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Outline

• Motivation for future colliders 

• Strategic planning processes (US & Europe) 

• Options:  
‣ e+e- Higgs factories 
‣ Multi-TeV colliders 

• Synergies (R&D programs, detectors)  

• Future & next steps 
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Figure 2.3: Illustration of new sparticles predicted in supersymmetry [22].
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Figure 2.3: Illustration of new sparticles predicted in supersymmetry [22].
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Goal: understand the  
fundamental universe!
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Successes of the LHC 
• Higgs boson observation in 2012 by 

ATLAS & CMS “completes” the Standard 
Model 

‣ Measurement of Higgs couplings to 
bosons (gluons, photons, W/Z) and 
heaviest fermions (taus, tops, bottoms)  

‣ New in 2023: 0.09% precision on mass 
measurement, observation of H→ZƔ 
(0.15% BR) 

• Observed > 50 new hadrons  
• Progress in flavor physics from LHCb: first 
observation of CP violation in charm 
processes, best measurement of CKM 
angle ɣ  

• New technologies: accelerator, detector, 
computational, medical, etc. 
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Work Still To Do
➡ Colliders are unique tools! 

1. Directly probe the energy frontier: 
high-resolution detection of high 
center-of-mass energy collisions  

2. Only way to directly study the 
Higgs: key role as a compass for 
BSM physics  

3. Singular detection opportunity to 
constrain key BSM models, eg. 
long-lived particles, dark QCD, etc.

➡ To keep understanding the fundamental universe, the field of 
high energy collider physics can’t end with the LHC! 

DOE Office of Science HEP Frontiers
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LHC Timeline

ATLAS journey
• Plan for the LHC / HL-LHC  

Proton-proton (PbPb) collisions at the highest energies ever achieved, now at 13.6 (5.36) TeV

Effectively a  (with ) collider + heavy-ion collider (Pb, Xe, O)qq̄, qg, gg, γγ, VV V = W, Z

3https://hilumilhc.web.cern.ch/content/hl-lhc-project
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LHC Timeline

ATLAS journey
• Plan for the LHC / HL-LHC  

Proton-proton (PbPb) collisions at the highest energies ever achieved, now at 13.6 (5.36) TeV

Effectively a  (with ) collider + heavy-ion collider (Pb, Xe, O)qq̄, qg, gg, γγ, VV V = W, Z

3https://hilumilhc.web.cern.ch/content/hl-lhc-project

2023: today
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LHC Timeline

ATLAS journey
• Plan for the LHC / HL-LHC  

Proton-proton (PbPb) collisions at the highest energies ever achieved, now at 13.6 (5.36) TeV

Effectively a  (with ) collider + heavy-ion collider (Pb, Xe, O)qq̄, qg, gg, γγ, VV V = W, Z

3https://hilumilhc.web.cern.ch/content/hl-lhc-project

2029: Start of HL-LHC 
(our first future collider!)
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LHC Timeline

ATLAS journey
• Plan for the LHC / HL-LHC  

Proton-proton (PbPb) collisions at the highest energies ever achieved, now at 13.6 (5.36) TeV

Effectively a  (with ) collider + heavy-ion collider (Pb, Xe, O)qq̄, qg, gg, γγ, VV V = W, Z

3https://hilumilhc.web.cern.ch/content/hl-lhc-project

2040: end of LHC data/physics
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A Brief History… 

LHC Committee (LHCC) formed; ATLAS & CMS 
submit letters of intent to construct detectors  

ATLAS & CMS technical proposals are 
approved 

ATLAS & CMS construction begins  

LHC begins operation

1992

1996

1997

2008

➡It takes > 15 years to go from detector concept to data-taking 
➡To be ready for a collider running shortly after 2040, we need to start 

preparing now! 



J. Gonski4 October 2023 15

Snowmass
• Snowmass [2021-22]: U.S. HEP community effort to express opinions on physics drivers & future 

experimental facilities 
- Organized into 12 frontiers, which organize white papers and write reports for Snowmass Book 
- Community Summer Study at the University of Washington, Seattle [July 17-27, 2022] 

• Preceded by European Committee for Future Accelerators (ECFA) “European Strategy” update in 
2020

https://www.slac.stanford.edu/econf/C210711/
http://seattlesnowmass2021.net/
https://europeanstrategyupdate.web.cern.ch/
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P5
• Particle Physics Project Prioritization Panel (P5):

‣ Subpanel of HEPAP (DOE) 
‣ Reviews Snowmass material & lays out priorities for the field 

for the next 10 years within a 20-year context  
• Previous P5 report [2013] identified 5 science drivers for 

the field (right) 
‣ Huge success with funding agencies (below)

Enabling the Next Discovery

▪ 2014 P5 [U.S. Particle Physics Project Prioritization Panel] identified 5 Science Drivers to address the 
scientific motivation of particle physics

▪ Research Frontier are useful categorization of experimental techniques ⇒ a basis of the budget process

▪ Energy Frontier
• 3 out the 5 drivers: pursue science of the Higgs, 

Dark Matter, and Exploring the Unknown

▪ Research Frontiers are complementary
• No one Frontier addresses all science drivers
• Each Frontier provides a different approach to 

address a science driver
• Enables cross-checking of scientific results

▪ The U.S. has now convened a P5 panel to develop an
updated plan by later this year that can be executed over
the next 10-year timeframe in the context of a 20-year,
globally aware strategy for the field

FY 2023 DOE Virtual PI Meeting 12

Research Frontiers

Pa
rt

icl
e 

Ph
ys

ics
 S

cie
nc

e 
Dr

iv
er

s

Energy.gov/science

B-factory Neutrinos at the Main Injector PIP-II
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PIP-II LBNF/DUNE Mu2e PIP-III LBNF Hi-Flux Mu2e Upgrade Future Collider

Rare k-decay Experiment KTeV Experiment Next Linear Collider Test Facility g-2 Antimatter in Space Super-K BaBar

CDF Upgrade D-Zero Upgrade LHC Machine ATLAS Detector CMS Detector MINOS AMS Upgrade
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NOvA MINERvA T2K Daya Bay DES SuperCDMS at Soudan BELLA
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SuperCDMS DESI FACET-II CMB-S4 FACET-II Upgrade

Historical Chart of HEP Projects
FY 1996 – FY 2020

61 Projects

HEP funded $2.0B in projects from FY 1996-
2015 (14% of total budget)

HEP funded $1.4B in projects from FY 2016-
2020 (30% of total budget)

2014 P5

5

2013 P5

• 2023: conducted a 
series of Town Hall 
meetings to collect more 
community input [LBNL, 
Fermilab/Argonne, 
Brookhaven, SLAC] 

➡Report expected in 
October 2023: rollout and 
community endorsement 
plans under discussion

https://www.usparticlephysics.org/p5/
https://science.osti.gov/hep/hepap
https://www.usparticlephysics.org/wp-content/uploads/2018/03/FINAL_P5_Report_053014.pdf
https://indico.physics.lbl.gov/event/2382/timetable/#20230222.detailed
https://indico.fnal.gov/event/58272/
https://www.bnl.gov/p5meeting/
https://indico.slac.stanford.edu/event/7992/overview
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Snowmass Energy Frontier Vision

What’s Next for the Energy Frontier?

3P5 Town Hall
The Energy Frontier 2021 Snowmass Report

Physics goals beyond HL-LHC:

1. Establish Yukawa couplings to light flavor ⟹ precision & lumi
2. Search for invisible/exotic decays and new Higgs ⟹ precision & lumi
3. Establish self-coupling ⟹ > 500 GeV e+e- operations

2211.11084

1. “Fast start for construction of an e+e- Higgs factory” 
2. “Significant R&D program for multi-TeV colliders”  
3. “Renewed interest and ambition to bring back energy-frontier 

collider physics to the US soil”

https://arxiv.org/abs/2211.11084
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Snowmass Energy Frontier Vision

What’s Next for the Energy Frontier?

3P5 Town Hall
The Energy Frontier 2021 Snowmass Report

Physics goals beyond HL-LHC:

1. Establish Yukawa couplings to light flavor ⟹ precision & lumi
2. Search for invisible/exotic decays and new Higgs ⟹ precision & lumi
3. Establish self-coupling ⟹ > 500 GeV e+e- operations

2211.11084

1. “Fast start for construction of an e+e- Higgs factory” 
2. “Significant R&D program for multi-TeV colliders”  
3. “Renewed interest and ambition to bring back energy-frontier 

collider physics to the US soil”

Example proposals:
1. Estimated cost  

2. Year for start of physics 
3. Primary unknowns 

❗Caveat: a very high-level overview

See Collider Implementation Task 
Force report for more details  

https://arxiv.org/abs/2211.11084
https://indico.bnl.gov/event/18372/contributions/75207/attachments/47003/79705/2023%2004%2013%20ITF%20report%20presentation%20P5%20committee.pdf
https://indico.bnl.gov/event/18372/contributions/75207/attachments/47003/79705/2023%2004%2013%20ITF%20report%20presentation%20P5%20committee.pdf
https://indico.bnl.gov/event/18372/contributions/75207/attachments/47003/79705/2023%2004%2013%20ITF%20report%20presentation%20P5%20committee.pdf


J. Gonski4 October 2023 19

 e+e- Higgs Factories

[ref]

5

FIG. 4: A summary of current and future Higgs precision measurements based on the order of magnitude of fractional uncer-
tainties with the range defined through the geometric mean. The specific precision associated to each coupling can be found in
Section IV and references therein. The colliders listed are from the EF benchmarks [] and represent the combined staging of all
possibilities provided thus far. Colliders are grouped into standard Higgs Factories and High energy machines, which all have
di↵erent timelines and readiness states that are discussed by the Accelerator Frontier Implementation Task Force. The asterisk
(⇤) represents the fact that the ys measurement discussed in Section V B 1, is very close to O(1) and a novel possibility we
point out here. Neutrinos are listed in this table because regardless of the source of their mass, they have to couple to EWSB,
but without a SM prediction the actual uncertainty attained is not clear and will be discussed further in Section IV.

simple closed form predictions of arbitrary strongly coupled theories, and typically one relies upon guidance from
large N expansions. In particular we don’t have a calculable UV complete composite Higgs model that predicts a
SM-like Higgs boson while satisfying all experimental constraints at this point. Therefore, the phenomenology is often
investigated in the context of some minimal symmetry based arguments of a low energy EFT where the Higgs arises as
a pseudo Nambu-Goldstone boson (pNGB). These models were more prevalent before the Higgs discovery, especially
after the Little Higgs mechanism was introduced [9, 10]. However, currently they are more modest in scope and
often fall under the Minimal Composite Higgs model [11] or Strongly Interacting Light Higgs (SILH) frameworks [12].
While many features are model dependent, there are some more model universal features that can be connected to
Higgs physics [13]. For example in the Minimal Composite Higgs model, if the Higgs couplings to gauge bosons were
measured at the per-mille level without deviation, it would imply that the symmetry breaking scale f would be probed
to 5.5 TeV. This is a larger scale than the weakly coupled assumptions shown in Figure 3 for SM charged states that
would be composites of the strong dynamics. However, this is not surprising as the states would strongly couple to the
Higgs boson. It is also important to note that f is not necessarily the scale of the new composite states, they could in
principle be higher or lower. Generic scaling arguments for composite mesons suggest m⇢ ⇠ 4⇡f/

p
N . Nevertheless

in concrete models there often are top partners with m ⇠ f , or in Little Higgs constructions the gauge partners can
be even lower m ⇠ gf . Thus, it is hard to draw concrete conclusions on the scales probed in strongly coupled theories
via precision Higgs physics. Yet the lesson still persists that with precise Higgs measurements we are still generically
exploring the TeV scale. It is crucial to combine the myriad of related measurements to understand fully the Higgs
sector.

Given the basic link between the scale of new physics and the precision measurements of Higgs boson properties,
it is useful to survey the proposed experiments to understand which options reach the percent or per-mille accuracy.
This is clearly one of the main foci of this report, as well as the previous European Strategy Group report [2]. In
Section IV the relevant inputs and specific projected sensitivities at various machines are shown. However, to give a
more global perspective we illustrate schematically the outcome for precision Higgs physics in Figure 4.

This summary di↵ers from most in the literature in two key ways. First, the more coarse grained approach to
precision of the Higgs boson measurements, where we have delineated the abilities based on the order of magnitude of
the uncertainty achieved. While the usual fine grained approach is found in Section IV, based on the arguments about
the scale of new physics probed, the di↵erence between a 1% and 2% measurement is not particularly crucial compared
to the order of magnitude. This is especially true because the projected inputs to Snowmass and ESG [2] were derived
with di↵erent levels of rigor and assumptions. As the LHC has demonstrated on numerous occasions, even in a di�cult

❖Precision study of the Higgs boson and its 
properties: connected to many fundamental 
questions in HEP 

❖Leptons are point-like particles: well-defined 
initial state, clean experimental environment   

❖Planned runs at varying energies to 
enhance Z (~90 GeV), H (~240 GeV), top 
(~365 GeV) production

https://snowmass21.org/_media/energy/snowmass2021_higgs_report.pdf
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 e+e- Higgs Factories

• Pros: easily change collision energy, shorter 
tunnels, longitudinal polarization 

• Cons: lower luminosity (dump >99.9999% of the 
beam power)  

• Examples: Compact LInear Collider (CLIC), Cool 
Copper Collider (C3), International Linear Collider 
(ILC)

Linear Circular
• Pros: higher luminosity < 250 GeV; 

multiple interaction points  
• Cons: lumi drops with energy; radiate 

away the beam power  
• Examples: Chinese Electron Positron 

Collider (CEPC), Future Circular Collider 
(FCC-ee), muon collider (μC)

[ref]
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questions in HEP 

❖Leptons are point-like particles: well-defined 
initial state, clean experimental environment   

❖Planned runs at varying energies to 
enhance Z (~90 GeV), H (~240 GeV), top 
(~365 GeV) production
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investigated in the context of some minimal symmetry based arguments of a low energy EFT where the Higgs arises as
a pseudo Nambu-Goldstone boson (pNGB). These models were more prevalent before the Higgs discovery, especially
after the Little Higgs mechanism was introduced [9, 10]. However, currently they are more modest in scope and
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While many features are model dependent, there are some more model universal features that can be connected to
Higgs physics [13]. For example in the Minimal Composite Higgs model, if the Higgs couplings to gauge bosons were
measured at the per-mille level without deviation, it would imply that the symmetry breaking scale f would be probed
to 5.5 TeV. This is a larger scale than the weakly coupled assumptions shown in Figure 3 for SM charged states that
would be composites of the strong dynamics. However, this is not surprising as the states would strongly couple to the
Higgs boson. It is also important to note that f is not necessarily the scale of the new composite states, they could in
principle be higher or lower. Generic scaling arguments for composite mesons suggest m⇢ ⇠ 4⇡f/

p
N . Nevertheless

in concrete models there often are top partners with m ⇠ f , or in Little Higgs constructions the gauge partners can
be even lower m ⇠ gf . Thus, it is hard to draw concrete conclusions on the scales probed in strongly coupled theories
via precision Higgs physics. Yet the lesson still persists that with precise Higgs measurements we are still generically
exploring the TeV scale. It is crucial to combine the myriad of related measurements to understand fully the Higgs
sector.

Given the basic link between the scale of new physics and the precision measurements of Higgs boson properties,
it is useful to survey the proposed experiments to understand which options reach the percent or per-mille accuracy.
This is clearly one of the main foci of this report, as well as the previous European Strategy Group report [2]. In
Section IV the relevant inputs and specific projected sensitivities at various machines are shown. However, to give a
more global perspective we illustrate schematically the outcome for precision Higgs physics in Figure 4.

This summary di↵ers from most in the literature in two key ways. First, the more coarse grained approach to
precision of the Higgs boson measurements, where we have delineated the abilities based on the order of magnitude of
the uncertainty achieved. While the usual fine grained approach is found in Section IV, based on the arguments about
the scale of new physics probed, the di↵erence between a 1% and 2% measurement is not particularly crucial compared
to the order of magnitude. This is especially true because the projected inputs to Snowmass and ESG [2] were derived
with di↵erent levels of rigor and assumptions. As the LHC has demonstrated on numerous occasions, even in a di�cult

https://snowmass21.org/_media/energy/snowmass2021_higgs_report.pdf
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Future Circular Collider (ee)
• From ESP2020 Update: “An electron-positron Higgs factory is the 

highest-priority next collider. For the longer term, the European 
particle physics community has the ambition to operate a proton-
proton collider at the highest achievable energy.” 

‣ CERN hosted: take advantage of existing injection system/
infrastructure  

• Estimated start of physics: 2045  

• Cost: 12 BCHF for tunnel and FCC-ee (tunnel excavation is large 
percentage of total cost) (CDR [2018]) 

• Primary unknown Established technology; demonstrator available 
via SuperKEKB, can increase efficiency/reduce cost 

‣ ❗ FCC-ee @ 250 GeV ≃ 300 MW (∼2% of annual electricity 
consumption in Belgium)

[F. Gianotti]

18

FCC physics potential

A multi-stage facility with immense physics potential 
(energy and intensity), operating until the end of the century. 
q FCC-ee : highest luminosities at Z, W, ZH of all proposed Higgs 

and EW factories; indirect discovery potential up to ~ 70 TeV
q FCC-hh: direct exploration of next energy frontier (~ x10 LHC) and 

unparalleled measurements of low-rate and “heavy” Higgs couplings (ttH, HH) 
q Also heavy-ion collisions and, possibly, ep/e-ion collisions
q Synergistic programme exploiting common civil engineering and technical 

infrastructure, building on and reusing CERN’s existing infrastructure

1%

HL-LHC: SM width and !c=1δki (%)

20-30

2-4 experiments22  
2.3  
0.9  

0.16  

Int L/IP/y (ab-1)

182 x 1034

19.4
7.3
1.33

LEP 
statistics 
in ~few 
minutes! 

https://fcc-cdr.web.cern.ch
https://indico.bnl.gov/event/18372/contributions/75206/attachments/47011/79716/CERN-plans.pdf
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C3 (Cool Copper Collider)

[E. Nanni, C. Vernieri]

• Make use of “normal-conducting” RF cavities for a more compact design than superconducting options 
‣ Normal conductive liquid N2 temperature X-band Cu RF cavities, 70 MeV/m (inherits from CLIC R&D)  
‣ 8 km footprint for 250/550 GeV CoM; 7 km footprint possible (fits on Fermilab site) 

• Estimated start of physics: 2040 (technically limited)  
• Cost: $7-12 B 
• Primary unknown: demonstrate fully engineered cryomodule & cryogenic flow 

‣ ~5 year/50 m scale/$120 M demonstrator facility (compatible with FCC-ee injector selection timeline)

           Accelerator Complex

10Snowmass

8 km footprint for 250/550 GeV CoM ⟹ 70/120 MeV/m

● 7 km footprint at 155 MeV/m for 550 GeV CoM – present Fermilab site

Large portions of accelerator complex compatible between LC technologies 

● Beam delivery / IP modified from ILC (1.5 km for 550 GeV CoM), 

compatible w/ ILC-like detector

● Damping rings and injectors to be optimized with CLIC as baseline

C3 Parameters C3 - 8 km Footprint for 250/550 GeV

C3 Main Linac Cryomodule
9 m (600 MeV/ 1 GeV)

C3, a novel route to a linear e+e- collider

6link

https://indico.slac.stanford.edu/event/7992/contributions/5870/attachments/2658/7637/C3%20P5%20Final.pdf
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Multi-TeV Options
❖ Highest direct discovery 

potential to never-before-
recorded energies (up to 
~40 TeV)
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Multi-TeV Options

• Pros: well-established technology 
• Cons: large construction/power 

footprint, high pileup/
backgrounds

• Pros: similar CoM energy reach 
for much smaller footprint/budget 

• Cons: unknowns/technical 
hurdles

Hadron Muon

❖ Highest direct discovery 
potential to never-before-
recorded energies (up to 
~40 TeV)
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Future Circular Collider (hh)

[2306.12897]

• Estimated start of physics: 2070  
• Cost: 17 BCHF additional for FCC-hh 

(CDR [2018]) 
• Primary unknowns: 

‣ Very high-field superconducting 
magnets: 14 - 20 T 

‣ Stored beam energy: 8 GJ machine 
protection 

‣ High energy consumption: 4 TWh/year 

➡FCC Feasibility Study 
‣ Geological, technical, environmental 

and administrative feasibility of the 
tunnel and surface areas  

‣ Mid-term review 2023; final results 2025

WIMP Simplified Model Projections

EWK SUSY Projections

https://arxiv.org/abs/2306.12897
https://fcc-cdr.web.cern.ch
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Muon Collider (µC)
• Muons are point particles (all energy 

used in collision) and heavier than 
electrons (less synchrotron radiation, 
feasible in circular accelerator)  
‣ Can provide precision of lepton collider 

as well as energy reach (10 TeV)  
‣ But muons decay! (𝜏 = 2.2μs) → 

challenges of accelerating & detector 
backgrounds  

• Estimated start of physics: 2045 
(technically limited schedule) 
‣ Needs demonstrator (TDR in 2030); 

TDR for final facility in 2040 
• Cost: $12-18 B 
• Primary unknown: investment needed 

to address undemonstrated 
technologies (eg. muon source and 
ionization cooling)

[D. Stratakis]

Machine overview

5/03/20236

MW-scale proton 
driver

Muon 
production 
target

Capture 200 
MeV 
bunches 

Ionization 
cooling to 
reduce 6D 
emittance

Collider ring 
for counter 
propagating 
muons Acceleration 

to TeV scale 
energy

P5 Town Hall at SLAC

• Requires a 1-4 MW proton beam @ 5-20 GeV, compressed to 1-3 ns 
bunches at a 5-10 Hz frequency

Composite Higgs Projections, FCC vs. µC

https://indico.slac.stanford.edu/event/7992/contributions/5873/attachments/2660/7641/P5_MuC_Talk_Accelerators_Final.pdf
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Future of Accelerators
• DOE General Accelerator Research & Development 

(GARD): supports new accelerator concepts & technologies 
‣ Plasma wakefield accelerators (eg. FACET-II, BELLA): ultra-

large gradients (1-100 GeV/m) and ultra-short bunches 
(suppress beamstrahlung) 

- Recent performance of single-stage accelerators meeting collider 
goals 

‣ High-field superconducting magnets (FCC requirement) 
‣ Superconducting radio frequency (SRF) 

S. Gessner

Energy.gov/science

General Accelerator Research and Development

Advanced accelerator concepts

Superconducting radiofrequency (SRF) 
accelerators

High-field magnets to enable future colliders

Targets

Niobium-Tin Quadrupole Magnet for HL-LHC
Developed by Fermilab, BNL, LBNL

LCLS-II SRF Cavity Processing
Photo credit: Fermilab

Laser-driven Plasma Wakefield Channel BELLA at LBNL

38

Energy.gov/science

General Accelerator Research and Development

Advanced accelerator concepts

Superconducting radiofrequency (SRF) 
accelerators

High-field magnets to enable future colliders

Targets

Niobium-Tin Quadrupole Magnet for HL-LHC
Developed by Fermilab, BNL, LBNL

LCLS-II SRF Cavity Processing
Photo credit: Fermilab

Laser-driven Plasma Wakefield Channel BELLA at LBNL

38

Energy.gov/science

General Accelerator Research and Development

Advanced accelerator concepts

Superconducting radiofrequency (SRF) 
accelerators

High-field magnets to enable future colliders

Targets

Niobium-Tin Quadrupole Magnet for HL-LHC
Developed by Fermilab, BNL, LBNL

LCLS-II SRF Cavity Processing
Photo credit: Fermilab

Laser-driven Plasma Wakefield Channel BELLA at LBNL

38

➡Current collider technology is not sustainable for long-term!   
➡Pressing need for more US-based accelerator R&D to 

enable smaller, cheaper, greener collider options 

Progress Since Last P5
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Excellent performance of single-stage accelerators

21

https://indico.slac.stanford.edu/event/7992/contributions/5872/attachments/2662/7648/AAC_to_P5_vFinal.pdf
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Detector R&D 
• A priority for the coming decade is to 

R&D detector technologies that can meet 
the pressing requirements of future 
collider environments  

• Funding requests for detector R&D have 
been prepared by the e+e- and μC 
communities  

➡Accelerator-generic detector R&D can 
facilitate HEP incorporation of the latest 
& greatest instrumentation

‣ 4D/5D detectors; precision (O(ps)) 
timing; quantum sensors; extreme 
environments (radiation, data density); 
3D sensor/readout integration; AI/ML 
on-detectors

221

< 2030 2030-
2035

2035-
2040

2040-
2045

> 2045

              
 

               
in large volumes with very low material budget and different read-out 
schemes

DRDT 1.3    Develop environmentally friendly gaseous detectors for very large 
areas with high-rate capability

DRDT 1.4    Achieve high sensitivity in both low and high-pressure TPCs

DRDT 3.1    Achieve full integration of sensing and microelectronics in monolithic 
CMOS pixel sensors

DRDT 3.2    Develop solid state sensors with 4D-capabilities for tracking and 
calorimetry

DRDT 3.3    Extend capabilities of solid state sensors to operate at extreme 
fluences

DRDT 3.4    Develop full 3D-interconnection technologies for solid state devices 
in particle physics

DRDT 4.1    Enhance the timing resolution and spectral range of photon 
detectors

DRDT 4.2    Develop photosensors for extreme environments
DRDT 4.3    Develop RICH and imaging detectors with low mass and high 

resolution timing
DRDT 4.4    Develop compact high performance time-of-flight detectors
DRDT 5.1    Promote the development of advanced quantum sensing technologies
DRDT 5.2    Investigate and adapt state-of-the-art developments in quantum 

technologies to particle physics
DRDT 5.3    Establish the necessary frameworks and mechanisms to allow 

exploration of emerging technologies
DRDT 5.4    Develop and provide advanced enabling capabilities and infrastructure
DRDT 6.1    Develop radiation-hard calorimeters with enhanced electromagnetic 

energy and timing resolution
DRDT 6.2    Develop high-granular calorimeters with multi-dimensional readout 

for optimised use of particle flow methods
DRDT 6.3    Develop calorimeters for extreme radiation, rate and pile-up 

environments

DRDT 7.1    Advance technologies to deal with greatly increased data density
DRDT 7.2    Develop technologies for increased intelligence on the detector
DRDT 7.3    Develop technologies in support of 4D- and 5D-techniques
DRDT 7.4    Develop novel technologies to cope with extreme environments and 

required longevity
DRDT 7.5    Evaluate and adapt to emerging electronics and data processing 

technologies

DRDT 2.1    Develop readout technology to increase spatial and energy 
resolution for liquid detectors

DRDT 2.2    Advance noise reduction in liquid detectors to lower signal energy 
thresholds

DRDT 8.1    Develop novel magnet systems
DRDT 8.2    Develop improved technologies and systems for cooling
DRDT 8.3    Adapt novel materials to achieve ultralight, stable and high 

precision mechanical structures. Develop Machine Detector 
Interfaces.

DRDT 8.4    Adapt and advance state-of-the-art systems in monitoring 
including environmental, radiation and beam aspects

DCT 1          Establish and maintain a European coordinated programme for training in 
instrumentation

DCT 2          Develop a master’s degree programme in instrumentation

DRDT 2.4    Realise liquid detector technologies scalable for integration in 
large systems

DRDT 2.3    Improve the material properties of target and detector components 
in liquid detectors

'(7(&725
 �V�'&7 ��7+(0(6�&20081,7<�'(7(&725

��	V�'5'7 ��7+(0(6�'(9(/230(17�$1'�5(6($5&+�
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PID and
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Quantum

Calorimetry

Electronics
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Figure 11.1: Detector R&D Themes V(DRDT ) and Detector Community Themes 
V(DCT ). Here, except in the DCT case, the final dot position represents 

the target date for completion of the R&D required by the latest known 
future facility/experiment for which an R&D programme would still be 
needed in that area. The time from that dot to the end of the arrow 
represents the further time to be anticipated for experiment-specific 
prototyping, procurement, construction, installation and commission-
ing.  Earlier dots represent the time-frame of intermediate “stepping 

stone” projects where dates for the corresponding facilities/experi-
ments are known. (Note that R&D for Liquid Detectors will be needed 
far into the future, however the DRDT lines for these end in the period 
2030-35 because developments in that field are rapid and it is not 
possible today to reasonably estimate the dates for projects requiring 
longer-term R&D. Similarly,  dotted lines for the DCT Hs  FD� indicate that 
beyond the initial programmes, the activities will need to be sustained 
going forward in support of the instrumentation R&D activities).

DRDT 1.1 Improve time and spatial resolution for gaseous detectors with
 long-term stability
DRDT 1.2 Achieve tracking in gaseous detectors with dE/dx and dN/dx capability

Figure 11.1: Detector R&D Themes (DRDT) and Detector Community Themes (DCT).

https://arxiv.org/abs/2306.13567
https://indico.bnl.gov/event/18372/contributions/75212/attachments/47014/80217/P5_BNLTownhall_MuC_RD.pdf
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Prospects for US Hosting 

• Proposed “US National 
Accelerator R&D Program on 
Future Colliders” to synergize 
accelerator & detector R&D 
for generic future options 
[2207.06213] 

• Some new accelerator 
concepts have footprints that 
can fit on Fermilab site 

• LBNF/DUNE neutrino program 
@ Fermilab will continue: 
requires a unified harmonized 
path forward across frontiers

1 km

Fermi National 
Accelerator Laboratory

C3
Lin
ac

C3
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S
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Figure 3: Possible locations for a 7-km footprint linear collider on Fermilab site considered for C3.

for the ILC at Fermilab. Using the full 12 km length can provide upgrade paths to 750 GeV collision
energy or higher. Perhaps, further optimization of the final focus could let the 8 km machine for
energy upgrade up to 550 GeV fit within the boundary of the laboratory itself, i.e., with a footprint
of 7 km or less, using NE–SW orientation.

The 8-km long C3 footprint allows achieving 250 GeV center-of-mass energy with an accelerating
gradient of 70 MV/m (assumed linac filling factor is 90%). This gradient is cost-optimal for the
current large-volume RF source unit cost of ⇠ $7.5/peak-kW. Raising the gradient to 120 MV/m
would increase the energy to 550 GeV within the same footprint (a full suite of cryomodules needed
for the 550 GeV operation would be installed during the 250 GeV construction, but not all of them
would be powered up.) This upgrade will require development of new RF sources and/or RF pulse
compression scheme. Large portions of accelerator complex are similar to other linear colliders:
beam delivery system (BDS) and interaction region (IR) can be modified from the ILC design
(currently C3 assumes ±1.5 km BDS for the 550 GeV center-of-mass energy); damping rings and
injectors to be optimized with CLIC as a baseline. Costing studies so far used other linear collider
estimates as inputs. The total capital cost is estimated at 3.7 BILC. The technically-driven timeline
includes 2 years for a pre-demo stage, 5 years for the technology demonstration, 3 years for a string
test, and 8-10 years of construction and commissioning time.

15

C3 (7km) 
Options @ 
Fermilab

[2203.08088]

Figure 9: A schematic view of the Fermilab site and the layout of the proposed collider complex for
the Muon Collider site-filler (top) and a zoomed-in version showing the 125 and 600 GeV staging
options (bottom).

24

μC Options 
@ Fermilab

https://arxiv.org/abs/2207.06213
https://arxiv.org/abs/2203.08088
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Looking Forward
P5 Rollout starting now! 
Detector R&D collaborations are forming: “Detector R&D” (DRDs) in 
ECFA and “R&D Collaborations" (RDCs) in CPAD  
‣ Get involved! 

FCC Feasibility Study report  

Update to European Strategy (CERN Council FCC endorsement?) 

Demonstrator results from C3 and/or μC?  

DOE CD0 for some machine (to deliver physics by 2040-2045)  

Next Snowmass/P5! 2034

Today

2025

2028

2030

2032

https://indico.cern.ch/event/957057/page/27294-implementation-of-the-ecfa-detector-rd-roadmap
https://cpad-dpf.org/?page_id=1549
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Conclusions
• The LHC was a seminal achievement for HEP, and we need to keep 

the momentum going!  

• 2021-2023 US Snowmass and P5 processes provide prioritization/
funding recommendations for next 10 years 
‣ Many exciting proposals for future global collider facilities under 
consideration 

• Preparation for future colliders has to start now! 
‣ Engage in generic detector & accelerator R&D: pave the way for long-
term future of the field  
‣ As more information becomes available about collider proposals, be 
ready to capitalize on opportunities  
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P5 Budget Scenarios

Energy.gov/science

2023 P5 Budget Scenarios
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High Scenario: Follows 
FY 2022 Chips & Science Act 
Authorization, then +3% inflation 
through FY 2035

Low Scenario: Begins with FY 2024 
President’s Budget Request, then 
+2% inflation through FY 2035

Overtop Scenario: Follows FY 2022 
Chips & Science Act Authorization, 
then +5.7% inflation through FY 2035

Inflation Reduction Act of 2022 provided 
supplemental funding of +303.6M for HEP 
projects

49
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An Inclusive Timeline R&D
Construction

Physics

HL-LHC

FCCee

Mu-C

FCChh

Today 2029 ~2040 206? 207?

Demonstrator TDR (2040)

Start 2045-8 +15 years

205?

10 year gap in data 
from CERN

An Inclusive Timeline for Future 
HEP Collider Projects
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R&D
Construction

Physics

HL-LHC

FCCee

Mu-C

FCChh

Today 2029 ~2040 206? 207?

Demonstrator TDR (2040)

Start 2045-8 +15 years

205?

10 year gap in data 
from CERN

An Inclusive Timeline for Future 
HEP Collider Projects

C^3

5 year gap in 
data from 

CERN

TDR (2032)
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or ILC Technology Network

• Interleaved accelerator/detector R&D, construction, and physics activity such 
that there is no gap in data across global collider HEP 

• This is not a flat budget! Leave flexibility for increased lobbying efforts & positive 
changes in funding expectations
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Collider Implementation Task Force Report
• Comprehensive evaluation & comparisons of collider options from Snowmass Accelerator Frontier 
• Assessment categories:  

1. Years of pre-project R&D needed (technical risk and maturity) 
2. Years until first physics (technically limited schedule) 
3. Project cost in 2021B$ w/o contingency and escalation (cost) 
4. Total operating electric power consumption in MW (environmental impact)

7Higgs factory summary table
Main parameters of the 
submitted Higgs factory 
proposals. 
The cost range is for 
the single listed energy. 
The superscripts next 
to the name of the 
proposal in the first 
column indicate:
(1) Facility is optimized 
for 2 IPs. Total peak 
luminosity for multiple IPs 
is given in parenthesis; 
(2) Energy calibration 
possible to 100 keV 
accuracy for MZ and 300 
keV for MW ; 
(3) Collisions with 
longitudinally polarized 
lepton beams have 
substantially higher 
effective cross sections 
for certain processes 

Snowmass’2021 AF-EF-TF: Collider Implementation Task Force Report

focused on improving energy efficiency throughout the facility and on developing more energy efficient
accelerator concepts, such as energy recovery technologies, has the potential to reduce the electric
power consumption below the values listed in the tables.

Any of the future collider projects constitute one of, if not, the largest science facility in particle
physics [1]. The cost, the required resources and, maybe most importantly, the environmental impact
in the form of large energy consumption will approach or exceed the limit of affordability. ITF suggests
that Snowmass CSS recommends that R&D to reduce the cost and the energy consumption of future
collider projects is given high priority.

Proposal Name CM energy Lum./IP Years of Years to Construction Est. operating
nom. (range) @ nom. CME pre-project first cost range electric power

[TeV] [1034 cm�2s�1] R&D physics [2021 B$] [MW]
FCC-ee1,2 0.24 7.7 (28.9) 0-2 13-18 12-18 290

(0.09-0.37)
CEPC1,2 0.24 8.3 (16.6) 0-2 13-18 12-18 340

(0.09-0.37)
ILC3 - Higgs 0.25 2.7 0-2 <12 7-12 140
factory (0.09-1)
CLIC3 - Higgs 0.38 2.3 0-2 13-18 7-12 110
factory (0.09-1)
CCC3 (Cool 0.25 1.3 3-5 13-18 7-12 150
Copper Collider) (0.25-0.55)
CERC3 (Circular 0.24 78 5-10 19-24 12-30 90
ERL Collider) (0.09-0.6)
ReLiC1,3 (Recycling 0.24 165 (330) 5-10 >25 7-18 315
Linear Collider) (0.25-1)
ERLC3 (ERL 0.24 90 5-10 >25 12-18 250
linear collider) (0.25-0.5)
XCC (FEL-based 0.125 0.1 5-10 19-24 4-7 90
�� collider) (0.125-0.14)
Muon Collider 0.13 0.01 >10 19-24 4-7 200
Higgs Factory3

Table 1: Main parameters of the submitted Higgs factory proposals. The cost range is for the single
listed energy. The superscripts next to the name of the proposal in the first column indicate (1)
Facility is optimized for 2 IPs. Total peak luminosity for multiple IPs is given in parenthesis; (2)
Energy calibration possible to 100 keV accuracy for MZ and 300 keV for MW ; (3) Collisions with
longitudinally polarized lepton beams have substantially higher effective cross sections for certain
processes

Page 5

[T. Roser]

Higgs 
Factories

https://indico.bnl.gov/event/18372/contributions/75207/attachments/47003/79705/2023%2004%2013%20ITF%20report%20presentation%20P5%20committee.pdf
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Collider Implementation Task Force Report
• Comprehensive evaluation & comparisons of collider options from Snowmass Accelerator Frontier 
• Assessment categories:  

1. Years of per-project R&D needed (technical risk and maturity) 
2. Years until first physics (technically limited schedule) 
3. Project cost in 2021B$ w/o contingency and escalation (cost) 
4. Total operating electric power consumption in MW (environmental impact)

[T. Roser]

Multi-TeV 
Colliders

10

Colliders with high parton CM energy (10 – 15 TeV) summary table
Main parameters of the 
colliders with 
10 - 15 TeV parton CM 
energy.
Total peak luminosity for 
multiple IPs is given in 
parenthesis. 
The cost range is for the 
single listed energy. 
Collisions with 
longitudinally polarized 
lepton beams have 
substantially higher 
effective cross sections 
for certain processes. 
The relevant energies for 
the hadron colliders are 
the parton CM energy, 
which can be 
substantially less (~ 1/10) 
than hadron CM energy 
quoted in the table.

Snowmass’2021 AF-EF-TF: Collider Implementation Task Force Report

Proposal Name CM energy Lum./IP Years of Years to Construction Est. operating
nom. (range) @ nom. CME pre-project first cost range electric power

[TeV] [1034 cm�2s�1] R&D physics [2021 B$] [MW]
High Energy ILC 3 6.1 5-10 19-24 18-30 ⇠400

(1-3)
High Energy CLIC 3 5.9 3-5 19-24 18-30 ⇠550

(1.5-3)
High Energy CCC 3 6.0 3-5 19-24 12-18 ⇠700

(1-3)
High Energy ReLiC 3 47 (94) 5-10 >25 30-50 ⇠780

(1-3)
Muon Collider 3 2.3 (4.6) >10 19-24 7-12 ⇠230

(1.5-14)
LWFA - LC 3 10 >10 >25 12-80 ⇠340
(Laser-driven) (1-15)
PWFA - LC 3 10 >10 19-24 12-30 ⇠230
(Beam-driven) (1-15)
Structure WFA - LC 3 10 5-10 >25 12-30 ⇠170
(Beam-driven) (1-15)

Table 2: Main parameters of the lepton collider proposals with CM energy higher than 1 TeV. Total
peak luminosity for multiple IPs is given in parenthesis. The cost range is for the single listed energy.
Collisions with longitudinally polarized lepton beams have substantially higher effective cross sections
for certain processes.

Proposal Name CM energy Lum./IP Years of Years to Construction Est. operating
nom. (range) @ nom. CME pre-project first cost range electric power

[TeV] [1034 cm�2s�1] R&D physics [2021 B$] [MW]
Muon Collider 10 20 (40) >10 >25 12-18 ⇠300

(1.5-14)
LWFA - LC 15 50 >10 >25 18-80 ⇠1030
(Laser-driven) (1-15)
PWFA - LC 15 50 >10 >25 18-50 ⇠620
(Beam-driven) (1-15)
Structure WFA 15 50 >10 >25 18-50 ⇠450
(Beam-driven) (1-15)
FCC-hh 100 30 (60) >10 >25 30-50 ⇠560

SPPC 125 13 (26) >10 >25 30-80 ⇠400
(75-125)

Table 3: Main parameters of the colliders with 10 TeV or higher parton CM energy. Total peak
luminosity for multiple IPs is given in parenthesis. The cost range is for the single listed energy.
Collisions with longitudinally polarized lepton beams have substantially higher effective cross sections
for certain processes. The relevant energies for the hadron colliders are the parton CM energy, which
can be substantially less than hadron CM energy quoted in the table.

Page 6

https://indico.bnl.gov/event/18372/contributions/75207/attachments/47003/79705/2023%2004%2013%20ITF%20report%20presentation%20P5%20committee.pdf
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Luminosity vs. Energy
Interest brings fresh eyes and new expertise

Muon collider becomes most efficient at high energy!72



J. Gonski4 October 2023 38

C3 Specs & Timeline 

          Technical Timeline for 250/550 GeV CoM 

12P5 Town Hall

Technically limited timeline developed through the Snowmass process 

Energy upgrade in parallel to operation with installation of additional RF power sources

           Accelerator Complex

10Snowmass

8 km footprint for 250/550 GeV CoM ⟹ 70/120 MeV/m

● 7 km footprint at 155 MeV/m for 550 GeV CoM – present Fermilab site

Large portions of accelerator complex compatible between LC technologies 

● Beam delivery / IP modified from ILC (1.5 km for 550 GeV CoM), 

compatible w/ ILC-like detector

● Damping rings and injectors to be optimized with CLIC as baseline

C3 Parameters C3 - 8 km Footprint for 250/550 GeV

C3 Main Linac Cryomodule
9 m (600 MeV/ 1 GeV)

[E. Nanni, C. Vernieri]

Conclusions

23P5 Town Hall

● C3 provides a rapid route to precision Higgs physics with a compact 8 km footprint

○ Higgs physics run by 2040

○ US-hosted facility possible

● C3  time structure is compatible with ILC-like detector design and optimizations 

ongoing 

● C3 upgrade to 550 GeV with only added rf sources

○ Higgs self-coupling and expanded physics reach

● C3 is scalable to multi-TeV

● C3 Demo advances technology beyond CDR level 

○ 5 year program, followed by completion of TDR and industrialization

○ Three stages with quantitative metrics and milestones for decision points

○ Direct and synergistic contributions to near-term collider concepts

More Details Here (Follow, Endorse, Collaborate): 
https://indico.slac.stanford.edu/event/7155/   

https://indico.slac.stanford.edu/event/7992/contributions/5870/attachments/2658/7637/C3%20P5%20Final.pdf
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FCC Scheduling & Timeline

19

FCC estimated timeline

Technical schedule: 
FCC-ee could start 
operation in 2040 or earlier

Realistic schedule takes into account:
q past experience in building colliders at CERN
q CERN Council approval timeline 
q that HL-LHC will run until ~ 2041 
à ANY future collider at CERN cannot 

start physics operation before 2045-2048
(but construction will proceed in parallel to 
HL-LHC operation)

[F. Gianotti]

Mogens Dam / NBI Copenhagen 27 Sep, 2023Future Colliders for ECR Researchers, CERN 3

Current FCC-ee Project Timeline
Start of FCC-ee physics run

FCC-eeAccelerator Key dates FCC-ee Detectors

FCC Approval: Start of prototyping work             .
European Strategy Update: FCC Recommendation

FC3 formation, call for CDRs, collaboration forming
End of HL-LHC upgrade: more ATS personnel available      .

Detector CDRs (>4) submitted to FC3

Detector component production

Four detector TDRs completed

Start detector installation

Start detector commissioning

End of HL-LHC

Start of ground-breaking and CE at IPs

Industrialisation and component production

Technical design & prototyping completed

Start accelerator installation

Start accelerator commissioning

End of HL-LHC upgrade: more detector experts available

Detector EoI submission by the community

– 2047
– 2046
– 2045
– 2044
– 2043
– 2042
– 2041
– 2040
– 2039
– 2038
– 2037
– 2036
– 2035
– 2034
– 2033
– 2032
– 2031
– 2030
– 2029
– 2028
– 2027
– 2026
– 2025FCC Feasibility Study Report

2047 –
2046 –
2045 –
2044 –
2043 –
2042 –
2041 –
2040 –
2039 –
2038 –
2037 –
2036 –
2035 –
2034 –
2033 –
2032 –
2031 –
2030 –
2029 –
2028 –
2027 –
2026 –
2025 – ☜

☜
☜
☜
☜

https://indico.bnl.gov/event/18372/contributions/75206/attachments/47011/79716/CERN-plans.pdf
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µ-C Scheduling & Timeline

5/03/2023 P5 Town Hall at SLAC

US Muon Collider timeline

23
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Plasma WakeField Accelerators (PWFA)

The Path to 10+ TeV

SRF or NCRF Linear Collider

Structure Wakefield Collider

Beam-Driven Plasma Collider

Laser-Driven Plasma Collider

!!-Plasma Collider

Wakefield Accelerators can be developed in parallel with the operation of Linear 
Collider Higgs Factories to provide a staged upgrade path to the energy frontier. 

2025 2030 2035 2040 2045 2050 2055 2060 2065 2070 2075

High-Power R&D, 
0.5 GeV Demo, 3 GeV Demo

Positron PWFA, Staging, 
Energy Recovery

Staging, Energy Recovery, 
kHz repetition, Positron LWFA

NLQED, FEL R&D, IP R&D

C
D
R

T
D
R

Demonstrator 
Facility with 
BDS System

Integrated Design Study, BDS 
Study, Demo facility StudyDesign Studies

250 GeV Higgs Factory 500+ GeV Upgrade

15 TeV Wakefield Collider
Operating 2060 and Onward

24

Progress Since Last P5

High-Gradient High-Efficiency Low-Emittance

Laser-Plasma Linear Collider
arXiv 2203.08366 

Goals

Excellent performance of single-stage accelerators

15

S. Gessner

https://indico.slac.stanford.edu/event/7992/contributions/5872/attachments/2662/7648/AAC_to_P5_vFinal.pdf
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LBNF/DUNE Project Schedule FY21-32

Energy.gov/science

LBNF/DUNE Project Schedule FY 2021-2032

Project CD-4 is defined as Near Detector CD-4 date (last Subproject to finish Early CD4 12/2031 (Dec 2034 late finish at 90% 
CL)  )
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Snowmass EF Summary

1.1 Executive Summary 7

In summary, the EF supports a fast start for construction of an e+e� Higgs factory (linear or
circular), and a significant R&D program for multi-TeV colliders (hadron and muon). The
realization of a Higgs factory will require an immediate, vigorous and targeted detector R&D
program, while the study towards multi-TeV colliders will need significant and long-term
investments in a broad spectrum of R&D programs for accelerators and detectors. These
projects have the potential to be transformative as they will push the boundaries of our knowledge by
testing the limits of the SM, and indirectly or directly discovering new physics beyond the SM.

The US EF community has also expressed renewed interest and ambition to bring back
energy-frontier collider physics to the US soil while maintaining its international collaborative
partnerships and obligations.

The EF community proposes several parallel investigations over a time period of ten years or more for
pursuing its most prominent scientific goals, namely 1) supporting the full (3 - 4.5 ab�1) HL-LHC physics
program, 2) proceeding with a Higgs factory, and 3) planning for multi-TeV colliders at the energy frontier.

The proposed plans in five year periods starting 2025 are given below.

For the five year period starting in 2025:

1. Prioritize the HL-LHC physics program, including auxiliary experiments,

2. Establish a targeted e+e� Higgs factory detector R&D program,

3. Develop an initial design for a first stage TeV-scale Muon Collider in the US,

4. Support critical detector R&D towards EF multi-TeV colliders.

For the five year period starting in 2030:

1. Continue strong support for the HL-LHC physics program,

2. Support construction of an e+e� Higgs factory,

3. Demonstrate principal risk mitigation for a first stage TeV-scale Muon Collider.

Plan after 2035:

1. Continuing support of the HL-LHC physics program to the conclusion of archival measurements,

2. Support completing construction and establishing the physics program of the Higgs factory,

3. Demonstrate readiness to construct a first-stage TeV-scale Muon Collider,

4. Ramp up funding support for detector R&D for energy frontier multi-TeV colliders.

The EF community recognizes that its success critically depends on the resources obtained by the Accelerator
Frontier (AF), as there is a direct linkage between the EF vision and advances in accelerator R&D. The EF
community strongly supports the AF in its proposal to establish an e+e� Higgs factory program, and start
R&D for energy frontier multi-TeV colliders with appropriate funding [4]. Moreover, the visibly strong
interdependence between the EF and the Theory Frontier is key to the success of both frontiers, and EF
supports a strong and well funded theory program [5]. Contributions from Instrumentation Frontier [6]
and the Computational Frontiers [7] are key to the realization of the vision of the EF. In addition, the
collaboration with the Community Engagement Frontier [8] as well as the cross-fertilization with other

Community Planning Exercise: Snowmass 2021

2211.11084

https://arxiv.org/abs/2211.11084
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Snowmass Early Career
• For the first time in Snowmass history, the Early Career 
organization has a chapter in the Snowmass Book! [2210.12004] 

- Includes a summary of the SEC survey report and early career 
recommendations for P5 

https://arxiv.org/abs/2210.12004

