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Background: Why Al ?

The Nobel Prize in Physics
1957

-
S ‘
Chen Ning Yang Tsung-Dao (T.D.) I |
Prize share: 1/2 Lee S ; o ;
Prize share: 1/2 John J. Hopfield Geoffrey E. Hinton
1980~: The party is over? 2020~2030:

High Energy + Al = New party ?

The LHAASO Collaboration
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Background: LHAASO Experiment

Large High Altitude Air Shower Observatory (LHAASO - - .
ge g y ) Wide Field-of-view Cherenkov Telescope Array (WFCTA)
441 = 18 Telescopes
CATCHING RAYS Nature Astronomy 5 (2021) 849 % Sic:lgn s
hina's new oyl ~25,000 m - - ] X KR ol
crays. - | v-Ray/Cosmic Ray » wedle e
WFCTA  [oriew
s 5.195 scintillator WCDA i 1,171 underground
o " detectors water Cherenkov tanks
S R I ——
KM2A WCDA
KiloMeter-square Array (KM2A) Water Cherenkov Detector Array (WCDA)
= 5216 Electron Detectors + 1188 Muon Detectors = 3120 Detector Units
- ,‘__‘ .’ 2 ”3‘: \‘» st C:
P , ' l u‘/ fe' % 7 ED
I J,/ = S MD R 31200 85% |
e :;':" __soll
p,’ ™ ; - £ _iron plate
,“ " N 11 88¢M 7:r’ll:a»pﬂe water
’ d o 96.8m T ———steel tank
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Background: High-Energy Astronomy

High-energy y-rays

Atomic Nuclei
Neutrino
X-rays

Radio

Source: SNR. PWN. AGN. BNS merge -

Knee in Energy Spectrum of Comic Ray [1]

v Ray (Universe)

Energy (GeV)

[1] Z. Cao, et al. (LHAASO Collaboration), Phys. Rev. Lett. 132,131002 (2024)
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Background: What Can Al Do for LHAASO ?

Gamma-Ray Sources found by LHAASO [1]
= Discover more sources with Al

KM2A (E > 25 TeV) Significance Map

Significance

Energy Spectrum/Mass of Comic Ray in the "Knee" [2]
= More precise measurement with Al

Knee

E>"®x J(E)GeV' °msris™)

® LHAASO
HAWC2017 (QGSJETI-03)
KASCADE2005 (QGSJETO1)
#* Tibet2008 (Sibyll2.14HD)

© CASA-MIA1999 (MOCCA-Sibyll)
= |ceCube/lceTop2019 (Sibyll2.1)
& IceCuberlce Top2020 (SibylI2.1)

10°

10° 107
Energy (GeV)

(In(A))

Q:
A’
Q:
A’
M

ore accurate CR spectrum in 300 TeV~30 PeV.

What is the Root Problem ?

Origin and acceleration mechanisms of High-Energy CR.
What need to do?

More and more Precise y-Ray Source Observations,

e LHAASO

A Tunka-133 (QGSjeto1)

< CASA-MIA (MOCCA-Sibyll)
"] KASCADE (QGSjeto1)
{77 IeeCube/ceTop (Sibyll2.1)
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This Report ‘.’

First Step: Enhance Foundation Performance
1. Al fory/CR Discrimination

2. Al for CR Composition

3. Al for Energy Reconstruction

4. Al for Directional Reconstruction

gt

Future Step (? ) :
1. LLM Agent/Al for y -Ray Source Analysis ?
2. Multi-wavelength Observations ?

= Pulsar. SNR--

H

[1] Z. Cao, et al. (LHAASO Collaboration), The Astrophysical Journal Supplement Series, 271:25 (26pp), 2024
[2] Z. Cao, et al. (LHAASO Collaboration), Phys. Rev. Lett. 132, 131002 (2024)

The LHAASO Collaboration
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Al for LHAASO: Main Participates + Current Status

Main Participates

Event Classification
Energy Reconstruction
Directional Reconstruction

Unsupervised Pretraining
Real Data
Simulation Data

Platform & Visualization

Status of Al Model

Event Classification
Energy Reconstruction

Directional Reconstruction

The LHAASO Collaboration
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Al for LHAASO: Simulation Data
Corsika for extensive air showers [1 . ) LHAASO Event
. (1] Geant4-based Detector Simulation [2]
10 TeVy ;
Data Num Data Num
7241k 3348k 2475k 795k 649k 323k 242k 1007k 1215k 1201k 973k 651k 769k 240k 99k
70 1 1 1 1 1 1 1 60 1 1 1 1 1 1 1 1
. . ® Gamma ® CR G H MgAISi
WCDA Simulation Data sol® : F,f;:lnr:a : CZO o Feg '
60 4 | 15 Million Events, 484 GB ROOT files
S A & 401 o KM2A Simulation Data
S0 @ ’ 1 d ° o ° =301 6 Million Events, 141 GB ROOT files
g o ° ° L d o ) ¢
g ° o 20 1 o s =
] o) ® ® e ® ®
a a [ ) [ ]
40 10 4 ® °
[ ]
0{ ® ®
30 1 T T T T T T ! ! ! ! ! ! !
100-180 180-280 280-500 500-700 700-1.1k 1.1k-1.6k 1.6k-2.5k 1.0 12 14 16 18 2.0 25 3.0 4.0
nv LoglO(E/TeV)

[1] D. Heck, J. Knapp, J.N. Capdevielle, G. Schatz, and T.Thouw, Report FZKA 6019 (1998), Forschungszentrum Karlsruhe, https://www.iap.kit.edu/corsika/70.php
[2] S. Chen, J. Zhao, Z. Li, et al., Detector simulation of LHAASO-KM2A with Geant4, ICRC 2019

The LHAASO Collaboration
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KM2A: Understanding the Data
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Heavier nuclei release more energy via muons (measured by MD)




Al for LHAASO: Potential Models
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[1] H. Qu and L. Gouskos, Jet tagging via particle clouds, Phys. Rev. D 101, 056019 (2020)

The LHAASO Collaboration
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DGCNN / ParticleNet [1]
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Al for y/p Separation

Event Selection
Core€(200m, 500m), Zenith<35°
Feature: Q,t,u,v,w, MD/ED

Baseline: (N, +0.0001)/N, p/ecountsin40m

Under 100 TeV

Best Model Boosts AUC & Q factor

*ParticleNet Mod: Only ED-MD edges

1.4 4
Y
Proton
1.2 1
1.0 1
% 25TeV~40TeV
£ 081 Baseline
£ 06 AUC 0.9946
g Q factor 27.36
0.4
0.2
0.0

-30 -25 -20 -15 -1.0 -0.5
log((Ny + 0.0001)/Ne)

4410
Preliminary

70

60
% 50 25TeV~40TeV
S Best Model
2 401
- AUC 0.9970
2 Q factor 30.65

20 4

10 1 Y

Proton
0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

P(Fe)

yvsp
Baseline
Transformer 0.9M
ParticleTransformer 1.3M
ParticleNet 0.2M
ParticleNet Mod 0.8M

1.000 100/inf 1
0.995 A
0.990 -
S o
< yvsp
0.985 —— Baseline 10
—— Transformer 0.9M
ParticleTransformer 1.3M
0.980 - —— ParticleNet 0.2M
—— ParticleNet Mod 0.8M
T T T T T T T 3
1.0 1.2 1.4 1.6 1.8 2.0 2.5 3.0 4.0 1.0
LoglO(E/TeV)

The LHAASO Collaboration
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KM2A: Al for y/p Separation Preliminary

Real Data Validation:
+ Selected events within =7.5° of Crab Nebula (standard candle) + off data

2, Bk KFF RN

« Used quality-filtered KM2A data from Jan 15, 2025 Jul 29 RIS SRR AEEHE
e . ) . Progress in KM2A Background Rejection
 Future optimization with expanded data collection planned and Directional Reconstruction

 Better performance can be expected for sources below 25 TeV

25TeV~100TeV 25TeV~100TeV
Baseline 9.27¢ Al Model 11.070

Al Model Based on SimulationV’
e

1.000

0.995 +

A Dec (%)

0.990 -

AUC

0.985 —— Baseline
—— Transformer 0.9M
ParticleTransformer 1.3M
0.980 A —— ParticleNet 0.2M
—— ParticleNet Mod 0.8M
1.0 1.2 1.4 1.6 1.8 2.0 2.5 3.0 4.0
Logl0O(E/TeV)

The LHAASO Collaboration
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KM2A: Al for Cosmic Ray Separation Preliminary
Event Selection 331 Proton . Protpn
H o e T e
Core€(200m, 500m), Zenith<35 - MoAISH-ENG-AF MaAISi+CNOAFe
Featur_e: Q,t,u,v,w, MD/ED
CR Weight: Horrandol 5251 300 TeV ~ 1 PeV _ 8 300 TeV ~ 1 PeV
Baseline: N,/N,%%¢ p/e countsin40m s Baseline 5 Best Model
8207 8 61
. . > p+He 90% Purity: | & p+He 90% Purity:
purity (%) = Nsetect_tignt/Nsetect 2 15- Efficiency 93.2% | = Efficiency 98.0%
ef ficiency (FEIERUEK) = Nserect 1ight/Niignt total ¢ o] Retention 69.7% | 2 41 Retention 72.3%
retention('f%%’a’ H:r) = Nselect/Ntotal 5
0.5 A |
Best Model Boosts AUC, Efficiency & Retention 00 e s 100 —075 —0.50 —025 000 035 050 - : : ; . .
o 0.0 0.2 0.4 0.6 0.8 1.0
Ratio Across Full-Energy Spectrum. log (N, /NS5 p(Fe)

*ParticleNet Mod: Only ED-MD edges

a
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o
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< 0.85 1 —— Transformer 0.9M
ParticleTransformer 1.3M
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0.80 1 —— ParticleNet Mod 0.8M
1.0 1.2 1.4 1.6 1.8 2.0 2.5 3.0
LoglO(E/TeV)
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0.95

o o o o
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ParticleNet Mod 0.8M
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KM2A: Al for CR Energy Reconstruction | Preliminary
Event Selection
Core€(200m, 500m), Zenith<35° B .
: est model improves CR energy
Feature: Q,t,u,v,w, MD/ED - .
Baseline [1]: p/e counts in (40m, 200m) resolution by >25% while
N 25N controlling bias to <2%
N,, =—+ £ Erec - ch’,uv
ep .
Agp Amp
0.040 1 Baseline 022 =14.7%
° Energy Reconstruction 22 1 ® Energy Reconstruction 0.035 ~ Model oj7t =10.4%
@ Baseli @ Baseline
4 A ® Traas:slfzer:mer 0.9M 30 A @® Transformer 0.9M 0.030 1| 300 Tev~ 1 Pev
ParticleTransformer 1.3M ParticleTransformer 1.3M ) S e
3 @ ParticleNet 0.2M @ ParticleNet 0.2M é“
18 1 2 0.025 A
L o
s 16 2
3 27 c 167 1
S o 5 N | E 0.020
n 5 ® \ / =
& 1 o 2 147 s / \ 2 0.015 -
° ® « [ \I . =
0 ° 121 D 0.010 -
\ o /
[ ] 10
N L 0.005 -
| , ° 8] | , $ 0.000 . . . . |
2.0 2.5 3.0 4.0 2.0 2.5 3.0 4.0 -40 =20 0 20 40
LoglO(E/TeV) Logl0(E/TeV) Relative Error (%)

[1] H. Zhang, H. He and C. Feng, Phys. Rev. D 106, 123028 (2022)

The LHAASO Collaboration
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KMZ2A: Al for y Direction Reconstruction | Preliminary

Full Data Num

— Baseline Core€(200m, 500m), Zenith<35°
- 1.0 1 —— Transformer 0.9M Feature: Q, t,x,y,z
Best Model improves ~ T [nommerzin
. — —— ParticleNet Mod 0. . .

angular resolution by o8 . —— ParticleNet Mod 1.6M Easeé'"e- fei o e front orofil

) east-sauares fitting of the shower front profile
10-20% at <60 TeV -
*ParticleNet Mod: 3 0
1. only ED nodes &
2, BN+ReLU= LN+GELU g 0.4

[=)]

=

0.2

0-0 T T T T T
1.0-1.2 \ 1.2-14 1.4-1.6 1.6-1.8 1.8-2.0

Log10(E/TeV)
hower core
T,
.6 % shower
1o Baseline 0§%% = 0.736° Baseline 0§%% = 0.736° ”oo/ front
U,

1.4 4
1.4 Model 058% = 0.588° Model 6§8% = 0.625° e

L
N
L

1.2 4

1010~1012 TeVv
ParticleNet Mod 1.6M
~15% Improvement

1010~10"2 TeV
ParticleNet Mod 5.9M
~20% Improvement

=
[S)
|
[y
=]
!

Plan to simulate more data

Relative Probablity
o
©
Relative Probablity
o
[++]

o
)
f

0.6 M
for model training
0.4 0.4
0.2 0.2
0.0 T T T T T T 0.0 T T T T T T
0.0 0.5 1.0 1.5 2.0 25 0.0 0.5 1.0 1.5 2.0 25
Angular Difference (deg) Angular Difference (deg)
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WCDA: Al for y/p Separation Preliminary

' 66.4 711 1 100.0 1
i i
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! 1
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(- Val (y) 01 ; —— CNN 29M
1 Val (CR) . —— ParticleNet 1.6M
: 60 1
i i
1 2.0 o . N
i Pincness (baseline) 50 1 CNN '

=4
. 500<nv<=700 " 500<nv<=700 : &
L ; 3 104
i . I
: 30 1 1 o
1101 i
! 20 i
1 : ; .
b os " 1 Event Selection Al model improves Q factor
! Val (y) 1 mc_dangle<3 bv > 50% i Il
! Val (CR) i Zenith <50° Yy olh allranges
1 0 T T . . —
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WCDA: Al for y/p Separation Preliminary

Jul 29 HHEI TS EEYIIEFR RokIE . .
Unsupervised Learning in y/p classification Pre-training encoders with 3 X106 unlabeled

samples, then fine-tuning with sparse labels
= outperforms supervised-only training.

Self-Supervised SimSiam [1]:

After augmenting sample x, to x,, both pass WCDA events with the number of hits 100 ~ 180
through a shared encoder. .

. . . . —e— PN (supervised)
A predictor then pulls close feature similarity 32

. . . SimSiam (unsupervised)
between original and augmented instances. ——— classical method

3.04

(—b similarity 2.8
O 26

X

predictor A | stop-grad
ﬁ \ 2.4
2.24

encoder f encoder f
2.01
o T T T2 o o e o o
Y Dataset volume for training (supervised) and fine-tuning (unsupervised)

image ¥

[1] X. Chen and K. He, "Exploring Simple Siamese Representation Learning," 2021 IEEE/CVF Conference on Computer Vision and Pattern Recognition (CVPR)

The LHAASO Collaboration
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Summary & Future

Good News:
+ KM2A
= For background rejection, Al improves AUC at <100 TeV, and improves Q factor by 50% at <25 TeV
= Slight significance boost confirmed by Crab Nebula observations
= For CR composition, Al outperform baselinein all ranges
= In Pre-knee region, AUC up from 0.944 to 0.979, signal retention up from 69.7% to 72.3% with 90% p+He purity
= For CR energy reconstruction, Al improves resolution by ~25% in Knee and Pre-knee region
= For y directional reconstruction, Al improves angular resolution by 10~20% at <60 TeV
+ WCDA
= For background rejection, Al boosts Q factor by >50% in all ranges

Challenge: Q: Other ways to Integrate
 Real-data Al validation requires further testing and optimization physics into model architecture
for reconstruction ?
What we learned/found:
« Model Architecture > Parameter Scaling Welcome to Cooperate!
= Point cloud modeling aligns best with physics Welcome to Communicate!
« Unsupervised Pretraining leverages unlabeled data effectively

Near Future:

« Crab Nebulavalidation/fine-tuning

 Joint reconstruction of KM2A+WFCTA / KM2A+WCDA ?
Far Future:

« LLM Agents for y-source analysis

The LHAASO Collaboration
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KM2A: Al for Direction Reconstruction Preliminary
_ —— = ParticleNet TH29H | Pe=aeIRFR sk 5
-§ - -+ Baseline KM2AS SHIBRM s mEEHE
p
o e
5.

o1 —=— LB S RS MR A AR S
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:a ——
g 1.0 1 - .
<C: =
—_—
10 12 14 16 18 20
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KMZ2A: Scaling Law in Direction Reconstruction  [preiiminary

1.4
---- Baseline ---- Baseline
0.90 - — Transformer 1.3 1 —— Transformer 0.9M
— ParticleNet Mod —— ParticleNet Mod 0.3M
1.2 1
_. 0.85 1 =
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= 5 1.0~
E E
§ 0.75 - 2 0.9 -
5 S
S 0.70 - 3, 0.8
g &
< 0.7
0.65 1 101°~10'2 TeV 101°~10'2 TeV
Enlarge modelsize 0.6 Enlarge data size
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05 t——m——— . : .
T T 6 x 10* 10° 2x10° 3x10%°4x10°
106 107 108
Data Num

Parameter Num

g D
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Preliminary

WFCTA: Al for Cosmic Ray Separation

p+He vs CNO+MgAISi+Fe
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