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pASE: Jet Energy Resolution

Laboratoire de Physique
des 2 Infinis

Final state contains high energetic jets from e.g. Z,W decays
Need to reconstruct the jet energy to the utmost precision !
Goal is around dEjet/Ejet- 3-4% ( €.g. 2x better than ALEPH)

Tracker and Calorimeter Resolution in Absohute Scale Jet energy Carried by
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« Charged particles (e*, h*,u*): 65%
Most precise measurement by Tracker
Up to 100 GeV

« Photons: 25%
Measurement by Electromagnetic
Calorimeter (ECAL)
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« Neutral Hadrons: 10%
Measurement by Hadronic
Calorimeter (HCAL) and ECAL
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Cu Confusion Term

Iréne Joliot-Curie
Laboratoire de Physique
des 2 Infinis

« Base measurement as much as possible on measurement of charged particles
In tracking devices
« Separate of signals by charged and neutral particles in calorimeter

« Complicated topology
by (hadronic) showers

Charged ;'
Hadrons

* Overlap between showers
compromises correct
assignment of calo hits

= Confusion Term
_._._«:_ “-hHadro‘n i SP Need to minimize the confusion
o B SR term as much as possible !!!

References for development of PFA concept and first comparisons between LEP results and prospects at TESLA/ILC:

J.C. Brient and H.Videau, arXiv:hep-ex/0202004 [hep-eX].
V.L. Morgunov, Proceedings, 10th International Conference, CALOR 2002, Pasadena, USA, March 25-29, 2002, pp. 70--84.

Roman Pdschl CALOR 2026 - June 2026 3



W Co Event Reconstruction

Iréne Joliot-Curie
Laboratoire de Physique
des 2 Infinis

Shower xy profile, t= 1 [ns]
ECAL HCAL
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Y. Padniuk, Master student
Technical University of Kiyv

Optimisation of Particle Flow Algorithms with help of Machine Learning Techniques

Can precise timing help for particle flow?

Need find answers now since a visible improvement would trigger intensive R&D
 ANR-DFG project CALOSD
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h ASED ILD concept and highly granular calorimeters

Laboratoire de Physique
finis

o ILD are particle flow detectors
« Implies goal to measure every particle of hadronic final state
« Key components for PFA are highly granular calorimeters

/ « Calorimeter options in ILD
« Silicon-Tungsten Ecal

. 26-30/40 layers
|| « Cell size 5.5x5.5mm?, layer depth 0.6-1.6 Xo
DA *
48/44 layers

Scintillating tiles: 30x30mm?, layer depth 0.11A
2 znnli‘ ’illllli | ¢

Absorber stainless steel
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")Clob

Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis

SIW ECAL Optimisation Study

Ultraflexible Geometry

PCB

« 5

1.70 mm

Cathode 2
0.10mm

Glue 2
0.10 mm

Si sensors
1x1x075mm?
Glue 1

~ 0.10mm

Cathode 1
0.10mm

Carbon Fiber
1.50mm

Tungsten
0.70 mm
JJ
2 J
; « 200x 200Mmm*~ - )’
120 layers

Multi Layer Percepton

Samples

* Train & Validate samples

[ ]

uniformed energy ranging: 0-70 GeV

1M for training, 0.2M for validate

* Test samples

Discrete energy: 0.1,0.25,.....60 GeV

Input Features: 152

E; and N; from each layer
Esum and Nsum

Ei/Esum rNi/Nsum and Ei/Ni

Model Setup

*

Activation function:
PReLU(Parametric Recitified
Linear Unit)

Loss function: Huber

Layers: [256,128,64]
Learning rate: warm up + cos
Batch size:4096

Epochs: 100+ early
stop(patience=10)

Photons between 0-70 GeV (0-60 GeV)

for training (testing)

Yukun Shi, Vincent Boudry: 2604.27853

Roman Pdschl
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Rel. Res. Avg. (RRA.)[%]

RRA. per layer[%]

Sampling Layers


https://arxiv.org/abs/2604.27853

WCub Jet Energy Resolution

Laboratoire de Physique
des 2 Infinis

, _ 2 2 2 2
Ojet = \/O-track + Oelm. + Y had. + O con fusion
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®)Cu m° Reconstruction

Laboratoire de Physique
des 2 Infinis

« Neutral pions are reconstructed through m° —vy.
« The reconstructed 1° direction and energy depend directly on the two photon directions.

. In a m° kinematic fit,

M?n0 = 2Ey1 Ey2 (1—coS 612)

« Better photon position reconstruction =better 7° direction reconstruction.

15000 N 8. T

M., > 220 GeV — perfect R ¢ O 1 Kinematic fit
— 0.0 mrad =, 0.8

10000/ —0.2 mrad A & o kinematic i
| | —o0.5mrad 0.6p
1 1.0 mrad 0.4L
5000~ | 5.0 mrad B
A

0 —6.5 Cie related('Ic)o auon <o 0_:5 Operfect 00 02 05 1.0 50
peak region delta k <%'_T)5 0K arxiv:2603.12609 photon angle resolution [mrad]

« Precision timing calorimetry opens new opportunities
« E.g. combining the starting hit with the shower barycenter

Roman Pdschl CALOR 2026 - June 2026 8



W Cio m° Reconstruction - Strategy

Laboratoire de Physique
des 2 Infinis

Shower xy profile, t= 1 [ns]
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« Find the shower starting hit of an individual photon

« Select high-quality hits with geometric and timing-based selections.

« Parameterize the hit-angle resolution.

« Reconstruct the photon angular position with an hit angle resolution-based
weighted average.

« Optimize the hyperparameters for each method

« The study is optimised for a time resolution of 10 ps/cell

Hao Liang, Vincent Boudry, Henri Videau
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WCeb ¥ Reconstruction — Hit Weights

Laboratoire de Physique
des 2 Infinis

I-weight t-weight
10 10 ~
-e— (.05 GeV - (.05 GeV /
8_—9—1Gev 8_—0—1GeV J,' l
—e— 10 GeV | —e— 10 GeV .
= o |~ 40Gev | — | 40Gev | _Saludld
® 9 - -cg . « Determine hit-level angular distance oi
£ 4 - £ o of to the predicted shower axis
e o E; . % 2
2 - 2 - - . Alternatively: 9B, = 51'5 with = \/(Z E?F)/n
O | 1 I 1 0 1 1 1
L -100- 0100 - 2000300 gyild in each bin of x (with x = 1 or x = t)*
Projected distance | [mm] C (tops — tstart) [MM]
5=1/(O_62)/mand 6 = /(Y 6% ,)/n
| + E-weight t + E-weight (Z ! )/ b (Z E’Z)/
10 10 , .
—e— 0.05 Gevl 4 —e— 0.05 GeV ||,/ ca- _ _
g I~ 1cev 1 !/ o]~ 16ev ’ " . Parameterise: o = Va+bx and o = \/a + Bx
— —— 10 GeV / — —— 10 GeV %o
9 6_-o—4OGev f 2 o 2 2
= = . Build weight: w(z) = 1/05(x) and wg(z) = 1/05,(2)
E' 4 E' 4 - . Detailed weights in backup
D - arh'y f D -
O 1 1 1 O 1 1 1
—100 0 100 200 300 —100 0 100 200 300 *Exact definitions of | and t, see backup
Projected distance / [mm] C (tobs — tstart) [Mm]

Hao Liang, Vincent Boudry, Henri Videau
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WC m° Reconstruction — Photon Angular Resolution

Laboratoire de Physique
des 2 Infinis

Hao Liang, Vincent Boudry, Henri Videau

~@- [+ E (C =10 ps)

] . | =~ I+ E (time disabled)
Sl We'.ght 330 Starting hit (C = 10 ps)
20 - -1 4 t-weight 304 Starting hit (time disabled)
' ~A - |+ E-weight " ||~~~ Pandora
¥/« t+ E-weight 2
| -

— A — 0.21+0.91/(E+0.71
T 1.5 1K ( ) E
i N\
= <
G ©
\—/
b>~

0.0 ———r— T 3
1071 10° 10! S —0.2 1
Photon energy [GeV] S

10 10" 10

: : ) i Photon energy [GeV]
« Resolution improves monotonically with photon energy.

« Full weighting beats seed-only at higher energy; Pandora is worse, especially at low energy.

Roman Pdschl CALOR 2026 - June 2026 11



W Co m° Reconstruction — Kinematic Reconstruction

Laboratoire de Physique
des 2 Infinis

« 5 GeV 1% sample at 10 ps.

« Event preselection: two photons reaching the calorimeter; at least one reconstructed cluster per photon; leading
cluster for each photon kept.

« Kinematic fit with free parameters Ey1 and E,2, constrained by the nominal Tm° mass

—2
w/ kinfit 2.28 mrad w/ Kinfit JE 4.6%
1.0 - time disabled — 1.68 mrad time disabled ; — 36%
Ol wy kinfit — 1.68 mrad 2.0 4  w/kinfit : — 3.60
C=10ps ~ C=10ps 5 3.0%
O 1 w/Kkinfit w/ kinfit
E 0.8 true angle % T true angle
- § 157 . g0 cev
o 0.6 - —
o o
D 0.4 - -]
< <
0.2 - 0.5 -
0.0 —r—r——rrr—— 0.0
-3 ) -1 0 1 2 : T .
10 10 10 10 10 10 > 4 6
Xre [mrad] Ero [GeV]

« Timing clearly seems to improve pion reconstruction
« Work in progress and we work on the minimal requirements on time resolution,

. N.B.: at the moment 25 ps at cell level seems to be needed (see backup)
Roman Poschl CALOR 2026 - June 2026 Hao Liang, Vincent Boudry, Hemri Videau



WCub Jet Energy Resolution

Laboratoire de Physique
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o 2 2 2 2
Ojet = \/O-track + Oelm. + Y had. + Uconfusz’on
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WCLb Challenges in Hadronic Calorimetry

Laboratoire de Physique
finis

» Hadron showers contain:

- Electromagnetic(EM) components SRINS SIS T OEE IS e

full ILD ECAL + HCAL system
(T° — V.V) (realistic detector setup)
* Hadronic components

* The EM fraction fluctuates significantly
event by event

 However, Non-compensating calorimeters:
 Different response to EM and hadronic
components (e/h # 1)

» Therefore, large variations in detector AN N
response, which degraded the hadron Rttt

energy resolution

N

Xin Xia

Roman Pdschl CALOR 2026 - June 2026 14



¥)Cub Energy Reconstruction Methods

Laboratoire de Physique
des 2 Infinis

Sln_gle-pa_rtlcle Hits Digi & Reco Particle energy Performfmce
simulation reconstruction comparison

See backup See backup
Visible (baseline)
E= ) En
all_hits
CNN w/o time (E, x, y, 2)
CNN w. time (E, T, x,vy, z)

Xin Xla

Roman Pdschl CALOR 2026 - June 2026 15



W Cio Irregular Calorimeter Grid — CNN Input

Laboratoire de Physique
des 2 Infinis

CNN input requirements:
* Regular grid format

+ Operate within a fixed spatial window
However, Detector reality: calorimeter data

are irregular R R R e

 Discrete hits with non-uniform geometry B s

- Different granularity in ECAL and HCAL o RSNIIIER TS
Therefore, calorimeter hits need a structured

representation for CNN input S

+ Voxelization / - ‘ '

« Detalls on Voxelisation, see backup

Xin Xia

Roman Pdschl CALOR 2026 - June 2026 16



"’JCLab Voxel Information with Time

Laboratoire de Physique
des 2 Infinis

For CNN w. timing information:

ChO: E voxel/E voxelmax _
Spatial-energy structure
Ch1: Eyoxet/Etotai »  Where and how much energy is
Voxel .
deposited
Ch2: nyoxel/Myoxelmax
—

Ch3: E car1y/Evoxel

Spatial-time-category structure
 How the energy is distributed in time
Ch5: E1g10/E vosel * Use perfect time for upper-bound study

Ch4: E mid/ Evoxel

Xin Xla

Roman Pdschl CALOR 2026 - June 2026 17



"’JCL&b Dual Branch CNN Model

Laboratoire de Physique
finis

(@ Calorimeter-aware design, balance and exploit the complementary information
from the two calorimeters.

ECAL Shared
Conv3D x3 shared Conv3D pool fusion linear
e 1 A1
. — N . Iw_,
A » - — | &
- e g
s —
HCAL ¢ [2, 2L, 2]
Conv3D x3 [ |—> —
A1 A e
mean over (z,z)
— ConvlD
MLP
E;: true energy
p i~ —> — = .
E;: predicted energy
———————————————— Y L) NNy |t AU — 1

: Inputs: |
| * Voxelized shower images from ECAL and HCAL
I« Global features: Eqep, Nyits

|

I Optimization objective:
I e Loss=0.57r2
E,—E, E; <0.7 GeV

« Detalls on training, see backup o
L, Xin Xia
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®)Cub Energy distributions of "

Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis

* CNN significantly outperforms visible-energy baseline
In both linearity and resolution.
(40% - 60% iImprovement in resolution)
* The dominant gain comes from
the spatial-energy shower structure. 5 B SEoC _
* Timing only provides a modest additional 0.4 Method | ST%I T CI%] [x2ndf )’

' -ti [ Visible [47.9£03/7.6x0.1 1.6
improvement over the no-time CNN. 0.3k N e e e

CNNw.T [31.8+x0.2 27x0.1| 1.9

[%]

Etrue
(.
==
o
w
li
|

Hreco — Etrue

MaxPFO |555%0.3/3.7x0.1| 21.4
Potentially Learned features: 02 '
« ECAL/HCAL energy sharing
* "Local density and topology .
« Shower start and depth « Leakage tendency Oggé -------------------------------
* Longitudinal spread ¢ Electromagnetic vs non- S 40 g t AR
electromagnetic mixture T 0 7-//b\ . . . -3
« prompt / main / late spatial-time patterns (only for CNN g :ﬁ%;
w. time information) ~%00""20 T30 60 80 100 120 140 160

Etrue [GeV]
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®Cu Energy distributions of r* - CNN vs. Baseline

Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis

« Metric: Gaussian fit to the reconstructed energy distribution

 CNN shows better performance:
* mean closer to E; Smaller width; reduce fails

1200 [ 1200 — ———r 1200
[ 7 | Fune = 2.00 GeV : [ o |Ft __500Gev ] [ 7 | Bunue = 10.00 GeV ]
 2GeV v g { ol 10 GeV
1000 } p=1. 65 GeV, 0=0.56 GeV 1000 —— y.=4.43 GeV, ¢=1.04 GeV g 1000 | 1=9. 42 GeV, 0=1.55 GeV
[ CNN w/o time: [ CNN w/o time: S ] [ CNN wjo time:
[ / — u=2.06 GeV, 0=0.43 GeV | [ — ,4=5.01GeV, 0=0.73 Ge¥f" | I 1=9.84 GeV, 0=1.06 GeV |
800 CNN w. time: . 800 - CNN w, time: 800 CNN w. time: 7
0 i 1=2.00 GeV, 7=0.44 GeV | (5 [~ ,=4.99 GeV, 7=0.74 G 10 [ 1#=9.90 GeV, r=1.07 GeV ]
£ [ ] £ [ - 1 £ [
S 600} S 600t 1> 600f
Q I o F 1io0 L
o I O [ 19 I
400 | 400 b 400 |
.. 200 200f 200 |
| | L L
Blue: visible - |
............ O 0 rf i L L L i 1 L L L 1 i S

. . olezzs 1 2 3 4 ] .~ v 1 . i
Green: CNN w/o time Energy [GeV] _Energy [GeV] Energy [GeV]

1600 —b4m—o—o—/—+—+—¥—+—r—+rrr+——+rrrrrrrrrrrrr—rrr1— 2000 T ———— 2500 —r——r—+——+—+—+r-r—r—rr+—rrrrrrrrrrr 1

Red CNN W. tlm?f 7 | Eyge = 30.00 GeV ] +|E, = 80.00 GeV 1 [ 7" | Epye = 150.00 GeV
Visible: ] 1 00 G V Visible: 1 ] 1 50 G V Visible:
T 4=29.96 GeV, 7=3.63 GeV e 77 #=81.31GeV, 1=7.33 GeV | 20001 e — 4=154.81 GeV, s=13.20 GeV
1200 CNN wjfo time: i 1500 | CNN w/o time: L CNN w/o time: 4
[ 4#=29.59 GeV, 7=2.04 GeV ] I — ,1=80.06 GeV, 0=3.57 GeV | L “ 1=149.92 GeV, 0=6.01 GeV 1
1 : CNN w. time: L v} CNN w. time: [ ; CNN w. time: 1
v L000F 11=29.67 GeV, 0=1.92 GeV 0 41=79.91 GeV, 7=3.49 GeV | v 1500Ff i} 4=149.63 GeV, 0=5.67 GeV. ...
hit] [ +— = L ]
S5 800 41 5 1000} 15 [
o [ 1o : 10 I
400 [ 500 } [
[ L 500 |
200 F [ [
0' ? - - - ] 0 . ] a 1 a 1 0- = A BT EE T T [T
15 20 25 30 35 40 45 40 60 80 100 120 80 100 120 140 160 180 200 220
Energy [GeV] Energy [GeV] Energy [GeV]

Xin Xia
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WCub Jet Energy Resolution

Laboratoire de Physique
des 2 Infinis

, _ 2 2 2 2
Ojet — \/Utrack + Oelm. + Y had. + O con fusion

Roman Pdschl CALOR 2026 - June 2026 21



pASE: GravNet + Object Condensation

Laboratoire de Physique
des 2 Infinis

« Using GNN GravNet with Object Condensation (additional clustering
loss component to create one representative condensation point per
PFO) for MLPF, easy to add timing information

« End-to-end reconstruction: from calo hits + tracks in one network to
predicted particles with energy, position and PID

. Implemented for ILD MC data, large production available .// x

. Stable model training + inference, but overall results so far not as
performant as expected — work in progress!

Input—s|

Batch Normalization

g
§
z
i

« So far only small impact of timing visible

—+— beta thr: 0.85
0.825- —— beta thr: 0.9 I _——
—e— beta thr: 0.93 I

1.000 1.0 thr_dist = 0.3
== thr beta = 0.8
0.975- B = thr_beta = 0.85
£ 0.8- = thr_beta = 0.9
0.950+ 3> thr_beta = 0.93
o = = true hit E sum
o 0.925+ .S 0.6
© 3
@] ——y
£ 0,900+ 2 r ]
=5 > 0.4+ ]
0.875- o I
5 = —_—
0.850= —— beta thr: 0.8 2 0.2 I e=a - |
=T i L= —_— i I
[1+]
E I
|
| |

00 1 T T T

0.800 T T T T T T T
0.800 0.825 0.850 0.875 0.900 0.925 0.950 0.975 1.000

effciency sneroyreY Katharina Schauble,
Roman Poschl CALOR 2026 - June 2026 Ul Ein haug,


https://arxiv.org/abs/1902.07987
https://arxiv.org/abs/2002.03605

pIASE: Summary and Outlook

Laboratoire de Physique
des 2 Infinis

« CALOSD investigates all (calorimetric) aspects of jet energy resolution with highly granular calorimeters
« EXxplore potential of applying machine learning based algorithms
« EXxplore the potential of timing
« Carries out detector optimisation studies

« Machine learning improves hadronic energy resolution by a lot; 50% statistical term -> ~30%
 Limited effect of timing
« Everything looks a bit nicer

. Timing seems to help for photon angular reconstruction
. Needs however excellent time resolution (~10ps)

. Jet energy resolution
« No clear improvement by DGCNN reconstruction
« DGCNN results seem to be “cleaner” than Pandora, better behaviour in tails
« Timing brings results in agreement with Pandora everywhere
o Still big gap to “perfect PFA”
. Exploration of alternatives such as GravNet with Attention

Roman Pdschl CALOR 2026 - June 2026 23



"’)Ctab Backup

Laboratoire de Physique
finis
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W) Cu.b Particle Flow Calorimetry

Iréne Joliot-Curie
Laboratoire de Physique
des 2 Infinis

Jet energy measurement by measurement of individual particles
Maximal exploitation of precise tracking measurement

: HCAL N
. large radius and length A .
> to separate the particles i ECAL N I
. large magnetic field N S
> to sweep out charged tracks TN x AN
. “no” material in front of calorimeters Bt h
> stay inside coil T /f AN
. small Moliere radius of calorimeters / L ,_.:-:
> to minimize shower overlap N - . f,,.f" ' Lo
« high granularity of calorimeters P -;;;;j_'_‘_”_':_ 2T
> to separate overlapping showers e
Particle flow as privileged solution for experimental /
challenges

=> Highly granular calorimeters!!!
Emphasis on tracking capabillities of calorimeters

Roman Pdschl LCWS 2026 - November 2026 25



WCL Samples Preparation using ILD Software

Laboratoire de Physique
des 2 Infinis

Sin_gle-pa_rticle > Hits Digi & Reco Y Particle energy > Perform?nce
simulation reconstruction comparison
Calorimeters SIW-ECAL and AHCAL
Incident position ECAL surface (with position smear in X-Z plane to avoid cracks)
Incident angle Perpendicular along the y-axis
Particle mt e~ K~ K}
Energy 0.2 GeV - 200 GeV 3-150 GeV  3-150 GeV = 3-150 GeV = 3-150 GeV
(1k uniform E points)
Num. of events 1M 230k 230k 230k 230k
Used for Train & Validation Evaluation  Evaluation = Evaluation Evaluation

Xin Xia

Roman Pdschl CALOR 2026 - June 2026 26



'i'JCLab What Could the Model Learn?

Iréne Joliot-Curie
Laboratoire de Physique
finis

Potentially Learned features:
« ECAL/HCAL energy sharing + Local density and topology

« Shower start and depth * Leakage tendency
* Longitudinal spread * Electromagnetic vs non-electromagnetic mixture

« prompt/ main / late spatial-time patterns (only for CNN w. time information)

ECAL Shared

Conv3D x3 shared Conv3D pool fusion linear
A A A7
v A —> > — | E
L~ S //
HCAL ¢ —— [Z: 2Ly ZA]
Conv3D x3 | N
A1 A |
mean over (z, z) o
ConvlD
—p
A MLP ——
align
d —> S — H
E 3 Nhit B

Xin Xla
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"’qu’b m° Reconstruction — Hit Selection

Laboratoire de Physique
des 2 Infinis

40 GeV 40 GeV

80 7 05 © 80 TS m
——=- 0.5[/—(=25mm)] 04 = —=- 0.5[/=(=25mm)] .. ‘ 03 =

— 00 1 ’ o . 060 1 AT B~ 0.253
= -/ 0.3 & - 0.2 4
£ 40 1 ! 0.2 E E 40 - 0.15 £
Q 0.1 o 0.1 ;
20 1 0.05‘% =20 - 0'05§

O R4 v | | 0 E O ) 0.0 Lg)

—-100 0 100 200 300 -100 0 100 200 300

Projected distance / [mm] Projected distance / [mm]

 Longitudinal window:

e =25 mm <l| <200 mm with
o [ = (I‘ — I'start)f'

« Select a fraction frast Of fast hits using t.
. These are preferentially closer to the photon axis.

« Cone cut:
d< _ .
d <ke (1= lo) o Definitions:
« Select a fraction feariiest Of the earliest hits using
o 1 = lobs—Tlstart {c = tops— L/c

« => keeps hits closer the shower start
. D = Distance to extrpolated momentum vector
o tons Observed hit time.
Roman PO'.sclkC’ fearliest tunable parameters. CALOR 2026 - June 2026

L: distance from the interaction point to the hit.
Hao Liang, Vincent Boudry, Henrj Videau



¥ Cob Weights for photon direction reconstruction

Iréne Joliot-Curie

Laboratoire de Physique
finis
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aorb= a+ — , c >0
c + E
(or a and 3)
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WCub Dependence of Timing Resolution

Laboratoire de Physique
des 2 Infinis

m We scale the constant and stochastic terms with the same factor.

m The hyperparameters are optimized for each timing resolution.

................. 0.2 GeV
] — A0 GeV
3.0 —@— | +E (with time)
o we = [ 4 E (time disabled)
2.5 - /-' ------ PandoraPFQ
s =« = starting hit
= .
© 2.0
£
E‘ 1.5 1
=]
1.0 A
0.5 1
0.0
~ 0.0
|
o
2 —0.21
5
e
=
© —0.4 4

0 50 100 150 200
Timing resolution C [ps]

Performance degrades as the timing resolution worsens, and the gain from timing is largest at low photon energy. Timing
becomes especially useful below about 25 ps.
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"’qu’b Voxel Information?

Laboratoire de Physique
des 2 Infinis

(x,y, 2) E t
EM component Narrow, compact, shorter Higher density Prompt
Hadronic component Broader, longer Lower, spread out Delayed components
), - - --"=--"=-=-=-=-=-"=-"=-"-"=-=-"=-"=-"=-"=-"=-"=-"=-"=-"="-=-"=-"=-=-=-=-"==-="= I
| L . :
i For CNN w/o timing information: |
I [
I _ I
I . I
I Cho: Evoxel/ Evoxel,max |
I : I
| Spatlal—energy structure I
I > = Ch1: Eyoxet/Etotal ’ I
I [
I [
: Ch2: nvoxel/ nvoxel,max :
e e e e e e - - - - — s e mm e e o mm mm mm e e e e mm e e - — J

Xin Xla
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®Cub

How to perform Voxelisation
 \Voxelization: Hits (X, Y: Z, €, t)
* Transform shower hits to calorimeter images l
» Detector-aware representation i\ o)
* Transverse plane (X-Z): local windows centered e
on the shower COG
. Longitudingl direct.ion: native detector coﬁ.; Az X-Z plane
segmentation retained
* Preserve different granularity and geometry

Bins (mm?) Windows (mm?)
ECAL 5X%X5 200 x 200
HCAL 30 x 30 1200 x 1200

Roman Pdschl CALOR 2026 - June 2026
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"’JCLab Reco Level Hit Observables

Laboratoire de Physique
des 2 Infinis

Single-particle - Hits Diai & R - Particle energy -> Performance
simulation Its bidl eco reconstruction comparison
XY, Z Reconstructed hit position in detector coordinates
E Calibrated reconstructed hit energy with 0.5 MIP threshold
T Earliest contribution within the integration window, relative to

the generator-level production time of the incident particle
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WCL Adding Time

Laboratoire de Physique
des 2 Infinis

* Timing is encoded through threshold-
defined shower components.
t,<t

cha. Fare « Choice: ty =tp,, t; = tp

3 Evzet ) o Prompt/main/late energy fractions show
03,4. Em-i correlations with the visible calorimeter
) Evoxe! > ; response.

energy fractir:)nT
Late

t<t,
Ch3.' Eear!y

Eyoxel

40.00 GeV " | ECAL 40.00 GeV " | HCAL
107 gy 107
f 1 : =< ty=0.31ins (Py5) [ L c--- tp=150ns (P;5)
T08 Bt g e B e TI0 [ttt B g
E L : === = 11 =0.73:ns (Py) § E ' c--- =440 ns (Py)
1 : 3 ] :
7)) 1 : 1 wn 1 :
4 e o 4 —
E 10 £ . o 3 E 107k ) :
- ! : 1 3 1 e
O 103 P O R ORI S R PR T TROPOPN O 103 S oy e SO TTESTOTR OO
U 1 E U 1 E
102 |E.-, ........................................ 102 "E ..................................................
' E I $ :
107 o 100
: I ¥
100 .......................... 100 .....................
1 2 3 4 5 0 5 10 15 20

Hit time [ns] Hit time [ns]

Xin Xia
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®)Cob Energy distributions of " - CNN vs. Baseline

Laboratoire de Physique
des 2 Infinis

« The model trained on * performs best on K-, still improves K?, and shows a slight
degradation for e™.

 This indicates that the model has learned genuine hadronic shower features relevant for
energy reconstruction and shows robustness to kaon-induced showers which have lower
EM component.

CNN w. time linearity Gaussian CNN w. time generalization Gaussian
6 -t rr T r I oo Tror 80 L L L e e
: R s o o [ -4t -4 KO
4;+ __+__ e __+__ Kg__ 60-___+__ e __+__ K]_Q/ . _
i 1 i IR et Spupapp S
) [ . --— %= s [ 4- - "’:::——-—3-""_
o~ '* T i P — i ,;":.‘-—-t""
= 2t e o~ __ . < 40 ?\; e e ST S S -
2 & . -, .- . o~ ? A —-¢ S “ -6 -4
& P IS -4 ~ . - P -
r £ "~ = 20} ]
E O RSP LS R TR = h .
Sy L1 dn\ e’ | :
L H e I I Y
g —2 ,l: 7 = 0 _%ﬁt_f R
< Ay ] +l| ] ‘\ J+ +-- ’+
—~ 1§ | . - ---+.____+.__.__+_____ -
F Y | I ¥ *, +
—4 -+. i -20 ## -
_6-. PRI AU ISR I U S NS S I SR S ST ST _40_-- PN S T S S T NS S T SO S T S S S NS S S S S S
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Etrue [GeV] Etrue [GeV]

Xin Xia
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®Cub

Study of Jet Energy Resolution - Premises
Motivation and Study Object | Method
NN architecture
PandoraPEA « Dynamic Graph CNN -like
o Input: hit + track features
. 3-4% JER @ 100 GeV « Output: Ecwm regression
. optimised for ILD Hit input features
Bottlenecks: Position X, Y,z p, 1,6, layer,
Calo type ISecal, IShcal, 1Sbarrel, iSendcap,
. ecal/hcal energy resolution Er\ergy Enit,
. confusion Time t,t-r/c
NN + timing — better JER? Track input features
. Z—qq(u,d,s) @40,91,200,350,500 Position X Y2p16
GeV Momentum Px; Py: Pz PT, P
o ILD reco
Training

» Target: generator level Ecm

. 25k/25k events train/test
caLoe b and wi/e timing

Bohdan Dudar
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https://arxiv.org/abs/1801.07829

®Cub

Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis

Study of Jet Energy Resolution - Results

Ecyv resolution is close to Pandora

val_multi_energies_utl_s0.0_epoch018

1400 [ PFO
[ PFO Perfect
1 NN
1200
1000
0
£ 800
o
>
v
z
600
400
200
0 k J k - ___._‘f"’_j L
0 100 200 300 400 500

E event (GeV)

val_multi_rel_residuals_utl_s0.0_epoch018

2500 [ PFO, std: 0.0448
[ PFO Perfect, std: 0.0381
1 NN, std: 0.0384
2000
1500
@
c
o
>
[ ]
=
1000
500
0
—0.100 —0.075 —0.050 —0.025 0.000 0.025 0.050 0.075 0.100

ErecolEtrue — 1

Roman Pdschl

Timing effect is visible but more

validation is needed for conclusions

Outlook: Trying with HitPF

0.05

0.04

0.03

std of relative error

0.02

0.01

0.00
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0.03
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0.02
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0.00
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w/o time
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—— nn, std: 0.0384 std90: 0.0264

w/ time

0.5 0.6 0.7 0.8 0.9 1.0
Quantile
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Inputs: Machine Learning Model DPC Clustering

J | HitFfF | DRD Calo Colab Meeting
- -

 HitPF outputs particle objects
(end-to-end reconstruction, not only Ecm
regression)

o HitPF has better Ecu resolution than
Pandora with Z—qq(u,d,s)@91GeV
and CLD reco

Bohdan Dudar
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https://indico.cern.ch/event/1618975/contributions/7004594/

®Cub

Iréne Joliot-Curie
Laboratoire de Physique
des 2 Infinis

Further Improvement — GravNet with Attention

« Cooperation with KIT-ETP: work on more
mathematical-technical improvements of the

neura

networ

KS

Exam

nle: ada

ot the message passing between

nodes via learnable weights and depending on
different reference spaces

the network while still keeping i

compact

Katharina Schauble,

Ul Einhaus

Roman Pdschl

See the impact on validation loss, use to optimise

Distance-weighted message passing exp(—10-d2,) - fu

| .
Depending on features f, = f., — sigmoid(a - f,) - fo
Depending on GravNet space f, = f, — sigmoid(A - s,) - fu
Depending of physical space f, = f, — sigmoid(4 - z,) - f,

e
Niitatin
PULMLIU

exp(—10-dy,) - fu

=

eighboring node u
with features f

reference node v
with features fV
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