2= Fermilab

.”E

August 3, 2025

no:
E
T
—
w
0
<
]
<
Z
o
<
z
=
o
LU
™

Future Collider Options

Steve Gourlay
Director, Magnet Technology Division

ST . . .
& 4,9 U.S. DEPARTMENT  Fermi National Accelerator Laboratory is managed by

R * Of ENERGY FermiForward for the U.S. Department of Energy Office of Science




AdO1VH08V1d01VHIT13OOV TVNOILVN INY3L

01

Getting to a Decision
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2= Context for a Future Collider Roadmap 5
<

S

5

o

Integrated effort of the US and international community s

A Broad community support ?“"‘“‘ é
AfiBickering scientists get notDsn!!- £

=

A What technologies would be required? i feasibility and technical risk %
o

A How far do we have to go? - what is state-of-the-art?
A How much will it cost and who is willing to pay for it?
A What route or routes do we take? i usually more than one way to get there

A Mind the gap
A Maintain continuity of workforce
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3F So why canot you jJjust pick o

S

Student question at Snowmass

Community Summer Study in July 2022. _ _ _
A For discovery potential, physics wants the

highest energy possible
A Power consumption and environmental impact

f qkt WHY OGO RHAC & Bdotpont is a limitation in most cases

A Societal and political support required
- coordinated international effort
- cost
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A Technological Limits
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“You were right—I really didn’t want to know
how it’s made, because that was incredibly boring.
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2% Large -Scale Facilities for Particle Physics are International

A Approximately every ten years, the US has a strategic planning process
starting with ASnowmass, o foll owed b
Prioritization Panel (P5).

AEach country/region has their own approach for setting priorities for large
physics projects, but they are done in an international context.
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AThe EU planning process (European Strategy for Particle Physics) i
precedes US and has significant influence.

AThe International Linear Collider in Japan is still on the table.

A Serious discussions on large-scale facility in China but no decisions yet.
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2% Strategic Planning Process for US HEP i Snowmass/P5
This time it was a ~ 3-year process due to COVID

* “Snowmass is a particle physics ] s_gm
community study”
* https://www.snowmass21.org/

. Prow_des mpu_t to P5. s7yrsof
(Particle Physics Project hard work
Prioritization Panel) which
develops a strategy for
the US HEP program

P5
Strategy

4

Snawmass 2021

DOE/NSF
program

No prioritizations from Snowmass

Steve Gourlay | Future Collider Options
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&= Snowmass Organization

Advisory Group
Steering Committee

Snowmass Frontiers (10
Liaisons + Early Career
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Topical G'roups (80}

Community
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Energy
Frontier
MeenakshiNarain Laura Reina AlessandroTricoli
(Brown U) (FSU) (BNL)
S 43 ¥,
Frontiers in
Neutrinos
Patrick Huber Kate Scholberg  Elizabeth Worcester
(Virginia Tech) (Duke U.) (BNL)
Frontiers
in Rare &
Precision _ m
MarinaArtuso Alexey Petrov Bob Bernstein
(Syracuse U.) (Wayne State U.) (FNAL)
Cosmic :
Frontier
Aaron Chou | Marcelle SoaresSantc  Tim Tait .
(Fermilab) (U.Michigan) (UC Irvine)
Theory
Frontier

s

CsabaCsaki
(Cornell)

Nathaniel Craig
(UCsB)

Aida EtKhadra
(Uiuog

Accelerator
Frontier

—— 30 Frontier Conveners
Vladimir Shiltsev

(FNAL)

TorRaubenheimer
(SLAC)

SteveGourIy
(LBNL)

~ 250 Topical Group Conveners
Instrumentation

\

Frontier . ..
. > 40 InterFrontier Liaisons
Phil Barbeau Petra Merkel JinlongZhang
 (Duke) (FNAL) (ANL) ~ 25 Early Career Liaisons
~ "
Computational
Frontier
Steven Gottlieb BenNachman OliverGutsche
(Indiana U.) (LBNL) (FNAL)
Underground ‘ \
Facilities and : : £
Infrastructure ‘ F’f "
Frontier a d 4, R.
LauraBaudis Jeter Hall Kevin Lesko JohnOrrell
(U. Zurich) (SNOLAB) (LBNL) (PNNL)
Community
Engagement
Frontier

Breese Quinn
(Mississippi)

KétéviAssamagan
(BNL)
12
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Accelerator Frontier
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Accelerator Frontier

Co-Conveners

Steve Gourlay M) (FNAL)
Tor Raubenheimer (SLAC)

Vladimir Shiltsev (FNAL)
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Description

The Accelerator Frontier activities include discussions on high-energy hadron and lepton
colliders, high-intensity beams for neutrino research and for the /bA 6 ! Béythtd9 YO G R1
accelerator technologies, science, education and outreach as well as the progress of core
accelerator technology, including RF, magnets, targets and sources. Participants will submit
Letters of Intent, contributed papers, take part in corresponding workshops and events,
contribute to writing summaries and take part in the generalSnowmass?21 events
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2= Accelerator Frontier i Key Questions

1. What is needed to advance the physics?
2. What is currently available (state of the art) around the world?

3. What new accelerator facilities could be available in the next decade
(or next next decade)?
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4. What R&D would enable these future opportunities?

5. What are the time and cost scales of the R&D and associated test
facilities as well as the time and cost scale of the facilities?
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2% Accelerator Frontier Topical Groups and Conveners

2
o4
)]
@
Topical Group Topical Group co-Conveners é
AF1 Beam Phys & Accel. Education Z. Huang (Stanford) M. Bei (GSI) S. Lund (MSU) |9
AF2 Accelerators for Neutrinos J. Galambos (ORNL) B.Zwaska(FNAL) G. Arduini (CERN) %
AF3 Accelerators for EW/Higgs M. Ross (SLAC) Q. Qin (IHEP, Beijing) G.Hoffstaetter (Cornell) §
AF4 Multi-TeVColliders M. Palmer (BNL) A. Valishev(FNAL) N Pastrone J.TangIHEP, j
(INFN, Torino) Beijing) §
®)
AF5 Accelerators for PBC and Rare E.Prebys(UC Davis) M. Lamont (CERN) R.Milner(MIT) E
Processes Z
AF6 Advanced Accelerator Concepts C. Geddes (LBNL) M. Hogan (SLAC) P. Musumeci R. Assmann E
(UCLA) (DESY) ™
AF7 Accelerator Technology R&D
Sub-group RF E. Nanni (SLAC) S. Belomestnykh (FNAL) H. Weise (DESY)
Sub-Group Magnets G. Sabbi(LBNL) S.Zlobin (FNAL) S.lzquierdo Bermudez (CERN)
Sub-Group Targets & Sources  C. Barbier (ORNL) Y. Sun (ANL) F. Pellemoine (FNAL)

Plus, the Accelerator Implementation Task Force (ITF)o evaluate and compare various options
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2% AF considered all relevant accelerator facilities and
supporting technologies

Office of High Energy Physics (OHEP), General Accelerator R&D (GARD) program

Alncludes

A Accelerator and Beam Physics (ABP)
ARF Acceleration Technology (Normal and Superconducting)
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AParticle Sources and Targets
A Advanced Accelerator Concepts (AAC)
A Superconducting Magnets and Materials (SCM)
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2 GARD funding by thrust

ABP Includes:
pEan FY21 GARD Research Thrusts $K SUniversity research ~$900K
| $49 850 total Al ab research at FNAL, LBNL,

Y

ANL, ORNL, SLAC ~11M
ATotals include 3 ECA awards
m ABP and some AI/ML efforts

mAAC Other includ
er Incliuaes.
m Sourcesé&Targets ATraineeships (since FY20)

' RF AUSJapan

‘ mSCM AMiscellaneous (conference
1,776 m Other support, FCC coordinator, etc.)
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7,157
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GARD faclility operations FY21

Facility Operations FY21 in $K
4,330 $38,947 total

Other Includes

AFNAL: IOTA

AANL: AWA

ASLAC: NLCTA & Sector 30
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m Magnettest = SRF/Cryo test m BELLA
FACET/FACEmIDther
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2= AF Implementation Task Force (ITF)

*Key question for Snowmass’21 Accelerator Frontier to address: “...What are the
time and cost scales of the R&D and associated test facilities as well as the time
and cost scale of the facility?”

A large number of possible accelerator projects: > 30!
Thomas Roser  Philippe Lebrun  SteveGourlay
(BNL, Chair) (CERN) (LBNL)

*Focused on HEP Colliders - Higgs Factories, High Energy Colliders

*Four subcommittees analyzed, evaluated, and compared the proposals
with regard to:

0 Physics reach and impact
o0 Size, complexity, power consumption, and environmental impact
o0 Technical risk, technical readiness, and validation
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TorRaubenheimer Katsunobu Sarah Cousineau
0 Cost and schedule oLAC) e () ORNL)
Implementation Task Force (ITF) Report & a ;
https:// arxiv.orglabs/2208.06030 |
=
) jim Strait Marlene Tumer  Spencer Gessner  Vladimir Shiltsev R_einhard John Seeman
(FNAL) (LBNL) (SLAC) (FNAL) Br(lngn;a\l(r;n (SLAC)
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$& ITF process

A ITF developed a set of metrics to evaluate the proposals and concepts.

A Parameter spreadsheets with more than 60 entries of 24 major collider proposals were collected
from proponents.

A Factual review of report content by proponents.
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A ITF did NOT review the ultimate performance of the proposed facilities but focused on technical
risk and R&D requirements, estimated cost and plausible technically limited schedule.
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{& Evaluation Approach

A To facilitate an evaluation that would be most useful to Snowmass, proposals were
grouped into 4 categories addressing similar physics plus an additional group consisting
of collider versions that could be located at FNAL:

A Higgs factory colliders with a typical CM energy of 250 GeV
A High energy lepton colliders with up to 3 TeV CM energy
A Lepton and hadron colliders with 10 TeV or higher parton CM energy
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A Lepton -hadron colliders
A Collider versions that could be located at FNAL

A ITF evaluated one version of each concept as selected by the proponents

A We did not consider or include staging possibilities of different collider proposals such as
FCC-ee followed by FCC-hh. Each proposal was considered on its own. Only exceptions
are the lepton-hadron colliders.
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2= Cost of Large Accelerator Facilities

Set by scale (energy, length, power) and technology

Power production, delivery
and distribution

’ 15 +/-10%

Largely determined by industry

%
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Accelerator components

Magnets and RF Systems
50 +/- 10%

Civil construction
35 +/-15%

s

Progress depends on development
of enabling technologies

ViIadimir Shiltsev
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2% Another Consideration
Energy Will Not Cost Less in the Future!

Hereds a very recent
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View from the Energy Frontier



Indicative scenarios of future B Proton collider = Construction/Transformation

colliders [considered by ESG] g o onon colider Preparation / R&D

2038 start physics

ILC: 250 GeV 500 GeV
S years 20km tunnel 2 abl 4 abl

JaEan

31km tunnel 40 km tunnel
© 2035 start physics
§= CepCo0/160/240GeV
6 100km tunnel [TRYTELIT SppC75-125 TeV, 10-20 ab™
LHC HL-LHC (14TeV, 3 ab?)
(13.6TeV, 450 fb1)
- 2048 start physi
' 100km tunnel, installation FCGee: 90/160/250 GeV 350-365 installation "
LL -150/10/5 ab GeV 1.7 ab Cl |/ KKY ™Mnh ¢S+t
@

holding

2020 2030 2040 2050 2060 2070 2080 2090



R

Possible scenarios of future : Proton C°"id?r Construction/Transformation
colliders = E‘e‘:tm" ﬁ'f:l'der Preparation / R&D
uon coflider Original from ESG by UB
Proposals emerging from this Snowmass for a US based collider  Urdated July 25, 2022
by Meenakshi Narain,
a o3 2040 start physics Brown U
5 C3: 250 GeV 550 GeV 2TeV
years 8 km tunnel 2 abl 4 ab? ~4 ab?!
- RF upgrade
5'} Muon Collider 2045 start physics
= 13 years muC:5tage
4km & reuse Tevatron ring 1 g
3 Tev Note: Possibility of
OR 4km+6km ring Okm & 16.5 km tunnels 125 GeV or 1 TeV at Stage 1

—

Ll eyl e g e il L
2020 2030 2040 2050 2060 2070 2080 2090
« Timelines technologically limited
* Uncertainties to be sorted out
o Successful R&D and feasibility demonstration for C2 and Muon Collider

o Evaluate C3 progress in the international context. and consider proposing an ILC/C3 [ie C3 used
as an upgrade of ILC] or a C3 only option in the US.

0 International Cost Sharing

* Consider proposing hosting ILC in the US.

Steve Gourlay | Future Collider Options
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#Possibilities Based on Community fBuz

A Continue with Fermilab neutrino program
A Continue to exploit physics at the LHC and the High Luminosity LHC

A Need a Higgs factory (ILC, FCC-ee, CepC, CLIC, Fermi site fillers (HELEN, C3) . ..
Some R&D Required
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A Candidates for Energy Frontier
A FCC-hh
A SppC
A Muon Collider

A Compact design allows variety of siting options

Significant R&D Required
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JEt ' "

a¢  Options require beyond state -of-the-art
Name Center of Mass Energy  Circumference (km) Operating Power (MW) Muon Collider
FCC-hh pp, 100 TeV 91 ss0 00
SppC pp, 75 - 125TeV 100 400 | e
Muon Collider p'p,3-14TeV ~ 10 300 @ 10 TeV

Muon Collider
>101eV CoM
~10km circumference

u Injector o

FCC-hh s cERE

5500

4 GeV Target, w Decay pCooling — Low Energy 3
i Proton & pBunching  Channel — yiAcceleration
%, Source Channel 3
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Staged from
e*te collider

A Large variety of challenging magnets

A Energy reach X7 over pp

A Luminosity/power ratio best among
all multi-TeVcolliders

A Relatively small footprint and cost

1110 3240

100 TeV, 16 T magnets, 91 km
? . . :
50mm, Nb3Sn, HTS" 125 TeV, 20 T magnets, 110 km A Muon Collider Faci

50mm, IBS, N@Sn, HTS arxiv:2203.08033 [physics.aquh]
T ! arXiv:1901.06150v1

Steve Gourlay | Future Collider Options
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Higgs factories, high energy lepton and ggcolliders




International

T
ae ILC
International Linear Collider

A Key features/challenges

A Superconducting RF
A 2K cryo

A Positron source
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A Luminosity
_ _ Beam Energy GeV 125
A Overall Technical Maturity i nearly shovel ready .
RF Gradient MV/m 31.5
A More work on cost reduction I X 1
A International cooperation agreement Site Power MW 130
Length/Circum. km 20

0OThe I nternat i oaravi2208.07622 [ahysicE€aamh]l | der 0,
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https://arxiv.org/abs/arXiv:2203.07622
https://arxiv.org/abs/arXiv:2203.07622
https://arxiv.org/abs/arXiv:2203.07622

CERN

lystrons
472 units, 20 MW, 48 us

BRI - -

2.0km
Drive Beam Accelerator

1.91 GeV, 1.0 GH.
e GHz @295 m

3= CLIC

DRIVE BEAM
COMPLEX

Decelerators, 4 sectors Decelerator, each 878 m

Compact LInearCollider

11me Delay Line

I e 4 C»g? ’ QW e T A
A Key features/challenges e

Booster Linac

A Two-beam acceleration scheme

A Normal COI’]dUCtIng RF 100 MV/m [f; ) 389 m Pre-Injector ;rrir:jnye‘;Lgpac %I:!.:_lpombineréing
_ _ MAIN BEAM som  am  (POR 626 S DR Damoing fng
A High current low-energy drive beam decelerat = “—= FDR  Prdemeios tho
77/ BDS : Beam delivery system
A . &((“‘_ <<(((‘ : IP : Interaction poinrty v
Higher energy reach than ILC o588 ——\\\NY —= ® Dump
Spin Rotator Innzaf:;gre Izcac Pre-lL je:;o DC Gun
0.2 GeV

A And as the name statesi i Co mp act o : : :
arxXivpreprint arxiv:1812.0798

A Overall Technical Maturity i CDR arxiv:1209.2543
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Beam Energy GeV 190
RF Gradient MV/m 72
# IPs N 1

Site Power MW 168

0 The CLI GrXjy:2203.08186 [ghysics.aquh] Length/Circum. km 11

Steve Gourlay | Future Collider Options


https://arxiv.org/abs/arXiv:2203.09186
https://arxiv.org/abs/arXiv:2203.09186
https://arxiv.org/abs/arXiv:2203.09186

0 . - 3m am 5m om SLAC
2= C3 - e

Cool Copper Collider RF Power
A Key features/challenges

(splitter added -w 0
pi phase)

A Cold (77K) Normal Conducting RF (70 MeV/m)
A Increased material strength i higher gradient
A Higher conductivity i reduced RF

A Cryo is relatively simple

A Focus is on major cost reduction

A Up to 550 GeV with 155 MeV/m
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A GeV-scale demo facility - TDR Beam Energy ~ GeV 125 E.Nanni, SLAC
RF Gradient MV/m 70
# IPs N 1
fi € A'Cool' Route to the Higgs Boson and Sl Pose: Y 150
Beyond arXiv:2110.15800 [hefex] Length/Circum.  km 8
0Strategy for Under st an diC®Demonstration Research and Developraest: T h e
Copper @GXiv:R22030ée4A®[heex] Pl aarXiv;2203.09076 [physics.aqih]
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https://arxiv.org/abs/2110.15800
https://arxiv.org/abs/2110.15800
https://arxiv.org/abs/2110.15800
https://arxiv.org/abs/2203.07646
https://arxiv.org/abs/2203.07646
https://arxiv.org/abs/2203.07646
https://arxiv.org/abs/arXiv:2203.09076
https://arxiv.org/abs/arXiv:2203.09076
https://arxiv.org/abs/arXiv:2203.09076

CERN

# FCC—ee Injection J.,A(Emim

into booster

riment site) Azimuth = -10.2°

————————

‘echnical silel nj e Ction

|SSS =1400 m

Technical site
PL

) _ into
Future Circular ColliderTt e*e collider
A Key features/challenges
A Step toward high energy hadron collider smal oo P B
A Range of physics from Z0 to tt-bar
A 100 MW SynchRad power loss Tocncot s (55 2100 o oot
A Beam lifetime limited by beam-beam to 18 r (,
A Requires large acceptance optics
A Full energy top-off Beam Energy GeV 45 - 183
: : RF Gradient MV/m 1.3-19.8
A Overall Technical Maturity - Shovel ready
# IPs N 2-4
. _ _ Site Power MW ~ 300
AnThe Future Circular Collider: a Summary for the
Snowmas s _aPXivia220650 [hemx] Length/Circum. km 100

Steve Gourlay | Future Collider Options
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https://arxiv.org/abs/2203.06520
https://arxiv.org/abs/2203.06520
https://arxiv.org/abs/2203.06520

& CepC

SppS

Circular electron positron Collider
A Key features/challenges

A Staged scheme as for FCC
A Range of physics from Z%to H

A 30 MW/beam SR power loss in collider ring
A Beam lifetime (0.27 3 hr)
A Full energy top-off

A Higher luminosity requires faster ramping

Beam Energy GeV
A Overall Technical Maturity - Shovel ready RF Gradient MV/m

A Very aggressive timeline i TDR 2021. Start of construction 2022 # IPs N

A Multiple sites in China under study Site Power MW
Length/Circum. km

OCircul ar EIl ectr on &XvwP08.09454 [plysick.aqgihlder ( CEPC) i,

Steve Gourlay | Future Collider Options

China

Q. Qin, IHEP

45.5-120
4-40
2-4
~ 300
100

FERMINATIONAL ACCELERATORLABORATORY


https://arxiv.org/abs/arXiv:2203.09451
https://arxiv.org/abs/arXiv:2203.09451
https://arxiv.org/abs/arXiv:2203.09451

International

3& nmim Collider -

A Key features
Muon Collider
>10TeV CoM
~10km circumference

A Lower (X100 luminosity requirement)

.
.,
‘e
.

A Small energy spread

-----
‘.

4 GeV' Target, w Decay 1 Cooling  Low Energy
i Proton & uBunching Channel  u Acceleration '

, Source Channel

A Energy reach X7 over pp ....................................................................... i

A Large bore, high field dipoles

A Luminosity/power ratio best among lepton colliders
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A Relatively small footprint arxiv:1901.06150v1

A Precision and exploratory physics Parameter Units Higgs Multi-TeV
A Overall Technical Maturity - Conceptual CoM Energy  TeV 0126 15 3 6
Circumferenc
e km 0.3 2.5 4.5 6
Did not fare well in the last Snowmass # 1Ps N 1 2 2 2
Wall Plug MW 200 216 230 270
OA Muon Collider Facility F;ro%ﬁDri\'/DePé/aéedi@pﬁon

Di s c o ar¥iv:2208.08033 [physics.aqih]
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https://arxiv.org/abs/2203.08033
https://arxiv.org/abs/2203.08033
https://arxiv.org/abs/2203.08033

CERN

2= XCC 1 X-ray FEL -based ggCollider Higgs Factory

Conceptual

31 GeV e : - °. 31 GeV e

63-70 GeV e

63-70 GeV e

cryo RF gun cryo RF gun

" ~ 2.5 km "

electron source
Beam Energy GeV 62.5

High energy electrons collide (Compton) # IPs N 1
with X -ray photons from an XFEL Ie Fower
Length/Circum.  km 2.5

0 XCC: -rayrrEl¥asedb €ol | 1 der HiaXigZ203P&84t[hemxy N ,
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https://arxiv.org/abs/arXiv:2203.08484
https://arxiv.org/abs/arXiv:2203.08484
https://arxiv.org/abs/arXiv:2203.08484

2= RLAs and ERLs

Recirculating Linear Accelerators and Energy Recovery Linacs

ARLA

A Uses same RF accelerating structures multiple times for the same beam
A Arcs are less costly than RF

A Much better beam quality compared with storage rings

A Allows use of energy recovery

“

AERL
A Proposed by Tigner > 2 decades ago
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ADecel erates Ausedo beam back through acc

A SRF technology mature enough now to make it feasible

V. Shiltsev, F. Zimmermann
arxiv:2003.09084v1
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{5 RLA/ERL -based Higgs and ggColliders

Collider using EnergyRecoveryLinacs - CERC
A Option for FCC-ee

A Much smaller emittance (X100) than FCC-ee ring option

2 GeV 2 GeV
A Significant fraction of the energy recovered electron positron

ficoolingoring  fcoolingd ring

&
2
<
o
o
m
<
—]
o
o
<
w
-l
Ll
O
O
<
-
<
Z
O
with top-off with top-off =
o
Ll
L.

A Still some challenges to preserve emittance over long arcs

A Polarized beams Beam Energy ~ GeV 120
# IPs N 2+

A Energies up to 600 GeV Site Power MW 90
Length/Circum.  km 100

0 C E R Circulare+e Collider using EnergyrRecoveryLinaco arXiv:2203.07358 [physics.aqin]
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https://arxiv.org/abs/2203.07358
https://arxiv.org/abs/2203.07358
https://arxiv.org/abs/2203.07358

Damping rings

2= RLA/ERL -based Higgs and ¢gColliders

Linear Energy Recoverlinac Collider - ReLiC

Two large linear colliders

Positron source Detectors

Electron source

Beam Energy
# IPs
Site Power

Length/Circum.
0 T HReLiC: Recycling Lineae+a Co | hrKiv2203.06476 [hejeX]
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https://arxiv.org/abs/2203.06476
https://arxiv.org/abs/2203.06476
https://arxiv.org/abs/2203.06476

3¢ Plasma-based Concepts /-

Main Beam

N A
~= ’ New Drive from Distribution System
“ / ‘
49%
Q

4
ey, ‘g\j -

Spent Drive Beam to Dump

PLASMA

LWFA (Laser-Driven) PLASWA RECOVER
1-15 TeV CME ey I, / PWFA (Beam-Driven)
1-7km o’.“ﬁs&gmmé?f 1-15 TeV CME

~ 14 km

SER PULSE

4

Laser from Optical or FEL System

FERMINATIONAL ACCELERATORLABORATORY

e generation-. - e" generation
«22ns rf pulse main beam structure (100w
a consists of JO beam pulses. | =6 5A)

*267MV/m loaded gradient Energy booster linac . —

sMachine Rep=5Hz ';:‘ >
. M J

———— . — ——— - ——— 'P —— B ) ——— —_—— /
.......... T

T ——— E "-".‘.'.Z'.'.Z‘II."‘.' 7 '-:'.‘Z:IL:."‘.‘.._‘ E T Structure WFA 1_15 TeV CME

RN LLL FCSE CRFNE  LLLY FC SN

B30 Gav Mode | 190 Gav Modhde 10 £50Gev Mocuie 10 150 Gav Moce ¢
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Fermilab Site-Fillers




EFermil abi isét €0

A Snowmass is seen as an opportunity to consider possible options that could be built in
the US (in particular, the Fermilab site)

A 7 km C3 (250 GeV up to 550 GeV)

A Linear, high gradient RF colliders; standing wave, travelling wave structures (250 i
500 GeV)
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A 16 km circumference circular e*e- collider (907 240 TeV)
A Proton-proton collider at 247 27 TeV (231 27 T dipoles)

A A staged muon collider from Higgs at 125 GeV up to 8 10 TeV.

OFuture Col |l i derarXip203.08085heexpr t he USH,
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Hadron and Lepton/Hadron Colliders




L, &
e FCC - hh =
:
m
\‘l"! ." ’.; - <
. . » &
Future Circular ColliderT proton proton AN S
A Key features/challenges - >
|
A 100 TeV CoM e S
& C o
A Luminosity of ~1035 cm-2s! =
<
A 16 T Superconducting Dipoles e e 5
A Large synchrotron radiation heat load 91 km '<z_t
A Wall plug power ~ 500MW 85 TeV EEE [ENETEL Uy 20 E
11}
A Cost! 14T RF Gradient MV/m N/A =
# IPs N 2
A Overall Technical Maturity - Significant R&D (157 20 years) _
Site Power MW ~ 560
oFuture Circul ar-hhHfOvaedviewand Col | i d e ILength/Cifeum. km 100

St a tatXs:$#203.07804 [physics.aqih]

FCC-hh CDR/fcc-cdr.web.cern.ch

Steve Gourlay | Future Collider Options
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China

F
aF SppC -

Super proton proton Collider

A Key features/challenges

A Tunnel accommodates both CepC and SppS

A 75 TeV CoM

A 12T Fe-based superconductor
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A Proposed upgrade with 20/24T magnets Beam Energy Tev 37:5
Dipole Field T 12
A Overall Technical Maturity i Significant R&D, 5 [ . >
especially magnet technolo
P _ y J 9y Site Power MW 400
A e-p collision could reach 6.7 TeV (by 62.5 TeV p X 180 GeV e)
Length/Circum. km 100

0 S P PaBXv;2203.07987 [hegx]

Q. Qin, OHEP arxiv:1809.00285
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https://arxiv.org/abs/2203.07987
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2 LHeC, FCC-eh, CepC-SppC-ep

Proposal Name CM energy Lum. /TP Years of | Years to | Construction | Est. operating
nom. (range) | @ nom. CME | pre-project first cost range electric power
[TeV] [10%* em 2571 R&D physics | [2021 B$] [MW]
LHeC 1.2 1 0-27 13-18 <4 ~140
FCC-eh 3.5 1 0-27 >25 <4 ~140
CEPC-SPPC-ep 5.5 0.37 3-5 >25 <4 ~300

-y uny 10-GeV linac comp. RF

injector
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20, 40, 60 GeV

LHeC
Intermediate Option

10, 30, 50 GeV

total circumference ~ 8.9 km
Uses Energy Recovery

dump

-+ 10-GeV linac
0.03 km ¥
e- final focus
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t hat d PR 0% ma k e
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ZLMcl ntyre ACollider Under th
AKey features/challenges

AVisionary concept

AUltimate hadron collider

ACircular pipeline supported in neutral
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: ! B E TeV 500
buoyancy in the Gulf of Mexico Sem =nesy -
Dipole Field T 4
ALow-cost magnets (but lots of them)
# IPs N 2
Site Power MW 200 GW
Length/Circum. km 2100

https://www.snowmass?21.org/docs/files/summaries/AF/SN
OWMASS21AF4 AFQ Peter Mclintyr@39.pdf

Steve Gourlay | Future Collider Options



CERN

= HE-LHC

High Energy LHC

A Key features/challenges
A 16 T Superconducting Dipoles i may be realizable by 2040
A 12T closer to being ready in required timeframe but still much R&D
A Existing LHC tunnel
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A Overall Technical Maturity - Significant R&D (157 20 years) HELHC1.5
Beam Energy TeV 10.5 13.5 16.5
Dipole Field T 12 16 20
# IPs N 2 2 2
Site Power MW ~ 200
Length/Circum. km 27 27 27

Eur.Phys.J.2P8(2019)5, 11091382
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$& LHC Energy Tripler

SSC at CERN

A Key features/challenges
A 44 TeV CoM
A 7 T Superconducting Nb-Ti dipoles operating at 4.5K

FERMINATIONAL ACCELERATORLABORATORY

A Relatively low cost SSC
A 100km t:,nnel 6.6T, 4.3K
A Overall Technical Maturity - Existing technology EN— y -
Dipole Field T 7
# IPs N 2
Site Power MW ~ 200
Length/Circum. km 100

Steve Gourlay | Future Collider Options L ROSS', C ER N



{& LEP3 e*e Higgs Factory

A Reuse of the LHC tunnel and much of the infrastructure
A Can squeeze enough energy for ZH production

A Not proposed to Snowmass, but periodically arises as an option
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P5 Recommendations Relevant to Colliders




$& Finish what you started!

As the highest priority independent of the budget scenarios, complete
construction projects and support operations of ongoing experiments
and research to enable maximum science . We reaffirm the previous
P5 recommendations on major initiatives

a. HL-LHC (including ATLAS and CMS detectors, as well as Accelerator
Upgrade Project)

b. The first phase of DUNE and PIP-Il to determine the mass ordering
xn{ng neutrinos, a fundamental property and a crucial input to
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cogmology and nuclear science (elucidate the mysteries of neutrinos).

Not a collider project, but must be successful before any new facility can be started
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Higgs!

An off-shore Higgs factory , realized in collaboration with international partners, in order to
reveal the secrets of the Higgs boson. The current designs of FCC-ee and ILC meet our
scientific requirements. The US should actively engage in feasibility and design studies. Once a
specific project is deemed feasible and well-defined, the US should aim for a contribution at
funding levels commensurate to that of the US involvement in the LHC and HL-LHC, while
maintaining a healthy US on-shore program in particle physics.



$& Supporting Activities

a. Support vigorous R&D toward a cost  -effective 10 TeV pCM collider based on proton, muon, or
possible wakefield technologies, including an evaluation of options for US siting of such a machine, with
a goal of being ready to build major test facilities and demonstrator facilities within the next 10
years.

b. Enhance research in theory to propel innovation, maximize scientific impact of investments in
experiments, and expand our understanding of the universe.

c. Expand the General Accelerator R&D (GARD) program within HEP, including stewardship.
d. Investin R&D in instrumentation to develop innovative scientific tools.

e. Conduct R&D efforts to define and enable new projects in the next decade, including detectors for an
e*e' Higgs factory and 10 TeV pCM caollider, Spec-S5, DUNE FD4, Mu2e-Il, Advanced Muon Facility,
and line intensity mapping.

f.  Support key cyber infrastructure components such as shared software tools and a sustained R&D
effort in computing, to fully exploit emerging technologies for projects. Prioritize computing and novel
data analysis techniques for maximizing science across the entire field (section 6.7).

g. Develop plans for improving the Fermilab accelerator complex that are consistent with the long-term
vision of this report, including neutrinos, flavor, and a 10 TeV pCM collider.
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2= Near-Term Branch Point

Convene a targeted panel with broad membership across particle physics later this decade
that makes decisions on the US accelerator -based program at the time when major decisions
concerning an off-shore Higgs factory are expected, and/or significant adjustments within the
accelerator -based R&D portfolio are likely to be needed. A plan for the Fermilab accelerator
complex consistent with the long -term vision in this report should also be reviewed .

The panel would consider the following:

The level and nature of US contribution in a specific Higgs factory ~ including an evaluation of
the associated schedule, budget, and risks once crucial information becomes available.
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Mid- and large-scale Test and demonstrator facilities  in the accelerator and collider R&D
portfolios.

A plan for the evolution of the Fermilab accelerator complex  consistent with the long-term vision in
this report, which may commence construction in the event of a more favorable budget situation.
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2= The Pathto a 10 TeV pCM

Realization of a future collider will require resources at a global scale and will be built through a world-wide
collaborative effort where decisions will be taken collectively from the outset by the partners. This differs from
current and past international projects in particle physics, where individual laboratories started projects that were
later joined by other laboratories. The proposed program aligns with the long -term ambition of hosting a
n}ajrg)r international collider facility in the US, leading the global effort to understand the fundamental nature
of the universe.

é

In particular, a muon collider presents an attractive option both for technological innovation and for
bringing energy frontier colliders back to the US. The footprint of a 10 TeV pCM muon collider is almost
exactly the size of the Fermilab campus . A muon collider would rely on a powerful multi-megawatt proton driver
delivering very intense and short beam pulses to a target, resulting in the production of pions, which in turn decay

into muons. This cloud of muons needs to be captured and cooled before the bulk of the muons have decayed.
Once cooled into a beam, fast acceleration is required to further suppress decay losses.

7

e

Although we do not know if a muon collider is ultimately feasible, the road toward it leads from current
Fermilab strengths and capabilities to a series of proton beam improvements and neutrino beam facilities ,
each producing world-class science while performing critical R&D towards a muon collider. At the end of the path
Is an unparalleled global facility on US soil. This is our Muon Shot.
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Post P5 Developments



Tor Ra u b e n h e spmenrPH ISF recommendations

A The LHC has been doing great physics with much greater precision than
expected and High-Lum will continue that program

A Large fraction of the community would like to pursue a higher energy hadron
colli der however we do not know how t

A Simply using LHC Nb-Ti technology to get to 40 TeV would be ~20B$ (CERN)
and HL-LHC technology (Nb5;Sn) for 80 TeV is more expensive at this time
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A R&D aspires to reduce magnet cost by factor of 2 ~ 4

i An e+/e- Higgs Factory will allow precision measurements of the Higgs and
electroweak parameters and it is 2023 Snowmass ITF report assuming successful R&D

el

possible using 06aee 3 i3 et oo boal oo

oy g Y 7 12 18 3 50

A P5 recommendation FCCee 028

FCCee).37

SPPC-125

FCChh-100
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2= U.S. Higgs Factory Consortium Committee (HFCC)

A Created by DOE and NSF in 2024 to provide strategic direction and leadership for the U.S.
community to engage, shape, and thereby advance the development of the PED and Accelerator
program for a potential future Higgs factory; and to ensure cooperation with our partners in the
international program.

A Led by Higgs Factory Steering Group
(HFSC-PED & HFSC-ACC)
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e — Physics, Experiment
oimowrsignGrow 609) | o Natactor (PED) CORCIES L R Accelerator (ACC)
| —— :
_____ k3D Coordination Group (LCG) - N AT e e
Higgs Factery Steering XOE anc NSF Prugram Managers (Ex-Offc) Divarsity and Outreach Goordinator ——f TIEES Fm‘::r[ﬂ:::ﬂﬁm:““ = :mw — ——
Diversity and Outreach Coordinator I_ Committee (HFSC) External Partners | == Inciuten !oc-lz‘:.w:“u::r;nw:r;nmm.
_____ CPAD B . CERN R . ECFA gl IOF A, PDd e et s, vl OO0t Flapd Bk elepiders
ELCFA Rapdatesiativ, 551 D Wil SURenoloe's
SeamPintcs | | inrummentation RF System Mogratsystem | | “iadscemon | | enginoering

Inbegration &

Susksinability
Tracker Calorimeter Muons AIM TDAQ "‘;",;f:u':::"
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2= HF Steering Committee (HFSC) Composition

HESEACC HESEPED

Tor Raubenheimer (chair

.

Srini Rajagopalan (chair)
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Steve Gourlay (deputy) Ritchie Patterson (deputy)
Matthias Liepe Marcel Demarteau
JeanLuc Vay Sarah Eno

HFSEPED reports to JOG (DOE+NSF)
HFSCACC reports to DOE
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2= HF Coordination Consortium (HFCC) Charge

A

o Io o Do D>

HFCC should coordinate efforts in the following areas:

Physics and technical feasibility studies, including any associated design and R&L
efforts, to advance detector concepts and accelerator designs for a future Eiggs
factory;

Prioritization and stewardship of the national R&D efforts;

Development of the prgroject R&D scope that will be required to initiate a project;
Conceptualization of the software & computing for the experiments and acceleratc
Develop various funding models that will be required to support the R&D efforts;

Ensure collaborations by the U.S. with our partners are-efiettively carried out to
advance the future Higgs factory initiatives.

Positioned to inform the deliberations of th®woad targetted paneihat will consider
the nature and level of U.S. contributiottsthe construction of a Higgs Factory

FERMINATIONALACCELERATORLABORATORY
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2= Near-Term Expectations for FCC

A The European Steering Group (ESG) will make a recommendation to CERN Council in
early 2026

A The US will start to think about contributions it could make in 2027/2028
A P5 recommended a broad panel consider the scope and level of contributions
A HFCC is tasked with providing input to such a panel
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A CERN Council will review technical and financial feasibility as well as input from
collaborators and local and federal governments in 2027/2028

A US input on contributions will be important for a Council decision
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PS5

3 A Snowmass21 and

Snowmass 2021

A Snowmass 2021 strongly positions the Muon Collider as a promising future collider for the U.S. 8 one that
capitalizes on its compact size, energy reach, and dual precisioni discovery potential. With an aligned roadmap, clear
R&D milestones, and international partnerships in place, the community is poised for the next step: a Reference Design
Report and costi benefit case over the coming 51 7 years.

A P5
A Strong endorsement of R&D toward a 10 TeV pCM collider

A "Muon shot'd US engagement and leadership encouraged
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A R&D-focused, phased approach emphasized
A General accelerator science R&D, e.g., superconducting magnets, RF, beam dynamics.

A Targeted collider R&D, including technology demonstrators, feasibility studies, site planning, and international
coordination.

A International collaboration prioritized

A USMCC Charter Adopted May 8, 2025

USMCC
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2= Andr ntl
d recently NATIONAL Sciences

Engineering

ACAD EM I ES Medicine

Elementary Particle Physics: The Higgs

Elementary

and Beyond (2025) Particle Physis '
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Recommendation 1: The Unit ed-e$tgpdementary
particle collider around the middle of the century. This requires the immediate creati
national muon collider research and development program to enable the constructic
demonstrator of the key new technologies and their integration.
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$& Even more recently

OPEN SYMPOSIUM
European Strategy "Ry
for Particle Physics

2026 UPDATE

.
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A Options for the next CERN collider

A PreferredT Integrated FCC
A FCCee(~2046) followed byFCChh(~2070)

A A0 ¢ UIBD, butbot a muon collider

........ The door is open for a tased energy frontier machine
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$& Venice Symposium
Background & Context

A The European Strategy for Particle Physics (ESPP) is the equivalent of our US P5
process as input to the long-term future of the field starting in 2006

A 2006: LHC, discussion of LHC luminosity upgrade, accelerator technology R&D, coordination with ILC
A 2013 update: High luminosity LHC, need for post-LHC program
A 2020 update: FCC feasibility study

A 2026 update: Recommendations for the next flagship project at CERN (preferred collider option and
possible prioritized alternatives and areas of priority for exploration complementary to colliders) 1 the
Venice meeting was the equivalent of our Snowmass process to provide community input

A Mandated by the CERN Council, the European Strategy Group (ESG) develops
recommendations submitted to the Council for an update of the European Strategy with:

A Input of the particle physics community
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A Status of implementation of the 2020 Strategy update
A Recent accomplishments (e.g. LHC results, HL-L HC pr ogr es s, FCC Feasibility

A International landscape of the field
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Ve n I Ce Sym p OS I u m “The aim of the Strategy update should be to develop a visionary and concrete plan that greatly

advances human knowledge in fundamental physics through the realisation of the next flagship project
at CERN. This plan should attract and value international collaboration and should allow Europe to
continue to play a leading role in the field.”

A Closeout by ESG Chair, Karl Jakobs

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

FCC-ee LEP3 LHeC LCF, CLIC

T =

"‘ ew electon accekerato

Steve Gourlay | Future
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FCC-hh, Muon Collider (3, 10 TeV) e*e” with improved acceleration technologies
baseline 85 TeV (= 120 TeV) LCF, C® (= 1 TeV), CLIC (1.5 TeV), HALHF, ...
+ possibility for HI collisions - plasma acceleration for higher energies

~{ K. Jakobs, ESPP Open Symposium, 27" June 2025 (can 0(10) TeV be reached? on what timescale?)



https://agenda.infn.it/event/44943/contributions/267517/attachments/137766/207161/ESPP_Venice_Summary_2025.06.27.pdf
https://agenda.infn.it/event/44943/contributions/267517/attachments/137766/207161/ESPP_Venice_Summary_2025.06.27.pdf

Interesting Times Ahead!
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Thanksto. ..

AVladimir Shiltsev, NIU

ATor Raubenheimer, SLAC

AThomas Roser, BNL retired (and the ITF team)
AMark Palmer (BNL)

&
2
<
o
@)
m
<
|
o
2
<
04
w
]
1T
Q
Q
<
—
<
=
o
<
=
=
o
]
T

Steve Gourlay | Future Collider Options



2= Fermilab
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Summary tables of evaluation
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A Summary tables for each group have four columns with summary values for the four areas of
evaluations:

A Years of per-project R&D needed (technical risk and maturity)

A Provides relevant and comparable measure of maturity and estimate how much R&D is still needed before project start. Includes feasibility
R&D, R&D to get technologies to TRL of 4-5, and R&D for cost and power consumption reduction. Evaluating the risk of not achieving the
ultimate luminosity goals by ITF was not feasible, but performance risk is included as one of the technical risks.

A Years until first physics (technically limited schedule)

A This is most useful to compare the scientific relevance of the proposal. It includes pre-project R&D, design, construction, and initial
commissioning.

A Project cost in 2021B$ w/o contingency and escalation (cost)

A ITF used various models to estimate the cost and also collected cost estimates from the proponents. It uses known costs of existing
installations and reasonably expected cost of novel equipment. For future technologies, the cost estimate is quite conservative, and one
should expect cost reductions from pre-project cost-reduction R&D. Used same fixed bins for all.

A Total operating electric power consumption in MW (environmental impact)

A Includes all necessary utilities. Used information from proponents, if provided, otherwise made a rough estimate. Expect reduction from pre-
project R&D to improve energy efficiency and develop more energy efficient concepts, such as energy recovery technologies.
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Higgs factory concepts (10)

CEPC e+e-, i 0.0971 0.37 TeV
ete-, 1 0.097 1TeV
ete-, i 0.097 1TeV
ete-,\1 0.257 0.55TeV
e+e-,\/ 0.097 0.60 TeV

ILC (Higgs factory)

CLIC (Higgs factory)

CCC (Cool Copper Collider)
CERC (Circular ERL collider)
ReLiC(Recycling Linear Collider) e+e-, T 0257 1TeV
ERLC (ERL Linear Collider) e+e-, /i 02571 0.50 TeV

XCC (FEkbased 5 mollider) AA 7 ¥JT 0.12570.14 TeV

MC (Higgs factory) ‘@e+i 0.13TeV

FCC-ee/CEPC 91 km 0w

03m

PJ (RF)

FCC-hh
134m 106m  Booster

FCC-ee

Interaction Regions

2 GeV electron ring

2 GeV positron ring
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$& Higgs factory summary table

A Main parameters of
the submitted Higgs
factory proposals.

A The cost range is for
the single listed
energy.

A The superscripts next
to the name of the
proposal in the first
column indicate:

A gl) Facility is optimized
or 2 IPs. Total peak
luminosity for multiple
IPs is given in
parenthesis;

A (2) Energy calibration
possible to 100 keV
accuracy for MZ and
300 keV for MW ;

A (3) 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 =257} R&D physics [2021 BS| IMW]|

FCC-ee!? 0.24 7.7 (28.9) 0-2 13-18 12-18 290
(0.09-0.37)

CEPC!? 0.24 8.3 (16.6) 0-2 13-18 12-18 340
(0.09-0.37)

ILC?® - Higgs 0.25 2.7 0-2 <12 7-12 140

factory (0.09-1)

CLIC? - 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)

CERC? (Circular 0.24 78 5-10 19-24 12-30 90

ERL Collider) (0.09-0.6)

ReLiC3 (Recycling 0.24 165 (330) 5-10 >25 7-18 315

Linear Collider) (0.25-1)

ERLC? (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

~~y collider) (0.125-0.14)

Muon Collider 0.13 0.01 >10 19-24 4-7 200

Higgs Factory?
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2= High energy lepton
collider concepts(8)

Name CM energy range

High Energy ILC
High Energy CLIC
High Energy CCC
High Energy ReLiC

e+e-, 1
e+e-, 1
e+e-, 1
e+e-, 1
‘e T
e+e-, T
e+e-, 1
e+e-, 1

Muon Collider
Laser-driven WFA-LC
Particle -driven WFA- LC
Structure WFA - LC

L ¢
“Qtf Spent Drive Beam to Dump
Main Beam
N A P
‘ t & New Drive from Distribution System
<
%
sy
s ‘ A
K
” T
%
6’00

PWFA 1-15 TeV CME
~ 14 km
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113 TeV
1573 TeV
113 TeV
113TeV
15714 TeV
17115TeV
1115TeV
1115TeV

LWFA 1-15 TeV CME
1-7Kkm

e £-1.5-14 TeVCME
10-20 km

*22ns rf pulse
*267MV/m loaded gradient
*Machine Rep=5Hz

—
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T

PLASMA
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RECOVERY| |
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. /
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J ACCELERATION STAGE

IN PLASMA CHANNEL

SER PULSE

e generation

A
Energy booster linac U

3TeV

SWFA 1-15 TeV CME
18 - 90 k

N
e’ generation
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