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* Motivation for future colliders
e Strategic planning processes (US & Europe)

« Options:
» ete” Higgs factories

» Multi-TeV colliders
» Synergies (R&D programs, detectors)

e Future & next steps
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High Energy Accelerator Physics Results
e =k The Standard Model
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High Ene 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—>Z2Y o
(015% BR) wsool o*C”  [59 new hadrons at the LHC o0 J_

7000 B.25)* B;(25) Tezer T
© .B‘(ZS)‘ Q (:350 -
* Observed > 50 new hadrons oy MO W
=0 =*- +.0 = -
60007 G ;Z—la§j§§213§+.o ébzggg;?_ 6070 gszgéég-;z"’(mm
. . . b s
*Progress in flavor physics from LHCb: first .
. . . . 3 5000 .
observation of CP violation in charm e s SHieRe0) pas O
£ : c:(qti) 4149 p (4380 o 470 .iiigigi* ’?tiggggi
processes, best measurement of CKM ) o ax I
® <4qq . . Q,(3119) _
angle X 30004 M baa gjg‘ggé’g,’o: D;(2860) A (2860) &8828}3 2(2939° ¥ (2000)
c?q D,(2760);. [ ) . 8nggg;° =.(2923)° .Xu(2900)
m cigqq  JET0@ D;(2760) ‘ ©0,(2590)"

° NeW teChnOlOgleS accelerator’ deteCtor’ 2011 2012 2013 2014 2015 2016 DatZeO.” 2018 2019 2020 2021
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!
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HL-LHC: Pileup of 250 2029: Start of HL-LHC

(our first future collider!)
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2040: end of LHC data/physics
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A Brief History...

1992 LHC Committee (LHCC) formed; ATLAS & CMS
submit letters of intent to construct detectors

1996 ATLAS & CMS technical proposals are
approved

1997 ATLAS & CMS construction begins

2008 LHC begins operation

=|t 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!

4 October 2023 J. Gonski 14



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

N
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https://www.slac.stanford.edu/econf/C210711/
http://seattlesnowmass2021.net/
https://europeanstrategyupdate.web.cern.ch/

P5 TP
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2013 P5

Research Frontiers

- 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

Energy
Frontier
Intensity
Frontier
Cosmic
Frontier

Higgs Boson

Neutrino Mass
Dark Matter

Cosmic Acceleration

Explore the
Unknown °

* Previous P5 report [2013] identified 5 science drivers for
the field (right)

» Huge success with funding agencies (below)

+ 2023: conducted a —
. rojects
Se r I eS Of TOWﬂ H al | 300,000 HEP funded $2.0B in projects from FY 1996-
. 2015 (14% of total budget)
m eetl n g S to COl IeCt maore 230,000 HEP funded $1.4B in projects from FY 2016-
COm m U n |ty | n p Ut [ I_B N L’ 100,000 2020 (30% of total budget)
Fermilab/Argonne,

Brookhaven, SLAC] oo |8

50,000

= Report expected in )

o .
B-factory Neutrinos at the Main Injector _ PIP-Il

Particle Physics Science Drivers

2014 PS5

CMS Detector
ctor

LBNF/DUNE

0
OCtOber 2023 . rollo ut and FY 1996 FY 1998 FY 2000 FY 2002 FY 2004 FY 2006 FY 2008 FY 2010 FY 2012 FY 2014 FY 2016 FY 2018 FY 2020
" B-factory Fermilab Main Injector B SLAC Master Substation Upgrade B C-Zero Area Experimental Hall Neutrinos at the Main Injector 1 Willson Hall Reno SLAC Research Office
. mpIP-l  LBNF/DUNE " Muze " PIP-ll B LBNF Hi-Flux u Mu2e Upgrade Future Collider
community endorsement i oveie e s
B CDF Upgrade D-Zero Upgrade B LHC Machine B ATLAS Detector CMS Detector MINOS AMS Upgrade
lanS un der discussion mCoMs GLAST/LAT u Auger B Run I1b CDF Detector B Run lIb D-Zero Detector Project B VERITAS BaBar Upgrade
p mNOVA MINERVA nT2K  Daya Bay DES B SuperCDMS at Soudan BELLA
W FACET ® Cryogenic Refrigerator MicroBooNE B HAWC mBelle Il H Muon g-2 B LHC Accelerator Upgrade
W LHC ATLAS LHC CMS LssTcam mHL-AUP B HL-LHC-ATLAS HL-LHC-CMS 1z
W SuperCDMS  DESI FACET-I " CMB-S4 W FACET-II Upgrade
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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

Snowmass Energy Frontier Vision

e An

1. “Fast start for construction of an e+e- Higgs factory”

2. “Significant R&D program for mulii-TeV colliders”

3. “Renewed interest and ambition to bring back energy-frontier
collider physics to the US soil”

|
2030 2040 2060
H couplings to: 0(10)% 0(0.1-1)% O(1)%o 2211.11084

4 October 2023 J. Gonski 17


https://arxiv.org/abs/2211.11084

Example proposals:
1. Estimated cost
2. Year for start of physics
3. Primary unknowns

I Caveat: a very high-level overview

See Collider Implementation Task
Force report for more detalls

4 October 2023
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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
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+Precision study of the Higgs boson and its .

H u N c t ye y y’t au-ge I-ggs U. ﬂ,
properties: connected to many fundamental & benchmarks Yu e e e % . coupings Wi coupings %3 *4
questions in HEP HomLLe X X X v X v > vV X

5 o . _ . . e X XXV /X v v vV ) 4
#Leptons are point-like particles: well-defined g8 .,  , Ovv v X PRI %
initial state, clean experimental environment " rceecere X X O v/ v X SV /s X X
#Planned runs at varying energies to § womw XXQvvv XV V V vV 1 V V
Srenvseee QOAO0dv v Qv v v 0O ¢ X

enhance Z (~90 GeV), H (~240 GeV), top
(~365 GeV) production

4 October 2023
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https://snowmass21.org/_media/energy/snowmass2021_higgs_report.pdf
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Circular

* 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)

4 October 2023
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* 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 (uC)

20


https://snowmass21.org/_media/energy/snowmass2021_higgs_report.pdf

Future Circular Collider (ee)
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* 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
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[ g UITIERLANT,

* Estimated start of physics: 2045

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

* Primary-unkhrown Established technology; demonstrator available
via SuperKEKB, can increase efficiency/reduce cost

» 1 FCC-ee @ 250 GeV = 300 MW (~2% of annual electricity

consumption in Belgium)

LEP
-2 -1 -1
Vs L /IP (cm2s) | Int L/IP/y (ab”) | Comments statistics
FCC-ee 160 WwW 19.4 2.3 minutes!
240 H 7.3 0.9 Total ~ 15 years of
~365 top 1.33 0.16 operation [F. Gianotti]
4 October 2023 J. Gonski 21


https://fcc-cdr.web.cern.ch
https://indico.bnl.gov/event/18372/contributions/75206/attachments/47011/79716/CERN-plans.pdf

C3 (Cool Copper Collider)
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» 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)

Physics

A “Retro” Collider Design for a Higgs
Factory

Aprot ersion of the Cool Copper Collider. The photo shows the central region where the particle
aaaaaaaaaaaaaaaaa

4 October 2023
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1 eV
/BCZ
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245 GeV
'8 Beam

RTML

C2 - 8 km Footprint for 250/550 GeV

aim

Delivery / IP

Trains repeat at 120 Hz H H H

Pulse Format

RF envelope
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. T crmmerenee 0™ 30 RF periods (5.25 ns)
Polarized { Damping Ring }
Electron Source .~ - Pre-Damping Ri
o xre— amping Ring
~ tsom - § )
3
Positron Source sea— 3

—300m —=

[E. Nanni, C. Vernieri]
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https://indico.slac.stanford.edu/event/7992/contributions/5870/attachments/2658/7637/C3%20P5%20Final.pdf

Multi-TeV Options

o1 AL
D

By W Hadron Colliders
& . . . — Electron-Pr?ton Colliders i
* Highest direct discovery 3 sono | 2ol =
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Multi-TeV Options
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e M Hadron Colliders
v . . . — Electron-Pr?ton Colliders e
+ Highest direct discovery 3 10000 | 3 epton coliders e
potential to never-before- 2 oo R sl
. c ?ggs_.,—’ HERA -

recorded energies (up to % o

8 " .an.‘ T TRISTAN
~40 TeV)

E 10 SPEAR 0. B e

% : :RTNﬁE:E

0.1
1960 1970 1980 1990 2000 2010 2020
Year
Hadron Muon
 Pros: well-established technology * Pros: similar CoM energy reach
« Cons: |arge Cons’[ruc’[ion/power for much smaller footprint/budget
footprint, high pileup/ « Cons: unknowns/technical
backgrounds hurdles
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Future Circular Collider (hh)

 Estimated start of physics: 2070

» Cost: 17 BCHF additional for FCC-hh
(CDR [2018])

* Primary unknowns:

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

» 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

4 October 2023 J. Gonski
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https://arxiv.org/abs/2306.12897
https://fcc-cdr.web.cern.ch

Muon Collider (uC)

* 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! (t = 2.2us) —

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)
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Composite Higgs Projections, FCC vs. uC
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https://indico.slac.stanford.edu/event/7992/contributions/5873/attachments/2660/7641/P5_MuC_Talk_Accelerators_Final.pdf

Future of Accelerators

SLAC
* DOE General Accelerator Research & Development S Gosener
(GARD): supports new accelerator concepts & technologies . | | | |
» Plasma wakefield accelerators (eg. FACET-II, BELLA): ultra- 10_ __________ vt __|
large gradients (1-100 GeV/m) and ultra-short bunches 5 3 L.
(suppress beamstrahlung) a g ) e
- Recent performance of single-stage accelerators meeting collider % E °| -
goals % ? 4 PRL 2014
» High-field superconducting magnets (FCC requirement) L | o,
» Superconducting radio frequency (SRF) 2005 2010 20‘15Year20‘20 2025 2030

=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

floole v tnet forHLEHC :

eamilab, BNL,

BNL S
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https://indico.slac.stanford.edu/event/7992/contributions/5872/attachments/2662/7648/AAC_to_P5_vFinal.pdf

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 pC
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

tn
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DETECTOR RESEARCH AND DEVELOPMENT THEMES (DRDTs) &

Liquid

Solid
state

PID and
Photon

Quantum

environments (radiation, data density);

3D sensor/readout integration; Al/ML

on-detectors
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DRDT1.1

DRDT1.2

DRDT1.3

DRDT 1.4
DRDT2.1

DRDT2.2

DRDT2.3

DRDT 2.4

DRDT3.1

DRDT 3.2

DRDT 3.3

DRDT 3.4

DRDT 4.1

DRDT 4.2
DRDT4.3

DRDT 4.4

DRDT5.1
DRDT 5.2

DRDT5.3

DRDT 5.4
DRDT 6.1

DRDT 6.2
DRDT 6.3
DRDT7.1
DRDT7.2

DRDT7.3
DRDT 7.4

DRDT7.5

DRDT 8.1
DRDT 8.2
DRDT 8.3

DRDT 8.4

DCT1

DCT2

DETECTOR COMMUNITY THEMES (DCTs)

2030-
2035

2035-
2040

2040-

<2030 2045

>2045

Improve time and spatial resolution for gaseous detectors with
long-term stability

Achieve tracking in gaseous detectors with dE/dx and dN/dx capability
in large volumes with very low material budget and different read-out
schemes

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

Achieve high sensitivity in both low and high-pressure TPCs

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

Advance noise reduction in liquid detectors to lower signal energy
thresholds

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

Realise liquid detector technologies scalable for integration in
large systems

Achieve full integration of sensing and microelectronics in monolithic @ " 4 " 4 @
CMOS pixel sensors

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

Extend capabilities of solid state sensors to operate at extreme
fluences

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

Enhance the timing resolution and spectral range of photon
detectors

Develop

for extreme envi A A A g ®

Develop RICH and imaging detectors with low mass and high
resolution timing

Develop compact high per il f-flight

Promote the development of advanced quantum sensing technologies
Investigate and adapt state-of-the-art developments in quantum
technologies to particle physics

Establish the necessary frameworks and mechanisms to allow
exploration of emerging technologies

Develop and provide advanced enabling capabilities and infrastructure

Develop radiation-hard calorimeters with enhanced electromagnetic
energy and timing resolution

Develop high-granular calorimeters with multi-dimensional readout
for optimised use of particle flow methods

Develop calorimeters for extreme radiation, rate and pile-up
environments

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

Evaluate and adapt to emerging electronics and data processing
technologies

Develop novel magnet systems

Develop improved technologies and systems for cooling

Adapt novel materials to achieve ultralight, stable and high
precision mechanical structures. Develop Machine Detector
Interfaces.

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

Establish and maintain a European coordinated programme for training in
instrumentation

Develop a master’s degree programme in instrumentation

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

Prospects for US Hosting

N
e

»
)

» 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

4 October 2023
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HMC Options
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https://arxiv.org/abs/2207.06213
https://arxiv.org/abs/2203.08088

Looking Forward

ol A

Today

2025
2028

2030
2032

2034

4 October 2023

D AN

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 uC?

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

Next Snowmass/P5!

J. Gonski 30


https://indico.cern.ch/event/957057/page/27294-implementation-of-the-ecfa-detector-rd-roadmap
https://cpad-dpf.org/?page_id=1549

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

4 October 2023 J. Gonski 31
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P5 Budget Scenarios

(o BV ~d
LS | =7 g \ 4
2.60 \ \ \ \ \
Overtop Scenario: Follows FY 2022
2.40 Chips & Science Act Authorization,
then +5.7% inflation through FY 2035
2.20 :
B
2.00 High Scenario: Follows ‘ .\.sl-ssl
: Inflati ducti ¢ ded —] FY 2022 Chips & Science Act
riEAE uctlon.Act of 2022 provide Authorization, then +3% inflation
1.80 supplemental funding of +303.6M for HEP through FY 2035 ‘
projects ‘
— 1.60
@ $1.381 | +$3.5668
= $1.226
o 140 ° B ‘
._é 1.20 $1.046 $1.166 Low Scenario: Begins with FY 2024
|.|3. ’ President’s Budget Request, then
_@— ' +2% inflation through FY 2035
a. 1.00 $0.766 =
T L 2
0.80 1‘; -

0.60
FY FY FY FY FY FY FY FY FY FY FY FY FY FY FY FY FY FY FY FY FY FY FY
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

==2014 P5 Scenario A  ===2014 P5 Scenario B & HEP Budget Request @ HEP Appropriation ——House Mark
Senate Mark 2023 P5 Low 2023 P5 High 2023 P5 Overtop
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An Inclusive Timeline

o1 AL
LS | =7 g \ 4
Today 2029 ~2040 2057 206? 207?
: : ; —t ; =. >
S é/zfar ?rca)fniné 10 year gap in data
HL-LHC [ B © CERN ;o fromCERN

-lTDR(2032) """ """""""""" :

gicr3 E S :

*('z E or %lStart 2045-8 +15 years :

L ! FCCee [ E B :

-:Ti:'g : or ILC Technology Network :
e B E :
CoTTTTTTTrTTmmTe [DZ,EOES};& o '1T'DE @oagy: T TTTTTmTTTmTTEmmTmmomTmEmmTe

Mu-C [ _
FCChh [ : : - -
* Interleaved accelerator/detector R&D, construction, and physics activity such .
that there is no gap in data across global collider HEP C ;
. o : : . oNnStru
 This is not a flat budget! Leave flexibility for increased lobbying efforts & positive Physic

changes in funding expectations
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Collider Implementation Task Force Report

el Asn

P [ o\
» 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)

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 2571 R&D physics [2021 B$] [MW]
. FCC-eel2 0.24 7.7 (28.9) 0-2 13-18 12-18 290

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

F t 1 (0.09-0.37)

aC O rles 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) e/
CCC? (Cool 0.25 1.3 3-5 13-18 7-12 150
Copper Collider) (0.25-0.55) D —
CERC? (Circular 0.24 78 5-10 19-24 12-30 90
ERL Collider) (0.09-0.6)
ReLiC!? (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
~v collider) (0.125-0.14)
Muon Collider 0.13 0.01 >10 19-24 4-7 200
Higgs Factory® [T._Roser]
4 October 2023 J. Gonski 35


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

Collider Implementation Task Force Report

el Asn

P [ o\
» 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)

. Proposal Name CM energy Lum./TP Years of | Years to | Construction | Est. operating
M u |t|-TeV nom. (range) | @ nom. CME | pre-project first cost range electric power
] [TeV| [103% cm 257! R&D physics (2021 _B$ [IMW]
Colliders 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)
[T. Roser]
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https://indico.bnl.gov/event/18372/contributions/75207/attachments/47003/79705/2023%2004%2013%20ITF%20report%20presentation%20P5%20committee.pdf

Luminosity vs. Energy
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C3 Specs & Timeline

C3 Parameters

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

Collider Cc3 ce o Higgs physics run by 2040
CM Energy [GeV] 250 550 o US-hosted facility possible
Luminosity [x10%] 1.3 2.4 C3 time structure is compatible with ILC-like detector design and optimizations
Qradient [MeV/m] 70 120 ongoing
Eﬁecnvig::fﬁeﬁl{;[]M alis 683 128 C3upgrade to 550 GeV with only added rf sources
Num. Bunches per Train 133 75 o Higgs self-coupling and expanded physics reach
Train Rep. Rate [Hz] 120 120 C3is scalable to multi-TeV
Bunch Spacing [ns] 5.26 3.5 C® Demo advances technology beyond CDR level
Bunch Charge [nC] 1 1 o 5year program, followed by completion of TDR and industrialization
Cr(?ssing Angle [rad] 0.014 0.014 o Three stages with quantitative metrics and milestones for decision points
Site Power [MW] ~150 ~175 . L I .
Design Maturity pre-CDR | pre-CDR o Direct and synergistic contributions to near-term collider concepts
20192024 | 2025-2034 20352044 | 20452054 | 2055-2064
Accelerator
Demo proposal -
Demo test

CDR preparation
TDR preparation
Industrialization
TDR review
Construction
Commissioning

2 ab~1 @ 250 GeV
RF Upgrade

4 ab~! @ 550 GeV
Multi-TeV Upg.

4 October 2023
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[E. Nanni, C. Vernieri]
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https://indico.slac.stanford.edu/event/7992/contributions/5870/attachments/2658/7637/C3%20P5%20Final.pdf

FCC Scheduling & Timeline

Feasbity Study | ESPP |

Canlnainal i

1S, If

detaileg design anda tendering preparation

FCC-ee accelerator and detector R&D and technical
design

Superconducting magnets R&D

Tunnel, site and technical
infrastructure construction

10 years ) FCC-hh, 70
~ 25 years operation

FCC-ee dismantling, CE
& infrastructure
adaptations FCC-hh

FCC-ee accelerator and detector
consfruction, installation, commissioning

High-field magnet
industrialization and
series production

Long model magnets,
prototypes, pre-series

FCC-hh accelerator
and detector R&D
and technical design

FCC-hh accelerator and detector
construction, installation, commissioning

4 October 2023

o1 AL
D

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

[E._Gianotti]

( Start of FCC-ee physics run |

Start accelerator commissioning

End of HL-LHC
Start accelerator installation

Industrialisation and component production

Detector component production

Start detector commissioning @]

Start detector installation @]

Technical design & prototyping completed Four detector TDRs completed @]
Start of ground-breaking and CE at IPs
Detector CDRs (>4) submitted to FC3 :@]
End of HL-LHC more ATS | availabl End of HL-LHC more experts availabl

FCC Approval: Start of prototyping work

E Und

FC3 formation, call for CDRs, collaboration forming

FCCR dation

p! Strategy Up

FCC Feasibility Study Report

Detector Eol submission by the community =

T
-1 —
( FCC-ee Accelerator ( Key dates FCC-ee Detectors J
J. Gonski
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https://indico.bnl.gov/event/18372/contributions/75206/attachments/47011/79716/CERN-plans.pdf

H-C Scheduling & Timeline

ol AL
LS | =7 g \ 4
Year: O 7 17
N R&D Phase Demo Phase »
S - - o
S5 5 °
% 3 Design Work/Component+Technology R&D % § Demonstrator Construction and Operation » L
go|l JHE S |
I g2 I o o)
[T 7]
- 25 | ' =
s Detector/MDI Design + =2 System Designand  f Prototyping > /=
© % Component/Technology R&D S5 Optimization I = S
9 c O
2 & &% ~ §
° | ' &3S ' s |
| v 2 | = 0
<2 . c
) o . . =
Q [ Physics Studies ] g B { Physics Studies ] 3
Q (7] [
= 4
i — — T
| |
Simulation and Computing Infrastructure . Simulation and Computing Infrastructure
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Plasma WakeField Accelerators

PWFA

High-Gradient

4 October 2023

Goals

High-Efficiency

ENERGY
RECOVERY

PLASMA
MIRROR

ACCELERATION STAGE
IN PLASMA CHANNEL

LASER PULSE

SRF or NCRF Linear Collider

Design Studies

Structure Wakefield Collider

Beam-Driven Plasma Collider

Laser-Driven Plasma Collider

yy-Plasma Collider

2025

Low-Emittance

Laser-Plasma Linear Collider
arXiv 2203.08366

2030 2035 2040 2045

2050

2055

tn

5..
(

N

S. Gessner

2060 2065 2070 2075

> 250 GeV Higgs Factory > 500+ GeV Upgrade >

Integrated Design Study, BDS
Study, Demo facility Study

0

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

0

2

C
Positron PWFA, Staging, \ D E:;Rﬁ;itvz?gor
Energy Recovery R BDS System

Staging, Energy Recovery, \
kHz repetition, Positron LWFA /

NLQED, FEL R&D, IP R&D >

15 TeV Wakefield Collider
Operating 2060 and Onward

>

J. Gonski

41

>
)


https://indico.slac.stanford.edu/event/7992/contributions/5872/attachments/2662/7648/AAC_to_P5_vFinal.pdf

LBNF/DUNE Project Schedule FY21-32

€21 Al
LS | =Y g \ W4
Catogory FY2021 FY2022 FY2023 FY2024 FY2025 FY2026 FY2027 FY2028 FY2029 FY2030 FY2031 FY2032
Q1 02 03 02/ 01 02 03 04 01 02 03 Q4 O1 Q2 G2 Q4 Q1 Q2 Q3 Q4 Q1 02 03 02 01 02 03 04 O1 02 03 04 O1 Q2 42 a4 Qi a2 Q3 Q4 Q1 G2 Q3 02 01 02 03 o4

- LBNF/DUNE-US @ CD-1RR & cp-4

O |rscrexc cD-2/39 ®cpa
= Cavern & Drift Excavation
.g AUP: North and South Cavern
— [Fscr-8si #c0.2/3 D4
g Building & Site Infrastrcuture

8 FDC @cp-3a ¥cD-2/3 ®Cp-4
'E | FD1 and FD2 Components - Design and Fabrication
6 | : Cryogenics - Set-up and Installation
|&’ ¥ 1 | Detactor #1 and #2 - Install

LAr Pumps #1, Fill Cryostat #1 and #2 (40%) - KPP Met
Commission Detector 1

© START OF SCIENCE!

..q_'.’ NSCF+B ®cD-3a $cD-2/3 cD-a

E I l B line DOSI'“
3 Horn - design, prototype, test, fab, assemble

%0 Construction (ND Hall, Target Complex, Absorber Complex, etc.) and Beam Install
'-6 Beam Checkout

c Boam Checkout Complete (KPP Met) ¢ BRFANM ON!

D |ve @cD-2 $CD-3a ®cp3 ®cpa

T muon spectromater (MS) Design
_ Procure, Fab, Test and Deliver (PRISM, MS, Cryo Threshold)
Installation and Checkout - PRISM, MS, Cryo (Threshold kpp) [
ND Objective Scope Complete (KPPs Met) ¢

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

>
)

N
5..
(

2211.11084

For the five year period starting in 2025:

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

2. Establish a targeted eTe™ 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 ete™ 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.
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https://arxiv.org/abs/2211.11084

Snowmass Early Career

ol AR
LS | =Y g \ W4
- 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
Snowmass
I | Early Career
Summary & Cosmic Rare Processes
Frontmatter Frontier | Frontier
A;jzf:i‘:fr J Ii’:;rfeyr FT:::EI |Conveners: Julia Gonski, Fernanda Psihas, Sara M. Simon
- : Frontier Summary Report arXiv:2210.12004
](5: 1(1) IZH:;::;}; Instrumentation U;izﬁ?;nd
l:'grogntier IFiomitar || Frontier Topical Group Reports:
Computational Neutrino Snowmass Key Initiatives Organization arXiv:2207.07508
]| Frontier Frontier Early Career Conveners: Joshua Barrow, Kristi L. Engel, Tiffany R. Lewis,
Sara M. Simon, Jorge Torres
Community Survey Report arXiv:2203.07328
Conveners: Garvita Agarwal, Joshua L. Barrow, Mateus F. Carneiro,
Erin Conley, Maria Elidaiana da Silva Pereira, Sam Hedges,
Samuel Homiller, Ivan Lepetic, Tianhuan Luo Sam He
44
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