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- https://www.slac.stanford.edu/econt/C210711/
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Proceedings of the 2021 US Community Study {

the Future of Particle Physics Seattle SNOWIMass Summer Studya2922

, ;»July17 26, 2022 in Seattle “ﬁ"
(Snowmass 2021) =

organized by the APS Division of Particles and Fields

The field of HEP is vibrant, dynamic & excrung

= Snowmass 2021 Succinct Summary:
Summary & @osinic Rite Processes Lead the exploratlon of ghe. fundameotal nature of
Frontmatter Frontier Eroniict matter, energy, space an : time, by u51og
N | ground-breaking theoretical, observational, and

1 experimental methods; developing state-of-the-art

Sl e Energy ihee ry technology for fundamental science and for the

Eronoch Eronicr Eronliic benefit of society; training and employing a diverse
and world-class workforce of physicists, engineers,

technicians, and computer scientists from

Community
Engagement
Frontier

Underground universities and laboratories across the nation;
Facilities
Frontier

Instrumentation
Frontier

collaborating closely with our global partners and

with colleagues in adjacent areas of science; and
probing the boundaries of the Standard Model

of particle physics to illuminate the exciting terrain

Computational Neutrino Snowmass .
Frontier Frontier Early Career beyond, and to address the deepest mysteries

in the Universe.




Opportunities in HEP for the decade & beyond

Decadal Overview of Future Large-Scale Projects

Frontier/Decade 2025 - 2035 2035 -2045

, U.S. Initiative for the Targeted Development of Future Colliders and their Detectors
Energy Frontier

Higgs Factory

Neutrino Frontier LBNF/DUNE Phase I & PIP- II DUNE Phase II (incl. proton injector)

Cosmic Microwave Background - S4 | Next Gen. Grav. Wave Observatory*

Cosmic Frontier Spectroscopic Survey - S5* Line Intensity Mapping*
Multi-Scale Dark Matter Program (incl. Gen-3 WIMP searches)
Rare Process Frontier Advanced Muon Facility

Medium- and Small-Scale Future Experiments and Projects:
(see the full frontier reports)
Medium- and small-size experiments and projects are an important component of the

current and proposed program.
Because of their shorter timescale and smaller size, these experiments offer unique

leadership and training opportunities for younger physicists and allow for greater
diversity in the experimental particle physics ecosystem.

Such as SBND, CEVNS; g-2, MuZe, OVB, AME, Belle II; DM ...

Mostly science considerations.
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Report from the
Particle Physics Project Prioritization Panel (P5)

Hitoshi Murayama & Karsten Heeger
on behalf of the P5 panel

HEPAP Meeting, December 7, 2023
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Explore the Quantum Universe

https://www.usparticlephysics.org/2023-p5-report/

Search for Direct Evidence

< llluminate
the

Hidden
q Universe

Decipher

the

Quantum Paradigms in
Realm Physics



Budget Scenarios and Projects

1) Increases of 2.0 percent per year during fiscal years 2024 to 2033 with the FY 2024
level calculated from the FY 2023 President’s Budget Request for HEP.

2) Budget levels for HEP for fiscal years 2023 to 2027 specified in the Creating
Helpful Incentives to Produce Semiconductors and Science Act of 2022, followed
by increases of 3.0 percent per year from fiscal years 2028 to 2033.

— Projects in Less Favorable Scenario — Projects in Baseline Scenario
B ongoing ! proposed
- $M 1200
900
600
300
0

2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035
not including on-shore Higgs factory DOE only

%



Prioritization Principles P

In the process of prioritization, we considered scientific opportunities,
budgetary realism, and a balanced portfolio as major decision drivers.

Large projects (>$250M)

- Paradigm-changing discovery potential
» World-leading

» Unique in the world

Medium projects ($50-250M)

- Excellent discovery potential or development of major tools
» World-class

- Competitive

Small projects (<$50M)

» Discovery potential, well-defined measurements, or outstanding technology development
» World-class

* Excellent training grounds



Prioritization Principles

Overall program should
« enable US leadership in core areas of particle physics
e |leverage unique US facilities and capabilities
e engage with core national initiatives to develop key technologies,
« develop a skilled workforce for the future that draws on US talent
* realize effective engagement, partnership, and leadership in international endeavors

Balance of program in terms of

Size and time scale of projects
Inside or outside the US
Project vs research

Current vs future investment

Balance to the portfolio Balance and Theory

* To support a healthy program, we aim for balance across the various
project areas

Importance of theory

* While statements were made in support of theory in the previous P5
report, we’ve seen the funding — particularly at universities — erode, to
the detriment of our potential for discover.

9



Principles for Deliberation ?33)

Everything was on the table, nothing was off the table
* including ongoing projects

Everyone listened to each other with respect
» talked through all concerns avoiding preconceptions

* tried to optimize the overall particle physics portfolio, thinking beyond individual interest
Lots of difficult conversations

* necessary to understand issues
* |long discussions really paid off
Decisions by consensus
* we never made decisions based on voting

* |f 30 members can’t agree, how can we expect support from thousands of physicists
Conflict of Interest (COI)

* Everyone recorded their COI, stated their COIl during discussions
* |f Col, can make factual statements but not express opinions during deliverations

10



Vision of the 2023 Particle Physics Project
Prioritization Panel (P5)

We envision a new era of scientific leadership, centered on decoding the quantum realm,
unveiling the hidden universe, and exploring novel paradigms. Balancing current and future
large- and mid-scale projects with the agility of small projects is crucial to our vision. We
emphasize the importance of investing in a highly skilled scientific workforce and enhanc-
ing computational and technological infrastructure. Particle physics has a long-proven
record of creating new technologies and provides a training ground for a skilled workforce
that drives not only fundamental science, but quantum information science, Al/ML, com-
putational modeling, finance, national security, and microelectronics.

As the highest priority independent of the budget scenarios, complete construction projects and support
operations of ongoing experiments and research to enable maximum science. This includes HL-LHC, the
first phase of DUNE and PIP-II, the Rubin Observatory to carry out the Legacy Survey of Space and Time (LSST), and
the LSST Dark Energy Science Collaboration.

Construct a portfolio of major projects that collectively study nearly all fundamental constituents of our
universe and their interactions, as well as how those interactions determine both the cosmic past and future.
1: CMB-S4, which looks back at the earliest moments of the universe,
2. Re-envisioned second phase of DUNE with an early implementation of an enhanced 2.1 MW beam
as the definitive long-baseline neutrino oscillation experiment,
. Offshore Higgs factory, realized in collaboration with international partners, in order to reveal
the secrets of the Higgs boson,
4. Ultimate Generation 3 (G3) dark matter direct detection experiment reaching the neutrino fog,
9. IceCube-Gen2 for the study of neutrino properties using non-beam neutrinos complementary to DUNE and
for indirect detection of dark matter.

Create an improved balance between small-, medium-, and large-scale projects to open new scientific
opportunities and maximize their results, enhance workforce development, promote creativity, and com-
pete on the world stage. The proposed portfolio includes implementing the recommended program, Advancing Science
and Technology using Agile Experiments (ASTAE).

Support a comprehensive effort to develop the resources—theoretical, computational and technologi-
cal—essential to our 20-year vision for the field. This includes an aggressive R&D program that, while
technologically challenging, could yield revolutionary accelerator designs that chart a realistic path to
a 10 TeV parton center-of-momentum (pCM) collider. In particular, the muon collider option builds on Fermilab
strengths and capabilities and supports our aspiration to host a major collider facility in the US.

Invest in initiatives aimed at developing the workforce, broadening engagement, and supporting ethical
conduct in the field. This commitment nurtures an advanced technological workforce not only for particle physics, but
for the nation as a whole.



Final report:
https://www.usparticlephysics.org/2023-p5-report/

6 Recommendations:
including 30 action items of ranked priorities,
ranging from particle physics,
astro-particle physics,
particle-cosmology;

balanced projects of O($M - $B) + R&D + theory

20 Area Recommendations:

including suggestions/advice to
agencies, national labs, university programs ...

12



Recommendation 1

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:

Including:
a. HL-LHC (energy frontier)

b. 15t Phase DUNE & PIP-II (LBN neutrino)
c. The Vera Rubin Observatory (dark energy survey)

Plus smaller scale projects:
NOvA, SBN, T2K, IceCube (neutrino physics)
DarkSide, LZ, SuperCDMS, XENONRT (DM direct searches)
DESI (DM, inflation)
Belle-2, LHCb, Mu2e (flavor physics at higher scales)

13



LHC — High Luminosity LHC

RUN 2
SMH

2019

a. LHC/HL-LHC:
Lead the energy frontier for the next 15 years!

LHC

(Caterina Vernienr)

HL-LHC

Upgrade of accelerator
and experiments

2020 2021 2022 2023 2024

RUN 3 : :
HL-LHC installation
16M H ATLAS Upgrade
(300 fb1)
2025 2026 2027 2028
H couplings to: O(5-10)%
H self-coupling to: 0(50)%
New physics reach:

M, A ~ O(a few TeV)
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b. Next generation of Neutrino Experiments/SN detection

Sanford Underground

« 1300-km baseline
4 10-kton LArTPC modules

N A 4 ] VL
R SRA VIO

4 -'e" \./;,‘ '\],\1 \w{ ;

Hyper- JUNO e 4850'ft depth

Kamiokande 20 kton scintillator

260 kton water (hydrocarbon) (Lianjian Wen)

: Mass CP . . CCSN burst @ Proton Decay
Exp. Time ordering | phases Precision Meas. 10 kpc DSNB Geo-v Solar (sensitivity@10 y)
o 3.4 sinzﬂlz (0.5%), 11-f] 78
JUN 40 B Am2. (0.3% all-flavor v N e, pep, 33« et
20 ki) 2024 6y ;1( ), (IBD, eES, pES) 30,3y | ~400/y | 0% | 9.6x1033y (VK *)
Ams3, (0.2%), 6 y

DUNE >50 50 (50%) | Am3, ~0.4%, °Ar CC& NC, | ,, . g >8.7x1033 y (e*n?)
(17 kt*4) 2030 1-3y 10y sin?60,3~1.1% * 15y | eES Ar CC B, hep >1.3x103%y (VK ™)
HyperK 3-506 |50(60%) Am3, ~0.6%, s >7.8x103y (e*n?)
sok) | 2027 10y |10y sin?0,,~1.6% * 10y | - 1BD 30,6y B.hep | 23.2x10% y (vK")
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e Probing dark energy and dark matter.

e Taking an inventory of the solar system.

c. Vera Rubin Observatory

e Exploring the transient optical sky.

e Mapping the Milky Way.

Camera '

Vera C. Rubin Observatory
Cerro Pachon, Chile




Recommendation 2

Construct a portfolio of major projects that collectively study nearly all fundamental
constituents of our universe and their interactions, as well as how those interactions
determine both the cosmic past and future.

. CMB-54, which looks back at the earliest moments of the universe to probe physics at the
highest energy scales. It is critical to install telescopes at and observe from both the South Pole
and Chile sites to achieve the science goals (section 4.2).

. Re-envisioned second phase of DUNE with an early implementation of an enhanced 2.1 MW
beam—ACE-MIRT —a third far detector, and an upgraded near-detector complex as the definitive
long-baseline neutrino oscillation experiment of its kind (section 3.1).

. 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 (see also Recommendation 6), 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 (section 3.2).

. An ultimate Generation 3 (G3) dark matter direct detection experiment reaching the neutrino
fog, in coordination with international partners and preferably sited in the US (section 4.1).

. lceCube-Gen2 for study of neutrino properties using non-beam neutrinos complementary to
DUNE and for indirect detection of dark matter covering higher mass ranges using neutrinos as a
tool (section 4.1).

17



Power (microK?)

a. CMB S4
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c. Oft-shore Higgs

THE TOHOKU REGION OF JAPAN

AOMORI

YAMAGATA

CEPC 240 GeV

& Tohoku

7 e 3 COOL COPPER COLLIDER
Y Y Y Y
2 50 /500 G ev C o o ' '
250/550 GeV
..>TeV
Operation mode VA 14 Higgs
Center-of-mass energy (GeV) 91 160 240
Operation time (year) 2 1 10
Instantaneous luminosity/IP (1034 cm—2s~1) 115 16.0 5.0
Integrated luminosity (ab—!, 2 IPs) 60 3.6 12
Event yield (30 MW) 2.5x 102 1.0x10® 2.5x 106

Ax/x_SM [%]
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K_hXX

Factories
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Recommendation 3

Create an improved balance between small-, medium-, and large-scale projects to open new
scientific opportunities and maximize their results, enhance workforce development, promote
creativity, and compete on the world stage.

a. Implement a new small-project portfolio at DOE, Advancing Science and Technology through
Agile Experiments (ASTAE), across science themes in particle physics with a competitive program
and recurring funding opportunity announcements. This program should start with the construction
of experiments from the Dark Matter New Initiatives (DMNI) by DOE-HEP (section 6.2).

b. Continue Mid-Scale Research Infrastructure (MSRI) and Major Research Instrumentation (MRI)
programs as a critical component of the NSF research and project portfolio.

c. Support DESI-II for cosmic evolution, LHCb upgrade Il and Belle Il upgrade for quantum imprints,
and US contributions to the global CTA Observatory for dark matter (sections 4.2, 5.2, and 4.1).
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Recommendation 4

Support a comprehensive effort to develop the resources —theoretical, computational,

and technological—essential to our 20-year vision for the field. This includes an

aggressive R&D program that, while technologically challenging, could vyield
revolutionary accelerator designs that chart a realistic path to a 10 TeV pCM collider.

a. Support vigorous R&D toward a cost-effective 10 TeV pCM collider based on proton, muon,
or possible waketield 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 (sections 3.2, 5.1, 6.5, and Recommendation 6).

b. Enhance research in theory to propel innovation, maximize scientific impact of investments in
experiments, and expand our understanding of the universe (section 6.1).

c. Expand the General Accelerator R&D (GARD) program within HEP, including stewardship
(section 6.4).

d. Invest in R&D in instrumentation to develop innovative scientific tools (section 6.3).

e. Conduct R&D efforts to define and enable new projects in the next decade, including detectors for
an e+te- Higgs factory and 10 TeV pCM collider, Spec-S5, DUNE FD4, Mu2e-Il, Advanced Muon
Facility, and line intensity mapping (sections 3.1, 3.2, 4.2, 5.1, 5.2, and 6.3).

f. Support key cyberinfrastructure 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 (section 6.6).

21



Toward 10 TeV partonic C.M. Energy (pCM)
fully explore the Higgs sector/mechanism & beyond

LHC |00 TeV pp

Precision Higgs physics: H H

Strong 15t order EWPT! H T ?

Posm.ble .EW baryog.enems All welknow: |:{> \ /
Gravitational wave signals? h / F“\ J
\ \ /

Open a new energy threshold:

* Direct new heavy state production:
Higgs HYAY, H*H~ SUSY particles; quarks / leptons
reaching M > E_ /2.

* Indirect probe of contact interaction / composite scale

~ 100 TeV
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proton+proton @ 100 TeV

FCC-hh @ CERN SppC in China
(see Michelangelo Mangano's talk) (see Jie Gao’s talk)

Main parameters
Circumference 100 km
g . S Beam energy 62.5 TeV
o depilture - ~ N | Lorentz gamma 66631
= STiCircular A Pl S o Dipole field 20.00 T
Eoliider s T > faies 5 s

o
Py =2
<

A -,

Physics performance and beam parameters
440 oo . . gyl
3 Initial luminosity per IP 4.3E+34 em’s”
» ) . . )Y . . - -
Beta function at initial collision 0.5 m
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The recent excitement: the “Muon Shot”

Muon Accelerator Project (MAP)

https://arxiv.org/abs/1907.08562, J.P. Delahauge et al., arXiv:1901.06150/
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= Particle Physicists Dream of a Muon
Collider

r ) ( rﬂ
Tl'IEG) After years spent languishing in obscurity, proposals for a muon collider are regaining
momentum among particle physicists

. ¥ .. USand Europe
Theinternational journal of science/18 January 2024 ShOUId team up

nature onmuon collider

A feasibility study for amuon smasherin
the United States could be an affordable
94 way to maintain particle-physics unity.



https://arxiv.org/abs/1907.08562

Search Method

Reach at 10 TeV pCM energies
Higgs coupling reach for A, > =2

Pushing the “Naturalness” limit:
The searches for top quark partners
& gluinos, gauginos ...

| Snowmass 2021: Energy Frontier Collider Sensitivities
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Recommendation 5

Invest in initiatives aimed at developing the workforce, broadening engagement, and

supporting ethical conduct in the field. This commitment nurtures an advanced

technological workforce not only for particle physics, but for the nation as a whole.

Recommendation 6

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.

1.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.

2.Mid- and large-scale test and demonstrator facilities in the accelerator and collider R&D
portfolios.

3.A plan for the evolution of the Fermilab accelerator complex consistent with the longterm
vision in this report, which may commence construction in the event of a more favorable

budget situation.
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Figure 1 — Program and Timeline in Baseline Scenario (B)

Index: M Operation  Construction M R&D, Research P:Primary S:Secondary
§ Possible acceleration/expansion for more favorable budget situations

g p, T -0 E2
S 83 59 53 3§ %2 g8
Science Experiments e 3% %2 SF 82 &3 - 3
Timeline 2024 2034 Science Drivers @ fo
LHC P P P P
LZ, XENONNT P
NOVA/T2K P S
SBN P S
DESI/DESI-II S S P P
Belle Il S S P
SuperCDMS P
Rubin/LSST & DESC S P P
Mu2e P
DarkSide-20k P
HL-LHC P P P P
DUNE Phase | P S S
CMB-S4 S S P P
CTA S P
G3 Dark Matter & S P
IceCube-Gen2 P S P
DUNE FD3 P S S S
DUNE MCND P S S
Higgs factory § P S P P
DUNE FD4 § ‘ S
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Figure 2 — Construction in Various Budget Scenarios

Index: N: No Y:Yes : Recommend R&D but no funding for project C: Conditional yes based on review P:Primary S: Secondary
: Recommend construction but delayed to the next decade
A: Can be considered as part of ASTAE with reduced scope

US Construction Cost >$3B

$1-3B

off-shore Higgs factory , }
ACE-BR & R&D P

$400-1000M
CMB-S4 Y Y Y
Spec-S5 ' &L &L Y

$100-400M
IceCube-Gen2 Y Y ¥ P P
G3 Dark Matter 1 4 ;i Y P

DUNE FD3 : : 5 Y P

test facilities & demonstrator P P =) =
ACE-MIRT & Y Y
DUNE FD4 R&D R&D | Y P

G3 Dark Matter 2 ““ Y P
MuZ2e-Ii R&D R&D 8D

srEDM

$60-100M
SURF Expansion
DUNE MCND
MATHUSLA ¢
FPF ¢
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10 Summary of the 2021-22 U.S. HEP Community Planning Exercise
Decadal Overview of Future Large-Scale Projects
Frontier /Decade 2025 - 2035 2035 -2045

Energy Frontier

U.S. Initiative for the Targeted Development of Future Colliders and their Detectors

Higgs Factory

Neutrino Frontier

LBNF/DUNE Phase I & PIP- II DUNE Phase II (incl. proton injector)

Cosmic Frontier

Cosmic Microwave Background - S4 | Next Gen. Grav. Wave Observatory*

Spectroscopic Survey - S5* Line Intensity Mapping*

uMulti-Scale Dark Matter Program (incl. Gen-3 WIMP searches)

Rare Process Frontier

u Advanced Muon Facility

Table 1-1.  An overview, binned by decade, of future large-scale projects or programs (total projected
costs of $500M or larger) endorsed by one or more of the Snowmass Frontiers to address the essential scientific
goals of the next two decades. This table is not a timeline, rather large projects are listed by the decade in
which the preponderance of their activity is projected to occur. Projects may start sooner than indicated
or may take longer to complete, as described in the frontier reports. Projects were not prioritized, nor
examined in the context of budgetary scenarios. In the observational Cosmic program, project funding may

come from sources other than HEP, as denoted by an asterisk. u Recommended

The particle physics case for studying gravitational waves at all frequencies

should be explored by éfpanded theory support. R&D
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Area Recommendations

20 1n total, including suggestions/advice to
agencies, national labs, university programs ...

Theory

1.

Increase DOE HEP-funded university-based theory research by $15 million per year in 2023 dollars (or about
30% of the theory program), to propel innovation and ensure international competitiveness. Such an increase would
bring theory support back to 2010 levels. Maintain DOE lab-based theory groups as an essential component of the
theory community.

ASTAE

2.

For the ASTAE program to be agile, we recommend a broad, predictable, and recurring (preferably annual) call for
proposals. This ensures the flexibility to target emerging opportunities and fields. A program on the scale of $35
million per year in 2023 dollars is needed to ensure a healthy pipeline of projects.

To preserve the agility of the ASTAE program, project management requirements should be outlined for the portfolio
and should be adjusted to be commensurate with the scale of the experiment.

A successful ASTAE experiment involves 3 phases: design, construction, and operations. A design phase proposal
should precede a construction proposal, and construction proposals are considered from projects within the group that
have successfully completed their design phase.

The DMNI projects that have successfully completed their design phase and are ready to be reviewed for
construction, should form the first set of construction proposals for ASTAE. The corresponding design phase call

would be open to proposals from all areas of particle physics.
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Instrumentation
6. Increase the annual budget for generic Detector R&D by at least $20 million in 2023 dollars. This should be
supplemented by additional funds for the collider R&D program

7. The detector R&D program should continue to leverage national initiatives such as QIS, microelectronics, and Al/ML.
General Accelerator R&D
8. Increase annual funding to the General Accelerator R&D program by $10M per year in 2023 dollars to ensure US

leadership in key areas.

9. Support generic accelerator R&D with the construction of small scale test facilities. Initiate construction of larger test
facilities based on project review, and informed by the collider R&D program.

Collider R&D

10.To enable targeted R&D before specific collider projects are established in the US, an investment in collider detector
R&D funding at the level of $20M per year and collider accelerator R&D at the level of $35M per year in 2023
dollars is warranted.

Area Recommendation 11: To successfully deliver major initiatives and leading global
projects, we recommend that:

a. National Laboratories and facilities should work with funding agencies to establish
and maintain streamlined access policies enabling efficient remote and on-site col-
laboration by international and domestic partners.

b. National Laboratories should prioritize the facilitation of procurement processes and
ensure robust technical support for experimenters.

c. National Laboratories and facilities should prioritize the creation and maintenance
of a supportive, inclusive, and welcoming culture.

31



Area Recommendation 12: Form a dedicated task force, to be led by Fermilab with
broad community membership. This task force is to be charged with defining a roadmap
for upgrade efforts and delivering a strategic 20-year plan for the Fermilab accelerator
complex within the next five years for consideration (Recommendation 6). Direct task
force funding of up to $10M should be provided.

Area Recommendation 13: Assess the Booster synchrotron and related systems for
reliability risks through the first decade of DUNE operation, and take measures to pre-
emptively address these risks.

Area Recommendation 14: To provide infrastructure for neutrino and/or dark matter
experiments, we recommend DOE fund the cavern outfitting of the SURF expansion.

Area Recommendation 15: Maintaining the capabilities of NSF’s infrastructure at the
South Pole, focused on enabling future world-leading scientific discoveries, is essential.
We recommend continued direct coordination and planning between NSF-OPP and the
CMB-S4 and IceCube-Gen2 projects, which is of critical importance to the field of par-
ticle physics.

Area Recommendation 16: Resources for national initiatives in AlI/ML, quantum, com-
puting, and microprocessors should be leveraged and incorporated into research and
R&D efforts to maximize the physics reach of the program.

Area Recommendation 17: Add support for a sustained R&D effort at the level of $9M
per year in 2023 dollars to adapt software and computing systems to emerging hardware,
incorporate other advances in computing technologies, and fund directed efforts to tran-
sition those developments into systems used for operations of experiments and facilities.

Area Recommendation 18: Through targeted investments at the level of $8M per year
in 2023 dollars, ensure sustained support for key cyberinfrastructure components. This
includes widely-used software packages, simulation tools, information resources such
as the Particle Data Group and INSPIRE, as well as the shared infrastructure for preser-
vation, dissemination, and analysis of the unique data collected by various experiments
and surveys in order to realize their full scientific impact.

Area Recommendation 19: Research software engineers and other professionals at
universities and labs are key to realizing the vision of the field and are critical for main-
taining a technologically advanced workforce. We recommend that the funding agencies
embrace these roles as a critical component of the workforce when investing in software,
computing, and cyberinfrastructure.

Area Recommendation 20: HEPAP, potentially in collaboration with international part-
ners, should conduct a dedicated study aiming at developing a sustainability strategy for
particle physics.



CONCLUSION:

Pathways to Innovation & Discovery in Particle Physics

in the next Decade & Beyond

Decipher Explore llluminate
the New the
Quantum Paradigms Hidden
Realm in Physics Universe
Elucidate the Mysteries Search for Direct Evidence Determine the Nature
of Neutrinos of New Particles of Dark Matter
Reveal the Secrets of Pursue Quantum Imprints Understand What Drives
the Higgs Boson of New Phenomena Cosmic Evolution

EXCITING ROADMAP AHEAD!
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Muon Collider: The “Muon Shot”

MC @ Fermilab

Access Aceas - %y

* Best of both worlds: cleanness of leptons, no PDFs as in hadron collider
» But muons decay! Considerable challenge to accelerate & build detectors |/|Zi=

« P5 2.3: “This P5 plan outlines an aggressive R&D program... for a muon
collider test facility by the end of the decade. This facility would test the
feasibility of developing a muon collider in the following decade.” [ & N L

* P5 2.5: “...synergies between muon and proton colliders, especially in the e L
area of development of high-field magnets. R&D efforts in the next 5-year
timescale — initiating demonstrator facilities within a 10-year timescale.”
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s Bosons Production
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WIMP Dark Matter

Covering the thermal target

Higgsino 2 o Reach
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TH, Z. Lau, L.T. Wang, X. Wang: arXiv:2009.11287; arXiv:2203.07351

Thermal target
| L . —— L " 1

05 1 5 10
m, (TeV)

38



U.S. Community Summer Study: Snowmass 2021
July 17 — 26, 2022 @ UW — Seattle
http://seattlesnowmass2021.net

Seattle Snowmass 2022 Home indico Logistics v Links ¥  About v  Code of Conduct

_:” II

.}\

Participants

Number of in-person participants: 743
Number of virtual participants: 654
Local Organizing Committee/Volunteer/Press: 58

Total number of participants: 1397



Higgs pair production & triple coupling:

SM Higgs boson pair production at the LHC 50

SM Higgs boson pair production (gluon-gluon fusion - ggF):

000) ---h
Q
A \-:::30—
£ T
< | 68% CL
200 ---h Eaf
£

Higgs-fermion Yukawa coupling

—dictate EW phase transition & impact

on early universe cosmology!

Higgs boson self—coupllng

40

10

B 4UL-LHC

M 1cs500/C°
CLIC3000

FCC-ee
FCC-hh
pnl0TeV

Vs (lumi.) 3TeV (1 ab™1) | 6 (4) | 10 (10) | 14 (20) | 30 (90) || Comparison
WWH (Ary) 0.26% 0.12% | 0.073% | 0.050% | 0.023% | 0.1% [4]]
A/VE, (TeV) 47 i ) 11 16 | (68% C.L.)
ZZH (Dryz) 1.4% 0.80% | 0.61% | 0.46% | 0.21% | 0.13% [17]
A/V/E, (TeV) 2.1 O D 3.6 5.3 .
WWHH (Arw,) 5.3% 13% | 0.62% | 0.41% | 0.20%

A/VE, (TeV) 1.1 P e 3.8 5.5 || (68% C.L.)
HHH (Arg) 25% 10% | 56% | 3.9% | 2.0%\]| 5% [22, 23]
A/VE, (TeV) 0.49 Do s 1.0 1.2 1.7 W(68% C.L,

Table 7: Summary table of the expected accuracies at 95% C.L. for the Higgs couplings at a
variety of muon collider collider energies and luminosities.

TH, D. Liuy, I. Low, X. Wang, arXiv:2008.12204
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Long baseline neutrino facility (LBNF) and
Deep Underground Neutrino Experiment (DUNE)

Far Site — SURF in Lead, SD Near Site — FNAL in Batavia, IL
Facility/Infrastructure and Far Detectors Facility/Infrastructure, Neutrino Beamline,
and Near Detectors

X FSCF'BEI s l-;ar Site Building & Site Infrastructure . NSCF+B — Near Site Conventional Facilities + Beamline
anior
Underground f Tl Fermilab

Research : 400 - . :‘ S
Facility I, RS
oy YR R * ND — Near Detectors
¥ .'v-v; '_‘7"'.-‘?' \_\' =2 PARTICLE ’—"illlvn e,

ODETECTOR

“X FD_C — Far Detectors and Cryogenic Infrastructure

X FSCF-EXC — Far Site Excavation

X DUNE is an international science collaboration of more than 1300 scientists frbm
35 countries plus CERN

* 50 — 50 split between U.S. and non- U.S. collaborators

Largest DOMESTIC project in Office of Science (TPC = $3.2B)
the first U.S.-hosted international particle physics mega-project
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P5 Panel

Shoji Asai (University of Tokyo)
Amalia Ballarino (CERN)

Tulika Bose (Wisconsin—Madison)

Kyle Cranmer (Wisconsin—Madison)
Francis-Yan Cyr-Racine (New Mexico)
Sarah Demers (Yale)

Cameron Geddes (LBNL)

Yuri Gershtein (Rutgers)

Karsten Heeger (Yale) - Deputy Chair
Beate Heinemann (DESY)

JoAnne Hewett (SLAC) - HEPAP chair, ex officio until May
2023

Patrick Huber (Virginia Tech)

Kendall Mahn (Michigan State)

Rachel Mandelbaum (Carnegie Mellon)
Jelena Maricic (Hawaii)

Petra Merkel (Fermilab)

Christopher Monahan (William & Mary)
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Hitoshi Murayama (Berkeley) - Chair

Peter Onyisi (Texas Austin)

Mark Palmer (BNL)

Tor Raubenheimer (SLAC/Stanford)

Mayly Sanchez (Florida State)

Richard Schnee (South Dakota School of Mines &
Technology)

Sally Seidel (New Mexico) — interim HEPAP chair, ex
officio since June 2023

Seon-Hee Seo (IBS Center for Underground Physics
until Sep, Fermilab since Sep)

Jesse Thaler (MIT)

Christos Touramanis (Liverpool)

Abigail Vieregg (Chicago)

Amanda Weinstein (lowa State)

Lindley Winslow (MIT)

Tien-Tien Yu (Oregon)

Robert Zwaska (Fermilab)



Towards 10 TeV pCM

=1 A7
e [y 8
V(¢), today
 Ultimate direct discovery reach of TeV scale
phenomena potential
» Possible with hadron (FCC-hh @ 100 TeV) or
muon colliders, but R&D is needed e
/—0.4<A,/SM<6.3
0 1)
- . ¢
* Higgs physics: V(¢), 2040 (HL-LHC)
» Probe the electroweak phase transition; Higgs R
self coupling measurements to 5% precision e —
* Direct beyond the SM searches: /;':;;';f;ggg
» Direct discovery of the particles responsible o T
b ol ; . )
for any deviations observed in Higgs factory et phante
v Dark matter: “reach the thermal WIMP target
& 2 : 5 Standa_rd Model
for minimal WIMP candidates potential
2l what we may
o Aty
13 December 2023 J. Gonski i ek L 18
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Budget Scenarios Fa

— Less Favorable Scenario — Baseline
— Projects in Less Favorable Scenario — Projects in Baseline Scenario
$M 2000 _
1500 /

1000
Assuming fixed 30% fraction for Projects

500

0
2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

DOE only

44



HL-LHC:

("
IJ...
(

The High Luminosity LHC Era

Long-Lived Particles

* Higgs physics:
» Measure Higgs couplings to 2nd generation fermions

(muons, charm, strange?)

* Direct beyond the SM searches:
» P5 5.1.2: “Explore challenging signatures such as

compressed spectra, boosted topologies, and long-
Dark Jets

lived particles.”
» Dark matter: unique collider handle on complex dark

sectors (eg. dark QCD)

* Development of new data analysis & reconstruction ;
techniques, eg. advanced Al/ML mor =
nvisible fraction

4

s Graph Neural all, Connected ‘-

Learning Mok __'. ;.. %/‘-- R ”& # Athena k
\ . T d o Y . - Y AT -Zﬁ
- ,.. : — oo F o =2 . B -

Mod | ¥ e %% '-( "‘ LrIUAl .;7 ' \ 8 //? \ J GonSkI
1- A g 7 et A o 'LASW"WB -

“ + Walkthrough USLUA meeting
Hits Graph Edge Scores Track Candidates 2 & ATLAS track candidates
Graph Edge Graph iy m"mea with track parameter
Labeling Segmentation faple dcatiaring Secis ©r.6. 4.0, 24

Construction
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B EERINRZE ERE LRSS

uestions that need an answer:

Sy

* Origin of neutrino masses & mixing
e Nature of dark matter

* Matter-antimatter asymmetry

Puzzles that may/may not have an answer:

Large hierarchy, “naturalness”: m;;/ M;; ~ 10'°!
Fermion mass hierarchy & mixing:
e oo = U8 0 o e b |
Grand Unification of all forces:
Gr & a=> SU©2); ®U(1)y. What about SU3)c ?
Quantum gravity & black holes ?
Cosmic inflation & dark energy ?
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HEP at a Cross-Road: 182 = 72 &

While there are many fundamental questions,
no clear argument for the next physics scale for discovery!

“Prediction 1s hard, especially about the future.”
“When you come to a fork in the road, take 1t!”
— Yog1 Berra

We must explore all directions!
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In the Global Context: ElFRIRIT

* Europe
Furopean Strategy Process:

2020 Update of European Strategy for Particle Physics
-- HL.-LHC; Fcc-ee, Fcc-hh; R&D 1n accl., detec, theo.

e Asia

Japan: 2017 JAHEP/KEK Roadmap:

China: B.

g

-- SuperKEKB; J-PARC; Hyper-K; ILC .

PC-1I; JUNO; PandaX; LHAASO, C

e [.atin America

LPC/SppC ...

Latin America: Strategy Forum for Research Infrastructure

e United States

NAS Decadal survey on Astronomy & Astrophysics (2021)

NAS Decadal survey on Elementary Particle Physics (2023)
Snowmass 2021 for a decadal study
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(1). Energy Frontier: SHERIIR
Energy Frontier: explore the TeV energy scale and beyond

Direct Searches

LHC Future HE

colliders
e
(=]
iy
=
_.g More
=, ' Energy
S Factory ; -
(=]
O -
o 2
S £
= E
3
v

Mass Scale

The Energy Frontier Vision:

The energy frontier believes that it 1s essential to complete the HL.-LHC
program, to support construction of a Higgs factory, and to ensure the
long-term viability of the field by developing a multi-TeV energy frontier
facility such as a Muon Collider or a hadron collider.
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Original from ESG 2020 by UB B Proton collider
Updated July 25, 2022 by MN B  Electron collider

Bl Muon collider

BN Construction/Transformation
Preparation / R&D

LHC HL-LHC (14TeV, 3 ab™)

2048 start physics
100km tunnel, installation

FCC-ee: 90/160/250 GeV installation

-150/105 3" . FCC hh: 100 TeV =30 ab™

CERN

ShA ikt Blialos future energy frontier

CLIC: 380 GeV 3 TeV

11 km tunnel 1.5 ab

holding

29 km tunnel 50 km tunnel

Immediate future =2 ,oss ctart ohvsice

ILC: 250 GeV
2 ab?!

5 years 20km tunnel

Jaﬁan

31km tunnel 40 km tunnel
2035 start physics fllture energy fl"Ontler
©
£ CepC: 90/160/240 GeV
6 100km tunnel [BTSYPPTRRE SppC: 75-125 TeV, 10-20 ab™"

EEEEE EEEESEEEE EESEEEEEE EEESEEEEE EENEEEEEE EEEEEEEEE NS A
2020 2030 2040 2050 2060 2070 2080 2090

Figure 6-40. Projected timelines for R&D, construction, and physics operations for some of the leading
proposed future collider options.
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The US EF community proposes to develop plans to site an ete~ collider in the US. A Muon
Collider remains a highly appealing option for the US, and is complementary to a Higgs factory.
For example, some options which are considered as attractive opportunities for building a
domestic EF collider program are:

USA

e A US-sited linear ete~ (ILC/CCC) Collider
e Hosting a 10 TeV range Muon Collider

e Exploring other ete~ collider options to fully utilize the Fermilab site

B proton collider MENN Construction/Transformation
B Electron collider Preparation / R&D

B Muon collider

Proposals emerging from Snowmass 2021 for a US based collider

CCC 2040 start physics
CCC: 250 GeV 550 GeV 2TeV
5 years 8 km tunnel 2 ab? 4 ab? =4 ab?

. RF upgrade
Muon Collider

2045 start physics =
muC:Stagel
13 years 4km & reuse Tevatron ring 3TeV 10TeV; o ore
_ . =10ab? Note: Possibility of

OR 4km+6km km ring 10km & 16.5 km tunnels 125 GeV or 1 TeV at Stage 1

2030 2040 2050 2060 2070 2080 2090

Figure 6-41. Approximate timelines for proposals for ILC/CCC and Muon Collier emerging from
Snowmass 2021 for a US based collider option.
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multi-TeV
+ HL-LHC

Physics example 1:

Sensitivity reach for Higgs couplings
for Higgs factories and multi-TeV colliders

E/z;c/'Zy Frontier F {fﬁ'f Lactory First 5{13*0'
. . o

Gauge Couplings
Loop Higgs
EF benchmarks yu yd ys yc yb yt ye y/‘ Y T Tree induced Width '13

LHC/HL-LHC DDD ‘ ’ ‘ D ‘ ‘ ’

2 woosm (10 0(6)e (%)

oLl o o 0
fcucsso DD?" D... &
06 « ¢

Fccee20 A1 2 @ & @ &
woe OO e o066 % ¢ ¢

Order of Magnitude for Fractional Uncertainty ¢S 0(107%) ‘ 6(.01) ‘ 6(.1) ‘ o(1) D >0(1) ¢ No study
Beyond HL-LHC

u-Collider g0 ? ¢ & 1 ¢ ¢ % &
FCC-hh/SPPC ¢ 2?2 ? ? ® ' ¢ ¢ Q ? D

L 2R 3R R AR
mBEmAw ol

Higgs
Factory

Most wanted 1n order to

understand EWSB!
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Indirect
SPPC 125 TeV

e SPPC 75 TeV
FCChh 100 TeV
FCCeh

- HL-LHC
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3 MuonC 10 TeV
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Physics example 2:
WIMP DM Searches: Covering the thermal target

Higgsino 2 o Reach

ggﬂ“
0.3

B X+MET inclusive

Disappearing track

Kinematic limit, 0.5 X Eq~y

[] Precision measurement

B X+MET inclusive

Disappearing track

Kinematic limit, 0.5 X Eqy

"] Precision measurement



(2). Neutrino Frontier: H4FHI
V Opportunities

] (m3)2 (m2)2—

The science drivers for NF et

(Am®),,,,

* What are the neutrino masses? m Y, (b

[
Io
—

* Are neutrinos their own antiparticles?

E— ] (m2)2

* How are the masses ordered? I S R

normal hierarchy inverted hierarchy

* What is the origin of neutrino mass and flavor?
* Do neutrinos and antineutrinos oscillate differently?

* Discovering new particles and interactions « Significant
.~ growthin activity
* Neutrinos as messengers < since last

Snowmass
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From Fermilab (Lia Merminga)

I Short Baseline Neutrino (SBN) program e D

The SBN program is a P5 report recommendation:

Pursue an exciting accelerator-based short baseline neutrino program
at Fermilab, SBN

New M t Rules Out
Sterile Neutrinos

e -
 to attract national and international neutrino community to Fermilab i |, —
« perform experiments using liquid argon detector technology — basis of

DUNE

« establish and train diverse community of researchers needed for DUNE

Short-Baseline Neutrino Program at Fermilab

MicroBooNE made a big splash

Target SBND MicroBooNE ICARUS Wlth its recent flagship results:
112 t active 89 t active 476 t active

Liquid argon technology works
extremely well, good news for DUNE
Seven papers released
simultaneously

Science target: resolve the 4.8 MiniBooNE low
energy excess, with the possibility of discovering
sterile neutrinos or other exotic neutrino physics

coming complete operating

ORNL: COHERENT, PROSPECT, PROSPECT-11
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From Fermilab (Lhia Merminga)

Delivering on LBNF/DUNE is Fermilab’s highest priority

DUNE: The world’s most capable neutrino experiment, driven by
LBNF and PIP-II

Vision for Neutrino Science
US/Fermilab is universally acknowledged as the world leader in

Gina Rameika Sergio Bertolucci neutrino science for decades to come
Fermi
\/I

Sanford
= Underground

\ Research Facility
b

NS

Esy

NEUTRINO
PRODUCTION

UNDERGROUND PARTICLE
PARTICLE DETECTOR DETECTOR
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From KEK (Masa Yamauchi)

«©p KEK T2K: Long baseline neutrino oscillation experiment

High Energy Accelerator
Research Organization

m Search for lepton CP violation

TZ/E\

W Neutrino oscillation @

Neutrino Beam -/~
CP

295 km ? @ h
I-_l o mumm :EE

~4 70 members, 74 Institutes, 13 countries

Super-Kamiokande

Symmetric?

O

Asymmetric?

& 45 RuniRun2  Run3Rund  RunSRun6 Run7 Run8 Run9 Runl0  Runli] (»(N)
X LN B O J J 1] z = Total Accumulated POT for Physics
T sk 4 —40F v-Mode Accumulated POT for Physics
r Normal ordering ] X B V-Mode Accumulated POT for Physics : s
g et S v-Mode Beam Power ? "‘
2‘)— nverted ordering : :0 \‘~.\lod»:&u_m Power & ::
L v c o, ﬂ i
L T BE }
sSE EEre = nE
- =20F =
10 4 E I5E
: 310}
5+ ] < : H
N { | 5| . | . . ZH Precise measurement
()w"; Ny e, ol s SEGY 0 g ‘a L l —/\ | . \ A \ P p—— a
= : ¢ 3 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 with doubled data by
Ocp . . . i
First constraint on lepton CP High power neutrino beam; ~520kW (achieved) ~2026 is expected.

asymmetry has been obtained. o Intensity upgrade up to 1.3MW
& Near-detector upgrade are on going.

57



From KEK (Masa Yamauchi)

«©p KEK Hyper-Kamiokande (HK) by U. Tokyo and KEK

High Energy Accelerator
Research Organization

High power proton beam

> Project Hyper-Kamiokande Detector
) yP m® J-PARC and near detectors

> 190kt-FV Hyper-Kamiokande Detector (UT)
» Upgrade of J-PARC to 1.3MW (KEK) / \ Double-

> Physics goals i | | sensitivity
» CPV in neutrino sector -
» Search for proton decay SR
» Atm-nu, solar-nu and supernova nu 2

» International project hosted by U.Tokyo & KEK

» Funding approved and construction started in

» Preparation of cavern excavation, production of PMTs
started

» J-PARC upgrade on-going
» Aiming to start operation in 2027.

.......

Hyper-Kamiokande Detector

T el I-—I! °
}Od B l—-_-- _—tE

e diy \ S
0 - g k s s v‘ 2/
- | ] o
T ° \ g p
\¢ ) > / ) .
o9 ) 5 . '
: “‘
! -

% A

wr
s / : P
L P~

9

Accesc tunnel excavated\

~500 members
from 20 countries
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From IHEP (Yitang Wang)
JUNO Experiment (2024)

* A 20 kt liquid scintillator detector at ~¥53 km baseline from
reactors for neutrino mass hierarchy, precision determination of
oscillation parameters and astrophysics

1.4F Daya Bay

Near Site JUNO
1.2 x* l Far Site

ol T
% - &
i AT Sty A R R S 03[
b A g‘ e Z A ILL
s ;\Guang Zhou) 0:ou g s & ¥ Savannah River
4 '“ R ‘( \\ d Zo 0.6 o Bugey
A Lont T TR . X Rovno
2 5 h drnve ‘ S [ 8 Gocwen
-, ; ~ (‘\ h en Zhen 0.2 0O Palo Verde
o @“ : B Choor ® KamLAND
(\” g/hong AL 001 1 1 I 1
\ HonedKone
“Zhu Ha| @ LR 10" 10° 100 100 10°
P i, ‘_' ong KOng Distance to Reactor (m)

Target mass [t] energy resolution
JUNO 20,000 3% @ 1 MeV

300 5% @ 1 MeV
1,000 6% @ 1 MeV
20 8% @ 1 MeV
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Bread & butter v physics:
JUNO (starting 2024): Hyper-K (starting 2027):

HK 10 years (2.70E22 POT 1:3 viv)

1
. 9 2 2
A —— 18_
sin® 2612, Am3;, and Am3, v S —
~ _ <« 16 E eeeeeeeeeeee Beam (Unknown MO)
. . . - B Atmospherics (Unknown MO)

+1% in six years of data taking. iy S— A
g 12 [ (RNARRRRR Combined (Unknown MO)
S 10F
2 =
o 3F
[
oo% 4
=
=

S

|
2 -1 0 1 2 3

-3 :
True 6(‘[,

Hyper-K prc]iminary
True normal ordering, improved syst. (v/V, xsec. error 2.7%)
sin’(0,,)=0.0218 sin*(0,,)=0.528 |Am3,|= 2.509 x 10~ eV?/c*

DUNE (starting 2032):

FIG. 4. HK sensitivity to exclude sind(cp) = 0, plotted as a function of the true value of dcp, assuming the mass ordering is
unknown. A combined fit of HK beam and atmospheric neutrinos significantly enhances the HK sensitivity to dcp.

0.11 2.6
- DUNE Sensitivity L. DUNE Sensitivity ——— 336 kt-MW-years
i All Systematics L All Systematics 624 kt-MW-years
- Normal Ordering - Normal Ordering —— 1104 kt-MW-years
0.105 sin®0,, = 0.580 unconstrained - sin20,, = 0.088 +0.003 NUFIT 4.0 90% C.L
B 90% C.L. (2d.o.f.) 2.55-90% C.L. (2d.o.f.) True V. | o
- 336 kt-MW-years B YD
B 624 kt-MW-years B
0.1 oy ——— 1104 kt-MW-years — R
L NUFIT 4.0 90% C.L. S i
- g True Value ‘; 25 B
&0.095 T ~\ < N a
e L 0 - 7\
@ i (x :5‘:245-_ //n\): °
.09+ \ &=L I\ 7/
| PN : >/ Complementarlty’
- \ - < o ” .
: ‘,‘ \ \ < :
0.085[ | \\/] | 2.4
0.08— S :
I-lllllllllllllllllllllllllllllllllllllll 2%llllllllllllllllIllllllllllll

-1 -08-06-04-02 0 02 04 06 08 1 35 04 045 05 055 0.6 0.65
Scp/m sin’0,,

FIG. 3. 90% confidence intervals for sin” 2613 —dcp (left), and sin” 23 — Am3, (right) after a range of exposures in kt-MW-years,

for a projected measurement with assumed true parameter values near the current global best fit. Yellow regions indicate recent
global fits from NuFIT 4.0.
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(3). Rare Process @ Precision

e the origin of quark and lepton flavor, generations, and mass hierarchies;

e the exploitation of flavor (both quark and lepton) as a precision probe of the Standard Model;
e the use of flavor physics as a tool for discovering new physics;

e the origin of the fundamental symmetries and their breakdown mechanisms;

e the physics of the dark sector available at high-intensity machines;

e the origins of baryon and lepton number violation, through the investigation of processes such Ov3p3
decays, proton decays, or baryon-antibaryon oscillations

e searches for non-zero electric dipole moments (EDMs) and CP-violation as well as fundamental (for
example, Lorentz) symmetry tests;

Large Hadron Collider (LHC) High Luminosity LHC (HL-LHC)
oz | 52| mms T Runs
LHCb 9 fb-1 —{ Upgrade | 35 fb-! =i Upgrade Ib 50 fb-1 =i Upgrade Il 300 fb-1 =P
ATLAS/CMS 190 fb-1 4 450 fb- w——] Phase-2 Upgrade 3 ab-! ——pp
2020|2021 |2022|2023 2024|2025 2026|2027 2028|2029 2030 2031|2032 2033 | 2034 2035 | 2039]
Belle Il 430 fb-1 =—] 7 ab-1 ==——| Upgrade(s) 50 ab-1 =—p
SuperKEKB
5fb-'@Vs=3.773GeV | 20b-' @ Vs = 3.773 GeV —|
BESII 3fb-' @ Vs = 4.178 GeV 6 fb-' @ Vs = 4.178 GeV l >
3fb-' @ Vs = 4.64 GeV Upgrade(s) 5fb-1 @ Vs = 4.64 GeV
BEPCII 1 ab-1 @ Vs = 3.773 GeV
STCF
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Low energy & high energy synergy:
Sensitivity to dim-6 operators in EFT
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1

Observed
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(4). Cosmic Frontier: F

Big Questions

® What is the fundamental nature of the dark matter? How does it fit in with the Standard
Model and what would we learn by detecting it ?

® Does it manifest as individual quanta (CFl)...or as collective waves (CF2) ?

® Can we further refine our understand of its properties based on cosmic observations
(CF3)?

® What is the nature of dark energy and cosmic acceleration (CF4 & CF5) ?

® |[s the dark energy dynamical? What is the physics of cosmic inflation? Are there other
cosmological transitions whose existence we can infer ?

® Can we constrain or discover ultra-weakly interacting or super-heavy components of the
Universe ?

® How can we use our existing and planned facilities to extract information that is more than
the sum of the individual parts (CF6) ?

® How can we use cosmic probes to learn about fundamental physics (CF7) ?




Cross Section [cm?]

Axion search plans

ADMX G2 ﬁ

DMNI #1
ADMX-EFR, DMRadio-m3

WIMP DM direct searches

1074
1042
1074
10~
107%
1074
1047
1074

10—49

=)

Common Facility
>

= DMNI #2 L .
= 53 ® Best Result (90% CL Limit) Axions Definitive Axion
B W AP e Measurement
—— O pM O Sensitivity Goal
. E
= 10 ® 1@ 360
= XENY7E KA @ EAY‘36 DMNI #1 ﬁ
— ¢ Scalar/Vector
= 0e®
= LENONY oandat — T 1 | —
_ OX® ° 2023 2025 2028 2030 2033 2035 2040
= LNYY ¢ 1 ©.
i XEN% aﬂdaXA S .
= y79--.0
_ N
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:llllllllllllllllIlllllllllllllllllllllllllllll
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Other cosmic probes

Stage 3 CMB Expts.

'221'231'241'25]1 26 | '27| 28 | '29

~ Stage 5 Spectroscopic Survey

LIGO Voyager/Cosmic Expl.
=k
MM-Wave LIM
21lcm PUMA/LuSEE

'30 '311'32 '33 '34 '35'36 '37/'38 '39
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A GRAND PICTURE: W45

Particle mass generation v

Underlying mechanism?
\ Electroweak phase transition?

e D A

p)
o
e oaﬂ( E:lergy
p)

: Cgsmi inflation?

Superstrings ? » e e
Unified
N Forces

Y

Next scale at

‘ : mraLon Todav'’s puzzles:
the energy frontier? € ?’ p S
T DE, DM, V’s, baryogenesis...

Created

Stars
Are Born

Today

-5

10°s 300 000 Years 10°Years  15-10° Years

10" TeV 10" TeV 150 MeV 0,7 MeV

THE FUTURE OF HEP IS BRIGHT!
EXCITING JOURNEY AHEAD!
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Backup shdes
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High-Energy Physics

is an exciting & dynamic field,
uninterrupted discoveries over half a century

From the quarks to Higgs boson, together with

Astrophysics/cosmological observations
60s 70s 90’ 2012

1st 2nd Jrd

| Higgs Boso o
% B EA

\ Highly successful theory

I 5B bF"
+ (f Py +he
T4 Yy P +hc.

o
S
e

+ R -V (@)

1930/1956 1962 2000
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Completion of the SM: FTHY HEM

First time ever, we have a selt-consistent theory:
* quantum-mechanical,

* relativistic,

* unitary,

* renormalizable,

* vacuum (quasi) stable, valid up to an

exponentially high scale, possible M, (1?)

B-asymmetry?
A? Dark Matter? CP violation?

All known physics M, ? Scale hierarchy ...
2

it Beof s p ok ks e e 2
W = AKA[Dg...] exp{h/d x\/—g[l&rGR 4F + Vil — Ady + | Do) V(q&)]}

Cosmic inflation?

e

Qrrir—— <.

amplitude current quantum mechanics spacetime gravity strong & matter Higgs
understanding electroweak
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(1). Energy Frontier

Energy Frontier: explore the TeV energy scale and beyond
Through the breadth and multitude of collider physics signatures

aS
W/Z mass Flavor physics pdf
W/Z couplings Strong

Interaction

. Jets
Properties

Multibosons EW
Gauge
’ ! Axion-like particles
" - Bosons Evolution of early Universe
iggs couplings :
Matter Antimatter Asymmetry
of Higgs Origin of Neutrino Mass
Higgs CP Origin of EW Scale . Long lived particles
. Origin of Flavor
Rare decays
Top SUSY
Physics Heavy gauge bosons
Top mass ,
Leptoquarks
Top spin FCNC New scalars Heavy neutrinos
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Beam Power (MW)
AN

Accelerator-based neutrino sources

== Proposed

[JESSvsB

Protvino

Phase 2
DUNE

Hyper-K

Upgraded Phase 1
——— 0 [oTo | r-To [-To

Current __ Current Proposed

0 2 4 _ 6
v, Neutrino Energy (GeV/c)
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Physics example 1: Non-Standard Interactions,
first introduced by Wolfenstein in 1978:

Lnc =—2V2Gr Y el (vay"Prg)(FruPf),
f’P7a)B

Loc =—2V2Gr Y el (Bay"Pres)(fy.PSf')

f’P’a)/B

16
0.100f 7 L f
)i/, y // 'uv,’ ,/,' ’Il
. . l}‘ " LATLAS/ /
0.010 P s : | A
=y /,’;J:}"’ ¢t COHERENT-Csl 4 l},"#,'y HL-LHC //’
L COHERENT-Csl | fHL-LHC [ L -
S_— A i B
v e \{N
------------ "/-( o
ooHEREN Nvelbi |
Case B ;
10—6 A aaanl PERPR P | a PRPEPPP | PP PP 7! I 10-—6 e aaaal " aaanl REPENPT | a PP | I |
0.01 0.10 1 10 100 1000 0.01 0.10 1 10 100 1000
7 Al d ] APA Vi
Mz GeV] A UV complete Z" model Mz |GeV]

Complementary among a variety of searches:

Oscillation experiments: COHERENT, T2HK, DUNE, ...
and collider searches: LHCb, ATLAS, CMS ...

TH, Liao, Liu, Marfatia: arXiv:1910.03272; BSM v Whitepaper: arXiv:2203.06131
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Physics example 2: Heavy Neutral Lepton
(HNL, Ny, sterile neutrino)

I P
1 /// ~
\ I T P
10-2 - \ LHC F
o =
\\ ,/’:/ ,”’/
\ i I ==
W, CODEXb gl |
N T - ! . FCC-hh
\ - 1
10-4 | FASER2 Y : LC
v ) \ \ 7 I
MATHUSLA PN \ ! H
\ ;’v\\“ 1 . ! ]
\\ \ k\ ! &
‘\\\\ : \\\\‘\ ‘\ \\\ ,’ ///
> 1wl ~
1076 o | AN ™ x >*
S 3 | \ \ \\ \ 7 X
\\\\\ N :_\I \ \:\ \ /I \ k
~N 3 RN \\\ l_’>\ \\ \\\ \\\ \ |LQ D\x|
NAG2 | S NN X
\\ \\t:”/ B |\ ! N \ "
108 \ | ok e = \ :
- S -~
- NN A\LHE DY
\ = T ~ I
. "~ A \ ) FCC-hh DV
o ~ 71 | /
\\ 1 /I
_ \‘\_/ SHiP by /
10710 4 1, i e
| ® -
10—12 a
T T T T T T
104

1071 10° 10! 102 103
M [GeV]

Complementary among a variety of searches.
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V Synergistic aspects:
RPF &

Experiment
Lepton flavor violation: p-to-e conversion
Lepton flavor violation: p decay
PIP2-BD: ~GeV Proton beam dump
SBN-BD: ~10 GeV Proton beam dump
High energy proton fixed target
Electron missing momentum
Nucleon form factor w/ lepton scattering
Electron beam dumps
Muon Missing Momentum
Muon beam dump
Physics with muonium
Muon collider R&D and neutrino factory
Rare decays of light mesons
Ultra-cold neutrons
Proton storage ring for EDM and axions
Tau neutrinos
Proton irradiation facility
Test-beam facility

Dark
Sectors

CLFV R&D

¥ Physics

1K

=

EF (HL LHC)

Booster
replacement
(beam upgrade)

Synergies at the
machine level as
well as physics

Figures from SNOWMASS neutrino

AF

2028 after STS

2000+ users
Hierarchical materials, time-
resolution and small samples

STS
0.7 MW
15 Hz

FTS
2 MW

olloquium by M. Toups
Y e
gmuon collider )45 pulses/sec
Neutrino Factory (NuMAX) ’
Proton Driver Front End |Cool- | Acceleration | Storage Ring
ing 5
llﬁ v
g i )’
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E] = o8 c 9|8 —
E g |22V & %|9i =0.35 km
g S IS S8 2|8: |Accelerators:
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= i |(Opt. RLA or FFAG)

v Factory Goal:
0O(10%") wyear
within the accelerator
acceptance

Share same complex

&

u-Collider Goals
126 GeV =
~14,000 Higgs/yr
Multi-TeV =
Lumi > 10*cm?s!

Muon Collider (Muon A

ccelerator Stags ing Study)

v

Plan view -
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IAdeND | | FLARE |

Cavern

Proton Driver Front End §Cooling Acceleration Collider Ring
= = i e
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Dark matter-nucleon cross section [cm?]

WIMP DM direct searches

Gradient of Xe discovery limit, n = —(dInc/dIn MT) !

D 2.0 2.5 3.0

< ' e
102 ] T T TR T T T T — T T T —r—7107°
10~42 10-6
107% 107
10~ 10-8
107% ’ 109
10—% 10-10
10~% 10-11
107" 10-12

Xe neutrino fog

10—13

sk

9
-
O

Dark matter mass [GeV /c?]
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Physics example 2:
WIMP DM Searches

S e From LUX collaboration
XENQ?.WSS2(?S13J\ ' _
10739 - Y. YraCOMS:I Ge Low Threshold (2011) — SN, | | -

CoGeNT
" (2012) 10-4
) COMSSi

 (Green ovals) Asymmetric DM

(Violet oval) Magnetic DM
10_48 (Blue oval) Extra dimensions

(Red circle) SUSY MSSM

A MSSM: Pure Higgsino
10749 @ mssm: A funnel

@ MSSM: Bino-stop coannihilation

0_50 w MSSM: Bino:squalrk c:oa‘nqif}il‘atl'ion

WIMP-nucleon cross section [cm?]
WIMP—-nucleon cross section [pb]

— — 0—14

GeV : 1 10 100 1000

f)W mass: e TGS 100 GeV (1)(% higher mass:
DD ditticult; DD + ID + HE Collider

Collider complementary
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Physics example: DM Searches in Cosmo

” Dark Matter Annihilation into Quarks and Gauge Bosons
. 10" Cosmic Probes XX — bE: XX = WHW-
g CMB and Small-Scale M : -
[ I = : ] Current Sensitivity
= =30 DR e e e et T
9 10 i o SR Cosmic Ray Scattering U
g # —25] : ]
% 1 10 '
2 ! . . - 1
S 10735+ 1 Direct Detection | !
& 5 : i wm :
g = I 2 = ' Thermal DM
S 10~ 3 [ E —~ ' Near Term
= % 1 & > % 1
3 T | z b 102} : ]
g c ami :
Z 10 ! S--mT N ' Far Term
= 1 /’/ Neutrino Fog :
(o) 1 P \ ]
1 - e !
! L L 25 ! L L 1 !
1076 107° 101 1073 1072 107! 10° 10! 102 10275 L ; 1 =
Dark matter mass (GeV/c?) 10 107 101 10 10

Dark Matter Mass [GeV/c?]

Figure 5-20. Limits on WIMP annihilations into pairs of bottom quarks (for masses below ~ 100 GeV
and W bosons (for larger masses) based on null searches by gamma-ray observatories. The beige regions

Figure 5-15. Cosmic probes of the matter power spectrum, dark matter halos, Big Bang nucleosynthesis,
and cosmic ray upscattering set strong constraints on the minimum thermal dark matter particle mass and
spin-independent dark matter—nucleon scattering cross section (green regions). Projected improvements in

sensitivity coming from future facilities and observations are indicated with a dashed green lines. These indicate the current limits for each mass, whereas the green shaded region indicates near future gains based on
constraints are highly complementary to constraints from direct detection experiments (gray regions). The planned missions, and the blue shading indicates the reach that would be enabled by long term investments
neutrino fog for xenon direct detection experiments is shown with dashed black line. From the CF3 report [3]. in ground- and space-based observatories. From the CF1 report [1].
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THEORY FRONTIER
Atk
'VWTOJUJHW\WW‘

(6). Theory Frontier

HEP Theory

unifies the frontiers

of particle physics /.\

connects to gravity,

nuclear physics,

cosmology, astrophysics Theory

condensed matter, AMO,

Fundamental

interconnected
scientific eco system

mathematics closely aligned with
experiment

advances our

understanding of Nature in Computational

regimes that experiment Theory

cannot (yet) reach

9

lays the foundations for
future experiments

Phenomenology central to the mOtivation,

analysis, and interpretation
of experiments

responsive:

propose new directions based
on data

propose/guide new experiments
develop new analysis tools

incorporates new perspectives (Ql, ML) and technologies

to extend the boundaries of our knowledge
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The field of HEP has been vibrant & exciting!

HEP has enjoyed the remarkable achievement
of 50*-year uninterrupted discoveries!

From quarks to the Higgs boson,

with heroic efforts in theory and experiments:
60s 70s 905 2012

. A highly successtul theory

¥ ;08 g

T30 F"
+ (FDY +he
T % ‘515)"5¢+k<_

+ R -V(@)

1930/1956 1962 2000
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Nima Arkani-Hamed
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Distilled from the Snowmass 2013 inputs,
The “Particle Physics Projects Prioritization Panel”

(P5) Report (May 2014)

Building for Discovery

Strategic Plan for U.S. Particle Physics in the Global Context Flve Science Drivers :

« Use the Higgs boson as a new tool for discovery

e Pursue the physics associated with neutrino mass

* Identify the new physics of dark matter

« Understand cosmic acceleration: dark energy and inflation

o Explore the unknown: new particles, interactions,
and physical principles.

Report of the Particle Physics Project Prioritization Panel (P5) May 2014

1/85124



Particle Physics Experiment Timeline
2015 2016 2017 2018 2019 ;zozo 2021 2022 2023 §2024

EXitiIlg On—gOing Current Dark Energy Experiments = H

o > Current Dark Matter Experiments
projects:

Current LHC Experiments

Current Neutrino Experiments

Y YR ————

F VTV VYV Y Yy Iy rLAy

Small Experiments

YTy rryry

SBN Program

Belle Il

The science drivers Muon g-2

r & ATLAS & CMS Upgrades

LSST
DESI

Mu2e

Operation Lz
& Analysis

SuperCDMS-SNOLAB
Fabrication/

. HL-LHC Detector Upgrades
Construction ,

HL-LHC Accelerator Upgrades

Conceptual &
Technical Design LBNF/DUNE

PIP-I1
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Snowmass 2021 Process: -
- <u‘>

Energy Frontier physics, EW Precision Phys. & constraining new phys., Precision QCD, Hadro

80 Topical Groups

Snowmass 2021

Higgs Boson properties and couplings, Higgs Boson as a portal to new physics,

Heavy lons, Model specific explorations, More general explorations, Dark Matter at colliders

NEUTRINO OSCILLATIONS, Sterile Neutrinos, Beyond the SM, Neutrinos from Natural Sources, Nentrino
Frontiers in Neutrino Physics Properties, Neutrino Cross Sections, Nuclear Safeguards and Other Applications, Theory of Ne- hysics,
Artificial Neutrino Sources, Neutrino Detectors

Frontiers in Rare Processes & Weak Decays of b and ¢, Strange and Light Quarks, Fundamental Physics - q .
Precision Measurements Lepton Number Violation, Charged Lepton Flavor Violation, Dark 8- COO .\600 .oscopy
A% \Cy

Dark Matter: Particle-like, Dark Matter: Wave-like, D~ G( Oﬁ e{ X) -rgy & Cosmic
Cosmic Frontier Acceleration: The Modern Universe, Dark Ener~ (e .wn & Before, Dark Energy &

Cosmic Acceleration: Complementarity of ™ XC/ Qa

String theory, quantum gravitv '’ 6 @‘&( ﬂ _aniques, CFT and formal QFT, Scattering
Theory Frontier amplitudes, Lattice gaugr _.on physics, Collider phenomenology, BSM model

—~

r-’ .a information science, Theory of Neutrino Physics

building, Astro-pa~"

(6 ) 05 y '
O _.celerators for Neutrinos, Accelerators for Electroweak and Higgs
X) a«‘ _ators for Physics Beyond Colliders & Rare Processes, Advanced Accelerator

Accelerator Frontier a 00
C/ s2v R&D: RE, Magnets, Targets/Sources
g8y g &

et

00 00& aoton Detectors, Solid State Detectors & Tracking, Trigger and DAQ, Micro Pattern Gas

Instrumentation ™ ?)Q Q ( ( IQ ( .orimetry, Electronics/ASICS, Noble Elements, Cross Cutting and System Integration, Radio
6

un

AQ Experimental Algorithm Parallelization, Theoretical Calculations and Simulation, Machine Learning, Storage and

Comp utational FI‘OL processing resource access (Facility and Infrastructure R&D), End user analysis

Underground Facilities and : : :
naerground L actitie Underground Facilities for Neutrinos, Underground Facilities for Cosmic Frontier, Underground Detectors

Infrastructure Frontier

Community Engagement Applications & Industry, Career Pipeline & Development, Diversity & Inclusion, Physics Education, Public
Frontier Education & Outreach, Public Policy & Government Engagement
Snowmass Early Career to represent early career members and promote their engagement in the Snowmass 2021 process;

to bulld a long—term HEP early career community

Broad coverage/connection i in science and global community!



(6). Community Engagement

Early Career Physicists:
Future of the field!

e.g. their interests
m Snowmass 2021:

Frontier Breakdown

600 BEm Working on

e Interested in
500

400 A

Figure 3-1. Five interrelated communities targeted for HEP engagement.

Equity, Diversity & Inclusion
(EDI)

300 A

200 A

100 A
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What Machine?

Hadrons : i Leptons
: © large mass reach = exploration? 0 S/B - | = measurement? :
‘, - hadron hadron . » S/B - 10-'° {wlo trigger) : o polarized beams
. - hadron-e tron . @ S/B - 0.1 (w/ trigger) (handle ra chose the dominant process)
- - prrehuiy -~ : @ requires W'ﬁPIF d°t°$t°"5 : o limited (direct) mass reach
B feng et ' : (e e : : o |denufiable final states
: only pdf access to '€ : :
: : : o = EW couplings

& =% couplings to quarks and gluons

§

Circular Linear
o higher luminosity : : © casicr to upgradce in energy
o several interaction points : : © easier to polarize beams
1531 : . : : . .
(PL-ce) : @ precise E-beam measurement : : o“greener': less power consumption®
- { O0.1MeV) via resonant depalarization) : .
- PR . : . large beamsthralun
L858 /— \\ : " \'s limited by synchroton radiation : : g g
Crllismeutions ) o7 PRI A e ) R St e N S T AR B ' :
sy A . . < A ek S S e AR i I o ORI, & oo s L p pe
LSPPC oty CRRIITETN par Iriereaind umieadty k fmar wt clrine elldecs bt the aemry cenasmetion per Re! s imer st Ensar rribrdere
pctor ¢ m Anstaphe Coraien Fecteere Measerererds 9 Fnst. Pascdl, Dac: &y 20%

TAS3
(W2pp)

CEPC
SppC

LSO \ St
(Collunthon ) R

Lsss
'5.00)

o AddedC?
o Gamma-gamma?
o Advanced colliders?
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Why muon colliders?

* (Snowmass Energy Frontier) HEP aspires 10+ TeV cme/parton

* Muon Collider is a viable option for the HEP future:
« Combines discovery reach and precision physics
« X7 energy reach vs pp —eg 14 TeV yu = 100 TeV pp

» u’'s do not radiate when bent = acceleration in rings:
» Smaller(est) footprint— 10-15 km vs 50-100 km
» (Best) power efficiency — Lumi/Power grows with energy
» Low(est) cost— due to compactness and power efficiency

* (ITF) 3-10 TeV Muon Collider can be designed in ~10-15 yrs
and built in 20-25 yrs from now:

— Past studies in the US and UK (+now in CERN) — big advance
— No insurmountable obstacles identified
— But challenging technologies and design require R&D
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Recent technological breakthroughs:

Proton Driver Front End Cooling Acceleration Collider Ring
[ ] [ ]
—CX2| |— ___mm e —)
R N ]
[ o [ — o o= <+ [oT0)
g g £ 2 |F%55Elgf £ -
© = = = =
S S ¢ 5 [PeE:5888% S5 3
o £ 5 E |22 @ glawnw § a2 § O
2 = © 8 |58 4l yao 580 = KU
2 8¢ 2|l ¥ o @ = 5 c Accelerators:
< g o =z 2 = | Linacs, RLA or FFAG, RCS

Proton-Driver:

LEMMA:

ow

uon

ccelerator
map.fnal.gov

New results on p cooling by

Nature 508(2020)53
e*e” (at rest) 2 WU (at threshold)

rogram

collaboration

Low EMmittance Muon
Accelerator (LEMMA):
10"  pairs/sec from

neutrino radiation.

ete” interactions. The small
production eml.ttance allc?ws Igwer :
overall charge in the collider rings
— hence, lower backgrounds in a
collider detector and a higher
potential CoM energy due to

Positron Linac Ppsitron Acceleration Collider Ring
Ring
Ecom:
— 105 Of TeV
Positron Linac -
- ey
S8 8¢ >
ggs 2 HT M
S < Accelerators:
o Linacs, RLA or FFAG, RCS

Lttance Muon

web.infn.it/LEMMA
J.P. Delahauge et al., arXiv:1901.06150
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ccelerator

45 GeV e?

4»

=
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Figure 2-4. A conceptual scheme for the muon collider (from Ref. [44])




Backup shdes ...

C’ - Cool Copper Collider

arXiv:2110.15800

el AR

Caterina Vernieri

C3is a new linac technology based on:

An ab-initio study of on axis accelerating fields and cavity
breakdown rates — successful, but with relatively small iris. RF
fundamental does not propagate through irises.

A related discovery of an integrated RF manifold delivering
proper phase and 1/Ncavities power to each cavity solves the
small iris issue. Required modern super-computing for
solution.

A related realization that the seemingly complex structure can

90

First C3
str,_ygtur =

at SLAC

High Gradient Operation at 150 MV/m

easily and inexpensively be built with modern NC Milling = oMy
Machines. < » f/ \ s £
Resulting high shunt impedance in normal conducting Copper z . \ "e
further improved by running at ~80K under liquid Nitrogen. T Lo \ o
Robust operations at high gradient (120 MeV/m) g > AN »ij,-v:- ~—1—1> &

Scalable to multi-TeV operations —~ & 1 s 1see 26 asks 6

Time (s)
Cryogenic Operation at X-band

ete- forum - March 28, 2022 2



PHYSICS POTENTIAL @ FUTURE COLLIDERS
Precision Higgs Physics: (v/A)? < 6%
ILC: E__ = 250 (600) GeV, 250 (500) {b!

* Model-independent measurement:

'y~ 6%, Amy~30MeV, Aky, < 1%

(HL-LHC: assume SM, '~ 5-8%, Amy ~ 50 MeV)
* Higgs Factory: 10° Higgs: ['j; ~ 1%, Amy ~ 5 MeV.

« FCC-hh/SPPC:
Ak 5%
e 14 TeV muon collider:

Ak ~ 3%, Akyy < 0.5%, Y, ~ 1%

Critically important to test
the EW phase transition!

ILC: arXiv:1710.07621; TLEP Report: 1308.6176;
FCC: Arkani-Hamed, TH, Mangano, LT Wang, 1511.06495;
muC: TH, D. Liu, I. Low, X. Wang, arXiv:2008.12204.
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Production cross-section [pb]

Pushing the “Naturalness” limit

105 T TR ZRER - L + xx
10* — Fermion - . S ——
50t .
10° FCC-hh - aGhiop ' Muon collider 7]
" | s
e — 1z i |
10 //
10 = %— ; ////
- = 3! /
1 E _— > 4
- = //
10" {
= ¥
10-2 é_ 1 E ///
10°£7100 TeV 1000 events i
10-4 B | | | | | | | | | | | | 1 5 10 50 100
2000 4000 6000 8000 s o
m; [GGV] Vs [TeV]

Top quark partners searches:

The Higgs mass fine-tune: d&m/my ~ 1% (1 TeV/A)?
Thus, m_.__ > 8 TeV =2 10 fine-tune!

stop

FCC: Arkani-Hamed, TH, Mangano, LT Wang, 1511.06495;
muC: The Muon Smasher's Guide, https://arxiv.org/abs/2103.14043
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New Particle Searches

) )
Electroweak Resonances: Z’, W Colored Resonances:
L L D e e
SSM 10* Excited Quark -
- Black 100 TeV
= Red 14 TeV
\ i
102 \‘ — ug-u® 2
= i i
£ 10! 3\ -—- dg->d” B8
I o )
Yo 100||| \\ =
e
10_1 ‘| \\\ E
1 \
\ R
1072- 4 X :
1 \\
\ e
> \
SRR 107 ‘.M~40—50\T\e!
0 10 20 30 40 N N f
Mz (TeV) 10—4 =T ‘. R i 3 I, S e T Y S L 1
10 20 30 40
~ 6x over LHC

93 M, (TeV)



WIMP DM:

mass bounded by the thermal relic

2
Mpy < 1.8 TeV | Zef
o 6
© f [J100 Tev
e SRR 14 Tev

Monojet

1 1 1 1 | I - J 1 1 | 1 1 1 1
0 500 1000 1500 2000
m. [GeV]
X
T I T T T T I T T
wino Collider Limits
o @] 100 TeVv
higgsino @ 14 Tev
mixed (B/F) Mass reach at 100 TeV:
mixed (B/) ~ bx over LHC
gluino coan. |
stop coan. |
squark coan. |
| | Ll | |
2 3 4 5 6
n&[TeV]



N

4

I (m,)

I =

SM v-physics on one page

—812 C23 — C12 S13 S23 €
%)
S12 823 — C12 S13 C23 €'CP

[ ve )

v

C12 C13

/ Uel

— U,

U€2
U2

i(scp

\ U’Tl Ue7'2 U’T3 /

Ue3 \
U3

512 C13
C12 C23 — S12 S13 S23 62.6“’
—C12 S23 — S12 813 Co3 €29CP

(Vl\
\ vs /

C13 523
C13 C23

This matrix is often called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix.

2

I (m2)2

‘ (Am®),,,
[ ] (m1)2

normal hierarchy

()" . E—
(Amz)sol

(m, ) ———
(Am’)

(m3)2l Y —

inverted hierarchy

NuFIT 3.2 (2018)
Normal Ordering (best fit) Inverted Ordering (Ax* = 4.14) Any Ordering
bfp 1o 30 range bfp £1o0 30 range 30 range
sin? 612 0.307 0015 0.272 — 0.346 0.30715-013 0.272 — 0.346 0.272 — 0.346
012/° 33.6270:22 31.42 — 36.05 3862100 31.43 — 36.06 31.42 — 36.05
sin® 623 0.588" 0 0cs 0.418 — 0.613 0.55410:035 0.435 — 0.616 0.418 — 0.613
623/° &r ot 40.3 — 51.5 481113 41.3 — 51.7 40.3 — 51.5
sin® 013 0.0220619-09075  0.01981 — 0.02436 | 0.0222775:50072  0.02006 — 0.02452 | 0.01981 — 0.02436
013/° 8.54101% 8.09 — 8.98 85800 8.14 — 9.01 8.09 — 8.98
dcp/° 234123 144 — 374 278125 192 — 354 144 — 374
Am%1 +0.21 +0.21
T 7401021 6.80 — 8.02 7.401%-21 6.80 — 8.02 6.80 — 8.02
Am3, 10.033 +0.032 +2.399 — +2.593
m +2.494_0.031 +2.399 — +2.593 —2.465_0.031 —2.562 — —2.369 9536 — —2.395
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Snowmass NF Report:

P. Huber, K. Scholberg,
Elizabeth Worcester:
arxXiv:2211.08241

Summary table for the
current and future neutrino
facilities & the time lines

2040 -

2035 -

2030 -

2025 -

2020 -

2015 -

2010-

2005 -

2000 -
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Data Taking/Complete

Approved/Under Construction Concept/R&D

L LiquidO I

- Astrophysics
B Bsm
" CEwns

Geoneutrinos
- Neutrino Interactions
- Neutrino Mass
. Neutrinoless double beta decay
. Oscillations
- Reactor Physics
- Supernova
- Support Measurements



Many Proposed Experiments For Rare Processes

Searches for DM, axions, EDMs, CLFV experiments, muons, light mesons, beam dump experiments...

Uses existing
e Experiment | Primary beam| Beam Energy o Beam 6 or under
eriment . am power am time structure .
P type particle [GeV] [kW] construction
beamline?
) . Precision tests, 0.7 GeVic beam . ) .
Proton Storage Ring: EDM and Aion Searches Dark Matter proton momentum 1e11 polarized protons per fill  [Fill the ring every 1000s no
o : . proton (producing _ f
Phacs with Muonium Precision tests surface muons) 08 GeV 1e13pm1 FOT per second CW no
. . : electron or proton 1 nAto 10 microA for electrons, | A continuous or pulsed structure (ideally with a duty factor of % or larger)
Nucleon Electromagnetic Form Factors from Lepton Scattering | Neutrino (producing muons) 085G/ 102GV 107 10 108 per second for muons | shouid be sufficient no
: - 1822 G/ (Runl),08 | 003005 (Runl), 200(Runslland |\ :
Rare Decas of Light Mesons (REDTOP) Precision tests proton 092 (Rwnl), 17 (Run i) ) CW, slow extraction for Run | no
Ultra-cold Neutron Source for Fundamental Physics . o
Experiments, Including Neutron-Anti-Neutron  Oscillations Finidis o HE AL S T "
. Not critical 0.8 toa few continous beam on the timescale of the muon lifefime i.e. proton pulses
e e H GeV A separated by a microsecond or less. Tre more continuous the befter e
pulse width 06 of rs or better separated by 200 to 2000 ns. Flexble time
il s P fas A structure and minimal  pulse-to-pulse variation o
Fixed Target Searches for new physics with O{1 GeV) Proton [ Dark Sector, <O(1micro s) pulse width for neutrino measurements, <O(30 ns) pulse
Beam Dup Netrino s L ey . vidh for dark matter searches, 104-5) or beter cuty factor
FRISWike Craged Lepton Flavor Vidlation CLFV proton 1-3 GeV up to 2MW s pulses ata rep rate of about 1 kHz
ElectronMissing Momertum (LDMX) DakSectr |electron 3G 10-NGey | OTelecton p;'H?; AR
10§20} electrons on target over :
Electron Beam Dumps Dark Sector electron few GeV the experiment 2l nunfime Pulsed beam (duty factor not specified) no
Proton Irradiation Facilty R8D proton E“e'igy's"“ e 1e18 protons inafew hows | Pulsedbeam (duty factor not specified) no
SBN Neutrino proton 8 2 2Hz BNB
(Mu2e CLFV proton 8 8 <104-10} extinction Muon Campus
[Fixed Target Searches for new physics with O(10 GeV) Proton | Dark Sector, oo 8 0 115 Beam spills less than a few microsec with separation befween spills BNB
Beam Dump Neutrino mr P greater than 50 microsec
proton (producing 3e14 muons in total on target for
|Muon beam dump Dark Sector muons) 3 G&/ muons the whole run Ccw Muon Campus
[Muon Collider R&D and Neutrino Factory R&D proton 5-30GeV 1e12 to 1e13 protons per bunch |10 - 50 Hz reprate and bunch length 1-3 ns no
oton (produc 1041 imental

Muon Missing Momentum Dark Sector f‘m)(p’ " v oGy | N0 "‘”:m‘."::’w' Puised beam (duty factor not specified) no

: : Dark Sector, . CWa resonant extraction. “IF we could up the duty factor that woul dbe :
High Energy Proton Fixed Target Neutrino proton 0O(100 GeV) 112 POT/s therefore ~20 KW even better(?) Switchyard

- 120, lower energies 10 to 100 Kz on the testing :

Test-Beam Facility R&D proton sk dsobe bencicial aparais Pulsed beam (duty factor not specified) no
Tau Neutrinos Neutrino proton 120 1200 or higher M| ime sfructure LBNF



Proposal Name c.m. energy Luminosity/IP Yrs. pre- Yrs. to 1st | Constr. cost | Electr. power
[TeV] [1034 cm~2s71] | project R&D physics [2021 BS] [MW]
FCC-eel:2 0.24 7.7 (28.9) 0-2 13-18 12-18 290
CEPC!:2 0.24 8.3 (16.6) 0-2 13-18 12-18 340
ILC3-0.25 0.25 2.7 0-2 <12 7-12 140
CLIC3-0.38 0.38 2.3 0-2 13-18 7-12 110
cccs 0.25 1.3 3-5 13-18 7-12 150
HELENS3 0.25 1.4 5-10 13-18 7-12 110
FNAL ete™ circ. 0.24 1.2 3-5 13-18 7-12 200
CERC? 0.24 78 5-10 19-24 12-30 90
ReLiC!:3 0.24 165 (330) 5-10 >25 7-18 315
ERLC3 0.24 90 5-10 >25 12-18 250
XCC vy 0.125 0.1 5-10 19-24 4-7 90
pp-Higgs 0.13 0.01 >10 19-24 4-7 200
ILC-3 3 6.1 5-10 19-24 18-30 ~400
CLIC-3 3 5.9 3-5 19-24 18-30 ~550
CCC-3 3 6.0 3-5 19-24 12-18 ~700
ReLiC-3 3 47(94) 5-10 >25 30-50 ~780
ppCollidert-3 3 2.3(4.6) >10 19-24 7-12 ~230
LWFA-LC-3 3 10 >10 >25 12-80 ~340
PWFA-LC-3 3 10 >10 19-24 12-30 ~230
SWFA-LC-3 3 10 5-10 >25 12-30 ~170
FNALpp! 6-10 20(40) >10 19-24 12-18 ~300
LWFA-LC-15 15 50 >10 >25 18-80 ~1030
PWFA-LC-15 15 50 >10 >25 18-50 ~620
SWFA-LC-15 15 50 >10 >25 18-50 ~450
FNAL pp circ. 24 3.5(7) >10 >25 18-30 ~400
FCC-hh! 100 30(60) >10 >25 30-50 ~560
SPPS! 125 13(26) >10 >25 30-50 ~400
LHeC 1.2 1 0-2 ? 13-18 <4 ~140
FCC-eh 3.5 1 0-2 ? >25 <4 ~140
CEPC-SPPC-ep 5.5 0.37 3-5 >25 <4 ~300

[ o T . ~ - n o . N ~ .1 T1e 7 T T . L . . Eda ok ol e /Yy o~
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Benchmark scenarios for Higgs factories, and multi-TeV colliders

Collider Type Vs P[%] Ling
e= /e ab™! /IP
HL-LHC pp 14 TeV 3
ILC & C3 e 250 GeV | £80/ 4 30 2
350 GeV | £80/ £ 30 0.2
500 GeV | +80/ £ 30 4
1 TeV | £80/ 420 8
CLIC ce 380 GeV +80/0
CEPC ee M, 50
2Myy 3
240 GeV 10
360 GeV 0.5
FCC-ee ee My ™
2 My 5
240 GeV 2.5
2 Mo, 0.8
p-collider  pu 125 GeV 0.02

99

Collider  Type N P (%] Lint
(TeV) | e~ /et | ab™'/IP
HE-LHC pp 27 15
FCC-hh  pp 100 30
SPPC pp 75-125 10-20
LHeC ep 1.3 1
FCC-eh 3.5 2
CLIC ce 1.5 +80/0 2.5
3.0 +80/0 5
p-collider  pp 3 1
10 10




LHC will continue at the energy frontier

_— ATLAS

E N

* Already ~ O(140 fb-') @ ATLAS/CMS
* Run 3 up-coming: 300 fb-!
« HL-LHC: 3000 fb-!

—> lead the energy/precision frontier!

Further searches at the LHC will be limited by
* Backgrounds

* Systematics

* New physics threshold
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Muon collider on FNAL site:
It may reach ~ m;, — 10 TeV

EEEEEN
" .

*

Femilab site

(Curtesy of Pushpa Bhat)
Snowmass Day: https://indico.fnal.gov/event/50538
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MAJOR THEMES IN NEUTRINO FRONTIER

P. Huber, K. Scholberg, Elizabeth Worcester: arXiv:2211.08241
A defining and somewhat unique aspect of NF is breadth and

balance of effort across a wide range of physics topics, timescales,
sizes, and costs, with significant need for collaboration with other
frontiers and across boundaries of what is typically considered
particle physics

PhyS|cs beyond the (3-neutrino) Standard Model is emerging as a
major focus of NF — this includes investigation of anomalies in

neutrino oscillation measurements, precision measurements of
neutrino oscillation that are sensitive to new particles and

interactions, and use of neutrino experiments to search for other
new physics, such as dark matter

Use of neutrinos as messengers carrying information about
otherwise inaccessible systems, particularly as participants in
multi-messenger astronomy, is a growing area of interest in NF
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MAJOR THEMES IN NEUTRINO FRONTIER

DUNE/LBNF is the largest project in the NF portfolio, with
extensive investment from the US and international partners to
make precision neutrino oscillation measurements as well as a
broad program of astrophysics topics and BSM searches.
Snowmass/P5 will be particularly focused on the 2"? phase of
DUNE, which is necessary to achieve the full DUNE physics
scope, and which also offers opportunities to expand the physics
scope beyond that initially envisioned

There is significant synergy with other frontiers/fields in detector,
accelerator, and computing development

Community engagement is critical for the success of NF

Early career scientists are central to all of the ongoing and
planned research in NF
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Implementation Task Force on Higgs Factories

Table | - ITF Report — T.Roser, et al, arXiv:2208.06030

CME Lumiper Years, pre- Yearsto Cost Electric

(TeV) IP@Higgs  project 1st Range Power
(10734) R&D Physics (2021B$) (MW)
%: FCCee (4IPs) 0.24 7.7 (02 ) 1318 12-18 290
5 CEPC (2IPs) 0.4 8.3 E 0-2 i 13-18 12-18 340
£ FermiHF 0.24 1.2 | 35 | 13-18 7-12 ~200
¢ ILC 0.25 27 | 021 (<121 712 110
3 CLIC 0.38 23 L 02 | 1318 7-12 150
S
2 CA3 0.25 1.3 3-5 13-18 7-12 150
~ HELEN 0.25 14 5-10 13-18 7-12 ~110
3 CERC 024 78 5-10 1924 1230 [ 90 |
’:? ReLiC 2IPs) 024 | 165 : 5-10 >25 7-18 315
5 ERLC 024 | 90 ,: 5-10 >25 12-18 250
§ XCC-py 0125 01 5-10 1924 (a7 (790
& pp-Higgs 0.13 0.01 >10 1924 ' 47" 200
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ITF’s Look Beyond Higgs Factories

CME Lumiper Years,pre- Yearsto Cost Electric

(TeV) IP project 1st Range Power

(10A34) R&D  Physics (2021B$) (MW)
: FCCee-0.24 0.24 8.5 0-2 1318 12-18 290
® ILC0.25 0.25 27 0-2 <12 7-12 140
CLIC-0.38 0.38 23 0-2 13-18 7-12 110
! HELEN-0.25 0.25 14 5-10 13-18 7-12 110
5 CCC0.25 0.25 13 3-5 13-18 7-12 150
: CERC(ERL 0.24 78 510 1924 12-30 90

19-24
19-24
19-24

MC-10-IMCC 10-14 >25
FCChh-100 100
Collider-in-Sea 500
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Dark Matter Mass
zeV aeV feV peV neV peV meV eV keV MeV GeV TeV PeV 10M ¢

O

1
:'L'l-'L'L'L'h'l-'l-'h'h'h'l-'h'l-'l-'ln‘ l"-l'-l'-l:- - o g *? .:- - . !
o ] "= - I ® 1 1
el ! P 4 [ | 1
12 ) . |
8 [} : Tl. o ] :
= I B ) i !
2 ' ag, .

o g 1 _Ql
-S | - - _9 -Q | 1
o 1 8—2 p |
S K F i Q o1 |
S ~vs DM 3 3 !

- 1 - : y I = = =
= axion-like particles / dark sectors & §| |
: scalar-vector light DM £ : !
--------------------------------------------- l

. ------------------------------------- l
Gn f =
¥ secluded dark sectors , i

< bosons >
fermions >
wave-like DM particle-like DM

‘Delve Deep, Search Wide’ . .
employs a range of direct searches The next 10 years, including future

for WIMPs interacting with targets Generation 3 direct searches for
on Earth, indirect searches for WIMPs and axions, combined with
annihilation products, and cosmic future indirect observatories, a

probes based on structure, to
scrutinize priority targets such as program of smaller scale searches,

WIMPs and QCD axions, while and key inputs from cosmic probes,

broadly.scannlng parameter space, results in broad coverage.
leaving no stone unturned.
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I'TF report:
(ITF = Implementation Task Force @ AF)

Higgs-boson factories Multi-TeV colliders
(up to 1 TeV c.o.m. energy) (> 1 TeV c.0.m. energy)
Collid T P|\% Lin . >
T I 6_[/:]+ e Collider Type | 5 | PU | L
. e~ Jet | ab™!
HL-LHC pp 14 TeV 6 - y—— ' -
ILC and C° ee 250 GeV | £80/ +£30 | 2 HI_:"_I‘H(“._ _ PP 2By a
c.o.m almost 350 GeV | £80/+30 | 0.2 FCC-hh /SppC pp 100 TeV 30
similar 500 GeV | £80/ £ 30 1 [.HeC ep 1.3 TeV |
1TeV | £80/+20 | 8 FCC-ch 3.5 TeV 2
gg)cc 0 38?”(;6‘/ £80/0 610 CLIC ce 1.5 TeV | £80/0 | 2.5
o Z 3.0 TeV 80/ 5
WMy 36 3.0 Tel +80/0 ;
240 GeV 20 High cnergy muon-collider  pp 3 TeV 1
360 GeV 1 10 TeV 10
FCC-ee ee My 150
2Mw 10 Timelines is taken from the ITF report from AF.
240 GeV 5)
2 Mip 1.5
muon-collider (higgs) puu 125 GeV 0.02
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CEPC (Circular ee*) / SppC (Super pp), China

L o SR — X o 1 [ e
T MmN e
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TN TR N I P O T M T e T Y P B Y IR ) I RSO TE IE TR I I T e et R e SR e SETINST M I0EE AF B TINEY IS I I NI N D FIE I T N TR T TR T R e A e

— R —

-~
’ ~ — e ——————— .
g : I-'
8!

Booster
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Figure 2.2: CEPC layout Figure 8.1.1: SPPC accelerator complex

Similar physics goals to FCC-ee, FCC-hh !
https://arxiv.org/abs/1811.105645
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FCC (future circular collider): CERN

FCC-ee
80/100 km
90 - 400 GeV
1012 Z: 10° Higgs bosons;
10° top quark pairs

L FCC-hh
S e 80 /100 km, 16/20T
100 TeV
LHC 100 TeV pp
~H H
s e
“ Y y

Open new energy frontier!

https://arxiv.org/abs/1607.01831, https://arxiv.org/abs/1606.00947;
Arkani-Hamed, TH, Mangano, LT Wang, Phys. Rept. 1511.06495.
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https://arxiv.org/abs/1606.00947

V-Physics Opportunities

Accelerator v exp'ts are a flagship program in US & Japan

Short Baseline/Near Detector

SB/ND (100s m) \
SBND MicroBooNE
ICARUS DUNE ND
NOVA ND  T2K ND280
JSNS?
y

Long Baseline/Far Detector

é )
LB/FD (100s-1000s km)
DUNE NoVA
Super-K Hyper-K
. J

High beam power, large detector mass + highly capable, precision near
and far detectors with low E thresholds make BSM physics viable
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From the ITF Report Draft:Higgs factories

CME | Lumi per Years, Years to Cost Electric
IP pre- 1st Range Power

(10734) proiect Physics | (2021 B$) (MW)
A&

FCCee-0.24 8.5
ILC-0.25 0.25 2.7 110
CLIC-0.38 0.38 2.3 110
HELEN-0.25 0.25 1.4 110
FCCee: 2-4 IPs , Estimated
all LCs: 1 I(IZ)O né umptw N Total Project Cost
a1 I/la pO wel F No escalation
N0J Lty - [7 I T No contingen
' b@@ﬂ revie NB: HELEN, C? m.b. 85% of ILQ
b 1 s:e no [ 111 but in the same range category
TU-ITF &U - IU = ZJ IZ=I0O \JWUU)_




From the ITF Report: HE colliders

Years to Electric

Power

owel ¢tV T : d

: an? P F Estimate

uan()d Lty ' Wﬁa [?}/ I T Total Project Cost

IQ 0e not eelt Kﬂ‘ﬂ“és: 11P No escalation

01 MC-5/14: 2 IPS NO contingency
FCChh: 2-4 IPs NB: broad ranges
G-

CCC-0.25 0.25 1.3 150

CERC(ERL) 0.24 078 90

CLIC-3 3 59 ~550

ILC-3 3 6.1 ~400

MC-3 3 2.3 ~230

MC-FNAL 6-10 20 O(300)

MC-10-IMCC  10-14 20 O(300)



FUTURE COLLIDERS UNDER DISCUSSIONS*

Snowmass 2021 Energy Frontier Collider Study Scenarios

Collider Type NG P %] Lint
e /et ab™! |
HL-LHC PP 14 TeV 6 |
¢:® ce 250 GeV | £80/ £30 | 2

350 GeV | £80/ +£30 | 0.2
500 GeV | £80/ £ 30
1TeV |£80/+£20| 8

M

CLIC ce | 380 GeV | +80/0 1
1.5 TeV | £80/0 | 2.
3.0 TeV | £80/0

o

(¥

CEPC ce M~ 16
2Mw 2.6
240 GeV 5.6
a cc-(>\(~ ce Mz 150
2Mw 10
240 GeV 5
2 I\"I{op 1.5
— 1 7
1]@ PP 100 TeV 30
LHeC ep 1.3 TeV 1
FCC-eh ep 3.5 TeV 2
muon-collider (higgs) L 125 GeV 0.02
E!ngh energy muon-collider /1;1)] 3 TeV 1
10 TeV 10
14 TeV 20
30 TeV 90

S
4\

Snowmass Energy Frontier: https://snowmass21.org
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Proposals — Higgs/EW Physics

Higgs factory concepts (10)
_

e+e- Vs =0.09 -0.37 TeV

ILC (Higgs factory) e+e-, J.E =0.09-1TeV

e+e-, /5 = 0.09 — 0.60 TeV
CE (o | ETRTH IR EE TR oL [ ET I e+e-, /s = 0.25 - 1 TeV

e+e-, /5 = 0.25 — 0.50 TeV

ee (yy),JE = 0.125-0.14 TeV

________________________________________________________

{ T~ee.. Manlin q Rl

Dearm

L T
e " '

cce
- 3.7km

Poarzsc { Damping Rirq |
Clecirzn Source s Pra-Damping Rirg

Pogitor Scures 1af )

Interaction Regions
FCC-ee/CEPC 91km .
7 T B
FCC-ce
E 3 \
PJ (RF) i 3 proan CERC 91 km
o = ,(m) i J
PH S PF
@ —
’\=-/\ 'G (IP)
e BB .  CLIC NCRF 72 MV/m ILC SRF 31.5 MVim -
| o) 11.4 km 20.5 km
- T I e -~
-l o
- - [T
~head-on coll acceleration nnac(dE) COMPressor
— f o 1 a
/ — 1/ { - j - }
4 1 T
f deceleration deoompvessor
\ S e E~5GeV
\ N —  —
- = ¢ - / AAA—r beam dump
- [
ERLC ~_ ' d wigg et( -dE~0.025 GeV)
30 km from DRs
Positron s cures Detectors Rg,l:ig g é-
; Des Sepanator Separator -ii @ .’:3-
iE? <: ! Linac Linac 22 O é
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ILC (International Linear Collider)
as a Higgs Factory & beyond

Under serious consideration in Japan
https://arxiv.org/abs/1901.09829

e+ bunch
Damping Rings IR & detectors compressor

T — e+ source

compressor po_sitron 2 km
main linac

11 km

central region
5 km

electron
main linac
11 km

2 km

Ecm = 250 GeV / 2 ab™! /yr: a Higgs factory
= 500 GeV /4 ab'! /yr: a top-quark factory
= 1000 GeV / 8 ab! /yr: new particle threshold
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250 GeV cme Fermilab Site-Fillers

CCC

|
l
(cool copper collider) :

HELEN

(TW SRF collider)

16-km collider e+e- ring cool- or SC-RF e+e- linear colliders

https://arxiv.org/abs/2203.08088 /KM for 250 GeV, 12-km 0.5+ TeV
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International Muon Collider Collaboration @

https:// muoncollié_er.web.cern.ch

Fermilab on site:

Site filler Accelerator = ﬁ\
> Largest ||
Radius is ~2.65 km

~16.5 km Clrcumferen e

« ~2/3 LHC

~RCS accelerator

IfB,.=3T-> Eu= 2.4 TeV
(Bmax = 8T, B_yse =£2T) ’

max

Doubled ?

B,,.=63T>E=5TeV_
(Bmax_ 16T’ Bpulse _i4T)

10 TeV collider

Collider Ring ~10 km
B,.=10T

1, =0.104 s

Daniel Schulte; Mark Palmer; Katsuya Yonehara talk, March 2022
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https://muoncollider.web.cern.ch/

Accelerator Frontier Recommendation (to P5)

On Colliders: We need an integrated future collider
R&D program to engage in the design and to
coordinate the development of the next generation

collider projects:

» to address in an integrated fashion the technical
challenges of promising future collider concepts, that are
not covered by the existing General Accelerator R&D
(GARD) program.

» to enable synergistic U.S. engagement in ongoing global
efforts (e.qg., FCC, ILC, IMCC)

» to develop collider concepts and proposals for options
feasible to be hosted in the U.S. (e.g., CCC, HELEN,
Muon Collider, etc)
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Proposal Name | c.m. energy | Luminosity/IP Yrs. pre Yrs. to 1st | Constr. cost | Electr. power
[TeV] 10°* ecm™2 s=! | project R&D physics 2021 B§] IMW]|
FCC-ee(1:2) 0.24 7.7 (28.9) 0-2 13-18 12-18 290
ILC®)-0.25 0.25 2.7 0-2 <12 7-12 140
CLIC®)-0.38 0.38 2.3 0-2 13-18 7-12 110
Cc33) 0.25 1.3 3-5 13-18 7-12 150
HELEN®) 0.25 1.4 5-10 13-18 7-12 110
CLIC-3 3 5.9 3-5 19-24 18-30 ~ 550
puCollider(H-3 3 2.3(4.6) >10 19-24 7-12 ~230
FNALpp™® 6-10 20(40) >10 19-24 12-18 ~300
FCC-hh(®) 100 30(60) >10 >25 30-50 ~560
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Several Useful References:

. Overview of accelerators — V.Shiltsev, Physics Today 73, 4, 32 (2020).

. RMP colliders — V.Shiltsev, F.Zimmermann, Rev.Mod.Phys. 93, 015006 (2021).

. Ultimate limits of colliders — V.Shiltsev, Proc. IPAC’21, WEPAB0O17 (2021).

. Snowmass Accelerator Frontier report — arxiv:2209.14136

. ITF Report — T.Roser, V.Shiltsey, et al, arXiv:2208.06030

. aBy cost model — V.Shiltsev, JINST 9 T07002 (2014).

. Crystal collider — V.Shiltsev, Physics Uspekhi, 55 (10), 1033 (2012).

. CPT-theorem — V.Shiltsev, Mod. Phys. Lett. A, 26, 11, 761 (2011)
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Conclusions

* Neutrinos are (arguably) the most elusive particles

in the SM, thus hold promise to reveal BSM physics.

* Current and near-future neutrino facilities provide
great opportunities for discoveries of BSM physics:

SBNE: MicroBooNE, ICARUS, SBND;
LBNE: JUNO, Hyper-K, DUNE;
CEVNS: COHERENT ...

* They are complementary to collider searches.

* Three examples showed for the BSM signals:
- Non-Standard v-Interactions (SINI)

Leptonic scalar

tau appearance at the SBND
Exciting journey ahead!
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HEP: A highly dynamic field

Many fundamental questions to address

Both in theory & experimental observations:

[ *The underlying theory of
cperimental,  Electroweak symmetry
rservatignal breaking

-| ¢ The nature of EW phase

transition

"» Quark & lepton flavor mixing

* The nature of neutrino mass
The pu;su’tNBW solirees! @.ﬁs(DOPS ﬂ&iﬂlﬂlﬁiﬁlﬂ
Y Baryon-antibaryon asynimetry
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The Particle Physics Community Planning Exercise (a.k.a. “Snowmass”) is organized by the
Division of Particles and Fields (DPF) of the American Physical Society. Snowmass is a
scientific study. It 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

Snowmass 2021

U.S. and its international partners. Snowmass will define the most important questions for
DPF Community Planning Exercise the field of particle physics and identify promising opportunities to address them.

Snowmass frontiers: https://snowmass21.org

Energy Frontier With this year-long study,

Neutrino Physics Frontier

the Snowmass output will
Rare Processes and Precision ; L : P 3
provide inputs for the prioritization of
TR the research directions of the field

Accelerator Frontier in the decade to come: the “P5” process

Cosmic Frontier

Instrumentation Frontier (Particle Physics Project Prioritization Panel).

The P5 chair:

Community Engagement Prof. Hitosh
Snowmass Liaisons Murayama

Computational Frontier

Underground Facilities

and snowmass Early Career
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Collider benchmark points:

e The Higgs factory: Parameter Units Higgs
CoM Energy TeV 0.126
Eem =my Avg. Luminosity 10°*cm=2s™!  0.008
L~1 fb'l/yr Beam Energy Spread Yo 0.004
AE. -5 MeV  Higgs Production/107 sec 13’500
o Circumference km 0.3

Current Snowmass 2021 point: 4 tb-1/ yr
* Multi-TeV colliders:

Lumi-scaling scheme: 0 1, ~ const.

: | ab'! /yr
I 2
time 10 TeV

The aggressive choices:
\/gz 3, 6, 10, 14, 30 and 100 TeV, L =1, 4, 10, 20, 90, and 1000 ab =
Furopean Strategy, arXiv:1910.11775; arXiv:1901.06150; arXiv:2007.15684.
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