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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 90’ 2012

gnd

1930/1956 1962 2000



Completion of the SM:

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
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Cosmic inflation?
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amplitude current quantum mechanics spacetime gravity strong & matter Higgs
understanding electroweak
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HEP at a Cross-Road

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

“When you come to a fork in the road, take 1t!”
— Yog1 Berra

We must explore all directions!



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

2/16/23



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
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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!



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



Snowmass
2021

Summary &
Frontmatter

Accelerator
Frontier

Community
Engagement
Frontier

Computational
Frontier

https://www.slac.stanford.edu/econt/C210711/

Snowmass 2021

Proceedings of the 2021 US Community Study on

(Snowmass 2021)

the Future of Particle Physics

organized by the APS Division of Particles and Fields

Cosmic
Frontier

Energy
Frontier

Instrumentation
Frontier

Neutrino
Frontier

N

Rare Processes
Frontier

Theory
Frontier

Underground

Facilities
~ Frontier

Snowmass
Early Career

10

Snowmass 2021 Succinct Summary:
Lead the exploration of the fundamental nature of
matter, energy, space and time, by using

ground-breaking theoretical, observational, and
experimental methods; developing state-of-the-art
technolo&y for fundamental science and for the

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

technicians, and computer scientists from
universities and laboratories across the nation;
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

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- 11 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. In the past, experiments with these scales have made
significant measurements and important discoveries, opening up new areas of
scientific exploration. Furthermore, because of their timescale and 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, MuZ2e, OVB, AME, Belle II; DM ...

The field of HEP is vibrant, dynamic & exciting!

11



(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

12



Direct Searches

Depends on
collider
environment

_ LHC | Future HE
™ colliders
“ 3
Pl
a -
= Higgs More
—5&' Factory ] Energy .
o
O

More
Luminosity

“

Mass Scale

The Energy Frontier Vision:

The energy frontier believes that it 1s essential to complete the HLL-LHC
program, to support construction of a Higgs factory, and to ensure the

long-term wiability of the field by developing a multi-TeV energy frontier
facility such as a Muon Collider or a hadron collider.

13



Original from ESG 2020 by UB B Pproton collider
Updated July 25, 2022 by MN B Electron collider

Jaﬂan

China

CERN

BN Construction/Transformation

Preparation / R&D
B Muon collider P /

2038 start physics

ILC: 250 GeV 1TeVv

5 years 20km tunnel 2 ab? =4-5.4 ab!

31km tunnel 40 km tunnel

2035 start physics

CepC: 90/160/240 Gev
100/6/20 ab™

100km tunnel

SppC: 75-125 TeV, 10-20 ab"!

=

LHC HL-LHC (14TeV, 3 ab™")
(13.6TeV, 450 fb)

2048 start physics

100km tunnel, installation FCC-ee: 90/160/250 GeV installation

~150/10/5 ab* ! FCC hh: 100 TeV =30 ab™

2048 start physics

CLIC: 380 GeV
1.5ab?

holding 11 km tunnel

29 km tunnel 50 km tunnel

R R RIS
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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Physics example 1: Sensitivity reach for Higgs couplings
for Higgs factories and multi-TeV colliders

E/i%y Lrontier }{f'/ﬂff E(C{i”] Lirdt fﬁgcc
¢

Gauge Couplings

Ervonchmarks 0% 24 Vs Ye Yo i Je Ju Yo e inl:ic:;zd wan A A

LHC/HL-LHC D D D & ’ ‘ D ‘ ‘ ‘ ‘ & D
% ILC/CA3 250 DDD@Q oLl ¢ o @ 0 @ ¢ O
E acw OO 7660 66 & ¢ ¢ 0O
s Fce2o 11 2 o0 60 66 x ¢ ¢ ¢ ]
3 ceo (A1 7 06 601 66 x & & ¢ [
Order of Magnitude for Fractional Uncertainty s 6(10°) ) 0(01) 4 oc)) € o) [J >0 ? Nostudy

Beyond HL-LHC

u-Collider 04 ?“ D@ ¢
FCC-hh/sPPC ¢ 2?2 2 ? ¢ &

multi-TeV
+ HL-LHC

Most wanted 1n order to

understand EWSB!
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Physics example 2: WIMP DM Searches

XENON 10 S2 (2013)
10—39 r ‘ ) ‘ ¥ r CQMs-I” Ge LO""’ -ITl‘reSholld l:2IO1I.1) ¥ ) | ¥ ) ) ¥ ¥ T L ) T ) T ¥ L T g3 per | 10_3

[~ From LUX collaboration

CoGeNT
(2012
~ (e012) 1

10~41
10742

|
ﬁ ~

—
A
5 & &

[

 (Green ovals) Asymmetric DM
(Violet oval) Magnetic DM
. (Blue oval) Extra dimensions
(Red circle) SUSY MSSM
A MSSM: Pure Higgsino
10749 @ Mmssm: A funnel
& MSSM: Bino-stop coannihilation 3
0_50 * MSSM: Bino:squa.rk (an‘nr?if?il‘a"cion ' o . o ] <1

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

[—

5
NN
oC

1

| 1 10 100 1000, . .
GeV :kf)W mass: e TGS 100 GeV (1)(% higher mass:
DD difficult; DD + ID + HE Collider

Collider complementary
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Covering the thermal target

Higgsino 2 o~ Reach

Indirect

SPPC 125 TeV
SPPC 75 TeV

—3* FCChh 100 TeV
FCCeh

3 HL-LHC
MuonC 14 TeV

> MuonC 10 TeV
MuonC 3 TeV

3  CLC3TeV

T

CLIC 1.5 TeV

CLIC 0.38 TeV

ILC 1 TeV

ILC 05 TeV
FCC —ee
CEPC |

01 0.2

Direct
Indirect

SPPC 125 TeV
SPPC 75 TeV

FCChh 100 TeV
FCCeh
HL-LHC

MuonC 14 TeV
MuonC 10 TeV
MuonC 3 TeV

05 1 2
m, (TeV)

wino 2 o Reach

A |

CLIC 3 TeV

CLIC 1.5 TeV

CLIC 0.38 TeV

ILC 1 TeV |
ILC 0.5 TeV

FCC—ee |
CEPC

01 ‘ 05

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
1

Thermal target
1 5
m, (TeV )
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Thermal target [ \/i DM <

10

92ff
1.8 TeV ( L
: (0.3>

B X+MET inclusive

Disappearing track

Kinematic limit, 0.5 X Eqy,

"] Precision measurement

B X+MET inclusive

Disappearing track

Kinematic limit, 0.5 X E-y

' | Precision measurement



(2). Neutrino Frontier
V Opportunities

[ —(m3)2 (m2)2— |
(Am?)
] ] mlz 2
The science drivers for NF i—
H v,
(Am®),,
* What are the neutrino masses? oy, .
m v
* Are neutrinos their own antiparticles?
E— —(m2)2
* How are the masses ordered? o (1 (. e

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
growth in activity
* Neutrinos as messengers <« since last

Snowmass

19



From Fermilab (Lia Merminga)

] Short Baseline Neutrino (SBN) program - e 3
The SBN program is a P5 report recommendation:
Pursue an exciting accelerator-based short baseline neutrino program =
at Fermilab, SBN =
o
 to attract national and international neutrino community to Fermilab === o=
« 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 with 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

ORNL: COHERENT, PROSPECT, PROSPECT-11

20



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
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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.
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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
» Atm-nu, solar-nu and supernova nu

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

e O 0 LS 0 L= | I

ot T —
@, l‘l_--’i—-’ + > G

L
g v 2 4

~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)

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

+1% in six years of data taking. iy S— A
2 12 e Combined (Unknown MO)
5 10F
2 C
o 3F
1o
o 4F
=
‘s 2F

S

|
2 -1 0 1 2 3

-3 g
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
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i All Systematics L All Systematics 624 kt-MW-years
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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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Beam Power (MW)
AN

Accelerator-based neutrino sources
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——— 0 [oTo | r-To [-To

Current __ Current Proposed
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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
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)i/, y // 'uv,’ ,/,' ’Il
. . l}‘ " LATLAS/ /
0.010 P s : | A
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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)
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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
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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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(4). Cosmic Frontier

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) ?




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
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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
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(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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(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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U.S. Department of Energy
and the
National Science Foundation
November 2, 2022

As the landscape of high-energy physics continues to evolve and the decadal timeframe
addressed in the 2014 P5 report nears its end, we believe it is timely to initiate the next
long-range planning guidance to the DOE and NSF. To that end, we ask that you
constitute a new P5 panel to develop an updated strategic plan for U.S. high-energy
physics that can be executed over a 10-year timeframe in the context of a 20-year, globally
aware strategy for the field.

A critical element of this charge is to assess the continued importance of the science
drivers identified by the 2014 PS5 report and, if necessary, to identify new science drivers
that have the potential to enable compelling new avenues of pursuit for particle physics.
Specifically, we request that HEPAP 1) evaluate ongoing projects and identify potential
new projects to address these science drivers; 2) make the science case for new facilities
and capabilities that will advance the field and enhance U.S. leadership and global
partnership roles; and 3) recommend a program portfolio that the agencies should pursue
in this timeframe, along with any other strategic actions needed to ensure the broad
success of the program in the coming decades.
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2023 P5 members:

Shoji Asai (University of Tokyo)
Amalia Ballarino (CERN)
Tulika Bose (Wisconsin)

Kyle Cranmer (Wisconsin)

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
Patrick Huber (Virginia Tech)

Kendall Mahn (Michigan State)

Rachel Mandelbaum (Carnegie Mellon)
Jelena Maricic (Hawaii)

Petra Merkel (Fermilab)

Christopher Monahan (William & Mary)
Hitoshi Murayama (Berkeley), Chair
Peter Onyisi (Texas Austin)

Mark Palmer (Brookhaven)

Tor Raubenheimer (SLAC)

Mayly Sanchez (Florida State)

Richard Schnee (South Dakota School of Mines and Technology),
Seon-Hee (Sunny) Seo (IBS Center for Underground Physics)

Jesse Thaler (MIT)

Christos Touramanis (Liverpool)
Abigail Vieregg (Chicago)
Amanda Weinstein (Iowa State)
Lindley Winslow (MIT),
Tien-Tien Yu (Oregon)

Bob Zwaska (Fermilab)




A GRAND PICTURE:

Particle mass generation v
Underlying mechanism?
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EXCITING JOURNEY AHEAD

FOR DISCOVERIES!
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Thank you very much for organizing the wonderful meeting,
and for the great hospitality!

Tao (Jr.)

Prudence

plus many other HKUST IAS colleagues!

38



