A0 ‘ £ ¥
lll\./'l f e @ llﬂ'ifﬁﬂlﬁhﬁuh@y q-?[".:%

Study of Energy Reconstruction
with Machine Learning

Speaker: Peng Borong
University of Science and Technology of China
2026.10.9



*@ﬂéiﬁ.ﬁ‘ﬁ:‘é

University of Science and Technology of China

Background

« CEPC A(nalog) H(adronic) CAL(orimeter)

* 40 sensitive layers ( iron plate + scintillator layer + PCB board + iron plate)

plastic scintillator

60%
=)

* Energy resolution meets the targets (\/

* Machine Learning——>Improve the Energy Reconstruction Accuracy

Fe

Resolution

2026-10-23 RSN ELO8Y) 40 [layers] x 18 x 18 [cells/layer]
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Beam Tests

3 beam tests have been done at CERN
* muon position scan(100GeV/c)

e pion (1-120GeV/c)

e electron (1-120GeV/c)
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MLP Model

* Input : layer energy(E),layer hits(N),average hit energies(E/N) of 40 layers and total energy in the HCAL( )
e Output:Predicted energy (1) (40*3+1=121)

Dropout: : 0.20 0.15
121

40 [layers] x 18 x 18 [cells/layer] g\ih ~ / ...'
"% _ Predicted
140 o Energy
[40] - & -
Batch Size — [ —
Learning Rate Te-4
Loss: L = lz en o= ( ~ )* Mean Squared Relative Error
Epochs 200 N - 2 (MSRE)
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X € * * —Reconstructed energy E

2D CNN + CBAM + LSTM + Physics-Guided Attention

Input: AHCAL shower 40 x 18 x 18

~

) Layer features
Shared 2D CNN r
(applied to each of 40 layers) CBAM (64 channels) Adaptive Max Pool by By e g Sequence | physics-guided attention

pE—— v I : 2-layer BiLSTM features
" Cow3x31-32 | ||[ Channelattention | Y

B [ feature: 32
( T [TTT1T] score; = Linear(s,) + vectorc: .. = . eature:
[ AN Avg/Max pool + h, | neut=2304 | REERES log(1 + Eycar) 128 | 12864532 __J
| BatchNorm + GELU | 2 . A : _ J
— = ML shared MLP 64 — 4 H_64 | — h; [T — " hidden = 64 per direction | > ¥ , O || GELU + Dropout 0.35__‘!
Lol v . ———— e Softmax over 40 layers J —
| bidirectional ] ERERER

Context Dense feature head Learned event

f———

Conv3x3: 32— 647\_ Spatial attention : .
i > <8 Il - 3 Flatten: | huo (I | ‘ f &Y e
Layen mages s -ibua: | BatchNorm + GELU | Avg/Max maps + 64 % 6 x 6 = 2304 _|L_dropout=0.25 J ad0ib28); | c=Xas ¥
| (B, 40, 18, 18) — (B x 40, 1, 18, 18) — —— Conv7x7:2-1 | per layer J ( (B, 40, 2304) ] 1 " Concatenate . -
\ —| | Dropout20015 | || - Learned feature 32 | | | Linear regression head
> (logl+Ep) 1 ||| 331
HCAL deposited energy Combined feature:33 | predicted log-energy  Reconstructed
EycaL J » [T 9=log £  energy
T E=exp(y)-e¢
| Training loss: MSEig + 0.2 x relative MSE |
. (target: true energy E,,,., training only) .
L ke il ST oeooinlont s s bt s AR )
W 4 g
Layer-wise transverse feature extraction Longitudinal shower modeling Event-level energy regression
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ParticleNet Model

Fox: {(%..2.E.t)}Y; > R EdgeConv + T-MLP—Fully Connected—Reconstructed energy E

05 2,
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<
5 =log =0.08) = -
. o o 20T OB s ( ' ~05) >
particle types : mt+ loss: “pv Zaas meLdy ( )
- 2
. . Graph construction Dynamic kNN Dynamic kNN ( = , =0.05) 0.5 <, =
Hit-level Il'lplltS using (x, y, 2) using learned features using learned features ( —05), =
ra g Y ' Ty o 2, Fa e
Coordinates: EdgeConv 1 EdgeConv 2 EdgeConv 3 Masked multi-pooling
, > s Iy ¥, 2) k=16 Dynamic kNN, k = 16 Dynamic kNN, k = 16 .
' g g B8 2-64->64-64 64 — 128 — 128 — 128 128 —» 136 —256 — 256 | per-hit \ %‘, =
54 W’- ® [ Hit features: e o e ? o R o szG'd'm m 4 x 256 = 1024 = ;&E : 1053.8K
- aW ® ~ .t > — (T eatures
LI 1 1 PR (1) . Mg ey o0 - (O)+ T
Y S Lo sl I ¢ b _¢ sl i /
[ edgeMP+ ! {7 edgeMLP+ : edge MLP + |
Yk* X | masked BN + SiLU | ! masked BN + SiLU masked BN + SiLU | -uu!“mi'
L eresidval G| (L eresidual | |1 +residual ! L )
{—»| Rawtimet '—» time s i
[ encoder {* = == Masked 2x64=128 v
—— - fusion — 64 » Mean+Max —»[[[[T[] ( )
»| Residual time residual i - ; ;
> e '-» fEsu pooling T%e Concatenate | | pepse regression head |u§([§gif ) Phg;[rcrs;cgtlilr];ed
e CLITTTTT | 1161 - 512 » 256 - 1 = PR poldlE
globa Global . = Lyjs - €Xplalog
| s estes =] e
»| Visible energy
Eyis )
\ e Ak J J
g i Vo
Dynamic graph feature extraction

Multi-scale event representation Physics-guided energy regression
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MC and Data
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Results on MC
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Results on Data

Resolution
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 AHCAL : 40 layers x 18 x 18 cells/layer

Model : MLP CNN ParticleNet

MC results:
Improvement in resolution: ParticleNet(33.4% ,avg)>CNN(26.7% ,avg)=~MLP(23.8% ,avg)

Error in linearity:ParticleNet(0.29% ,avg) <MLP(0.88% ,avg) <CNN(1.28% ,avg)

Beam data(pion,1-120 GeV/c) results:
Improvement in resolution: CNN(24.8% ,avg)~MLP(25.2% ,avg)

Error in linearity:MLP(0.64% ,avg) <CNN(1.11% ,avg)

ParticleNet: Major Advantage on AHCAL !
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back up
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back up

energy(G
event
eV)
P re-cut 1,027,814 749,791 1,081,725 1,038,984 1,258,699 1,034,938 1,058,822 1,073,061 1,286,608
Data Post—cut 83,860 302,303 486,653 458,874 498,094 369,281 327,979 283,120 253,900
Fraction
8.16 40.32 44.99 44.17 39.57 35.68 30.98 26.38 19.73
(%)
P re-cut 400,000 400,000 400,000 400,000 400,000 400,000 400,000 400,000 394,000
MC Post—cut 201,676 211,115 199,497 186,119 169,367 152,117 133,628 116,822 87,346
Fraction
50.42 52.78 49.87 46.53 42.34 38.03 33.41 29.21 22.17
(%)
Train : 703,747 Test : 124,035
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Energy Spectrum@100GeV
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Distribution of Truth and Prediction Energies
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Truth:
Mean: 50563.68 MeV
Std: 31927.79 MeV

Prediction:
Mean: 48556.58 MeV
Std: 30889.49 MeV

B Truth
I Prediction

20000 40000 60000 80000 100000 120000
Energy (MeV)
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MLP Results

H ' ' Predicted vs True Energy
Resolution y Linearity o
< : : : : : : s | R°=0.9411 e e
e S S e e——rrr - I L | e S o Fity-093x+ 1672825 _ Ml o * training sample
1B Mcru:-q.sm4;3309;4E-F?mnr-.a;2=? ey 1 2 i g I
E N\, MLP(Dats)Fi 1285 3981//E 1ANDF 2 0.099 =~ 3 e & 100 . i

% 16— N MLF(N:;::('FEI:"11(’[&‘?&'1@.‘9;‘1V'E""?;?HNDF‘E'IJ‘.'UEIB"""‘H'H“#'E' hhh GB%J!V'E”[GE\?] """" 3 = 801~ g I * source. pion
g 14F N b == MLP on MC ] i L e 801
5 oF ANk R o : range: 1-120GeV
4 12 N, 4 2 = { 8= MLPonData . | 60f
o - S . - ;=i Data ] . 1
g F — Wiz = ik o= MLPonMC | aof Event: train=70.3e4
S o g : - — . r

o ; E : ] = test = 12.4e4

iE z 20 Y

- 3 B 7] T

2k i - B i True Energy (GeV)
05 ‘ — A 1 Data are slightly inferior to MC
Q\S ggE : MLP{Data) vs Data E L% DE el R 3
~ I e i, .. 3 - s _ S0 P oY N
g ii: / \\,5. \\ —&— MLP(MC] vs MC 3 | _ //-.MLP(Da(ai ~ ] (0.83% on average)

i S j Y 3 = ” o 8
E 2 [/ \3\ o A 25 il ~ ::::wcn -
> ~ o NP oo Y 4 1+ Fewer leakage events
68 ¢ % % 5 % o 20 20 50 0 700
g True Energy (GeV) True Energy (GeV) .

Resolution:25% improvement in both MC and Data

Energy(GeV)

linearity:Data shows notable improvement
Event (left) (x10%) 83 302 486 458 498 369 327 283 253

Data (-0.58% on average)
Percentage (%) 81 403 449 441 395 356 309 263 197

1 0,
Event (left) (x10%) 201 211 199 186 169 152 133 116 87 MC remains good(0.21% on average)

MC
Percentage (%) 50.4 52.7 49.8 46.5 42.3 38.0 33.4 29.2 22.1 — —
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Energy Resolution (96)

Improvement (%)

CNN Results

Resolution

' . DataFit 170+ 52571E 7INOF = 0691

CE)NN on Data

-------------- Yoo NG FH~ 1,90 + 4 BOE-y YNDF-= 0257

L

N CNN(Data)Fit: 0.82 + 42.40/fE 7 INDF < 0.004

Bata
----- 60%/|[E [GeV]

NN Fit 0065 s 36.381E ﬁzn'ND'F'E:" 0,014

CNN-on MG
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Error (96)
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True vs Pred _test

500
— Fit: y=0.954x+2101.1
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1* Resolution

MLP & CNN: ~25% improvement (both)
* Energy Linearity
MLP: notable improvement — 0.51% (avg)
CNN: limited improvement — 0.96% (avg)
* vs. MLP

CNN: no clear advantage on AHCAL yet

16



_ = M
o W O

Resalution (%)
S

AR |
(=]

n A

o

o N W
aBHEHE53

Improvement (%)

@RLE XL T EX
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Resolution Linearity 0 Gev
— = = 100 [ Me
- ParticleNet: 3389% g 1,982, 18 ¢ 1 7000 1 =
E | n.“ CNN: 3?;{%1% ® 2.34%, E ;3; 80: : 6000 | —— ParticleNet
C B .37.52% " 1= B 5
E MLP: 3252% 6 2 g0q, 15 of ] -
- me: 3208% 5 6,712 13 [ MC ]
_ 5 ] - MLP . 2 4000 |
- k ™ B 60%{E [GeV] ] 401 : Sl . g 4000
- \‘\ ''''''' . B —=— ParticleNet 3000 A
- ........................................ — 20_ ]
C . Tmmees T ] - . 2000
5 = 0
- D | | T ]
- 1 8af —— MLP ] o
= - 0O F —— CNN 3 25000 30000 35000 40000 45000 50000 55000
i _/-/' 1 2; —=— ParticleNat Energy [MeV]
et B E * Resolution
3 e ] o -
3 s ] MLP & CNN: both ~25% improvement (avg)
E e A 3 E ! I ! ! ! ]
- e 0 20 40 60 80 100 : ) o/ ;
; % m - = T True Energy (GeV) ParticleNet: 33.4% improvement (avg) — best

True Energy (GeV)

Energy Linearity
MLP: 0.88% (avg)
B CNN: 1.28% (avg) — limited
ParticleNet: 0.29% (avg, all within £1%)

* training sample

* source. pion

range. 1-120GeV

Event: train = 70.3e4 * MLP: solid, stable performance
* CNN: no clear advantage over MLP on MC
test =12.4e4
* ParticleNet clearly outperforms MiP & CNN
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Energy Resolution (%)

Improvement (%)

Results on Data
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* Data are slightly inferior to MC (0.83% on average)

* Resolution

MLP & CNN:both ~25% improvement (avg)

* Energy Linearity
MLP: 0.64% (avg)

CNN: 1.11% (avg) — limited
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Normalized Events
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