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o) Motivation: Fast Simulation @EATLAS

Run 3 (u=55) Run 4 (u=88-140) Run 5 (u=165-200)
L Y N Y Y O L B B

5O_I_|ATLAS Prelliminary

MC Event Generation

10

%)

] _ . :

% - 2022 Computing Model - CPU - MC Simulation

CE : ] y Oth
B — er

=, 40— o Conservative R&D . ]

S - v Aggressive R&D ‘,x" 1

= - — Sustained budget model s i

e 30— (+10% +20% capacity/year) . —

? B & B User Analysis

5 B .-® i

(@) L '." S

D L ;

o 20 B

©) B

© N

>

= B

C I

< -

MC Reconstruction

e e e e e b b e b e b b
02020 2022 2024 2026 2028 2030 2032 2034 2036 Group Production

Year

e ATLAS needs to produce billions of MC events, but is limited by CPU constraints
e MC simulation has largest single share of total CPU usage

e About 80 - 90 % of CPU time spent on simulation of showers in calorimeter system

——’ use (fast) parametric models to reproduce Geant4 simulation as accurately as possible
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o AtlFast3: State-of-the-Art Fast Simulation YATLAS

NL S EXPERIMENT

. . . 3-15 H M . I t. d
Current State-of-the-Art fast simulation tool in ATLAS - AtlFast3! X Increase in simutation spee

405) %000 ATLAS Simulation Preliminary ]
e Basic Principle: instead of tracking each particle in calorimeter showers, parametrise 3 [ 200 WLCG jobs §
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e Two distinct approaches of shower generation: @ E
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Run 3 Contiguration

Muon Spectrometer

Geant4 e Calorimeters
Detector Spectrometer

FastCaloGAN V2 FastCaloSim V2

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

Charged FastCaloSim V2 | FastCaloGAN V2

Pions G
eantd | E.<4cevasin<i4, Gy > B CW B [ < 1.4
Kaons - Ein<1GeV8& <315 |5~ i”GE:/ “éi ?ﬂ?><3|n1‘5< S Muon
Evn < 200 MeV Punchthrough
Other hadrons: + Geant4

Baryons Ein < 400 MeV FastCaloGAN V2

700-7Z0C-NIS

Simulation time fully dominated by Geant4 simulation in ID!
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FastCaloSimV2Z: Parametrisation

Particles generated at
ID-Calo boundary
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® Three separate parametrisations

e EM showers:
1. Photons y
2. Electrons / Positrons e™

e Hadronic Showers:
3. Charged Pions z™*

e Particles for parametrisation generated at the
boundary between Inner Detector and
Calorimeter System

e Parametrisation depending on incident particle
energy and direction:

e 17 log-bins of truth momentum from 64MeV to 4TeV

* 100 bins of |n| from 0 to 5.0

Talk to me for more on AtlFast3 for Run 3!

ACAT 2024 4



C\w FastCaloSim in Geant4: Motivation @ATLAS

NS

Simulation Infrastructure particles in cone
Radius Scaled to LoC Integrated around electron:
Simulation Calorimeter use Geant4

default FastCaloSim

Framework

Iy ISF_Core i
: =
ISF_Geant4 (.If)
N, o
ISF_FastCaloSim g i) ;
S
|
N
=
particles in cone w
around electron: =
use Geant4 example ISF setup
e AtlFast3 embedded in the Integrated Simulation Framework (ISF) to combine multiple
simulators within Athena
e |SFis flexible, but complex
— originally designed for complex use-cases that are not needed in ATLAS
— disproportionate growth in complexity over the years
— increasingly hard to maintain for the collaboration
" e8e ISF
e Geant4 allows to directly integrate fast simulation tools
o 8- @ e |Idea:
e M 2B 1. Implement FastCaloSimV2 as a Geant4 fast simulation model (VALIDATED!)
e 2. Evolve FastCaloSimV2 into a fully experiment-independent external library (TO-DO!)
o 3. Fully deprecate ISF as a particle-stack dispatcher in ATLAS (TO-DO!)

First step towards a simple and streamlined ISF-independent ATLAS simulation!
CERN-THESIS-2023-096
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C\E/RW FastCaloSim in Geant4: Fast Simulation Models

ATLAS

EXPERIMENT

Full Simulation

hadronic
calorimeter

electromagnetic
calorimeter

tracker

e detailed detector description
e definitions of particles and processes

® transport in EM field

13th March 2024

Fast Simulation

ACAT 2024

J. Phys.: Conf. Ser. 898 042053

region:
calorimeters

region:
tracker

e where particles are parametrised
e which particles are parametrised

e what happens instead of full simulation?



C\E/RW FastCaloSim in Geant4: Fast Simulation Models ¥ AILAS

CERN-THESIS-2023-096

G4Region

(Envelope)

muon system
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-----------------------------------------------------------------

electromagnetic
calorimeter

tracker

G4Track
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> G4FastSimuIationManagerProcesQ

1. Attach fast simulation model to specific detector envelopes

ey GATransportation

2. If particle reaches envelope, invoke fast simulation and kill particle Full Simulation
ACAT 2024 7
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C\E/RW Step |: Choice of Trigger Volumes ATLAS

EXPERIMENT

MBTS disk

JM Shielding
B8 I R LD s ,

e Initial implementation goal: unaltered physics with
respect to ISF implementation

16 Plastic Scintillators

........................ 1 e Challenge: Geant4 CALO envelope # ISF ID-Calo
, boundary

— choice of trigger volumes not trivial
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e Temporary solution: minimal set of Geant4 volumes
covering ISF boundary + conditional checks to ensure
that fast simulation is ONLY invoked at ISF boundary
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Easily avoidable for Run 4 and beyond by ensuring
trigger boundary = parametrisation boundary

ST

No Trigger Region :

CERN-THESIS-2023-096
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Simplified ATLAS Calo

rimeter geometry

Step Il: Replacement of ATLAS Track Transport
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ATLAS

EXPERIMENT

o AtlFast3 relies heavily on an accurate determination
of the shower centre position in each calorimeter
layer

To determine the positions, tracks need to be
transported through the ATLAS calorimeter system,
taking into account magnetic field

o AtlFast3 uses proprietary Athena tracking tools to
transport particles

* |ntersections with active calorimeter layers given as

input to experiment-independent extrapolation

algorithm

Athena transport needs to be replaced with
experiment-independent Geant4 solutions

ACAT 2024
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Step Il: Replacement of ATLAS Track Transport

ATLAS

EXPERIMENT

First attempt: Exploit default Geant4 engine for track transportation

4
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" ATLAS Simulation Preliminary Geant4 1 - ATLAS Simulation Preliminary Geant4 3
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2
e = T |
: | Geant4: 0.573+0.024 10tk I -
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Event Simulation Time [s]

Single electron event simulation time:
x 3 slower with Geant4 transport

—

Track Transport Duration [ms]

Transport duration per track:
x 34 slower with Geant4 transport

First very naive approach of Geant4

transport prohibitively slow How can we

do better?

ACAT 2024 10



C\w Step II: Replacement of ATLAS Track Transport ATLAS

NS
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Event Simulation Time [s]
Interested only in track position at entry and exit of each

calorimeter layer

Instead of transporting through full calorimeter geometry, do
navigation in simplified (layer-based) geometry

Event simulation time of Athena tracking tools recovered
with Geant4 navigation in simplified geometry

How to construct simplified geometry?

ACAT 2024 11
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Simplified Geometry: Construction ATLAS
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—1000
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—3000
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1000

Envelope

ACAT 2024

EXPERIMENT

Goal: Experiment-independent package to
automatically build simplified geometry based on
detector cells where:

e Layers are modelled as cylinders

e Cylinder surfaces approximately correspond to
real entry and exit of detector layers

e Clash-free

Approach (simplified):

1. Model all layers as cylindrical hulls
(='envelopes’) from the maximum geometric
extension of the cells

2. Thin down hulls to generate clash-free geometry

— for barrel layers small r = rkr:wac!l

|
— for endcap layers small z = Zkr]nl:g

3. Attempt to grow back thinned down layers to
original size of envelopes (constraint: only grow
up to the limiting layer, i.e. w/o creating overlaps)

12



1) Calorimeter Cells

13th March 2024

Simplitied Geometry: Construction

z[m]

2) Cell Envelopes (NOT clash-free)

ACAT 2024

ATLAS

EXPERIMENT

3) Thinned envelopes (Clash-free)

*x*%*x Real time elapsed
**x%x* User time elapsed : 0.01
*xxx System time elapsed : 0

Size of G4SolidStore
Size of G4LogicalVolumeStore
Size of G4PhysicalVolumeStore :

Number of volumes : 50 (2 leyels)
Number of volumes checkegg#* 359
Number of clashes detect®sl: 0

: 0.00852796

13



CERN
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o' pygeosimplify  Public

main ~ ¥ 2 branches © 4 tags

dependabot[bot] Bump pygments from 2.17.0 to 2.17.1 (#47)

]
]
.
]
.
0O

deveontain  All checks have passed

8 successful checks
.github

v Main [ quality (push) Successful in 54s
docs

v validate-codecov-config [ validate-codecov-config...
pygeosimpl

v Main [ tox (3.9) (push) Successful in 2m
tests

v Main [ tox (3.10) (push) Successful in 2m
.DS_Store

+ (@) Main / tox (3.11) (push) Successful in 2m

Details

Details

Details

Details

Details

< Pin & Unwatch 1

Go to file Add file ¥ <> Code ~

v aef9ec5 5hoursago ) 86 commits

last month
3 weeks ago
17 hours ago
2 days ago
2 days ago

last month

All functionality integrated in python package names pyGeoSimplify

Input: ROOT file with cell positions and dimensions

Output: GDML file of clash-free simplified detector

Extensive testing with over 90% test coverage

pyGeoSimplify available on PyPi: pip install pygeosimplify

13th March 2024

ACAT 2024

EXPERIMENT

Python package: pyGeoSimplify ATLAS

Project description

v

GeoSimplif

Welcome to pyGeoSimplify!

Download pyGeoSimplify

pip install pygeosimplify

Quick Start

import pygeosimplify as pgs
from pygeosimplify.simplify.layer import Geolayer
from pygeosimplify.simplify.detector import SimplifiedDetector

# Set names of branches that specify coordinate system of cells
pgs.set_coordinate_branch("XYz", "isCartesian")

# Load geometry
geo = pgs.load_geometry("DetectorCells.root", tree_name='treeName')

# Create simplified detector
detector = SimplifiedDetector()

# Add dector layers to detector
layer = Geolayer(geo, layer_idx)

detector.add_layer (layer)

# Process detector
detector.process()

# Save simplified detector to gdml file
detector.save_to_gdml(cyl_type='processed', output_path='processed.gdml')

14
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o Validation: e/y ATLAS

7 _/ EXPERIMENT

Single Electron Shower Shapes
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Validation: Jets
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C\@ Summary & Outlook ATLAS

Summary

e ATLAS employs AtlFast3 for the simulation of billions of MC events to leverage CPU resources
e Firstimplementation of the AtlFast3 service as Geant4 fast simulation model in ATLAS
e Replaced Athena tracking tools (heaviest ISF coupling) with Geant4 track propagation in simplified geometry

* Python-package for experiment-independent automatic cell-based inference of simplified detector
geometry - might also be interesting for other use cases, e.g. Fast ATLAS Track Simulation (FATRAS)

e Validation of Geant4 fast simulation model shows no significant differences relative to usage of default ISF
implementation for reconstructed objects

Outlook

e Most of the FastCaloSim code already compiles standalone, but still has various ATLAS dependencies that
need to be replaced with experiment-independent implementations

e Goal is to have single external library that can be hooked to Geant4 fast simulation model
* |n addition to ATLAS, use Open Data Detector (ODD) as proof-of-concept for experiment-independent

implementation Tt L E l
17
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C\E/RW ATLAS

NL S EXPERIMENT

BACKUP
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Separate parametrisation in longitudinal and lateral component

e What is total energy and how is energy shared between layers?

— longitudinal energy profile
— crucial for energy measurements

e How is energy distributed within layers?

— lateral energy profile
— crucial for particle identification

65 GeV 0.2<Inl<0.25
orrelation 0.808

Number of events / 0.04

Transformed energy in EMB1

(&)

Transformed energy in PreSamplerB

13th March 2024 ACAT 2024

Problem:

® Energy depositions across layers highly

correlated
— difficult to model energy response in

each layer independently

Strategy:

e Decorrelate energy depositions in layers
using Principal Component Analysis (PCA)

19



FastCaloSimV2: Longitudinal Profile

N, S EXPERIMENT
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Store cumulative energy fractions, mean and RMS of gaussians and covariance matrix

13th March 2024

ACAT 2024
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C\@ FastCaloSimV2: Longitudinal Profile @ﬁlkﬁé

During simulation, chain is performed backwards:

!

|

!
e
f

Q A
g - ATLAS Simulation Preliminary
g‘, 09y, 3.15 <l <3.20 .
> 0.88 -
2 - - Geant4
L - . ]
1 : . 86 —Spline
Interpolate energy response using splines:  °* Pane =
0.84[ =
0.821 =
0.8 -
Coovovval ool Lol Lol
10° 10* 10° 10°
particle energy [MeV]
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21



= L BRI NS e S (RN N >
E' 80E g
> 60 102 i)
- o
40: _9_;}
20/ £
2
10°°
-207
-40F
—60_ 10—4
80, .. S
-80-60-40-20 0 20 40 60 80
ATLAS Simulation Preliminary X [mm]
_ ”3.2,65.6".9.\/,' 0.55 <l < 960, Ti,l"? Barrel 2 -
E 100:— — 10_2§
= 1 e
- i °
: — 3
50r- . =
// \\ 102 €
o
0 ’ pd

N

TR BT ST B PRI R
-100 -50 0 50 100

ATLAS Simulation Preliminary x [mm]

13th March 2024

Y, 265GeV, 0.55 < Inl < 0.60, EM Barrel 2
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C\E/RW FastCaloSimV2: Lateral Profile ATLAS

e Parametrise average energy distribution in |lateral
direction over radial distance containing 99.5% of total
energy and 8-bins in angular direction

e Parametrisation for each particle, energy, eta,
calorimeter layers and bins of 1st PCA

e During simulation, randomly sample quantised energy
deposits from 2D shape histograms (PDFs)

e To each hit, assign hit energy

E. — Erayer .,  Weight dependent on
ML layer radial position of hit

ACAT 2024
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FastCaloGAN: Overview

e FastCaloGAN based on WGAN-GP algorithm which offers
more stable training compared to conventional GANs

e Electrons, photons and pions used to train the network

e One GAN is trained for each of the 100 bins in |n| (O -

5.0)

e Total of 300 GANs to cover full detector region

e GAN trained to reproduce voxels and energies in the

layer as well as total energy in one single step

Conditional WGAN-GP

Latent
Space (50)

Generator

Dense Output

NVoxel
RelU

A\ 4

:

Discriminator

Output
—

Dense

NVoxel
Linear

Dense
NVoxel
RelLU

Dense
NVoxel
RelLU

Dense
NVoxel
RelU

Data

e Each GAN trained for 1M epochs with a checkpoint saved

every 1K epochs

¥2/NDF
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Cw Simplified Geometry: Modelling Layer Hulls &I,!TﬁNST

How can we (in general) model cells to compute the layer hulls?

Coordinate transform
Visualisation of full calorimeter

/\ ‘ system from all individual cells

2.5
2.0
14
15
12
1.0
1.0
0.8

0.5
0.6
14

14

0.6

0-8 0.8

1.0
1.2 0.6

0.6
0.8
14

0.8
Lo 1.2
. 0.6
1.4

Cell defined by Ar, A¢g, Az Cellinx,y, z

1. Model calo cells as cube in one of three coordinate systems

e Barrel / Tile cells: cubes in An, A¢g, Ar
e Endcap cells: cubesin Ay, Ag, Az
e FCAL cells cubes in Ax, Ay, Az

2. Transform vertices of cube in desired coordinate system

3.Transformed cell: convex hull of transformed vertices

24
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i Simplified Geometry: Modelling Layer Hulls ATLAS

Layer 0 Layer 1 Layer 2 Layer 3 Layer 4
3 3 3 3 3
2 2 2 2 2
1 1 1 1 1
0 0 0 0 0
-1 -1 -1 -1 -1
2 -2 2 -2 -2
-3 -3 _3 -3 -3
15 s 5
15 ’ . 05
-1 . _ ! -15 0.0 A
10 5 05 & 1210, 5 -1.0 4 5 05 &
2% 0s -1.0 0.0, 5 -1.073 2 %005 -10 3
Imy 1.0 15 -15 Xlm; 10,4 -15 (m; 1.0 15 L
Layer 8 Layer 10 Layer 11 Layer 12
4
2
0
-2
-4
Xim, 1 5 -2 Xim 1 5 -2 Xlm; 1 N =2
Layer 16 Layer 17 Layer 18 Layer 19

Layer 14

11
WN.I.-OP-‘NN

1o P
1 -2 Ximp 12
Xim, 2 ] 3 -3

X[’b] 1

Layer 23

e Model layers as cylinders with R/ Z computed from maximum extent of

individual cells

e Automated modelling works very nicely in general

® Only exception is TileGap3 (layer 17), which is very far from being a cylinder

and for now excluded

Xlmy 02 . 04
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o\ pyGeoSimplify: Geometry Loading ATLAS

7 _/ EXPERIMENT

import pygeosimplify as pgs
from pygeosimplify.simplify.layer import Geolayer

from pygeosimplify.simplify.detector import SimplifiedDetector Im port mOd U|es

[1] v/ 3.0s

Pgs-set_caordinate_branch(®XYz¥, "isCartesian®) Set the name of the branches indicating the coordinate

pgs.set_coordinate_branch("EtaPhiR", "isCylindrical")

pgs.set_coordinate_branch("EtaPhiz", "isECCylindrical) System Of the Ce“S. Supported: (XYZ’ EtaPh|R’ EtaPh|Z)

[2] v 0.0s

g:g.;ezg?é}oad_geometry(“../tests/data/ATLASCaLoCells.root”, tree_name='caloDetCells"') Load the geometry from ROOT flle Conta|n|ng Ce” Informatlon

[3] v 04s

id layer isBarrel isCylindrical isECCylindrical isCartesian eta phi r X y z deta dphi dr dz
3179541336923570176 6 0 0 1 0 -2559710 0.053900 617.735962 616.838867 33.279976 -3970.418457 0.1 0.098175 0.0 l ! 219.418503
3179541345513504768 6 0 1 -2.559648 0.151909 617.774719 610.660461 93.484917 -3970.418457 0.1 0.098175 0.0 l ! 219.418503
3179541354103439360 6 0 1 -2.559603 0.249912 617.803223 598.610657 152.794373 -3970.418457 0.1 0.098175 0.0 l ! 219.418503
3179541362693373952 6 (0] 1 -2.559574 0.347912 617.821228 580.805481 210.637146 -3970.418457 0.1 0.098175 0.0 f I 219.418503
3179541371283308544 6 0] 1 -2.559562 0.445909 617.828552 557.416626 266.456024 -3970.418457 0.1 0.098175 0.0 ! I 219.418503

e For all cells: need to provide r, x, v, z, 17, @ of center position
e Additionally need to provide:
e Cell widths AX, AY, AZ for cells with XYZ coordinate system
e Cell widths An, A¢, Ar for cells with EtaPhiR coordinate system

e Cell widths An, A¢g, Az for cells with EtaPhiZ coordinate system
e All cells must be assigned to a layer (number) and corresponding layer type (barrel or
endcap layer) must be indicated
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