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Experimental particle physics seeks to understand the universe by probing its fundamental particles and forces and exploring how they govern the large-scale processes that
shape cosmic evolution. This whitepaper presents a vision for how Artificial Intelligence (Al) can accelerate discovery in this field. We outline grand challenges that must be
addressed to enable transformative breakthroughs and describe how current and planned experimental facilities can implement this vision to advance our understanding of
the vast and complex physical world from the smallest to the largest scales. We show how facilities currently under construction, such as the HL-LHC, DUNE and soon EIC,
can both benefit from and serve as proving grounds for this vision, while also enabling a longer-term goal for how future experiments -- like FCC-ee at CERN, IceCube-
Gen2, a Muon Collider in the U.S., and smaller to mid-scale projects —- can be fully Al-native. We describe how a truly national-scale collaboration, jointly managed across
large funding partners, and involving both DOE laboratories and universities, can make this happen.
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Extra meeting links:

This workshop’s Indico: https://indico.flatironinstitute.org/event/4120/

Al-native Ecosystem whitepaper: https://arxiv.org/abs/2602.17582

Slack channel (in IRIS-HEP Workspace):

#ai-collab-blueprint-may2026

Invite link for IRIS-HEP Workspace:
https://join.slack.com/t/iris-hep/shared_invite/zt-3yajggdtd-~yMOK1LfhkpehXIH

0hOkg
A google doc for taking notes will be circulated in the Slack channel.
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The next generation of particle physics experiments will face a new era of challenges in data acquisition, due to unprecedented data rates and volumes along with extreme environments and operational constraints.
Harnessing this data for scientific discovery demands real-time inference and decision-making, intelligent data reduction, and efficient processing architectures beyond current capabilities. Crucial to the success of this
experimental paradigm are several emerging technologies, such as artificial intelligence and machine learning (Al/ML), silicon microelectronics, and the advent of quantum algorithms and processing. Their intersection
includes areas of research such as low-power and low-latency devices for edge computing, heterogeneous accelerator systems, reconfigurable hardware, novel codesign and synthesis strategies, readout for cryogenic or
high-radiation environments, and analog computing. This white paper presents a community-driven vision to identify and prioritize research and development opportunities in hardware-based ML systems and
corresponding physics applications, contributing towards a successful transition to the new data frontier of fundamental science.



From “S2I12/DOE mini-workshop on Software/Computing R&D for HL-LHC”, 28-29 Nov 2017

Commitment to Joint DOE and NSF Blueprint Activity

e Drive the evolution of R&D efforts to address the software & computing

challenges of the HL LHC, co-sponsored by:
o US LHC Ops program
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workshops to drive coherence
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Blueprint workshops

Since 2017, we have carried forward this “blueprint” activity relative to HL-LHC
Software and Computing R&D through the “Coordinated Ecosystem” workshops
as well as a number of more targeted topical blueprint workshops.

The basic idea: we want to do more than just information exchange. We aim to
have at least some actionable outcomes and/or improved organization as a result
of the blueprint workshop.

Structure: less (and more targeted) presentations and plenty of time for
discussion. Discussion time is not fully pre-planned and leaves space/time for
potential ad-hoc parallel discussions. We aim to collect outcomes for a summary
presentation at the end of the last day.


https://iris-hep.org/blueprint.html

MonbpAy 18 May

M O n d ay 1 8 M ay Introduction and Goals for the Workshop ©20m

Initial Discussion ®40m

TREASURE Project ®10m
Speaker: Haider Abidi (BNL)

Short (<10 minute) presentations.

Next Generation DQM Project
Speaker: Walter Hopkins (Argonne National Laboratory)

Very short big picture overview,

with most of the talk hopefully

contributing directly to the (Al Sonbor il ialois. |

Collaboration) discussion. =

Knowledge Extraction Project O1m @ ~

Speaker: Nesar Ramachandra (Argonne National Laboratory)

There is a google doc to make -
notes about emerging themes.

INFN

Speaker: Daniele Bonacorsi (University of Bologna / INFN)

At the end of the day we will
d I S C U S S I d e n tlfl e d th e m eS fo r Speakers: Claire Shepherd-Themistocleous (Rutherford Appleton Laboratory, UK), Davide Costanzo (University of Sheffield (GB)
follow-on discussion.

Speaker: Alexander Himmel (Fermi National Accelerator Laboratory)

Thoughts on Smaller Experiments ®10m

WO rkShOp Di n ner at 1 9 : OO for Speaker: Lindley Winslow (MIT)
th Ose atte n d i n g i n pe rSO n . Organization Discussion

Workshop Dinner




Tuesday 19 May

Breakfast for in-person participants
at 8:30.

Three discussion blocks, we can
break into multiple parallel sessions.

We will have a short discussion of
the discussion plans at 9:00 and this
will be summarized also for remote
participants.

Additional zoom connections will be
made available as needed.

Breakouts should produce short (1-2
slide summaries) which we will
integrate into a single presentation
for the closeout session at 15:15.

TuespAy 19 May

[LX N — 10:30 Discussion
LB — 12:30 Discussion
LUl — 15:00 Discussion

LAY — 16:00 Closeout Session

Several spaces available for discussions:
plenary room, side meeting rooms, area

O 30m

O®1h3m @ ~

O 30m

O1h3m @~

® 1h

O1h3m @& ~

O 15m

O45m # ~

behind the plenary area and also a space on

the roof.



Four Grand Challenges Around the Experimental Lifecycle

AI-NATIVE RESEARCH ECOSYSTEM - PARTICLE PHYSICS

GC 1: ACCELERATED GC 2: INTELLIGENT SENSING

I . . . EXPERIMENT DESIGN AND INSTRUMENTATION
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National Scale Collaboration?
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U.S. Institutions (blue dots =
universities, red dots = DOE labs) that
are currently part of large
national-scale funded projects:

e U.S. ATLAS Operations (DOE/NSF,
33 institutions)

e U.S. CMS Operations (DOE/NSF,
44 institutions)

e DUNE Operations (DOE, 16
institutions)

e HEP-CCE (DOE, 4 labs)

e |RIS-HEP (NSF, 16 universities)

e A3D3 (NSF, 12 universities)

Additional universities that are part of
the U.S. ALICE, U.S. ATLAS, U.S.
CMS and (U.S.) DUNE scientific
collaborations are shown in green.

Taken together, these overlapping
experiments and projects tightly
connect 9 DOE labs and 124 different
universities and colleges.



A central focus of the workshop will be discussions on how such a national-scale collaboration could be effectively
bootstrapped and organized, as well as identifying priorities over the near and medium term. Such a collaboration,
including both universities and DOE laboratories, has a number of potential benefits and opportunities, including:

a forum for developing a shared roadmap toward an Al-native research ecosystem

a platform for enabling larger-scale efforts while integrating expertise and resources from across the community

clear pathways to scale and transition promising R&D activities towards deployment within experiments

a structure to develop and provide the services needed for the experiments to fully leverage evolving national
infrastructure (e.g., AmSC, NAIRR) and large-scale data resources

a means for fostering both collaboration and healthy competition through the development of shared benchmarks and the
development and curation of the supporting datasets

accessible entry points for individual university groups to engage and contribute

a coherent framework for cross-experiment activities, enabling solutions with impact to deliver benefit to multiple
experiments

a clear structure for US engagement with international efforts, including those at CERN, and other national and regional
collaborations

a community structure for engagement with industry

a structure for large scale workforce development activities leveraging both lab and university expertise

This first workshop will consider the potential impact of these opportunities, identifying near-term priorities and exploring means
to enable additional initiatives as resources become available. We expect that this discussion will continue in subsequent
community workshops during 2026.
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continue in subsequent community workshops during 2026.



Discussion



Since the LHC is typically adequately represented in these meetings, we decided
to do very short summaries of US-ATLAS and US-CMS together now rather than
have (for example) (a) full 10 minute talk(s) for LHC.



US ATLAS

Extensive use of ML/Al across many areas with
transformative impact, including particle 1D,

(False positive rate)*

analysis, reconstruction, simulation, trigger, etc
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Fast simulation with generative methods
FastCalo, FATRAS, etc
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U.S. CMS and AI/ML

e Countless applications in trigger, simulation,
and reconstruction (and physics object
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U.S. CMS and the Al-native ecosystem

e Lots of new ideas/projects under discussion — several U.S. CMS members
submitted proposals for Genesis RFA

e Topics of interest well-aligned with the four Grand Challenges & Infrastructure

o Al-driven detector and ASIC design, materials discovery for calorimetry, multi-objective
optimization (performance, cost, resilience)...

o Alin triggers, FPGAs, and on-detector systems, Real-time anomaly detection at 40
MHz, Low-power edge Al...

o Agentic Al for computing operations and certification, Al-assisted workflow orchestration
(incl simulation), Knowledge capture and reuse...

o Anomaly detection & model-independent searches, Simulation-based inference & EFT
analysis, Al cartography of LHC search coverage, Representation learning...

o Science-aware networks and Al-driven resource optimization, Large-scale distributed
computing automation...

e Strong interest in community-driven approach, facilitation of partnerships,
better engagement of universities with DOE labs and industry



GC1: Accelerated Experimental Design

Use of differentiable/surrogate simulations, and active learning to co-optimize
detectors, triggers, beams, and costs, informing design choices for future
experimental facilities

Al Agent Loop

Particle Detectors Reconstruction Physics
Sources Reach

Accelerators,
beamlines etc

t




GC2: Intelligent Sensing and Instrumentation

Moving intelligence upstream with on-detector inference, trigger-less/Al-assisted
readout, and physics-aware compression to capture rare or unexpected signals
without overwhelming bandwidth or storage

Traditional vs. AI-Native Data Acquisition

Hardware

Multi-Messenger Alert Timeline

Core AT Reco Telescopes
Collapse + Alert Pointing
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Priority
Data

Al Process1¥1g Compressed Tiered utes, allowing telescopes to observe
+ Compression Stream Storage EM signal evolution from its onset.

Real-time External
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GC3: Autonomous Experiments

Trigger Detector
Select interesting events I Status
from the full detector data stream
Data Quality
Monitoring

Reconstruction Data Quality Trigger
Build tracks & objects Quick monitoring & validation - -
using fast algorithms (detector + reconstruction) Configuration

Problem

Facility diagnosis
I Status

and

" 9 repair
Calibration 2
Update conditions &

Physics
rrections for best Goals
performance.
—1 Logbook

Analysis

Final datasets, plots, Expert
results and publications )
documentation
N —

Detector

Automating facility operations and calibration with Al-driven monitoring, diagnosis,
and operational decision support to reduce downtime, shorten calibration cycles,
and preserve institutional knowledge



GC4: From Data to Discovery

Automatic and optimizable data analysis: build agent-orchestrated, goal-directed

analysis systems that integrate foundation models, Al-accelerated reconstruction

and simulation, and uncertainty-aware inference to dramatically reduce analysis
latency, increase scientific productivity, and expand discovery reach

Automated workflows — Agentic science
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adapted from this talk



https://indico.cern.ch/event/1604420/contributions/6760798/

Technology, Facilities, Workforce & Community

Al Technology Al Facilities Workforce Community

Development or adaptation of Al technologies for the particle physics setting
Resources to realize the Al vision - includes data access & preparation
Structured pipeline for workforce development

Community comprising a national-scale, multi-institutional collaboration that unites
universities, laboratories, and industry partners



THE PRISONER'S DILEMMA

You and the other person have been caught for
committing a crime. The cops offer you a deal...

WHAT THE OTHER PERSON DOES
COOPERATE DEFECT

(DON'T RAT) (RAT THEM OUT)

@ ? @ ?®

| COOPERATE

(DON'T RAT) :‘ Both cooperate: You cooperate, other defects:
H 1 year each | You get , other goes free

|

| ;‘ s~
)|  DEFECT | o
(RAT THEM OUT)
‘ v
| = e o

|
|

You defect, other cooperates: I Both defect:
| You go free, other gets 3 years each

8

<P RATIONAL CHOICE: DEFECT.
REALITY: EVERYONE LOSES.




