
Jin Wang, Yaquan Fang and Xinchou Lou
High Energy Physics Institute, Beijing, China

Future Colliders 



 Introduction
 Status and development of future colliders
 Circular Electron Positron Collider (CEPC)
 International Linear Collider (ILC)

 Future Circular Collider (FCC)

 Summary

Outline



Kruger 2022: Discovery Physics at the LHC

Introduction

3



Higgs is at the center of the Standard Model, unique and special
• the only particle that talks to everybody
• the only particle that doesn’t spin
• the only particle that is condensed in the universe
• the source of all masses of elementary particles
• the lowest order coupling to new physics

SM cannot explain 
• neutrino mass
• dark matter
• dark energy
• baryon asymmetry 
Etc…..



Higgs portal to BSM

• Supersymmetry
– Higgs just one of many scalar bosons
– Superpartners

• Composite
– spins cancel among constituents
– condensate by a strong attractive force
– top partner, vector-like quarks etc.

• Extra dimension
– Higgs spinning in extra dimensions
– new forces from particles running in extra dimension
– KK particles

• Etc…
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Precise understanding of Higgs boson properties gives hints of BSM
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The Large Hadron Collider(LHC) discovered the Higgs 
and made possible of many measurements

Coupling of to the Higgs : mass of final state particles

Highly consistent with the Standard Model of Particle Physics
→ origin of fermion mass indeed from the Higgs

No clear evidence of BSM so far

Higgs measurements at the LHC
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Proton-proton collision
~13 TeV, discovery of the
Higgs boson

Proton-proton collision
~1 TeV, discovery of the 
top quark

Paths to new physics
LEP，LHC (Europe)

LHC tunnel

1.Precision measurements of 
neutral current predicted mW, mZ
2. UA1/UA2 discovered W/Z 
particles 

3. Precision measurements of W 
and Z at LEP + Tevatron predicted 
mt and mH
4. Tevatron discovered top, LHC 
discovered a Higgs particle

We need precision measurement 
of Higgs boson to pave ways to 
BSM

Huge breakthrough with Higgs: 
the center of the Standard Model, 
most unique and special particle

Tevatron (1987–2011)
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Collider energy range
→ H，W，Z，t

Lepton collider vs. hadron collider
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Advantage of lepton collider

• Much less noise and backgrounds
• Simpler kinematics
• No loss of the longitudinal momentum 
• Can make use of all final states and 

capture all information for a given event 

• Increase precision on H by X10 
• Increase precision on W,Z by X10-100 
• Search for new physics ~10 TeV

Combined measurements of Higgs, top, W/Z 
allow us to understand various operations 
that could be added to SM in EFT



Linear Accelerator

Reach High Energy
Can't Store Beam
Low Intensity
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circumference=27km (LHC tunnel)
E=500GeV, I=10mA
⇒ P(power)=13 GW (e+e- collider) 

Circular Accelerator

Need much bigger tunnel

CERN LHC tunnel

Can Store Beams
High Intensity
Limit on Energy

synchrotron light 
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ILC
CEPC

CLIC/FCC

3000 GeV (CLIC)

（+ BSM new physics, …）

250-500GeV 1TeV (ILC)

（Higgs, 𝒕𝒕�̅�𝒕, …）

90-250GeV (CEPC,FCC-ee)

（H, W, Z, t,…）

Proposed Future Colliders

90 GeV - 3000 GeV

Upgradable to proton-proton
collider → 100 TeV!
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Future colliders with top priority
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Future High Energy Colliders

Status and Development
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Circular Electron Positron Collider 
CEPC
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Circular Electron-Positron Collider（CEPC）

● CEPC is an e+e- Higgs factory producing Higgs, W and Z bosons aims at 
discovering new physics beyond the Standard Model

● Proposed in Sept. 2012
● Circumference ~100 km
● Centre-of-mass energy 90-240 GeV
● upgradable to 360 GeV（t quark）

● Continuation of expertise in electron accelerator (BEPC under operation)
● New application: world’s first γ synchrotron light source, (high energy ~ 300 MeV) ，……

LTB : Linac to Booster 

BTC : Booster to Collider Ring 

BTC

IP1

IP
2

e+ e-

e+ e- Linac
(1215m)

LTB
BTC

IP4
IP3

• Frontier scientific facility
• Long lifetime

CEPC + upgrade > 50 years
• International collaboration
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Circular Electron Position Collider 
(CEPC) - TDR Layout 
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CEPC TDR Parameters 
(upgrade version) 
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50 MW and 100 km ring a cost effective solution for a higgs, W, Z and top machine 



100km accelerator design for all operation modes 
– completed 
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CEPC accelerator technical performance 
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Ultrahigh accelerating gradient and quality factor of CEPC 650 MHz 
superconducting radio-frequency cavity



CEPC accelerator key technologies under R&D 
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CEPC TDR: R&D Status of Key Technologies 
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High maturity of key accelerator technologies



Innovations and technology breakthroughs
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CEPC: World first high 
energy-high intensity γ
synchrotron light source → 
new applications.

Potentially a broad 
range of important 
applications



CEPC Detector Concept Designs 
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The 4th Conceptual Detector Design 
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CEPC R&D: Silicon Pixel Sensors 
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CEPC R&D: Vertex Detector Prototype 
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CEPC R&D: Scintillating Calorimeters
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CEPC R&D: High Granularity Crystal ECAL 
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CEPC Physics Program 

Large physics samples: ~106 Higgs, ~1012 Z, ~108 W bosons, ~106 top quarks
– Physics potential similar to FCC-ee, ILC, CLIC 
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CEPC Physics Program 

+ O(100) journal/arXiv papers
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• Precision Higgs, EW, flavor physics & QCD measurements 
• BSM physics (eg. dark matter, EW phase transition, SUSY, LLP, …. ) up to ~10 TeV scale 



CEPC Physics Program 
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CEPC Physics Program 

CEPC has significantly better detection sensitivity for
dark matter and selected Higgs exotic decays than HL-LHC
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Budget for CEPC construction 

• Cost estimated with two independent methods
– agrees at 10% level 
– CEPC design relies on well studied, or mature technology

• reducing uncertainties on cost estimation 

– cost estimation for TDR phase is in progress
Kruger 2022: Discovery Physics at the LHC 33



CEPC Financial Model 

• Total required funding: 36 Billion RMB (5 Billion CHF at 
today’s exchange rate)

• Funding model: Iteration and interaction with relevant 
entities, especially Local governments (leading 
contributors)
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CEPC Sites
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CEPC roadmap

• Engineering Design Report (EDR) Phase: Jan. 2023-Dec. 2025
• EDR document completed for government’s approval of starting construction around 

2026 (the starting of the “15th five year plan” of China) 
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CEPC longer roadmap
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International Linear Collider 
ILC
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ILC in a nutshell
• International Linear Collider ILC

– To be built in Japan
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• Superconducting Cavities, Nb 
1.3GHz, 31.5 (35) MV/m

• Klystrons
• 250GeV CME, upgradeable to 500, 1000 GeV
• L = 1.35 x 1034 cm-2s-1 (at initial 250GeV)
• 20km length, in Tohoku / Japan
• Polarisation 80%(e-), 30%(e+)



ILC Baseline, extension and  upgrades 
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Energy upgrades: 
• 500GeV (31.5 MV/m Q0=1 x 1010)
• 1TeV (45 MV/m Q0=2 x 1010, 300 

MW) more SCRF, tunnel extension
• Kitakami site: 50km long, sufficient for 

1TeV

Luminosity upgrades:
• 2 x bunches, 2 x RF (1.35 -> 2.7x1034)
• Run 500GeV machine at 250GeV, 

10Hz:
factor 2 (2.7x1034 -> 5.4x1034)

• Improve power efficiency



ILC Accelerator Design and Challenges 
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ILC Technology Readiness Level
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Benno List: ILC and CLIC as Future Higgs Factories | CEPC 
Workshop 42

Status

SRF cavity, CM

SRF Linac

e- source

e+ source
Undulator scheme

e+ source
e-driven scheme

DR

Final focus

Dump

：～2017
：2018～2021
：Pre-lab

～2017
Technology development ->Model work-> Prototype

2018～2021
High performance and 

cost reduction of cavities

～2017
Tech. Design->Tech. Development->Tech. Demonstration

～2017
Tech. Design->Tech. Developmen

～2017
Tech. Design->Tech. Development

2018～2021
Facility design

～2017
Tech. Design->Tech. Development

2018～2021
Tech. Demonstration

International mass 
production, and transfer 

demonstration

Tech. confirmation

Target and magnetic 
focusing

Target and capture cavity

Kicker

Stable op.

Remote handling

2018～2021
Tech. Demonstration

～2017                             
Design->Tech. Development-> Tech. demonstration achieved at KEK 

ATF
～2017

Design->Tech. Development->Tech. demonstration achieved at KEK 
ATF

European XFEL user operation

Since the publication of the conceptual design report (RDR) in 2007 and the Technical Design Report (TDR) in 
2013, the technical development has been progressing steadily toward the start of construction.

*EDR:Detailed Engineering Design 
Report required to start construction.

(RDR) (TDR) (EDR)*

Model work: small-scale models, partial/component 
models.

2021

IL
C

 c
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ILC is a mature design. 
R&D is going on to mitigate the identified risks



ILC Key technology update

• Broad progress over the last 5 years
– Maturity of key technologies is high

• Positron source remains biggest challenge
• Priority work packages have been identified for the next 4 years
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ILC Site Selection and Civil Engineering
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Kitakami mountains

Damping Ring

Detector Hall granite zone



ILC Timeline 
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IDT ILC Pre-Lab ILC Lab.
PP P1 P2 P3 P4 1 2 3 4 5 6 7 8 9 10 Phys. 

Exp.
Preparation 
CE/Utility, Survey, Design
Acc. Industrialization prep. 

Construction
Civil Eng. 
Building, Utilities
Acc. Systems
Installation
Commissioning

Physics Exp. 

 International Development Team (IDT) prepares Pre-Lab
 4 year Pre-Lab (hosted by KEK, Japan) phase for R&D, Engineering Design Report, Construction 

preparation, on the premise that Japanese Govt. will express an interest to host ILC
 Interested countries should continue to work on technical issues
 Decouple technical progress from ‘hosting issue’

 ILC Laboratory (international): 10 year construction phase

2020: ICFA set up International Development Team (IDT) ‘towards … timely realisation of ILC’



ILC project status
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• ‘IDT will … further strengthen collaboration among institutes and labs … and expand the 
broad support from various stakeholders’.

• ‘ICFA continues to encourage inter-governmental discussions between Japan and 
potential partner nations … toward realisation of an ILC’.

• IDT has identified ‘time-critical’ work packages (~ years 1-2 of Pre-lab) and is exploring 
collaboration among KEK and international partners should significant additional funds 
appear at KEK in JFY2023. 

• IDT initiating ‘International Expert Panel’ to develop a model for realising a large global 
project, such as ILC. Panel members will liaise with respective funding agencies. 

https://icfa.hep.net/wp-content/uploads/ICFA_Statement_April2022_Final.pdf

April 2022: ICFA re-stated support for ILC + extended IDT mandate:

https://icfa.hep.net/wp-content/uploads/ICFA_Statement_April2022_Final.pdf
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EPPSU

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037

EPPSU

ILC hosted in Japan is a mature design and is set up as
international project

• The main accelerator technologies have been demonstrated ( mass production
still a challenge)

• The cost and implementation time are similar to LHC (~7B$)* as well as the
power (110 MW)

• The physics case is broad and profound, and being further developed
• The detector concept and detector technologies R&D are well advanced
• ready for start up ~2038

Medium Term Plan

Benno List: ILC and CLIC as Future Higgs Factories | CEPC 
Workshop

Snowmas
s

* Baseline, 2021 value, including  10000FTE-yr
from ITF Snowmass report 

ILC Summary 
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Future Circular Collider
FCC
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Future Circular Collider in Europe（FCC）
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FCC-ee

2020 - 2040 2045 - 2060 2065 - 2090

FCC-hh

Comprehensive long-term program maximizing physics opportunities
• Stage 1: FCC-ee (Z, W, H, t ̅t) as Higgs factory, electroweak & top factory at highest 

luminosities
• Stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, with ion and eh 

options
• Complementary physics
• Common civil engineering and technical infrastructures, building on and reusing CERN’s 

existing infrastructure
• FCC integrated project allows seamless continuation of HEP after completion of the HL-LHC 

program



FCC-ee in a nutshell
• High luminosity precision study of Z, W, H, and 𝒕𝒕�̅�𝒕

– 2×1036 cm-2s-1/IP at Z (or total ~1037 cm-2s-1 with 4 IPs)
– 7×1034 cm-2s-1 at ZH, 1.3×1034 cm-2s-1 at 𝑡𝑡 ̅𝑡𝑡 ,
– unprecedented energy resolution at Z (<100 keV) and W (<300 keV) 

• Low-risk technical solution
– based on 60 years of e+e- circular colliders and particle detectors
– R&D on components for improved performance, but no need for “demonstration” 

facilities
– LEP2, VEPP-4M, PEP-II, KEKB, DAΦNE, or SuperKEKB already used many of the key 

ingredients in routine operation
• Infrastructure will support a century of physics

o FCC-ee FCC-hh FCC-eh and/or several other options (FCC-µµ, 
Gamma Factory ..)

• Utility requirements similar to CERN existing use
• Strong support from CERN, partners, and 2020 ESPPU
• Detailed multi-domain feasibility study underway for 2026 

ESPPU
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Stage 1: updated parameters
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K. Oide, D. Shatilov,



FCC-ee Pre-Injector - Swiss CHART 2 program
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Collaboration between PSI and CERN with external partners: CNRS-IJCLab (Orsay), INFN-LNF 
(Frascati), KEK/SuperKEKB as observer,  INFN-Ferrara – radiation from crystal

P3: PSI e+ production experiment 
with HTS solenoid at SwissFEL

planned for 2024/25

Latest FCC-ee pre-injector layout

P. Craievich, A. Grudiev,  C. Milardi, A. De Santis, et al.



Accelerator R&D examples
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efficient RF power sources
(400 & 800 MHz)

efficient SC cavities 

energy efficient twin aperture arc dipoles

I. Syratchev

A. Milanese

under study: CCT HTS quad’s & sext’s for arcs

800 MHz 5-cell Nb
prototype / JLAB, 2 K

F. Marhauser
400 MHz 
1-,2- & 
4-cell 
Nb/Cu , 
4.5 K

FPC & HOM coupler, cryomodule, 
thin-film coatings…

M. Koratzinos



Stage 2: FCC-hh (pp) collider parameters
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parameter FCC-hh HL-LHC LHC
collision energy cms [TeV] 100 14 14
dipole field [T] ~17 (~16 comb.function) 8.33 8.33
circumference [km] 91.2 26.7 26.7
beam current [A] 0.5 1.1 0.58
bunch intensity  [1011] 1 1 2.2 1.15
bunch spacing  [ns] 25 25 25 25
synchr. rad. power / ring [kW] 2700 7.3 3.6
SR power / length [W/m/ap.] 32.1 0.33 0.17
long. emit. damping time [h] 0.45 12.9 12.9
beta* [m] 1.1 0.3 0.15 (min.) 0.55
normalized emittance [µm] 2.2 2.5 3.75
peak luminosity [1034 cm-2s-1] 5 30 5 (lev.) 1
events/bunch crossing 170 1000 132 27
stored energy/beam [GJ] 7.8 0.7 0.36



Preparing for FCC stage 2 (FCC-hh)
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CERN budget for high-field magnets doubled in 
2020 Medium-Term Plan (~ 200 MCHF over ten 
years)

Main R&D activities:
 materials: goal is ~16 T for Nb3Sn, at least ~20 

T for HTS inserts
 magnet technology: engineering, mechanical 

robustness, insulating materials, field quality
 production of models and prototypes: to 

demonstrate material, design and engineering 
choices, 
industrialisation and costs

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

Detailed deliverables and timescale being defined 
through Accelerator R&D roadmap under development

L. Bottura, F. Gianotti, A. Siemko 

In parallel to FCC studies, 
High Field Magnet development program as long-term separate R&D project



New layouts & preliminary assignments of straight sections
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FCC-ee FCC-hh
injection-tunnel near PA;  400 MHz RF in PL;  4 exp. caverns for both

4-fold periodicity, synergies ee & hh



Optimized placement and layout 

Kruger 2022: Discovery Physics at the LHC 5757

8-site baseline “PA31”

• 8 sites – less use of land, <40 ha instead 62 ha
• Possibility for 4 experiment sites in FCC-ee
• All sites close to road infrastructures (< 5 km of new 

road constructions for all sites)
• Vicinity of several sites to 400 kV grid lines
• Good road connection of PD, PF, PG, PH suggest

operation pole around Annecy/LAPP
• Exchanges with ~40 local communes in preparation

Number of surface sites 8

LSS@IP (PA, PD, PG, PJ) 1400 m

LSS@TECH (PB, PF, PH, PL) 2143 m

Arc length 9.6 km

Sum of arc lengths 76.9 m

Total length 91.1 km

PA: Experiment

PB: technical

PD: experiment

PF: technical

PG: experiment

PH: technical

PJ: experiment

PL: technical

J. Gutleber



FCC tunnel - geological conditions
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Shaft depth:
A: 202 m D: 177 m G: 228 m J: 251 mB: 200 m F: 399 m H: 139 m L: 253 m

FCC passes below 
Lake Geneva moraines FCC passes above 

limestone

FCC inclined at 0.5% 
gradient to minimise 
depth of point F

Limestone unavoidable 
between G-H

Tunneling mainly in moraine layer (soft rock), well suited for fast, low-risk TBM construction.

Site investigations campaign planned for 2024 – 2025: ~40-50 drillings, 100 km of seismic lines
John Osborne



Status of Global FCC Collaboration
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30
Companies

34
Countries

147
Institutes EC

H2020

Increasing international collaboration as a prerequisite for success:

links with science, research & development and high-tech industry will 
be essential to further advance and prepare the implementation of FCC

FCC Feasibility Study: 58 fully-signed previous members, 17 new 
members, MoU renewal of remaining CDR participants in progress



Timeline of FCC programme
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 2013 ESPPU requested FCC Conceptual Design four-volume report → 4 volumes delivered in 
2018/19
 describing the physics cases, the design of the lepton and hadron colliders, and the 

underpinning technologies and infrastructures
 2021 Launch of FCC Feasibility Study (FCC FS) by CERN Council: 2021-2025

 including tunnel construction, financing, and environment etc. key aspects
 If project approved before end of decade  construction can start beginning 2030s
 FCC-ee operation ~2045-2060
 FCC-hh operation 2070-2090++



FCC outlook
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Comprehensive R&D program and implementation preparation
EU co-financed FCC Innovation Study, the Swiss CHART program, and the CERN High-Field 
Magnet Programme. 
Goal: demonstrate FCC feasibility by 2025/26

The first stage of FCC could be approved within a few years after the 2027 European 
Strategy Update
Tunnel construction could then start in the early 2030s
FCC-ee physics program begin in the second half of the 2040s.

Long term goal: world-leading HEP infrastructure for 21st century to push  particle-
physics precision and energy frontiers far beyond present limits

Plenty of opportunities for collaborations (incl. DAFNE, EIC, SuperKEKB/Belle II,…) and for 
joint innovative developments with int’l partners !



Summary
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Indicative scenarios of future 
colliders [considered by ESG]

2020 207020402030 2050 2060

Ja
pa

n
CE

RN

ILC: 250 GeV 
2 ab-1

CepC: 90/160/240 GeV
100/6/20 ab-1

500 GeV
4 ab-1

FCC-ee:  90/160/250 GeV -
150/10/5 ab-1

Ch
in

a

SppC: 75-125 TeV, 10-20 ab-1

Proton collider
Electron  collider
Muon  collider

2080

Construction/Transformation

2090

350-365 
GeV 1.7 ab-

1

20km tunnel 

100km tunnel 

91km tunnel, installation 

50 km tunnel 

FCC hh: 100 TeV ≈ 30 ab-1 

1 TeV
≈ 4-5.4 ab-1

31km tunnel 40 km tunnel 

5 years

Preparation / R&D

29 km tunnel 

2038 start physics

2036 start physics

2048 start physics

LHC              HL-LHC (14TeV, 3 ab-1) 
(13.6TeV, 450 fb-1 )

installation 

Original from ESG by UB
Updated  July 25, 2022 by M.Narain (Snowmass 
summary), 
Modified CEPC Dec. 7th by J. Wang 
(Kruger2022)
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Summary

Future colliders are discovery machines
 Precision measurements of Higgs, W/Z and top pave paths to 

BSM

Development of future collider projects well 
underway
 Key accelerator technologies R&D continues and many are put 

to prototyping
 Several R&D detector projects reaching a successful conclusion
 Detailed studies on the site selection, construction and costs

Roadmaps indicate first operation of future 
collider as early as 2036.
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Back up
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Snowmass Oct 2020 / CLIC / Steinar Stapnes

CLIC - Compact Linear e+e– ColliderCompact Linear Collider in Europe（CLIC）

Accelerator Structure
12 GHz  (L~25 cm) detector
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Snowmass Oct 2020 / CLIC / Steinar Stapnes

CLIC - Compact Linear e+e– Collider

The Compact Linear Collider (CLIC)
• Timeline: at CERN (~2035 Technical Schedule)
• Compact: Novel and unique two-beam accelerating 

technique with high-gradient room temperature RF 
cavities (~20’500 cavities at 380 GeV), ~11km in its 
initial phase

• Expandable: Staged program with collision 
energies from 380 GeV (Higgs/top) up to 3 TeV
(Energy Frontier)

• CDR in 2012. Updated project overview documents 
in 2018 (Project Implementation Plan). 

• Cost: 5.9 BCHF for 380 GeV (stable wrt 2012)
• Power: 168 MW at 380 GeV (reduced wrt 2012), 

some further reductions possible 

• Comprehensive Detector and Physics studies 

Compact Linear Collider in Europe（CLIC）
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CLIC CE, stages and schedules

Technology Driven Schedule from start of construction shown above. 

A preparation phase of ~5 years is needed before (estimated resource need for 
this phase is  ~4% of overall project costs)

Benno List: ILC and CLIC as Future Higgs Factories | CEPC Workshop



Broad Applications:
• Neutrino Factories
• Colliders from ~100 GeV to 

10s of TeV scale
• Secondary Beams

Potential Sources:
• Proton-driver with ionization 

cooling
• Positron-driver with low emittance

Muon Accelerator Design Status
• Full conceptual designs for NFs
• Key feasibility tests from MAP/MICE 

completed successfully!
• Now ready for a more detailed 

collider conceptual design study

Muon collider based on proton driver

Kruger 2022: Discovery Physics at the LHC

Muon Collider （CERN）
New technology, to be fully developed

Low radiation loss, high energy 10s TeV

High level of complexity
Need CDR and technology   
development
Long way to go 69



CLIC Physics Program
 3 steps:  380 GeV (updated from 350 GeV for ttbar coupling measurement), 1.5 TeV,  3.0 TeV.
 Physics

 380 GeV run :  Higgs measurement, top mass scan, top coupling measurement. 
The precisions of Higgs parameters are 1-5% and can reach 1% or better combining 1.5/3 TeV runs
Top mass measurement can reach tens of MeV

 1.5,3 TeV runs :  Higgs self coupling, top-Yukawa coupling, search for BSM new physics. 
Di-Higgs (Heavy Higgs), ttH
SUSY, Z’, etc.

 Larger mass of the muon allows a smaller foot print and higher energies compared to e+e- counterparts, although  
suffering from major challenges of finite lifetime and cooling.

 Physics:
 Higgs factory at ~125 GeV :  line-shape  scan of the Higgs boson, simultaneous measurement of the Higgs boson 

mass, width and muon Yakawa at unprecedented precision. 
 High Energy runs up to 100 TeV to probe :

Top Yukawa coupling, Multi-Higgs, possible new physics contributed to Muon g-2
Muon has a structure
Vector boson machine
WIMP dark matter

70

Muon Collider Physics Program
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