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The present HEP landscape @

The Standard Model (SM) of Particle Physics is our best theory MisEi
| to describe the most basic building blocks of the universe woieberatien
, l It provides a good and unified description of Nature up to the O(1) TeV scale
‘ | With the Higgs boson discovery all SM particles were found
| Not all interactions and parameters have been measured

v’ gravity is not adequately explained

v Higgs boson gives mass to quarks, charged leptons
and W, Z bosons but what about the neutrinos’ mass

v" 95% of our universe is not made of ordinary matter:
dark matter and dark energy do not fit into SM

‘ ! < The SM has limits and leaves several open questions:

QUARKS @ LEPTONS @ BOSONS @ HIGGS BOSON

CERN is upgrading the LHC collider and experiments to reach the highest luminosity =» HL-LHC
to be fully exploited to complete SM measurements and explore Beyond SM (BSM)

ESPPU-2026 =» future collider project @ CERN ~ 2045 - physics beyond collider - neutrino physics

computing and detector instrumentation...... ,



The Higgs boson @ LHC: present and future

The Higgs mechanism in the Standard Model predicts m; = g;v
/1UON Collider
Collaboration
. In impressive agreement with experiment
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Higgs needs to be understood better!
Studying its properties remains the priority

make huge numbers of Higgs bosons,
to scrutinize its properties and interactions
stress test the Standard Model in many ways



Energy frontier - searches @ LHC

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: March 2023 J£dt = (36-139)fb! Vs =13TeV
Model t,y Jetsi ET* [ratjm) Reference
T T T —rr
ADD Gkk + g/q Oepury 1-4j Yes 139 n=2 2102.10874
ADD non-resonant 2y - - 367 n=3HLZNLO 1707.04147
ADD QBH - 2j - 139 n=6 1910.08447
ADD BH multijet - 23j - 36 n =6, Mp = 3 TeV, rot BH 1512.02586
RS1 Gyx = yy 2y = - 139 k/Mp; = 0.1 2102.13405
Bulk RS Gyx — WW/ZZ multi-channel 36.1 k/Mps = 1.0 1808.02380
Bulk RS gk — tt leu 21b 2102 Yes 36.1 r/m=15% 1804.10823
2UED/RPP lep 22b,23) Yes 361 Tier (1,1), B(AMY) — ¢t) = 1 1803.09678
SSM Z' -t 2e.n - - 139 1903.06248
SSMZ’' = 11 27 - - 36.1 1709.07242
Leptophobic 2’ — bb - 2b - 361 1805.09299
Leptophobic Z’ —» tt Oepp  21b,22J Yes 139 r/m=12% 2005.05138
SSM W’ - (v leu = Yes 139 1906.05609
SSMW’ - v 17 - Yes 139 ATLAS-CONF-2021-025
SSM W’ - tb = 21 21J - 139 ATLAS-CONF-2021-043
HVT W’ — WZ model B 02ep 2j/1J Yes 139 gv=3 2004.14636
HVTW' — WZ < (vl't’modelC 3eu  2j(VBF) Yes 139 gven =18 =0 2207.03925
HVT 2’ = WW model B lep 2j/1J  Yes 139 gv=3 2004.14636
LRSM Wg — uNg 2u 1J - 80 m(Ng) = 05TeV, g, = gr 1904.12679
Cl qqqq - 2j - 37.0 1703.09127
Clitqq 2e,u - - 139 Lm 2006.12946
Cl eebs 2e 1b - 139 2105.13847
Cl ypbs 2u 1b - 139 2105.13847
Cl teet 2lepu 21b,21) Yes 36.1 1811.02305
Axial-vector med. (Dirac DM) - 2j - 139 8,=0.25, g, =1, m(y)=10 TeV ATL-PHYS-PUB-2022-036
Pseudo-scalar med. (DiracDM) Oepu, 7,y 1-4j Yes 139 &1, g =1, m(y)=1 GeV 2102.10874
Vector med. Z’-2HDM (DiracDM) Oe,u 2b Yes 139 tanf=1, g7=0.8, m{y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 tang=1, g, =1, m(y)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1 gen 2e 22j Yes 139 =1 2006.05872
Scalar LQ 2™ gen 2pu >2j Yes 139 B=1 2006.05872
Scalar LQ 3 gen 17 2b Yes 139 B(LQY = br) =1 2303.01294
Scalar LQ 3" gen Oeu 22j,22b Yes 139 BLQY = tv) =1 2004.14060
Scalar LQ 3 gen >2ep21721j,21b - 139 BLQS — tr) =1 210111582
Scalar LQ 3" gen Oep, 217 0-2j,2b Yes 139 B(LQY — by) = 1 2101.12527
Vector LQ mix gen multi-channel 21, 21b  Yes 139 B(Uy — ty) =1, Y-M coupl. ATLAS-CONF-2022-052
Vector LQ 3 gen 2eu7 21b Yes 139 B(LQY — br) = 1, Y-M coupl. 2303.01294
VIQTT = 2t + X 2el2u/>3eu 210, 21)  ~ 139 SU(2) doublet 2210.15413
VLQ BB — Wt/Zb+ X multi 36.1 SU(2) doublet 1808.02343
VLQ Ts/3Tsp3lTss — Wt + X 2(SS)>3eu>1b,21) Yes  36.1 B(Toy = We)e 1, c(Ts s We)= 1 1807.11883
VLQ T — Ht/Zt leyu 21b,23] VYes 139 SU(2) singlet, xr= 0.5 ATLAS-CONF-2021-040
viQyY —» Wb leug 21b21) Yes 36.1 B(Y — Whb)= 1, cp(Wb)= 1 1812.07343
VLQ B — Hb Oeu 22b 21j,210 - 139 SU(2) doublet, xg= 0.3 ATLAS-CONF-2021-018
VLL ¥ — Z1/HT multi-channel  21j Yes 139 SU(2) doublet 2303.05441
Excited quark ¢* — qg - 2j - 139 only u* and d", A = m(q") 1910.08447
Excited quark ¢* — qy 1y 1j - 36.7 only u" and d*, A = m(q") 1709.10440
Excited quark b* — bg - 1b1j - 139 1910.08447
Excited lepton r* 2r 22j - 139 A=46TeV 2303.09444
Type Ill Seesaw 234e.pu 22j Yes 139 2202.02039
Majorana v 2u 2j - 36.1 m(Wg) = 4.1TeV, g = gr 1809.11105
Higgs triplet H** — W*W* 234 e u(SS) various Yes 139 DY production 2101.11961
Higgs triplet H** — (¢ 234eu(SS) - - 139 DY production 2211.07505
Multi-charged particies - - - 139 DY production, [q] = 5S¢ ATLAS-CONF-2022-034
i - - - 34.4 DY production, |g] = 1gp, spin 1/2 1905.10130

“Only a selection of the available mass limits on new states or phenomena is shown.

107!

10 Mass scale [TeV]
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Reaching a scale ~ TeV -10 TeV



The EU HEP Strategy for the next 5-10-20 years

Open Symposium on the European Strategy for Particle Physics Q 9

. International
Tinsllietortisupdatsiorme Plenary ECFA Meeting @ CERN Nov. 2025 MHST, Colider
European Strategy for Particle Physics

More details on the ESPPU web page:

zz:"s"am:‘z:‘";z":’“ze Sy T
i mposium national input in advance °
decoco e v e oo e svteg doument https://europeanstrategyupdate.web.cern.ch/
End September 2024 31 March 2025 23-27 June 2025 14 November 2025 End January 2026
é CL A Higgs factory will improve
O, ;
our knowledge about the Higgs boson
and its couplings tremendously
December 2024 26 May 2025 End September 2025 1-5 December 2025 March and June 2026
C I d i th " .
o rposse endmiaions g Sook g rospact g ke by order of magnitude w.rt HL-LHC
Session ggcg:g;'g?:ﬁ:open Session updating of the Strategy
Symposium

(Monte Verita Ascona, CH)

V(¢)

vie 2000 ()

Standard Model

potential z:at::::: Model
Higgs potential in unitary gauge 1 2,9 3 114
after expanding around minimum V(h) = §mHh )\3’U h’ |+ Zh'
what we may
/‘I:'r:‘:vtv?:day S :?3&313?40
The HL-LHC can do better here than previously , 1 0 T

thought, through di-Higgs production

Expect 70 observation of process by ATLAS+CMS 4 vy

« Determination of tri-Higgs coupling to 30%


https://indico.cern.ch/event/1567662/
https://europeanstrategyupdate.web.cern.ch/
https://agenda.infn.it/event/44943/

The proposed future collider projects: Higgs factory

Proposed large-scale projects at CERN, ~ 2045 Karl Jakobs ﬁwéaréiﬁiﬁ;;.

ollaboration

LCF (e*e, linear, 91 — 240, 550 GeV) CLIC (e*e, linear, 380 GeV, 1.5 TeV)
v e rscen P

FCC-ee (e*e, circular, 91 — 365 GeV)

et*e- colliders
(“Higgs factories”)

3.0 TeV - 50.1 kom (CLICI000)
e

Damping Rings IR & detectors e+ bunch
[ HMPressol

FCC
91 km
circumference

LHeC (ep, circular, electron ERL,
50 GeV e, > 1 TeV ep collisions)

P2 P33

A
"W e
A Y 7
g new electron accelerator

~50 GeV beam energy
much smalk ler investment

LEP3 (e*e, circular, 91 — 230 GeV)

~—

Intermediate projects

(Leave room (time, budget, resources) for further
development of THE machine that can probe
directly the energy frontier at the 10 TeV parton
scale)

existing/future

proton accelerator
LHC end/for FCC

LHeC and/or FCC-eh
major investment



The proposed future collider projects: energy frontier®

Potential for development: future 10 TeV parton-scale collider options
S

FCC-ee | LEP3 LHeC LCF, CLIC
Q 37 ol . m'-:, -

v:*
P y ; \

A new electron ac
- ‘

, | Karl Jakobs

e*e” with improved acceleration technologies
LCF, C3 (= 1 TeV), CLIC (1.5 TeV), HALHF, ...
+ possibility for HI collisions -> plasma acceleration for higher energies 7
(can 0(10) TeV be reached? on what timescale?)

K. Jakobs, ECFA Meeting, 215t November 2025



Direct probes of New Physics

At the kinematical threshold, all the ¢.0.m. energy of a muon collider is available.

pair production

For any state that couples to photon or Z, 107

. . i \ 10TV ' . Ly = 10ab7!
the mass reach will be given by: s e t\
‘ T( 10° |\ \\“‘
h % \';:t:;;" - - \
Hx- =5 TeV S ——
— 10° | ‘\‘\\\
— o [2012.11655 \
A hadron collider has to pay the PDF suppression of partonic collisions. 1 (I ['1«-\‘3] 4

® HL-LHC ®FCC-hh ®MuC-10 The huge number of events would allow for a

2 e Wt Colicer B50A 21 0T ' precise characterization of the new state.
10+ ]
. 20 mass reach
3 The WIMP dark matter paradigm can be fully tested,
B ¥ 7 for aII DM representatlons in the “minimal DM"” scenarios.
= 4l [Bot tal 2107.09688, 2205.04486] (more in backup slides)

From the cross sections we saw
+ assuming the luminosity scaling

i)
im'\' 104a 40TeV

A 10 TeV MuC has
107 Higgs boson
events (~ # Z's at LEP)

events

107

Higgs physics

David Marzocca
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Motivation for a multi-TeV Muon Collider

Strong interest in high-energy, high-luminosity lepton collider y: ;mema}io;.
\UON Collider

* combines precision physics and discovery reach Collaboration
* application of hadron collider technology to a lepton collider

Muon collider promises sustainable approach to the energy frontier
* limited power consumption, cost and land use = site evaluation and reuse of existing tunnels

International Muon Collider Collaboration - hosted at CERN, launched July 2020 by LDG - PI: Daniel Schulte

Technology and design advances since the past ESPPU-2020

e reviews of the muon collider concept in Europe and US found no insurmountable obstacle

* identified required R&D, documented and reviewed within the LDG Accelerator R&D Roadmap
e co-funded mainly by CERN (MTP dedicated line since 2021) - EU-MUCOL project (2023-2027)

Aim at 10+ TeV and potential initial stage at 3 TeV - Possible initial 10 TeV stage at reduced luminosity

New design to reuse existing CERN tunnels: SPS & LHC = whole facility on CERN site
Interim report https://arxiv.org/abs/2407.12450

Strong support by US P5 Report @ December 2023 9


https://arxiv.org/abs/2407.12450
https://www.usparticlephysics.org/2023-p5-report/

Higgs physics at 10 TeV pCM energy

From European Strategy Briefing Book: htt
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Energy frontier: searches

strong production

high mass splitting
stop 2-body

Search Method

weak production

small mass splitting

Higgsino

AM=5 GeV ]

Jqoo000000O0O0OO0O0O0OO0OOO
P-0,0,0:0,0.0/0/0/0/0:0.0:0:0.0

7T T e

gauginos

FCC-hh
CLIC 3 TeV

muC 10 TeV

E/}/// Range of estimates .

1

Stop

LHC Limits

0 2 E 6 8 10 12 1
Mass Reach [TeV,
10_2 7 \ \\\ /‘,,”’ .,
X N -
\\\ \‘ _______ e
. el FCC-hh
10-4 { FASER2 ok |
e 3 TeV/
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High-priority future initiatives [..] ESPPU 2020

In addition to the high field magnets the accelerator R&D roadmap could contain:

[..]an international design study fora 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 tunnelthan for a hadron collider. The biggest challenge
remains to produce an intense beam of cooled muons, but novel ideas are being explored.

National Academy of Science report - June 2025 s

Elementary Particle Physics: Progress and Promise

M. Spiropulu (Co-Chair), M. S. Turner (Co-Chair), N. Arkani-Hamed, B. C. Barish, J. F. Beacom,
PH. H. Bucksbaum, M. Carena, B. Fleming, F. Gianotti, D. J. Gross, S. Habib, Y.-K. Kim,

P.J. Oddone, J. R. Patterson, F. Pilat, C. Prescod-Weinstein, N. Roe, T. M.P. Tait

Staff: T. Konchady, D. Nagasawa, L. Walker, D. Wise, C. N. Hartman, A. Mozhi

A collider with approximately 10 times the energy of the Large Hadron Collider (LHC) is crucial
for addressing the big questions of particle physics and making discoveries.
A 10-TeV muon collider on the Fermi National Accelerator Laboratory (Fermilab) site would have

similar discovery reach as a 100-TeV proton collider.
A muon collider combines the physics advantages of an electron-positron and a proton-proton collider,

with a much smaller size.

)

International
UON Collider
Collaboration

Elementary ;
Particle Physies

12


file:///Elementary%20Particle%20Physics/%20The%20Higgs%20and%20Beyond

Muon Collider layout @ 10 TeV

Physics case

Drives the beam quality
Requires a Demonstrator

\Sy Injector

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

Experiment design

Muon Collider

>10TeV CoM
~10km circumference

RAAAY Bl 323220303239 B S e  AAAAAAYYS
) B
o

: 4 GeV Target, ® Decay pCooling  Low Energy
: Proton & pBunching Channel  u Acceleration
s Source Channel

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

Cost and power consumption limit energy reach

Accelerator

International
UON Collider
Collaboration

Beam-induced
background

NG [ Ldt

3 TeV 1ab—1!
10 TeV | 10 ab~ !
14 TeV | 20 ab—?!

Target integrated
luminosities
based on physics
Increase as E,,2

Dense neutrino flux
mitigated by mover system

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

Also impacts beam quality

13




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.

International
UON Collider
Collaboration

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

Technically limited timeline

presented to CERN Council in December 2021
published https://arxiv.org/abs/2201.07895

now under implementation by LDG + Council...

B0 B AN
1 BH H E ’ 1 B ’ ’ <I8 |8 S8
l Baseline design Technically limited timeline Deve lopnilent path
T to delivera
Design .
v o ss¢ | 3TeV muon collider by 2045
Design 523
3 | 3 Facility Construction | % 3
Demonstrator design § g MDI
Preparatory 2 -g q .
e ; — - ; 35 Dipoles/solenoids
2 2 Demonstrator exploitation and u %3 High fiEld
a i g
Design and : (Nb3sn, HTS?)
___modelling | [ T
Pre-se : & RF
Production g . amg
e - ¢ Scenarios cavities
Estimation Commit Construct NN A NN
Aspirational Minimal Cooling cell
/ [FTEy] | [KCHF] | [FTEy] | [kCHF] Demonstrator
~70 Meu/5 years 4459 | 11875 193 2445

Roadmap Plan

Label [ Begin | Dcscnpl on
| | ‘ [Fl"!:yl [KCHF] | [FTEy] | [kCHF] |

MC.SITE | 2021 | 2025 | Siteandlayout | 155 | 300 135 | 300 |

MC.NF 2022 | 2026 | Neutrino flux miti- | 22.5 25 0 0
gation system

MC.MDI 2021 | 2025 | Machine-detector 15 0 15 0
interface

MC.ACC.CR 2022 | 2025 | Collider ring 10 0 10 0

MC.ACC.HE 2022 | 2025 | High-energy com- 11 0 75 0
plex

MC.ACC.MC 2021 = 2025 | Muon cooling sys- 47 0 22 0
tems

MC.ACC.P 2022 2026 | Proton complex 26 0 35 0

MC.ACC.COLL = 2022 2025 | Collective effects 182 0 18.2 0
across complex

MC.ACC.ALT 2022 2025 | High-energy alter- 11.7 0 0 0
natives

MC.HFM.HE 2022 | 2025 | High-field magn 6.5 0 6.5 0

MCHFM.SOL | 2022 2026 | High-field 76 2700 29 0

MC.FR 2021 | 2026 | Fast-ramping mag- = 27.5 1020 225 520
net system

MC.REHE 2021 | 2026 | High Energy com- = 10.6 0 76 0
plex RF |

MC.REMC 2022 | 2026 | Muon cooling RF | 13.6 O | T 0

MC.RETS 2024 | 2026 | RF teststand +test | 10 | 3300 = 0 0
cavities

MC.MOD 2022 | 2026 | Muon cooling test | 17.7 | 400 | 49 100
module

MC.DEM 172022 | 2026 | Cooling demon- | 34.1 | 1250 | 38 | 250 |
strator design

MC.TAR 12022 | 2026 | Target system [ 60 [ 1405 [ 9 | 25 |

MC.INT 2022 | 2026 | Coordination and 13 1250 13 1250

[ | Sum [ 4459 [ 11875 | 193 | 2445 |



https://arxiv.org/abs/2201.07895

Site Specific Designs
Started studies for concrete site at CERN and Fermilab, looks very promising N

CERN: International

One RCS in SPS and two in LHC Rl

Construct facility on CERN land

* Natural energy stages: 3.2 and 7.6 TeV

* 10 TeV maybe possible with better technology

Fermilab:
One RCS in Tevatron tunnel,
Three RCSs in one site-filler tunnel

T
SC LINAC CERN land | g g::‘::cess»\reas /—ék
200x25 m. | N) PaiboLots
=7 RL A1 ! TF\Ablchece:s Roads & Al
Tg* e 5 S A S
L reams < g
REQton 1otor| o) (-
< @200 m. ~
Ifnjectll:?n TunnglPs
Muon Collider Tom R A2 0

Ring Length 10 km.

~__ Prevessin Site
Experimental cavern

TI18

Length 257 m.

T2
Length 533 m.

Injection Tunnel

Length 2006 m. Key conclusions:
Experimental cavern, > Looks promising
Meyrin Site E\ ) : LHC Deta'led stu dy
SPL| &0 ,. . linjection Tunnel 2| msmens needed
LINAC 4 ’%{4:5:%’ § \ rongth 200 m'__ sl ;5;“5.,,,,0 v_ﬁ:'\




Key Target Parameters @
SN

BT sicincependent CERNZwnnels  CERN Ltunnel

Sqrt(s) TeV 3 10 3.2 7.6 3.2 7.6

L/IP 1034 cm2s1 1.8 17.5 2 10 0.9 7.9

Int L ab 1 10 1 10 1 10

Accumulation years 2+2.8 2+2.9 2+2.5 2+5 2+5.6 2+6.3
time

C km 4.5 11.4 4.8 8.7 11 11

Byipole T 11 14 11 14 4.8 11
Collider dipole technology Nb3Sn HTS Nb3Sn HTS NbTi Nb3Sn
or HTS

Accumulation time: Time to obtain the integrated luminosity with two IPs.
Ramp-up over the first three years 5%, 25%, 70% of nominal. .



Timeline and R&D Programme Proposal

Decision on demonstrator T,

| \ Muon Collider (Initial Stage)
2025| =2030!

2035 . 2040 . %0as] . 205 ., . 2088 . 2080 , 2065y,
T I T T T T I T T T T I T T T T I T T T T I T T T

T I I T I I T | T T T T
: : Technically Limited Timeline
LDG roadmap Project preparation

Technology R&D

Technology demonstration Civil engineering
|

Installation & commissioning Shutdown 1 Shutdown 2

-m-m-m

10 Year R&D Plan

< 2 >
Initial final demonstrator Milestone T Vion Collider |
Construction of RF test stands 2025 - 2028
Production of test cavities 2026 - 2039
Operation of test stands 2027 - 2040
Demonstration Phase To = (To+7)
. . . o Demonstrator technical design
Tl m e l| N e | S d rlve n by R&D Construction of initial demonstrator

Construction of muon cooling module (5 cells)
Definition of the placement scenario for the collider

Most ambitious example to define R&D programme priorities o Preparaton P =TT

Final demonstrator

* Assumes firm commitment to enable the muon collider as next flagship after HL-LHC Emplementation studics with the Hos staes

Environmental evaluation & project authorisation processes

i R& D i S fu l.l.y S u C C e S Sf u l Main technologies R&D completion

Industrialisation of key components
Engineering Design completion

* Nodelays due to decision making Engcig D compleion__ —
Other options Trinsallton

Component construction

* InEurope after a higgs factory Aocsleror HW asalon
* Inthe US to become leader at the energy frontier

Beam commissioning
[ Physics operation start [ T,+10 |

https://indico.cern.ch/event/1439855/contributions/6542430/



https://indico.cern.ch/event/1439855/contributions/6542430/

R&D Programme

Accelerator design
 Complete start-to-end design to validate and
optimize performance, cost, power and risk

Muon cooling technology

* Implementation in steps important for timeline

* Need hardware, in particular RF test stands

* New detector technologies useful for
instrumentation

* Cooling RF requires urgent test infrastructure

Detector
e Strong potential for further improve physics
potential with technologies, Al and ML

Magnet programme
* Have conceptual designs, need hardware
* HTS solenoids have important synergy with
society (also power converter)
* Industry is ready to invest
*  Must not miss the opportunity

Daniel Schulte et al.

Detailed R&D programme proposal with deliverables defined

Year | I | I | I | v | A\ | VI | v | VIII | IX | X
Accelerator Design and Technologies

Material MCHF) | 1.6 32 4.8 6.4 9.6 10.8 | 12.0 | 120 | 120 | 120
FTE 47.1 | 60.6 | 75.0 | 85.0 | 100.0 | 120.0 | 150.0 | 174.6 | 177.2 | 185.1
Demonstrator

Material MCHF) | 0.6 22 3.9 54 7.8 15.1 | 259 | 324 | 31.8 | 126
FTE 9.5 110 | 125 | 292 | 297 | 305 | 255 | 27.7 | 267 | 25.5
Detector

Material MCHF) | 0.5 1.1 1.6 2.1 2.1 2:1 2:1 2.6 31 3.1
FTE 234 | 465 | 700 | 93.0 | 93.0 | 93.0 | 93.0 | 116.4 | 139.5 | 139.5
Magnets

Material MCHF) | 3.0 4.9 10.1 10.0 | 11.0 | 134 | 11.7 1.2 6.6 4.7
FTE 233 | 284 | 364 | 409 | 443 | 47.1 | 46.2 | 377 | 36.1 | 294
TOTALS

Material MCHF) | 5.7 114 | 203 | 239 | 306 | 414 | 51.7 | 542 | 535 | 324
FTE 103.3 | 146.5 | 194.0 | 248.1 | 267.0 | 290.6 | 314.8 | 356.3 | 379.4 | 379.6

Key conclusions:
Need the budget
« Startin Europe using exiting momentum
Ramp up in the US and other regions




Machine Detector Interface - beam-induced background®

Background is a significant driver for MDI design - background sources:

International
* Muon decay JAieaiie
* Beam halo losses and Beam-beam (mainly incoherent e-/e+ pair production)

Daniele Calzolari et al.
from MAP!

Qetector tecnnologies and reconstruction
techniques (time gates, directional
suppression, etc.)

products and halo losses (requires also an
optimization of the beam aperture)

~—— Interaction region (IR) lattice
Customized IR lattice to reduce the loss
of decay products near the IP

pem—

oo

IR masks/liners and shielding
Shield the detector from particles lost in
final focus region (requires also an
optimization of the beam aperture)

Conical liners inside FF magn“ \

Transverse halo cleaning
Clean the transverse beam halo far
from the IP to avoid halo losses on the
aperture near the detector (IR is an
aperture bottleneck)

Solenoid
Capture secondaries produced near
=1 i the IP (e.g. incoherent e-e+ pairs)

Follow 50 beam envelope / ‘




Experiment design @ 10 TeV Muon Collider

Working closely with MDI
designers to assess and
mitigate BIB

photons, electrons, positrons
(0.0003% of a BIB event)

MAIA
(Muon Accelerator Instrumented Aperatus)

(MUon System for
Interesting Collisions)

Nozzle:
-Outer boron layer to stop
neutrons
-Tungsten core for the
electromagnetic showers

MUSIC Detector Concept MAIA Detector Concept
Muon Collider
Simulation e Muon System

Beam line

Muon Collider

= Hadronic Calorimeter

EM Calorimeter <

MUSIC: A Multi-Purpose Detector Concept for Physics at the 10 TeV Muon Collider



https://inspirehep.net/literature/3087448

Backgrounds: beam induced (BIB)-incoherent et e~ pairs production

Crucial ingredients: beam halo

. Machine Lattice @ 10 TeV

° Mach|ne detector |nterfa ce (M DI) o First round of MAIA studies done with lattice v0.4; but v0.8 now baseline.

@ At present with v0.8 we see order of magnitude more BIB in the tracker:
° N OZZle Stru Ctu re o Significantly increased computational challenge, especially for tracking; see the next talk!

Evoluti fIR L ice Desi MAIA Detector Concept
e D m Dipoles  Quadrupoles B B e SR
eteCtor agn et : ; i i A 8 4 -[-0.5,15]ns -
Prev. Baseline g , IB+IPP (EU24 Lattice) 3
pe=s basall less ] smms | sep2022 3 (80, 50
g
a
HH — Jun 2023 -] 8
g .
2 o
4-l-l.hl.— | Feb 2024
. . - Jun 2024
First IMCC halo-induced —— gy v , i
Kiley Kennedy (CPAD 2024), Marion Vanwelde Tracking Detector Layer

August 7, 2025 9

= neutron BIB
on ECAL studies

Secondary neutrons, and (me
surround the primary muon lost.
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Backgrounds distributions

Beam-induced background (BIB) from muon decay products interacting
with the machine components and the shields
inside the detector (nozzles):

soft particles and mostly out of time w.r.t. the bunch crossing:
« ~108photons,

« ~107 neutrons,

« ~10°electrons/positrons

enter the detector at every bunch crossing in the time window [1, 15] ns

Extensively studied with MARS15 and FLUKA since MAP studies

BIB particles energy distribution

[ FLUKA —— photons
106 |J — neutrons
i I — e+-
Lo JJ' - muons
d | —_— “haree . . .
> 105 ! "ﬂ\ujﬂ charged hadrons
= i T
i L
< 10 E
I
10% F I-L }
E 1 ] : — 1 1 nﬂ [1
10°° 1007 107 107% 107! 10 10°
E [GeV]
BIB particles time distribution
l()lﬁ -
; photons
FLUKA © neutrons
10% | —
T
o,
3 101 o [
— I AL
z Al T .

l()l.’i

1012

2.0
t [s] x10~%
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Detector requwements @ 10 TeV

s A g ALY S = s o S f] Senemens Mgy e
nimum tracking distance [cm] i <3 | STRONG INTEREST IN DEVELOPING also @ DRD:
rward muons (7 >_?) tag . op/P ~ '« 4D vertex and tracker sensors

ack o, /pr [GeV ] .10 1x10 1. new calorimeters 4D or 5D ideas

oton energy resolution 0.2/VE 0.1/\\?; e sustainable muon detector

utral h luti 4/ E 2 . . . .

u.tra adron. e 0.4/VE 0:2) | * front-end electronics with on-board intelligence
ning resolution (tracker) [ps] ~ 30 ~ 60 ~ 10 = * powerful reconstruction algorithm

ming resolution (calorimeters) [ps] 100 10 P . . . 8

ming resolution (muon system) [ps] ~ 50 for [p| > 2.5 < 50 for|n||° Al simulation and analysis tool

1VOour tagging b VS C b VS C, s-ta Yearly total ionizing dose in MUSIC detector

osted hadronic resonance identification h vs W/Z Wvs. s

250
— 200

Maximum values
ionizing dose 1 MeV neutron-eq fluence

=150

100

1 MeV neutron-equivalent e
Component Dose [kGy] fluence (Si) [1014 n/cmz] 9300 ~200 =100 0 100 200 300 1016
MAIA  MUSIC MAIA MUSIC 2 [em| > 1015
Vertex (barrel) 1000 2.3 j(;g ‘ 1014
Vertex (endcaps) 2000 8 ] ;5() 101
Inner trackers (barrel) 70 4.5 4 55 1012
Inner trackers (endcaps) 30 11.5 10 0 101
ECAL 0.58 1.4 0.15 1 gk 1010

=300 =200 =100 0O 100 200 300

z [cm]

® [n/cm?/y]



Time-critical Developments

|[dentified three main technologies that can
limit the timeline

Muon cooling technology
* RFtest stand to test cavities in magnetic field
* Muon cooling cell test infrastructure
* Demonstrator
Muon beam production and cooling in Ly
several cells

Magnet technology
* HTS solenoids

X G
g stedln iisuurnerntauorn

International
UON Collider
Collaboration

'b) 0.4LIH wedge 650 MHz coils 50 é : 2 -
I’ cavities 4 B8 R .
. -
+/ e -
£

0.0 02 0.4 06 08
z(m)

RF S/olenoid Abs/orber

o e = = == = ==
R BB R

Downstream

and Matchin :
9 Instrumentation

|| .= \ == High-intensity high-energy pion source
et Collimation and

phase rotation

* Collider ring magnets with Nb3Sn or HTS

Important Developments

Detector technology and design
* Candothe important physics with near-term technology

* Butavailable time will allow to improve further and exploit Al, Ml and new technologies
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Muon ionizing cooling cell studies and R&D @

Coils
» Cooling is necessary after production to reduce the 6D emittance of the L. 3
captured beam . RF cavities International
Dipole UON Collider
Cooling Cell Collaboration

Novel, complex lattice with cavities _
and absorbers in solenoids - High AbeoIbor
magnetic field

Cooling Cell Integration study: agreed concept

High magnetic field (upto 40T)
superconducting solenoids

High electric field normal conducting RF
cavities (30 MV/m)

High gradient RF cavities required
in muon cooling channels




Muon Cooling Demonstrator

Muon Coolmg Demonstrator

205 | j20%0 2035, 2040, . 2085
. ; Technlcally L|m|ted Timeline
Construction - g -
Producti f test iti
— T | RFTestStands | L 5, mﬁ Launch RF test stands and
Construction first module (700 MHz test
DGR GLE T of first cell | One-Cell Module ‘ ‘ T Stand) nght away

| of first cell
| = of module cavity
: IEE of cell-wise module [ Five-Cell Module | {Ta i v i il > Wliaii s

— Important decision in 2028
on sharing of effort and
demonstrator location

I o first cooling module

Decision point z
Demonstrator Demonstration

for demonstrator
2028 g of module of cooling module

Addition of cells

— Demonstration

of cooling
10 Year R&D Plan | *—.g'

1

2028 0 oso] 2035 — 2000 . ooasl

Two promisin monstrator si [ ERN
0 promising demonstrator site studies @ C

Fermilab site study started
|
1

Installation & commissioning

10 Year R&D Plan




Muon Cooling Demonstrator for neutrino low E xsec
Sensitivity of future Neubrino Oscillation Experiments

First intense

o~
P
<
—
Il
©

Proton Driver

—QOA

SC Linac

Accumulator

Buncher

Combiner

mmm— No Systematics (77%) |
=ihEE P T V. i) e p Y R AR R R IEEE" 9 oune Sensitivity COR Ruterence Desigr]
.-Hyper-K = Sivrvien I R o S ] 5% 1%
= s 1% v+ v(76%) = F sino,, = 0.45
12___ s » All 2013 systematics (56% = 7:_ 5(y + 2(y
- -1 C oL (0]
= = 6 z
10— =] . = .
E. ERIEE: —— 1 »5%+3%
: EREE :
6 —] i: 31 — equivalen
af- = R i tofactor 21in
= . g 1 exposure!
2E" E ‘ | DUNE
05 R &~500" 400600 50010001200 1300
_ Exposure (kt-MW-years)
50% CP Violation Sensitivity Input d,
4 Vg v .
e and e Beam in the word !! . . : :
* neutrino beams via muon decay in the straight
From end | ¥ Storage Ring section of a storage ring.
+ +., —
uo e . .
—’5 — ) > n evVVu Key advantages of generating neutrino beams
g!g 5 5. L — —» - from muon decays rather than meson decays
*mﬁ E | - T u €V, are:
258 & * This enables precise measurements of v,,

v, (anti)v,, and (anti) v,,.



Reflections on a multi-TeV Muon Collider

International

 Aunique innovative and never attempted project capable to reach the energy frontier KA danabe

Collaboration

in a sustainable design:
=» no showstoppers identified so far
=» many crucial challenging R&D required

* Despite the fact that available resources were not sufficient to cover all the proposed and approved plan
prepared by the Accelerator R&D Roadmap
=» priorities were identified
=» great progresses pave the baseline design completion
=>» 10 TeV lattice and MDI design allow to demonstrate with full simulation the huge physics potential
=>» remarkable synergies on R&D technologies both for science and society
=>» review are encouraging

 Toaccomplish the required R&D plan
=» the first set of prototyping and test must be accomplished
=>» the collaboration has to be strengthed to provide more resources
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Machine comparison flagship projects: Muon Collider

Future Colliders Comparative Evaluation

Technical Readiness Level: a standardized 9-level scale to measure how mature a technology is -

from concept (TRL 1) to fully operational (TRL 9)

Cost-weighted average of TRL scores of the main subsystems to define the colour code
, <4) (FCC-ee costing assumptions as a reference)

(6,

Performance uncertainty: defined 3 ranges of luminosity uncertainty factors (<3,

G. Arduini - Ph. Burrows

, >10)

Research Lab |

D | + Techaokgy comspt femiod
TRL1 P W —

Identified Idea

* Together with FCC-hh, promises a potentially energy-efficient path
toward high-luminosity collisions at 10 TeV pCM

* Not yet the level of maturity of the other ESPP2026 Large-Scale

Project proposals assessed by WG2a

Project

MC
3.2TeV,7.6TeV

Scope

TRL R&D | Test facilities

Performance

Site
preparation

Table 15: Traffic light summary table for a MC.

Schedule

Cost

Scope level-of-definition: Preliminary WBS developed,
project scope cannot support translation into an engineering design, at this stage

Risk

Proton Driver

Target & Front End

Cooling

L 1 International
Real world [ TRLS | St et e o et UON Collider
Collaboration

Simulated world

H” LINAC Accumulator Conré_)ressor
Ring ing

Target Absorber Buncher Rotator

OO e

Pion Chicane & Muon Phase Charge Bunch 6D

Separation ~ Merge Cooling Cooling

Final

Buncher  Pre-
Bl

ccelerator

CEKN-speciiic muon collider parameters
Parameter Symbol unit Scenario 1 Scenario 2
Stage |1 | Stage 2 || Stage 1 | Stage 2
Centre-of-mass energy E.. TeV 32 7.6 3.2 7.6
Target integrated luminosity | [ £y, . ab™! 1 10 1 10
Estimated luminosity L ostimated 10*'em 27! 0.9 7.9 2.0 10.1
Collider circumference Ceon km 11 11 4.8 8.7
Collider arc peak field B,,. T 4.8 11 11 14
Collider dipole technology NbTi | NbzSn || NbsSn | HTS
or HTS

TRL, R&D, test-facilities: 6D Cooling demonstrator is a crucial milestone

A number of technological challenges in the demonstrator and accelerator chain.
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https://arxiv.org/abs/2511.20417

Final comments and step forward @

* A mutti-TeV Muon Collider is an extremely challenging but promising future project: Misesiens
outstanding physics potential collaboration

advanced concept design, still demanding for R&D on technology frontiers

demonstrate muon cooling technology in stages is critical for timeline

invaluable training on physics, accelerator and detector studies

ready to exploit synergies on physics and technologies with other projects

but also enabling societal applications (i.e. HTS magnets for fusion reactors, wind power generators, motors,

material science, health applications)

DN NI NI NI

* Update of the European Strategy for Particle Physics by the CERN Council by May 2026
* Expected final deliberations on future project approval by the CERN Council by 2028

_ Muon4Future —-

-

* Bright muon beams are an open new field to explore!

Thanks to many colleagues!
Thanks you all for the attention!
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https://agenda.infn.it/event/42349/

IMCC Countries and Institutes

AMERICA

Canada

Université Laval
U.S.A.
lowa State University
University of lowa
Wisconsin-Madison
University of Pittsburgh
Old Dominion
Chicago University
Florida State University
RICE University
Tennessee University
MIT Plasma science center
Pittsburgh PAC
Princeton
Stony Brook
Stanford/SLAC
Yale
FNAL
LBNL
JLAB
BNL
Brazil

CNPEM

- TU Wien

Signed MoC (61)

or requested MoC contributor

Austria
HEPHY

iv.,.Louvain
~France
CEA-IRFU
RS-LNCMI
Ecoles Mmes St-

‘,Germa ny

| DESY
| \Tech Univ. Darmstadt
g}UmverSIty of Rostock

Estonia
Tartu Unwers:ty

© Finland

Tampere Umvers:ty
HIP, Univ. of Helsinki

IFIC/CSIC
ICMAB
Sweden .

ESS
Univ. of Uppsala

Switzerlanrd
ps|

University of Geneva
EPFL
HEIA-FR

VINFN & Unlversmx

ENEA

Bari Ui
Bologna
Ferrara
Firenze
Genova

LASA - Milano
Milano Bicocca
Padova

Pavia

Pisa

Romal
Roma3

Torino

/Trleste I

INFN Nat Labs
Frascati
Legnaro

ASIA
China

Sun Yat-sen University
IHEP

Peking University

University of CAS
Korea

Kyungpook National

“| University

Yonsei University

India
CHEP

Inst. Of Mod. Physics, CAS

Seoul National University

UK Research and nnovatlon
Umvers:ty of Lancaster
University of Southampton
University of Strathclyde
“University of Sussex b
Imperial College London
Royal Holloway ~
University of Huddersfield
University of Oxford
University of Warwick
‘ l]hiversity of Durham
~University of Birmingham
University of Cambridge

Laboratorl del Sud

ofStatistice GeoNarmes Microsoft Navinfa O

Powered by Bing
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Muon Collider - Input Documents @ ESPPU @

International
UON Collider
Collaboration

Submitted Input 5+1/266
207. The Muon Collider

207-Update-ESPPU MuonCollider v02.pdf
207-Update-ESPPU MuonCollider Addendum v03.pdf
ESPPU Muon Collider Backup.pdf

Back-up document
(406p, 450 signatories)

152. United States Muon Collider Community White Paper for the ESPPU

105. Magnet R&D for the Muon Collider

32. Performance study of the MUSIC detector in +/s = 10 TeV muon collisions

184. Sensitivity study on H— bb, Ho> WW*and HH — bbbb cross sections and trilinear Higgs self-coupling
with the MUSIC detector in+/s = 10 TeV muon collisions

251. Physics opportunities with high-brightness, high-intensity muon beams at CERN: a staged approach
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https://indico.cern.ch/event/1439855/contributions/
https://indico.cern.ch/event/1439855/contributions/6461618/
https://indico.cern.ch/event/1439855/contributions/6461618/attachments/3076186/5443749/207-Update-ESPPU_MuonCollider_v02.pdf
https://indico.cern.ch/event/1439855/contributions/6461618/attachments/3076186/5443750/207-Update-ESPPU_MuonCollider_Addendum_v03.pdf
https://indico.cern.ch/event/1439855/contributions/6461618/attachments/3045996/5381964/ESPPU_Muon_Collider_Backup.pdf
https://indico.cern.ch/event/1439855/contributions/6461576/
https://indico.cern.ch/event/1439855/contributions/6461515/
https://indico.cern.ch/event/1439855/contributions/6461432/
https://indico.cern.ch/event/1439855/contributions/6461583/
https://indico.cern.ch/event/1439855/contributions/6461432/
https://indico.cern.ch/event/1439855/contributions/6461652/

Higgs physics - Lepton Photon - August 2025 -

Higgs couplings overview

JHEPOS(2022)185
B G 3 Tev (219, 100 1P
£ T MoC 3 TeV (219,136 11P) « HLLHC
MuC 10 TeV (29, 10 ab ')
I \iC 10 ToV (2P, 10 a5 '9) + HLAKC

e percent to permille precisions reached for 1 ab™ at Vs = 3 TeV and 10 10}
ab? at Vs = 10 TeV :

How does it compare to other Future Colliders? 'E =
W e Htcr [ Huscucu, HLorcC-cormmae [ HLomecaar ‘ 10 L L

[ T Pe— s -
[ Lrr— Wowree ™ ',;‘.‘.‘.\.'.:'.{ 11P |

1.5/ 20
5
o J. U L £ ‘ |
oo e l‘ll o Hmn mn

e Higgs couplings at 3 and 10 TeV are evaluated using parametric
simulations, tuned on the detailed simulation results

Precision [%]

Tr 4 .
3 i 2o 3 20 All reported MuC results are evaluated
g z and oy ,,M w..u. Y Z15 2
] IUII 5: I T . ‘;g ]_ as 1 IP, while FCC-hh as 2 IPs. For an
0o— . - ; o — - equal comparison, MuC results are to

be scaled for the doubled statistics.
L I ol l ll o L. ;,_ n =i
. BRI

from J. de Blas talk at the ESPPU Open Symposium

Detailed simulation studies to evaluate
achievable results in presence of the main

Beam Induced Background

International
UON Collider
Collaboration

Vs = 10 TeV Muon Collider would open

the possibility of studying the Higgs sector
with unprecedented accuracy, thanks to its
large sample of single and double Higgs events,
achievable in just 5 years of data taking

Higgs trilinear self-coupling overview

e The Higgs trilinear coupling at 3 and 10 TeV was evaluated using 50!
parametric simulations

. tuned to previous detector performance, will be updated with 40!
improved results [

2026 ESPPU

e percent-level precision achievable in 5 years of operation xoi _________

iy
e compares well with the detailed simulation result e
o the detailed study of HH—bbWW* will be added soon = 50l
The reported MuC results is evaluated 10
as 1 IP, while FCC-hh as 2 IPs. For an [
equal comparison, MuC result is to be |
scaled for the doubled statistics. 0 HL-LHC CLIC FCC—hhMuC-3MuC—-10

% A 10 TeV Muon Collider is the only machine able to obtain a percent-level precision in the measurement of A3 in such
a short time of operation




Cost and Power Scale

Cost range for Muon Collider scenarios

10 TeV Green Field

Design of collider and components advanced
enough to estimate cost and power 6oy @ CERN
Cost and power estimates based on
conceptual designs

and scaling from know components — &

3.2 TeV @ CERN

More work to be done
* Overall optimization

10.0

15.0 20.0 25.0 30.0

Unit 3.2TeV 7.6TeV

«  Further R&D to reduce cost uncertainty Operauen;poyer L o2
(i. . HTS solenoids) Energy consumption TWh  0.53 0.82
Stand-by power MW 73 111
Energy consumption TWh  0.09 0.14

Off state power MW 58 69

Energy consumption

TWh  0.17 0.21

Yearly energy consumption TWh 0.8 1.2

35.0



Placement Studies

Challenge:
Obtain negligible neutrino flux

Achieved:

* Detailed modelling

* First good orientation found
* Mover system concept u*

NNNRRERRES
...Il====ln-
w+

Arc mitigation concept

1e-0 Arc with an integer — say eight — vertical machine deformation periods

Vertical bend
+16.7 Tm

FLUKA and RP studies

R S _‘ Key conclusions:

xﬁ = el ke |W|—|<°°“"" * Are close to a solution
= [ m==—_ @)= |y - Moreworktobedone

s oo * Expandto all systems
Cheel Il 1T | =D SO




Magnet R&D Impact

[
i

i

Luca Bottura

MRI

Fusion i!g

Motors/generators
\' oia N

High-field, large
bore and large

Ultra-high-field

stored energy
High-field large
bore, cryo-free

technology

High pulsed
power and

energy recovery

™1 -
o 2 High field, low
20020 J’[’ i consumption
T™M2 High field, low
SOLID consumption
™3 B Fcc-ee clLIC -
UHF-DEMO Il] (o) sniroe) il e T T
High pulsed

Rég-Strin . B

g energy recovery
TM5
MBHY FCC-hh, SppC.
T™6 M~
MBHTS F v FCC-hh, SppC.
™7
L % FCC-hh, SppC
™8

High-field,
compact
windings

3D, compact
pole winding

3D, compact
pole winding

3D, compact
pole winding




R&D Impact Examples

(infineon -

Fusion for Energy (ITER EU Domestic Agency)
* Framework agreement and first addendum in final negotiation
* Contribution to the design of the HTS target solenoid, relevant to the central solenoid of DTT
EUROFusion (next step European fusion reactor)
* Framework agreement signed in 2023, first addendum signed in 2024
e Contribution to the design of the HTS target solenoid, relevant to the magnets of a Volumetric Neutron
Source proposed as next step in the European fusion strategy
Gauss Fusion (one of the leading EU fusion start-ups)
e Consultancy agreement signed in 2023
* CERN contribution to the design of the LTS/HTS GIGA stellarator magnets, based on advances in the
HTS target solenoid
ENI (oil and gas energy giant)
* Framework agreement and first addendum signed in 2024
* Collaboration on the conceptual design and project proposal for the CERN construction of a large
bore HTS solenoid (20@20 model coil) relevant to the muon collider and fusion
Infineon Technologies Bipolar (world leader bipolar high-power semiconductors, focus on green grid)
* |FAST-2 proposal to INFRA-2025-TECH-01-02 (CERN, INFINEON, PSI)
* Proposal of fast pulsed power cell + magnet system sent to IFAST-2 coordination for ranking at TIARA
* Industrialinterestin rapidly pulsed and large energy/power supplies



