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HEP Uses ML Today — But Frontier Adoption Still Lags

ML is already valuable in high—energy physics, but turning frontier models into reliable inference systems remains slow.

Current use in HEP Frontier DL keeps moving

@ Why the adoption gap?

p HEP toda Industry / academia
Jet/ flavor tapging @ n Reasoning models & test-time compute d frontier
° planning, chain-of-thought, adaptive compute |
L[] . . ‘
Cilatimaten AL F B) Muitimodal foundation models
¥ u text, image, audio, video, scientific data
Tracking reconstruction ‘
.@ Agents & tool use ‘
() [ workflow automation, tool calling, orchestration | WHY does this gap exist?
n World models / generative simulation ‘ Frontier DL evolves faster than experiment software cycles
diffusion, generative environments,
synthetic data G Deployment know-how is fragmented and hard to reuse
) & i . - o
— B Long-context memory & retrieval e From trained model to production inference is still manual
-Q RAG, memory, million-token context
==. B Efficient serving & new architectures HOW TO BRIDGE THIS GAP?
-.!_g . MoE, state-space models, quantization, . .
speculative decoding Standardize portable inference workflows

Anomaly detection Trigger systems Industry and academic now push reasoning, multimodality,
agents, world models, long context, and efficient serving —
far beyond the narrow supervised pipelines common in HEP.
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Automate optimization, backend selection, and deployment
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Build validated, reusable tools for HEP

HEP does not lack ML models; it lacks a scalable path from frontier models to validated deployment.
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Why Deployment Becomes the Bottleneck in HEP

Unlike ordinary ML serving, HEP inference must satisfy extreme timing, data-rate, hardware, and physics-validation constraints.

Representative operating regimes

Microsecond latency

@ In HEP, deployment candidates must pass timing, resource, physics-fidelity, and reproducibility gates.

A3D3 Institute @ « Trigger paths can require ps-scale decisions.
10" | FPGA/ASIC 1 PB/yr . ¢ Slow inference may be unusable, not merely inconvenient.
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© 105 - 4 e Online systems process continuous detector streams.
8 LHC HLT Google Cloud ¢ High throughput is mandatory; buffering is limited.
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£ g Fixed hardware budgets
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g 10 LHC L1T ISUNE e CPU / GPU / FPGA targets impose resource, memory,
g and power limits.
w 10° | LIGO ZTF . ‘ o Operator support and lmplementatlon details depend on the backend.
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10-8 1 Ol_e 1 0_4 1 O_ 100 102 164 165 e Accuracy loss can become physics inefficiency or systematic bias.
Latency requirement [s] e Results must be reproducible, auditable, and stable over
. g . long experiment lifetimes.
HEP trigger and online systems operate in ) . .
unusually demanding latency and streaming-rate regimes. o
Source: A3D3 Institute (2022), https://a3d3.ai/ ; also shown in Indico: https://indico.global/event/12246/contributions/109491/ Q A trained model is not yet a deployable inference system.
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