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Congratulations 
to the organizers 

& all participants!

A highly successful workshop & conference! 
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HEP has enjoyed the remarkable achievement 
of 50+-year uninterrupted discoveries!

60’s 70’s

80’s

90’s 2012

From quarks to the Higgs boson,
with heroic efforts in theory and experiments:  

1930/1956 1962

The field of HEP has been vibrant & exciting!

A highly successful theory
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Completion of the SM:
First time ever, we have a self-consistent theory:
• quantum-mechanical, 
• relativistic, 
• unitary,
• renormalizable, 
• vacuum (quasi) stable, valid up to an 

exponentially high scale, possible MPl (!?)

!? Dark Matter? 
Cosmic inflation?

B-asymmetry? 
CP violation? 

M! ? Scale hierarchy …
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Nima Arkani-Hamed
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While there are many fundamental questions, 
no clear argument for the next physics scale!

“When you come to a fork in the road, take it!” 
– Yogi Berra

We must explore all directions!

HEP at a Cross-Road
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IAS HKUST

Distilled from the Snowmass 2013 inputs,
The “Particle Physics Projects Prioritization Panel”

(P5) Report (May 2014)

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

Building for Discovery
Strategic Plan for U.S. Particle Physics in the Global Context Five Science Drivers: 

Report of the Particle Physics Project Prioritization Panel v

Particle physics explores the fundamental constituents of mat-
ter and energy. It reveals the profound connections underlying 
everything we see, including the smallest and the largest struc-
tures in the Universe. The field is highly successful. Investments 
have been rewarded recently with discoveries of the heaviest 
elementary particle (the top quark), the tiny masses of neutri-
nos, the accelerated expansion of the Universe, and the Higgs 
boson. Current opportunities will exploit these and other dis-
coveries to push the frontiers of science into new territory at 
the highest energies and earliest times imaginable. For all these 
reasons, research in particle physics inspires young people to 
engage with science. 

Particle physics is global. The United States and major players 
in other regions can together address the full breadth of the 
field’s most urgent scientific questions if each hosts a unique 
world-class facility at home and partners in high-priority facil-
ities hosted elsewhere. Strong foundations of international 
cooperation exist, with the Large Hadron Collider (LHC) at 
CERN serving as an example of a successful large international 
science project. Reliable partnerships are essential for the suc-
cess of international projects. Building further international 
cooperation is an important theme of this report, and this 
perspective is finding worldwide resonance in an intensely 
competitive field.

Choices are required. Ideas for excellent new projects far exceed 
what can be executed with currently available resources. The 
U.S. must invest purposefully in areas that have the biggest 
impacts and that make most efficient use of limited resources. 
Since the 2008 Particle Physics Project Prioritization Panel 
(P5) report, two major U.S. particle physics facilities have ter-
minated operations, and inflation-adjusted funding in the U.S. 
for particle physics has continued to decline. In addition, pri-
marily because of earlier strong investments, landmark dis-
coveries have been made that inform choices for future direc-
tions. A new P5 panel was therefore charged to provide “an 
updated strategic plan for the U.S. that can be executed over 
a ten-year timescale, in the context of a twenty-year global 
vision for the field.” The Charge calls for planning under two 
specific budget Scenarios, reflecting current fiscal realities, as 
well as for an additional unconstrained Scenario. 

Snowmass, the yearlong community-wide study, preceded the 
formation of our new P5. A vast number of scientific opportu-
nities were investigated, discussed, and summarized in 
Snowmass reports. We distilled those essential inputs into five 
intertwined science Drivers for the field:

• Use the Higgs boson as a new tool for discovery

• Pursue the physics associated with neutrino mass 

• Identify the new physics of dark matter

• Understand cosmic acceleration: dark energy and inflation

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

The vision for addressing these Drivers with a prioritized set 
of projects, including their approximate timescales and how 
they fit together, was developed using a set of selection criteria. 
The Drivers, which are intertwined, are not prioritized. Instead, 
the prioritization is in the selection and timing of the specific 
projects, which are categorized as large, medium, or small based 
on the construction costs to the particle physics program.

To enable an optimal program, given recent scientific results 
and funding constraints, and using our criteria, we recommend 
some projects not be implemented, others be delayed, and 
some existing efforts be reduced or terminated. Having made 
these choices, the field can move forward immediately with a 
prioritized, time-ordered program, which is summarized in Table 1 
and includes the following features:

• The enormous physics potential of the LHC, which will be 
entering a new era with its planned high-luminosity upgrades, 
will be fully exploited. The U.S. will host a world-leading neutrino 
program that will have an optimized set of short- and long-base-
line neutrino oscillation experiments, and its long-term focus 
is a reformulated venture referred to here as the Long Baseline 
Neutrino Facility (LBNF). The Proton Improvement Plan-II (PIP-II) 
project at Fermilab will provide the needed neutrino physics 
capability. To meet budget constraints, physics needs, and read-
iness criteria, large projects are ordered by peak construction 
time: the Mu2e experiment, the high-luminosity LHC upgrades, 
and LBNF.

 Executive Summary
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Exiting on-going
projects:



Snowmass 2021 Process:
10 Frontiers 80 Topical Groups

Energy Frontier
Higgs Boson properties and couplings, Higgs Boson as a portal to new physics, Heavy flavor and top quark 
physics, EW Precision Phys. & constraining new phys., Precision QCD, Hadronic structure and forward QCD, 
Heavy Ions, Model specific explorations, More general explorations, Dark Matter at colliders

Frontiers in Neutrino Physics
Neutrino Oscillations, Sterile Neutrinos, Beyond the SM, Neutrinos from Natural Sources, Neutrino 
Properties, Neutrino Cross Sections, Nuclear Safeguards and Other Applications, Theory of Neutrino Physics, 
Artificial Neutrino Sources, Neutrino Detectors

Frontiers in Rare Processes & 
Precision Measurements

Weak Decays of b and c, Strange and Light Quarks, Fundamental Physics and Small Experiments. Baryon and 
Lepton Number Violation, Charged Lepton Flavor Violation, Dark Sector at Low Energies, Hadron spectroscopy

Cosmic Frontier
Dark Matter: Particle-like, Dark Matter: Wave-like, Dark Matter: Cosmic Probes, Dark Energy & Cosmic 
Acceleration: The Modern Universe, Dark Energy & Cosmic Acceleration: Cosmic Dawn & Before, Dark Energy & 
Cosmic Acceleration: Complementarity of Probes and New Facilities

Theory Frontier
String theory, quantum gravity, black holes, Effective field theory techniques, CFT and formal QFT, Scattering 
amplitudes, Lattice gauge theory, Theory techniques for precision physics, Collider phenomenology, BSM model 
building, Astro-particle physics and cosmology, Quantum information science, Theory of Neutrino Physics

Accelerator Frontier
Beam Physics and Accelerator Education, Accelerators for Neutrinos, Accelerators for Electroweak and Higgs 
Physics, Multi-TeV Colliders, Accelerators for Physics Beyond Colliders & Rare Processes, Advanced Accelerator 
Concepts, Accelerator Technology R&D: RF, Magnets, Targets/Sources

Instrumentation Frontier
Quantum Sensors, Photon Detectors, Solid State Detectors & Tracking, Trigger and DAQ, Micro Pattern Gas 
Detectors, Calorimetry, Electronics/ASICS, Noble Elements, Cross Cutting and System Integration, Radio 
Detection

Computational Frontier Experimental Algorithm Parallelization, Theoretical Calculations and Simulation, Machine Learning, Storage and 
processing resource access (Facility and Infrastructure R&D), End user analysis

Underground Facilities and 
Infrastructure Frontier

Underground Facilities for Neutrinos, Underground Facilities for Cosmic Frontier, Underground Detectors

Community Engagement 
Frontier

Applications & Industry, Career Pipeline & Development, Diversity & Inclusion, Physics Education, Public 
Education & Outreach, Public Policy & Government Engagement

Broad coverage/connection in science and global community!

30 Frontier conveners, ~
250 Topical Group conveners, 

>40 Inter-Frontier Liaisons, ~25 Early Career Liaisons.

Snowmass Early Career to represent early career members and promote their engagement in the Snowmass 2021 process; 
to build a long-term HEP early career community
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Community Summer Study: Snowmass 2021
July 17 – 26, 2022 @ UW – Seattle

http://seattlesnowmass2021.net



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

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
technology 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.
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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, CE!NS; g-2, Mu2e, 0!"", AMF, Belle II; DM … 
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Opportunities in HEP for the decade & beyond

The field of HEP is vibrant, dynamic & exciting!



(1). Energy Frontier
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The Energy Frontier Vision:
The energy frontier believes that it is 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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Physics example 1: Sensitivity reach for Higgs couplings
for Higgs factories and multi-TeV colliders

Most wanted in order to 
understand EWSB!



-

From LUX collaboration

Physics example 2: WIMP DM Searches  

GeV low mass:
DD difficult;
Collider complementary

100 GeV or higher mass:
DD + ID + HE Collider
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Covering the thermal target

with � / g4
e↵/M2

DM. This leads us to a limit on the dark matter mass of

MDM < 1.8 TeV

✓
g2
e↵

0.3

◆
. (18)

As has been long appreciated, it is quite remarkable that the TeV scale
emerges so naturally in this way, assuming dark matter couplings comparable
in strength to the electroweak gauge interactions. This gives a strong, direct
argument for new physics at the TeV scale, independent of any theoretical
notions of naturalness.

Compellingly, dark matter often falls out of theories of physics beyond
the SM without being put in by hand. Indeed, if the SM is augmented by
new physics, not even necessarily close to the weak scale, but far beneath
the GUT scale, the interactions with new states should respect baryon and
lepton number to a very high degree. Since all SM particles are neutral under
the discrete symmetry (�1)B+L+2S, any new particles that are odd under
this symmetry will be exactly stable. This is the reason for the ubiquitous
presence of dark matter candidates in BSM physics. It is thus quite plausible
that the dark matter is just one part of a more complete sector of TeV-
scale physics; this has long been a canonical expectation, with the dark
matter identified as e.g. the lightest neutralino in a theory with TeV-scale
supersymmetry. The dominant SUSY processes at hadron colliders are of
course the production of colored particles—the squarks and gluinos—which
then decay, often in a long cascade of processes, to SM particles and the
lightest supersymmetric particle (LSP), resulting in the well known missing
energy signals at hadron colliders. This indirect production of dark matter
dominates, by far, the direct production of dark matter particles through
electroweak processes.

However, as emphasized in our discussion of naturalness, it is also worth
preparing for the possibility of a much more sparse spectrum of new particles
at the TeV scale. Indeed, if the idea of naturalness fails even slightly, the
motivation for a very rich set of new states at the hundreds-of-GeV scale
evaporates, while the motivation for WIMP dark matter at the TeV scale
still remains. This is for instance part of the philosophy leading to models
of split SUSY: in the minimal incarnation, the scalars and the second Higgs
doublet of the MSSM are pushed to ⇠ 102

� 103 TeV, but the gauginos (and
perhaps the higgsinos) are much lighter, protected by an R-symmetry. The
scalars are not so heavy as to obviate the need for R-parity, so the LSP is

40
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! Opportunities
(2). Neutrino Frontier



From Fermilab (Lia Merminga)

ORNL: COHERENT,  PROSPECT,  PROSPECT-II

20



From Fermilab (Lia Merminga)

Gina Rameika Sergio Bertolucci
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From KEK (Masa Yamauchi)
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From KEK (Masa Yamauchi)
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From IHEP (Yifang Wang)
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(2024)
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Bread & butter ! physics:
JUNO (starting 2024): Hyper-K (starting 2027): 

DUNE (starting 2032): 

Complementarity!
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Accelerator-based neutrino sources

Hyper-K
DUNE
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TH, Liao, Liu, Marfatia: arXiv:1910.03272; BSM # Whitepaper:  arXiv:2203.06131

Physics example 1: Non-Standard Interactions,
first introduced by Wolfenstein in 1978: 

Complementary among a variety of  searches:
Oscillation experiments: COHERENT, T2HK, DUNE, … 

and collider searches: LHCb, ATLAS, CMS …

A UV complete Z’ model
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Physics example 2: Heavy Neutral Lepton 
(HNL, NR, sterile neutrino)

Complementary among a variety of  searches.



! Synergistic aspects:
RPF & 

IF :

AF :

EF (HL-LHC) AF (muon collider)
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(3). Rare Process @ Precision
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Low energy & high energy synergy:
Sensitivity to dim-6 operators in EFT

Current/future bounds
e.g. HL-LHC

Observed
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(4). Cosmic Frontier
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Physics example: DM Searches in Cosmo  
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(5). Theory Frontier
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(6). Community Engagement

Early Career Physicists:
Future of the field!

e.g. their interests
in Snowmass 2021:

Equity, Diversity & Inclusion
(EDI)   



36

2023 P5 members:



A Grand Picture: 

☛

Particle mass generation ✓
Underlying mechanism?

Electroweak phase transition?
Cosmic inflation?

Today’s puzzles:
DE, DM, $’s, baryogenesis…

Next scale at 
the energy frontier?

☛

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.) Andy Prudence

plus many other HKUST IAS colleagues!


