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Introduction

Calorimeter Simulation and Computational Load

e MC simulation of detector response is a
major computing challenge at LHC
experiments!

e Alarge part of the resources taken
by detector simulation is taken by
calorimeter simulation (~80% of CPU

@® MC simulation @ MC reconstruction @ MC event generation

@ Analysis @ Group production @ Data processing consum pti on fO r tf p ro CesseS).
® Other

CPU-hours taken by ATLAS activities

The ATLAS Coll., ATLAS HL-LHC Computing Conceptual Design Report,
CERN-LHCC-2020-015 (2020)
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https://cds.cern.ch/record/2729668

Introduction

Calorimeter Simulation and Future Computational Load

Run 3 (u=55) Run 4 (1=88-140) Run 5 (u=165-200)
€ 50 ATLASPreliminary = N
& - 2022 Computing Model - CPU -
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= 40__ e Conservative R&D N
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g 30 o N & 1 * CPU needs are expected to increase
g § i during Run 3 and in view of Run 4 =
O B ¥ ° o o .
z  20¢ B significant R&D required to keep up!
3t :
10 . . : :
. Y e i ] e Solutions needed — fast simulation!
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Year

The ATLAS Coll., ATLAS Software and Computing HL-LHC Roadmap,
CERN-LHCC-2022-005 (2022)
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https://cds.cern.ch/record/2802918

AtlFast3

The ATLAS Fast Simulation Tool

e Fast simulation tools: able to simulate calorimeter
response faster than the (“traditional”) full process Spectromiics
simulation tool Geant4 but keeping high accuracy.

e AtlFast3: the fast simulation tool developed by ATLAS. |

— " =T
Neutnqo!

e Introduced for Run 2 and further improved for Run
3. Already in production for Run 3. Hadronic

Calorimeter

e |treplaces the slow propagation and interactions of
. . . . . . . Ear e 2’ The dashed tracks
incident particles inside the calorimeter volume with . i are invisble o
the direct generation of energy deposits based on ' '
an underlying parametrisation.

Electromagnetic
Calorimeter

Solenoid magnet

Transition tesises b
. . . R;dwizngn g ..‘ - "' ‘\- sATI AC
e Uses a simplified geometry of the calorimeter cells Tracking q Tracker ___— e RILAD
. o o d < \",' ;«' = CAVERIMENI
to simplify its complex and non-homogeneous — ito/ /atlus.ch
structure.

cds.cern.ch/record/1096081
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https://cds.cern.ch/record/1096081

AtlFast3

CO‘ ] lponents Geantd still used to simulate all Muon Punchthrough (the spray of
) , particles into the Muon Spectrometer
particles in the Inner Detector, , , , ,
) resulting from late interacting high-
. . low energy hadrons in the energy hadrons) is modelled with a tool
® Employs two fast simulation approaches: calorimeters and muons. %Y
based on DNNs.

e FastCaloSim V2: parametric approach for
shower development;

. Muon
Calorimeters
Spectrometer

FastCaloSim V2

FastCaloGAN V2

Exin < 8 GeV && |n| < 2.4, Exin > 16 GeV && |n| < 2.4,
Except [0.9<|n|<1.1, 1.35<|n|<1.5] JAll Exin && [0.9<|n|<1.1, 1.35<|n|<1.5, |n|>2.4]

FastCaloSim V2 | FastCaloGAN V2

Ekin <4 GeV && |n| < 1.4,

e FastCaloGAN V2: based on Generative
Adversarial Networks (GANSs). “Pons.

Exin > 8 GeV && |n| < 1.4,

Ein<1GeV &&|n|<3.15 | Ewn>2 GeV 8& 1.4 < |n| < 3.15,

All Exin && || > 3.15

FastCaloGAN V2

Muon

Kaons
Punchthrough
- +Geant4

e AtlFast3 runs fast simulation through one of Baryons
the two approaches, depending on which one
returns the best simulation (i.e. the most
accurate with respect to Geant4) for the type The ATLAS Coll. Software and computing for

of the particle initiating the ShOWGI’, Its energy Run 3 of the ATLAS experiment at the LHC,
Eur. Phys. J. 234 (202
and n. ur. Phys. J. C 85, 234 (2025)
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https://doi.org/10.1140/epjc/s10052-024-13701-w
https://doi.org/10.1140/epjc/s10052-024-13701-w
https://doi.org/10.1140/epjc/s10052-024-13701-w

AtlFast3

FastCaloSim V2

* Parametrised modelling using Geant4 single photon, electron and charged pion samples in 17 logarithmically
spaced energy bins from 64 MeV to 4 TeV and 100 linearly spaced bins in |n| from 0 to 5.

e Separate parametrisation of longitudinal and lateral shower development:

* Energy in layers decorrelated through Principal Component Analysis (PCA);
ATLAS Coll., AtlFast3: The Next

Generation of Fast Simulation in ATLAS,
* Average lateral energy distribution parametrised as 2D probability functions. Comput Softw Big Sci 6, 7 (2022)
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https://link.springer.com/content/pdf/10.1007/s41781-021-00079-7.pdf
https://link.springer.com/content/pdf/10.1007/s41781-021-00079-7.pdf

AtlFast3
Latent m
Output

FaStC&IOGAN V2 >pace D Dense Dense Dense

ense

e Based on Wasserstein GANs with gradient penalty

l. Gulrajani, F. Ahmed, M. Arjovsky, V. Dumoulin and A. Courville,
Improved Training of Wasserstein GANs, arXiv:1704.00028 [cs.LG]

(2017) Discriminator Dense Geant4d
Output w/ single

output node

Conditioning

Output
e Simultaneous training of two neural networks (i.e.

the typical GAN structure):

Discriminator

 Generator: aims to generate sample the most similar to Geant4 datasets;
e Discriminator: aims to distinguish Geant4 samples from the ones produced by the generator.
e When reached an equilibrium between the two, the generator is ready to simulate!

* Trained on e, v, p, n* as incident particles on each of the 100 bins in |n|, with conditioning on truth momentum.
Calorimeter hits grouped into voxels (= 3D bins).

 Already widely used in AtlFast3!
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https://arxiv.org/abs/1704.00028

AtlFast3

Computing Performance

e 3 (forZ — ee events)to 15 (for high-py

dijet events) times faster than Geant4
(simulation of the ATLAS detector for Run 3 for 2023 data

( HS23 sec / event )

taking)!

e Only needing on average 20% of CPU
with respect to Geant4!

Simulation time in AtlFast3

dominated by full simulation of
the Inner Detector.
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- 3.3x faster

~5

ATLAS Simulation Preliminary
200 WLCG jobs

I AF3 Fast Simulation (5k evt./job)
Full Simulation (2k evt./job)

ATLAS-SIM-2023-005

14.8x faster

Federico A.G. Corchia | Fast Simulation in ATLAS: Overview and Latest Updates
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/SIM-2023-005/
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© - L -
N oosf- v ATLAS Simulation Preliminary —
R (s=13.6 TeV, 1.8<p <2.5 TeV,R 1.0 jets = Hybrid = usage of FastCaloSim V2 or
as % 006E- g ' L : —— G4 _= FastCaloGAN V2 depending on particle type,
% 0.05E— ; 'y Eg:trgaloSim Vo _= energy and n as per diagram in slide 5
’ < = . N = (instead of just one of them for all cases)
Physics Performance 5 ty, . FastCaloGAN V2 ’

0.03— v e =
oozt R =

0.012— v':eg-.._ —f 80045””I """""" """_:

All plots here from - = MR N 0045 ATLAS Simulation Prehrr_unary =
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0 5 10 15 20 25 _ 30 4= 0.025[— Y v —s— Hybrid —

Leading-Jet Number of Constituents :C) E .l '-,' FastCaloSim V2 =

osE & —— FastCaloGAN V2 3

* For most observables used in Physics analyses, wa E

0.005 o —

AtlFast3 and Geant4 agree within a few %. £ .

AF3/G4

e AtlFast3 can be used for almost every analysis (either

: QR ey T T
signal or background). 'TE;;ZE 'z"if"?:;, ATLAS Simulation Proliminery
o o.osi— " .,‘? —— Q4 —i
z 0.025;— . °°!, —=— Hybrid | —;
e Aggressive 2022 computing model (plot in slide 3) 5 oof e —— FastCaloSimv2 =
assumes that 90% of all simulation is fast simulation in e g, =
0.005 ; r avumG!Guaunﬂmannwmm“;"”,,“!T;
Run 4 (remaining 10% is full simulation input samples + 2o s
_ . L LR R T

used for trammg) — need of more precise AtlFast3! = 1o S S

300 350
Leading-Jet Mass [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/SIM-2023-004/

New ML Models

1000} . 1000:512.0 MeV
Improved FastCaloGAN V2 o " o |
e FastCaloGAN V2 has been further improved:
. . . . 1000:16.4 GeV o
* Generator featuring incident energy skip o1, 12 i 2.
connections;
e Explicit learning of layer energies and total energy; |
°l65.5 GeV 11, “?T131.1GeV 1200[262.1 GeV "°f524.3 GeV 1
o« o . . (2. 2. (2. 600 Eu2 -
* |Individual, disconnected linear output layers, o X128 wox”i27 X 28 P9
corresponding to different calorimeter layers;
. AISO teSted replaCing FaStcaIOGAN Components 0 -'63 - ‘6I4‘ - ‘6I5‘ - ‘6I6H | 0 ‘126‘ ‘ ‘12IS‘ ‘ ‘léO‘ ‘ ‘132-‘ 0[50.0 ‘2‘52.‘5‘ ‘2‘5I5.‘0‘ ‘2‘5I7.‘5‘ ‘2‘6I0.‘0‘ ‘2‘62.;‘ 919_0 ‘500‘ — ‘SZII.O‘ — ‘5£0‘
with transformer blocks (first prototype developed, .fsssce [2097.2 Gev .[4194.3 Gev . Geanta
. . . c0olx?:1.9 NG ol X217
needs optimisation). , | ;_ —
| ) soof 250 ATLAS
§ a0 $ 400 £ 200 Simulation Internal
5300:— '5300;_ LICJ150:_ Yy, 0.20 < |I7| <0.25
. E : : lter: 887000
e However, GANs have trouble modelling properly , 1 2#INDF = 874/420
Shower Shapes for photonS! OE 980‘ ‘ Eln(-iorgy[Ge\}]OIZO ‘ ‘10I40‘ 019I(|J-0 1950EnergyZ([)I§gV] ‘ éOISd ‘ 03700 3800 Er?eQr(;(il[Gecg)OO 4100 ‘
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New ML Models

Considerations from the CaloChallenge

e Recently, the CaloChallenge, a community challenge to investigate the usage of
generative ML models for fast calorimeter simulation, concluded with a community

pPaper Claudius Krause et al., CaloChallenge 2022: a community challenge for fast calorimeter simulation, Rep. Prog.
Phys. 88 116201 (2025)

e The "winner” models for photons were (continuous) normalising flows, diffusion
models and vision transformers. They are potential more expressive alternatives to
GANs, whose trouble when dealing with shower shapes is confirmed also by this

paper!

 Let's apply these conclusions!
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https://doi.org/10.1088/1361-6633/ae1304

Ne W ML MO de Is Normalising Flow: transformation of simple probability

distribution into a more complex distribution by a

NOrmaIiSing FIOWS fOr PhOton Simulation sequence of invertible and differentiable mappings.

Voxels e Splittraining into two stages:

e Layer energies: learnt with CaloINN (normalising flow);

Normalized
Voxels v

CaloINN e CaloCFM (Conditional Flow Matching. Using small, irregular
dataset - see next slide);

* Shower shapes: normalising flow trained with 2 approaches:

| Blayer e CaloDiT-2 (diffusion transformer. Using larger, regular dataset - see

i next slide).
!

Predicted Voxels

* |n both cases, just 2 separate models were needed to cover the 27 n
slices.

Iss
(—
— «— £ —
=

e Models trained on |Ncentre| < 0.7 and 0.7 < |Ncentre| < 1.35, respectively.
ATLSORT-PUB-2025-003 Implementing successful n-conditioning.

~< R S7
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http://cds.cern.ch/record/2942061

New ML Models

Improved Voxelisation and Dataset for Photons

III

e New datasets with improved voxelisation for photons to reduce bias (an “optimal” smaller one with

irregular binning - 382 voxels - and a larger one with regular binning - 1680 voxels).
e 27 n bins, with 150k events each - 4.05M events in total;

e Covered kinematics: |Ncentre| < 1.35 256 MeV < E <4.2 TeV.

e The accordion structure of the ATLAS calorimeter introduces absorber-periodic fluctuations in the
calibrated energy response E..//Exin.

By randomly shifting the shower with respect to its original ¢p-position this random ¢p-
modulation is increasing the width of the observed calibrated energy compared to Geant4.

* |nthe new dataset, this modulation is corrected for as a pre-processing step. Eases later
generative model training.
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New ML Models

Physics Performance

ATL-SOFT-PUB-2025-003

ATLAS Simulation Preliminary —— Geant4 ATLAS Simulation Preliminary —— Geant4
Ecal/Exin, Photons, —— Binned Shower Wp1, Photons, —— Binned Shower o B rO a d Iy, O bse rve d St rO n g
Evin = 65GeV, Evin = 65GeV,
—— CaloINN+CaloCFM —— CaloINN+CaloCFM
0.14 0-00 < INcenter] < 0.05 —— CaloINN+CaloDiT-2 | 0.1410.00 < Ncenter] < 0.03 —— CaloINN+CaloDiT-2 | .
AFast3 AFast3 improvements over current AtlFast3.

o
—h
N

Normalized counts
(@) (e}
8 o
|
Normalized counts
¢ ¢ o o
8 o
|
®

o
—
N}

==

More noticeable deviations relative
to Geant4 observed for higher

(@)
o
(o))
mn

|
e
mﬁw
|
1]

o = ooz_ﬁ_ff EE energies and in more difficult
el s ] % ' E = transition region (0.75 < |n| <0.80),
;’LO"Z """" ST W e R ‘ | %ﬂm & Bk e : anyway an improvement relative to
0% oS I | TOT oz 108 04250450 04T 2-,5',33 0525 0550 0TS current AtlFast3.
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bRt 2 INEN -5 e Federico A.G. Corchia | Fast Simulation in ATLAS: Overview and Latest Updates 14



http://cds.cern.ch/record/2942061

ATLAS Simulation Preliminary —— Geant4 ATLAS Simulation Preliminary —— Geant4
Ecai/Exin, Photons, —— Binned Shower Ecal/Exin, Photons, —— Binned Shower
0.14 Exin = 63GeV, —— CaloINN+CaloCFM | 0.30}- Skin = 1T€V, —— CaloINN+CaloCFM -
0.75 < |Ncenter| < 0.80 . 0.75 < |Ncenter| < 0.80 _
—— (CaloINN+CaloDiT-2 0 —— (CaloINN+CaloDiT-2
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o / o %1 %E | oz} B -
Physics Performance (cont’d) 2 oel 5 S | 3 =
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e Quantum-assisted Generative Model for particle-calorimeter interactions.

S
|
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s |

e Conditioned quantum annealer as a prior in a deep generative model to generate
particle-calorimeter showers (instead of having a Gaussian multivariate distribution
as a prior, as in typical VAEs).

e Zephyrtopology. Conditioning on incident energy of the event (currently; possible
to use more variables); a function encodes the condition into a qubit array.

e Rank-3 tensors and 3D convolutions to operate in the cylinder calorimeter geometry.
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CaloQVAE

CaloQVAE results overlaid over plot from

C. Krause et al., CaloChallenge 2022: A
Performance Community Challenge for Fast Calorimeter
Simulation, Rep. Prog. Phys. 88 116201
(2025)
Quality
KPD and FP scores of submission vs. GEANT4, dataset 2
o]
: . 3. . | ! | 'C ]
e ~-103to 10¢times faster than Geant4! 7% 7 jHI"L‘E: K I i
« better
(tested on the CaloChallenge dataset) ¥ 1
FPD -103 - ¥ f N i ‘hr| |
1l
..o . 0.1 00 0.1 * 1 10 100 T*HIY(TJYOO 10000
e Energy-competitive to well-competing We're here We're here
| GEANT4 ~— (CaloScore - DeepTree
models. ~  CaloDiffusion - =« CaloScore distilled ~  CaloPointFlow
- ==« conv. L2LFlows  «---- CaloScore single-shot = CaloVAE+INN
CaloINN - |CaloFlow teacher CaloLatent
e Work in progress for further improvement.  — MbMA === iCaloFlow Student CaloDiT
- Calo-VQ - SuperCalo - CaloDREAM
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Other Studies

AtlFast3 in EMEC for Low e/y

e e/yin EMEC still one of the biggest contributors to
the total steps-per-event = Use AtlFast3 to handle
low energy e/y in the EMEC for the full simulation
workflow!

e Similar to Frozen Showers in ATLAS forward
calorimeter for low energy e/y/v.

* Find energy/n region where outputs do not
differ with respect to full Geant4.

e Particles with E <8 GeV, 1.5 <|n| < 2.5 provide ~10%
speed-up in this region compared to full Geant4.
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Other Studies

Experiment Independent AtlFast3

e AtlFast3 implemented using the Integrated Simulation Framework (ISF) within Athena. Significant code
complexity of this setup = ISF and thus AtlFast3 hard to maintain.

e Solution: Make AtlFast3 independent from ISF and turn AtlFast3 into a Geant4 fast simulation model
= able to be invoked directly from Geant4 (= non-ATLAS-specific) thanks to its built-in fast simulation

model interface — Fully experiment-independent library for fast calorimeter simulation (also useful
for FCC!).

e ODD = Open Data Detector, prototype for next-gen HL-LHC-like detectors (and also useful for FCCI).

e To make AtlFast3 available for this and other detectors, we're working on a Key4hep compatibility.

Key4hep = particle physics software framework designed to be detector independent, aiming to contain
the full pipeline (simulation, tracking, reconstruction...).

e Has DD4hep = Geant4 wrapper — can include AtlFast3!
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Other Studies

Experiment Independent AtlFast3 (cont’d)

e Created initial robust implementation of
AtlFast3 as Geant4 fast simulation model in the
Key4hep environment as demonstrator for the

ODD.

Event Data Model: EDM4hep

e

i

.'

e (o (oo  |(ge—
e The ODD has 700x the cells we use for Generator || Simulation s:'i(z:?ig-n nalysis
ATLAS! = this implementation adopts | Py C++, Python Overiay || e
\ D#:::zkai:(gm . Flavor Tagging

various strategies to handle this.

PFA

Fra
(Gaudi)

e Fast simulation transport can be run in full ODD

Detector Geometry: kd4geo (DD4hem
geometry — results as expected.

Key4hep contains the full pipeline (sim, tracking, reco...).
AtlFast3 should be inserted into this!

e New version adding Muon Punchthrough
currently undergoing PhysVal.
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Other Studies

Jet Performance and Magnetic Field Effects

e Work investigating causes of mis-modelling of jet observables with AtlFast3.
* Pion modelling certainly involved.

* |nvestigation of magnetic field effects in fast simulation.
* Studied shower shapes for single electrons from Z—e+*e-.

* No significant difference found in any shower shape.
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Conclusions

e The AtlFast3 fast simulation tool is able, thanks to its combination of FastCaloSim V2
and FastCaloGAN V2, to provide great improvement in computing performance for
simulation. Physics performance shows good agreement with Geant4, but
computing requirements for Run 4 need further precision!

e Combination of CaloINN and CaloCFM/CaloDiT-2 for photons, trained on new
voxelisations reducing bias = improved physics modelling with respect to current
AtlFast3 configuration!
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Conclusions (contd)

e The Fast Simulation Group is also doing many other investigations:

* |nvestigation on the potential of quantum computing (CaloQVAE), AtlFast3 in
EMEC for low e/y, implementation in Key4hep, studies on jet mis-modelling and
magnetic field effects...

e All this work is providing and will provide relevant benefit to ATLAS analyses!
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Backup

Shower Shapes Definitions ATL-SOFT-PUB-2025-003

Table 4: Definition of the investigated shower shapes. E;;x denotes the energy sum of the j X k cells within layer
i, within a j X k rectangle around the cell with the highest energy. j corresponds to the n-direction and & to the
¢-direction.

Observable Description

Erow The raw sum over all cell energies
Ec.a The calibrated cluster energy
1 Energy reconstructed in the first layer, divided by the full reconstructed energy
AR Difference between the second 3-cell-wide energy maximum in EMB1 and the cell
with the lowest energy that corresponds to either the first or second maximum
E Ratio between A, the difference between the brightest cell in EMB1 and the second
3-cell-wide energy maximum in EMB1, and B, the sum of these two values
n-width of the shower in EMB1, calculated by using the brightest cell in EMBI1
ol and 1ts 3 nearest cells within positive and negative n direction, respectively
fracs 2 1175;1;: L3 _ Ratio of the outer shower to the inner shower in EMB 1
R % - Ratio, describing the energy decay in ¢-direction in EMB2
R, %;’3 - Ratio, describing the energy decay in n-direction in EMB2
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