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Why simulate HGCal Fast with Generative Models?

➢ HL-LHC raises major computing challenge 

➢ <PU> ~ 200 post great challenge

➢ For CMS the challenge is unprecedented

➢ End Cap calorimetry done with a high granularity 

calorimeter (HGCal):

➢ 47 layers, ~6 M Si channels, irregular hex geometry 
as per very recent design geometry 

➢ Full simulation with Geant4 will have a sharp growth 

of cost for HGCal due to such design choice 

➢ The dimensionality of HGCal posts a need of 
sophisticated generative models

➢ And for CMS a careful choice must be made

➢ This talk: benchmark generative AI as a fast-sim 

surrogate for CMS HGCal simulation 
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Datasets

➢ One sentence summary: Single particle 
showers simulated with Geant4

➢ Shower types:

➢ EM shower: Photons (γ)

➢ Hadronic shower: Charged pions (π)

➢ No pileup considered

➢ Angular position:

➢ Fixed incident angle: η = 2.0, φ = π/2

➢ Energy distribution: 

➢ Sampled from [1, 1000] GeV

➢ Subject to log-uniform distribution 

➢ Statistics: 1M showers per particle specifies

➢ 700K for training, 300K for evaluation

➢ Showers are with huge dimensionality! 

➢ Truncate each shower with Region of Interest
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➢ Region of Interest (ROI) per shower

➢ Per lay definition a radius, such that > 99.5% shower 

energy being retained 

➢ γ: r = 25 cm (fixed)

➢ # of cells per layer: min: 206 vs max: 2,076

➢ π: r grows 42 → 127 cm with depth

➢ # of cells per layer: min: 4,016 vs max: 22,268

➢ O(M) cells per shower → 20x increase w.r.t. 

Calochallenge 



Evaluation Metrics

➢ Per shower features:

➢ Pre-process: Emin = 10 keV cut-off

➢ Per layer: fractional E (a measure of longitudinal 

profile), ⟨x⟩ , ⟨y⟩ , widths, occupancy 

➢ Transverse profile in hex-neighbour rings 

➢ Global: 

➢ Etot / Einc

➢ Feature counts:

➢ γ: 231 features / shower 

➢ π: 358 features / shower
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➢ Metrics:

➢ 1D separation power s:

➢ s := Σᵢ ((dᵢ − dᵢ’)² / (dᵢ + dᵢ’))

➢ 1D Kolmogorov–Smirnov (unbinned) 

➢ Multivariate FPD, KPD 

➢ Classifier AUC (2 × 2048 MLP) 

➢ All the metrics are supplied with GEANT–

GEANT bootstrap:

➢ Perfect-model floor

Largely following the CaloChallenge setup, with features fitting HGCal physics target

No models currently reach GEANT–GEANT indistinguishability

hence only report metric values, not p-values 
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Generative Paradigms
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DIFFUSION MODEL FLOW MATCHING

Forward noising

data t = ⅓ t = ⅔ noise

probability path  

pₜ

p₀ noise p₁ data

∂ₜpₜ + ∇·(pₜvₜ) = 0
score → velocity

path → velocity

➢ Major participating models choose Diffusion Models or Flow Matching

➢ Fits the overall trend in ML community for continuous data generation  

Reverse generation

Shared formulation

A time dependent vector field carries a simple 

prior into the data distribution

Modernized diffusion models leverage 

score matching for continuous time 
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Backbones and Representations
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➢ Participating models also span over different backbones motivated by different 
shower representation choices 

Point Cloud/”Hits” Voxels/”Clusters”

Can be further represented as a graph The clustering could be learnable, or 

modernly termed as “Patchification”
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Overview of Participants 
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Model Paradigm Backbone Representation

HGCaloDiffusion Diffusion (EDM/DDIM) Cyl.-conv U-Net + attention Voxel (GLaM)

HGCaloTrilogy MeanFlow + GMM prior Shared with HGCaloDiffusion Voxel (GLaM)

HGCaloDREAM Flow matching Vision Transformer (DiT) Voxel (patched)

AllShowers (*) Flow matching PointCountFM + CNF-Transf. Point cloud of hits

GraphCNF (**) Riemannian flow Graph NF + Riemannian FM Graph (per cell)

GLaM = Geometry Latent Mapping

embedding method developed for CaloDiffusion

(*) AllShowers introduce particle species as a condtion → one trained model handle both showers!

(**) GraphCNF has photon (EM shower) only
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Performance: Photon (EM Shower)
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Performance: Photon (EM Shower), Layer 10

ML4Jets | CMS HGCaloChallenge 92026/09/16

➢ Good modeling of key 
features, including most 
tails 

➢ Occupancy is hardest, 
only HGCaloDream 
captures it well 



Performance: Pion (Hadronic Shower)
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Performance: Pion (Hadronic Shower), Layer 30
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➢ Good modeling of key 
features, including most 
tails 

➢ Pion showers found to 
be more difficult than 
photons 



Quantitative metrics : Photons
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Model Energy Transv. Center Width Occ. AUC FPD KPD

GEANT 0.06 / 1.73 0.07 / 2.15 0.07 / 1.60 0.07 / 1.62 0.06 / 1.71 0.497 0.3 ± 0.1 −0.003

HGCaloDiffusion 0.17 / 7.77 0.55 / 17.9 0.71 / 11.3 0.54 / 27.0 6.54 / 22.4 0.757 18 ± 2 0.030

HGCaloDREAM 0.15 / 5.26 0.12 / 3.36 0.22 / 5.21 0.21 / 5.97 0.10 / 3.46 0.562 30 ± 28 0.004

HGCaloTrilogy 0.43 / 7.54 0.18 / 6.09 0.34 / 6.49 0.60 / 12.8 2.10 / 19.8 0.735 13 ± 0.3 0.099

GraphCNF 120 / 238 63.7 / 186 63.5 / 151 69.4 / 180 102 / 204 0.997 1067 ± 3 5.76

AllShowers 0.40 / 6.67 7.02 / 33.1 1.05 / 18.3 0.58 / 12.4 2.54 / 15.8 0.839 20 ± 4 0.059

➢ GEANT row = bootstrap floor a perfect model could reach

➢ HGCaloDREAM best on most photon metrics (highlighted) 

➢ Leading 1D separations reach < 10⁻³ on most features 

First 5 columns displaying both separation power 

and KS (x 10-3), FPD and KPD (x 10-3)



Quantitative metrics : Pions
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Model Energy Transv. Center Width Occ. AUC FPD KPD

GEANT 0.07 / 1.84 0.06 / 1.43 0.08 / 1.82 0.07 / 2.88 0.07 / 1.18 0.499 1.0 ± 0.1 −0.002

HGCaloDiffusion 0.15 / 10.8 0.49 / 19.7 0.88 / 20.5 1.03 / 79.4 1.90 / 13.8 0.756 16.1 ± 0.4 0.019

HGCaloDREAM 0.27 / 28.6 0.51 / 64.8 7.40 / 35.7 17.6 / 82.0 29.9 / 113 0.944 2519 ± 11 7.10

HGCaloTrilogy 0.12 / 4.73 0.13 / 11.3 0.21 / 10.3 0.46 / 23.7 1.87 / 31.3 0.660 15.6 ± 0.5 0.060

AllShowers 0.13 / 5.30 0.30 / 6.22 0.39 / 12.1 0.14 / 5.94 0.95 / 9.33 0.649 9.0 ± 0.2 0.011

First 5 columns displaying both separation power 

and KS (x 10-3), FPD and KPD (x 10-3)

➢ HGCaloTrilogy leads bulk shape; AllShowers leads width / occupancy 

➢ Best π model ≠ best γ model 

➢ Hadronic showers uniformly harder than electromagnetic 



Summary and Outlook
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➢ Convergence and Diversity shown in participant models:

➢ Five models — diffusion, flow matching, continuous NFs 

➢ Voxel, patch, point-cloud, and graph representations 

➢ × 20 complexity over CaloChallenge : ~1 M cells, irregular hex, 47 layers 

➢ Many shower features reproduced with high fidelity

➢ Leading metrics reach CaloChallenge-level performance  

➢ No single model dominates:

➢ Hardest observable: cell occupancy, worsens with energy

➢ Best γ model ≠ best π model; universal surrogate is open work

➢ More results/datasets/models to be published shortly, stay tuned!

Thank You!First comprehensive study of 

generative AI on the CMS HGCal 
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Backup
Everything else
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HGCaloDiffusion
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HGCaloTrilogy
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HGCaloDream
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AllShowers
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AllShowers
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