International
UON Collider
Collaboration

——“‘
-

A
rascati % J
E ‘ " ‘ 23 ¥ :




Ratio to SM

If the lesson of the LHC is Higgs + nothing...
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Overview of SUSY results: GMSB / GGM
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Selection of observed limits at 95% C.L. (theory uncertaintics are not included). Probe up to the quoted mass
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The quantities AM and  represent the abschuse mace diffrence between the primasy sparticle and the LSP. and th

sparticle and the LSP relative to AM, respectively, unless indicated otherwise.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG
https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://cds.cern.ch/record/2919875/files/ATL-PHYS%253E-SLIDE-2024-640.pdf&ved=2ahUKEwihrIO1wfyKAxUr6wIHHc6GKTYQFnoECBgQAQ&usg=AOvVaw00xkoC9-uL0M4gv0Y9qlZb
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Is a Higgs factory sufficient to fully understand Higgs boson sector?
(it would be great to have a Higgs factory ready in few years...)
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Is a Higgs factory sufficient to fully understand Higgs

boson sector?

NO

(it would be great to have a Higgs factory ready in few years...)
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Linear or any circular e*e~ colliders will not produce di-Higgs boson sample

Sl =
S —

large enough to measure the Higgs self-coupling parameter, crucial to Ao Caiie:

Collaboration

determine Higgs potential.

18 16% Higgs 3-linear
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10-5 4} 2.5%

106 muon smasher guide 9. D 1. 2%
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Vs [TeV] w3 pl0 pld 1130
v
3.8-10* HH in 10 ab-’ FCC-hh /s = 100 TeV, 2

experiments 30 ab in ~20 years
Higgs-pair production at a 100 TeV

Muon collisions at /s = 10 TeV guarantee the best precision.
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https://iopscience.iop.org/article/10.1088/1361-6633/ac6678
https://link.springer.com/article/10.1140/epjc/s10052-020-08595-3

Indeed, multi-TeV muon collisions produce significant number of single,

double and triple Higgs bosons

A International
\UON Collider
Collaboration
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10% cross section [fb] expected events
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https://iopscience.iop.org/article/10.1088/1361-6633/ac6678

Higgs couplings to bosons and fermions

M. Forslund, P. Meade and M. Casarsa, D. Lucchesi, L. Sestini
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Results obtained with parametric modeling of

detector effects validated with detailed

simulation including beam-induced background.

See D. Zuliani presentation

Strong Italian contribution
January 22, 2025

Result of 10-parameter fit, KO framework:

10 sensitivities in %

Preliminary
HL-LHC | HL-LHC | HL-LHC
+10TeV | +10TeV
+ ee
Ky 1.7 0.1 0.1
Ky 1.5 0.4 0.1
Ky 2.3 0.7 0.6
Ky 1.9 0.8 0.8
K7 10 7.2 7.1
Ke - 2.3 1.1
K 3.6 0.4 0.4
K, 4.6 3.4 3.2
Ko, 1.9 0.6 0.4
Ky 3.3 3.1 3.1

* No input used for the MuC
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ete™ at 250 GeV

Permille-level precision on Higgs couplings
achievable when adding MuC, no BSM contribution.

D


https://doi.org/10.1007/JHEP08%282022%29185
https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-102622-011319

Are record energies a luxury? NO

95%CL exclusion reach on mass of several BSM particles
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High energy has been successful for
discoveries, it allows to investigate
New Physics models

Details in Chiara Aimeé presentation
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High energies are “peculiar” at MuC

Integrated Luminosity/Energy (ab'TWh-1)

High luminosity and energy with reasonable Muon vs Protons ol
wall plug power Center of mass energy for equivalent
F. Meloni 2007.15684 2003.09084 cross sections of 2 — 2 scattering
'\ B = 81,/ [8],
01 Ne FCC-ee Muon
\ Collider 400
s > I
1.00—: 8] ILC ./. PS E 300
o
X(./ / ¢ Q
o ® w200
A ../ FCC-hh
0.10; CLlC LHC @ LHC 100 B e
: :CECL:: 50+ " e muon smasher guide
pdd 0 10 20 30
-@- FCC-ee S TeV
-®- MC . \/7 [ ]
oot L@ ————n Muon Collider can go beyond 100 TeV pp
| Center of mass energy | * /s = 10 TeV is not the limit, just a study point

* negligible background contribution respect to pp
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https://arxiv.org/abs/2007.15684
https://arxiv.org/abs/2003.09084
https://iopscience.iop.org/article/10.1088/1361-6633/ac6678

The combination of high energy and high precision enhances sensitivity
to new physics, reaching 100 TeV scale with 10 TeV muon collisions.
A 100 TeV hadron collider does not have direct access to such a scale

due to the composite nature of proton.
Others: CLIC+FCC-ee+FCC-hh

» Discovery up to 100 TeV for SM-like EW
gauge couplings.

» Exclusion up to 500 TeV for the maximal
value of the g, coupling.

95% CL

0.4 ]
. m 3 TeV o . L :
0.2 ] More details in Chiara Aime presentation
iy m 10TeV
O 7~ A R R R R
100 200 300 400 500

M A [T@V]
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Alnternational

Flavor physics at 10 TeV muon collisions

Possible to search for u*u~ — ff or new particles that cause Lepton Flavor Violation. Collaboration
Flavor transitions mediated by heavy new particles are enhanced at high energy.

Current results of LHCb, Bellell, NA62

DL;'w\energy mMuC-3 mMuC-10 Realistic quark flavor and lepton
A identification and mis-identification
1501 5 P fDy ) | efficiencies included.
Preliminary |
= 100 < 5 % ]
= R
< =
50+ L A /s = 10 TeV muon collider reach on the
: [ effective scale, A, is comparable to
j prospects of dedicated experiments.
0

bsup bdup sdup cupp TUU
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dN/dlog1o(E/GeV)

Neutrino beams! New opportunity to explore

High energy, high intensity muons beams decays produce high energy,
high intensity neutrino beams at the MuC interaction point usable for fixed

target experiments.

N, = 9x10° per second per species
N, = 9x10*° per year

Summary of not-MuC

,‘\ntemationa\
\UON Collider
Collaboration

10+ .
o (energy spectrum for v, + v, | Assumpt|on5:
MuC 3TeV
100 Preliminary (1t%n.ye§£)’___\ _______ . e Js=10TeV
o7 emTT MucioTey - single bunch N, + = 1.8x1012
108 4 ’,,’ /’,» (1ton-year) : . u
m =77 ="7 Muc 3Tev « straight section L = 10m
/” ’, k ’
107 e - Cogye - u,v constant angular spread
106 SND@ES'\,'E':;::j;Z)_‘f:- o X I(Vi%(liglglg\rg 0.6 mrad
£ e
10° 4 /7/ - Lo T FPF .
o HORBT MuC is superior in statistics and
oty oM FASERY beam energy definition.
103 m
/"’__\ . agn .
150 o T TE -+ Physics opportunities still to be

Neutrino Energy E [GeV]
Energy spectrum of neutrino interactions at forward detector
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fully explored.

2


https://doi.org/10.48550/arXiv.2310.17726

AN = 4
International
UON Collider

Collaboration

Where would such measurements be possible?
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Muon Collider facility overview

Ini Muon Collider
L njecior >10TeV CoM
[ ~10km circumference
YYY 1 2 NN LS
AN _ L S WSS
4 GeV Target, w Decay p Cooling  Low Energy
: Proton & pBunching Channel  pAcceleration
s Source Channel 3 tt:m"ﬂﬂ
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Exploratory Site Studies
Initiates at LINAC 4
Integrates existing SPL design
Transfer to Prevessin via SPS

Series of Cut & Cover
construction on Prevessin Site

Injection to SPS beneath
existing buildings.

Transfer via TI12 & T118 into the
LHC

Injection from the LHC into the
Collider Ring at equidistant
points from the Experimental
Cavern

c\@ Nei3

~7 Site and Civil Engineering

N

SC LINAC
200x25 m.

Length 257 m.
I

AT

CERN land

i

E. MacTavish, J. Osborne
With thanks to A. Navascues

Cornago, C. Desponds
SCE-SAM-FS

Muon production, cooling,
initial acceleration

\ ] Collider ring (10 TeV)

SPS and LHC used for RCSs

1:10000
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Muon Collider facility overview

Ini Muon Collider
L njecior >10TeV CoM
[ ~10km circumference
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4 GeV Target, w Decay p Cooling  Low Energy
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4 GeV Target, w Decay

Proton & p Bunching
Source Channel




4-5 GeV proton beam

muons

— | 5x10" captured

— muon pairs

400 kd x 5 Hz=2 MW

Graphite Target to guide pions Tunsten shielding
and muons to protect magnet

Iltalian interest and contributions

Main R&D

- Investigation of new target materials
e.g. liquid target to arrive to 4 MW
to have very high intensity muon
beam

- 20 T target solenoid design
including radiation shielding

- System integration

Synergies with neutrino and neutron facilities

January 22, 2025 Donatella Lucchesi - FCC-ee & lepton colliders 2025 3
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Muon ionization cooling principle Strong Italian contributions

“1 N o° d Magnetic field %
“a 00 6 0o
high transversl "-'- - - )
emittance Tl 00 ® 00
u-Bun Cavities ‘\0/
@‘ Beam direction- "' ;
o
0 i

High-field, * SR
superconducting solenoid Absorbers,

to minimize multiple Low Z material: High-gradient normal-
scattering effect Lithium hydride, conducting RF cavities | gL :
liquid H -t v "
Design and test of the different cells with nal s _ s
muon beams one of the core activities of e e SURRGT i
the muon collider demonstrator e
rogram. . T .
prog Simulation of transverse emittance
_ , _ well reproduced by MICE data

Details on Roberto Losito presentation
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https://www.nature.com/articles/s41567-024-02547-4

Rapid acceleration is crucial:

« Linac takes muons at 255 MeV and bring them to 1.25 GeV.

- Two stages of Recirculating Linac, RLA1 from 1.25 GeV to 5 GeV
and RLA 2 from 5 GeV to 63 GeV.

0,25-1.25 GeV

Transfer line

Transfer line
5- 63 GeV

Acceleration




A ut and u~ bunch must be brought to 5 TeV.
Most promising schema: chain of rapid cycling
synchrotrons (RCS) with repetition rate of 5 Hz.
Alternative: Fixed-Field Alternating Gradient.

Survival rate of 90% per RCS required — ultra-
fast acceleration, Eg,;, ~10ish GeV per turn.

Normal hybrid

cond.
0.3 TeV 0.75 TeV

Study and R&D:
 Magnets
o hybrid magnets have strong fixed-field, they
are superconducting magnets interleaved
with normal conducting magnets.
o shapes of fast ramping magnet and design
possible power converter.
« RF: determine the exact frequency

Accelerator
Ring




First design of VS = 10 TeV collider ring
almost complete

Main challenges to have high performance:

* Very small beta-function ~1.5 mm.
« Maintain short bunches.

Magnet: assumed 16 T HTS dipoles or
11 T Nb3Sn.
Final focus based on HTS.

Study and R&D
=  Study magnet limitations

= stress, protection, etc. against bore
diameter vs. magnetic field for different

conductor material and temperature.

PI

Muon Collider

>]10TeV CoM
~10km circumference

IP2

HTS magnets R&D synergic with others proposed facilities with
relevant applications in no HEP activities, for example fusion.




Exploratory Site Studies
Initiates at LINAC 4
Integrates existing SPL design
Transfer to Prevessin via SPS

Series of Cut & Cover
construction on Prevessin Site

Injection to SPS beneath
existing buildings.

Transfer via TI12 & T118 into the
LHC

Injection from the LHC into the
Collider Ring at equidistant
points from the Experimental
Cavern

c\@ Nei3

~7 Site and Civil Engineering

N

SC LINAC
200x25 m.

Length 257 m.
I
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CERN land

i

E. MacTavish, J. Osborne
With thanks to A. Navascues

Cornago, C. Desponds
SCE-SAM-FS

Muon production, cooling,
initial acceleration

\ ] Collider ring (10 TeV)

SPS and LHC used for RCSs
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High energy high intensity neutrino flux could interact far away in material near the _
Earth’s surface producing secondary particle showers. M UoN Collider

Collaboration

Aim for negligible impact (~ LHC), possible in arc sections
= Almost done at VS = 3 TeV
= /S =10 TeV radiation level go from acceptable to

negligible moving collider ring components. Mover
system designed.

Straight sections strategies depend on the site
location, a simple one foresees the two hot spots
point toward mediterranean see and uninhabited
area in Jura.

January 22, 2025 Donatella Lucchesi - FCC-ee & lepton colliders 2025 @



Machine Detector Interface (MDI)

Strategies to mitigate effects of high energy e* /e~at interaction region Z /"\LONC||d'
* Optimize interaction region configuration |

£
% Two designs available for VS = 3 TeV (MAP-US) and +/S = 10 TeV o %
% Locate absorbers around the interaction point
=  Optimized absorber at 3 TeV by using advanced machine learning <

= |mproved absorbers design for v/S = 10 TeV

L Strong Italian contribution

v,
AN o

b

-

mc, coes e . B Colliders 2025 @




Strong Italian contribution

Detector concept at VS = 3
TeV was adapted from the
CLICdet

Davide Zuliani presentation

At VS = 10 TeV two different detectors are proposed

MAIA Detector Concept

Muon Collider

Simulation Muon System

Hadronic Calorimeter

Nozzles

EM Calorimeter
Solenoid
Silicon Tracker

January 22, 2025

hadronic calorimeter

# 60 layers of 19-mm steel
absorber + plastic
scintillating tiles;

¥ 30x30 mm? cell size;
» 75\,

¥ 40 layers of 1.9-mm W
absorber + silicon pad
Sensors;

¥ 5x5 mm? cell granularity;
® 22Xg+ 1A,

muon detectors

¥ 7-barrel, 6-endcap RPC
layers interleaved in the
magnet’s iron yoke;

¥ 30x30 mm?’ cell size.

superconducting solenoid (3.57T)

MUSIC Detector Concept

Muon Collider
Simulation
Hadronic Calorimeter

Solenoid
Electromagnetic Calorimeter

Silicon Tracker

Muon System

Donatella Lucchesi - FCC-ee & lepton colliders 2025

tracking system

¢ Vertex Detector:

» double-sensor layers
(4 barrel cylinders and
4+4 endcap disks);

* 25x25 um? pixel Si
sensors.

¢ Inner Tracker:

» 3barrel layers and
7+7 endcap disks;

¢ 50 pm x 1 mm macro-
pixel Si sensors.

¢ Outer Tracker:
* 3barrel layers and
4+4 endcap disks;
¢ 50 pm x 10 mm micro-
strip Si sensors.

shielding nozzles

# Tungsten cones + borated
polyethylene cladding.

A International
UON Collider
Collaboration




N = 4
International
UON Collider

Collaboration

When all of that can happen?
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International

IMCC Internal means it will be reviewed soon Eoaibon son
2025 2030 2035 2040 2045 2050 2055 2060 2065
I | H | H | H | N
Demonstrator

Decision+greparation
Cqll Test Site constrrction

Test dell components/protptypes

Test dell site operation

Demonstrator instgllation/operation )

Collider

2036

Preparation

Decision

Civil engineering

Installation/commissfioning
itial operation

bhutdown 1

bhutdown 2

Detectors will be ready in time

January 22, 2025 Donatella Lucchesi - FCC-ee & lepton colliders 2025 @







Muon collider demonstrator program

LA International
\UON Collider
Collaboration

Establish a facility where the MuC specific R&D can be done, it could
evolve in a high intensity muon beam facility at CERN.

Major activities could be included in the program

1.

Muon production targets ..,

a. Test different materials
b. Test materials in high magnetic field

s R R AR B PR . .

I {ad I Ofreq U e I lC I eS A M R S s s RN SRR S e "
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a. Test the functionalities in magnetic field ”Aﬁ Cooperation and synergy between
In progress with INFN & Italian entity part:c:patlonw #  CERN and other laboratories
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a) Design, construct and test single cell and multiple cells functionalities
In progress with INFN & Italian entity participation

Integrate various sub-systems, test cooling prototype with multiple cells with muon beam.
It requires substantial investments, and if MuC will not proceed in Europe?
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It requires substantial investments, if MuC will not proceed in Europe?

A International
\UON Collider

The facility could evolve in a high intensity muon beam and neutrino facility at <"+
CERN.

Currently CERN muon beams have intensity of 3-108/spill, with a cooling facility the intensity
could be comparable to PSI and J-PARC (3-10'2) but with u*and u~ beams.

Muon facility can be used:

« Physics measurements, for example study Charge Lepton Flavor Violation processes and
dark matter searches coupled to muon.

* Muography including detector testing.

« Technology advancement, muon-catalyzed fusion.

Neutrino facility will allow physics measurements with NuStorm
Low-energy neutrino beam can be used for high-precision measurements of cross-sections in
the energy range below 1 GeV/c, where experimental data are currently very limited.

In addition, it could constitute a facility to train young people in accelerator technology

developments
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https://pbc.web.cern.ch/nustorm

Summary A\ International

a
UON Collider
Collaboration

The potential of Muon Collider facility has been presented, highlighting its transformative impact
on advancing particle physics.

Significant progress achieved by the International Muon Collider Collaboration in recent years
has been outlined, with no fundamental showstoppers identified.

Next critical R&D steps required to enable facility construction have been clearly identified.

The experimental demonstrator program toward the muon collider should
continue, adequate funding is essential.
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International
UON Collider
Collaboration

Additional material
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The combination of high energy and high precision enhances sensitivity = =
to new physics, reaching 100 TeV scale with 10 TeV muon collisions. JAdoweGiicer
A 100 TeV hadron collider does not have direct access to such a scale

due to the composite nature of proton.

Others: CLIC+FCC-ee+FCC-hh
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Great reach in the search for New Physics testing several models

MSSM model

Low energy spectrum: chargino, ¥*,+1(2)
neutral particle(s) for W(H)
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Disappearing track, detailed detector and

background simulation
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International
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95%CL exclusion reach on the mass of several
BSM particles
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Why muons
International
. . . . ON Collider
Muons do not suffer too much from synchrotron radiation in the considered energy range Collabarstion
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Compact - cost effective
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Main parameters of the facility

Energy staging: Start at lower

center-of-mass energy, e.g. vVS= 3
TeV or more suited energy, move
later at higher energy

Luminosity staging: Start v/S=10
TeV with low luminosity, upgrade
later to high luminosity as in HL-
LHC

Expected integrated luminosity in
5 years one experiment

Vs =3TeV 1ab
Vs =10 TeV 10 ab!
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International

UON Collider
Collaboration
Parameter Symbol unit Scenario 1 Scenario 2
Stage 1 | Stage 2 || Stage 1 | Stage 2
Centre-of-mass energy Een TeV 3 10 10 10
Target integrated luminosity f Liarget ab™1 1 10 10
Estimated luminosity Lestimated | 103%cm™2s71 2.1 21 tbc 14
Collider circumference Ceon km 4.5 10 15 15
Collider arc peak field Bare 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.u 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} mim 5 1.5 tbc 1.5
IP beam size o um 3 0.9 tbc 0.9
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Target Technologies

VM uCol Target solenoid design ongoing
Either large bore 20 T HTS or 15 T LTS with 5 T insert

International
FLUKA studies: Pt
2 MW target: stress in target, shielding, vessel OK
Need to have closer look at
Cooling OK

Integration
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Liquid metal target

Serious alternative to
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MuCol

Efficient energy recovery for resistive dipoles (O(100MJ))

Synchronisation of magnets and RF for power and cost

H magnet Window frame magnet

Hourglass frame magnet

[e]

[e]

5.07 kd/m 5.65...7.14 kJ/m 5.89 kd/m

Could consider using HTS
dipoles for largest ring

Simple HTS racetrack dipole
could match the beam

/ requirements and aperture
for static magnets

FNAL 300 T/s HTS magnet
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Fast-ramping Magnet System

International
UON Collider
Collaboration

Differerent power converter options investigated

Commutated resonance
(novel)

Attractive new option
. Better control - v—{K A

. Much less capacitors .

Charger Lmag Rmag

S
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Eddy currents vs impedance

Beampipe study

Maybe ceramic chamber with
stripes




IMCC organization

International
IMCC was founded in 2021 /3}12?)5?;??;;
* Reports to CERN Council
 Anticipate it will also report to DoE and other
funding agencies
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