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Learning from all hits

 Tasks:
- ldentification: Proton VS Gamma, Different species of ions...

- Regression: Angular, energy, and central position...
ML Models, evolution & optimization
- i.e., Dual Stream Transformer@ KM2A, physics info. guided optimization

coordinates features coordinaes features coordinates features coordinates features coordinates features
EdgeConv Block EdgeConv Block EdgeConv Block EdgeConv Block EdgeConv Block
16, C = (256, 256, 256) k=16,C=(64, 64, 64) k=16,C = ( 64, 64, 64) k=16, C = (64, 64, 64) k=16, C= (64, 64, 64)
EdgeConv Blodl ® o
k= 16, C = (256, 256, 256) } :> |
»L EdgeConv Block Muti-Head-Attention Block
EdgeConv Block k=16, C=(256, 256, 256) N_head =8, Num_layer =6
k=16, C = ( 256, 256, 256 5 l,
\l' Global Average Pooling Global Average Pooling
Global Average Pooling J/ \L
\l' Fully Connected Fully Connected
Fully Connected 256, ReLLU, Dropout = 0.1 256, ReLU, Dropout = 0.1
256, ReLU, Dropout = 0.1
‘1/ Fully Connected Fully Connected
Fully Connected 3 3
J : :
Softmax Softmax

Softmax

2025.10 ~ ParticleNet 2025.12 ~ Dual Stream ParticleNet 2026.3 ~ Dual Stream
GNN-Transformer 7
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KM2A: ~ 1.5x
Grab Nebula (2024)
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Declination [ degree |

WCDA: ~ 3X
Grab Nebula (202
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Declination [ degree ]
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Current Bottleneck: Data-MC Discrepancy

» Possible solutions:

PCA
L0 » Better Simulation: Develop more accurate Simulation
o e ‘
s« e " = e . -
:i; s ‘ ol v”f}‘f:' ,.,,a. (from CORSIKA, to Geant4, to digitization), especially
‘u. e | . .
‘l’ to model noises at different stages.
&'f iﬁaﬁ 4 e 80 "",_ «:ﬁ"" L
- "‘ AL ALY —Ongoing Efforts: The AI-LHAASO group is actively
E Exp. Background _ _ _ o
& Siln, Backaround preparing new MC samples with various combinations.
Sim. Signal - -, X vtk
S i ] y
oo vi . ¥ o » Better Architecture that less sensitive to the
e e, 1 ,
Y »
- . Discrepancy: Self—supervised Learning (fo guide the
Dim 2 attention of ML ...)
- _ 9
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Next milestones

* More tasks, especially to address MC-data discrepancy
« SKky survey: increase the #sources by multifold
 LACT upgrade & Fusion of info. from different sub detectors

 Agents

Synergies with more facilities

Al interpretation
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Higgs factories
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ILD (being ported from ILC) ALFA AGORA (being ported from CEPC)

New since November
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Physics metrics

CEPC Physics White papers: -
= “ — Chlnese Physics C

FEwEC (%FX)

Chinese PhyS|cs C

High Energy and Nuclear Physics

)

1 Nuclear Physics

Higgs: 2019, CPC
ESPPU input: 2019 ArXiv

Snowmass input: 2022 ArXiv

AW o

i /‘\\{)i)%‘gsb*b\( F‘)
O
.

-

Flavor physics: 2025, CPC

New physics: 2025 CPC

Current focus

CHINESE PHYSICAL SOCIETY E 0P Publishing

- EW White paper

Visible Reco Trk Clu
_ QC D stud ies vV .Well reconstructed
V|V Charged without cluster
. . . v Charged without track
- ReCO & Det O ptl mlzatl On v | X .Charged with cluster lost
X |V Lost
- ann f'g;/: X | v : Fake (only increase multiplicity)
. , 2.5% X | v Fake (energy double-counting)
Boost horizon by orders of magnitudes 31% Vx| [ [charged
v Z Neutral
Address/answers profound mysteries: j T heomespondence
L. - =1n
mass/matter origin, nature of Dark Matter, Phase 1 -

Transitions, evolution and fate of the Universe...
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https://inspirehep.net/literature/1699545
https://arxiv.org/abs/1901.03170
https://inspirehep.net/literature/2084168
https://inspirehep.net/literature/2863363
https://inspirehep.net/literature/2927088

Truth

Holistic analysis: identify event type

H-bb 93.36%

90.03%

H=-ccC -

H-gg

H->Ww"

H-zZ"4{ 3.67% 2.95% 6.26% 18.73%
ZZg4 0.23% 0.21% 0.17% 0.06% 0.08%
H-bb H=cc H-gg H-WW" H-ZZ"
Predicted

« To identify Higgs (full hadronic) signals

17/08/26

- Hobb FeRYOA 108% 107% 0.09% 397% 001% 044% 0.10%
. 0
HcE - 254% 3.10% 2.69% 0.04% 052% 0.07%
0.10%
H-gg | 1.82% 493% 001% 025% 0.03%
0.05% Howw: 1 005% ORI 971% 0.04% 0.18% 0.02%
=
=
0.055% Hozz*{375% 3.03% 620% 027% 0.03%
771 001% 005% 001% 005% 0.03% FLRERD 0.04%
ww | 084% 0.71% 031% 0.12% 0.22% 96.84%
9.25% qad 0.12% 007% 0.02% 001% 0.03% 0.02% 025% EoRren
774 Hobb H-=CC H-gg HoWW'H-2Z® 2Z WW  qg
Predicted
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Relative Statistical Uncertainty (%)

@ Higgs measurements

Normalized to 21.6 ab™?
FCC Highlights in
BB Snowmass High-Energy Physics
P Holistic
" Statistic Limits

100 4

Hadronic Decay Branching Ratio Measurements of the
Higgs Boson at Future Colliders Using the Holistic Approach

Scilight

H-o-bb H-cc H-gg H-WW H-=ZZ H-bb H-=cC H-gg H-WW H-ZZ
*u~H VoH )
HoH Link to paper

Holistic approach: improves the accuracy ~3 times, approach the statistic limit for H->bb...

SM background included

17/08/26 Al & QC @ Shenzhen 14


https://www.sciltp.com/journals/hihep/articles/2603003481

LEP Legacy data: 1 min at CEPC/FCC

(a) Barrel (b) Endcap
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Training Events

% Data: DELPHI 1994-1995, 40 pb~! at the Z pole, ~2M events

@ Key methods:
e ParticleNet 5-flavor tagger

e Cut-optimization criteria: minimum pre-fit data/MC x?
» 8-bin categorization: barrel vs endcap, b/c/s-enriched vs other
* Likelihood profiling of Ry, R., R, simultaneously

Systematics: cut threshold, jet tagging, fragmentation,
detector response, etc..




LEP Legacy data: Preliminar
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Scaling @ LHAASO Pid
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Model could distinguish Proton from Photon, after ~ 10 events training...

Difference between EM/Had showers if much significant than hadronic events/jets
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Scaling: @ event id

H-bb 0.10%
80 A
_ |
H-cE 0.10%

cC 70_ :
— |
X |
H-gg | 0.05% — 60 1 :

>
£ 0 |
= 0 50+ |
Ho WW* - 0.05% 8 I
|

@)
g 40+ :
|
H->ZZ" 6.26% 18.73% I
301 |
|
|
ZZg4 0.23% 0.21% 0.17% 0.06% 0.08% 20 - I
|

T _ T T T T T IR LR | T T T """'! T LR |
H-bb H-cc H-gg H-WW* H-ZzZ" ZZ5 100 101 102 103 104 105 106

Predicted o
Training Events

S-Curve: the emerging and saturation of the performance...
What determines the critical points?
What determines the ultimate performance & converging speed?
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Grouping: from leaves to the tree:
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Scaling: not a summary

Meta question Task 1%t Critical Point 2" Critical Point - Architectures
Saturation
Jet origin Id @ HF 300 - 2k 1M PN/ParT - LLM
Classification Event id @ HF 100 10k—-1M PN
Pid @ LHASSO KM2A 10 100-1M Multi-head PN, etc
Regression Hadron Energy @ HF Calo 7k 100 k PN
Grouping CSlI @ HF 1000 300 k ParT, Mamba, etc

Perspective: exist certain principles, for certain architecture to be optimal at certain meta-question

A lot more examples ... to be accumulated & analyzed... from & beyond HEP

Remark: 2" critical point & saturation needs better specification, in fact, S-Curve is only

1° order description...

Quantification depends on figure of merit

Saturation of performance: standard & optimization determined by requirements

17/08/26
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Summary

 Machine Learning, boost the effective luminosity/yields by ~ 1 order of magnitude

- LHAASO: Significance of crab nebula (standard candle) & GRB * 1.5 — 3 times
- Higgs factories: accuracies of core Higgs measurements: * 2-4 times

- LEP legacy data: ~ * 4 times on Rc and 1st direct measurement on Rs (Preliminary)

« Scaling: quantify the emerge & saturation of performance, characteristic to ML models

 Future;

- Novel methods to address MC-data discrepancy & systematic control
- Fusion of Agent + ML + X...

- Al interpretability: what Al perceived, beyond conventional methods

17/08/26 Al & QC @ Shenzhen 21



3*3 + 1, Why?

Thank you

Al & QC @ Shenzhen



1-1 correspondence reconstruction

Visible Reco Trk Clu
» vV .Well-reconstructed
91.3%
e el vV Charged without cluster
+ \\: 0 v Charged without track
2.2%
+ + v | X .Char ed with cluster lost
t . 0 X | v Lost 2.5%
~ T e~
0 X | Vv Fake (only increase multiplicit 3.1%
0 X | Vv Fake (energy double-counting
+ v | X + |Charged
v 0 |Neutral
J # 1-1 corres pondence ‘Computer Physics Communications 314 (2025) 109661
: Contents lists available at ScienceDirect z
' v == 1n P o2
'i : Computer Physics Communications
: \/ ..... » n-1 . e
| ELSEVIER journal homepage: www.elsevier.com/locate/cpc
Computational Physics o.)
One-to-one correspondence reconstruction at the electron-positron Higgs s
factory
Yuexin Wang a’h@, Hao Liang *““, Yongfeng Zhu*®, Yuzhi Che®, Xin Xia®¢, Huilin Qu¢,
Chen Zhou*®, Xuai Zhuang *¢, Manqi Ruan *“*
https://arxiv.org/abs/2411.06939
17/08/26 Al & QC @ Shenzhen 23



Holistic Reco: Jet origin id

b 1 RES] 0.033 0.025 0.004 0.003 0.002 0.003 0.002 0.002 0.017 = e e——— e
. + + .
eﬁﬂavor tagging W|th f_, K_, KB’S |d.
e
. + + .
Pchargeﬂip Wlth E_, K_, KJ'?;"S Id-

0.026 0.033 0.003 0.004 0.003 0.002 0.002 0.003 0.018

0.8 - G
¢ -0.015 0.055 0.036 0.031 0.025 0.009 0.009 0.018 0.043 | W=l o
¢ d0.016 0.015 0.032 0.037 0.009 0.026 0.017 0.010 0.043
5-0.003 0.002 0.020 0.102 0.030 0.080 0.063 0.045 0.092 0.6

0.003 0.003 0.018 0.020 0.102 0.084 0.028 0.045 0.062 0.094

True
n
1

u 40.002 0.003 0.020 0.011 0.044 0.131 0.055 0.080 0.174 0.111

u -0.003 0.003 0.011 0.019 0.132 0.043 0.062 0.178 0.081 0.111

¢d 40.003 0.003 0.012 0.019 0.112 0.092 0.082 0.207 0.079 0.112

¢d -0.003 0.003 0.020 0.012 0.092 0.112 0.219 0.076 0.113

G -0.015 0.014 0.024 0.024 0.052 0.052 0.043 0.041 0.034

T T T T T T T T T 0.0 T T T T T

Predicted

11 categories (5 quarks + 5 anti quarks + gluon) identification, realized at Full Simulated di-jet events at
CEPC CDR baseline with Arbor + ParticleNet

Published in PRL 132, 221802 (2024). Comment from the referee: "demonstrate the world-leading
performance of tagger”, "a "game changer" and opens new horizons for precision flavor studies at all
future experiments.”

https.//arxiv.org/abs/2310.03440

17/08/26 ~ Hao Liang, Yongfeng, etc Al & QC @ Shenzhen https://arxiv.org/abs/2309.13231 24


https://arxiv.org/abs/2310.03440
https://arxiv.org/abs/2309.13231

CE PC Ref-TDR

Impact on Physics

Z-qq, 91.2 GeV

10° ‘-.— ParT uds
ParT c
10—1 | =ll= XGBoost uds
[ =@= XGBoostc

mis-id rate

CEPC Ref TDR

il
0.4 0.6

b jet tagging Eff

0.8

1.0

Z-qq, 91.2 GeV

10° ‘-I- ParT uds

10—1 | =ll= XGBoost uds
[ =@= XGBoost b

mis-id rate
S
i.‘

ParT b

.
.’

.*l—'"'
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0406
C jet tagging Eff

0.8

10° 5
] B Relative accuray, HL-LHC S2
I Relative accuray, CEPC
B 95% CL upper limit, CEPC
1071 5
1072 5
1073 4
10—
Kb Kc Ko Kw Kr Kz KygBss\Bua Bdd Bsp Bdb Bud Bds

Improved by ~3 times

Improved by 1-2 orders of magnitudes
~ 2 folds improvement at H->cc & Vcb

Presumably... firstly quantified
Al & QC @ Shenzhen 25



Grouping: CSI

N 0.5 -
o —e— ZH
e Z7
5t C 04+ —— WW
L > .
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GC) 0.3
(o]
< of | -
17 e 2
i— 0.2-
-1t o / . N
b - &
_3 | 1 1 1 1 1 00 1 T T T T T T T T T
-1.0 -0.5 0.0 0.5 1.0 le2 3e2 1e3 3e3 1ed4 3e4 1e5 3e5 1eb6
cos 6 the volume of training data

Reduced by 3-5 folds compared to conventional (jet clustering + matching)
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Scaling Law: Q value & Significance (10-25 TeV) vs Training Data Size PCA
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@ Regression
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7% relative energy resolution
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@ Jol with different Architectures...
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« Comparable result with different scaling behavior
« Para. Numbers: PN 360k, ParT 2.4M, BINBBT(Large Language Base Model) 150 M
* More details at: https.//arxiv.org/pdf/2412.00129

Super Symmetry
Technologies

» .
.> 2 73 4
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4410

Semi-supervised Learning *Encoder: Classical ParticleNet
g - * ' 5
1. Pretraining 2. Fine-tuning
k B e ke
Experimental data Simulated data
unlabeled labeled
pretrained |

encoder

Encoder ﬂ

; gamma
Pretrained = | Classifier -’ .
encoder :

proton

e o . % 2

learns general
patterns

» Abundant Experimental Data: We possess an extensive amount of real experimental data.

» Representation Learning: Pre-training enables the encoder to effectively capture robust representations
from this data.

— . 10
L Y RYE D CEI R A
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Supervised VS. Semi-supervised...
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From CDR baseline to AURORA

CEPC CDR baseline: TPC + SiW ECAL + RPC HCAL, BMR of 3.8%

Confusion & Acceptance & Intrinsic Resolution: 50%, 25%, 25%

Key contributions: Fragments (leading confusion) & Intrinsic HCAL resolution
AURORA: DHCAL->GSHCAL, + 5d calo with 100 ps/Hit time resolution, BMR of 3.4%
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Pid: differential performance
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Neutral Hadron ID: 5d Calorimetry with ToF capability (dt~100 ps/hit)
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Detector change (usage of high density scintillating glass HCAL): BMR 3.7% — 3.4%;

Al enhanced reconstruction: 3.4% — 2.7%.
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Learning from all particles/hits

- 0o(10-100) o(1lE4-1E5) 0o(10-100) - o(1-10) |
visible particles hits Reco particles, Para. of. Interests

\ / ...Events...

...Models...

« Ultimate goal for detector design & performance: 1-1 correspondence
 Holistic approach using

- All reco particles
* Physics object reconstruction
» Identifying the nature of physics events: Signal & Backgrounds
 From leaves to the tree

- All detector hits

* Energy estimation for hadron
 Pid at LHAASO
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Impact on phy3|cs benchmarks...

BMR ~ 4%, essential
For H->inv, tautau,

(measurement with S
H (]
gqH, H->non hadronic) s
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