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Why Do We Need Particles at even Higher Energies? 
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ÅTo study the smallest building blocks of matter

Higher particle energy Ą smaller wavelength Ą smaller structures
Č Accelerators are Super-Microscopes !

ÅTo produce massive particles (e.g. W, Z, top, Higgs) that are either unknown or predicted by theories.

ÅThe study of the smallest building blocks of matter with high energy particle colliders and the production of new 
massive particles is connected.

Č Accelerators are powerful tools for particle discoveries and precision measurements!



Which Particle Types to Accelerate?

ÅNeed stable charged partices: protons, electrons, (muons), ions  Ą
most used: electrons and protons

ÅProtoncollisions: 
ÅMix of quarks, anti-quarks and gluns: variety of processes

ÅParton energy spread

ÅQCD process large background sources

ÅElectron/positron collisions: elementary particles
ÅCollision process known
ÅWell defined energy

ÅBackground from other physics limited

ÅPhotoncollider: 
Åe+/e- colliders can be turned to gamma-gamma by inverse compton 

scattering using lasers

ÅMuons: elementary particle, but lifetime only 2.2 µs
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Which Accelerator Type: Circular versus Linear 

Circular colliders:

Allows to re-collide bunches for hours.

Limitations: 

ÅFor hadron colliders: The limitation is magnet 
strength. 

ÅFor electron-positron colliders: Circular 
machines are limited bysynchrotron 
radiation. 

Linear colliders: 

Favorable for acceleration of low mass particles 
to high energies.

Limitations:

ÅLinear machines accelerate particles in a 
single pass. The amount of acceleration 
achieved in a given distance is the 
accelerating gradient. This number is limited 
to 100 MeV/m for conventional copper 
cavities. 
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The Large Hadron Collider

5

CERN Accelerators and the LHC 11
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Å27 km circumference

ÅCollision of protons (or lead) at 
13.6 TeV c.o.m.

ÅHigh Luminosity upgrade in 
2026-2028 to increase the 
integrated luminosity by a 
factor of 10 

ÅOperating until 2042
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Future Colliders

FCC at CERN
91 km, 380 GeV (e+e-), 100 TeV (pp)

CEPC-SppC in China
100 km, 240 GeV (e+e-), 75-100+TeV (pp) 

Circular colliders

Linear colliders

ILC in Japan
20 km, 250 GeV
50 km, 1 TeV

CLIC at CERN
11 km, 380 GeV
48 km, 3 TeV 

Muon Collider, 10 km, 10 TeV (µ+µ-)

Colliders based on plasma wakefield
~4.5km, 1 TeV

Cool Copper Collider, C3

8 km, 250/550 GeV



Future Circular Collider
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Future Circular Collider, FCC
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FCC ïa Research Infrastructure for the 21st CenturyInspired by successful LEP ςLHC program at CERN
Comprehensive long-term program maximizing physics opportunities 

A new 91km tunnel,100 ς300 m underground 
8 surface sites

Collider program: 
FCC-ee: Luminosity frontier: 91, 160, 240, 365 GeV
FCC-hh: Energy frontier: 100 TeV



FCC Timeline
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Feasibility Study by March 2025 as input for the ESPP update
Ą demonstrate geological, technical, environmental and administrative feasiblity of the tunnel and surface areas and 

optimization of placement and layout of the ring
Ą Optimise designof the colliders, injector chains, detectors and physics concept. 
Ą Develop consolidated cost estimate and funding and organisational models based on discussions with Council. 



FCC Challenge: Optimized Placement and Layout

8 surface sites <40ha total land use
Possibility for 4 experiment sites
All sites close to road infrastructures(< 5km of new road)
Vicinity of several sitesto 400 kV grid lines
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Drilling work on the lake

Status1 June 2024

нлноΥ άhǇŜƴ{ƪȅ [ŀōƻǊŀǘƻǊȅέ ǇǊƻƧŜŎǘΥ Objective: Develop 
and test an innovative process to transform sterile 
άƳƻƭŀǎǎŜέ ƛƴǘƻ ŦŜǊǘƛƭŜ ǎƻƛƭ ŦƻǊ ŀƎǊƛŎǳƭǘǳǊŀƭ ǳǎŜ ŀƴŘ 
afforestation. Near LHC P5.Duration: (2024-2027) 

ÅRegional implementation development:
Å Meetings with municipalities in F(31) and CH (10)

ÅSite investigations to identify location of geological interfaces
Å Molasse layer vs moraines/limestone

ÅExcavation material strategy 



Å Double ring e+e- collider ~90 km.

Å Followsfootprint of FCC-hh, except around Ips.

Å Asymmetric IR layout & optics to limit synchrotron radiation towards 
the detector.

Å Synchrotronradiation power 50 MW/beamat all beam energies.

Å Top-up injection(0.1 Hz at all energies) requires booster 
synchrotron in collider tunnel.

Stage 1: FCC-ee
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91, 160, 240, 365 GeV: 
high-intensity electron positron collider for detailed study of the Z(106), 
W (106), Higgs boson (106), top quark (106).  
Č Indirect sensitivity to new physics up to ~70 TeV (>10 times LHC)

3 years 
2 x 106 H 

5 years
2 x 106 tt 

pairs 

2 years
> 108 WW 
LEP x 104

4 years
5 x 1012 Z 
LEP x 105
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FCC-ee Challenges
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50 MW synchrotron radiation/beam ĄOptimized RF systemto increase energy efficiency

366 cryomodules and 1464 cavities, of which a quarter are based on Nb/Cu technology and the rest on bulk niobium.

Ą Nb on Cu 400 MHz cavities (KEK as R&D partner), seamless cavity production, coating techniques.

Ą Bulk Nb 800 MHz cavities, surface treatmenttechniques.

Ą RF power source R&D in synergywith HL-LHC. Ą boostingthe efficiencyof commerciallyavailableklystrons (TRL9) above80% .

5-cell 800 MHz cavity development 
collaboration with JLAB

400 MHz
monoblockprototype

Č Development also important for Energy Recovery Linacs!
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FCC-ee Key Technologies
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Prototypes of FCCee low power magnets

Even more efficient alternative magnet designs are being explored. 

Energy efficient twin aperture arc dipoles: 
16 MW (at 175GeV), with Al busbars

A. Milanese

HTS option for FCCee arc quads and sextupoles:

άI¢{пέ ǇǊƻƧŜŎǘ ǿƛǘƘƛƴ /I!w¢ ŎƻƭƭŀōƻǊŀǘƛƻƴ
Å Nested SC sextupoleand quadrupole.
Å HTS conductors operating at around 40K.
Å Cryo-cooler supplied cryostat.
Å Produce a ͯ 1m prototype by 2026.

άI¢{пέ ǇƻǘŜƴǘƛŀƭ
Å Power saving
Å Reduced length
Å Optics flexibility



FCC-ee Machine Detector Interface
Challenge:L* is only 2.2 m Č Final focusing magnets (SC!) are deep inside the FCC-ee detectors. 
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Q1 prototype testedat 
cold in SM18 (CERN), 
hŎǘƻōŜǊ Ψно

Event-rate (max 100kHz at Z) and radiation are minor problems at FCC-ee.
Technology developed for low-radiation environment like heavy-ion experiments are highly relevant for FCC-ee.  



ÅOrder of magnitude performance increase in both energy & luminosity 

Å100 TeVcm collision energy (vs 14 TeVfor LHC), heavy-ion (Pb) collider at 39 TeVČ Direct discovery potential for new 
physics up to ~40 TeV (~10 times the LHC)

ÅIntegrated Luminosity of 20 ab-1 per experiment collected over 25 years of operation (vs 3 ab-1 for HL-LHC)

Stage 2: FCC-hh
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FCC-hh Key Challenge ςMagnets 

from LHC technology 
8.3 T NbTidipole

via HL-LHC technology 
12 T Nb3Sn quadrupole

FNAL dipole demonstrator 
14.5 T Nb3Sn
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ÅFCC-hh magnets ςmain R&D activities:

ÅMaterials: Goals: 

Å ~16 T for Nb3Sn, 
Åat least ~20T for HTS inserts

ÅMagnet technology: engineering, mechanical 
robustness, insulating materials, field quality

ÅProduction of models and prototypes: 
demonstrate material, design, engineering 
choices, industrialisation, costs

ÅInfrastructure and test stations: for tests up to 
~20 T and 20-50 kA

Magnet development is part of the ESPP accelerator R&D roadmap 



FCC-hh Challenges

E. Gschwendtner, CERN 17

With FCC-hh after FCC-ee: significantly more time for high-field magnet R&D  aiming at highest possible energies

Č Energyconsumption: 4 TWh/year ĄR&D on cryoΣ I¢{Σ ōŜŀƳ ŎǳǊǊŜƴǘΣ Χ
Č Power load in arcs from synchrotron radiation: 4 MW Ą cryogenics,vacuum
Č Stored beam energy: ~ 9 GJ Ąmachine protection

Č Pile-up in the detectors: ~1000 events/Xing

timelineČ FCC-hhmagnet development



Muon Collider
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Muon Collider
Motivation:
ÅPrevious studies in the US, experimental program in the UK and alternatives studies by INFN 

ÅNew strong interest in high energy, high luminosity lepton collider
ÅCombination of precision physics and discovery reach

ÅMuon colider promises sustainable approach to the energy frontier
Å Limited power consumption, cost and land use

ÅTechnology and design has advanced in the past years
ÅNo unsurmountable obstacles

E. Gschwendtner, CERN 19

Å Staged approach
Å Collider operational in 2050 

Organization:
ÅInternational Muon Collider Collaboration, IMCC

Å Support from the EU ĄMuCol 

ÅParticle Physics Prioritisation Panel (P5) endorses muon collider R&D: 
έǘƘƛǎ ƛǎ ƻǳǊ Ƴǳƻƴ ǎƘƻǘέΦ 
Å recommend joining the IMCC

ÅConsider FNAL as a host candidate

Å Addendum to CERN-DoE-NSF agreement is in preparation 

Goal:



Muon Collider
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Short, intense proton bunch Ionisationcooling of µ in matter Acceleration to collision energy Collision

Protons produce pionswhich decay 
into muons, muons are captured

Č Design is fully driven by short muon lifetime, 2.2µs: 
ionization cooling, fast acceleration, high RF gradients 
and high field magnets!



Muon Collider Challenges ςTarget 
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Large bore, high field solenoid
Nb3Sn or HTS

ITER Central Solenoid Model Coil
13 T in 1.7 m (LTS)

Target solenoiddesignongoing

Eitherlarge bore20 T HTS or 15 T LTS with 5 T insert

2 MW target, FLUKA studies: 

stress in target, shielding, vessel is OK. 
Cooling OK.
Look closer at window. 

Operation at 2000 ϲC to maximise
stress resistance 

Target

Ą 5 GeV proton beam 
Ą 2 MW = 400 kJ x 5 Hz



Muon Collider Challenges ςCooling 
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In MICE (UK) : principle demonstrated with no RF
Nature vol. 578, p. 53-59 (2020)

MuCooldemonstrated >50 MV/m in 5 T, 
H2-filled copper, Be end caps

RF cavities in magnetic fieldHighest field solenoids:

32 T with low temperature HTS



Muon Collider Challenges ςAccelerators and Collider
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Recirculating linacs, dog-bone shape:  MeV to 63 GeV
Racpidcycling synchrotron, RCS:
Å Large RF voltage required: 5000 SC TESLA RF cavities 
Å Fast ramping magnets: e.g. 4200T/s in RCS 1
Å RCS2,3 and 4 are hybrid RCS: 

Å pulsed normal conducting and fixed field SC magnets.

Accelerators:

Acceleration time: 10 ms in the four accelerators

Collider:

Final focusing quadrupoles:
Significant aperture, very high magnetic field (HTS technology). 

Minimize circumference and maximize luminosity.
Å 10 km ring for 10 TeV: 16 T Nb3Sn or HTS dipoles
Å 20-40 mm tungsten shielding inside magnet to mitigate power loss 

of 500W/m due to muon decays

Neutrino flux:
Fewest possible straight sections, mover system

High performance 10 TeV challenges:
Very small beta-function at IP (1.5 mm)
Large energy spread (0.1%)
Maintain short bunches (1.5 mm)



Linear Collider
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CLIC, e+e- Linear Collider
ωTimeline: Electron-positron linear collider at CERN for the era beyond 

HL-LHC 

ωCompact: Novel and unique two-beam accelerating technique with high-

gradient room temperature RF cavities, ~11km in its initial phase

ωStaged programme with collision energies from 380 GeV (Higgs/top) up 

to 3 TeV(Energy Frontier)

ωComprehensive Detector and Physics studies done

ωCDR in 2012 with focus on 3 TeV. Updated project overview documents 

in 2018 (Project Implementation Plan) with focus 380 GeV for Higgs and 

top. 

ωProject Readiness Report for 2026 ESPPU: 380 GeV + 2 TeV, also 250 GeV 

@ 100 Hz
ωPerformance updates, sustainability aspects, cost update
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1. Drive beamaccelerated to ~2 GeV using conventional klystrons
2. Intensityincreasedusing a series of delay loops and combiner rings
3. Drive beam deceleratedand produces high-RF
4. Feedhigh-RF to the less intense main beam using waveguides

CLIC
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From 380 GeV to 3 TeV: 

The CLIC accelerator studies are mature:
ÅOptimiseddesign for cost and power 
ÅMany testsin CTF3, FELs, light-sources and test-stands
Å¢ŜŎƘƴƛŎŀƭ ŘŜǾŜƭƻǇƳŜƴǘǎ ƻŦ άŀƭƭέ ƪŜȅ ŜƭŜƳŜƴǘǎ
ÅEvent-rate similar to FCC-ee

.

Energyfrom drive beam is extracted in 
the PETS in form of powerful RF waves 
Ą used to accelerate main beam. 



CLIC ςHigh Gradient X-Band Technology
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12 GHz Ą X-band
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RF accelerating gradient

CLIC

ILC

XFEL

Swiss FEL

X-band technology readiness:  manufacturability and developmentsdriven by use 
in small compact accelerators for industrial experience.

Test structure

Compact linacs have many users: research 
accelerators, medical or industrial linacs. 

CERN, University Hospital of 
Lausanne (CHUV), THERYQ
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e- Source

e+ Main Linac

e+ Source

e- Main Linac

Physics Detectors

Damping Ring

Beam delivery system (BDS)

8,000 SRF cavities at 1.3GHz, 2K

ILC 250 GeV Accelerator Facility

Key Challenge: SC RF systems: 
Å Huge global interest: European XFEL (800 cavities!), LCLS-LLΣ {ƘŀƴƎƘŀƛ ·C9[Χ 
Å Nb cavity performance advancements made at many labs
Å Improved fabrication techniques and surface treatments Ą prospects for higher gradient, Q, yield, reduction in cost, cryo power

ILC project status:
Å April 2023: ILC budget at KEK increased, International Expert Panel: reviewed models for realising a large global project such as ILC, informal conversations 

involving funding agencies. 
Å Cost update in progress  for input to ESPPU

Item Parameters

C.M. Energy 250 GeV

Length 20km

Luminosity 1.35 x1034 cm-2s-1

Repetition 5 Hz

Beam Pulse  Period 0.73 ms

Beam Current 5.8 mA (in pulse)

Beam size (y) at FF 7.7 nm 250GeV

SRF Cavity G. 

Q0

31.5 MV/m
(35 MV/m)
Q0 = 1x10 10

ILC has mature design Č next steps involve technical developments and industrial prototyping with final specs. 



Cool Copper Collider (C3)
ÅNovel linac concept: C-band Cu RF cavities at  77K (LN2)

Å High gradient comparable with CLIC but with a conventional RF system

Å Compact footprint: ~8 km (250/550 GeV)

Å Significant progress in last years, demonstrator needed

ÅDesign aim: 
Å 550 GeV c.o.m. energy with 120 MV/m structures

Å Start at 250 GeV with 70 MV/m structures

Å Beam parameters optimised for same integrated luminosity as ILC: 2ab-1 in 
10 years @ 250 GeV. 

ÅBenefits from synergies with ILC and CLIC: 
Å Beam delivery system and interaction region based on ILC

Å Damping rings and injectors based on CLIC 
29

C3 prototype one meter structure

Cahill, A. D., et al. PRAB21.10 (2018): 102002
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Accelerating Gradient
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Plasmaƛǎ ŀƭǊŜŀŘȅ ƛƻƴƛȊŜŘ ƻǊ άōǊƻƪŜƴ-Řƻǿƴέ ŀƴŘ Ŏŀƴ
sustain electric fields up to three orders of magnitude 
higher gradients 
Ą order of 100 GV/m.
Ą ~1000 factor stronger acceleration!

Plasma Acceleration

Accelerating fields are limited to ~120 MV/m
In metallic structures, a too high field level leads to 
break down of surfaces, creating electric discharge.
Fields  cannot be sustained; structures might be 
damaged.

Conventional RF Cavities

Typical gradients:
LHC: 5 MV/m
ILC: 35 MV/m
CLIC: 100 MV/m



Colliders Based on Plasma Wakefield Acceleration
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Plasma Wakefields
Idea: Using plasma to convert the transverse electric field of a drive bunch into a longitudinal electric field in the plasma. 

Plasma: quasi-neutral, electrostatic 
interactions dominate, charge particles are 
dense enough to support collective behaviour.

Drive-bunch or pulse: relativistic 
charged particles bunches or 
laser pulse.

Witness-bunch: 
accelerated in the 
longitudinal electric field.

The maximum accelerating field (wave-breaking field) is:

Example:npe = 7x1017 cm-3
Č EWB= 80 GV/m

Example:npe = 7x1014 cm-3 (AWAKE)  Č EWB= 2.5 GV/m   



Energy Gain ςState-of-the-Art
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I. Blumenfeldet al, 
Nature 455, p 741 
(2007)

Ą gradient of 

52 GV/m 

Electron Driven

42 GeV in 85 cm

FACET, SLAC, USA

A.J.Gonsalveset al., Phys.Rev.Lett. 122, 084801 (2019)

>210pC	

) 
) 

~75pC	of	
>210pC	

Electron	spectra,	up	to	6-	8	GeV	

laser-heated capillary discharge waveguide, 
20cm-scale plasma

8 GeV in 20 cm

Laser Driven

BELLA, Berkeley Lab, USA

Proton Driven

Proof-of-concept 2 GeV in 10 m

Potential for much 
larger energy gain in 
single plasma source

AWAKE, CERN

AWAKE Collaboration, 
Nature561,363ς367 (2018) 
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