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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 Large Language Model (LLM)

world 1

- -  Trillions of parameters in the model
1al Encoding

* Trained on massive amount of text data

Hello

Input Token -

Embeddings

» Predict the next most statistically

Attention probable token

Model * This training allow the model
“understand” the patterns in the

Decoder training data /‘

Layer

Tokenized Output We should embed our knowledge

into these patterns
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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 energy 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
\ / 20 fb-1 y(3770): D mesons
Z

« >700 scientists and engineers 7 :
. i - J/ ¥ (28) ]
« Tau-charm factory, rich physics programs ¢ |- Mark] o
. Mark-1 + LGW
« Light hadrons 2 Mark-I1 E
e PLUTO i
« Charm meson/baryons R DASP :
. 4 % Crystal Ball =}
« Charmonium ; |+ BES | —
« Precise test of SM 3 I | } g |
. B9 | M g
« Search for new physics 2 | | == N 3
= ] l 1 | | I | | | -
« Hundreds of physics results 3 s , ®
X ? T mass scan I

« Discovered >30 new hadrons |
. FirSt tetraquark state ZC(3§8‘6§=HE[QY scan: R-value, baryon pair High energy scan: exotic hadrons, charm meson/baryons

« Good for analysis modelling
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How LLM can help

Simulation: from parameters to data

 LLMis good at text/code generation >
« But rules in natural languages is The?ry ) Gengratqr | Deector
different from HEP data .. T ced |
« One possible approach v S e
 Use LLM to automate the data \ / /
analysis workflow Driven by Dr.Sai
« Similar to self-driving
* ltis possible given the LLM is '/ \ \
rapidly developing s | " o e "_
* The missing part is the modelling **"“‘““’* o ;;'e-.,"'
of the workflow and embedding ~ Statistical analysis ~ Selections  Reconstruction
tolLLM \ 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
» Default is DeepSeek V3/R1 deployed at IHEP

 |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://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
Automate the workflow Preliminary results
Almost done| yp to preliminary event from the first
selection application at BESIII
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First attempt of analysis modelling

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

Physcanalysis 3

* 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

« BESIII has published >700 physics results
« We have to translate them to DSL manually now
» 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
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DSL for BESIII analysis

» Currently ALL LLMs are not smart enough to understand and reason properly, much
less for BESIII analysis

« DSL V1 is a “guide” to teach LLM how do work
« DSL V2 will align with BESIII/ROOT code and will be more flexible

Sim, rec, and ana job files
’ / -'_ Event selection algorithm
J Ruby " Plot figures xecule
—» | Apply cuts
Gen?rator \ - Fi?%i);tributions /
I " Shell script, such as submitting jobs in batch
Generator 71 Python script, such as scientific calculation.
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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
N ding V.9 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 decompose the complex task to small and simple task, and develop a dedicated agent for
each kind of task

Multi-Agents (LLM 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




Evaluation system

Constructed our own benchmark in AgentBench framework

RAG evaluation

 Signal: correct 100 Q-A pairs
» Background: incorrect 1200 Q-A pairs (random combinations)

» Tested different embedding models

Agent-level evaluation

» Task decompositions: check the similarity between agent output and reference

» Next agent selection: compare the name of next agent from host to reference

Dr. Sai evaluation

« Comparisons on Dr. Sai output, e.g. histograms


https://github.com/THUDM/AgentBench

Evaluation system

1. RAG recall (recall: 100%, precision: 89%(Bge-M3) & 93%(Physicsbert))

Bge-M3 Physicsbert RAG Evaluation

F
top_k Question paragraph Answer context_recall context_pricision context_recall context_pricision
1 How you calculate Considering that (Sigma™{0}) We performed a secondary 1 0.9 1 1 - .

the_decav lenath of|and (Lambhda)  has  lona vertex fit for (n™ {+3ni® o 1)
5 How you calculate Considering that (Sigma”{0}) We performed a secondary 1 1 1 1 ﬁ @

the decav lenath aofland  (Lambda)  has  lona vertex fit for (n®{+}ni® E g
10 How you calculate Considering that (Sigma”{0}) We performed a secondary 1 0.9 1 1 5 <

the decay length ofland (Lambda) has long vertex fit for (p™{+}pi* ) - (O] Rel =
30 How you calculate Considering that (Sigma”{0}) We performed a secondary 1 1 1 1

the decav lenath of and  (Lambda)  has  lona vertex fit for (0™ {+}ni®

2. Task decomposition 3. Agent selection
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New interface of Dr.Sai

Dr.Sai v1.0 Ul based on Chainlit (2024.07) Dr.Sai v2.0 Ul based on OpenWebUI (2025.07)

<« C aidevihepac.cn a = - 0
B = o s @ BESIlIAgent
0 =
B test e
o Q
-
xSk [hpcfs/bes/migpu/liacyp/BigModel/drsai-code-worker-
RS v2/runs/besiii/output/PipiJpsiAnalysis_DrSai/PipiJpsiAnalysis_DrSai-00-00-01/cmt/compile.log
1= posp [hpcfs/bes/migpu/liaoyp/BigModel/drsai-code-worker-
. v2/runs/besiii/output/PipiJpsiAnalysis_DrSai/PipiJpsiAnalysis_DrSai-00-00-01/cmt/cleanup.sh
ixIiE
[hpcfs/bes/migpu/liaoyp/BigModel/drsai-code-worker-
$RIE . z
v2/runs/besiii/output/PipiJpsiAnalysis_DrSai/PipiJpsiAnalysis DrSai-00-00-01/cmt/setup.csh
& kubect! BETHRNA [hpcfs/bes/migpu/liaoyp/BigModel/drsai-code-worker-
R v2/runs/besiii/output/PipiJpsiAnalysis_DrSai/PipiJpsiAnalysis_DrSai-00-00-01/cmt/cleanup.csh
[hpcfs/bes/migpu/liaoyp/BigModel/drsai-code-worker-
v2/runs/besiii/output/PipiJpsiAnalysis_DrSai/PipiJpsiAnalysis_DrSai-00-00-01/cmt/setup.sh
' L Cryptocurrency Investment St
B Glnis itk [hpcts/bes/migpu/liacyp/BigModel/drsai-code-worker-v2/runs/logs/jiob_2025-01-10_193906_709794.out
ek
NE [hpcfs/bes/migpu/liacyp/BigModel/drsai-code-worker-v2/runs/logs/job_2025-01-10_193906_709794 err
> e sl = = SRR, FEEVpS i) EFERE, RRUERT,
) Heres sl Yo can i £ drcty o heough et Sumary table
Soep 1 # 3 i i (M0 <> e
JOB KEY STATUS CREATE TIME START TIME FINISH TIME ARTIFACTS 4
\m‘m-m..mw.- . . o ob, 906 94 10 19:39:06 20250110 19:38:0; 2025-01-10 19:32:22 Link
sups  SMNERTREES REURSONEE-HER, RIESH0) 5 piv i g = e s LIRS, WALRSSbOpolS, REEIOOTOH, 511 M
TN, ool LRIl RS RN
Rk S ST s /09800

SUPS  W-TLARROCTRF, ATNSMRNERSR.

SUPE CamrETREESONSEFA, SHET inumd HREEEES.

.
LT P ——————————— O n g OI n g
-

O walting for your input

admin@localhost

O S 3 ke ke, Pisase R s ot e ey e ssary, [PSeres by MAGE PR U

Plan to move to Magentic-Ul
20Morefriendly for interactive 2025BESIII B F TS 17



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

 BESIII internal assistant

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 *
* Prompt: where is the xxx MC sample e s e s
on-(377@) (2011),3.773,20448-23454,2931.8+-0.2+-13.8 *

 Then it search in RAG collections

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

 LLM read the RAG outputs and conclude correctly

what is the path of inclusive MC sample prod@ead 2t center-of- Location of dst Files

mass energy = 3.773 GeV Directories for the MC samples can be found at:
BESIII DOC-228 http://docbes3.ihep.ac.cn/cgi-Lil/DocDB/ShowDocument?

e Attention: auto-selected speaker 'Charm' is ready to handle th¢ current task: docid=228

'what is the path of inclusive MC sample produced at certer“af-mass energy = 3.773 GeV.. * 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/

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 @

Combining this informatihn. %2 path for the inclusive MC sample produced at a center-of-
To determine the path of the inciusive MC sample produced at a center-of-mass energy of

5 : : : mass energy of 3.772 GeV car pe inferred as follows:
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:

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

Sampld Ty °

Sample i¥ne,Fcm (GeV),RUNS,Luminosity(pb®-1) of DATA (not MC) 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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Preliminary results of Dr. Sai V2

User prompt: “please measure the cross section of ete™ -» ntn =]/ at 4.26 GeV”

2025/08/07 2025BESIIZZ8F TS 20



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

 We plan to use Dr. Sai to remeasure tens of cross sections by the end of 2026 !

2025/08/07 2025BESIIZZ8F TS
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Prospects

s BESIII publications
® .
BESIII, 23/fb (May 9, 2023)
. * h / h bmitted
mPRL Other Nature, Nature Physics Submitte
403 ° o 72
- ° ] 70
'8_ N ] Total publications: 500 61 62 <9
_‘_; o anPogeetes ® .~. P i % PRL: 91 : :
.'% e ® 5, Nature: 1
8 ° | Nature Physics: 2 38 28 o #
— [ ] 40 36
E [ ] [ ] 34 47 o
3 102 [ I ® 30 26 73
[ ) [ ] ] 20 18 13 5 32 - 2
o © ® ° ° Y i . u B B 0 17
3 7
SERRRRRRRERRE
I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 0
3 8 4 4 2 4 4 4 6 4 8 5 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Ecm (GeV)

« >700 physics results from ~700 people in the past 14 years
« More than 30 new hadrons are discovered from hundreds of decay channels
« More data will be collected after BEPCll-upgrade
« We can use Dr. Sai to go through all the channels quickly once new data were collected
« Or we can use natural language to guide Dr. Sai to do new analysis
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Summary

* LLM could be very helpful for HEP

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

A demo of Al assistant is built to test the feasibility

A new version of Dr. Sai will be ready soon

* It can automate the workflow of analysis at BESIIl from user's query to
histogram after preliminary selections

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

» Easy to integrate to other 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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back-up
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- FEEITEHNENEE > HMBSES|HER
o ZIINFFERIBREREREIRIE? [arXiv: 2507.06952]

- T4 MITERZERAE 1,000 S EAEAEEREERE L)
I TENE, (BEHAREERIFIER

Earth (true) Earth (predicted)

Sun ~— True force Earth Sun — Predicted force
H True force law (Newton)
mpmy
F « 5
‘ r

{ . Recovered force law (transformer) | }

AN

7504 Transformer Ha548

I I
F o [sin [ —————| + 1.4
= (“”(sin(r-o.24)) * 5) *Tom

Mercury
Trueforce =~ — Predicted force

Venus Mars Jupiter
True force Predicted force True force Predicted force True force Predicted force
Saturn Uranus Neptune

eeeeeeeeeeeee True force
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 PHYBench: XHIEYIIEZ S TS FHEIEEE LM EE [arXivi2504.16074]
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- BEND. B, A% IRYESFS T
« EENSPIRBAR I MINYIERSE
Hiz 83 HEIAL Bo
1 <2 Human Expert Peking University 71.40
2 (@ Grok4 XAl 5303 >
3 ¢ Gemini 2.5 pro Google 4946 > . - . s1e
“ . BENEEREETALER
S et - 3 AN
4 03 (high) OpenAl 4637 > - KIESIREMWIIBEIESEHBIR
5 (> Doubao-Seed 1.6-Thinking Bytedance 4553 >
6 @ DeepSeek-R1 0528 DeepSeek 4425 >
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