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Motivation

High-precision energy measurements is essential for W/H/Z

studies in future Higgs factory
Benchmark: 3% Jet energy resolution

A major option: Particle Flow Algorithm (PFA) + PFA-oriented

detector system

* PFA: Ejet = Etracker + Eecar + Encat
« High granularity calorimeter (imaging):
« SIW-ECAL + AHCAL
Egcar + Eycar, as part of PFA & intrinsic performance of calorimeter

tracker ECAL HCAL

. Hardware P~
ﬁ ‘y
hO
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= Detector

#. Layers Length Cell size Active material  Absorber Type
SIW-ECAL 30in20cm ~14; 0.5x0.5cm? Silicon Tungsten  Non-Compensating
AHCAL 48in1m ~ 5/, 3x3 cm? Scintillator Steel Non-Compensating

Detector introduction:

« Configuration: details in table; Energy e nl
resolution of hadron < 60%/ VE C e
- Different response for electro-
magnetic/hadronic shower, degrade R
energy measurement precision
How to improve the energy ' l
reconstruction performance?



Total energy deposition E— z gECAL z pHCAL

hit
all_hits all_hits
Pandora PFA (PFO) Use standard Pandora PFA reconstruction, choose the PFO with largest

energy, ignore other PFOs

(Vis) hit

e fomr " e et B G P
(Individual-SC)
Evee = Baep = 7 oot royn Edew = 1+fe1:{eh/h—1) ' Eaep (Global-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 /V/E)

t =t + rng.normal(0, sigma)
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Total energy deposition E— z gECAL z pHCAL

hit
all_hits all_hits
Pandora PFA (PFO) Use standard Pandora PFA reconstruction, choose the PFO with largest
energy, ignore other PFOs

_ . — e . — e/h . ;
Erec om Edep B feme+(1—fem)-h Edep B 1+fem(e/h-1) Edep (GIObaI SC)

(Vis) hit

Software Compen

(truth fem)
Erec = Egcar + 17057 Encas (Individual-SC)
CNN(ML w/o time) (E, x, y, 2)
CNN (ML w time) (E, T, x,y, z) Moments Absolute time
Bins sigma = Max(0.04, 0.10 /\E)

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

CSl | XIN XIA 2026/3/12 6



Particle Pi+/e-/ k- inILD ECAL + AHCAL system
(ILD_I5 o1 v02)
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-

CSl | XIN XIA 2026/3/12 14
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A

Dual-branch ECAL-+HCAL 3D-CNN (schematic)

CNN

A

A

Fusion MLP:

L FC-ReLU-FC-ReLU

concat (z,zg|

Y

Y

L Output head: E

pred  Or logk J

CSI | XIN XIA

(ML w/o time)
SiW-ECAL voxels | [ AHCAL voxels Input (E, x, y, 2)
XecaL Xncaw information
(C xnz xny x n:) ) L (C x nl x ny, x nl)
v ¥ Ch Ch
ECAL branch HCAL branch Channels [ O’ 1]
Conv3D (3x3x3) x 3 + ReLU Conv3D (3x3x3) x 3 + ReLU
— FreaL ) L — FucaL
.2
( Alignment E
trilinear interpolate Ch 0 — Voxel
_ FucaL = F HCAL E
hy = voxel
>e< C = E—
total
A4
( Concat [FECALﬁFHE‘JAL] + Energy features vmax- Voxel
shared Conv3D + ReLU log(1l + EgcaL, 1 + EucaL) Wlth max
Global AvgPool + Flatten — z FC + ReLU — zg energy

Etota].: total
energy in Cal

sigma = Max(0.04, 0.10 VE), t = t + rng.normal(0, sigma)
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CNN

(ML w. time)

(E, T, x,y, 2)
Moments

[chg, chq, Tmean, Trms]

T _ Zicvoxel Eiti
mean = ¥ [Ei+ €

icvoxe
Trms

2
Zievoxel E;t;
1Ei +€

2
5 Tmean + €
icvoxe

Absolute time,

Bins

[chg,chq,ch2,ch3,ch4]

E
chy = early1
Ebyoxel

chg = . mid 1
Eyoxel

chy = . late 1
voxel

Eearly: t < to,

Emld to <t< t1,

Elate: t > tl




Counts

Counts

Distribution of predicted pion energy
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0=0.22+0.01 — Gaussian fit
10001  x?/ndf=4.15
800 A
600 A
400 A
200 A
0- T T T T
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Predicted Energy (GeV)
E =50 GeV
- I Prediction
2000 4 1=50.09+0.05 . .
0=2.83%+0.05 — Gaussian fit
Xx?/ndf=1.96
1750 A
1500 A
1250 A
1000 A
750 A
500 A
250 A
0 T T T
0 20 40 60 80 100

e e 1

Predicted Energy (GeV)

Il\ll‘ 7 w17 1

Counts

Counts

E =5 GeV

[ Prediction
— Gaussian fit

Metric: Gaussian fit
+1.50

10.0 12.5
Predicted Energy (GeV)

E =100 GeV

I Prediction
— Gaussian fit

| w=5.00%0
14001 5-0.74=0
x2/ndf=1,
1200 -
1000 -
800
600
400
200 -
0 |
2.5 5.0 7.5
1u=100.42+0.04
2000 0=4.28+0.05
x2/ndf=0.88
1500 -
1000 -
500
01— , , ;
0 20 40 60

160

80 100
Predicted Energy (GeV)

120 140

o NS Somm ] S ] N

E =10 GeV

1600 A

1400 -

1200 +

1000 ~

800 A

Counts

600 1

400 -

200 A

14=10.03+0.02
0=1.10+0.03
x2/ndf=1.06

5 10

I Prediction
— Gaussian fit

15 20
Predicted Energy (GeV)

25 30

E = 150 GeV

1750 -

1500 +

1250 4

1000 +

Counts

750 A

500 A

250 1

u=150.33%+0.12
0=5.78+0.17
x?/ndf=1.68

[ Prediction
= Gaussian fit

25 50

175

75 100 125
Predicted Energy (GeV)

150

10



* CNN energy regression improves systematically

 Linearity within 2%; Resolution: 20% - 50% improvement
* No big difference between w. or w/o time. Linearity
Method a “ b chi2/ndf
200 e ] 1 B¢ T T e T et Vis 1.0277 + 0.0006 | -0.751 + 0.013 13.49
+ PFO sob " + PFO |} bins_perfect PFO 1.0280 = 0.0005 | -0.283 * 0.015 56.63
150 [ t Individual-SC -, t Individual-SC || § bins_digi100 HCAL-SC 1.0982 + 0.0006 | -0.737 + 0.014 5.69
i Global-5C 25 Fgrnerabreneemo P Global-5C t moments_perfect | ] Global-SC 1.1469 + 0.0006 | -0.199 + 0.014 5.76
_ ! : : : : : | : L : t  moments_digi100 | no_time 1.0216 = 0.0005 | -0.332 + 0.013 5.68
E 100 frovii RIS S S— POICC Ch R— S— ] 5\ t CNN_BEST bins_perfect | 1.0108 * 0.0005 | -0.175 * 0.010 3.71
= [ : : : : : : ] - : bins_digi100 1.0100 = 0.0005 | -0.219 + 0.012 10.26
8 ’ : : moments_perfect | 1.0231 = 0.0006 -0.409 = 0.010 2.51
Lj BT b . moments_digi100 | 1.0141 = 0.0005 | -0.269 = 0.012 8.48
\ ] R R Y S CNN_BEST 1.0031 + 0.0004 | -0.066 + 0.011 18.04
t bins_perfect 1 * e g
{ bins_digi100 . s ; : .
[ t moments_perfect | ] ' " H ReSOI ut' on
i : : : : t moments_digi100 | { i Method 3 C chi2/ndf
Y0 ) PR S S S S t CNN_BEST ok i i i A AP SRR P B Vis 45.64 = 0.54% 8.81 = 0.06% 0.89
0 200 40 60 80 100 120 140 16C 0 20 40 60 80 100 120 140 160 550 2597 £056% | 610 £ 0.07% 37,00
Resolution relative to base (negative = better) HCAL-SC 52.57 + 0.58% 8.48 + 0.07% 3.15
: Ve T T T T Global-SC 52.51+0.49% | 7.41*0.06% 3.99
: T 20 brydn §~r--e~-'5:§0the§r:me;thods-‘:-grgs-:ms no_time 4022 = 054% | 4.07 =0.11% 7.99
. § I 1] 2 3 YRS SO YO v oo e sy Sy Sy Se——" bins_perfect 40.33 £ 0.47% | 3.90 = 0.10% 5.64
S0 35 SRS S N S S i W€ Spik..... e bins_digi100 38.97 +0.56% | 3.94 =0.10% 4.20
F : ; 2 —40 ,2 ,,,,,, : ______ Y ’ ____________ i P oo ] moments_perfect | 37.32 £ 0.37% 3.91 £ 0.11% 3.54
] : 2 SRR H f f : 1.1 [moments digil00 | 39.14 £0.44% | 379 =0.10% 3.59
; i ; : = m60 """"""" """"""" E P """""" ] CNN_BEST 34.11 + 0.40% 2.67 + 0.09% 2.10
%0 20 40 60 80 100 120 140 16¢ 0 20 40 60 80 100 120 140 160

EBmm [GeV]
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Loss function

Optimization objective: relative error [ t Vis { no_time
ey S t...| t PFO | ¢ bins_perfect |
L £ |t Individual-SC [| } bins_digi100 CNN Base
! : : ' Global-5C t moments_perfect
25 » S e e { moments digi100 |
\‘ t CNN_BEST

1 E, — E;
Lhuber = ﬁ E Huber( E. )
- i
i

1
Erz, Ir] < &

where Huber(r) is defined as Huber(r) = 1
S(|r| — ES), Ir| > 6

. ) ) 0 20 40 60 80 100 120 140 160
E;: predicted energy value of 1 _th sample _ _ _
- Resolution relative to base (negative = better)

E;: true energy value of i_th sample

By true e SRR
* = 20 [Fogeeereenes TRRBRR ST UYL SRS SRR SRS 3
S oRdaebodenin PR A S S -
< = L SO S S S S :
CNN Best: E; = max (Eqpye, 1.0) 72 MW ; S 2 ;
. . S - 9 ...... FCOTCITE-TUINY TTTTETIPTIIETSIEN STEIPTPIET '. ............. T T T T TT T I -
CNN Base: E; = max(Egrye, 0.2) D04 SN S L S S S 1]
—-80 F 1 1 1 1 i

0 20 40 60 80 100 120 140 160
EB(am [GeV]

CSl | XIN XIA 2026/3/12 12



< Erneo > [GeV]

[| ¢ Vis :
{ PFO
Individual-SC R A e -
Global-SC : Y 4
- - L e
R

teeseserernesdentarsesasasaloeserarnrnasarfiorsesasarsisefeserninenass

&/ E (%]

bins_perfect
bins_digi100
moments_perfect

moments_digil00 ]

« 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

100 120 140

TS DS S R . AR DA _
E g b b b e ERTTOOT SRR SRS E
B S N

SR S S ]

BT T T T T A

(res — base) /base [%]

———rr-——T—Tr—T—r1Tr—TrT7TT—T7
i : : t Vis t no_time H H
:— ------------- -------------- ------- t PFO 'R bin_s_perfect - Llnea"ty
L : : Individual-SC i igi 1
S - T ¢ o : :’;’;::i'sl(;(;rfect ] Method a b chi2/ndf
: : : - - i moments_digiloo ] Vis 1.0212 £ 0.0001 | -0.121 *= 0.004 59.69
............................................. _ - 1 PFO 1.0186 = 0.0001 | -0.027 = 0.004 0.83
K 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_digil00 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
Resolution
40 60 80 100 120 140 160
Method S C chi2/ndf
Resolution relative to base (negative = better) Vis 18.20 = 0.12% 1.29 = 0.02% 778
: T T LI B T T PFO 17.29 £ 0.12% 1.39 = 0.02% 3.20
o R G s S ] HCAL-SC 18.17 £ 0.12% 1.30 = 0.02% 7.38
I TN ION ORI IR | I AR S 3 Global-SC 18.19 £ 0.12% 1.32 = 0.02% 8.36
SN SO O T S S— — | S— . pd no_time 2218 = 0.29% | 2.08 = 0.06% 72.94
........................... ’.’..- bins_perfect 16.98 = 0.30% 2.68 £ 0.05% 41.30
..................... = mimim bins_digil00 18.69 £ 0.27% 2.41 = 0.05% 10.40
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, TS SO OO OR RO UOUUUE SOUUOTSTRPO SOPRRRRE: moments_perfect | 25.36 = 0.16% -0.00 = 63.70% 13.96
i ; i i ; ] moments_digil00 | 25.55 = 0.25% 1.30 = 0.08% 37.22
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< Ereo > [GeV]

> —fit)/ E [%]

« CNN model(trained by pion samples) performs well on kaon- samples.
+ Linearity within 2%; Resolution: 20% - 40% improvement.
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100

120

140

160

Linearity

Method a b chi2/ndf

Vis 1.0119 + 0.0004 | -0.811 + 0.009 62.72

PFO 1.0296 = 0.0003 | -0.625 = 0.011 193.33
HCAL-SC 1.0862 = 0.0004 | -0.866 + 0.010 24.51
Global-SC 1.1433 = 0.0004 | -0.345 * 0.010 1.70
no_time 1.0174 + 0.0005 | -0.259 + 0.008 5.59
bins_perfect 1.0090 + 0.0003 | -0.104 + 0.007 6.37
bins_digi100 1.0093 = 0.0002 | -0.241 * 0.008 24.66
moments_perfect | 1.0216 = 0.0005 | -0.325 x 0.013 5.05
moments_digil00 | 1.0121 + 0.0003 | -0.193 + 0.010 16.18

Resolution
Method S C chi2/ndf

Vis 48.76 = 0.39% 7.54 = 0.05% 5.53

PFO 51.96 = 0.42% 5.92 = 0.06% 47.19
HCAL-SC 53.42 £ 0.42% 7.61 = 0.05% 3.72
Global-SC 51.73 £ 0.35% 6.81 = 0.05% 5.73
no_time 42.18 + 0.37% 3.76 £ 0.12% 10.47
bins_perfect 41.10 = 0.34% 3.88 = 0.07% 7.94
bins_digi100 39.11 £ 0.31% 3.83 = 0.04% 13.25
moments_perfect | 39.13 = 0.54% 3.82 = 0.10% 4.06
moments_digil00 | 41.75 = 0.41% 3.55 = 0.08% 8.40
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= ! Effects of Time

Time helps with generalization and convergence stability, but it is not revolutionary.

013 geo 5.0 200.0 30.0_1200.0__time_no_time geo 5.0 200.0_30.0_1200.0__time_bins
‘ — train — train
— al 0.12 - m— ey
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0.11 -
0.11 -
0.10 -
0.10 -
v 0
§ g 0.09 |
0.09 A
0.08 -
0.08 -
0.07 -
0.07 -
0.06 -

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5
Epoch
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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 2026/3/12 17



Thanks!
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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.

Method

S

C

chi2/ndf

CNN Seed 0

35.99 = 0.51%

4.65 = 0.10%
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CNN Seed 1
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Method

S

C

chi2/ndf

Seed 0
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6.68 = 0.03%
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Seed 1
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6.83 + 0.03%

176.54
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Seed 3
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: 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.

CSl | XIN XIA 2026/3/12 22



$ CNN Seed 0 tl
¥ CNNSeedl| :
20 Fd i, t CNNSeed 2 | i ]
[ {‘ : 5 CNN Seed 3
[ $ i : t CNN Seed 4
[ T, : : - -
_ 15 -...‘i‘i ..... - TPUPETIN. SORPRPTRTOES RTINS TIPS SRV HRTTONe. S
2R
X L ew
Py L vWi
& 10 e e N - TPOIRTINN TTNINS SOOI VPRI TNPTTS SO
L TS
[ : R : fre ]
5 Fed, ”é“’ga&s:le;o-
N S I B A S N
20 40 60 80 100 120 140 160

30 [ T T T T T T T T T T
% 20 -r[i ...... .............. , ........................................................................
_i 10 - + ..... ’ ...... * ....... ....... 1 ....... ............................. i .............. 4 ...........................
[ S T] --------- T S R 5
‘ - : : :
E =10 - ............. Searernenesares O . N .........................................
_20' — .zlo. " .410. 2 .610. M .8|0. M .l(l)o. . .150. 2 .1;40. M .160

EBuzm [GeV]

CSI | XIN XIA

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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/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.
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For the traditional methods:

 PFO shows the best performance,

improves ~20%

« HCAL-Only SC has no improvement, and

even worse at lower energies.

* Global SC improves ~10%
 Why HCAL-Only SC worse? Global SC

better?
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My Guess - Disrupt the correlation

Eyis = Egcar + Excal f EM in ECAL
em ECAL —
* Egc =Egcar * W(fem)Encat Egcal
ECAL '
* Epcar = epcaLEis™+ hgcarEnqq s f _EMinHCAL
em HCAL EHCAL
HCAL
* Encar = encarERA + hycarEned
EHCAL 1 pECAL | f _ Jemkcar * EgcaL + fem ncar * Egcat
¢ em y Lem em _global —
9 Egcar + Egcat
* Var(Egcar + Eqcar) =Var(Egcar) +Var(WEyca) + 2Cov(Egcar, WEycar)
5 GeV Pions Correlation: -0.54 100 GeV Pions Correlation: -0.75

102
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10!
10t

Counts
Counts
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5 83

10°
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My Guess - Disrupt the correlation

Eyis = EgcaL t EncaL _ EM in ECAL

* Esc = Egcar + W(fem)EncaL fem gcar = Egcar
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Why Global-SC better but not so good?
e f,, T,AE > O,ﬁi 1

« But weak correlation & energy leakage

100 GeV Pions Correlation: 0.37 Pions 100 GeV Correlation: -0.44
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