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What kind of large-scale global accelerator
project(s) can we envision
undertaking to advance the frontiers in particle
and accelerator physics, and to answer the
fundamental questions of our field?

Study known phenomena

Search for direct evidence of BSM physics

The type/design of a collider concept directly influences
what signatures are possible to probe
within the foreseeable accelerator parameters,
detector technology and physics backgrounds



Particle Physics ﬁ
Community Planning Exercise™

 Snowmass as a scientific study provides an opportunity for the entire particle
physics community to come together to identify and document a scientific vision
for the future of particle physics in the U.S. and its international partners

* The P5, Particle Physics Project Prioritization Panel, will take this scientific input
and develop a strategic plan for U.S. particle physics that can be executed over a
10 year timescale, in the context of a 20-year global vision for the field

10 Snowmass 2021 Frontiers Muon Collider Forum since 2021
ac," Energy <«
Q(Oc' Neutrino Physics e+e- Colliders Forum since 2022
\\ea‘ Rare Processes and Precision
\’@o Cosmic AF1: Beam Physics and Accelerator Education

Theory e ap>. Accelerators for Neutrinos

Accelerator @ AF3:Accelerators for EW/Higgs
AF4: Multi-TeV Colliders

Instrumentation AF5: Accelerators for PBC and Rare Processes
Computational AF6: Advanced Accelerator Concepts

AF7: Accelerator Technology R&D



https://www.snowmass21.org/
https://www.snowmass21.org/energy/start
https://www.snowmass21.org/neutrino/start
https://www.snowmass21.org/rare/start
https://www.snowmass21.org/cosmic/start
https://www.snowmass21.org/theory/start
https://www.snowmass21.org/accelerator/start
https://www.snowmass21.org/instrumentation/start
https://www.snowmass21.org/computational/start
https://www.snowmass21.org/accelerator/outreach/start
https://www.snowmass21.org/accelerator/neutrino/start
https://www.snowmass21.org/accelerator/higgs/start
https://www.snowmass21.org/accelerator/energy_frontier/start
https://www.snowmass21.org/accelerator/pbc/start
https://www.snowmass21.org/accelerator/advanced/start
https://www.snowmass21.org/accelerator/technology/start

Most important questions
for Particle Physics

» Standard Model (SM) of particle physics is confirmed with high precision
 Fundamental questions are still open and unexplained

* A physics program must be envisaged to push the exploration of particle
physics to the TeV energy scale and beyond to pursue:

=» in-depth precise studies of the SM

=>» exploration of physics beyond the SM (BSM)

. . . . Nature of Dark Matter
to discover new particles and interactions Semiaetend

Origin of EW Scale

V Origin of Flavor

. . 5
Colliders at the energy frontier Reploring

are a unique tool for investigation
50 years at the forefront of scientific HEP discoveries! a

the Unknown



Physics goals in a nutshell

e Study the Higgs boson

e precision Higgs-boson measurements (mass, width, couplings)
* measurements of the shape of the Higgs potential

* QCD and PDF —improved theory precision = HL-LHC and FCChh/SPPC

e BSM searches — energy scale and characteristics not known

=» What is the physics potential of each future collider concept?

=» What collider and detector developments are required to deliver
the performance able to pursue both precision
measurements and discovery searches?



2020 Update of the European
Strategy for Particle Physics

19June 2020  10.17181/CERN.JSC6.W89E

* Ensure Europe’s continued scientific and technological leadership

* Strengthen the unique ecosystem of research centres in Europe ©

High-priority future
initiatives

* 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.
These compelling goals will require innovation and cutting-edge technology:
v" ramp up R&D on advanced accelerator technologies, in particular high-field
superconducting magnets, including high-temperature superconductors
v’ investigate the technical and financial feasibility of a future hadron collider
at CERN with a centre-of-mass energy of at least 100 TeV and with an
electron-positron Higgs and electroweak factory as a possible first stage
v the ILC in Japan would be compatible with this strategy
 The European particle physics community must intensify accelerator R&D and

sustain it with adequate resources. A roadmap should prioritise the technology
6


http://dx.doi.org/10.17181/CERN.JSC6.W89E

Input to EU Strategy of Particle Physics

Europe]ap“Strate

{ w) 2020 Strategy Update

High-priority future initiatives

Halina Abramowicz
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Input Document to EU Strategy Update - Dec 2018:
“Muon Colliders,” arXiv:1901.06150 J.P. Delahaye et al.
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by CERN-WG on Muon Colliders



https://arxiv.org/abs/1901.06150

EU Strategy = Accelerator R&D Roadmap

|
]

High-priority future initiatives [..] intntves e
In addition to the high field magnets the accelerator R&D roadmap could contain:
[..] an international design study for a muon collider, as it represents

a unique opportunity to achieve a multi-TeV energy domain beyond the reach of
e*e~colliders, and potentially within a more compact circular tunnel than for a
hadron collider. The biggest challenge remains to produce an intense beam of

cooled muons, but novel ideas are being explored.

European Strategy Update — June 19, 2020: 3

The Roadmap aims at a programme of accelerator R&D to support the
design and delivery of future particle accelerators in the next 5-10 years.
The objectives:
* improvement of magnet and radio-frequency acceleration systems
* investigations of the potential of laser/plasma acceleration

and energy-recovery linac techniques
* development of new concepts for muon beams and muon colliders
The goals:
 document the collective view of the field for the future R&D
Accelerator R&D °* support subsequent decisions on prioritisation, resourcing and
Roadmap Jan ‘22 implementation 8



https://doi.org/10.48550/arXiv.2201.07895
https://doi.org/10.48550/arXiv.2201.07895

Snowmass Implementation Task Force

Established to evaluate the
proposed future accelerator

projects for performance, o .
technology readiness, schedule, Energy Efficiency of Future Colliders

cost, and environmental impact § Lo FCCee T L T T
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Higgs factories - E.,, < 1 TelV

Collider Type Vs P(%] Lint ||
e Jet ab~! ||

HL-LHC pp 14 TeV 6 == Parton energy < 1 TeV
ILC and C® ee | 250 GeV | £80/+30 | 2 |
c.0.m almost 350 GeV | £80/+30 | 0.2 |
similar 500 GeV | £80/+30 | 4 |
1 TeV | +80/+20 | 8 |
CLIC ce 380 GeV | =+80/0 1|
| CEPC ee My 60
oMy 36 |
240 GeV 20 |
360 GeV 1|
FCC-ee ee M, 150 |
2Mw 10 |
240 GeV 5 |
2 Miop 15 |

muon-collider (higgs) puu 125 GeV 0.02 1'— s-channel production
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Linear vs Circular lepton e e~ collider
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ﬁ multi-TeV collider concepts

Snowmass 2021

e Collider scenarios to operate in the 1-100 TeV c.m. energy range (or beyond):
— lepton-lepton:

° ete- to explore the unknown
© LU at the highest possible energy scale

— hadron-hadron
— lepton- hadron
— gamma-gamma not discussed here

* Issues discussed:
— the physics reach
— the level of maturity of the facility concepts
— the potential machine routes
— timelines
— R&D requirements
— energy efficiency and cost
— synergies to develop accelerator and detector technologies 12



Multi-TeV concepts parameters

v

Collider Type NG P %] Lint
e Jet | ab”!
HE-LHC PP 27 TeV 15
FCC-hh  SPPC 125TeV pp 100 TeV 30
LHeC ep 1.3 TeV
FCC-eh 3.5 TeV 2
CLIC ce 1.5 TeV | £80/0 2.5
3.0 TeV | £80/0 5
High energy muon-collider puu 3 TeV 1
10 TeV 10




Footprint of future colliders @ CERN
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U.S. possible options

* A US-sited linear e+e- (ILC/CCC) Collider
* Hosting a 10 TeV range muon collider
* Exploring other e+e- collider options to fully utilize the Fermilab site

Muon Collider @ FNAL option

10 TeV collider
requires ~16 T dipoles »Proton Source
. . * PIP-llI=>target
in RCS scenarios »p Cooling
With rapid-cycling
2-4 T magnets

Site filler Accelerator

» Linac + RLA = 65 GeV

»RCS 1 and 2 - 1000 GeV

* Tevatron-size

| »RCS3 > 5TeV
Fermilab has formed a - Site filler accelerator

Future Colliders Group,

which is actively exploring 10 TeV collider
a site filler option Collider Ring ~10 km
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FCChh/SppC vs Muon Collider

A 100 TeV proton-proton collider (e.g. FCC-hh, SppC) provides an effective energy reach
similar to that of a 10-TeV scale muon collider with sufficient integrated luminosity

The 100 TeV hadron collider will have an advantage when it comes to searching for colored
states, while the muon collider naturally is stronger for EW states

One of the key measurements from the multi-TeV colliders is the measurement of the
Higgs self-coupling measurement to a precision of a few percent, and the possibility of

scanning (establishing?) the Higgs potential

Energy at which 6,,, =0,

Strong synergy on High Field Magnets
R&D and much more!

>
[}
=,
\; 100F-—-—-=-<----= Colored physics
]



arxiv:1901.06150

Muon Collider physics reach in a nutshell

— Xs/3

W

events

arXiv:2203.07256

Higgs coupling sensitivities k-framework

HL-LHC | HL-LHC | HL-LHC
+10TeV | +10TeV
+ee
Kw 1.7 0.1 0.1
Kz 1.5 0.4 0.1
Kq 2.3 0.7 0.6
Ky 1.9 0.8 0.8
Ke - 2.3 1.1
Kp 3.6 0.4 0.4
Ky 4.6 3.4 3.2
Ky 1.9 0.6 0.4
527 10 10 10
Ky 33 3.1 3.1

* No input used for y collider
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Muon Collider Physics Summary
The physics case of a 3 TeV muon collider stage
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Exclusion contour for a scalar singlet
of mass m¢ mixed with the Higgs
boson with strength sin y
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https://arxiv.org/abs/2203.07256
https://arxiv.org/abs/2203.07261

Multi-TeV e+e- Collider Based on Advanced
Plasma and Structure Accelerators

» Acceleration goal: “GV/m average gradients in wakefields =» compact TeV colliders

* Three different collider design based on the energy source: laser pulses (LPA) or
electron beams (PWFA, SWFA) and the medium sustaining the wakefields: plasmas
(LPA,PWFA) or dielectric based structures (SWFA)

* All concepts will require extensive R&D efforts

Laser Plasma Accelerator (LPA) Beam-Driven Plasma Wakefield Beam-Driven Structure Wakefield
Accelerator (PWFA) Accelerator (SWFA)

ANA technology PWFA PWFA PWFA SWFA SWFA SWFA LPA LPA LPA
Center-of-mass energy [TeV| 1 3 15 1 3 15 1 3 15
Beam energy [TeV] 0.5 1.5 75 05 15 75 05 15 75
Geo. Luminosity [1031 cm™2 s71] 1 10 50 1 10 5 1 10 50
Particles/bunch [10°] 50 50 50 31 31 31 12 12 75
Single beam power [MW] 1.7 16.8 15.5 28 270 248 4.5 135 103
RMS bunch length [pm] 5 5 5 40 40 40 85 85 22
Repetition rate [kHz| 4.2 14 2.6 11 36 6.6 47 47 1.1

1
Facility site power (to main) [MW] 22.4 224 206 169 166 152 113 338 344 8




Timeline considerations

@ o 0 - - - E———————————————————————————— = «
| SPS fixed target Europen Roadmaps
Other fixed target; FAIR (hep) ALICE 3 FCC-hh
! Bellell LHCb (= LS4) FCC-eh
| ALICE LS3 EIC FCC-ee Muon Collider
o PIP-lI/DUNE/Hyper-K LHeC ILC CLIC Plasma Collider ‘
<2030 2030-2035 2035-2040 2040-2045 > 2045
2022 2032 2042
1 ! : >
HL-LHC ||
Snowmass i Construction > i Operation E
LBNF/DUNE || )| '

---I_-_-_---------

E-----------_-*I-------

b >

MuColl

Pre-CDR Stage Demo/TDR Stage

Construction

US/Eur

Y ope FCC A

engage feasibility FCC proceeds at CERN;

US pursues MuColl

ILCin
US/Europe,

OR Linear Collider at CERN/MuColl in US

Linear Collider in US/ MuColl at CERN

Future Collider Decision Tree I



Concept Maturity Evaluation - multi-TeV Colliders

Design
Maturity Maturity Criteria #1 (Design Maturity)

Maturity Criteria #2 (R&D Maturity)

No end-to-end design concept prepared

No end-to-end design concept prepared

Concept proposed, but no systematic design requirements and/or
parameters available.

Concept proposed, proof-of-principle R&D underway

2 End-to-end preliminary design concept under development
3 End-to-end preliminary design concept available
4 End-to-end integrated design concept under development

End-to-end integrated design concept available. Enables end-to-

Ongoing R&D to address fundamental physics/technical issues.

Sub-system operating parameters established based on
preliminary design concepts for novel/critical sub-systems

Preliminary design concepts with operating parameters
established for all sub-systems. Sub-system design R&D underway.

Sub-system preliminary designs exist. Sub-system design R&D

being developed.

5
end performance evaluation. continues.
End-to-end performance evaluation complete. Reference (pre- .
6 ) Sub-system performance risk assessment complete.
CDR level) Design Report under development.
; Reference Design available. Sub-system parameters and high Sub-system detailed design and performance R&D for highest risk
potential alternatives documented. sub-systems underway.
. . Sub-system specifications with validated operating parameters
8 Conceptupal Design Report in preparation. y p. ! '_ ! W : P ing p
established. High risk sub-system R&D underway.
High risk sub-system R&D ing. Risk mitigati trat f
9 Conceptual Design Report and detailed cost estimate avaialable. I8N risk sub-system ong0|'ng i mitigation strategy tor
sub-system performance established.
Ready for Construction Proposal. Detailed Engi ing Desi
10 cady tor uett P etarled tngineering Leslgn Performance Optimization R&D underway.
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Concept Maturity Evaluation

Design

Maturity Maturity Criteria #1 (Design Maturity) Maturity Criteria #2 (R&D Maturity)

Concept proposed, but no systematic design requirements and/or

No end-to-end design concept prepared N
parameters available.

No end-to-end design concept prepared Concept proposed, proof-of-principle R&D underway

d I nhyeics/tach

2 End-to-end preliminary design concept under development Ongoing R&D to address fi al physics/t ical issues.

- " . Sub-system operating parameters established based on

3 End-to-end preliminary design concept available o N L
preliminary design concepts for novel/critical sub-systems

Preliminary design concepts with operating parameters

4 End-to-end integrated design concept under development
& & P P blished for all sub-sy Sub-system design R&D underway.

End-to-end integrated design concept available. Enables end-to- [Sub-system preliminary designs exist. Sub-system design R&D
end performance evaluation. continues.

End-to-end performance evaluation complete. Reference (pre-

6 ) Sub-system performance risk assessment complete.
CDR level) Design Report under development.
- Reference Design available. Sub-system parameters and high Sub-system detailed design and performance R&D for highest risk
potential alternatives documented. sub-systems underway.
. ficati ith vali "
G Conceptupal Design Report in preparation. Sub system sp.ea ufatlons with validated operating parameters
established. High risk sub-system R&D underway.
High risk sub-system R&D ing. Risk mitigati trat f
9 Conceptual Design Report and detailed cost estimate avaialable. 'gh risicsub-system Ongoing. Risk mitigation strategy for

sub-system performance established.

Reédy for Construction Proposal. Detailed Engineering Design performance Optimization R&D underway.
being developed.

WFA MuCollider
MulC 1-TeV Class ILC (Nb3Sn) SppC
Multi-TeV ILC (Nb3Sn) TeV-Class CCC 1-TeV Class ILC (Nb)

Emerging accelerator concepts requiring significant basic R&D and
design effort to bring to maturity.

Efforts would benefit from directed R&D funding to mature collider
concepts. Availability of test facilities to demonstrate a broad range of
technology concepts required. Some large-ticket demonstrators are
generally required before a detailed reference design can be completed.
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Conclusions

Strong collaboration across frontiers: Accelerator, Energy and Theory

A huge amount of work submitted in arXiv (whitepapers) before Community
Meeting in Seattle later in July

EF/AF shared outlook:
— exploit HL-LHC: Higgs physics and searches

— e+e- Higgs factory: Higgs boson couplings, precision EW measurements
=» possible essentially with current accelerator/detector technologies

longer term collider that probes the multi-TeV energy scale:

** hadron or muon colliders =» limited by technological readiness

** plasma wakefield or structure advanced acceleration measurements
= require substantial accelerator R&D

A strong program on Accelerator and Detector R&D both in Europe and
U.S.A. is mandatory to train new generation and maintain know-how to face
such complex future collider projects
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Thanks for the attention!



