboration
' (since March 2023, EU+Switzerland+UK and partners)
A7ah peti s, G0 el Signse] Mot EU support also helps with funding in institutes

Other regional
g N

Initial farametric study
Establish tentative parameters
Develop tentative concept

# Establish Ereliminary parameters
Develop preliminary concept

# Establish consolidated Farameters

I Documentation of preliminary cor cept
=r| Preliminary assessment repor
Study consolidated concept

Final adjustment and review NI
Consolid;

ﬁ ﬁ ﬁ ﬁ ﬁ ﬁ LR e B

Increase resources of partners with other funding requests:
. Submit to HORIZON-INFRA-2024-TECH

* Focus on magnet technologies
* National funding agencies

Looking for new partners
* In particular US
* But also other regions
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MuCol -
IEIO CERN
FR CEA-IRFU
CNRS-LNCMI
DE DESY

Technical University of Darmstadt

IMCC Partners

INFN

INFN, Univ., Polit. Torino
INFN, Univ. Milano
INFN, Univ. Padova
INFN, Univ. Pavia

INFN, Univ. Bologna

University of Rostock INFN Trieste
KIT INFN, Univ. Bari

UK RAL INFN, Univ. Roma1l
UK Research and Innovation ENEA
University of Lancaster INFN Frascati
University of Southampton INFN, Univ. Ferrara
University of Strathclyde INFN, Univ. Roma3
University of Sussex INFN Legnaro
Imperial College London INFN, Univ. Milano Bicocca
Royal Holloway INFN Genova
University of Huddersfield INFN Laboratori del Sud
University of Oxford INFN Napoli
University of Warwick Mal Univ. of Malta
University of Durham EST
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/t US P5: The Muon Shot @

International

MuCol particle Physics Project Prioritisation Panel (P5) endorses Jeoiisboration
muon collider R&D: ”This is our muon shot” Ehe New Jork Eimes
Recommend joining the IMCC . ..
Consider FNAL as a host candidate Farticle Physicists Agree on a Road
sal US is already particpating to the collaboration Map for the Next Decade
A “muon shot” aims to study the basic forces of the cosmos. But
Pakiicle Physiciats Drsam of a Muon Collidor meager federal budgets could limit its ambitions.
S el el US ambition:
. .
nature Want to reach a 10 TeV parton level collisions

* Timeline around 2050
* Fermilab option for demonstator and hosting
* Reference design in a “few” years

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

nature > editorials > article

EDITORIAL ‘ 17 January 2024

Informal discussion with DoE (Regina Rameika, A. Patwa):

e DoE wants to maintain IMCC as a global collaboration

* Addendum to CERN-DOE-NSF agreement is in preparation

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. IMCC prepares options for Europe and for the US in parallel
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/‘\C Tentative Staged Target Parameters @

International

MuCol UON Collider

PSS 3tev  10Tev  10Tev  10Tev
34 -2¢-1
Target integrated luminosities - LU i 1.8 o thd e
N 10'? 22 18 1.8 1.8
NE | Ldt

3 ToV 1 ah- T f, Hz 5 5 5 5
€ a " Pyeam MW 5.3 14.4 14.4 14.4

10 TeV 10 ab 1 C km 4.5 10 15 15

14 TeV | 20 ab <B> T 7 165 7 7

. g MeV m 7.5 7.5 75 7.5

Need to spell out scenarios

oc/E % 0.1 0.1 tbd 0.1

Need to integrate potential s, o 5 15 thd 14
performance limitations for :
technical risk, cost, power, ... B mm 5 15 tbd 9
€ pum 25 25 25 25

Oyy 1m 3.0 0.9 1.3 0.9
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JC Muon Collider Luminosity Scaling ©

MuCol S
Fundamental limitation
Requires emittance preservation and advanced lattice design

Applies tc MAD crchama
No
Loy os— frNo7Y

cey,
/ / \ \ High beam power

High energy Large energy Dense beam
acceptance

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

Constant current for required luminosity

scaling
D. Schulte  Muon Collider Bonn. October 2024 T e ——cmma—— 1) nmner B




International
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2) Beam-induced
background

M Key Challenges @

MuCo 0) Physics case

4) Drives the beam quality
MAP put much effort in design
optimise as much as possible

Accelerator

Iniect Muon Collider
Hryector >10TeV CoM Ring
~10km circumference
e, .
F ™ b
4
4
p:
¢¢
i Proton & pBunching Channel  u Acceleration - ’;ﬁ#

s Source Channel

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

1) Dense neutrino flux
mitigated by mover system

3) Cost and power consumption limit energy reach
and site selection

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

Also impacts beam quality
~D. Schulte  Muon Collider, Bonn, October 2024 ______-Mw




MC Muon Decay and Neutrino Flux ()

Uy, Internatipnal
MuCol UON Collider

Collaboration

Muon decays in collider ring "

W

* Impact on detector, see Daniele

. Have to avoid dense neutrino flux

Aim for negligible impact from arcs
* Similar impact as LHC
* At 3 TeV thisisthe case for 200 m depth
* At 10 TeV go from acceptable to negligible with
mover system
*  Mockup of mover system planned
* Impact on beam to be checked

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

Impact of experimental insertions

* 3 TeVdesign acceptable with no further work

* But better acquire land in direction of experiment,
also for 10 TeV

D. Schulte  Muon Collid
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MC Physics and Detector Concepts ()

MuCol Two detector concepts are being developed /"\l?éif%iﬁi?c?:r'
Collaboration
MUSIC MAIA
(MUon Smasher for Interesting Collisions) (Muon Accelerator Instrumented Aperatus)

L.Lee+C.Bell

o D. Schulte  Muon Collid .M’




MC Beam-induced Background ()

International
MuCol UON Collider
(e

ollaboration

* Muon decay is dominant Detailed studies with FLUKA
* Incoherent pairs Is sign ificant in inner Or\,lewiewlm the Iattti1c:ej version I0-8- Interaction point (IP) & nozzle a1 .
The novel approach does not leave educe the amount of decay- ; Chicane
Iaye rs a residual pe?ngle and does not i:duced ;acksrount: by several quaglr:slizctis';gmml Three dipoles that remove the
. Sy nchrotron radiation does not require combined function magnets order of magnitude o besmsieinthelp electrons coming from the line

matter much

*  Muon loss remains to be studied with
source terms

* Coherent and trident cascade pairs
expected not important

800000 {

600000

160 400000 { W
NN Q3
140 200000 \;}" TR OderatiEIng q::irupoles Here the Two focusing quadrupoles. Different
120 O = ; ! : = beam aperture reaches its r!:\aximum oetiopsinthepasttoemploy)
. 100 200 -100 s[r:"] 100 200 combined function to reduce BIB
g
= 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?
Inner tracker 10 kG 1x10% n/cm?
—200 =100 O 100 200 * C /
ECAL 2 kGy 1x10* n/cm?

z [cm)]
S i D. Schulte  Muon Collid M




/‘\C Beam-induced Background @

International
MuCol / \UON Collider

/ Collaboration

Studies at 3 TeV showed that physics measurements can be done £ Malo
® But im provement potent ial exists Background hits overlay in [-0.5, 15] ns range Vs =10 TeV
T T I T T T T T T =
oY% =30ps ) ) 7
. . No time window i
Studies at 10 TeV are starting of"- %7 = 60 ps ]
10° B =BT Time window [-3 o, 5 0]

solenoid

1 1 lllllll

Background is reduced using timing and directional information

*  Optimisation of mask is ongoing 102

Average number of hits / cm 2

11 lllllll

10
Background has impact on reconstruction efficiencies

A D | lllllll

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



MC Proton Complex and Target ()

. Internati(_)nal
MuCol in target decay MHZ”;&";'J?:;
. protons W) pjons W) muons
Proton Driver Front End

m 400 kJ protons to produce 5 x 10%3 captured muon pairs

!

= — | 5 ?J_’E a B
= S = £ wEg S
A E & o 825 9P o
=3 o == Q‘W v
S 288 2
< B o o
=
5 GeV proton beam,2 MW =400 kJ x 5 Hz
Power is at hand
ESS and Uppsala will focus on merging ]
beam into high-charge pulses Graphite Target 20T solenoid

to guide pionsand muons  ynacten shielding

Optimisation of parameters planned To protect magnet

D. Schulte  Muon Collider, Bonn, October NWM




JC Target Design (&)

e — 7 Collaboration T. t | Internatiqnal
MuCol 2 MW, 5 x 1014 protons/pulse, 5 GeV (0.4 MJ), 5 Hz Solenoid o, MHS?’)SS??S’;

* graphite rod with 15 mm radius

Started studying alternative 4 MW target

* Graphite B 20 cm
or liquid lead

* orfluidised tungsten

Helium filling

Water connections

Outervessel  |nnervessel (finned)

window Vessel
Beam Graphite target
? s 1005aM
633.4Max
619.72
Tungsten Water (few cm) + st
absorber Boron carbide (1 cm) me
b
S029Mn
entrance
window :;i::id
ow
Tube support Graphite Target support tube .
Axial block target Window
Vessel support . ) o N/
Liquid metal (and fluidised .
C NGS ta I et . Double wall vacuum
L 8 tu ngsten) as alternativer veam target container
3.5 x 10® protons/pulse, 400 Collaboration w. ENEA

GeV (2.2 MJ), 1/6 Hz
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MC Final Cooling Principle (&)

International
LION Callider

mn

A G5 Magnetic field
>y ‘ ¢
A S

Yo

(©)
R ™

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
PR Oy —

r’.v,. 4 Beam dir‘e,cfci.?f‘_'.'»'-":':': — E’:ﬂ :O:
T g ot g L2 2 =
S RE B © g 8 a= 3 2
£ 5
N . ZT High field solenoids minimise beta-
energy loss re-acceleration function and impact of multiple
scattering

Energy loss = cooling ~ Multiple scattering = heating

de; 1 dEe f1 1 14 MeV @
ds  |(v/c)2ds E |2 (v/c)? E Lg
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Muon Cooling Performance

MAP design achieved 55 um based on achieved fields (28 T) /‘1[}5@'21}1?;;!

MuCol Collaboration
Currently in 24-30 um range (goal 22.5 um) Older design
* In one design longitudinal emittance much better than target ° \ow-Neuffer Plot

Best initial Ex;, [MeV]

Need about 50% more muons

B. Stechauner at al.

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

* or more initial muons (4 MW target yields 90% more muons,

C Preliminary
ign ongoing

ERIETI
qo%na

But field in one solenoidis50 T

8uijo0) |euly
3u1j00) a9
8uijo0) a9

Jojesedas adiey)
8urjood @9 |emuj

Can improve transmission (most losses due to beam dynamics) ;52 |

but have to deal with more beamloading)

better
gy [eV s]

160

1404

=
N
o

=
(=]
o

[e2]
o

60

40

20

Different scattering e o o pimee v
in ICOOL —— Rectilinear A
----- Bunch Merge
1073 1 o
—— Rectilinear B
— final
e target
. icool data 101 10° 10!
. icool fit . . .
" - Identification of optimum en ay o)
N S = Theoretical model | cooling as function of emittance <
0 100 200 300 400 better
E'”"tial um .
o Ch. Rogers, Zhu Ruihu, R. Taylor, B. Stechauner, E. Vol, D.S. et al. -

"~ D.Schulte  Muon Collid e




MC Cooling Cell Technology ()

International
MuCol ‘D) 0.4 4LIH wedge 650 MHz coils 50 '/«UON Collider

e r Collaboration
cavities r

Most complex example 12 T

Will develop example cooling cell

with integration Windows and absorbers for high-

* tight constraints £ density muon beam
* additional technologies o e * Pressure rise mitigated by

vacuum density
* Tests in HiRadMat

(absorbers, instrumentation,...)
* early preparation of
demonstrator facility

L. Rossi et al. (INFN, Milano, STFC, CERN),
J. Ferreira Somoza et al.

RF cavities in magnetic field
MAP demonstrated higher than goal gradient
Improve design based on theoretical understanding
Preparation of new test stand, but needs funding

* Test stand at CEA (700 MHz, need funding)

* Test at other frequencies in the UK considered

* Use of CLIC breakdown experiment considered

C. Marchand, Alexej Grudiev et al. (CEA, Milano, CERN, Tartu)

" D. Schulte  Muon Collider, Bonn, October 2024 _____—Mv




MC High-field Magnet Technology ()

International
MuCol Superconducting magnets reach highest fields, three ,MH%S&”{%;

NbTi (niob-titanium, operating at 2-4 k)

main technologies for the cables

is standard, used in LHC limited to O(8 T) Cut through a cable with
superconductor
Nb,Sn (niobium-tin, operating at 2-4 K) embedded Ih copper, 5o
Canreach O(16 T) some remains
Difficult technology, needs to mature further conductivity in case of a
Expensive quench
Used in some points for HL-LHC
Foreseen for FCC-hh also in arcs REBCO Tape Cu stabilisation (optional)

HTS (high-temperature superconductor, operating 20 K)

Ag cap layer
REBCO layer

Different options exist, e.g. REBCO buffer layer stack

In solenoids > 30 T demonstrated

Still expensive and technology challenges

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

D Schulte Muon Collider Bonn October 2024 M
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JC Solenoid R&D &)

MuCol

Started HTS solenoid development for high fields

Synergies with fusion reactors, NRI, power

generators for windmills, ... A portone. P. Testoni

J. Lorenzo Gomez, FAE
“' l;‘ \\b\ Final Cooling solenoid
= 2l Goal 40T
B } sl g
F-

Estimation of limit o

NHFML* =

Zﬁ solenqj
Bith HTS -

4(‘\

MuCoI H=S@gnductor
Openatmg lipr 61 kA

A

D Schulte Muon Collider Bonn October 2024

International
Target solenoid, 20 T, 20 K MHZ’ﬁff’a”t'?fé

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




J'C

MuCol

In same tunnel

Acceleration [

- Core is sequence of pulsed synchrotron (0.4-11 ms)
e Alternative FFA

Superconducting magnets

Acceleration Complex

D1 D2 D3

Accelerators: H
Linacs, RLA or FFAG, RCS 121
10 A
— 81

Lattice and integration: A. Chance et al. (CEA) &

Long. dynamics and RF systems: H. Damerell, 41
U. van Rienen, A. Grudiev et al. (Rostock, 5

Milano, CERN)

Power converter: F. Boattini et al.
Magnets: L. Bottura et al. (LNCMI,
Darmstadt, Bologna, Twente)

FFA: S. Machida et al. (RAL)

' I 1IO
Fast-ramping magnets

International
UON Collider
/ Collaboration

Long. Distribution assumed at
injection in RCS1

AF (GeV)
o

0.1 0.2 0.3 0.4
At (ns)
RF:
1.3 GHz cavities appear possible

* in spite of high bunch charge

Lattice:
Hybrid design works
Can spread RF in the arcs

o D. Schulte  Muon Collid 3




MC Fast-ramping Magnet System &)

. International
MuCol UON Collider
Collaboration

Differerent power converter options investigated
Efficient energy recovery for resistive dipoles (O(100MJ))
Commutated resonance

Synchronisation of magnets and RF for power and cost Attractive novel option
H I fi t H magnet Window frame magnet * BEtter ContrOI qu‘“t:
. Much less capacitors
II' III ~
Le] =
5.07 kd/m 5.65...7.14 kJ/m 5.89 kJ/m
_ _ Beampipe stud
Could consider using HTS Edd piP y. q
dipoles for largest ring y currents vs impedance
Maybe ceramic chamber with
Simple HTS racetrack dipole stripes
could match the beam -
requirements and aperture F. Boattini et al.
D. Amorim et al.

FNAL 300 T/s HTS magnet for static magnets

D Schulte Muon Collider Bonn October 2024 M




J'C

MuCol  High performance 10 TeV challenges:

* Very small beta-function (1.5 mm)
* Large energy spread (0.1%)
* Maintain short bunches

10 TeV collider ring in progress:

J—

Bx,y [Vkm]

around 16 T HTS dipoles or lower Nb;Sn

final focus based on HTS

Need to further improve the energy acceptance
by small factor

px — Dy
By

L=702.30 [m]

s [m]

. oSulluiLc IVIUUII CLUIllIUCIT, DUILT, ULLUNCI 2VUL+t

3 TeV:

Collider Ring ()

International
UON Collider
/ Collaboration

MAP developed 4.5 km ring with Nb,;Sn
* magnet specifications in the HL-LHC range
* 5 mm beta-function

Collider Ring

E. Metral, D Amorim
Impedance studies et al. (CERN)
Single beam instability limits OK with

conservative feedback

hamber radius to keep emittance
th below 20 % after 3000 turns

K. Skoufaris, Ch.
Carli, support
from P. Raimondi,
K. Oide, R. Tomas

]
== Coppdy B0 um on Tungsten at 300 K

— Copper\P um on Tungsten a1 300 K
E B == Copper WM o6 Tungsten at 300 K
—n' O |
=2 Tangsten at
=
=
)
2
E
m
=F
E
g ”
£ 15 . B
= —

]

H " ™ 50 100 S50 w00
Damping tirmdspr=s®turns]

1_____!’_______._(—“ — :




J'C

MuCol

Collider Ring Technology

Large aperture to shield magnef

HTS cost is coming down

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

<+ Nb3Sn (EU ITER)
e Used for other applications ¢ ™ =resc ‘
. < Bi-2212
* Hard to predict thecost £
<

Shielding of muon decay loss (500 W/m): g 1 %

FLUKA: 20-40 mm tungesten (OK to safe) 7R

*  Few W/m in magnets

*  No problem with radiation dose 0.1

. . 1995 2000 2005 2010 2015
= Magnet coil radius 59-79 mm Year
Coil - Dipole - Nb3Sn @ Top 4.5 K, cost = 700 EUR/kg
Beam aperture L (] Exist%ng magnets
150 B Cu coating 3 TeV B\eagn \ —— Margin limit
B W absorber 250 4 —— Stress limit ]
125 Insulation space \
B Heat intercept E 200 \
EIOD Bl Beam pipe % 12T A
= Kapton ins. @ |
S Goe 1| 160 mm
50 Magnet coil g 100 ERESCA2
25 o N b3S n é;st'i'g)‘o \\
45K
0 T 0 T T \
100 150 5 10 15 20 25
BIT]

Shielding X [mm]

_D. Schulte Muon Colli

2020

£
E
o
7}
2
[}
13
8
]
o
2
S
@

350

w
o
o

N
w
o

N

o

o
L

=
w
o

100 A

50 A

International
UON Collider
Collaboration

Nb3SN good up to 11-12 T
HTS can go higher
Mainly a question of cost

2025 2030
* Needs technical development
Dipole - ReBCO @ T_op = 20K
\\ —— Budget 175 KEUR/m
—— Budget 400 KEUR/m
X —— Budget 800 KEUR/m
\ —— Budget 1200 KEUR/m
\
\
A
WilNoe moved
\
to reayce cost ]
20 K
0 5 10 15 20 25

B[T]




J'C

MuCol
For the ESPPU, will deliver

* Evaluation report, including tentative
cost and power consumption scale

estimate

* R&D plan, including some scenarios

and timelines

* Requires to push as hard as possible

with existing resources

After ESPPU submission:
* Will fulfill EU contract

* Final deliverable is report on all R&D
* Will have some US process after the ESPPU
* Likely requires Reference Design
* LDG wants to maintain momentum

* EU Roadmap continues

IMCC Plans

A AInternational
| Collider
yoration

[ Initial parametric study
# Establish tentative parameters

<«—— 2023 — € 2024

ESPPU submission

Study consolidated concept

Develgp tentative concept
Establish pre

—_——— 2025

iminary parameters
Develap preliminary concept

Final adjustment and review

Establish consolidated parameters
Documentation of preliminary concq pt
Preliminary assessment repdrt

o —
Consolidated assessment rep Q|
—_— ¢—— 2026 e

ESPPU result

Continue together to develop green field concept

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

Develop site specific versions as derived approaches

Note: IMCC will prepare all reports together as a global

community

~_D.Schulte Muon Colli _____—Mv




MC Implementation Considerations ©

MuCol JAsetzaitss
Reviewing timeline (still evolving)
* Uncertainties from physics case (e.g. HL-LHC), society
development, budget profile etc.
* |dentify shortest possible timeline
e Technically limited, success-oriented schedule

Considered important for the timeline Consensus of magnet experts (review panel):
* Muon cooling technologies and integration * Anticipate technology to be mature in O(15 years):
* Magnet technology e HTS solenoids in muon production target, 6D cooling and
» Detector technologies final cooling
 Civil engineering e HTS tape can be applied more easily in solenoids

» Strong synergy with society, e.g. fusion reactors
Technology readiness appears possible by 2040 * Nb,Sn 11 T magnets for collider ring (or HTS if available):
* Provided funding is being made available 150mm aperture, 4K
* Main limitation from the magnet technology * This corresponds to 3 TeV design

* Could build 10 TeV with reduced luminosity performance
e Can recover some but not all luminosity later

s

D. Schulte Muon Collider. Bonn. October 2024 M




MC Staging Approaches )

International
MuCol /'\UON Collider

Collaboration
Assumptions:
* In O(15years):
* HTS technology available for solenoids
* Nb3Sn available for collider ring
* InO(25years):
* HTS available for collider ring

Size scales with energy but
technology progress will help

Scenario 1: Energy staging

» Start at lower energy (e.g. 3 TeV)

* Build additional accelerator and collider ring later

* Requires less budget for first stage

* 3 TeV design takes lower performance into account

Not reused

Scenario 2: Luminosity staging
» Start at with full energy, but less performant collider ring magnets
* Main sources of luminosity loss are collider arcs and interaction region
* Can recover interaction region later (as in HL-LHC)
* But need full budget right away
* Some luminosity loss remains (O(1.5))
* 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&D Programme )

- ‘b)  0.4LIH wedge 650 MHz coils 50 International
MuCol Broad R&D programme can be distributed world-wide B T BS ,MHSﬁff’a”!?fé
Muon cooling technology - o] [ E[: oz
*  RF test stand to test cavities in magnetic field v = -
*  Muon cooling cell test infrastructure 02 [+] =,
« Demonstrator of by
« At CERN, FNAL, ESS, JPARC, ... T e M
*  Workshop in October at FNAL RF

Magnet technology AR RA |
[ . k— @ _7‘__E|
) HTS SO|enOIdS 4 5 E- stedin insuurmentaton

and Matchin Downstream
e Collider ring magnets with Nb3Sn or HTS e

> Instrumentation
| &% \ == High-intensity high-energy pion source
et Collimation and
phase rotation

Detector technology and design
* Cando the important physics with near-term technology
* Butavailable time will allow to improve further and exploit Al, Ml and new technologies

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

Training of young people Strong synergy with HFM
Roadmap and RF efforts

-~ D.Schulte Muon Colli w




/‘4(: Test Facility @

— International
MuCol Iar:f)?:\ (1% phase) / Collimation and upstream Downstream MHéﬁff’j'!ﬂfé
Look for an existing proton + superconducting solenoid (2" phase) diagnostics area, 10 m diagnostics area, 5 m
beam with significant power
Different sites are being
considered Momentum selection Cooling area,

* CERN, FNAL, ESS are chicane, 10 m 50m
being discussed
e J-PARCalso interesting _
as option Site choices at CERN, FNAL study in preparation
s:';fa?‘ ‘- )

L —— RF  Solenoid Absorber
- : | =S i

\——=
\\ 2
\{ /
/' and Matching Downstream
Instrumentation
[~ =% \ == High-intensity high-energy pion source
et Collimation and 10 kW option

phase rotation
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Study is mostly site independent

Main benefit is existing infrastructure
Want to avoid time consuming detailed studies and keep
collaborative spirit

Will do more later

Site Studies ()

Candidate sites CERN, FNAL, potentially others (ESS, JPARC, ...) /‘\bnézrgamal
[ > P Y 5 silidar

Some considerations are important
Neutrino flux mitigation at CERN

MuCol
°
°
°
°
°
INPUT Parse
MAD X
Survey
Command
Based

{  Scenario - Geolocated
i
: Scenario

:' Scenario - Theoretical

Accelerator ring fitting on FNAL site

| |Scenario

Tunnel

Paint

1
Radiation Line | |

te System Transformation

Geolocate
' .
Inital Position and Orientation

Tunnel

_______________________________________________________________________

- Schulte

Y Intersect

Digital Terrain Model

Muon Collider Bonn. October 2024

‘: Display

Geoprofiler Map

3
org] N
e AN
o ) N
.-"d Q‘eyr\n
$S7 Reben
= C
f{Gonwlle Vernier

ollaboration

Summér[akes‘ 4
Park#as |

Potential site next to CERN identified
* Mitigates neutrino flux
* Points toward mediterranean and
uninhabited area in Jura
* Detailed studies required (280 m deep)

M




MC Example CERN Site @
e Mz

First look is promising:

* Collider ring mitigates neutrino flux
from experiments

* Some work required to ensure
adjacent arcs are negligible

* Good connection to LHC tunnel

*  Muon beam cooling complex on
CERN land injecting into SPS

Experimental cavern

S perimental cavern \\;\
Collider ring (10 TeV) ; . mmW
Tmnsﬁelnenel \ AT

Both experiments on CERN land Sl ,,/

Junction cavem

1:5000

Potential location of muon cooling complex

Transferline maximum slope 6%

Several studies remain to be done

e

_D. Schulte Muon Colli



JC  Tentative Timeline (Fast-track 10 TeV) ()

International
MuCol . . . . . . UON Collider
Only a basis to start the discussion, will review this year mllaboration

2025 2030 2035 2040 2045 2050 2055 2060 2065

Demonstrator Need at least two years of demonstrator
operation (better more)

Decisiontprepdqration
Cqll Test Site constryction Need RF test Stand before

Test dell components/protgtypes 1 1

fest qeit site operation Decision starting in 2036

Demonstrator instdllation/operation

Decision
h Preparation EStImated 10 TeV

Civil engineering construction/installation

Jnstallation/commissfoning ’

Collider

Inigial operation

hutdown 2

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

D. Schulte Muon Collider. Bonn. October 2024 M




MC Cost Estimate ()

MuCol Led by Carlo Rossi, who also does it for CLIC Aok Coiicer

Collaboration

Cost estimate is based on Project Breakdown Structure
* Fillin information at the level it is available to us
* |dentify uncertainties

* Make trade-offs

 But cannot optimize at this moment Detailed studies ongoing of fast-ramping
magnet and RF cost and trade-off

Overall optimisation not yet done and
probably needs time to fully conclude

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
=
Mostly driven by magnet cost Input data exists, but no optimisation for cost

Magnet cost estimates exist

for different configurgnan' S
~_D.Schulte Muon Colli IM'




M Synergies and Outreach @

International
MuCol /'\UON Collider

Collaboration
Training of young people
* 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)
* Targetis synergetic with neutron spallation sources, in particular liquid metal target (also FCC-ee)
* High-efficiency RF power sources and power converter

* RFin magnetic field can be relevant for some fusion reactors

* High-power proton facility

* Facilities such as NuStorm, mu2e, COMET, highly polarized low-energy muon beams

* Detector technologies

* Aland ML

Physics -
S ~ D.Schulte Muon Collid ———T T




/‘\C Conclusion @

International
MuCol /'\UON Collider

Collaboration

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

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

Cost estimate has started

We expect that a first collider stage can be operational by 2050
* If the resources ramp up sufficiently

* |If decision-making processes are efficient

Need to continue ramping up the momentum

http://muoncollider.web.cern.ch To join contact muon.collider.secretariat@cern.ch

-~ D.Schulte Muon Colli ____Av
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/U‘C Reserve @

International
UON Collider
Collaboration

MuCol
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JC Alternatives: The LEMMA Scheme ©

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

Positron Linac |Positron Acceleration
Ring

Positron Linac

H n

R &
< po &
§ 2 = Accelerators:
3 Linacs, RLA or FFAG, RCS

Collider Ring

10s of TeV

Ecom:

A

45 GeV positrons to produce muon pairs
Accumulate muons from 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

= Need same game changing invention

D. Schulte  Muon Collider, Bonn, October 2024

I

100 KW

_— >

AAlnternational

Note: New proposal by C. Curatolo

and L. Serafini needs to be looked at

* Uses Bethe-Heitler production
with electrons

Positron
Ring

target
Rings

Isochronous




/4(: Organisation @

— AA International
MuCol

ider
ion

Collaboration Board (ICB)
* Elected chair: Nadia Pastrone

Steering Board (ISB)

*  Chair Steinar Stapnes

* CERN members: Mike Lamont, Gianluigi Arduini

* |CB members: Dave Newbold (STFC), Mats Lindroos (ESS),
Pierre Vedrine (CEA), N. Pastrone (INFN)

* Study members: SL and deputies

*  Will add US but wait for US decision on members

Advisory Committee
* To be defined, discussion in SB

Coordination committee (CC)
* Study Leader: Daniel Schulte

* Deputies: Andrea Wulzer, Donatella Lucchesi, Chris
Rogers

D. Schulte  Muon Collider, Bonn, Octo



MC EU Design Study ()

International
MuCol UON Collider
(e

ollaboration

Has been approved summer 2022

* Very helpful to kick-start collaboration
CERN Council
Reapproved early 2023 [ ,
. . MucCol Consortium

* |tappears that there has been some issue with the @ el coveringsoars | Advisory Commitee

refereeing of several projects, probably not directly : ‘°"‘"l‘"‘“

with the muon collider P—— : ' : :

:\:‘Zlc;:‘or::‘:;:::z: WP!-ProtonCumpIexN WPSE;:?‘:-EEXneIgv WP;‘;?::_‘SS"E“
Brings 3 MEUR from the European Commission, the UK WP2 -Physics and WP4 - Muon WG - Radio WP - Cooling Cell
. Detector Requirements Production and Cooling Frequency Systems Integration

and Switzerland and about 4 MEUR from the partners

Basically nothing for CERN
Kick-off meeting in March 2023:

https://indico.cern.ch/event/1219912

Initial parametric study
# Establish tentative parameters
Develop tentative concept

Establish preliminary parareters Many thanks to all that contributed

Develop preliminary concept

# Establish consolidated parameters

Documentation of preliminary concq pt
Preliminary assessment repqrt
Study consolidated concept .
I https://mucol.web.cern.ch
Consolidated assessment rep

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

Sat celeriter fieri quidquid fiat satis bene

 D.Schulte Muon Colli —————TTp
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R&D Phase Demo Phase

Design Work/Component+Technology R&D

Design

- I -. I
Reference Design for the Final Facility +

Demonstrator Construction and Operation

Accelerator

Detector/MDI Design +
Component/Technology R&D

Detector
Design

T
I
System Design and ! 2
‘ Oplimiza(?on | Elolohypug
|
. I /
I

[ Physics Studies 1

TDR and Cost for the Demo Phase

——

Physics Studies

Physics
&

Final Facility TDR+ Cost

Technical Readiness to Construct

si ion and C { Si

and C

: FTE and M&S profiles for accelerator R&D corresponding to the first phase of the
. We assume here that funding can start in 2024. The M&S is in FY23 dollars and
n is not included in these estimates.

Figure 1: A sketch of the proposed muon collider R&D timeline, along with high-level activities, N

milestones, and deliverables.

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

*  Some increase in Europe and Asia assumed
* 1-2 years delay

*  But profile is different

D. Schulte  Muon Colli

2025

1000

M&S k$

2027 2028 2029 2030 2024 2025 2026 2027 2028 2029 2030

Figure 3: FTE and M&S profiles for detector R&D corresponding to the first phase of the program.
We assume here that funding can start in 2024. The M&S is in FY23 dollars and escalation is not
included in these estimates.
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JC Muon Collider Luminosity Scaling ©

International

MuCol R /1UON Collider

Fundamental limitation /collaboration
Requires emittance preservation and advanced lattice design

Applies to MAP scheme N
O
L X Y s f?" NO"Y

cey,
/ / \ \ High beam power

High energy Large energy Dense beam
acceptance

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

Constant current for required luminosity

scaling
D. Schulte  Muon Collider Bonn. October 2024 T e """ [§ _ vl




MC Staging &)

International
UON Collider
/ Collaboration

MuCol ) .
Ideally would like full energy right away, but

staging could lead to faster implementation Size scales with energy but

. . technolo rogress will help
*  Substantially less cost for a first stage 8y prog

* Can make technical compromises

* e.g. 8T NbTi magnets would
increase collider ring from 4.5 to 6
km and reduce luminosity by 25%

* Timeline might be more consistent with
human lifespan

. Not reused
[

Upgrade adds one more accelerator and new
collider ring

Could be much smaller with

* only first collider ring is not being reused improved HTS ramping magnets

D. Schulte Muon Collider. Bonn. October 2024 40




JC Alternatives: The LEMMA Scheme ©

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

Positron Linac |Positron Acceleration
Ring

Positron Linac

H n

R &
< po &
§ 2 = Accelerators:
3 Linacs, RLA or FFAG, RCS

Collider Ring

10s of TeV

Ecom:

A

45 GeV positrons to produce muon pairs
Accumulate muons from 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

= Need same game changing invention

D. Schulte  Muon Collider, Bonn, October 2024

I

100 KW

_— >

AAlnternational

Note: New proposal by C. Curatolo

and L. Serafini needs to be looked at

* Uses Bethe-Heitler production
with electrons

Positron
Ring

target
Rings

Isochronous




jﬁc Muon Decay O

MuCol About 1/3 of energy in electrons and positrons: MUK Coliraer

/ Collaboration

Vi Experiments needs to be protected from background by masks
* simulations of 1.5, 3 and 10 TeV
pt ve *  optimisation of masks and lattice design started
W *  first results look encouraging D. Lucchesi, A. Lechner,
«  will be discussed at ICHEP E et gt el
Collider ring magnets need to be shielded from losses
+

Losses elsewhere will also need to be considered but are less severe

Neutrino flux to have negligible impact on environment
*  wantto be negligible (same level as LHC)

* opening cone decreases, cross section and shower
energy increase with energy

Above about 3 TeV need to make beam point in different
vertical directions

Mechanical system with 15cm stroke, 1% vertical bending

Length of pattern to be optimised for minimal impact on
beam

A D. Schulte  Muon Collide
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M Key Challenges @

International
UON Collider

MuCol :
/ Collaboration

Proton Driver Front End Cooling Acceleration Collider Ring

—_OOA

=~ o = = on 5
o 5 5 & |[PZEE 2|5 B w o
= B 5§ 5 |22 38|88 5 = =
= S = = wsS 3 (Y o 8 = @ 8 =
A E & s |85 3|8 ¢ @ 25 © 2 -—
= C R8¢ Sls 28 a= 3 £ Accelerators: H H
< § o =g £ = Linacs, RLA or FFAG, RCS
Proton complex Target Cooling channel RCS Collider ring
- Compressing protons - Target - Channel design - Beam dynamics - Optics
to few bunches - Solenoid - Solenoids - Ramping magnets - Magnets
- RF in magnetic field - Power converter - Neutrino flux
- Absorbers - RF system - Detector
- Integration background

. D. Schulte  Muon Collid
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Roadmap @

\Jn aspirational scenario can make informed decisions: Mot Coier

Collaboration

Three main deliverables are foreseen:

* aProject Evaluation Report for the next ESPPU will contain an assessment of whether the 10 TeV muon collideris a
promising option and identify the required compromises to realise a 3 TeV option by 2045. In particular the
guestions below would be addressed.

What is a realistic luminosity target?

What are the background conditions in the detector?

Can one consider implementing such a collider at CERN or other sites, and can it have one or two detectors?
What are the key performance specifications of the components and what is the maturity of the technologies?
What are the cost drivers and what is the cost scale of such a collider?

What are the power drivers and what is the power consumption scale of the collider?

What are the key risks of the project?

* an R&D Plan that describes an R&D path towards the collider;

* anInterim Report by the end of 2023 that documents progress and allows the wider community to update their
view of the concept and to give feedback to the collaboration.

g D. Schulte  Muon ' M“ o




/‘t R&D Plan @

International
MuCol /'\UON Collider

Collaboration

The R&D plan will describe the R&D path toward the collider, in particular during the CDR phase,
and will comprise the elements below.

* Anintegrated concept of a muon cooling cell that will allow construction and testing of this
key novel component.

* A concept of the facility to provide the muon beam to test the cells.
* An evaluation of whether this facility can be installed at CERN or another site.

* Adescription of other R&D efforts required during the CDR phase including other
demonstrators.

This R&D plan will allow the community to understand the technically limited timeline for the
muoncollider development after the next ESPPU.

_D. Schulte Muon Colli _____M,




/t Minimal Scenario @

MU CQyfill allow partially informed decisions Jodseicotie
* No conceptual design of neutrino flux and alignment system
* No alternative superconducting fast-ramping magnet system
* Several collider systems would (almost) not be covered, in particular
e thelinacs
* the target complex
e the proton complex
* engineering considerations of the muon cooling cells
* alternative designs for the final cooling system, acceleration, collider ring
* No RF test stand would be constructed for the muon cooling accelerating cavities
* No conceptual design of a muon cooling cell for the test programme
* No conceptual design of a muon cooling demonstrator facility
* No concept of RF power sources
* No tests/models to develop solenoid technology.

-~ D.Schulte Muon Colli _____—M*




MC Key Technologies ()

MuCrlagnets /:\:“.éﬁct”tdl
* Superconducting solenoids for target and cooling profit from developments for society
* target solenoid comparable to ITER central solenoid fusion
* 6D cooling solenoids similar and wind power generators, motors
* final cooling solenoids synergetic with high-field research, NMR
* Collider ring magnets
e profit from developments for other colliders FCC-hh, stress-managed magnets
e Fast-ramping normal-conducting magnet system
* HTSalternative, power converter
RF systems
* superconducting RF, normal-conducting RF, efficient klystrons
Target, cooling absorbers, windows, shielding
Neutrino mitigation mover system, cooling cell integration, ...
Detector

D. Schulte Muon Collider. Bonn. October 2024 M




JC Key Technologies, cont. ()

vy cRI systems S etz

* Normal-conducting cooling cavities in magnetic field
e profit from CLIC work

e Superconducting accelerator RF
e profit from ILC, ...

» Efficient power sources
e profit from CLIC work

Beam-matter interaction

* Proton target

* Cooling absorbers

* Shielding (accelerator and detector)

Mechanical system

* Neutrino flux mitigation system

*  Muon cooling cell integration

D. Schulte Muon Collider. Bonn. October 2024 M
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Collaboration Vision @

v IMCC is an international collaboration and aims to Musesie

Collaboration

* Enlarge the collaboration

Physics interest in all regions, strong US contribution to the muon collider physics and
detector, interest in Japan

First US university have joined collaboration, try to see how to move forward, also with labs

* Combine the R&D efforts for the design and its technologies

Critical contributions in all relevant fields in the US

e Consider several sites for the collider

CERN would be one, FNAL and others should also be considered
A proposal with alternative sites is stronger for a single site

* Consider several sites for the demonstrators

D. Schulte

E.g. Muon production and cooling demonstrator at CERN, FNAL, ESS, JPARC
e.g. RCS at ESRF or elsewhere
Target tests

Muon Collider Bonn. October 2024 M
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MuCol

Target integrated luminosities

Vs | Ldt
3 TeV 1 ab~!
10 TeV | 10 ab~!
14 TeV | 20 ab~!

Note: currently focus on 10 TeV, also
explore 3 TeV

Tentative parameters based on
MAP study, might add margins
Achieve goal in 5 years

FCC-hh to operate for 25 years
Aim to have two detectors

o - S =

L 10%* cm2s?
N 10%2
f. Hz
Poeam MW
C km
<B> T
g MeV m
o /E %
o, mm
B mm
€ pm
Oyy Hm

1.8
2.2
5
5.3
4.5
7
7.5
0.1
5
5
25
3.0

Initial Target Parameters

10 Tev
20
1.8

5
14.4
10
10.5
7.5
0.1
15
15
25
0.9

International
UON Collider
/ Collaboration

14 TeV CLICat 3 TeV

40 2 (6)
1.8
5
20 28
14
10.5
7.5
0.1
1.07
1.07
25
0.63

p—"
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/‘\C US Snowmass @

m:ruoa%ipterest in the US community /:\mtemauonal

UON Collider
[ . ollaboration
in muon collider PossibleBcenarios@ffuture®olliders ™ ProtonZollider mm— Construction/Transformation
° Seen as an energy frontier : Elearon@?”ider PreparationgR&D OriginalfromESGibyUB
. Muon@ollider Updated@uly®5,20220byaMNE
machine Proposals@merging@rom®hisBnowmassForzShasedzollider?
* decoupled from LC - m

W CC 2040 start physics

] CCC:250@GeVaR 550GeV 2[eVE
|5kyears 8&kmEunneld 2@mblE ambin ~E@b1

US community wants funding for - ] RFupgrade
R&D uonolliderl 2045

i start physics
C:S 1 Stage2
= 13Bears 4kmRAeuselevatronding ranﬂ;"evlltﬂage :‘;\{)’T Note: P ibility of
. ote: PossIDlIlity O
* Goal: match European effort ‘ J 4
—

ORBkm+6kmiEkmting® 10km® L6, 5&kmEunnels 125 GeV or 1 TeV at Stage 1

WSA

1 T T 5
2020 2030 2040 2050 2060 2070 2080 2090

» Timelines@echnologicallydimited

¢ UncertaintiesRobeBorted@utl
* Find@Rontactdab(s)
* SuccessfulR&DEndHeasibility@emonstration@orfCCEndAMuonollider

* Evaluate@ CCiprogressAn@helnternational@ontext,Eind@onsiderGroposingZEn@LC/CCCH
[iefCCCRiIsedREsEnRipgradeALC]ID AR CCnlyBptiondEnEhelUS. TR

* International@ostBharing
ConsiderfproposingfhostingdLCnEheRUS.E

Community interested in the US to
host a muon collider

Meenakshi Narain: Energy Frontier / Large Experiments,
Snowmass Community Summer Study July 17-26, 2022
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MC Muon Collider magnets ()

20T, 200mm HTS | T,400 Hz ieeiland
MuCol Radiation heat load = 5...10 kW 100 mm x 30 mm 100 mm x 30 mm MHfﬁffa'Ti"fé

Radiation dose: 80 MGy

Proton Driver Front End
pr—
—*
(= . — 5—'3 B .tén )
8 S & ¢ |lPI3EE &[0 & = =
c ® < = ﬁmm = =] E= = =
= s £ Sl (5E2|I° §8 =9 8138
O £ = S n 3 w |2 g e 8 o
%] 3 22} o 1o Q_% w |© 7% ] —
8 Cless| 2z 28 8= 8| 2
< = o =|F = J | Linacs, RLA or FFAG, RCS
> 40T, 60 mm e
=i
» 16 T peak, 150 mm ==
' Radiation heat load =5 W/m =
H - Radiation dose = 20...40 MGy =i
-BOM

HTS ! % 4B ¢ |
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/‘\C US Showmass @

International
MuCol UON Collider
(e

ollaboration

PossibleBcenariosffuture@olliders ™  Protonollider EmEEE Construction/Transformation
Strong interest in the US community = Lormoer PreparationgR&O OrignalromESGbyLe
Updated@uly®5,2022byaVING
in muon collider Proposals@mergingfromXhis@nowmassFor@Shasedxolliderp
. [T
s seen as an energy frontier — 2CChl 2040 start physics
. CCCR50/GeV S50MeV 2TV
RF@ipgrade
* decoupled from LC < = MuonTollider? N
= 130years 4kmRFeuselevatroning raﬂu}f\:/sl‘ztnagE1 i:;::‘z’;“
. . =@0mb Note: Possibility of
US commun ity wants fund ing for - ORBkm-+6kmikmiBing® P ——— 125 GeV or 1 TeV at Stage 1
2020 2030 2040 2050 2060 2070 2080 2090

*  Goal: match European effort » Timelines@echnologicallydimited

e Uncertainties®ofeRBorted@utll
Community interested in the US to + Find&Rontactdab(s)®

host a muon collider * SuccessfulR&DEndHeasibility@emonstration@orfCCEndAMuonollider

* Evaluate@ CCiprogressAn@helnternational@ontext,Eind@onsiderGroposingZEn@LC/CCCH
[iefCCCRiIsedREsEnRipgradeALC]ID AR CCnlyBptiondEnEhelUS. TR

* International@ostBharing
ConsiderfproposingfhostingdLCnEheRUS.E
Meenakshi Narain: Energy Frontier / Large Experiments,

Snowmass Community Summer Study July 17-26, 2022
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A strengthening on the physics and detector side is
planned




M Physics Goals @

MuCol

Full lepton energy available for production
of new particles, in protons only a fraction

Discovery reach

10-14 TeV lepton collisions are comparable to
100-200 TeV proton collisions for production of
heavy particle pairs

500 |

5 10 15 20 25 30

Vsu [Tev]

International
/«UON Collider
/ Collaboration
Need more luminosity at higher energies as
production cross section decreases
Luminosity goal

(Similar to L(Ey > 0.99 Ey, o) CLIC at 3 TeV)
4x10%* cm2s? at 14 TeV

2
2.10%cm s

D years NG "

L >
~  time 10 TeV

Yields constant number of \/g f ﬁdt

events in the s-channel 3 TGV 1 ab_l
10 TeV | 10 ab— !
14 TeV | 20 ab~1




M Physics Studies @

UON Collider

MuCol Details on physics case, detector and accelerator can be found in /;«:.tbttl
« Snowmass white papers https://indico.cern.ch/event/1130036/
* EPICreportin preparation

Used tentative detector performance specifications in
form of DELPHES card

= based on FCC-hh and CLIC performances, including
masks against beam induced background (BIB)

M. Selvaggi, W. Riegler, U. Schnoor, A.
Sailer, D. Lucchesi, N. Pastrone, M. Pierini,
F. Maltoni, A. Wulzer et al.

= Please find the card here:

https://muoncollider.web.cern.ch/node/14

Initial detector simulation studies at 1.5 and 3 TeV indicate that this is a good model
Now moving to 10 TeV D. Lucchesi, F. Meloni et al.

If you are interested to contribute please contact me or the responsible deputies:
Andrea Wulzer (Physics) and Donatella Lucchesi (Detector and MDI)



https://indico.cern.ch/event/1130036/
https://muoncollider.web.cern.ch/node/14

MC Possible CERN Locations

MuCol S
Consider nTOF-like beam from PS
for cooling experiment:

* 1 pulse of 1013 p at 20 GeV per
1.2s,i.e.27 kW

*  maybe O(100kW) possible

If SPL were, installed could use its

beam, e.g. 5 GeV, 4 MW

M. Calviani, R. Losito, =
J Osborn et al.




MC Collider Site Studies

Study is mostly site independent

MuCol . . .
However, some considerations are being made

S

Collaboration

Candidate sites are CERN, FNAL, potentially others (ESS, JPARC, ...)
* FNAL takes test facility into account in their ACE plans

But need some site considerations

Main site concern:

Neutrino flux mitigation

Neutrinos in direction of experimental
insertions need to be mitigated by site choices

INPUT ¢ Scenario - Theoretical
! |Scenario Tunnel Point Radiation Line '
MAD X : 1<0<> 1<0<>
.n ..n
Survey Derive

Command

Based

D78

H Scenario - Geolocated Display o PAPN 4
I N ®o . ;
! |Scenario Tunnel Paint Radiation Line | Radiation H ° e Q w»
' i . A ¢
10.n 10.n Py
. - Gonville Vernier

'“1?‘58“ Geoprofiler Map
oigta e o
:

_______________________________________________________________________
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Main site benefit:
Potentially significant cost saving from reusing
exiting infrastructure

Will study this later

Potential site next to CERN identified
* Mitigates neutrino flux
* Points toward mediterranean and
uninhabited area in Jura
* Detailed studies required (280 m deep)




MC Muon Collider Timeline (Roadmap)

Technically limited timeline
To be reviewed considering progress, funding and decisions

MuCol

Muon collider important in the
long term
* Even after potential FCC-hh

But also plan B as next project
in Europe and maybe plan A in
US and elsewhere

Fast track option if require next
as project after HL-LHC:
* Lower energy initial option,
e.g. 3TeV
* Upgradeto 10 TeV later
e Little extra cost

Subject to funding

|

~ R @ S J =
o o o S mg
~ ~ ~ ~N ~
|
Baseline@esi Technically@imited&imeline
in ign c c
aseline@esig 5 5
R Facility@onceptuall 1]
é Design | | é
+ + Technical® 8 & &P
c = . 3 =cC
o o Design S 2 3
= al- G 28
S S Facility@onstruction® x 2
[ © =%
. > >
Demonstrator@esign = W (1]
Preparator rk
Prototy = Demonstratorf g Q
: . o
: Construction g =
A ATmTD e monstrator@xploitation@nd@ipgrades 7@
2 5
= 8
DesignZnd@nodelli §
Models,Brototype E |
Pre-series >
Production 2.
PerfofEnanceld g %
andosta Readyltol Ready&ol
Estimation Commit Construct

International
UON Collider
/ Collaboration




MC MICE: Cooling Demonstration ()

M C | Time-of-flight Variable thickness 7th February 2015 Inotergational
. . UON Ilid
uto hoc:gs;c:;;e 1 high-Z diffuser Absorberl;o::us-coil CoNakoraion
() module
Upstream Downstream
spectrometer module spectrometer module
MICE Electron
Mu on Muon
Ranger
Beam
(MMB) (EMR)
Liquid-hydrogen
Cherenkov ToF 1 absorber
counters Pre shower
MICE (CKOV) Scintillating-fibre (KL)
1 0 - 1 40 2017102 and 2017103
MAUS-v3.3.2

" MICE

e Upstream
== Downstream

Principle of ionisation cooling
has been demonstrated

Use of data for benchmarking is
still ongoing

Nature vol. 578, p. 53-59 (2020)

Empty

LH2 q .
More complete experiment with

T higher statistics, more than one
stage required

T T T T

. MICE
More particles at smaller <
amplitude after absorber is

put in place Full Integration of magn.ets, R-F, ‘
LH, absorbers, vacuum is engineering
challenge

||r||r¢||||

1

20 40

D. Schulte  Muon Collider, Bonn, October v




/‘4(: RF Test Stand @

MuCol . . S
Module work focuses on RF test stand at this Bare coils and RF cavity
moment SC HTS coils
* Important ensure timely R&D plan
*  Tryto identify infrastructure for this
* CEA, INFN, Cockroft, CERN, ...
*  Will not be cheap so need to find resources

RF Wave guide

Pillbox test cavity
Schematic of the RFMF test facility |
Two stage cryocooler

single cryostat
With cryostat /
Magnet services -igf;'i?bzr- 3 h_-*" S N /

80- 400 K Coil support structure

RFservices 4 = LEU0 \ '/ L

Thermal shield

Vacuum vessel

Tie rods for repulsion
and compression forces

SC HTS coils

L. Rossi, C. Marchand, D. Giove, A. Gurdiev, G. Ferrand, M. Castoldi, S. Sorti et al.
D. Schulte  Muon Collider, Bonn, October 2024 ____—M“




/4(: Use of SPS and LHC Tunnels @

Su erconductln ma nets nternation
M u C 0] | D1 p g g /C«lUOtfe\l Ciz;fll(i)dearI

14 ollaboration

Filling factor of green field studies for the arcs )
Consider hybrid and non-hybrid designs 10

y [mm]

Use robust assumptions for the magnets (10 T
staticand 1.8 T ramping magnets)

o N £y o ©
L L L L L

10

Fast-ramping magnets

--m

RCS 1 Stronger magnets or better filling
factors would allow 10 TeV

RCS2 --- 860 860
LHC RCS3 1250° 2700 2700 Need to confirm whether LHC
RCS4 --- L 4000 cross section can house two RCSs

o ~_D.Schulte Muon Colli _____—Mv




Goal: similar to LHC: limit neutrino
flux to have negligible impact,
“fully optimised” (10% of MAP goal)
Verify performance of concept to
be good for 14 TeV

Neutrino Flux

International
UON Collider
/ Collaboration

h

FLUKA dose studles

8000 9000 10000 11000 12000
2fem)

G. Lerner, D. Calzolari,
A. Lechner, C. Ahdida

Conformity Verification Scheme

. Sensitivity analysis

Demnnslratlon of

MC simulations
— presen\ahonG Lemer

J1)) ) 2%

Dose surface map
- presen\ahon G. Lacerda

Operational
scenarios

F. Bertinelli et al. (CERN, Riga)

Folding wnh realistic
source term

C. Ahdida, P. Vojtyla, M. Widorski, H. Vincke

44 Scenario - Theoretical

G. Lacerda, Y. Robert, N Guﬂhaudln (CERN)

4

¢n (mrad)

C. Carli, K. Skoufaris (CERN)

design / mover impact on beam

MAD X
Survey
Command
Based

Flux direction map / lattice

Scer\arlo Geolocated

Tunnel

Radiation Line

1 < Edit/ Reposition
'

Geoprofiler Map

o)

Mitigation: o

Tunnel

)
o Q
<
;

Site choice tool

........................................................................

eeeeee
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October 2024




MC Magnet Roadmap ()

International

MuCol UON Collider

/ Collaboration

Consensus of experts (review panel):
* Anticipate technology to be mature in O(15 years):
* HTS solenoids in muon production target, 6D cooling and final cooling
* HTS tape can be applied more easily in solenoids
* Strong synergy with society, e.g. fusion reactors
* Nb;Sn 11 T magnets for collider ring (or HTS if available): 150mm aperture, 4K
* This corresponds to 3 TeV design
* Could build 10 TeV with reduced luminosity performance
* Can recover some but not all luminosity later

Strategy:
Still under discussion: * HTS solenoids
* Timescale for HTS/hybrid collider ring magnets * Nb3Sn accelerator magnets
* For second stage can use HTS or hybrid collider ring * HTS accelerator magnets
magnets Seems technically good for any future project

s

D. Schulte Muon Collider. Bonn. October 2024 M




M Collider Ring @

International
MuCol = challenges: N — Sl
* Very small beta-function (1.5 mm) By
e large energy spread (0.1%) K. Skoufaris, Ch.

* Maintain short bunches Carli, support
from P. Raimondi,

K. Oide, R. Tomas

MAP developed 4.5 km ring for 3 TeV with Nb,Sn
* magnet specifications in the HL-LHC range

VBxy [Vkm]

Work progressing on 10 TeV collider ring ]
* around 16 T HTS dipoles or lower Nb;Sn 0 100 200 300 400 500 600 700
* final focus based on HTS

Important progress: V0.6

' pT[%)] DAnin [0] good dynamic aperture at
0.07 5 s almost 0.1% off-energy,
g 0.08 4 £ approaching the target
0.09 3
0.1 <1

) 1 2 perol? % [Vm] le-4 e

D. Schulte Muon Collider. Bonn. October 2024 M




Muon Cooling Performan

MAP design achieved 55 um based

MuCol on achieved fields

Integrating physics into RFTRACK, a CERN
simulation code with single-particle tracking,
collective effects, ...

A. Latina, E. Fol, B. Stechauner at al.

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

160
Different scattering
in ICOOL -

o
2
® e o o e3wee
*

1404

1201

eV]

= 100/

Longitudinal@Emittance@mm)&

=]
(=]

1.0

[=)]
o

Best initial Ex;,

404 icool data
icool fit
o

Theoretical model

20+

- -

200 300 400

- gz =
4 | @ Specification® 2 o2p ooa 2 T e
&8 © e 9% 4 Y
~ o O ®Ra 9O vw o H 7
. g 8 ®W> 8 & 5 - Y
2 | For@ccelerationtto® = = =83 g
(] = ?
multi;TeVEolliderf - ~5 2 e Phasel
g E_ Rotatorf
- iiFront®Ende
4 = %UHOO:) ASmm,45mm)
2k
g == Finall _—7
= Coolingtd geld
4 6DTooling pre-mergef
B 6D oolingHoriginalX
2F For@cceleration design)C
toHiggs@actoryl) Bunchl
g E Mergel
L1 1111l L1 1l L1 111l J
. ; )
10.0 102 10? 10*

Transverse@mittance@microns)a

MAPRollaboration

£ um

Simple 50 T design achieves 24 um and better longitudinal emittance
Need to improve transmission by factor 1.6 (large part of losses due to

beam dynamics not muon decay)
Higher power target would increase charge by factor 1.9

Ch. Rogers, Zhu Ruihu, R. Taylor, B. Stechauner, E. Vol et al.

But need to work on beamloading in accelerator chain

Are working on more detailed design

40 T solenoid

Including windows

Final absorbers are H2 vapor
30 um transverse emittance

International

/ Collaboration

UON Collider

D. Schulte  Muon Collid ____——Mv



M Collider Ring Technology @

MuCol /‘1[5'5%'365?"5 o
uco Beam aperture L. Bottura et al. Gollaboratign
150 I Cu coating
Power loss due to muon decay 500 W/m 125 B W absorber . t field limit
. . I : nitial estimate of magnet field limits:
FLUKA simulation of shielding: - :5“laf";” Ny PN, G fg HTS /hybrid
. eat intercep or n, more for ri
Require 30-40 mm tungesten - 100 B Beam pipe A Y
. £ ‘ Need stress management
*  Few W/m in magnets = Kapton ins.
. . .. > Clearance
* No problem with radiation dose N : mr
agnet coil - e
50 -
Energy density per bunch crossing (mJ/cma) = o0
og 10 25 =
107 1039
1072 st
107 0 -
o LGl 1o+ 50 100 150 =i
D. Calzolari 1076 X [mm] =
(CERN) s -
1078 K. Skoufaris, Ch. Carli, D. Amorim,
ﬁ L il 0® A. Lechner, R. Van Weelderen, P. De . -
R A0 G A 20 8 Sousa, L. Bottura et al. = =
X (cm) -, -
- -
Different cooling scenarios studied §
< 25 MW power for cooling possible = =
Shield with CO, at 250 K (preferred) or water = EZ

Support of shield is important for heat transfer
Discussion on options for magnet cooling R.Van Weelderen, P. De Sousa

D. Schulte Muon Collider. Bonn. October 2024 M
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