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• After a long and arduous Snowmass process, the US Particle Physics Project 
Prioritization Pannel P5 Report was released on Thursday, Dec. 7, 2023

The P5 Report

DRAFT Report of the 2023 Particle Physics Project Prioritization Panel

Particle physics studies the smallest constituents of our vast and 
complex universe. At such small scales, the fundamental principles 
of quantum physics prevail. Remarkably, the entire observable uni-
verse, now billions of light years across, was once small enough to 
be quantum in nature. Its quantum history is imprinted on its large-
scale structure. 

Past successes in particle physics have revolutionized our understanding of the universe 
and prompted a new set of questions. Collectively, these questions have spurred the 
construction of state-of-the-art facilities, from particle accelerators to telescopes, that 
will illuminate the profound connections between the very small and the very large. We 
stand on the threshold of harnessing their full potential.

The 2023 Particle Physics Project Prioritization Panel (P5) was charged with devel-
oping a 10-year strategic plan for US particle physics, in the context of a 20-year global 
strategy and two constrained budget scenarios. An essential source of input was the 
2021 Snowmass Community Planning Exercise organized by the Division of Particles and 
Fields of the American Physical Society. The panel received additional input from several 
channels, including town hall meetings, laboratory visits, and individual communications. 
We found this input aligned with three overarching science themes. Within each theme we 
identified two focus areas, or science drivers, that represent the most promising avenues 
of investigation for the next 10 to 20 years:

Decipher  
the  
Quantum  
Realm

Elucidate the Mysteries  
of Neutrinos

Reveal the Secrets of  
the Higgs Boson

Explore  
New  
Paradigms  
in Physics

Search for Direct Evidence 
of New Particles

Pursue Quantum Imprints  
of New Phenomena

Illuminate  
the  
Hidden  
Universe

Determine the Nature  
of Dark Matter

Understand What Drives 
Cosmic Evolution

Exectuvie Summary ix



• The report focuses on Projects (new facilities and experiments), not Research or 
Operations.  Charged to consider two funding scenarios, a “baseline” (level w.r.t. 
funding) and a “less favorable” (an erosion of 1%/year).  The committee also 
included an additional “more favorable” scenario.


• Neutrinos factor in heavily in the report.  Not just about CP violation, but rather about 
“the mysteries” of the neutrino.


• Very strong support for completing DUNE Phase 1.


• Strong support for DUNE Phase 2.


• Reasonable support for the DUNE “More Capable Near Detector” (LArTPC —> 
HPGasTPC)

Neutrinos in the P5 Report
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An ambitious, effective scientific program thrives when pursued by a vibrant scientific 
community. We therefore endorse strategic initiatives to collectively amplify and strengthen 
the workforce while fostering a healthy working environment. These initiatives are designed 
to uphold ethical conduct of research, dismantle barriers to entry and retention, recruit 
broadly, and pave new pathways of opportunity. This commitment nurtures an advanced 
technological workforce not only adept in particle physics but also equipped to contribute 
to the technological advancements essential for the nation. 

The vision outlined in this report provides opportunities for paradigm-shifting discov-
eries. By deciphering the quantum realm, illuminating the hidden universe, and exploring 
new paradigms in physics, we step further into our quantum universe. Some of the pri-
orities are designed to adapt naturally as this landscape evolves over the next decade, 
while others are designed to drive that evolution.

2.2

Recommendations
 

To drive US particle physics forward and maintain strong global leadership, we advocate 
a comprehensive and balanced program that strategically addresses the three science 
themes and their six interwoven drivers. The numerical order of the recommendations 
listed below is not meant to reflect their relative priority; instead it is used to group them 
thematically. The lists under the recommendations are not prioritized, except for the list 
of major projects under Recommendation 2. Each recommendation is stated in boldface, 
followed by concise, lettered explanations of how the recommendation can be realized. 
The impact of alternative budget scenarios on the different elements of the program is 
discussed in section 2.6.

A Full List of Recommendations is provided at the end of the report. That list includes 
Area Recommendations (section 6) in addition to those here. 

 
Recommendation 1: As the highest priority independent of the budget sce-
narios, complete construction projects and support operations of ongoing 
experiments and research to enable maximum science.

We reaffirm the previous P5 recommendations on major initiatives:

a.  HL-LHC (including ATLAS and CMS detectors, as well as Accelerator Upgrade 
Project) to start addressing why the Higgs boson condensed in the universe (reveal 
the secrets of the Higgs boson, section 3.2), to search for direct evidence for new 
particles (section 5.1),  to pursue quantum imprints of new phenomena (section 5.2), 
and to determine the nature of dark matter (section 4.1).

b.  The first phase of DUNE and PIP-II to determine the mass ordering among neutri-
nos, a fundamental property and a crucial input to cosmology and nuclear science 
(elucidate the mysteries of neutrinos, section 3.1).
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c.  The Vera C. Rubin Observatory to carry out the LSST, and the LSST Dark Energy 
Science Collaboration, to understand what drives cosmic evolution (section 4.2).

In addition, we recommend continued support for the following ongoing experiments at the 
medium scale (project costs > $50M for DOE and > $4M for NSF), including completion 
of construction, operations, and research: 

d.  NOvA, SBN, and T2K (elucidate the mysteries of neutrinos, section 3.1). 

e.  DarkSide-20k, LZ, SuperCDMS, and XENONnT (determine the nature of dark matter, 
section 4.1).

f. DESI (understand what drives cosmic evolution, section 4.2).

g. Belle II, LHCb, and Mu2e (pursue quantum imprints of new phenomena, section 5.2).

The agencies should work closely with each major project to carefully manage the costs 
and schedule to ensure that the US program has a broad and balanced portfolio.

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. 

These projects have the potential to transcend and transform our current paradigms. They 
inspire collaboration and international cooperation in advancing the frontiers of human 
knowledge. Plan and start the following major initiatives in order of priority from highest 
to lowest:

a.  CMB-S4, 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).

b.  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).

c.  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 com-
mensurate 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).

d.  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).

e.  IceCube-Gen2 for study of neutrino properties using non-beam neutrinos complemen-
tary to DUNE and for indirect detection of dark matter covering higher mass ranges 
using neutrinos as a tool (section 4.1).
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The prioritization principles behind these recommendations can be found in sections 1.6 
and 8.1.  

IceCube-Gen2 also has a strong science case in multi-messenger astrophysics 
together with gravitational wave observatories. We recommend that NSF expand its ef-
forts in multi-messenger astrophysics, a unique program in the NSF Division of Physics, 
with US involvement in the Cherenkov Telescope Array (CTA; recommendation 3c), a 
next-generation gravitational wave observatory, and IceCube-Gen2. 

 
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 com-
pete on the world stage.

In order to achieve this balance across all project sizes we recommend the following:

a.  Implement a new small-project portfolio at DOE, Advancing Science and Technolo-
gy 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 Instru-
mentation (MRI) programs as a critical component of the NSF research and project 
portfolio.

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

The Belle II recommendation includes contributions towards the SuperKEKB accelerator. 
 

Recommendation 4: Support a comprehensive effort to develop the resourc-
es—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 yield revolutionary accelerator designs 
that chart a realistic path to a 10 TeV pCM collider.

Investing in the future of the field to fulfill this vision requires the following:

a.  Support vigorous R&D toward a cost-effective 10 TeV pCM collider based on proton, 
muon, or possible wakefield technologies, including an evaluation of options for US 
siting of such a machine, with a goal of being ready to build major test facilities and 
demonstrator facilities within the next 10 years (sections 3.2, 5.1, 6.5, and Recom-
mendation 6).

b.  Enhance research in theory to propel innovation, maximize scientific impact of invest-
ments in experiments, and expand our understanding of the universe (section 6.1).
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A great opportunity for a small-to-mid scale neutrino scattering experiment 

that could tackle issues that the DUNE NearDet will not!
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c.  Expand the General Accelerator R&D (GARD) program within HEP, including stew-
ardship (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 +e – Higgs factory and 10 TeV pCM collider, Spec-S5, DUNE FD4, 
Mu2e-II, 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 proj-
ects. 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).

We recommend specific budget levels for enhanced support of these efforts and their 
justifications as Area Recommendations in section 6.

 
Recommendation 5: Invest in initiatives aimed at developing the workforce, 
broadening engagement, and supporting ethical conduct in the field. This com-
mitment nurtures an advanced technological workforce not only for particle 
physics, but for the nation as a whole.

The following workforce initiatives are detailed in section 7:

a.  All projects, workshops, conferences, and collaborations must incorporate ethics 
agreements that detail expectations for professional conduct and establish mecha-
nisms for transparent reporting, response, and training. These mechanisms should 
be supported by laboratory and funding agency infrastructure. The efficacy and 
coverage of this infrastructure should be reviewed by a HEPAP subpanel.

b.  Funding agencies should continue to support programs that broaden engagement 
in particle physics, including strategic academic partnership programs, traineeship 
programs, and programs in support of dependent care and accessibility. A systematic 
review of these programs should be used to identify and remove barriers. 

c.  Comprehensive work-climate studies should be conducted with the support of fund-
ing agencies. Large collaborations and national laboratories should consistently 
undertake such studies so that issues can be identified, addressed, and monitored. 
Professional associations should spearhead field-wide work-climate investigations to 
ensure that the unique experiences of individuals engaged in smaller collaborations 
and university settings are effectively captured.

d.  Funding agencies should strategically increase support for research scientists, re-
search hardware and software engineers, technicians, and other professionals at 
universities.
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The following workforce initiatives are detailed in section 7:

a.  All projects, workshops, conferences, and collaborations must incorporate ethics 
agreements that detail expectations for professional conduct and establish mecha-
nisms for transparent reporting, response, and training. These mechanisms should 
be supported by laboratory and funding agency infrastructure. The efficacy and 
coverage of this infrastructure should be reviewed by a HEPAP subpanel.

b.  Funding agencies should continue to support programs that broaden engagement 
in particle physics, including strategic academic partnership programs, traineeship 
programs, and programs in support of dependent care and accessibility. A systematic 
review of these programs should be used to identify and remove barriers. 

c.  Comprehensive work-climate studies should be conducted with the support of fund-
ing agencies. Large collaborations and national laboratories should consistently 
undertake such studies so that issues can be identified, addressed, and monitored. 
Professional associations should spearhead field-wide work-climate investigations to 
ensure that the unique experiences of individuals engaged in smaller collaborations 
and university settings are effectively captured.

d.  Funding agencies should strategically increase support for research scientists, re-
search hardware and software engineers, technicians, and other professionals at 
universities.
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the physics potential will require input from all stakeholders: DUNE collaboration, US 
funding agencies, and the international community. A decision-making process led by 
DOE, inclusive of the entire community and driven by all stakeholders, will ensure that 
the full potential of the FD4 is realized. The timeline should be driven by the most prom-
ising scientific opportunities and must be inclusive of the long baseline science program 
(Recommendation 4d). 

3.1.5 –  Interplay with Other Measurements  
of Neutrino Properties

Understanding the origins of neutrino mass is one of the big questions in physics. How-
ever, neutrino masses have not yet been directly measured. There are three approaches 
to measuring the neutrino mass: direct kinematic mass searches in nuclear beta decay, 
neutrinoless double beta decay, and cosmology. The first two approaches are under the 
stewardship of the DOE nuclear science program. Similarly, the question of whether neu-
trinos are their own antiparticles—Majorana particles—is one of the top science topics 
highlighted in the recent Nuclear Science Advisory Committee (NSAC) long-range plan 
via the pursuit of ton-scale neutrinoless double beta decay experiments. Measurements 
of the mass ordering by the particle physics program set the expected scale for these 
experiments. The outcome of these experiments is one of the most eagerly anticipated 
pieces to the puzzle of neutrino mass. 

Neutrino mass also affects structure formation in the universe. Hence, careful mea-
surements of the distribution of mass in the universe are sensitive to neutrino masses 
in the range of values indicated by neutrino oscillation. Cosmological surveys DESI and 
CMB-S4 can probe the sum of neutrino masses and that information can be directly 
confronted with the mass ordering measured by DUNE. IceCube and its upgrades test 
neutrino mixing at high energies and cosmic distances. Any disparities between these 
two realms would constitute a discovery with profound implications for our understanding 
of the universe’s fundamental properties.

Many models of neutrino mass generation require the neutrino to have heavy partners. 
In some cases, those partners can be tested in beam dump experiments like the more 
capable near detector of DUNE. For other mass ranges, those partners can be searched 
for at the LHC or future 10 TeV colliders.

3.1.6 –  New Initiative: A Portfolio of Agile  
Projects for Neutrinos

A healthy portfolio of agile experiments focused on neutrino physics and capable of deliv-
ering transformative insights and technological advancements is essential to the future of 
the field. To advance the understanding of neutrinos, a multifaceted approach must sup-
port a versatile and dynamic portfolio of ASTAE experiments, as described in section 6.2.

Key breakthroughs in neutrino physics have been achieved through experiments 
shedding light on hidden facets of neutrino interactions and resolving outstanding  
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neutrino anomalies. These experiments highlight the potential for discovery science in 
agile neutrino projects. Accurate measurements are also important for a deeper under-
standing of neutrinos, their interactions, energy spectra, flux and their roles in astrophys-
ical phenomena and long-baseline neutrino oscillation experiments. The adaptability and 
deployment flexibility of agile experiments, whether near beams or reactors, offer promise 
for synergistic explorations of hidden sector particles and other phenomena in the evolving 
BSM field. Technology development, such as innovative materials and unique sensors, 
is critical to shaping the future of neutrino experiments. 

The ASTAE portfolio for neutrinos should encompass precise measurements of neu-
trino interactions, comprehensive neutrino flux assessments, and searches for neutrino 
BSM physics, coupled with development of cutting-edge technologies for future detectors 
(Recommendation 3a). 

3.1.7 – 20-Year Vision
 

In the context of three-flavor neutrino oscillations, the collaborative efforts of DUNE, 
Hyper-K, and the global oscillation program could definitively validate this framework. 
The experimental outcomes of the first several years of operating will guide the future 
vision of DUNE, honing in on the complete picture of neutrino oscillations and even 
the physics of tau neutrinos, the least explored elementary particle of the Standard 
Model. Should there emerge indications of a paradigm shift such as CPT violation or 
of neutrino non-standard interactions, DUNE’s long baseline with large matter effects 
and Hyper-K’s shorter baseline with small matter effects will be critical in discerning 
this exciting new physics.

If there are hints of a need for heightened precision, muon-decay based neutrino 
beams emerge as the logical choice to enhance measurement accuracy. Depending on 
the nature of the departure from three-flavor oscillations, this could entail the deployment 
of a low-energy muon storage ring, as exemplified by the Neutrinos from Stored Muons 
(nuSTORM) experiment. This is certainly the case if novel neutrino types or interactions 
mediated by light new particles come into play. A facility like nuSTORM also has the poten-
tial to significantly refine our understanding of neutrino-nucleus interaction cross sections.

In cases where subtler signs of new particles or interactions surface, a muon storage 
ring with stored muon energies in the tens of GeV or higher range, commonly known as 
a neutrino factory, emerges as the most suitable source of neutrinos. Regardless of the 
specific approach, all muon-decay based neutrino sources offer unparalleled precision, 
well-characterized beams, and potent synergies with muon collider research and devel-
opment efforts.
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Computational physics is a vital component of particle theory. Powerful computers 
simulate the behavior of fundamental particles of the Standard Model, enabling mean-
ingful comparisons between theoretical expectations and experimental measurements. 
For example, computational simulations of the strong nuclear force have been critical to 
precision tests of the Standard Model at the LHC and other colliders, providing new in-
sight into the origin of matter in the early universe. Theoretical techniques are also used 
to create “digital twins” of the universe to test different scenarios for cosmic evolution.

Maximizing the physics reach of experiments relies on the collective effort of the 
particle physics community, encompassing theoretical and computational research. Main-
taining a balanced program, with healthy support for theoretical research, will magnify 
the impact of the entire field and enable future discoveries.

Universities are home to the vast majority of theoretical research and nearly all stu-
dent training, so it is critical that university support be strengthened to ensure equitable 
access to particle physics. The level of support for theoretical research has eroded over 
the last decade. These cuts were primarily absorbed by universities, to the detriment of 
the field. In order to catalyze tomorrow’s theoretical breakthroughs and to retain the best 
talent, this trend needs to be reversed. Increasing support (Recommendation 4b) will en-
able particle physics to thrive in a robust manner, bring diverse perspectives, strengthen 
talent identification, and create a more inclusive and effective workforce.

Area Recommendation 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.

6.2

Advancing Science and Technology 
through Agile Experiments (ASTAE)
Experiments at multiple scales in both cost, size, and duration are critical to unlocking 
the mysteries of the universe. We recommend DOE create a portfolio of experiments 
that are small in scale and quick to execute, yet significant in their impact. This comple-
ments the Mid-scale Research Infrastructure program, both within the Division of Physics 
and across NSF. It enables DOE to strategically target emerging opportunities within its 
program while supporting the overall DOE mission. The program for these agile DOE 
experiments is (Advancing Science and Technology through Agile Experiment) ASTAE, 
which is Latin for “javelins”, reflecting their focused nature. Across particle physics there 
are important experiments that meet these criteria, experiments capable of discovery 
science, advancing technology, developing a workforce, and advancing US leadership. 
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These experiments are key to paradigm shifting discoveries, both in their own right 
or as incubators for new technologies and physics directions. The recent DOE-HEP Dark 
Matter New Initiatives (DMNI) program exemplifies the opportunity for discovery small-
scale experiments can provide, while incubating key quantum technologies. Similarly the 
recent first observation of Coherent Elastic Neutrino-Nucleus Scattering (CEvNS) demon-
strates the potential for discovery science for experiments of this scale. In addition to 
discovery science, this proposed portfolio can enable small-scale supporting experiments 
that simplify the interpretation of data from flagship measurements. They can also act as 
critical demonstrators for innovative instrumentation that will enable the next generation 
of experiments. 

ASTAE will provide an essential training ground for a workforce capable of innovation 
and leadership to sustain the vitality of the field. These experiments train the full HEP 
workforce (students, postdoctoral fellows, scientists, engineers, technicians, and project 
managers) in the complete life-cycle of an experiment, from design, construction, com-
missioning, operations, and the publication of the results. The ASTAE portfolio will provide 
the hands-on experience needed to conceive the technological breakthroughs that will 
enable the scientific discoveries of the future and foster scientific ingenuity among the 
next generation of researchers. 

Over time, this portfolio should maintain a balance of experiments across the sci-
ence driver focus areas. The possibility of projects that push beyond these focus areas 
should be left open for compelling scientific or technological cases. The projects should 
be reviewed for their potential for discovery, technology innovation, and ability to provide 
critical inputs to the success of the greater HEP mission. 

Area Recommendation 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. 

Area Recommendation 3: 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. 

Area Recommendation 4: 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 proj-
ects within the group that have successfully completed their design phase. 

Area Recommendation 5: 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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Particle physics benefits from developments in other fields, such as atomic clocks 
developed decades ago for precision timing standards and are now being proposed for 
the search for variations of fundamental constants and gravitational waves. We should 
strive to collaborate with other scientific communities to maximize mutual benefits, such 
as gaining access to new sensor technologies or providing access to our development 
of large magnets, vacuum systems, and superconducting radio frequency cavities for 
outside fields. In order to facilitate this exchange, we need to move beyond traditional 
funding boundaries and allow scientists and engineers working with quantum sensors, 
whatever their specific field, to tackle the most interesting and challenging problems. 
Focused support for the development of quantum materials, including theoretical explo-
rations, should be provided.

Workforce development is needed to encourage workers with the needed skills to 
engage with particle physics and stay in the field for our long-term success in the face of 
increasing competition from industrial quantum computing. The particle physics community 
needs to invest now in order to train and retain the next generation of quantum scientists. 

Area Recommendation 6: Increase the budget for generic Detector R&D by 
at least $20 million per year in 2023 dollars. This should be supplemented  
by additional funds for the collider R&D program.

Area Recommendation 7: The detector R&D program should continue to  
leverage national initiatives such as QIS, microelectronics, and AI/ML.

6.4

Particle Accelerators and R&D 
Particle accelerators play an essential role in high energy physics research. They de-
liver the unique beams that enable the majority of the P5 science drivers for the next 
decade (section 6.4.1). Physics goals beyond this decade place radical new demands on 
accelerator capabilities. To achieve these demanding performance requirements, while 
reducing costs and minimizing environmental impacts, requires focused investment in 
both generic R&D (section 6.4.2) and collider R&D (section 6.5) along with strategic in-
vestment in the existing accelerator complex at Fermilab (section 6.6.2). In this context, 
DOE-HEP, in partnership with NSF and other Offices and agencies, has the opportunity 
to lead accelerator development into the future while simultaneously delivering broader 
benefits across science and society. 

Particle accelerators rely on a broad suite of technologies. This starts with the source 
that injects particles into the accelerator. When the particles involved are rare or unsta-
ble, or the required intensities are very high, these injector systems require significant 
technology development. At the highest intensities and brightness, techniques to increase 
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6.7

Software, Computing and  
Data Science
Software and computing play a critical role in maximizing the science output of particle 
physics experiments. It is an integral component of experimental design, trigger and data- 
acquisition, simulation, reconstruction, and data analysis. It also underlies simulation and 
design of particle accelerators. The complexity, computational needs and data volumes 
of particle physics experiments are expected to increase dramatically in the next decade 
or so. Advances in software and computing (including AI/ML) will be key for solving the 
challenges associated with the data deluge and also for enhancing the sensitivity of the 
experimental results.

6.7.1 – Software, Computing, and Cyberinfrastructure

A hallmark of particle physics is scientific instruments that produce extremely large data-
sets. For example, at the ATLAS and CMS experiments at the LHC, sophisticated real-time 
algorithms implemented in hardware and software discard all but the most interesting 
0.01% of collisions, with a final recorded output that still consists of tens of petabytes of 
raw data per year. These datasets are then processed to translate detector signals into 
a coherent picture of the particles created in the collisions.

Collecting, managing, and analyzing these datasets is a key challenge and represents 
a significant portion of the total operations cost for many projects. At the same time, sim-
ulating the quantum mechanics of particle interactions and the corresponding detector 
signals at the necessary level of precision to interpret the data poses processing and 
storage challenges of equivalent or larger complexity to analyzing raw data. Software, 
computing, and the overarching cyberinfrastructure are essential parts of project portfolios.

The enormous computational demands of particle physics call for expanded invest-
ments in R&D to maximize the physics reach of the programs. These R&D efforts have 
been synergistic with national initiatives in artificial intelligence/machine learning (AI/ML), 
quantum, computing, and microprocessors. Funding agencies should continue to leverage 
the resources made available through those national initiatives.

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

Advances in computing are constantly emerging which can reduce costs and expand 
capabilities that enable new science. These advances are powered by new computing 
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architectures, software paradigms, network capabilities, and access to expanded com-
puting resources. Leveraging these advances, however, requires significant effort. 

Based on experience from the last decade, we recommend adding support for a 
sustained R&D effort—at the level of $9M per year in 2023 dollars—to adapt to emerging 
hardware and other computing technologies. This should include efforts to transition the 
products of software R&D into production. We also suggest that DOE’s Office of High 
Energy Physics and NSF’s Directorates for Mathematical and Physical Sciences and As-
tronomy coordinate with other programs within the Office of Science and NSF to ensure 
that the profile of computing resources available matches the needs of particle physics 
experiments.

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 transition those developments into systems used 
for operations of experiments and facilities.

The potential of the quantum computing paradigm and quantum information science (QIS) 
has given rise to a National Quantum Initiative. The initiative encourages transformative 
scientific discoveries through investments in core QIS research programs. The national 
strategy includes investments that target the discovery of quantum applications and foster 
quantum-relevant skills in the next generation of scientists and engineers. The quantum 
nature of particle physics phenomena provides a rich set of problems where quantum 
computing is expected to have an inherent advantage over classical computing. For exam-
ple, quantum computing approaches can resolve fundamental challenges to studying the 
structure of nuclear matter that are encountered with the classical computing approaches.

In order to adapt to the quickly changing landscape, we support the creation of a group 
focused on software and computing, modeled after the Coordinating Panel for Advanced 
Detectors (CPAD). Such a group would serve as a valuable resource for DOE and NSF 
to consult in order to ensure a coordinated strategy for computing that maximizes the 
impact of investments in computational infrastructure. 

We must ensure sustained development, maintenance, and user support for key 
cyberinfrastructure components, including widely-used software packages, simulation 
tools, and information resources, such as the Particle Data Group and INSPIRE. Although 
most of these shared cyberinfrastructure components are not specifically tied to projects, 
nearly all scientists in the field rely on them. A significant investment—at the level of 
$4M per year in 2023 dollars—for this type of shared cyberinfrastructure with dedicated 
personnel is appropriate. 

As the nation and the world increasingly embrace open science, now is the time for 
a paradigm shift in the long-term preservation, dissemination, and analysis of the unique 
data collected by various experiments and surveys in order to realize their full scientific 
impact. An investment—at the level of $4M per year in 2023 dollars—is needed to establish 
these new forms of shared infrastructure and the dedicated personnel. The infrastructure 
should support the requisite theoretical inputs and computational requirements for analysis.
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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 preservation, dissemination, and analysis 
of the unique data collected by various experiments and surveys in order to 
realize their full scientific impact.

Research scientists and research software engineers at universities and labs are key to 
realizing the vision of the field. They possess highly specialized knowledge and are crit-
ical for maintaining a technologically advanced workforce. Strong investments in career 
development, including recruiting, training, and retention will ensure future success. 

Area Recommendation 19: Research software engineers and other profession-
als at universities and labs are key to realizing the vision of the field and are 
critical for maintaining 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.

6.7.2 –  Artificial Intelligence, Machine Learning,  
and Data Science

The particle physics community benefits from and contributes to the rapid advances 
in artificial intelligence (AI) and machine learning. Our field has used various forms of 
machine learning for decades to enhance the sensitivity of experiments through more 
efficient accelerator control, data collection, and data analysis. The rise of deep learning 
has dramatically expanded the potential for these approaches by bringing qualitatively new 
capabilities, including the ability to work with low-level sensor data, to generate synthetic 
data, and to identify anomalies in data. 

These capabilities can have a comparable impact on the physics reach of experiments 
as do enhancements to accelerator facilities, instrumentation, and detector design. Per-
forming AI inference in reprogrammable hardware, closer to the detectors in the readout 
path, will unlock new capabilities in data collection. Emerging techniques in generative 
artificial intelligence are leading to productivity enhancements, particularly in writing code 
for software; these technologies may dramatically alter the way physicists develop code 
to analyze data or accelerate the process of porting code to new computing architectures. 
Advances are also being made in formal mathematics and mathematical physics where 
generative AI can serve as a creative assistant or be paired with a verification system. 

The transformative potential of artificial intelligence should drive a robust investment 
targeted at individual projects, as well as cross-cutting capacity to accelerate technology 
transfer. Resources for the national initiatives in artificial intelligence should be incorpo-
rated into research and R&D efforts to maximize the physics reach of the program.
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