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% 4 Dataset

Particle Pi+ /e-/ k- in ILD ECAL + AHCAL system
ILD/compact/ILD_I5_01_v02/ILD_I5_01_v02.xml
Train set 0.2 GeV to 200 GeV (1000 events / 1000 uniform
energy points ); only pi+
Test set 1,2,3,4,5,6,7,8,9,10,11,12, 13,14,15,

20,30,40,50,80,100,120,150 GeV
10000 events / energy; pi+ / e- / k-
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Total energy deposition E = Z EECAL 4 Z EHCAL

all_hits all_hits
Pandora PFA (PFO) Use standard Pandora PFA reconstruction, choose the PFO with largest energy,
ignore other PFOs
Software Compen _ e, _ g . _ 210 : _
(truth fem)p Erec = - Edep " feme+(1—fem)h Edep  1+fem(e/h-1) Edep (GIObaI SC)
_ (e/h)scaL i (e/MHcAL . . )
Brec = 1+fem_gcar((e/MecaL—1) Becar + 1+fem HcaL((e/M)HcaL—1) Encay (Individual-SC)
CNN(ML w/o time) (E, x,y, 2)
CNN (ML w time) (E, T, x,Y, 2) Moments Absolute time
Bins sigma = Max(0.04, 0.10 /vVE)

t =t + rng.normal(0, sigma)

CSl | XIN XIA 2026/3/6 3
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CNN Model

Dual-branch ECAL + HCAL 3D-CNN (schematic) CNN CNN
SiW-ECAL voxels ( AHCAL voxels (ML WIO tlme) (ML W. tlme)
XecaL XHeaL Input (E, X, y, Z) (E, T, X, y, Z)
(C xng X ny X nz) {(C xny x f, X ni) information M t B.
oments Ins
ECAL branch ' ( HCAL branch
ConvaD (3x3x3) x 3 + ReLU ConvaD (3x3x3) x 3 4 ReLU Channels [Cho, Chl] [Cho, Chl, Tmean, Trms] [ChO,Chl,Chz,Ch3,0h4]
— FeeaL ) L — l'fu(u\L
Alignment
trilinear interpolate
o > THear chn — _Voxel T _ Zievoxel Eiti cho — Eearly
>+e I 0 Vmax ’ mean — Z E.+¢€ 2~ E l1
s ievoxel ™1 yoxe
: . chh=——— T mid
Concat [Feear. Fuearn] ' Energy features | E rms Ch3 = —
total E 1
shared Conv3D + ReLU log(1 + Egcar. 1 + Eycar) Z Etz voxe
\ _ ievoxe] ~t"i 2 Elate
Global AvgPool + Flatten — z FC + ReLU —» 2g = -T + € ch, = fate
Z lE i + € L 4 E l’
ievoxe voxe
Fusion MLP: concat [z, zg] E t<t
FC-ReLU-FC-ReLU ) early 0
| Emld to <t< t1,
Output head: Eyeed or\lbgk ‘ Elate t = tl
Absol im
Figure 1: Architecture schematic with parallel feature extraction (ECAL /HCAL) . bsolute t ©, .
sigma = Max(0.04, 0.10 /VE), t = t + rng.normal(0, sigma)

and parallel heads for spatial features z and global-energy features zg, fused for

regression.
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* CNN energy regression improves systematically (linearity: 2%; Resolution:20% - 50%). y1 — |

* No big difference between w. or w/o time.
« CNN_Best (L1) is the best performance | have achieved.
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(res — base) /base [%]

— T = f
SmoothLl(z) = ¢ ' | d
35 : x| — 3, |zl = 8
: t Vis { no_time
30 e, t PFO | t bins_perfect E Method a b chi2/ndf
[ 4 b Individual-SC| | § bins_digi100 ; Vis 1.0277 + 0.0006 | -0.751 * 0.013 13.49
PrY T N L obaes ]+ moments perfect | ] PFO 1.0280 = 0.0005 | -0.283 = 0.015 56.63
3 1 ?ﬁ;‘“‘;’g;d'g'loo 1 HCAL-SC 1.0982 = 0.0006 | -0.737 = 0.014 5.60
: = : Global-SC 1.1469 + 0.0006 | -0.199 + 0.014 5.76
' no_time 1.0216 + 0.0005 | -0.332 + 0.013 5.68
bins_perfect | 1.0108 + 0.0005 | -0.175 * 0.010 3.71
bins_digil00 | 1.0100 = 0.0005 | -0.219 + 0.012 10.26
STRPRPIPIE. SV moments_perfect | 1.0231 = 0.0006 -0.409 = 0.010 2.51
ilplel b moments_digi100 | 1.0141 + 0.0005 | -0.269 + 0.012 8.48
CNN_BEST 1.0031 + 0.0004 | -0.066 + 0.011 18.04
Method S C chi2/ndf
Vis 4564 + 0.54% | 8.81 = 0.06% 0.89
20 ' : . o PFO 4922 +056% | 6.10=0.07% 17.09
3 : : HCAL-SC 52.57 + 0.58% | 8.48+0.07% 3.15
20 P g T g gy 3 Global-SC 52.51 +0.49% | 7.41+0.06% 3.99
O frmmirims i e e no_time 40.22 + 0.54% | 4.07 =0.11% 7.99
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L e B s LAY S T TR SO ! ..... J moments_perfect | 37.32 = 0.37% 3.91 £ 0.11% 3.54
i a1 [moments digilo0 | 39.14 = 0.44% 3.79 = 0.10% 3.59
80 100 120 140 160 CNN_BEST 34.11 = 0.40% | 2.67 = 0.09% 2.10

El?(um [GeV]
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Loss function

35 r r — 1]
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h

CNN Best & Test: E; = min(E¢rye, 1.0)
Moments_perfect: E; = min(E¢rye, 0.2)
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' Loss function curve
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« CNN model(trained by pion samples) doesn’t perform well on electron samples.
« Dedicated compensation for hadronic showers, hadron-specific physics correction
« QOver-compensation for electrons

moments_perfect |

Global-SC
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1 i 1

Method a b chi2/ndf

Vis 1.0212 = 0.0001 | -0.121 + 0.004 59.69

PFO 1.0186 = 0.0001 | -0.027 + 0.004 0.83
HCAL-SC 1.0212 = 0.0001 | -0.121 + 0.004 58.99
Global-SC 1.0219 = 0.0001 | -0.122 + 0.004 58.43
no_time 0.9998 + 0.0003 0.175 + 0.006 627.27
bins_perfect 0.9599 + 0.0003 0.208 = 0.006 714.82
bins_digi100 0.9902 + 0.0002 0.070 = 0.006 950.27
moments_perfect | 1.0074 = 0.0002 | -0.488 + 0.008 415.91
moments_digil00 | 1.0037 = 0.0002 0.146 = 0.007 866.51

Method S C chi2/ndf

Vis 18.20 = 0.12% 1.29 + 0.02% 7.78

PFO 17.29 = 0.12% 1.39 £ 0.02% 3.20
HCAL-SC 18.17 = 0.12% 1.30 £ 0.02% 7.38
Global-SC 18.19 = 0.12% 1.32 £ 0.02% 8.36
no_time 22.18 £ 0.29% 2.08 = 0.06% 72.94
bins_perfect 16.98 + 0.30% 2.68 = 0.05% 41.30
bins_digi100 18.69 = 0.27% 2.41 = 0.05% 10.40
moments_perfect | 25.36 = 0.16% -0.00 £ 63.70% 13.96
moments_digil00 | 25.55 = 0.25% 1.30 £ 0.08% 37.22
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< Ereo > [GeV]
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« CNN model(trained by pion samples) performs well on kaon- samples.

« But a bit worse compared with working on pi+ samples.

Relative Deviation
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Method

S

C

chi2/ndf

CNN Seed O

35.99 =+ 0.51%

4.65 = 0.10%

4.02

CNN Seed 1

42.92 = 0.60%

3.72 £ 0.13%

5.84

CNN Seed 2

40.51 = 0.69%

4.40 = 0.11%

9.89

CNN Seed 3

44.32 = 0.62%

4.05 = 0.11%

3.30

CNN Seed 4

42.22 = 0.53%

3.94 = 0.14%

4.81
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Counts

One reason: gauss

Counts

CSI | XIN XIA
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One reason: gaussian

is not the perfect function for energy distribution.
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b @

: 4 Seeds Problems

 The model only predict the energy for each event. And then
get the energy distribution for each energy point. Then
choose different way to get the sigma/mean value. Then

use % = \/%69 C to fit the whole energy range. Each step
introduces differences, which are reflected in S and C.
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/2 Seeds Problems

! @ s X
/ > _,,.
), s
b @

The information of low energy is less than high energy,

model can get several solutions from the less information, it’s
hard to converge to only one solution.

Use different seeds, the first few batches determine which
solution the model will choose.

CSl | XIN XIA 2026/3/6
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« The CNN significantly reduces the stochastic (S) and constant (C) terms for T,

which essentially corresponds to an implicit software compensation.
« EM sub-shower information generated by 1°
 Differences in shower topology
« Differences in the temporal structure of hadronic vs EM
« The performance degradation observed for e~ demonstrates that the model has
learned hadronic physics rather than simply performing a trivial fit.

« Timing information looks not very helpful, maybe need further optimization

CSl | XIN XIA 2026/3/6 16



Thanks!
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Injection position
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p|+ at 1 GeV p|+ at 1 GeV p|+ at 1 GeV p|+ at 1 GeV
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PioE (GeV)

FEM Total vs PioE for Pions at 10 GeV
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