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The Need for Fast Simulation

 Simulation is fundamental to compare
theory to measurements

 Simulations will have to match the statistics
of collected data x10

 Computational requirements expected to
exceed available resources soon

* Detector simulation is the most expensive
block of the chain

* Without R&D, increase in computing time
exceeds the one in resources
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/CMSOfflineComputingResults

Calorimeters and ILD

e * A calorimeter is a detector which fully absorbs the particles
* The signals produced are a measure for the energy of the particle
| Active
. Absorber

Generative Models for Particle Physics Data

International Large Detector (ILD) concept for the
International Linear Collider (ILC)

High-Granularity sampling calorimeters:
- ECal: Si-W - 5mm x 5mm - 30 layers
- HCal: Sci-Fe - 30mm x 30mm - 48 layers

The International Linear Collider: A Global Project

High granularity calorimeter —> High fidelity simulation
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ttps://arxiv.org/abs/1903.01629
https://indico.ectstar.eu/event/184/contributions/4350/attachments/2828/3938/WK_ALPACA_Talk.pdf

Electromagnetic and hadronic showers

Electromagnetic showers: mostly Bremsstrahlung and pair-production Hadronic
Calorimeter

Electromagnetic
Calorimeter

absorber

Hadronic Showers: complex, non-perturbative phenomenology
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https://indico.cern.ch/event/581306/contributions/2364519/attachments/1383445/2104133/2_Dobrzynski_Calorimetry2016.pdf

Data Representation of Showers

Fixed Grid Point Clouds

» 3D array filled with energy values e variable-length, permutation-invariant sets
* entries correspond to calorimeter cells * more economically represented

* only c.a. 4% of cells are non-zero * only generation of non-zero points
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CaloClouds: Fast Geometry-Independent Highly-Granular Calorimeter Simulation

Getting High: High Fidelity Simulation of High Granularity Calorimeters with High Speed

Multiple points per cell & cell-geometry independence
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https://agenda.infn.it/event/34036/contributions/200902/attachments/105921/149010/30_05_2023_CaloChallenge_Anatolii_Korol.pdf
http://link.springer.com/article/10.1007/s41781-021-00056-0

Some of the Best Generative Methods for Fast Sim

Encoder Decoder

VAEs learn a compressed
Variational AutoEncoders X —>q4(z | x) = Z — po(z | x) ——>X/ representation of the data to
generate new samples

Flow Inverse o . q dels |
. ' f PR N ow-pbased modadels directly
Normalizing Flows X —f(x) >z —f () X/ transform the data distribution
: : Diffusion models gradually add
Diffusion Models e U e N noise then reverse the process to

generate data
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Dataset

* Only hadronic showers are considered (the harder ones to model)

« 10-90 GeV 7" showers with direction perpendicular to the face of the ECal

* The gun positioned at the face of ECal

. . . 2,
« The magnetic field is switched off 7
* Time feature included - first time for high granular calorimeters al
@)
@D
* x9 higher granularity 2, 2
| Geant4 steps CaloHadronic Original Granularity | QO
\ continuous deposits 540x540x30 ECal single readout cell M \Q
180x180x48 HCal A
7 steps ‘ | map to | 6 hits ‘ map to 1 hit
‘ nigh grandlar g:d e geometry» CaloHadronic: a diffusion model for the generation of hadronic showers
o o o
O @
max ~40k points max ~8K points max ~2.5k points
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https://inspirehep.net/literature/2939411

CaloHadronicVAE

 The model comprises three components: a continuous normalising flow + a VAE + a diffusion model.

* [t generates 5D point clouds [x, vy, z, energy, time], conditioned on the incident energy.

 The flow generated : the (split into total points and layer index)
and the minimum time per layer.
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Results
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https://arxiv.org/pdf/2601.11716

Results

8k, 50 GeV, 7 showers

CaloHadronicVAE generation time vs. incident energy (GPU (NVIDIA A100 80GB F
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Bonus: a library for point clouds clustering

* Point clouds need to be trained on a higher resolution than calorimeter cells to

avoid grid artifacts.
* |In ml-based fast simulation, point cloud models revealed to be the fastest.
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Bonus: a library for point clouds clustering

* Point clouds need to be trained on a higher resolution than calorimeter cells to

avoid grid artifacts.
* |In ml-based fast simulation, point cloud models revealed to be the fastest.

Geant4 Generative
Step2Point Point cloud
steps P
50.0 layer 19 layer 19
al
BT ) BETSRE

CE/RW EP-SFT
\\_/ Software Frameworks and Tools
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What is Step2Point?

Goal 1: optimal point cloud representation to find the smallest set of points that preserves the physics of the shower.
Goal 2: we aim to provide infrastructure that should/could work with different detectors.

A library for turning detailed calorimeter shower deposits into compact point-
cloud representations usable for ML-based fast simulation.

Steps Clustered Original Detector Granularity
 GitHub repository here
* Webpage here
»  CHEP 2026 here

CE/RW EP-SFT
\

o, Software Frameworks and Tools
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https://github.com/fast-sim/step2point
https://fast-sim.github.io/step2point/
https://indico.cern.ch/event/1471803/contributions/6967990/

CaloClouds3: Ultra-Fast Geometry-Independent Highly-Granular Calorimeter Simulation

 Higher-granularity point clouds enable
more efficient training of generative
models.

« HDBSCAN clusters points within a cell
effectively — independent of cell
geometry.
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level

Max. number
of points

Mean number
of points

C
\

Herbstschule HEP 2026

E/RW

NS

Cell

1203

2257

Hdbscan msd3

1783

3692

Hdbscan ms8

2332

4854

Subcell

3627

5/85

EP-SFT

Software Frameworks and Tools

CaloHadronicVAE :
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https://arxiv.org/abs/2511.01460

Summary:;
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 Performances can be improved

« SteploPoint: answers the need for a library to convert
voxel data to point clouds

« Hdbscan is a valid solution for all cell shapes detector
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