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Input to EU Strategy of Particle Physics

l )
European Strategy,

High-priority future initiatives

Map of possible future
facilities submitted as
input to the Strategy

Update

2020 Strategy Update | Halina Abramowicz

Possible scenarios of future colliders ™ _Proton collider mmmm Construction/Transformation: heights of box construction cost/year

B || Electron collider )
o Preparation
{ 4 years
40 km tunnel

Electron-Proton collider
2. N
U] CenC: 90/160/240 GeV SpRC: = FCC-hh
6 B/8 years 16/2.6/5.6 ab*
. )

S years

Japan

China

Where is the muon collider?

350365Gev | 17 B/11years FCC hh; 150 TeV =20-30 ab*

10,5 B/10year
100km tunnel 17 8/11 years FCC hh; 100 TeV 20-30 ab™*

CERN

248/15 years I FCC hh; 100 TeV 20-30 ab*
8 years
100km tunnel

_LHC: 1
HE-LHC: 27 TeV 10 ab From Ursula Bassler

FCC-eh: 3.5 TeV 2 ab?
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Input Document to EU Strategy Update - Dec 2018:

“Muon

Colliders,” arXiv:1901.06150 | p Delahaye et al.

by CERN-WG on Muon Colliders 2


https://arxiv.org/abs/1901.06150

2020 Update of the European
Strategy for Particle Physics

19 June 2020  10.17181/CERN.JSC6.W89E

* Ensure Europe’s continued scientific and technological leadership
* Strengthen the unique ecosystem of research centres in Europe

&

High-priority future
initiatives

* An electron-positron Higgs factory is the highest-priority next collider.
For the longer term, the European particle physics community has the ambition
to operate a proton-proton collider at the highest achievable energy.
These compelling goals will require innovation and cutting-edge technology:
v" ramp up R&D on advanced accelerator technologies, in particular high-field
superconducting magnets, including high-temperature superconductors
v’ investigate the technical and financial feasibility of a future hadron collider
at CERN with a centre-of-mass energy of at least 100 TeV and with an
electron-positron Higgs and electroweak factory as a possible first stage
v’ the ILC in Japan would be compatible with this strategy
* The European particle physics community must intensify accelerator R&D and

sustain it with adequate resources. A roadmap should prioritise the technology
3


http://dx.doi.org/10.17181/CERN.JSC6.W89E

EU Strategy = Accelerator R&D Roadmap

European Strategy Update — June 19, 2020: 3

[
&

High-priority future initiatives [..]

In addition to the high field magnets the accelerator R&D roadmap could contain:
[..] an international design study for a muon collider, as it represents
a unique opportunity to achieve a multi-TeV energy domain beyond the reach of
e*e~colliders, and potentially within a more compact circular tunnel than for a
hadron collider. The biggest challenge remains to produce an intense beam of
cooled muons, but novel ideas are being explored.

| High-priority future
initiatives

CERN Laboratory Directors Group (LDG) established an Accelerator R&D roadmap
to define a route towards implementation of the goals of the 2020 ESPPU bringing together the capabilities
of CERN and the LNLs to carry out R&D and construction and operation of demonstrators

The compelling physics reach justifies establishment of an international collaboration to develop fully
the muon collider design study and to pursue R&D priorities, according to an agreed upon work plan.

To facilitate implemention of the European Strategy LDG decided (July 2 2020) to:
Agree to start building the collaboration for international muon collider design study

=» International Muon Collider Collaboration kick-off virtual meeting 20
(>260 participants) https://indico.cern.ch/event/930508/ 3(6,20

q


https://indico.cern.ch/event/930508/

Linear vs Circular Iepton ete” colllder

HEBHAT #7724
L Compact Cidaor Colllder cuc)
e BN 380 GeV - 11.4 km (CLIC380) :j
|| SR 1.5Tev-29.0km (CLIC1500) 4 d
% _ 3.0TeV- 50.1 km (CLIC3000) &

Luminosity per facility

1000 —

¥
o
1
1

s Schematic of an
4 80-100 km
¢ long tunnel

CLIC at 3 TeV has been optimised over decades:
18 GCHF, 590 MW power consumption



Muon beams specific properties

Muons are leptons with mass (105.7 MeV/c?) 207 times larger than e

©

=» Negligible synchrotron radiation emission (co m™

*)

e Multi-pass collisions (1000 turns) in collider ring:

— High luminosity with reasonable beam power and wall plug power needs

* relaxed beam emittances & sizes, alignment & stability
Multi-detectors supporting broad physics communities
Large time (15 ms) between bunch crossings
* No beam-strahlung at collision:
narrow luminosity spectrum
* Multi-pass acceleration in rings or RLA:
Compact acceleration system and collider
Cost effective construction & operation
* No cooling by synchrotron radiation in standard damping rings
Requires development of novel cooling method



Why a multi-TeV Muon Collider?

cost-effective and unique opportunity
for lepton colliders @ Ecm > 3 TeV

Energy Efficiency
12 T T T T T
= . CLIC —+— : —
% 1.1 " MUCO e A Energy at which 6, =0,
1I—\ 0.9 s T T T T T T Ty
N 08 | 500+ Muon Colliders
5 07}
‘s 067 S 200
= 057 ) s
§ 0.4 r e o T (| RO i Colored physics
S 037 +———""___ | Daniel Schulte \% :
3 8'? ' X | | | | 50| : Andrea Wulzer
0 1 2 3 4 5 6 :
Ecm [TeV] ol cisu s menamiqmw o paam sy
5 10 15 20 25 30
sufficient luminosity required s, [Tev]

Strong interest to reuse existing facilities and infrastructure (i.e. LHC tunnel) in Europe
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arxiv:1901.06150

Muons: Issues & Challenges

— Limited lifetime: 2.2 us at rest
* Race against death: fast generation, acceleration & collision before decay

* Muons decay in accelerator and detector
@ — Physics feasibility with large background?
— Shielding of detector and facility irradiation
* Decays in neutrinos:
— ldeal source of well defined electron and muons neutrinos in equal quantities :

The neutrino factory concept

©

» Limitation in energy reach by neutrino radiation

— Generated as tertiary particles in large emittances

— powerful MW(s) driver
@ — novel cooling method (6D 10° emittance reduction)

@ Development of novel ideas and technologies
with key accelerator and detector challenges!



A uniqgue facilit
q f Y Jan 2021 nature physics

Muon colliders to expand frontiers of particle physics
K.Long, D.Lucchesi, M.Palmer, N.Pastrone, D.Schulte, V. Shiltsev

an idea over 50 years old has now the opportunity to become feasible
ESPP Input document: Muon Colliders

Muons — fundamental particles —

leptons ~ 200 times heavier than electron Overwhelming physics potential:
decay with lifetime at rest of 2.2 Us *  Precision measurements
* Discovery searches
Js =3 TeV “H Donatella Lucchesi et al.
—— &__ ’

N Nie—ri=t Challenging Facility Design:

e ——

': f»ﬁ:.;'p 1 | * Key issues/risks
 R&D plan - synergies

o'l le -
Soobe?

3 = 18 4
=1)

cost effective =» need real study to confirm cost
power efficient = need a more detailed study
compact site = more with better ramping magnets

p'p - HHw - bbbbww . o

Different phyiscs benchmark simulated with Beam-Induced Background at 3 TeV
to demonstrate feasibility and physics potential reach



https://www.nature.com/articles/s41567-020-01130-x
arxiv:1901.06150

@ International Collaboration

R =

/«International
UON Collid . .
Jcollaboration Project Leader: Daniel Schulte

Objective:

In time for the next European Strategy for Particle Physics Update, the Design Study based
at CERN since 2020 aims to establish whether the investment into a full CDR and a
demonstrator is scientifically justified.

It will provide a baseline concept, well-supported performance expectations and assess the
associated key risks as well as cost and power consumption drivers.

It will also identify an R&D path to demonstrate the feasibility of the collider.

Scope:

e Focus on the high-energy frontier and two energy ranges:

— 3 TeV if possible with technology ready for construction in 10-20 years

— 10+ TeV with more advanced technology, the reason to choose muon colliders
e Explore synergies with other options (neutrino/higgs factory)

e Define R&D path

Web page:
http://muoncollider.web.cern.ch 10



http://muoncollider.web.cern.ch/

Physics potential

A dream machine to probe unprecedented energy scales and many different directions at once!

Direct searches High-rate High-energy | Muon physics an ve
measurements probes “ def C \
Pair production, Single Higgs, Di-boson, di-fermion, Lepton Flavor n CO\ e" .
Resonances, VBF, | self coupling, rare and tri-boson, EFT, Universality, b — spp, N\uo C“a“
Dark Matter, ... exotic Higgs decays, compositeness, ... muon g-2, ... e
top quarks, ... ",“e %a
Great and growing interest in the theory community
=>» many papers recently published, as:
The Muon Smasher's Guide,
https://doi.org/10.48550/arXiv.2103.14043
Strong and crucial synergies to design the machine and
the experiment to reach the physics goals with energy
and luminosity allowing % precision measurements
=>» Physics benchmarks steer machine parameters and experiment design
60 2 —
Google Scholar Statistics 47 ()in é 100 | Google Scholgr St:.-_nis_tics
50+ on "muon collider” in title/abstract 2021-22 é on "muon collider” in title/abstract

_ I Theory P“hsj é g0 + I Experimental Pubs
2 5 40 £ 7 I Theory Pubs
%; sk g_g 60 -
E g 20 - g 4o}

!
2005 2010 2015 2020 | 0 2005 2010 2015 2020 1 1

Year Year


https://doi.org/10.48550/arXiv.2103.14043

events

arXiv:2203.07256 Muon Collider Physics Summary
arXiv:2203.07261 The physics case of a 3 TeV muon collider stage

https://snowmass21.org/energy/muon forum
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https://arxiv.org/abs/2203.07256
https://arxiv.org/abs/2203.07261
https://snowmass21.org/energy/muon_forum

sin®y

Physics reach in a nutshell

arXiv:2203.07256 Muon Collider Physics Summary
10TeV i i~ Line = 10ab™" grXiv:2203.07261 The physics case of a 3 TeV muon collider stage
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https://arxiv.org/abs/2203.07256
https://arxiv.org/abs/2203.07261

g-2 @ Muon Collider

e Singlet Models

~ 1 TeV Muon Collider

< > Perturbative
Fixed-target Unitarity
experiments Worse Case (") Violation
= | | | =
~ 1GeV 100 GeV ~ 3TeV Mpsm
(< 10ab™")

* High-Scale EW Models

LHC

|

~ 10 TeV Muon Collider

- Large couplings
- Flavor

\ 4

A

- “Empirical” Fine tuning
(Higgs and muon mass)

|

A

Reasonable assumptions

|
~ 1TeV yBsMm ~ 1

Npsm < 10

[ >
~ 10TeV Mpsm

(< 100ab™1)
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proton (MAP) vs
positron driven muon source

\\o(\ Accelg %,

M Proton Driver FrontEnd | iCooling Acceleration Collider Ring
13_1 14
o m == ”/:gec Q
— e Gl
MAP S & X fg__‘q‘, 5 ?§ a
§ § 8 P IEREGS[sir\We B
3 BN S 3|0 8 B g
% §3§§§ﬁ‘°o33‘33§§3
E U'Sg Els % 2 8% @ 2 | Accelerators: A
z “IZ & | Linacs, RLA or FFAG, RCS
MUON JINST collection R T
LEMMA B [ M
source | e o
¥
arXiv:1905.05747v2 [physics.acc-ph] G‘n‘ﬁ':t:f;:r el
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https://arxiv.org/abs/1905.05747v2
https://iopscience.iop.org/journal/1748-0221/page/extraproc46

LEMMA: main idea
Low EMittance Muon Accellerator

M. Antonelli and P. Raimondi, Snowmass Report (2013) - INFN-13-22/LNF Note

POSITRON DRIVEN MUON SOURCE : direct u pairs production
Muons produced from ete™ = u*u~ at the u* u~ threshold @ Vs = 0.212 GeV

Asymmetric collisions maximize the u* u~pairs production cross section

and minimize the u* u~ beam angular divergence and energy spread

=> 45 GeV positron beam impinging on a target (e~ at rest)
= utpu produced @ ~22 GeV with low transverse emittance
with y(u) =200 and u laboratory lifetime of about 500 us

Aimed at obtaining high luminosity with relatively small u* fluxes thus reducing
background rates and activation problems due to high energy u* decays

16



Proton-driven Muon Collider Concept

Proton Driver Front End Cooling Acceleration Collider Ring
m— T Gl —
- — .‘5—6 o 6 %D «§
z S 3 g [P3E L E|lg T op 6 p £
§= ) (o] S Fo® £ 5|8 8 5 3 ©
s S s e} - o< 5 2 |© Py (@) o o o bl
3 E 2 § [§25° g|lg 2 S g® & ©
2 (oL N £ o —
§ o ‘-.’Sg 2lw 3 3s g £ Accelerators: - H
< § a =g 8 = | Linacs, RLA or FFAG, RCS
Short, intense proton 4 Acceleration t
bunches to produce Muon are captured, cceleration to Collision

hadronic showers bunched and then cooled\ collision energy

Pions decay into muons MICE ionization cooling experiment
that can be captured

Acce/
\‘)0(\ @rQ/

S

http://map.fnal.gov/

U.S. Muon Accelerator Program (MAP)

Prograt®

 Recommendation from 2008 Particle Physics Project Prioritization Panel (P5)
* Approved by DOE-HEP in 2011 =» Ramp down recommended by P5 in 2014

AIM: to assess feasibility of technologies to develop muon accelerators for the

Intensity and Energy Frontiers 17


http://map.fnal.gov/

International Design Study facility

Proton driver production as baseline
e Focus on two energy ranges:

3 TeV technology ready for construction in 10-20 years
10+ TeV with more advanced technology

Beam induced ~
2 e
background > ﬁ/’) 7&1,
7/ %, e
) ) ” IP 0/ b
Drives beam quality: ;- °. ‘e..
challenging design and components ,' &/ 9/,

Muon Collider

>10TeV CoM
~10km circumference

M Injector

‘e
.
.
‘e
.

Y
.Q
.

s T IP2
: g - I —-{000000] =AY

: 4 GeV Target,  Decay pCooling  Low Energy
: Proton & pBunching Channel  yu Acceleration
.. Source Channel

.
------------------------------------------------------------------

_ . Dense neutrino flux
mitigation and site

Cost and power consumption drivers, limit energy reach
e.g. 30 km accelerator for 10/14 TeV, 10/14 km collider ring
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MAP to International Design Study

Proton Driver *g Front Cooling Acceleration
= End
K
o ] o —
o o ~+o| 9 g &
g 8 (B3l g @ ®
S 2 cgo|l & S B = = =
£ S F5|l 0 8 < 9 <~ o 9 o
2 E 8oz ¢| 8 g® g8 o
< o ?og g = 29 = § e g Accelerator Types: Linac,
Tzlo e = Recirculating Linacs (RLAs),
8 Rapid Cycling Synchrotrons (RCS)
Based on 6-8 ¢ high power * RF  Ionization * Fast
GeV Linac target cavities cooling 6D acceleratio
Source * 1 production bunch & « MICE n
H- stripping in high-field phase e UseRF
requirements solenoid rotate pu* and SC
similar to into bunch
neutrino ones train

Collider Ring

pu* decay
background
Critical
Machine
Detector
Interface
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Luminosity and parameters goals

Target integrated luminosities

L = (Ecu/10TeV)?2 x 10 ab?
@ 3TeV ~ 1ab! 5years
@ 10 TeV ~ 10 ab! 5years

@ 14 TeV ~ 20 ab! 5years

Note: currently consider 3 TeV and
either 10 or 14 TeV

Tentative parameters achieve

goal in 5 years

FCC-hh to operate for 25 years

Might integrate some margins

Aim to have two detectors

Now study if these parameters lead
to realistic design with acceptable
cost and power

Tentative target parameters

Scaled from MAP parameters

L 1034 cm2s?
N 1012
. Hz
Pocam MW
C km
<B> T
g MeV m
o /E %
o, mm
mm
3 pm

Hm

1.8

2.2
5
5.3
4.5

7.5

0.1

25
3.0

Comparison:
CLIC at 3 TeV: 28 MW

20

1.8
5
14.4
10
10.5
7.5
0.1
1.5
1.5
25
0.9

40

1.8
5
20
14
10.5
7.5
0.1
1.07
1.07
25
0.63




Cooling: Emittance Path
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e

—
O
o
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6D Cooling pre-merge
e 6D Cooling
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Merge
| ]
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Transverse Emittance (m'icrons) _ MAP collaboration
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Final Cooling Challenge

P Magnetic field

<, e 0
i 60
high transvers| " - . " |8 ) 0
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Cooling
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/I f ZT High field solenoids
minimise beta-
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of multiple scattering
Energy loss = cooling Multiple scattering = heating
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Demonstrator and test facilities

(Muon production)
and Cooling Demonstrator

@ CERN

Strong synergies with
nuSTORM and ENUBET

First attempt to design a site

Great opportunity to contribute

Test facilities for enabling tecnologies:

RF, Magnets, Target materials.....

Extraction TT10

arget + Hom + dogleg

—

It could be close to TT10, and inject beam from PS

It would be on molasse,
no radiation to ground water

Strong synergies with other future projects

M. Benedikt. LHC Performance Workshop, Chamonix 2010

B CERN-AB-2007-061

& Dimension & location indicative [ @\

Naia Pastrone | 23



Accelerator R&D Roadmap
Bright Muon Beams and Muon Colliders

International Design Study Collaboration GOAL
In time for the next European Strategy for Particle Physics Update, aim to establish whether
the investment into a full CDR and a demonstrator is scientifically justified

The Panel endorsed this ambition and concludes that:

e the MC presents enormous potential for fundamental physics research at the energy frontier
=>» it is the future direction toward high-energy, high-luminosity lepton collider
=>» it can be an option as next project after HL-LHC (i.e. operation mid2040s)

e at this stage the panel did not identify any showstopper in the concept and sees strong
support of the feasibility from previous studies

e it identified important R&D challenges

The panel has identified a development path that
can address the major challenges and
deliver a 3 TeV muon collider by 2045

Nadia Pastrone 24



Accelerator R&D Roadmap

Bright Muon Beams and Muon Colliders

Panel members: D. Schulte,(Chair), M. Palmer (Co-Chair), T. Arndt, A. Chancé, J. P. Delahaye,
A.Faus-Golfe, S.Gilardoni, P.Lebrun, K.Long, E.Métral, N.Pastrone, L.Quettier, T.Raubenheimer,
C.Rogers, M.Seidel, D.Stratakis, A.Yamamoto
Associated members: A. Grudiev, R. Losito, D. Lucchesi

Intense preparation and review activities in 2021: presented to CERN Council in December and
3 Community Meetings (May, July, October) and published https://arxiv.org/abs/2201.07895

a dedicated Muon Collider Physics and Detector Workshop | now under implementation by LDG + Council...

P J 7 Technically limited timeline
Facility Conceptual - ; s
ream il Technically limited
Technical g8¢
- ; iy conmction | %~ § timeline
DemonstratordeslpJ i g
Preparatoﬁ 2 8
Ik 5 o0
Prot .g Demonstrmor_ g g g
: | ———— A 3 TeV muon collider could be
s . : ready by 2045,
ototypes .
z as reviewed by the Roadmap
Production g
Cost and %
b= ot | | ¥l | Nadia Pastrone 25



https://arxiv.org/abs/2201.07895
https://indico.cern.ch/category/14577/
https://indico.cern.ch/event/1037447/

Plan

The panel has identified
a development path that
can address the major
challenges and deliver a
3 TeV muon collider by 2045

Scenarios

Aspirational Minimal
[FTEy] | [kCHF] | [FTEy] | [kCHF]
445.9 | 11875 193 2445

~70 Meu/5 years

En com-
plex RF

Label Begin | End | Description Aspirational Minimal
[FTEy] | [kCHF] | [FTEy] | [KCHF]
MC.SITE 2021 | 2025 | Site and layout 15.5 300 185 300
MC.NF 2022 | 2026 | Neutrino flux miti- | 22.5 250 0 0
gation system

7.6

MC.REMC

Muon cooling RF

13.6

MC.RETS

RF test stand + test
cavities

10

7
0 0

MC.MOD

Muon cooling test
module

177

49 100

MC.DEM

Cooling  demon-
strator design

34.1

1250

38 250

MC.INT 2022 | 2026 | Coordination and 13 1250 13 1250
integration
| | | | Sum | 4459 | 11875 | 193 | 2445 |
Nadia Pastrone 26



International Community

CONTEXT:

Laboratory Directors’ Group (LDG) initiated a muon collider collaboration July 2, 2020
CERN Medium Term Plan 2021-2025 - dedicated budget line — 2MCHF/year

International Design Study based at CERN = MoC signed by INFN July 2021
the project encompasses physics, machine, detector and Machine Detector Interface

European LDG Accelerator R&D Roadmap =2 presented to December Council 2021
dedicated Muon Beams Panel - but also synergies in High field magnets, RF and ERL

European ECFA Detector R&D Roadmap = presented to December Council 2021
Muon collider @ 10 TeV is one of the targeted facilities emerging from the EPPSU

US SnowMass Muon Collider Forum since 2021 share ideas and studies across frontiers
Snowmass/P5 process in the US = ready by 2023

HORIZON-INFRA-2022-DEV-01-01 EU project for Design Study approved July 2022
Research infrastructure concept development = supported by TIARA

27



Footprint of future colliders @ CERN

FCC

LEGEND
O CERN Existing LHC
) FCC

O Muon Collider

=1 CLIC



Muon Collider @ FNAL option

Site filler Accelerator

Access Areas
1

»Proton Source ,»
 PIP-llI=>target Acceieraf"; ‘

»u Cooling ~
»Linac + RLA > 65GeV " N \

»RCS 1 and 2 = 1000 GeV
* Tevatron-size

&

10 TeV collider
requires ~16 T dipoles
in RCS scenarios
»RCS3 >5TeV

With rapid-cycling - Site filler accelerator
2-4 T magnets

T C p
ecommasoncsf] S

10 TeV collider

Collider Ring ~10 km

Fermilab new formed : s —_—

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

Future Colliders Group 2% Fermilab
is actively exploring filler option

Nadia Pastrone 29



Key Challenge Areas

Physics potential evaluation, including detector concept and technologies

Impact on the environment

— Neutrino flux mitigation and its impact on the site (first concept exists)
— Machine Induced Background impact the detector, and might limit physics

High-energy systems after the cooling (acceleration, collision, ...)

— Fast-ramping magnet systems

— High-field magnets (in particular for 10+ TeV)

High-quality muon beam production
— Special RF and high peak power
— Superconducting solenoids

High energy complex requires
known components
=>» synergies with other future colliders

— Cooling string demonstration (cell engineering design, demonstrator design)

Full accelerator chain

— e.g. proton complex with H- source, compressor ring =2 test of target material

Nadia Pastrone 30




Plan for next 5 years

Exploratory Phase Definition Phase
! 2021 2022 2023 J 2024 1 2025 ]
[ Tentative parameters
Exploring options
and preparation
| Source and collider-complex design
| Limited programme of prototyping
—| Cooling Demonstrator design
Performance and
Documentation

Explore design

* Identify critical issues

* Explore and prioritise issues
* Make design choices

* Define realistic goals

Define design

* Address feasibility issues

* Develop design, refine choices

* Develop R&D programme to
demonstrate performances

* End-to-end design with all systems

* Key performance specifications

* Evidence to achieve luminosity goal:

— beam parameters, collective effects, tolerances ...
 Evidence that the design is realistic:

— performance specification supported by technology
— key hardware performances

— radiation protection, impact and mitigation of losses
— cost and power scale, site considerations

* A path forward

— Test facility

— Component development

— Beam tests

— System optimisation

Nadia Pastrone 31
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Target

Front End

Cooling

Acceleration

A4S Y S aYr
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Collider Ring
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- D

MDI/Detector

f

Key R&D Challenges

Key R&D challenges

Issues
Multi-MW Targets
High Field, Large Bore Capture Solenoid

Energy Deposition in FE Components
RF in Magnetic Fields (see Cooling)

RF in Magnetic Field

High and Very High Field SC Magnets
Overall lonization Cooling Performance
Acceptance

Ramping System

Self-Consistent Design

Magnet Strengths, Apertures, and
Shielding

High Energy Neutrino Radiation

Backgrounds from p Decays
IR Shielding

Mark Palmer

International
UON Collider
Collaboration

Status

Ongoing >1 MW target development
Challenging engineering for capture solenoid

Current designs handle energy deposition

N/

MAP designs use 20 MV/m = 50 MV/m demo
>30 T solenoid demonstrated for Final Cooling
Cooling design that achieves most goals

Designs in place for accel to 125 GeV CoM
Magnet system development needed for TeV-scale
Self-consistent design needed for TeV-scale

Self-consistent lattices with magnet
conceptual design up to 3 TeV
> ~5 TeV — v radiation solution required

Further design work required for multi-TeV
Initial physics studies at 1.5 TeV promising
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Design Study activities: EU project MuCol

Total EU budget 3 Meu - 48 months - HORIZON-INFRA-2022-DEV-01-01:
18(+14) beneficiaries (associated) Research infrastructure concept development

The MuCol study will produce a coherent description of a novel particle accelerator complex
that will collide muons of opposite charge at the energy frontier. The study will target a
centre-of-mass energy (ECM) of 10 TeV with 3 TeV envisaged as a first stage.

The main outcome of MuCol will be a report documenting the facility design that should demonstrate that:

* the physics case of the muon collider is sound and detector systems can yield sufficient resolution and
rejection of backgrounds;

* there are no principle technology showstoppers that will prevent the achievement of a satisfactory
performance from the accelerator or from the detectors side;

* the muon collider provides a highly sustainable energy frontier facility as compared to other equivalent

colliders;

» exploiting synergies with other scientific and industrial R&D projects, a valuable platform to provide
Europe a leading edge not only in terms of discovery potential, but also for the development of
associated technologies.

The final report will include a thorough assessment of benefits and risks of the accelerator
and detector complex, including an evaluation of the scientific, industrial and societal return
beyond high-energy physics, the cost scale and sustainability of the complex and the impact
arising from an implementation on the CERN site.
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Luca Bottura

P Magnet Demands
resent Target Concept

T\ uperconduc‘rmg magnets

desired muon

High-field and large Combination
aperture target
o of DC SC
solenoid with heavy magnets (10
shielding to T) and AC
Proton beam and .
Me:curyjer: WIthStand heat (100 reSIStlve
| kW/m) and radiation
Tungsten beads, He gas cooled ma nets (+
Mercury collection pool Be wind Ioads g -
With splash mitigator Sncow Low Energy Orbit 2T)
Proton Driver Front End Cooling Acceleration Collider Ring
] L
— — H—T) 5 O ?:n 2
9 5 5 8 |BEZElEf (W) g
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< § o =l 8 %[ Linacs, RLA or FFAG, RCS
Iy o Jﬂ] O J'I'l
Ultra-high-field .. uozen ot d Liquid Hydrogen Open midplane or large dipoles i ”I_m_ﬂm
solenoids (40...60 R L and quadrupoles in the range of mmm 7 mmm
T) to achieve i 10...16 T, bore in excess of 150 ™™ * @ 1%
' \ - mm to allow for shielding 16. 1

against heat (500 W/m) and
Field Fiip radiation loads

beam cooling [] \ ’

Drift

Focus Solenoids
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Neutrino Flux Mitigation

v

Legal limit 1 mSv/year
MAP goal < 0.1 mSv/year
“hotspot” | Our goal: arcs below threshold for legal
A procedure < 10 puSv/year
o1y, LHC achieved < 5 uSv/year

muon collider

<

straight sec tion

arc

3 TeV, 200 m deep tunnel is about OK

Need mitigation of arcs at 10+ TeV:

idea of Mokhov, Ginneken to move beam in aperture

our approach: move collider ring components, e.g. vertical
bending with 1% of main field

Opening angle £ 1 mradiant

~2 X 600 m 14 TeV, in 200 m deep tunnel
comparable to LHC case

Need to study mover system,
magnet, connections
and impact on beam

Working on different approaches for
experimental insertion
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Machine Detector Interface

Advanced assessment of beam-induced background at a muon collider
F. Collamati, C. Curatolo, D. Lucchesi, A. Mereghetti, P. Sala et al. 2021 JINST 16 P11009

Study Beam-Induced Background @ /s = 1.5 and 3 TeV, using MAP lattice —
nozzle optimized at 1.5 TeV

FLUKA

107 5 C—— photon
: ) ete-
10° 4 3 ch. had
[ neutron

s
10° § ut -

10! = T T T T
Detector -25 0 25 50 75 100

t (nsec)

= first lattice and MDI studies @ 10 TeV by CERN

The machine elements, MDI and interaction region must be properly designed and
optimized

each collider ener
@ Naéiia Pastron y 36


https://iopscience.iop.org/article/10.1088/1748-0221/16/11/P11009

Beam Induced Background

£ photon FLUKA simulation

Il Neutron

[7] Electron/Positron
Il Proton

I rion

[ Muon
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Detector studies @ /s =1.5 TeV

arXiv:2203.07964 Simulated Detector Performance at the Muon Collider
arXiv:2203.07224 Promising Technologies and R&D Directions for the Future Muon Collider Detectors

Synergies with = CLIC Detector technologies adopted with important
tracker modifications to cope with BIB
= Detector design optimization at \/s=1.5 (3) TeV

AIDAinnova EU project

superconducting

mon " 4 solenoid (4T) Vertex Detector (VXD)
chambers

= 4 double-sensor barrel layers

25x25um?
tracking system = 4+4 double-sensor disks 25x25um?

hadronic Inner Tracker (IT) ,
calorimeter = 3 barrel layers 50x50pm

= 747 disks

Outer Tracker(QOT)

= 3 barrel layers 50x50um?2 R&D Detector
shielding nozzles ~ ® 4+4disks _ LGAD
(tungsten + borated Electromagnetic Calorimeter (ECAL) ECAL PbF2 CRILIN
polyethylene cladding ~ ® 40 layers W absorber and silicon pad )
sensors, 5x5 mm? HCAL -gas
Hadron Calorimeter (HCAL) mu_picosec

= 60 layers steel absorber & plastic
scintillating tiles, 30x30 mm?

TO BE IMPROVED B=3.57T tobe
TUNED at higher /s studied and tuned

Full simulation available on public repository

Quite advanced conceptual design for 1.5 TeV and 3 TeV
=» More R&D on technologies required @ 10+ TeV
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https://github.com/MuonColliderSoft
https://arxiv.org/abs/2203.07964
https://arxiv.org/abs/2203.07224

{x2+y? [cm]

Tracker detector @ 1.5 TeV

Max radiation tolerance NIEL: 0.5x 10 neqg/cm?/year
Max radiation tolerance TID: 300 Mrad/year

14 x10°

T T T T ] E ; . AO
c 7 5 Background hits overlay in [-360, 480) ps range Vs=15TeV hich
12E 7 < o~ M B e /LA B S B R igh pr
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- |z el 3 . (e} T, o7
10 |2 -l ] k) - 2 ol =60 ps No ti ind
a g g __ 800 : f t . time window
8 B 2 > 800 i ]
C B Q ] Time window [ -3, +56,]
- —600 2 £ ]
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= 200 9 (8 ot ]
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— ] 200 : : : : —5
O 1 L 1 I L L 1 L | L 1 L L | L L L L | 0 : :
-20 -10 0 10 20 :
. . . 7z lcm PR W TSR IS PR SR |
z coordinate of BIB particles entering the detector [em] % 10 20 30 20 50 P
Layer

Vertex detector properly designed to not overlap with the BIB hottest spots around IR
Timing window applied to reduce hits from out-of-time BIB

Granularity optimized to ensure < 1% occupancy

Realistic digitization in progress = BIB suppression based on cluster shape

If primary vertex could be known before = effective angular matching of hit doublets
To be tuned in presence of secondary vertices or long-lived particles

Nadia Pastrone
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Calorimeters and Muon detectors

key role in the BIB suppression

timing and longitudinal measurements play a

Muon System

Low BIB contribution, concentrated
in the low-radius endcap region

= ] T T T T
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| technologies for R&D
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Photon Hit Rate (Hz/cm?)

Neutron Hit Rate (Hz/cm®?)

Muon Collider 1.5 TeV - Neutron Hit Rate vs 6

102
E |5 Triple GEM
[ | ReC

E |+ aRPC

; 18 Picosec

Innovative and computationally efficient
event-reconstruction approaches are needed
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High Precision Measurements

Donatella Lucchesi et al.

ptu~ — Hx — bbx with Beam-Induced Background at 3 TeV

' ECAL
/green tracks: Montecarlo particles % W R/
,,._f-* ‘ =il Ll
T s Vertex Detector
:,,Ajg. i i
1
7 B |
e Event 1300, Run 13

Event display after the reconstruction
No cleaning cuts, no analysis requirements
Jets from beam background removed during the analysis

Different phyiscs benchmark simulated with Beam-Induced Background at 3 TeV
to demonstrate feasibility and physics potential reach

arXiv:2203.07261 The physics case of a 3 TeV muon collider stage
arXiv:2203.07964 Simulated Detector Performance at the Muon Collider
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https://arxiv.org/abs/2203.07261
https://arxiv.org/abs/2203.07964
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A brief history of muon colliders

(A wholly incomplete timeline)
| UON Collider
2021- #Collaboration

2019 Muon
1968 1995 Input to Collider
F. Tikhonin 1979 Barger, Berger, Gunion, Han 2010-2017 European Forum
“On the effects at D. Neuffer “s channel Higgs boson Muon Accelerator Strategy (Snowmass
colliding 1 meson “Colliding Muon production at a muon muon Program (MAP) Update 2021) ‘t
beams” Beams at 90 GeV" collider” “
e . -3 o ~§ o

1969 1981 2001- e, - ol F\ | — ——
G.l. Budker Skrinsky, Parkhomchuk Muon lonization ™1 -,; & = =
“Accelerators and “Methods of cooling Cooling Experiment 2015 2020- 2
colliding beams” beams of charged (MICE) Antonelli et al. International
particles” “Novel proposal for a low Muon Collider

emittance muon beam using Collaboration

positron beam on target”
Low Emittance Muon

Accelerator (LEMMA)
proposal

' ‘ i W - bBbbww - X
* New key technologies are becoming available S i L

=>» Time scale is becoming realistic for a multi-TeV collider
* New Physics opportunities

=» Higher energy = Higher luminosity

=>» Direct searches+precision — reach physics program

Advances in detector and accelerator
pair with the opportunities
of the physics case

Collaboration Meeting of the Muon Collider Study @ CERN
October 11-14, 2022 https://indico.cern.ch/event/1175126/
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https://indico.cern.ch/event/1175126/

Thanks for the attention!

Please subscribe at the

CERN e-group “muoncollider”:
. MUONCOLLIDER-DETECTOR-PHYSICS
https://muoncollider.web.cern.ch/

INFN Confluence website: full simulation MUST-phydet@cern.ch
https://confluence.infn.it/display/muoncollider MUONCOLLIDER-FACILITY

International Design Study Indico @ CERN MUST-mac@cern.ch
https://indico.cern.ch/category/11818/

Muon Collider SnowMass Forum USA
https://indico.fnal.gov/event/47038/

CERN website
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https://indico.fnal.gov/event/47038/

extras

Nadia Pastrone
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International Design Study facility

v IMCC started officially on July 3nd 2020: Web site
v" Several institutions are collaborating, US via the Snowmass process

v Muon collider is part of European Accelerator R&D Roadmap Yellow Report

v" A lot of contributions submitted to the Snowmass process

https://arxiv.org/abs/2203.07256

March 15, 2022
hl(ps://muoncn\lider.weh.ccm.ch

© https://arxiv.org/abs/2203.07964

March 16, 2022
/;1 https://muoncollider.web.cern.ch

Muon Collider Physics Summary

Simulated Detector Performance at the Muon @

Submilted to the Procecdings of the US Community Swdy Collider

on the Future of Particle Physics (Snowmass 2021) /1 Jgeyg aaaaaaa .
Submitted o the Proceedings of the US Community Study Jhii“‘b S: / / arxiv.org / a b S / 2203.07224

on the Future of Particle Physics (Snowmass 2021)

P I‘Omi .
t;‘:ng “chnojog;
€ Futype Mu, €s anq

https://arxiv.org/abs/2203.08033 on

D p;
. 1recg;
April 1, 2022 o ollige,. Deg €Ctiong for
= = hllps:l/muoncollider.web,cem.ch @ Mitted (o gy p, €ctor S
! .

M. Nttps://arxiv.org/abs/2 203.0726 s

ollaboration

. . r . March 15, 202,
A Muon Collider Facility for Physics Discovery w

ngs of the US Community Study

itted to the Proceed i f - TeV .
S“b::‘::\e F(:lture of Particle Physics (Snowmass 2021) - coulder Stage
Submitted (o the Pruceedings of the US C,

on the Future of py, Ommunity Study

rticle Physics (Snowmagg 2021)
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http://muoncollider.web.cern.ch/
https://cds.cern.ch/record/2800190?ln=en
https://arxiv.org/abs/2203.07256
https://arxiv.org/abs/2203.08033
https://arxiv.org/abs/2203.07964
https://arxiv.org/abs/2203.07224
https://arxiv.org/abs/2203.07261

MUon collider STrategy network — MUST

INFN — CERN (+BINP) — CEA — IJCLAB — KIT — PSI — UKRI — (USA not beneﬁc_iary)

sk 5.1 May 1, 2021 — April 30, 2024

) IFAST

It will serve as the common ground for a growing international muon-collider collaboration
MUST will support to establish an international collaboration and develop an optimized R&D roadmap

towards a future muon collider, including the definition of optimum test facilities and possible
intermediate steps

y(ImE g
M‘ 1 January 2022 - 31 December 2025 EU RISE project

aMUSE further provides an excellent platform for an ambitious EU-US network to advance the development
of muon beams.

Objectives WP3 — leader: Donatella Lucchesi

* Study techniques of unstable particles beam cooling muon beams at different energies,
aiming to validate the simulation with experimental tests

* High energy muon beams: determine the optimal interaction region configuration by
studying the beam induced background and new detector technologies able to handle it

e Design and simulate detector for different centre of mass energies

* Evaluate the radiation hazards related to the neutrino flux emitted by the muon beams.
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EU project: WP

WP 2: Physics and Detector Requirements
Leader D. Lucchesi Univ. PD + INFN (M. Casarsa) + many + + Univ. PV associated
Link to the physics and detector studies, to provide a database with Beam-Induced
Background (BIB) to the physics community and maintain a simplified model of the detector
for physics studies. Based on feedback from the physics community, it will provide feedback
and guidance to the accelerator design.

WP 3: The Proton Complex
Leader ESS-CERN-UU
key challenge of the proton complex design, the accumulation of the protons in very high-
charge bunches and determine the required basic parameters of the complex.

WP 4: The Muon Production and Cooling
Leader STFC-CERN+ UK
Production of the muons by the proton beam hitting a target and the subsequent cooling

WP 5: The High-energy Complex
Leader CEA(Antoine Chance)-CERN-STFC-INFN (F. Collamati — RM1-TO) only MDI
Acceleration and collision complex of the muons. Interaction Region and Machine Detector

Interface.
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EU project: WP

WP 6: Radio Frequency Systems
Leader CEA(C. Marchand)+INFN(D. Giove- MI - LNL)-CERN++++
Radio Frequency (RF) systems of the muon cooling and the acceleration complex.

WP 7: Magnet Systems
Leader CERN(L. Bottura)-CERN+++ INFN(GE, MI, BO) + Univ. BO associated
Most critical magnets of the muon collider. In particular focus on the solenoids of the
muon production and cooling, which are specific to the muon collider. The fast-ramping
magnet system, which has ambitious requirements on power flow and power efficiency
and limits the energy reach of the collider,

WP 8: Cooling Cell Integration
Leader CERN(R. Losito)+Univ. MI (L. Rossi)-STFC-INFN(M. Statera — mag. e D. Giove — RF)
Design of the muon cooling cell, which is a unique and novel design and which faces
integration challenges: interact to address the challenges of the muon collider concept.
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Magnet R&D impact on Science and Society

Luca Bottura

 R&D on the magnet technology necessary for a muon collider has
multiple implications for other fields of science, industry and
society. Below some relevant examples:

— The target solenoid requires large fields (15 T) in a large bore (2 m), in
the range of field and geometry relevant for a full-body MRI of the
next generation[1], or solenoid magnets for fusion[2]

— Ultra-high field solenoids (40...60 T) with modest bore (50 mm) as
required by the final cooling stage share the challenges of magnets for
high-field science[3-5], as well as solenoids for NMR spectroscopy [6]

— The fast-ramped magnets planned in the acceleration stage (4 T field
swing, 400 Hz) are relevant to the development of rapid cycled
synchrotrons for intense beams, nuclear physics, medical applications,
and accelerator-driven reactors and transmutation systems [7]

— Energy and power management for the fast ramped magnets in the
accelerator complex, typically tens of MJ on the time scale of 1 ms, i.e.
tens of GW, share challenges with pulsed power conversion for high-
field magnets, as well as energy storage and power management for
the power grid

— Large aperture dipoles and qya Igggto‘l)gg for the collider will profit from

the stress-management techniques developed for High-Field Magnets51



H—bb @ 1.5 TeV

JINST 15 (2020) 05, P05001

Higgs bb Couplings Results

utu~ - Hvv - bbvv + beam-induced

D. Lucchesi et al. 30

background fully simulated
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* The instantaneous luminosity, £, at different \s is taken from MAP.
* The acceptance, 4, the number of signal events, N, and background, B, are determined with simulation.

100

250 300
Dijet mass [GeV]

150 200

Vs | A | e L Limw | 0| N | B |45 | B
[TeV] | [%] | [%] | [em™2s~!] | [ab™!] | [fb] [ o] [%0]
1.5 35 | 15 [ 1.25-10% | 0.5 |203 | 5500 | 6700 | 2.0 1.9
3:0 37 | 15 | 4.4-10% 1.3 | 324 | 33000 | 7700 | 0.60 1.0
10 | 39| 16 | 2-10% 8.0 | 549 | 270000 | 4400 | 0.20 | 0.91
Vs [TeV] | Lin [ab~'] % [%] ~ CLIC numbers are obtained with a model-
1.5 0.5 1.9 independent multi-parameter fit performed in three
Muon Collider 3.0 1.3 1.0 stages, taking into account data obtained at the
10 8.0 0.91 three different energies.
0.35 0.5 3.0 3
CLIC 14 +15 10 Resu!ts published on JINTST as Deteptor and
30 +2.0 0.9 Physics Performance at a Muon Collider




1)
2)

1)
2)
3)
4)
5)

Extremely promising

muon produced with low emittance =2 “no/low cooling” needed
muon produced already boosted with low energy spread

But difficult

Low production cross section: maximum o(ete”™ > utu~) ~1ub

Low prodution efficiency (~ 9x1078 u per e™ using a 3 mm Be target)
Bremsstrahlung (high Z — 7?) & multiple scattering (\/XO) in production target
High heat load and stress in 1 production target

Synchrotron power O(100 MW) €= available 45 GeV positron sources

=» need consolidation to overcome technical limitations to reach higher muon intensities
=» LEMMA pre-CDR plan presented to INFN GE by Alessandro Variola October 2019

LEMMA e+

\\ Acceleration Collider Ring

arXiv:1905.05747 BONCe ‘ — lt\'" -

=
=1

Accelerators:
Linacs, RLA or FFAG, RCS



https://arxiv.org/abs/1905.05747

Very rough cost estimate
NB: all $$ - “US Accounting” (divide by 2-2.4 at CERN)

Vladimir SHILTSEV, David NEUFFER ( Fermilab)
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6D Cooling Cell Design

absorber coil cavities TOP VIEW

T T

SIDE VIEW
— — — — = — — o= = =
-
—_— -_— = _ . = Eme == . ==

28 MuCool: >50 MV/min 5T
' Two solutions
» H2-filled copper cavities
» Cavities with Be end caps

(@) 1.0qLHwedge coils ‘b) 0.4 4LIH wedge 650 MH ils 50 . _ . T
os sz ) pg . ) oo Mtz — E !‘|Ig|:| gradient c.aV|.t|es
5iE l 1 1 ' in high magnetic field
0.4 s ;

L £ % -30 - Tight integration of

— N~ ] \ .

> 00 > 0.07 - - solenoids, RF, absorbers,
0.2 ] L20 ¢ . . .
- 01 %% instrumentation, cooling,
il 02214 -0 vacuum, alignment, ...
038 031 :
1 0 T T T T T | EE '0.4 ] T T T T O

0.0 0.5 1.0 1.5 2.0 25 0.0 0.2 0.4 0.6 0.8
z (m) z (m)

Will aim for further optimisation

This is the unique and novel system of the muon
collider

Will need a test facility
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MICE (in the

Time-of-flight Variable thickness
hodoscope 1 high-Z diffuser Absorber/focus-coil
(ToF 0) module
Upstream Downstream

spectrometer module

spectrometer module

UK)

7th February 2015 \
o T

Pre shower \ N
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(KL)
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More particles at ' Empty
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engineering
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Lepton Colliders: pvse @ Vs=125 GeV

Back on the envelope calculation:
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R: percentage beam energy resolution, key parameter
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