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Outline

* New ways to search for NP
* The systematic search with DrSai by automating the full analysis

* The global search with cross-dataset anomaly detection

« Summary and outlook



Personal Notes

« Many NP theories predict new LN L L L A
particle/phenomena _ *  BESIIL, 23/fb
« Typically, most searches are based on a = 1031l ° o *
specific production or decay process f}z i . y o ®aee o o
« Limitted by resources = oo o
« Maybe two new approaches at lepton collider? é ° . .
- Systematic search via automated tools of 5 107} °*° o
all possible processes . o o & ®
* DrSai TR NSRRI RS S SR RS S
« Dataset level anomaly detection 38 4 4.2 4.4 4.6 4.8 5
« Assuming the signal is not universal Ecm (GeV)

across all samples
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Introduction of BESII|I

10 B J/y events: light hadron, hyperon

« >700 scientists and engineers

« Tau-charm factory, rich physics programs

« Light hadrons

« Charm meson/baryons
« Charmonium

* Precise test of SM

« Search for new physics

* Hundreds of physics results
 Discovered >30 new hardrons
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physics program

2.7 B y(2S) events: charmonium

/ 20 fb-1 y(3770): D mesons

J/¥

-

o

T || 1 I 1
¥(25)
Mark-I
Mark-1 + LGW
Mark-11
@ PLUTO
DASP
¥ Crystal Ball
* BES

T mass scan I

e First tetraquark: ZC(3900) Low energy scan: R-value, baryon pair

« Clear and relative simpler workflow for effective modelling

High energy scan: exotic hadrons, charm meson/baryons

- Different from LHC, unique challenges and advantages in lepton collider experiments
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Agentic Al for HEP

Traditional approach
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Driven by
human

What is the purpose?

What are the input/output?
Setup tools or make a new one

Monitoring & test

Is this result correct?
What is the next step?
Etc.
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Agentic Al for HEP

« In traditional approaches, human involvement is required at all times.
Expertise is often unstructured, though some can be represented by natural language.
« Today, we can leverage LLMs to build an Al partner for scientists.

« The Al partner designs and conducts the entire workflow based on human
commands and feedback.

* In the future, with a well-defined representation of knowledge, we can further develop
an Al scientist.

« Humans would only need to propose a goal — and leave everything else to the Al.

/ Step N.1
[ Step N ] Step N.2 ) %?

What is the purpose? \
What are the input/output?
Setup tools or make a new one
Monitoring & test

: s this result correct?

Step N.n What is the next step?
. human . FEtc.

o J

2026/05/17 NPhiS 2026 6

Driven by




Al scientists: Goal-driven autonomy

An Al system with structured knowledge N x (Build and config tools)

&t 2

representation and autonomous research
capabilities
Can perform the full research loop and

Human
continue revolution: N x (Visualized results)
« Goal — Design — Execute — Analyze
— Generate new knOW|edge Modelled and represented

[ [ [ d i DSL
What we can achieved in this year: e

« Al Partner: relies on human commands

-
and operate through “vibe research” L_/

—= Ei —

Then target at Al Scientist: human only \I | 1 -

Automation of traditional /\/

procedures >
= ‘
— B9

Human . A
. ik
need to sets high-level goals . L
= . A possible new direction: build a large data representation
\_ Human-Al collaboration model and can be aligned or interacted with LLM
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Challenges & Bottlenecks

« How to represent HEP-related knowledge?

» Scientific knowledge is often unstructured (natural language, intuition). How to make it computable and
reason-able?

How to ensure reliable reasoning and decompose goals into tasks?
« Avoid hallucinations or wrong assumptions without constant human feedback.

« From a high-level goal (e.g., "find a low-toxicity anticancer molecule") to concrete experimental steps.

How to efficiently and correctly write domain code/configure and call domain tools?

» Ensure correct implementation and invocation of domain-specific software, instruments, or pipelines.

How to enable self-validation and learning?

« Automatically refine knowledge representations and hypothesis generation from experimental results.

How to set safety boundaries?

« Prevent uncontrollable risks (e.g., dangerous experiments, fake papers) by embedding human values and
oversight.

2026/05/17 NPhiS 2026



Possible solutions

* How to represent HEP-related knowledge?
« Define a Domain-Specific-Language (DSL, HepScript) to represent data analysis.

« Extract from published papers and align with domain code/tools.

How to ensure reliable reasoning and decompose goals into tasks?

» Use Skills and RAG to interpret and store previous analyses.

How to efficiently and correctly write domain code / configure and call domain tools?
» Use Error-aware GraphRAG and Skills.

How to enable self-validation and learning?

« Continuously update DSL and Skills based on human feedback.

How to set safety boundaries?

* Only allow predefined operations.



The DrSai project

Pioneering autonomous physics discovery at BESIII (and beyond)
through Agentic Al

Dr.Sai = LLM + Tools + Knowledge + Strategy

/

| N T

DeepSeek V4
deployed at
IHEP Al
Platform

HPC, BESIII Offline

Software System,

HTCondor, CERN
ROOQOT, etc.

2026/05/17

Previous analyses,
Skills + Domain-
Specific-
Language(DSL) +
RAG

NPhiS 2026

Claude code as
coding agent;
Human feedback
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The DrSai project
Start from 2023.06 p J
Feasibility test completed at 2024.06, V1
A prototype was conducted at 2025.06, V2
* Integrated to BESIII Offline Software System,
IHEP HPC, and HTCondor system
« Re-organized analysis algorithms
« Pre-defined analysis workflow
« Capable of very simple analysis with fixed
workflow
« Validated in real-world environment
Base LLM is switchable for agents
Previously developed based on
framework, now using
« Almost finished (V3), expect to have first end-to-
end experimental results at end of 2026 !

2026/05/17 NPhiS 2026
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Switchable LLMs

arXiv:2604.22541
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https://arxiv.org/abs/2604.22541

Millestone developments

Standardize and integrate all the tools and computing environment, Done at
including BESIII Offline Software System(BOSS) and HTCondor 2024.06

procedures into a DSL, automatically extracted from published papers 2025.06

{ Represent the knowledges on how to used tools and analysis } [ Done at J
{ at 2026.06

Distill human expertise into Skills on how to perform analysis, including Will finish
workflow definition and tests (i.e. input/output test)

2026/05/17 NPhiS 2026 12



Demonstration of DrSai V2

« \We validated the whole system by re-measure branching fractions of J/psi decays !
« Build an inclusive MC sample with all known J/psi decays + new physics signals

» Use psi(3686)->pi+ pi- J/psi process to measure the BFs, good consistency with injected BFs
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Model

Demonstration of DrSai V2

« Performance study and error analysis were conducted using LLMs at 2025
« Tool call was the bottlenecks

« We are finalizing the DrSai V3 now, and will make a more comprehensive study

10

mmm Tool call not found Tool arguments or output message structure mismatch Discussion count over
s Speaker mismatch Tool call mismatch
we - Tool call not expected

Task planning failed
Qwen3-max

Qwen3-max 38.9% 411
- 60
DeepSeek-v3.2 23.0% 7.1% 578

GLM-4.7

DeepSeek-v3.2

GLM-4.7

40
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DeepSeek-R1
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GPT-40
GPT-40
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DSL (HepScript) for BESIII analysis

« A guide to agents/LLMs

« Formalizing domain knowledge

* Integrating with domain software/tools

« Constraining action space

« Scalable and Automatically

« Define preliminary DSL by human experts
« Extract from published paper by LLM

« Convert to codes/configs by LLM

HepScript LLM Ns Np SR (%) One Retry SR (%) Three Retries SR (%)

deepseek-v3.2 62 1  96.5+2.1 100122 .
Human-written  deepseek-rl 56 7  87.7+4.0 1()()*“ 8 ;
(63 Packages) gpt-4o 62 1 965421 100j‘;‘f.j -
glm-4.7 62 1 96.5+21 100t -
Qwen3-max 60 3 93.8+3.0 10077 -

LLM-generated  deepseek-R1 34 38 47.3+58 87.8 £3.8 94.6 + 2.6

(72 Packages) glm-4.7 31 41 432457 90.5 + 3.4 95.9+2.3

2026/05/17

HepScript Specification

P

Refine Input

N
O 409,
\ Domain Expert /

Auto Evolution System

Under Development:

Automatically Extend HepScript's Syntax

NPhiS 2026
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————® Package Manager |Decay firsl states

Deterministic Parsers .
HepScript Processor

Orchestrator
Shell Script

i Generator

Dataset Manager
'

Decay Chain Parser

Selection Parser Lrpel Y BOSS Algorithm
—Cinen G

(1) Dataset Preparation
</>

(2) Base Selection
BOSS Algorithm
(3) Further Selection

(4) Visualization

ROOT Script

‘ (‘iunululul

Other Seript

LLM-assisted Translators

Decay Logic
Inference Agent

(5) Statistical Analysis
ROOT Scripts

Match I articles |

With Kinematic

‘ Generator
Properties

ROOT Config
iYa\\tL]]"m T

Script h.mpl.alc
Selection Agent

I
' Error Message

-
'
)
! v
'
)
L)
: Tool Memaory
)
[ BESII DataSet Query HepSeript Examples
L _____ Particle Spelling Validator HepScript Syntax Manual
Error Message Database
....... Feedback
Refipne | i |[®TTTEEET
Syntax

Failure Diagnose Agent

arXiv:2605.01423

(*) Job Submission
—
(*) Python Scientific Lib

Analysis Code

ll'\uuulu

BOSS Framework

e

ROOT Framework

Other Seripts

Computing Server

Data Processing Stacks
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DSL (HepScript) for BESII| analysis

« Necessary for real-world analysis From publication
« A showcase: repeat the previous U LR i S
analysis g o I~
3 1200 1 8
_ _ S 1000 B i 8
Published configs/ Z 800 *% s ™% ., e S
» DSL » 4:‘ 600 o ‘* % .V.O.. ° ‘E
paper LLM LLM software T S 1 2
200f o~
LLM‘ 0].4 I.6I.82.‘0 222426 2;83: 8.(;) 005 010 015 020 025 (,),‘30
Mn.,m(GeV/c') M W—2mp(GeVIC‘)
Analysis pipeline: simulation, reconstruction, 3 " bl § 6°
g T . 3 - o 0§
selection, statistical analysis ‘ 8 aof : g M } {l H H
s | o ~ . ‘ A
: . st S W""\. G B R ST f
- Just integrated to Dr.Sai IO we' | & oF LRI }H
« Segmented into skills descriptions WE o b
d ” bl t I t Ohf 16 18 2 22 24 26 28 3 O e " Hes 2 205 21 215
and cCallable toolsets M,.... (GeVIc’) M, (GeV/c)
Re-produced using DSL
2026/05/17 NPhiS 2026 16




Code generation using graphRAG

- Total nodes: 47851
- Total edges: 163795

« Another main challenge in application of TETFLE nodes 5235 | - CLASS noes 0635
agents/LLM
« Domain code generation
« Some softwares are not open-source and
complex
« We start with open-source software - ROOT
- Take each class/package as a node @ @ ooy @ TS, @i @ e

Anchor nodes Build adjacency indices | Construct local su bgraph
al subgra Return structured subgraph
RA( a BN For each anchor node a:
(from G retrieva ) from CodeGraph for downst

 Define 3 types of edge e A o
« contains, extends, depends 00| |—iilecoon| |mmamen o
« Construct a large graphRAG

- Total nodes: 48813 = [] B 8- e
» Total edges: 170619 i ¢ o {‘) o B
- Obvious improvement on accuracy = oo B[O | e
« Now using skills + graphRAG o L ICE —

SubGraph extraction



Error-Aware Retrieval and Skills
« Another retrieval by identifying the

Step 1: Extract Classes and Header Filenames Step 2: Locate Codegraph Nodes
sources of errors @ ©

y I m p rove th € accura Cy O bVI ous Iy error: “MyClass” not found in header “myclass.h” <)\<.
 Further improvement by [ wyciess Rl O

introducing a set of Skills

« Two benchmarks and evaluation Rhbinsedst bbbt L
m et h Od S are p rovi d ed 9 Class Definition: class MyClass { ... }
Header File: #ifndef MYCLASS H ... #endif
Average Score SR :
w/o ROOT Skills 86.24 B Codegraph RAG
|
27.3% tp 35%
w/ ROOT Skills 91.23

- AfterXjve rounds of error feedback

Files evaluated: 50 base, 47 skill-version outputs. >8.33% to B.33%

Language uplift R | Error_RA
o) o
C +6.57 Python +3.20 69.33% to [73.67%

Design tutorials as skills (To be
M tested)

2026/05/17  https://github.com/yues36067-cmd/ROOTER.git ~ NPhiS 2026 18




Status

PhySiCiStS interact with Dr.Sai using natural i DR. SAI SYSTEM h

|a N g ua g e Target tasks: HEP physics analysis

The system autonomously invokes tools/code, mm

and eXGCUtes Simple WorkfIOWS Multi-agents system

« Only need human to be involved 2-3 times @ @ @ @ @

« ~100 Yuan tokens for 1 analysis

Scientific logic and domain expertise are e PPt @
Finalized DSL
Knowledge base for workflow

represented through DSL/Skills RAG
« Scalable: Automated pipelines extract from
published papers
« Continuous Evolution: revised DSL/Skill based

Inference & Planning layer

DSL examples LLM:
- - gy - D

on expert feedback L g k v
Almost finished, first physics results will be
released by the end of 2026 ! Front. Phys., 2026, 21(9): 096401

2026/05/17 NPhiS 2026 19


https://journal.hep.com.cn/fop/EN/10.15302/frontphys.2026.096401

What can we do with DrSal

« Systematic search for new particles over all possible processes
* On-going study:
 Test different framework and LLMs, e.g. Claude code, Tencent/Alibaba cloud
« Measure the cross section exclusively for light hadron processes under 2 GeV
« Important input for muon g-2

« Human expert guide DrSai to complete one measurement, then DrSai transfer the
Skills and workflow for other processes

* Please stay tune, we will have the first real experimental measurements done by Al soon.



Anomaly detection

« At BESIII, we can do another type of
anomaly detection to search for new particle

For inference

_. VT
 We need an Al model robust against c.m.s. _ H BESIII, 23/1(1)
energy ! T 107} .
« Data representation and transfer Iearnin% : ° ..."""""""' ‘we e .' *
with Foundation Model (FM) é . ‘ °
» Cross-dataset Anomaly Detection (AD)% 0%} % o ’ )
for new hadron/particle ' e o ° o
SIB | IHIIHIILH:LISLH
| \ /Ecm (GeV) | |
For training

2026/05/17 NPhiS 2026
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work in progress

Foundation model for analyses

« Goal: classify all the channels and support all
downstream analyses Colored by iDcylIFSts (Top 20 Initial-Final State Classes)

JP = TTKK" Jiyp = TTTITnn

JIp = 1T

 Event representation using self-supervised and ridai
Contrastive Learning e,
le:n‘n‘n‘n'K"K; FG

B
°
o
»
° Y X »
_.} N ’ oy
B .
S & ) o
oyd L) o 9 .
° N ¥
o% 2 SENS o B .
b o tE o B &
. ;. o .
. "N e
4 - o . ®.2 d
S, A
- X oF ] 1 . .
? . St Sob ' N
o e 8
e oo °l8e aby °
= o S >
° it o
° 4 ’ -
> ~ 2 vife ey HR W
o A -
- >
- »
- Y =

« Mask one particle then predict

« (Gate attention conditioned on event level features

o
« Supervised fine-tune with a small dataset -

JIY = m4rtaTT

JIp = e'e”

Event
Condition

2ZU20/02/1 ( NFNIS 2026 22



Foundation model for analyses

* A showcase: classification for 99 classes

work in progress

« Better recall when precision are the same w.r.t. traditional method with kinematic constrains

* Next: add momentum conservation into the model for further improvement

Table 1: Performance comparison between Foundation and Traditional methods

Foundation Traditional
precision recall | Fl-score precision recall F1l-score
VIS o 0.74 0.76 0.74 0.74 0.70 0.71
O L 0.53 0.42 0.46 0.88 0.60 0.71
mtn  KTK~ 0.78 0.64 0.70 0.96 0.50 0.65
Tt pp 0.92 0.86 0.89 0.86 0.52 0.64

2026/05/17

NPhiS 2026
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work in progress

Anomaly detection

 Motivation:

« Many datasets at different c.m.s. energy

Space

+ We can use one dataset to train a model then™

identify the anomaly events in another dataset -
* Model: Self-attention + AutoEncoder < L ==t
« Event-level features(energy, etc.) as conditions =t . ny

« Methodology and Evaluation:

BRF vs TPR

- No upgrade
Gated Attention

o

0 4

« training sample: fake data + inclusive MC at 4.23
GeV + inclusive MC at 4.26 GeV

* Inference on fake data + signal MC at 4.26 GeV

= Conditional LN
- TWO upgrades

60 -

* Preliminary study shows good robustness
against c.m.s. energy !

« Obvious improvement by introducing gated | \
attention and conditional layernorm

Background Rejection Factor




» Global search for new particle at BESIII
« Similar to direct comparison at dataset level
« Sensitive to new hadrons with different
mass/widths

 Next: Combine FM and AD

Anomaly Score

[ 4260 (test)
I X(3872)

| 1 P S T T TR T SO AN TR SR S NN T S
12 /3_8 4 4.2 4.4 4.6 4.8 5

Density

Score

2026/05/17

N [BESII, 23/fb
rg 103 .. = *
E ° “m' ®ac e .. °
8
§ 102} // . ce o .
,/. o | | o .

Ecm (GeV)
Why we need it?
e |t trained on real data without further selections

» Expected to be sensitive to most of the new
particles

 We can release the ML model weights to pubilic,
theorists can test NP model easily

NPhiS 2026 25



Summary and outlook

« Possible two new approaches to search for new physics at lepton collider
« Unique scenario w.r.t. hadron collider
« Systematic scan of all possible process
« Autonomous analysis using DrSai - analyzing real data now
« Global search using cross dataset anomaly detection - finalizing prototype
« A comprehensive representation of event from FM
« Cross-dataset anomaly detection with robustness against c.m.s. energy

« Several studies are in the internal review, soon to be released

« Welcome to join ! We are forming a DrSai collaboration now

« Extending to: JUNO/TAO data production, LHAASO analysis, ATLAS DQM, CMS ntuple
analysis, neutron/light source analyses, etc.

2026/05/17 NPhiS 2026
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We are organizing the 3 Quantum
computing and Machine Learning
Workshop,

Please save the date: Aug 16-22
Sun Yat-sen University (Shenzhen).

There will be a Winter School on Al at
end of 2026.

OBJECTIVES

Machine
Learning

Aug 16 - 22,2026

Sun Yat-sen University

& 1AHEUDRERUTE
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