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Motivation

* Physics analysis at HEP experiment become more and more complex
 Big data (normally PB-EB), lots of data processing and checks ...

» Lots of human-computer interactions
« Many tasks can be regarded as text/code generation
« LLM is good at text/code generation
 We need an Al system which "understand" HEP knowledge (how to do physics
analysis, how to deal with the tools/codes, etc. )
* The key is how to model the HEP knowledge, such as physics analysis

 Start from lepton collider experiment (BESIII) where the analysis is relatively
simpler



Introduction of BESII|
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Start running from 2009, biggest electron-positron
collision data around 3-4 GeV over the world

» Beijing Electron Positron Collider (BEPCII)
« Design luminosity Lp=1 x 1033cm=2s' @ 3.773 GeV (2016 achieved), x3 is expected after upgrade
» Continuous injection (top-up mode)

* BEijing Spectrometer (BESIII), almost a 4pi detector

« (Good spatial resolution (130um) and energé/ resolution (2.5%)
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Introduction of BESIII - physics program

2.7 B w(2S) events: charmonium

10 B )/y events: light hadron, hyperon

« >700 scientists and engineers
« Tau-charm factory, rich physics programs g

Light hadrons

Charm meson/baryons R
Charmonium

Precise test of SM

Search for new physics

« Hundreds of physics results
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Discovered >30 new hardrons

Low energy scan: R-value, baryon pair

 First tetraquark state: Zc(3900)
Good for analysis modelling

2025/07/04

2025 STCF workshop

High energy scan: exotic hadrons, charm meson/baryons



How LLM can help

Simulation: from parameters to data

 LLM is good at text/code generation >
Theory Generator Detector

-

« But rules in natural languages is
different from HEP data
* One possible approach
 Use LLM to automate the data
analysis workflow
« Similar to self-driving
* ltis possible given the LLM is

rapidly developing

* The missing part is the modelllng *"“‘”*
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of the workflow and embedding Statlstlcal analysis  Selections = Reconstruction

\

toLLM Analysis: from data to parameters
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Dr. Sal (%J[ﬁj:) oroject Short for Dr. Science and

Dr. Cyber in Chinese
« A multi-agents system based on LLM, aim to automate the HEP data analysis

« LLM = brain, Al agent = human

 LLM is switchable: GPT/LLaMA/DeepSeek
* A demo of domain LLM: Xiwu V2 (fine-tuned on LLaMA3)

 |Investigating the approaches to build better domain LLM

Just-in-Time Learning
DeepSeek

GPT-4

Fune-tuning Learning
RL by Human&Physcics F.

Data Inferfaces
Sensors

) Environmental Preception
Offline software

Al Algorithms Vector Store

Actuators

Scientific Tool

Python Interpreter Developed based on autogen framework.

Knowledge Graph
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https://arxiv.org/abs/2404.08001
https://microsoft.github.io/autogen/stable/index.html

Dr. Sai (32/81) project - timeline
» Al assistant for BESIII: Dr. Sai V1

» chatbot, capable of doing very simple tasks

« Now upgrading to V2 (end of June 2025!)

Add selection

Test feasibility optimizations and
simple signal extraction

Dr.Sai V5

Automate the whole

workflow

Start at 2024.06 2025.06 2026.12 2027.06 2029.06
Dr.Sai V2 Dr.Sai V4
Results will be present | Automate the workflow Preliminary results
at BESIII Collaboration | up to preliminary event from the first
meeting selection application at BESIII
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First attempts of analysis modelling

e Current LLM do not know the HEP data analysis
procedures and do not understand the logics

* We can interpret the analysis to a Domain-
Specific-Language (DSL)

» Define each step of analysis in sequence, so the

LLM can "understand" the procedure el

« BESIII has published >600 physics results

* We have to translate them to DSL manually now e . e

« DSL is served as a guide to Dr. Sai

» Dr.Sai will find the DSL for the analysis similar to

the user's target analysis and take it as reference



Memory of Dr. Sai - RAG

» Retrieval-Augmented Generation (RAG)

* Most-promising solution to suppress hallucinations

» Usage: store BESIII internal data from twiki, webpage, internal docs and reviews of
analyses, and DSL

« Current approach: vector store (will move to knowledge graph)
« Embedding models: BGE-M3 and PhysBert

« Convert input data into vectors in a multidimensional space

* Dr.Sai will search in this vector store before asking LLM  4igh pimensional space

3 “Recall”
“Efficiency”

Input Sequence SJ
7O

OO0 » Gl » 7] » RGN
B | ding 0.6 Store
eg. Input Text

A

(1024,
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Multi-Agents system

« The HEP data analysis is too complex for LLM now

We can devided the complex task to small and simple task, and develop a dedicated agent for each
kind of task

Multi-Agents (foundation model is switchable):

« Host: select correct agent

- Planner: task decomposition .

« Coder: code generation others

» Tester: testing/execution .

* Internal assistant - ——— gy Host

Coder
Human can chat with Host, then Host chat with other agents / \
Each agent could have different LLM and RAG collection -
Tester Internal assistant

Support distributed deployment o
Preliminary



Multi-Agents communication logics

1.Human pass task to Dr.Sai

2.1t will think if this task is simple or complex and if all
tasks in task tree are finished
3.The Host need to think to select the next agent
1.Planner, coder, tester, or others
2.Planner will make/update task tree
3.Coder will write corresponding code
4. Tester will launch a worker in a specific computing
environment and do execution

4.\We are testing a better definition of agents and logic

Human input

h




2 You can ask me a quest... [J

dialogue
history

% Introduction of Dr. Sai

@ Readme

BESII Al ~
Modules ' "~

BE
O GPT-40 is speaking ...

user query [

(> Logout

e Alright! Here on for you: If you could travel anywhere in the world, w

e e . user settings
Al agent reply s

Settings panel

Settings
module=BESIII Al)

gpt-40 (

Settings panel

LLM models
s (module=Chat)

Upload files
(png, pdf...)

Upgrading, please stay tuned
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Status of Dr. Sai

 Ademo (Dr. Sai V1) is released at June 2024
* Internal assistant, similar to chATLAS
« Capable of small and simple task, e.g. write a simple MC generator configuration

 The automation looks feasible

» Now upgrading all components, expected to have a new version at mid-2025 (almost done) !

« Better multi-agents communication logics

DSL for multiple analyses

Re-organize the workflow of BESIII data analysis

A comprehensive evaluation system and benchmarks

Support MCP, etc.



One example of Dr. Sai V1

« Task decomposition

« Compose complex task into multiple small,
simple, and well-defined sub-tasks

» Sub-tasks will be executed in sequence

user query

How to search for Zc(3900)

"Observation": "The user requests to decompose the task of searching for Z¢(3900) from
electron-positron collision data at a center-of-mass energy of 4.26 GeV.",

“Thoughts": "To decompose the task, we need to break down the process into manageable
steps, including data collection, event selection, background suppression, signal
extraction, and analysis.”,

"Status™: "CONTINUE",

"Plan": [

"(1) Data Collection: Gather the electron-positron collision data at a center-of-mass energy
of 4.26 GeV from the BESIII experiment.”,

"(2) Event Selection: Identify and select events that are like!y to contain the Zc(3900)
signal. This typically involves selecting events with the fihei state particles of interest, such
aswtJ /1,

"(3) Background Suppression: Apply criteria to reduse packground events that can mimic
the signal. This may involve using kinematic cuts, perticle identification, and other
techniques.”,

“(4) Signal Extraction: Use invariant mass calctiations and other methods to extract the
Zc(3900) signal from the selected events, This involves plotting the invariant mass
spectrum of the 7 J /1 system and idlentitying peaks corresponding to Z¢(3900).,

*(5) Statistical Analysis: Perform & stitistical analysis to determine the significance of the
observed signal. This includesfitting the invariant mass spectrum and estimating the signal
yield and background.”,

"(6) Systematic Uncertaipties»Evaluate and account for systematic uncertainties in the
measurement. This may iiiwolva varying selection criteria, fitting methods, and other
parameters.”,

"(7) Results and Int2rp#atation: Interpret the results in the context of theoretical models
and previous measuremients. Compare the observed properties of Z¢c(3900) with
theoretical predictions and other experimental resuits.”,

*(8) Documentation and Reporting: Document the analysis process, results, and
conclusions. Prepare a report or publication to share the findings with the scientific
community.”

1

“"Comment": "The task involves a detailed and systematic approach to search for the
Zc(3900) particle in electron-positron collision data. Each step is crucial to ensure the
accuracy and reliability of the results."

} @
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One example of Dr. Sai

 BESIII internal assistant

* Prompt: where is the xxx MC sample

 Then it search in RAG collections

 LLM read the RAG outputs and conclude correctly

what is the path of inclusive MC sample prod@ead &t center-of-
mass energy = 3.773 GeV

e Attention: auto-selected speaker ‘Charm' is ready to handle th¢ current task:
‘what is the path of inclusive MC sample produced at cer ter~af-mass energy = 3.773 GeV'.

Please give feedback if you have any comments (in 10" 2acorids).
1.'r' - Revise.

2!c' or None - Continue.

3's' - Stop. @

[ST]Ask human input for 10S[END]
No user input @

To determine the path of the inciusive MC sample produced at a center-of-mass energy of
3.773 GeV, we need to identify the relevant information from the provided cases.

From the given caseZCasui2 provides specific information about the inclusive MC
samples at 3.773/GeV:

Sampld Ty °

Sample iine,Fcm (GeV),RUNS,Luminosity(pb*-1) of DATA (not MC)

2025/07/04
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Sample Type

Sample Type,Ecm (GeV),RUNS,Luminosity(pb~-1) of DATA (not MC)
on-(377@) (2010),3.773,11414-13988,2931.8+-0.2+-13.8 *
on-§(3770) (2010),3.773,14395-14604,2931.8+-0.2+-13.8 *
on-(377@) (2011),3.773,20448-23454,2931.8+-0.2+-13.8 *

Additionally, Case 4 provides the location of the dst files for MC sapigias

Location of dst Files

Directories for the MC samples can be found at:

BESIII DOC-228 http://docbes3.ihep.ac.cn/cgi-Lil/DocDB/ShowDocument?
docid=228

* Scripts were copied from
/panfs/panfs.ihep.ac.cn/home/data/bes3gun/warkareacXX/TestRelease/TestRelease-
ee-ee-XX/psipp/

/ihepbatch/bes/ambrose/workarea-
662/workarea/Reconstruction/QCMCFITterAlg/QCMCFilterAlg-00-00-
@1/share/jobOptions_QCMCFilte: m:kedst.txt
/besfs/offline/data/661-1/psipp,uc/4@48/Job0Options/

Combining this informatihn. %2 path for the inclusive MC sample produced at a center-of-
mass energy of 3.772'GeV can pe inferred as follows:

/besfs/offline/data/661-1/psipp/mc/3778/Job0Options/

This path is derived from the general structure provided in Case 4, adapted for the specific
energy level of 3.773 GeV mentioned in Case 3.
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Experience and plan

* The key is HEP knowledge representation and embedding !

« Knowledge means how to do physics analysis

» Current solution: interpret analysis procedure into DSL manually and store in RAG

* Next:
 Align the DSL and scientific tools/codes

 Interpret analysis as Markov chain and use reinforcement learning to build a
new LLM

* Investigating other approaches

 Lots of works on-going, stay tuned



Summary

* LLM could be very helpful for HEP

» Not just generate draft code/text, but also can be used to automate the analysis

A demo of Al assistant is built to test the feasibility
» Chatbot with BESIII internal textual data

A new version of Dr. Sai will be ready soon

 Itis expected to automate the workflow of analysis at BESIII from user's query to histogram
after preliminary selections

* Internal results will be present at BESIII Collaboration meeting

More advanced usage of LLM need new ideas, e.g. knowledge representation and embedding

» Should be similar to all HEP experiments

There are lots of on-going Al/ML activities at IHEP and BESIII to push "Al for HEP"

» \Welcome to discuss/collaborate !



Next: Al+HEP

 Now almost all studies at HEP is “ML”, can we make

it “intelligent”? |
2025.8.19-2025.8.23

« “Al+” will be the priority task for most of disciplines, S\ Qingdao , Shandong &
could be the next evolution, HEP should not be
absent

Scientific Program Local Organizing Conference
Committee: Committee: Secretaries:

Gang Chen (IHEP) Xiaocong Ai (ZZU) Ning Xiao

Ying Chen (IHEP) Xun Chen (SJTU) Na Yin

» Please join us to discuss and design the “Al+HEP” Yo Fang (AR i
Weidong Li (IHEP)

road m a p Xiao-Rui Lyu (UCAS)

Hideki Okawa (IHEP)
Fazhi Qi (IHEP)

« Quantum computing and machine learning workshop 2025 ! Shengsen Sun (HEP)  Xioshuai Qin (SDU)
Hongxi Xing (SCNU) Mangqi {u§n (I ll"’)_ :
« https://indico.ihep.ac.cn/event/25857/ ot e

Zhengde Zhang (IHEP)

« Save the date, 2025/08/19 — 2025/08/23 G

Qidong Zhou (SDU)

« See you at Qingdao

Indico: https://indico.ihep.ac.cn/event/25857/

Sponsored by China Center of Advanced Science and Technology
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https://indico.ihep.ac.cn/event/25857/

back-up
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