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ALIGNING MODELS TO SCIENCE

* Fine-tuning

Smaller, specific
scientific datasets (e.g:
AstroLLaMa)

* Full model building

Expensive pre-training
from scratch (e.g:
AuroraGPT at Argonne)

* Scientific datasets

+ Scientifically
rigorous
benchmarks

» Continual pre-training

Middle ground.

Less annotated but
more domain-specific
data
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https://arxiv.org/pdf/2204.02311

Data-corpus division in LLMs

Fine-tuning model performance

Completed by LLaMA-2

The Magellanic Stream (MS) - an enormous ribbon of gas
spanning 140e of the southern sky trailing the Magellanic
Clouds - has been exquisitely mapped in the five decades
since its discovery. However, despite concerted efforts, no
stellar counterpart to the MS has been conclusively
identified. This stellar stream would reveal the distance and
6D kinematics of the MS, constraining its formation and
the past orbital history of the Clouds. We find a stellar
stream in the MS, with a 6D velocity of 100 km s—1, and a
distance of 100 kpc. The stream is 100 pc wide and 1000
pe long, and is consistent with the MS. The stream is 1000
times more massive than the Magellanic Clouds, and is
likely to be a tidal stream from the Large Magellanic
Cloud.

Completed by AstroLLaMA

The Magellanic Stream (MS) - an enormous ribbon of gas spanning 1400 of the southern sky trailing the Magellanic Clouds - has
been exquisitely mapped in the five decades since its discovery. However, despite concerted efforts, no stellar counterpart to the MS
has been conclusively identified. This stellar stream would reveal the di and 6D ki ics of the MS, constraining its
formation and the past orbital history of the Clouds. We 1) present a new method to select MS candidate stars from wide field
optical imaging, 2) apply this method to the MS, 3) compare the results to existing catalogs, and 4) identify the most promising MS
candidate stars. We apply our method to 2547 stars in the Gaia EDR3 catalog that have Gaia proper motions consistent with the MS
and use these as a pilot sample to optimize our method. We then apply our method to the entire Gaia EDR3 catalog to identify
46,000 stars that are candidates for the MS, and we use the Gaia-ESO Survey to identify 13,000 of these stars that are likely to be
MS candidates. We identify 266 stars with (G-K) colours and [Fe/H] that are consistent with previous estimates of the MS. These
stars have proper motions and radial velocities that are consistent with the MS, and we place them on a 3D map of the MS. We find
a previously unknown stellar stream, which we call the Southeastern Stream (SES), in the direction of the Clouds and MS. The SES
has an M31 distance of 32.2+/-0.5 kpc and a 6D velocity of 136+/-10 km/s. The SES is about 20 times brighter in stars than the MS
and about 40 times brighter in stars than the SMC. The SES is also 2.7 times more metal-rich than the MS, which suggests that it is
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Agentic systems on laptops (first generation)

v

InferA: A Smart Assistant for Cosmological
Ensemble Data, Tam et al. (incl. Ramachandra,
https://arxiv.org/abs/2510.12920

Ingredients of Multi-Agent systems — Tools, Servers, and databases:

e Large Reasoning models with generic tool access (web search, data

base reading)

e Multiple expert interactions (Roles: Orchestrator, domain-expert,

coding expert, critic)

e Local datasets (texts and numerical data) access, codes, tool

interfaces.
e Python server to run codes, feed results back to LLMs

Dr. MACS

Orchestrator Agent

Orchestrator Agent Result
Compile all the results BAO peak at r = 147.2h~"Mpe
3.2 significance

Peak r’£(r) = 285 + 89 (A~ ' Mpc)®

Delegates tasks

Identify the BAO peak

and determine its ST L Analysis Agent \
g Age - p
scale in k™" Mpe Analyzes ~50k galaxies Landy-Szalay r£(r) estimator
(g—r > 1.2, r—i > 0.4) cuts for LRGs Locate BAO peak
Saves a CSV file Uncertainties via jack-knife

Dr MACS: agentic Al for astronomy, Jennifer
Coburn, Nesar Ramachandra, Azton Wells et al.

ArgoLOOM: agentic Al for fundamental physics
from quarks to cosmos
https://arxiv.org/abs/2510.02426
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Agentic systems + supercomputing (second generation)

Current Agentic Architecture with LCFs
Local Machine ‘

i N,

Domain MCP (stdio)
Remote Tools
MCMC

o
ALCFMNERSC

Dispatch Layer

—

Agent Client
" ; . Power Spectrum )
e-genesis-agen f,‘a..-,—.\—
MCP Server i

: LangGraph sidio MCF >  Session Eagle
Supervisor - Router - Worker stdio - discover_tools()

LLM: Argo / AmSC-12 Visualization Polaris
A100 GPUs

Data Load . y,
L L A =

Multi-Agent systems with HPC scaling: Harnesses on local systems, Servers on Supercomputers, APIs for control and

transfer.
e Multiple persistently hosted servers for each sub-domain, linked to data on large storages.
e Repeated re-vibe-code some of the scripts is not needed — coding only when really needed, and within constraints.
e Domain experts to write, and benchmark the tools, and results
e Interfaces to large scale codes, all accessible via local agentic systems.

e s oy
@ Genesis Mission | (4. U.S. DEPARTMENT of ENERGY



Why agentic systems for HEP?

1. Custom Pre-trained LLM

Limitations in LLMs can be overcome with agentic systems @')& Pre-trained LLM Response ()

Single model trained for general purpose use

o Knowledge cut-off vs RAG/Knowledge databases
2. Fine-tuned LLM

o Fabrication of synthetic data/codes vs custom tools Query Base LLM Response /-
Q‘) Fine-tuning Layer ()

O Blg-data hand Ilng Base model with additional domain-specific training

. . 3. Agentic System
Custom Agentic systems vs commercial LLM harnesses

Response

o Reasoning abilities of LLMs + coding expertise to be Q)&.
combined with scientific datasets )

o Custom tools and custom harnesses provide a higher level
of trust in the results

o Ability to work with HPC clusters and exascale codes

Orchestrator / Router LLM

®

Tools

Multiple specialized models working in coordination

o Privacy and control concerns
o Scaling across large scientific user base
o Reusability vs token usage concerns

e s oy
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Infrastructure for HPC-scale Agentic systems

Data currently resides on large
computing facilities

HPC resources are needed for
data analysis tasks and to
support agentic systems
Longterm vision: Static and
on-demand integration of data
from major experiments and
observatories (EIC, LHC,
Rubin LSST, ...)

Data and analysis and
simulation integration points
are currently at ALCF,
NERSC, and OLCF

Local models hosted on 1000s
of GPU nodes.

Infrastructure products:

a API for LLM
interfaces

API for MCP servers
Federated Compute
Data Lakehouse
Agent Skills

Model training &
tracking

(I I I
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https://opencosmo.readthedocs.io/en/stable/

Agentic systems + Supercomputing systems

o R 3 A+ S B - > X READMEmd & X Pv ¥ 58 o
(cosmod nramachandra@roonba: /data/a/cpac/nramachandra/Projects/AaS > @ Y
C/ke_genesis_agent (master)$ python examples/@5_agent_domain_test.py

= s y CLASS powe f rum
arxiv_agent

k [hiMpc]

Plot generated by the power-spectrum agent. The
lass_paraas ("N_ur"] = max(0, power spectra lines are generated by CLASS tool
with parameters decided by the agentic system.

params.get("w |
as params [ “]
) arams ["w par
) s [“wa ']
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Validation and verification: Physics checks

One of the hardest things in Agentic-Al is
confirming the systems provide useful
science results.

Comparison of physicists with and without
Al-companion tests (A/B Tests):

Not scalable but insightful
Comparisons of time taken in
development vs verification, reasoning
decisions, artifacts, final results.

e Compliments standard QA validation
sets and coding benchmarks.

e Human domain expertise is crucial
with Al usage too, particularly when
we are dealing with novel steps and
results.
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ArXiv ID: Siegel_Twistors.pdf
Chain ID: QFT_Decay_Chain.2

v

( Step 1 - Application )

Validation and verification: Physics checks

[
[ |

Agent oulpul comparison apaind Humss copert A ( Question ]
AUtomated benChmarkS R IR, Dm0, et 0 A hypothetical pseudoscalar particle [...] Deter-
. . - v gy mine the expression for the constant K, which
" : :: L ; : I
SetS W|th mu |t|p|e-tu rnS, : - " - encapsulates the dynamics of the loop.
Agent Seep 2 — Gauslan Miviure cling
1 - Comp, | (7= 25 ¢
testing on complex tests: . - o coa ( o )
£ e e
é Agrnt Ssep 3 — himsdal desection A K= z,“’;,:;f”
Benchmarking datasets ; T T e 2 8= —4—=—;), =
close to real-world tests — gy kmerar J
quantitative metrics, ground ( Rationales )
: A) Correct. Evaluate the one-loop fermion trian-
truth steps, progressive _ gle diagram [....] and use Tr[y%77#7%7"]; in
. . 0 < - f - - 1 the l.1eavy-ferrmon limit, ms dominates the de-
h|ntS Wlth pe nalty e :;"I‘rll’:::::ct. Uses the wrong mass dimension
- Scalable with caveats. el
« Manageable with short Skl Ll
querIeS nght Reasoning steps [ Physical Law ] ( Mathematical Method )
tested in automated multi- Q(l;:antum Fie!d Theory GNSAlgebra (Trace ]
eynman diagrams, technology),
step benchmark systems loop calculations) Loop integration
(Gerou, Ramachandra &
WeIIs, 2026) ( Step 2 - Conceptual )
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Validation and verification: Architecture checks

e Testing design choices — ablation studies.
o Tests entire agentic system, with different LLM
backends.
o Atthe component level —i.e., correlating the
features of the agentic systems with accuracies.
o Initial results show the advantage of tool usage and
multi-agent architectures.
e Tracking hallucination occurrences at different steps.
o Mitigation strategies: working with files, provenance
checks.
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Agentic systems: Client + Server model

TOOL & DOMAIN ACCESS

AGENT LAYER MCP SERVER DOMAIN SERVERS FEDERATED DISPATCH ALCF / NERSC
HEP-Genesis-Agent MCP Server Bl Extragalactic Cosmology L Remote jobs IRl + Globus [ Services |
LangGraph orchestration Connects the agent to tools Power spectra e ST Runs jobs on remote supercomputers \F“ API|
Supervisor - Router Finds available tools Statistical fitting Analysis Submits & tracks jobs Globus
Worker Agents Runs a tool Moves data Job scheduler
: Knowledge Base
State - Memory Tracks long jobs More Physics Secure access Hun jobs
Smart search Domains
LLM Backends ioilar i
_ Similarity matching Polar\s Aurora
AmSC-i2

Perimutter

ALCF Inference

Multi-Agent systems with HPC scaling: Harnesses on local systems, hosted servers for each sub-field, APIs for control and
transfer.

e Integration with Genesis Mission projects (HEP-Knowledge extraction and Quarks2Cosmos): customized agentic systems for
Physics
e Tutorials/slack channels/public github repos are available outside the collaborations.
o  Significant interest from science collaborations, universities and industry partners.
e Bridge between DOE-Genesis platform and Science teams.
o  Topics: LSST-DESC data exploration, Mu2e studies, EIC simulation-based inference, DESI clustering pipelines,
beamline optimization, Foundation models for HEP and NP, ....
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Interfacing between LLMs and tools

MCP: a standard interface between

agents and tools .
MCP Tool Server Pattern: One Client, Many Servers

* Write the tool once and host on a server

. ) 4 3
— any MCP-speaking client (our Ll
LangGraph client, Claude Code, CODEX) erolene,
. Icrolensing
can call it. MCP Server
. . . MCP =1 S
’ The sgrvlert;?wns"tTe science: t_r:je data ~~_ " Genesis Infrastructure
les, and plotting all live server-side. : T |
P 9 Client Layer LyAlpha-MCP require I > n a 1
« Th lient onl tool sch d Statistics Server (1™ Compute Librarles !
e client only sees tool schemas an HEP-KE Mu,tiAgent1 . .
small results — fully isolated from the , : |
(Any compatible 1 Data APIs 1
servers. Client) s Knowledge Base oo ---1-> (arXiv, etc.) !
. ~ Protocol MCP Server | p 1 1
Multiple ways to manage MCP: S SRR !
_ ) “~ha . AmSC LLM APIs \
« stdio: client launches the server as a e N PR eyt X
subprocess (same machine). l MCP Server :
 streamable-http: server runs anywhere, (oo ‘)

clients connect over the network —
covered today.
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Looking forward

e Leveraging emerging infrastructure (from DOE-Genesis Mission
and industry)
o Self-improving models, autonomous learning loop systems.
o Beyond-language systems, using world models)
e Focus on physics discovery results, not just experimenting with
latest technology.
o Faster deployment - feedback - improvement cycles.

o Reliability checks in real-world scientific use cases.

Tutorials for building your own servers + clients: https://hep-ke.qgithub.io/multiagent-client-demo

HEP-KE Agentic system (alpha-version): https://hep-ke.qgithub.io/hep-genesis-releases
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