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Aperiti: recent history of muon colliders

e Strong basis thanks to very
advanced MAP studies in the
US (2011-2014, studies and
hardware), abruptly interrupted
by DoE in 2014

e Revived interest in Europe in
the last years

* Mention of muon colliders in
Bright muon beams and European Strategy document
= s and in CERN Medium-Term
D. Schulte, M. Palmer, T. Arndt, Plan (MTP)

A. Chancé, J. P. Delahaye, )
A. Faus-Golfe, S. Gilardoni,  New budget line 2M CHF/

Z- Lpebrun, K. LLogg, E. Métral, year in 2021, increased to
. Pastrone, L. Quettier,
T. Raubenheimer, C. Rogers, 3M CHF/year over

M. Seidel, D. Stratakis and 2023-2026, + 1.8 MCHF
A.Yamamoto, over 2025-2027

« Considered as an alternative option for future accelerators at CERN in case there is no FCC

 International muon collider collaboration (IMCC) strongly established with several working
groups and also European funding (Mucol project)



* Can be joined by signing Memorandum of
Cooperation (58 signed)

* Main goals:

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

* Muon collider promises sustainable
approach to the energy frontier

* Technology and design advances in
past years

- Reviews in Europe and US found no
unsurmountable obstacle

* |dentify potential sites to implement the
collider

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

* Develop an R&D roadmap toward the
collider
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e |n earlyAugust, held an open meeting of the US community
274 (+25 virtual) participants
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 Muon colliders explicitly mentioned in P5 report end of |last year

 US Muon Collider Inauguration Meeting beginning of August at FNAL
showed a strong interest (again) |

e Full integration of IMCC with US planned and started

e CERN-DoOE agreement in preparation
4


https://indico.fnal.gov/event/64493/#:~:text=Inaugural%20US%20Muon%20Collider%20Community,%C2%B7%20INDICO-FNAL%20(Indico)
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Physics case In a nutshell

 Well known fact : hard interactions in lepton colliders
benefit from the full beam energy (contrary to hadron
colliders where proton constituents interact)

e ~10 TeV muon collider competes with 100 TeV pp
collider in this respect

e VBF: primary production mechanism for most
processes (muon colliders at high energy qualify as
Higgs factories)

« Allows to “scan” centre of mass energies
» High cross-section for most processes
« Muon collider is a W/Z/gamma collider

e Sensitivity to BSM physics

TNV

* More studies still need to be performed to assess the
full physics potential

wpuT— hZ

» [ots of room for contributions

S
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Physics case: Higgs

e Bread and butter of muon colliders

ECM (TeV) 1,5 3 10 30
N(Higgs)/107s 37,500 200,000 107 108

* In comparison, 250 GeV Higgs factories (FCC-ee/ILC/CEPC) produce =~ 106 Higgses

* Higgs couplings determined with similar or better precision in the multi TeV regime

e Can measure trilinear coupling with a precision <5% through di—Higgs arXiv:2008.12204

: - bench kl (ab~? 1 2
- The only machine giving access to enchmark lumi (a 0 ; 4?? 0287
= = . . . 0 0
quartic coupling via triple Higgs
production

arXiv:2003.13628v2



https://arxiv.org/abs/2008.12204
https://arxiv.org/abs/2003.13628
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Physics case: BSM

Solid: HL-LHC
Shaded: FCC-hh  §

Grey lines: muon
collider (10, 14, 30 TeV)

15

e QOutstanding physics
reach for pair production
of new particles, mass
reach being the kinematic
limit of the collider

~ ~

i =
" X1 T q
The low FCC-hh mass reach on Top Partners
could be due to a non-optimal analysis

-

» Best possible mass/coupling reach in
m Comp. Top (e, =€) case of a Composite Higgs scenario
== Universal CH | (‘Others’ dotted line includes all other
future projects)
10 TeV |
95%CL - e Due to falling parton luminosities of
| 100 TeV pp collider, or to tiny effect
~~~~~~~~ — of high scale new physics at 100

60 80 100 120 GeV (e + e_)
m, | TeV]

~
e
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Lepton Colliders Wall Plug Power Lepton Colliders Figure of Merit:

Total Luminosity per Wall Plug Power

Muon Collider

—+—|LC
~&-CLIC
~+—PWFA
~»PA
DLA
~e~Muon Colliders (Proton driver)
#-FCC-ee
~#~Muon Collider (Positron driver)

(Proton driver)

Muon Collider | ==ILC
(Proton driver) ~&-CLIC
~=PWFA
—=LPA
DLA
-o~Muon Collider (Proton driver)

~@-FCC-ee

~4~Muon Collider (Positron driver)
) 0

2 3 4 5 6 0

C.M. colliding beam energy (TeV) C.M. Colliding Beam Energy (TeV)

Very attractive option for very high energy : in particular linear e+e- is limited by the wall plug
power

—> Focus on high energy scenarios : 3, 10, 14 TeV (maybe 30)

Low-energy staging at the top threshold is in principle very appealing: the collider ring would

be tens of meters and all the acceleration components would be quite cheap and easy to build
8
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Proton Driver Front End

__OOA

Combiner
Buncher

Capture Sol.
Decay Channel

Accelerators:
Linacs, RLA or FFAG, RCS

Accumulator
Phase Rotator

MW-Class Target
Initial 6D Cooling
Final Cooling

NS lonisation cooling of  Acceleration to -
Collision

pro’[on bunch MuUonN 1IN matter CO||iSi0n energy

Protons produce pions
which decay into muons
muons are then captured

Muon Collider Accelerator

>]0TeV CoM
~10km circumference

Need to do it quickly as
muons decay ! . .
Lifetime isT =y Xx 2.2 us | foion el Sunching | Chanel judcceleraton
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Muon lonisation Cooling

e During the US MAP-era a complete design of a Muon
Collider cooling system was developed, was further
improved by the IMCC

Terminology

- Absorber | -
A

= RF Cell

O
M
A
- » RF Structure

« Comprises a series of solenoids, which focus the beam Cooling Cell

onto energy absorbers to reduce the momentum

= Solenoid

 Momentum is restored longitudinally using RF cavities

Fernow-Neuffer Plot

e Rectilinear A initially reduces the beam emittance MCC preliminary
sufficiently and the many initial bunches can be
merged into one single bunch.

 Then cooled down using Rectilinear B, followed by a
seqguence of high field solenoids operated ultimately — Rectilinear A

=== Bunch Merge

with a low momentum (non-relativistic) beam. 7] — Rectiinear

e target

* Needs for solenoids as strong as possible for the last
phase (> 30 T)

Several sites at CERN and FNAL can

o Strong R&D on HT rconductor solenoids
EEial o S slpeieeel l host a future demonstrator

10
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Neutrino radiation

Neutrinos are emitted along the beam line and emerge at the I < alistmme |oeimaem ming amel et

S EeE point~36 km
Nu : number of muons per 1013
* regenerate muons in the last 100's of m before exiting Earth second
Eu : muon beam energy in TeV
N.E;
Dose from muons at Earth's surface (mS/year) ~ 1.5 2
Aiming for a negligible dose U Depth (m)
50. 250.350. 450. 550.
Becomes problematic beyond ~10 TeV (grows as E3
i / ¢ ) TV
Solutions need to be investigated ~ — with wobbling

* beam wobbling in the z direction

* Adjustement on collider location and inclination with Geoprofile

1
I hot spot
v

20 30 40 50 60 70 80 90 10
Distance (km)

'\ straight section

\
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Neutrino radiation

Lausanne
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Quick detector overview

e Two different baselines, but sharing the same MAIA Detector Concept
genealogy, derived from CLIC and adapted to

the muon collider conditions:

« MUSIC (Muon Smasher for Interesting
Collisions)

» High field solenoid between ECal and S \

HCal (2.4m radius, 4-5T)

CERN: D. Calzolari
o: K. DiPetrillo, B. Rosser,
ozanov, |. Hirsch, N. Virani

D eloni, T. Madlener, P. Pani

* MAIA (Muon Accelerator Instrumented e
Apparatus) .

M. Hillman, A. Vendrasco, A. Tuna

Princeton: |. Ojalvo, K. Kennedy, J. Zhang, E. Sledge
Yale: S. Demers, R. Powers

» Solenoid before calorimeters (1.7m, 5T)
MUSIC Detector Concept

Muon Smasher for Interesting Collisions

e High occupancy (10x HL-LHC)

superconducting solenoid

 TJotal ionizing dose/year is comparable to HL-
LHC and orders of magnitude less than FCC- il reriox dotector

and tracking system
hh

« Extensive studies ongoing, with software
based Oﬂ key4hep muon detectors —_ Al shielding nozzles
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A 4 mm oS s 8

Beam-induced background (BIB)

BIB is critical for

i R

 Magnets (need shielding)

» Detector : performance depends on the rate of background ‘,
particles arriving to each subdetector Muon Collider

Simulation
—e

Full simulation of BIB at 10 TeV with FLUKA -

Rate is ~2x103 e/meter/ns, however collimated within an
average angle of 10-3 rad

e Electromagnetic showers induced by electrons and photons
Interacting with the machine components generate hadrons,
secondary muons and electrons and photons

Two tungsten nozzles play a crucial role in background
mitigation inside the detector

Vertex Barrel Layer 0

- No time window

Time window [-3 6, 5 6]

Tracking crucial to reject BIB with a timing resolution ~30ps for
the innermost layers

o~
£
o
82
<
-
o
—
o
L0
£
3
[ =
o
o
@
-~
o
>
<

Hbb study proves that this background is manageable

Further studies ongoing 13 = ~ S

Barrel z [mm)]
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Digestif: concluding remarks

* The muon-collider is a very attractive
possibility for the very high energy,
even in terms of timeline

 Compelling physics case!

e A precise study of having it as the next
collider, e.g. reusing the LHC
accelerator chain, is ongoing

2021
2
2025

Source and
collider complex

Initial design ‘

Technically limited timeline

Facility Conceptual
Design
Technical
Design
Facility Construction |
Demonstrator

design
Preparatory
work
Prototypes

Demonstrator

» There are plenty of interesting studies
to be performed on the machine,
detector and physics sides, and
combined optimisations

Cooling

Demonstrator
Construction

Prototypes

Cost and Performance Ready to
Estimation Commit

Demonstrator exploitation and upgrades

Ready to
Construct

Design and
modelling

Hardware

e Strong synergy with neutrino
factories (not mentioned in this talk)

Pre-series

e Synergies with other domains:
neutron spallation, nuclear fusion,
etc.

» Collaboration very mature, extending to the US

 Muon test facility hosted at CERN or FNAL to have a
demonstrator for ionization cooling is under serious
discussion (https://indico.fnal.gov/event/64984/)

Ready to
Operate

 Thanks for your attention ! 14

Fig. 6.18: General layout of the proposed test facility at TT7 area.


https://indico.fnal.gov/event/64984/
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References

* |nterim report for the International Muon Collider Collaboration (IMCC)
- https://arxiv.org/abs/2407.12450

* Towards a muon collider - https://link.springer.com/article/10.1140/
ep|c/s10052-023-11889-x

e Electroweak Couplings of the Higgs Boson at a Multi-TeV Muon
Collider - https://arxiv.org/abs/2008.12204

* The collider landscape: which collider for establishing the SM
instability? - https://arxiv.org/abs/2203.17197
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Backup

16
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iggsino/Wino reach

Indirect detection

Higgsino ; MuC 3 TeV MuC 10 TeV
FCC-hh : : '
MuC 10 TeV &l 1. : HL=LHG

CLIC 3 TeV : : No collider

20, disappearing track E

ILC 0.5 TeV : : SeppasIIa MuC 3 TeV
5 B 50, disappearing track

FCC-ee : | kinematic limit /5/2

CEPC 20, indirect limit

Direct detection projection
Indirect detection ) MuC 10 TeV
FCC-hh
MuC 3 TeV
MuC 10 TeV
CLIC 3 TeV
: - S~ = Ny, /mg
ILC 0.5 TeV gt SPY) L

FCC-ee : 95% C.L. exclusions

CEPC 0.119 10 12

m(x7) [TeV]

17
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Synergies with other domains

>
- —
5 e
™ oC 0 £ =
- = C o 2
- = Z | © c Cw®
(7)) - -— O o >
—_ 8! © — O © " ©
Q — D - 0 = c .
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Relevant development e | O - Z S |oo| 05| €3
-
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Relevant technology D« ) < S5 » |lo@E| 23S £8
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Ultra-high field solenoids

High field, large bore solenoids

High field, low consumption, compact
dipoles and quadrupoles

Fig. 7.2: Matrix of relevance of the developments required for a Muon Collider (rows) to other fields of
science and societal applications (columns). The color shading indicates whether the developments can
have direct application to other fields (dark shading) or whether the technology development is relevant,
but application to other fields may require further development (light shading).
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Parameter Symbol unit Scenario 1 Scenario 2
Stage 1 | Stage 2 || Stage 1 | Stage 2
Centre-of-mass energy Eem TeV 3 10 10 10
Target integrated luminosity [ Liarget ab~1 1 10 10
Estimated luminosity Lestimated | 103%cm™2s71 2.1 21 tbe 14
Collider circumference Ceoll km 4.5 10 15 15
Collider arc peak field B.rc T 11 16 11 11
Luminosity lifetime Niurn turns 1039 1558 1040 1040
Muons/bunch N 1012 2.2 1.8 1.8 1.8
Repetition rate fr Hz 5 5 5 5
Beam power P..n MW 5.3 14.4 14.4 14.4
RMS longitudinal emittance €| eVs 0.025 0.025 0.025 0.025
Norm. RMS transverse emittance €1 um 25 25 25 25
IP bunch length o, mm 5 1.5 tbc 1.5
IP betafunction 15, mm 5 1.5 tbc 1.5
IP beam size o pum 3 0.9 tbc 0.9
Protons on target/bunch Ny 10 5 5 5 5
Protons energy on target E, GeV 5 5 5 5
BS photons NBs 0 per muon 0.075 0.2 tbc 0.2
BS photon energy EBs o MeV 0.016 1.6 tbc 1.6
BS loss/lifetime (2 IP) EBs tot GeV 0.002 1.0 tbc 0.67
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Cooling magnets

Table 6.1: Summary of main cooling solenoid characteristics for the 6D cooling cells of a muon collider,
based on the US-MAP configuration. For a given cell type, Byeak 18 the peak on axis field, oxoop 18 the
maximum hoop stress seen by a solenoid, and oRagial Shows the minimum/maximum radial hoop stress
seen by a solenoid.

Cell Jg (A/ mm2) Bpeak (T) EMag (MJ) CMag (MJ/mB) OHoop (MPa) oRadial (MPa)

Al 63.25 4.1 54 20.5 34 — 4.6/0.0

A2 126.6 9.5 15.4 76.3 137 — 28.3/0.0
A3 165 9.4 7.2 72.8 138 — 28.5/0.0
A4 195 11.6 8.4 91.5 196 — 49.4/0.0
B1 69.8 6.9 44.5 55.9 95 — 13.5/0.0
B2 90 8.4 24.1 61.8 114 — 20.1/0.0
B3 123 11.2 29.8 88.1 174 — 36.6/0.0
B4 94 9.2 24.4 42.4 231 — 23.5/19.7
B3 168 13.9 12 86.3 336 — 55.7/21.1
B6 185 14.2 8.2 68.3 314 —43.1/22.3
B7 198 14.3 5.7 59.6 244 — 37.4/20.7
B8 220 15.1 1.4 20.3 119 — 22.9/22.1




