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ATLAS, one of the largest experiments at the Large Hadron Collider, has a broad physics program, ranging from precision measurements to the discovery of new
interactions. Completing that program requires gargantuan amounts of simulated Monte Carlo events. Detailed detector simulation with Geant4 provides good
agreement to data, but, due to the complexity of the detector, the CPU resources required are extraordinary. For more than 10 years, ATLAS has developed and
utilized tools that replace the slowest part of the simulation - the calorimeter shower simulation - by faster alternatives. AtlFast3, or AF3, is the latest generation of
high precision fast simulation in ATLAS. AF3 combines Geant4 with a parametrization-based Fast Calorimeter Simulation and a new deep learning-based Fast
Calorimeter Simulation. AF3 has achieved the speed up required to meet the computing challenges and Monte Carlo needs for Run 3. With unprecedented
precision and the ability to model jet substructure, AF3 can be used to simulate almost all physics processes. For high luminosity LHC, further improvement in
physics modeling along with a fast simulation for the inner detector is expected.
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4 ATLAS collaboration covers a wide ranging physics program - from precision measurements to searches for new physics

Interaction.

4+ Monte Carlo simulated events (both hard scatter and pile up) are integral to this process - requiring a statistics equivalent to

several times of the data luminosity.

4+ At 13 TeV center of mass energy, ATLAS recorded 147 fb‘1 of data which will increase significantly in Run 3 and during

High Luminosity(HL-) LHC.

Dimuon invariant mass in the range 76—160 GeV. Data in points are
compared to a full set of fully simulated background processes and the total

The invariant-mass spectrum of the reconstructed muon-pairs in ATLAS data. Events
are weighted according to the expected signal-to-background ratio of their category. In
the top panel, the signal-plus-background fit is visible in blue, while in the lower panel

background prediction is scaled to the integrated data yield. The H — pu the fitted signal (in red) is compared to the difference between the data and the
signal shown is the sum of the ggF, VBF, VH and ttH as open line, background model.

normalized to one hundred times the SM prediction for visibility.
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First hint of the Higgs boson decaying to a muon pair! with significance of 2.0 standard deviations.
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More data to be collected in Run 3 and during the operation of the High-Luminosity LHC will help close in on this first hint!.



Wall clock consumption per workflow L

Measured sampies
Baache @® MC simulation @ MC reconstruction @ MC event generation
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4 Dense hit content in inner trackers

. ( A N Detector Simulation:

4+ Complex geometry with lots of volumes and complicated

t late pil .
- ) boundaries
Digitization:
Subdetector Simulation window [ns] .
4+ Large number of inner tracker readout channels
BCM =50, +25 4+ Complex modeling of readout emulation
Pixel trackers —50, +25
SCT ki Reconstruction:
TRT —50, 450
LAr calorimeter —801, +126 e : : .
e 00 4200 + Pattern recognition (combinatorics) function of average
Muon chambers —1000, +700

pileup - tracking

Eur. Phys. J. C (2010) 70: 823-874
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https://link.springer.com/article/10.1140/epjc/s10052-010-1429-9
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ATLAS detector covers nearly the entire solid angle around the collision point.

Inner tracking Detector (ID) - Provide good charged-particle momentum resolution and

reconstruction efficiency in the inner tracker for offline tagging of t-leptons and b-jets.

Electromagnetic and Hadronic calorimeters - Sampling calorimeter with complex

geometries and boundaries. Provide electron and photon identification and accurate

jet and missing transverse energy measurements.

Muon Spectrometer (MS) - Good muon identification and momentum resolution over a

wide range of momenta.

Calorimeter Layers Module Name n-coverage Sampling Layer
Electromagnetic calorimeters 4 Electromagnetic Barrel (EMB) In] < 1.5 PreSamplerB, EMB1, EMB2, EMB3
4 Electromagnetic Endcap (EMEC) 1.5<|p/ < 1.8  PreSamplerE
1.5<pl<3.2 EMEI, EME2
1.5<|p| <2.5 EME3
4 Hadronic Endcap (HEC) 1.5<|n|<3.2 HECO0, HECI1, HEC2, HEC3
Hadronic calorimeters 3 Tile Barrel (TileBar) In] < 1.0 TileBarQ, TileBarl, TileBar2
3 Tile Extended Barrel (TileExt) 0.8<|nl < 1.7 TileExt0, TileExtl, TileExt2
3 Tile Gap (TileGap) 1.0<nl< 1.6  TileGapl, TileGap2, TileGap3
Forward calorimeter 3 FCal 3.1<|n|<4.9 FCal0, FCall, FCal2
- between barrel and endcap |n| ~ 1.45 -
Transition regions - between outer and inner wheel of endcap || = 2.5 -
- between endcap and FCal In| ~ 3.2 -

tunnel center
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EXPERIMENT

Display of a top anti-top quark pair
candidate event from proton-proton
collisions recorded by ATLAS with
LHC stable beams at a collision
energy of 13 TeV.

The red line shows the path of a
muon with transverse momentum
around 140 GeV through the detector.

The blue line shows the path of an
electron with transverse momentum
around 170 GeV through the detector.

The green and yellow bars indicate
energy deposits in the liquid argon
and scintillating-tile calorimeters,
from these deposits 3 jets are

identified with transverse momenta
between 30 and 80 GeV.

Run: 267638
Event: 193690558
2015-06-13 23:52:26 CEST

Two of the jets are identified as
having originated from b-quarks.

Tracks reconstructed from hits in the
inner tracking detector are shown as
arcs curving in the solenoidal
magnetic field

Hasib Ahmed(U Edinburgh)



Sampling calorimeter covering |n| < 4.9 @

N TL
Electromagnetic (EM) Cal: Hadronic/Tile Cal:
- Liquid Argon (active) - Scintillating tiles (active)
- Pb/Cu/Tungsten (absorber) - Steel (absorber)
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+ 80% of the total simulation time is required for shower simulation (based
on a typical ttbar event) - dense materials, unusual geometry e.g.
accordion shape
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Simulation in Geant4 with each Geant4 process
Ko responsible for the smallest unit called “step’
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No. of steps « simulation time 6



Run 3 (u=55) Run 4 (u=88-140) Run 5 (u=165-200)
'E' 8OI_| | | | | | | I.l .I | | | | | | | | | | | | | | d3¢'l | | |_I
_ _ _ _ T - ATLAS Preliminar .
+ Simulation of the ATLAS detector with Geant4 is CPU > 2F. 2020 Computing Vodel”. CPU E
_ _ ) C o Baseline o n
intensive. = oL * Conservative R&D ' E
- v Aggressive R&D S .
4+ The CPU requirements will increase due to the increased £ 50— Sustained budget model P
c - (+10% +20% capacity/year) B /,A .
luminosity and pileup in Run 3 & HL-LHC. § 405_ E
. . . 2 30F —
4 In Run 3, > 50% of all events will be simulated with fast S - -
S 20F B
simulation increasing to > 75% in Run 4 to mitigate this. £ 105 .
4+ Beyond Run 3 fast Inner Detector (ID) simulation along with N S N R

2020 2022 2024 2026 2028 2030 2032 2034

fast digitization can be used. [2] Year

4+ We can also utilize the inherent parallelism of fast calorimeter

simulation with GPUs. [3]
[1] HS06 benchmark
2] See talk on Fast Simulation Chain

3] See talk on Porting Parametrized Calorimeter Simulation to GPU

Hasib Ahmed(U Edinburgh) 7


https://w3.hepix.org/benchmarking.html
https://indico.cern.ch/event/948465/timetable/?view=standard_inline_minutes#64-the-fast-simulation-chain-i
https://indico.cern.ch/event/948465/timetable/?view=standard#35-porting-hep-parameterized-c

ATL-PHYS-PUB-2010-013 é@

~ Parametrized Fast simulation in Run 1 & Run 2: ATLFastll (AF2)
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Muon Spectrometer
Geant4

+ AtlFast2 (AF2) - a combination of Geant4 for ID, MS and a parametrized
calorimeter simulation (FastCaloSimV1) is used in ATLAS during Run 1 and
Run 2.

+ Instead of simulating particle interactions, directly parametrize the detector

Calorimeter
FastCaloSim

Inner Detector
Geant4

response of single particles entering the calorimeter system.

4 Parametrize the single particle shower development in longitudinal (energy)
and lateral (shape) directions. . ale'Pic
+ Use the parametrization at simulation step to deposit energy in calorimeter

cells using simplified (cuboid) geometry.

Hasib Ahmed(U Edinburgh) 8


https://cds.cern.ch/record/1300517

ATL-PHYS-PUB-2010-013 AT A

EXPERIMENT
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4 e/y and 1t are used for electromagnetic and hadronic shower parametrization respectively.
4 Longitudinal shower: energy vs shower depth and correlation between layers
+ Lateral shower: Average shower profile from a fitted radial symmetric function for each layer.

4+ Good average shower description but complex variables e.qg. jet substructure is not well modeled.
+ No lateral parametrization for Forward Calorimeter (FCal), particles escaping calorimeter volume (punch through)
4 In Run 2, ~50% of all simulation was done using AF2.

2 0.8F L L (L L BN B L

z - ATLAS Preliminary Simulation 3

Qg 0.7 . . ]

= - . —e— Full Simulation ]

| — ) _ - 4 06:— L L _ . ATLFastll Standard
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AF2 is tuned to data instead of Geant4 - requires a separate set of calibrations for reconstructed objects 9
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https://cds.cern.ch/record/1300517

AF3 paper is accepted in Computing and Software in Big Science (Springer). - awaiting publication waecé;oanmer

arXiv: https:/arxiv.org/abs/2109.02551 %TLAS
Calorimeter

Fast simulation in Run 3 & beyond: ATLFast 3 (AF3)
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+ AF3 improves physics performance significantly over AF2 and will meet the ATLAS Muon spectrometer
. . unch-Through Particles A ® Punch-Through Particles
fast simulation needs of ATLAS for Run 3. : ",”i A v . (Enties i HuonEntryayer
+ AF3 uses two distinct approach of shower generation (includes FCal): \ 'ﬁr W, - oo e o

MuonEntry Surface,
]

+ Parametrization based modeling - FastCaloSim V2 (FCSV2)
+ Generative Adversarial Network (GAN) based modeling -
FastCaloGAN (FCSGAN)
+ Dedicated parametrization for punch through particles - particles escaping
calorimeter volume.

Calorimeter

J9)OWILIOBD
surdessa saonaed
S[[99 I9JoWILIOBD
ur A319u9 j1sodap

---------------------------------------------

CaloEntry Surface;

E Initial Particle

Used for electron, photon and low or high energy hadrons

LAS Inner Detector :

Used for medium energy hadrons

Used for simulating particles that exit the calorimeter and
enters Muon Systems (MS) + AF3 provides a speed gain by a factor of -

+ O(500) for calorimeter only simulation

N
\4

Geant4 Used for simulating very low energy hadrons in the _ .
Calorimeter, all particles in the MS and ID. + O(10) for full detector simulation

AF3 targets achieving identical modeling to Geant4 requiring only one set of calibrations "

Hasib Ahmed(U Edinburgh)


https://arxiv.org/abs/2109.02551

Inner Muon

Detector Calonmeters Spectrometer

Hadrons

Hasib Ahmed(U Edinburgh)

FastCaloSimv2

FastCalo | FastCalo j§ FastCalo
Sim V2 GAN Sim V2

Geant4

pions:

Muon

Geant4 Punchthrough

+Geant4

E,, <200 MeV

Other hadrons:
E,;, <400 MeV

(8—16) GeV < E,,

< (256 —512) GeV

E,, < (8—16) GeV E;, > (256 — 512) GeV

Geant4 Geant4

11
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Geant4 simulated single particles generated at the calorimeter surface is used for modeling AF3

Photons: for photon shower

Electrons (e*): for electron shower
E- ‘g apsorser EM show‘er

p [MeV]
3,

64MeV - 4.2 TeV (log spacing)
=)

17 discrete points:

0 05 1 15 2 25 3 35 4 45 5
m|

' ABSORBER

Hadronic shower

100 bins of size 0.05 covering 0 <|n| < 5

Detail G4 steps (granular energy deposit)

No primary vertex smearing in simulation

Noise, cross-talk between neighboring cells and bad cells turned off in digitization. 19
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+ FastCaloSim V2 follows the same principle of shower parametrization TN
(longitudinal and lateral) as in FastCaloSim V1
4+ However targets to achieve the following: ?
4 better modeling of the physics processes \‘ al e |

+ keep the memory footprint of the parametrization small

Reconstruction geometry: calorimeter layout

= 4000
*\\{\ VAL //
NS g
- SN V77 + The energy in each sampling layer is highly correlated.
2000— NN o / v 4+ C| : . . .
- N7 ) assify showers based on the depth on the interaction point
= §§ s\Z \\\\\\\\\\\\\\\\\ I %////////////////// : ?/? y P P
1500 — NN D Ao 111 . . . ags
MNNN Eer— g2 (i.e. depth at where a particle initiates the shower)
1000 RN S se™ Somrae | P L o,
E S EErs, S DT 4+ The longitudinal and lateral parametrization is done for each for
) §.~ SEuE SEEE f.g the shower type, for each calorimeter layers.
0 —-6000 —-4000 —-2000 0 2000 4000 60?0 |
e 13
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+ To remove the energy correlation between layers - single particles are classified based on its
depth on interaction point.

+ The energy fraction of each layer, total energy for all particles are used to perform a Principal
Component Analysis (PCA).

Q! L | 1 | I | | . I | | . I I :
£ gsof T o T = S 600_— ATLAS SlmU|at|On —
'-TEJ) 30()é é::fﬁf iirg:ézﬁggvl?l:gr:mig% E é 1.2:—I ATLAS Sli;nlullr—,ltvic;nl Prtlel|m|nar3|/ IIIIIIIII —: % 450;_ A'lrLAs| S Inlm‘ I|I t ! P l Im ) ry lllllllllllllll —; 7)) : :
* 2505 E 8 [ Geant4,y, E=65GeV, 0.2<m|<0.25 . :: :Zgé Geantd, y, E=65 GeV, 0.2<m|<0.25 E -E- - : : =

: - () - : : —
= : > O00F | by rE5CeV -
o o : 5 S i  0.2<n|<0.25 -
5oE 1002— = S 400 B o Bln border i ++ + + : h]| —
'0'5-1 o 01 02 03 04 0_5 -°b1 0o ol 02 03 04 05 53; R e e e R e "_5 é N E +++ ++ ++ _
ergy Ir Cumulative energy fraction in EMB1 Transformed energy fraction in EMB1 2 300 :_ i ++ : I + _:
G4 simulated Total energy, B +.+ : E+ ++ |
articles in nergy fractions in — ’ ' -
pEr:[n grid y egaych la;er 200 - +++ i E + ]
) E + ¢+ +¢+ E
Ist PCA 100 ’¢¢ E B

st to :
— divide N '.’.“ 5 ** o N
Geant4 dataset O ;‘. | |, | | | & . —

—4 —2 0 2 4
¢ ¢ . . .
‘ L ongitdina I ‘ o I Leading principal component
parametrization parametrization e ——
Leading principal component is used to divide the particles in quantiles 14
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- FastCaloSimV2
Valldatlon of shower classification - energy decorrelation

Before PCA: = S ¢ & Sprreerrreeeereeeerees e < B e e _
S b ATLAS Simulation " - 100 g g 4;_ATLAS Si ulgtlon E g 8 - ATLAS Simulation ' ' ! ! E 3
Wy 65GeV 0.2<ml<0.25 - S W TE 4003 = 4 = ~
- Correlation 0.808 - - R c £ 3F . =
S o 80 £ 3 ,F . y65GeV 3 2 > _F y65GeV ] —400 &
g § s & F = 0.2<ii<025 3 =180 °  § 2F 0.2<|<0.25 - o
S 1 Al O 5 . E ° 5 qf " E S
3 9 = S - 11300 &
o ' = £ e Eo N E
% -1F z 8 - = > 5 _1b E =
S b " 40 2 f 140 = 8% 1 {2002
i L g -2 E 8 -2f =
- = - = " s = = =
~F N S =" 20 -3F .. =100
af af P i3 a7 E
NSRRI !  Comelation-0834 4 Correlation -0.976 :
=5 4 -3 -2 -1 0 1 2 3 4 5 -5g _4 -3 _2 10 1 27530 -5_5_4_‘3_2:'16;‘,'2:'3"15 0
Transformed energy in PreSamplerB Transformed energy in PreSamplerB Transformed energy in EMB1
(a) (b) (c)
After PCA:
g O oy B <
e 4 S € 3 § [ ATLAS Simulation S
8 ~ g o C 4 o
£ 3 2 Q < 2 _F >
e » E 3 &
8 , o £ £ 8 F &
~— — Q - o
5 1 o g8 5 o 1F o
.g = -8 © ~ .C E g
a OF = 2 & Of
o — E Q. - E
= = £ o _F =
% -1fm > > 3 £ -1 pd
< - = - P g -
o -2F ® AF o -2F
= _F o -2F . - _F
§ -3 T 3F iy E £ —SF
- = VE = - [ -
-4 5 — = 3 -4:—
® ELRIE SOy e, ~4E'y 65 GeV 0.2<Ini<0.25, Correlation 0.002 - O R O e
5 4 3 -2 -1 0 1 2 3 4 5 Y S S T S B S-S 5 4 -3 -2 -1 0 1 2 3 4 5
-5 —4 -3 -2 -1 0 1 2 3 4 5
Leading principal component Leading principal component Second leading principal component
15
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Energy Parametrization & Interpolation
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4+ Additional PCA on each bins of 1st Principal Component and the cumulative distributions,

mean & RMS of the gaussians along with the PCA matrix is saved for energy A logE
parametrization - for the 17 discrete points. S } more likely
E T
+ A piece-wise polynomial (spline) is used to fit the 17 energy points for interpolation. . less likely
4 During simulation the parametrization is randomly selected based on the logarithm below

distance of E+e from parametrization grid.

’a l] LI lllllll 11 lll"l] | lllllll 11 llll"] | lllllll 1 lllllll L !
~ T I I I ! | =~ LR B
s I } e «
t’C Ll-li -
Lui ~ 0.8_— w
— ° i e G4 i}
5 0.9 S o4l N
§ | = | —Spline
] ! ~ :
0 8— 0.4_- -
_ . 108 <l <118 0.21- 7 0.20 <l <0.25~
0.7 ATLAS Simulation - . ATLAS Simulation 1
EETETITY BT R ETTT BTSN T BT SR AT BN SERRTTT B AT ETrT BT
102 10° 10° 10° 10° 107 10 10° 10° 10* 10° 10° 107
E,, (true) [MeV]

E,., (true) [MeV]

16

Hasib Ahmed(U Edinburgh)



ATLAS
ES- 1001_'72 2I65IG(=,|V,IO.I55I|.O,IEII\/I I|3alrrell 2I i "E
4 The distribution of energy in lateral direction averaged over many showers is ° Y-

. . . . . 501 . 5
parametrized over a certain radial distance (r) containing 99.5% of the total - E
energy and 8-bins in the angular direction (a). o [ 11,2

4 The bin size (1 or 5mm) in the radial direction is coarser compared to G4 -
: . : . 50+ _
steps but finer compared calorimeter cell size in each layer. — o
4 Shower centers are corrected by average longitudinal depth of energy 100 S A ]
deposits in each PCA bin. AY™
4+ This parametrization is done for each layer and PCA bin for each | |
toy simulation
parametrization grid point. - 1,65 GeV, 0.20 <hl <0.25 EMBarrel2 .,
< =
4+ These 2D histograms are used as PDF during simulation to randomly > 188
- : - 1.6 ¢
generate quantized energy deposits (hits) 0.05 -
O
0 1.2
~0.05 1
0.8
_01_ I I I = I | 06
-—0.1 -0.05 0 0.05 0.1
ATLAS Simulation Preliminary An
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4+ Generation of shower is a stochastic process with the average shower gives the PDF.

4+ Energy is deposited using N, ... of equal energy.

4+ N,... is calculated such that it gives the same Poisson RMS as the resolution of the calorimeter layer.

Anmm

.'_ T T T T I T T T T | T T T T l T T T T
. v, 265GeV, 0.55 < n| < 0.60, EM Barrel 2

- ATLAS Simulation
1 I | 1 1 1 | 1 | 1 1 1

unity

—
<
[\

] L1 |

Normalized to

—h
<
w

_
|

N@er . Poisson

100 -50 0 50

Aq)mm

or/E = a/\/E/GeV ®c

1

2
Of

Ehit — Elayer/NhitS

This model with equal energy hits works well for EM showers but
require hit reweighting for Hadronic showers.

Hasib Ahmed(U Edinburgh)

Calorimeter technology Constant term ¢ | Stochastic term a
LAr EM barrel and endcap 0.2% 10.1%
Tile 5.5% 56.4%
LAr hadronic endcap 0 76.2%
FCal 3.5% 28.5%

Hadronic showers have larger intrinsic
fluctuations and the stochastic terms are
calculated for each layer and n region

Calorimeter Stochastic term a
e EM 30-40%
_______________________ Tile | 350-60%
_________ Hadronicendcap |~ 60-80%
FCal 80 - 100%




4+ Hadronic calorimeter layers have large stochastic terms (> 30%) leading to large energy deposits

Evoxel / Ehit

-10
107,

(100 - 300 MeV) for hits with equal energy.

4+ Even only few hits far away from the shower center have large probability to create clusters.
4+ These low energy clusters introduce mismodeling in the total number of clusters.

3 T
10" FEvB2. F‘CA-1 ATLAS Simulation

2 Wy T N N
' B ___m, E=65GeV, 0.2<i<0.25

-
o
S

Number of voxels

10°°

Geant4 AR[mm]

Evoxel - Bins In average shower histogram

Evoxel/ Enit - €nerqy fraction in each bin of avg. shower
AR [mm] - radial distance from shower center in mm unit
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Evoxel / Ehit

]
107"
1072
10°°
107
107°
10°
107”7
10°°
10°°

10_10....i....i....i....i....
0 50 100 150 200

—

o

w
Number of voxels

—
o
N

AF3 with equal hit energy

Equal hit energy deposition creates large number of clusters

away from the center of the shower not observed in Geant4!
19



Weighted hit simulation for hadrons (2)

4+ The equal hit energy model can reproduce the mean well but not the
RMS.
+Introduce weights to change the RMS of each bin to reproduce the

RMS of the Geant4 distribution.
4+ Additional smearing is applied to include unaccounted fluctuations.

3 T T T T T
10" EEVBS. |=‘CA_1 A'TLAS Simufation '

3 Al T T T
02 pEMB2, FCAST A FEAS Sitaien 1

10

—
Q2
-
o
=8

Number of voxels

10°

Evoxel / Ehit
Evoxel / Ehit

(@]
w
Number of voxels

—_
()
w

102 1074 10°

10E . L. S
1 107 50 100 150

AF3 with weighted hits

102

uf - EME‘Q PCAL1 ATLAS Simulatioh” ERE
\?z . : n*, E=65 GeV 02<h|<o 25 :
ui 10 & oo ............................................. Geant4 | ..... -
E . é ---e--- Model: equal hit energy . E
| 4o : : : _
" E '?0;._: ' . —e— Model: weighted hit energy .
PR B G o O] P RS W S S _
: TTresratil] :
. LT
10—1§ ]
SRR 8 PR 1 0 L P e T T A R A R R R
0 20 40 60 80 100 120 140
AR[mm]

comparison of mean & RMS

Weighted hit model significantly improves modeling of hadron showers! 20
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+ Use deep generative network to simulate shower generation in the entire calorimeter - providing both

ongitudinal (including correlation between layers) and lateral shower modeling - Generative
Adversarial Network (GAN), Variational Auto Encoders (VAE).

4 Pre-processing / voxelization techniques plays an important role in model performance.

4 Previous attempts of GAN and VAE training at the cell level (ATL-SOFT-PUB-2018-001)

+ FastCaloGAN uses hits voxelized in the same frame of reference (r,a) as in FCS V2 shape
parametrization - optimized for each particle and n bins

The binning used for the voxelization of pions in the different calorimeter layers for FastCaloGAN in the 0 < Inl < 0.8

range. Each ellipsis indicates when the same binning continues until the subsequent listed number.

Layer Bin boundaries in AR™ [mm] Number of bins in ¢
PreSamplerB 35, 10, 30, 50, 100, 200, 400, 600 1
ZAVAY ) EMBI 1,4,7, 10, 15, 30, 50, 90, 150, 200 10
| EMB2 5, 10, 20, 30, 50, 80, 130, 200, 300, 400 10
EMB3 50, 100, 200, 400, 600 1
TileBar() 10, 20, 30, --- 100, 130, 160, 200, 250 - - - 400, 1000, 2000 10
TileBarl 10, 20, 30, --- 100, 130, 160, 200, 250, - - - 400, 600, 1000, 2000 10
TileBar2 0, 50, 100, --- 300, 400, 600, 1000, 2000 1

21


https://cds.cern.ch/record/2630433

ATL-SOFT-PUB-2020-006

Wasserstein loss with gradient penalty (WGAN-GP) is used, conditioned on the truth momentum and trained for
each n slice but inclusive in energy - resulting 100 GANs for pions.

Conditional WGAN-GP

Latent
Space (50)

Discriminator
Output

Hasib Ahmed(U Edinburgh)

Dense
50
RelLU

Dense
NVoxel
RelLU

momentum

Dense
WG

Linear

Dense
NVoxel
RelLU

Dense
NVoxel
RelLU

Dense
NVoxel
RelLU

Generator
Output

NVoxel

Generator nodes
Discriminator nodes
Activation function
Optimizer

Learning rate

Bl

B2

Batch size

Training ratio (D/G)
Gradient penalty (A1)

Number of voxels

50, 50, 100, 200, NVoxel
NVoxel, NVoxel, NVoxel, NVoxel, 1
ReLLU

Adam [60]

10~

0.5

0.999

128

5

10

Networks are implemented in TensorFlow?2 - allows training in both CPUs and GPUs
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EEEEEEEEEE

Training strategy

+ Training a GAN with all energy points (for a fixed n) does NOT provide good performance.
4+ An incremented training strategy is used:
4+ start with a single energy point 32 GeV and train for 50K epochs
4+ add new energy points every 20K epoch in the following order: 32 GeV, 64 GeV, 16 GeV, 128 GeV, ...
4+ Each GAN is trained for 1M epochs with a checkpoint saved every 1K epochs.
4+ Each GAN requires ~8hrs to train on GPU over HTCondor - 100 days of GPU time for the entire detector

I

L L B B B BRI ERLRANLE BAE

4 The final epoch is NOT necessarily the best o% 50§ - ;\TLJL;\SS j]il':g.lggon

epoch - interplay between the generator 40 E

and the discriminator. a0r- -

+ )(2 between the total energy generated by - -

GAN and Geant4 is used as a metric. 20;_ _

4+ At simulation step the GAN with best epoch 10 -
is used to generate hits which are deposited oE o lk"elslt epOCT 110

in the corresponding voxels. 500 600 700 800 900 1000
Epochs

23
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Performance at best epoch
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4+ FastCaloGAN shows better modeling compared to FCS V2 for hadrons in the medium energy range.

4+ The exact threshold is determined based on single cluster and jet properties.

4+ AF3 uses FCSGAN for hadron showers in the range: 16 GeV < Exin < 256 GeV

4+ The total energy of the FastCaloGAN is scaled to the energy of FCS V2 - allows smooth transition between the

two simulation flavors.
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Fully implemented in the ATLAS simulation infrastructure and used as part of AF3 for sample production!
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+ For photons, the reconstructed mean energy is shifted

4 For low and high energy pions, too few energy deposits in cells of the

leading cluster.

4+ Some of the issues are expected to be resolved in the future.

300
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Q

150

100
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Number of cells in leading energy cluster
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We also released some datasets
for training under CERN open
data!
https://opendata-ga.cern.ch/
record/15012
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+ Simulated hits (from FCS V2 or FCSGAN) are assigned to cells assuming
simplified cuboid geometry.
+ Derive a probability density function (PDF) from the difference of cell

assignment efficiency calculated in Geant4 and AF3.

+ Use the PDF to randomly assign a displacement to a hit before assigning

to a cell Probability function describing the chance
that the energy belongs to this cell

Without Correction: With Correcton- _ O 016: |||||||||||| LI L L L B B |:
_ ATLAS Simulation No correction _ _ ATLAS Simulation Corrected e F ATLAS Simulation Preliminary -
= o | ' = TJ | o S 0.014= —
o 14 & © N - N
%) o L, = -~ ]
g © S g 0.012 N
£ 1.2 8 © . B _
toomuch & 1§ 3 - -
energy ol . O 0.008 = =
° 8 0.006 -
not enough ——5- 0.6 % 0.004; —f
. 04 0.002- -
< , , B _
—0; _ 7 —0'_ 1 -0.05 0 0.05 0.1 o b b b b b b b b Ly Bl
b 005 o 005 o1 | | R % 0102 03 04 05 06 07 08 09 1
An(particle, cell) An(particle, cell) 5
T — ————% (q)hit ) q)assigned cell) (I)assigned cell

e

Closure with Geant4 with the correction applied! 27
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3 - ATLAS Simulation -
ngn . . . " n l\ 600—_ - —-
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400 4, : : : C : : :
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z x + . . L : Co
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- . At Yoo _
100" s *o modeled in AF3.
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$9570.06 067 0:98 095 1 1.01 1.02 103 1.04 4+ The Geant4 inputs are corrected before parametrization to “flatten” the
E response _ _
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4+ Small residual differences in energy response simulation in electron , photon and pion:

4 derive correction factors E(34/EA|:3 for each energy and n points with linear interpolation in between

4+ for photons & electrons the corrections are applied if the correction factor is statistically significant

4+ Hadron showers simulated with pion parametrization has an intrinsic energy difference:

4 derive E

Hadron
G4

/E’él 4 correction factors scaled by E

kin,true/ E

Hadron
Kin,true

4+ the correction factors are linearly interpolated in between the discrete energy points

Hasib Ahmed(U Edinburgh)
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+ Particles that punch through to the MS are reconstructed as a fake muon.

+ AF3 includes a dedicated parametrization to model the secondary particles (e,y, T, WY, p)

+ Depending on the momentum and n for a pion entering the calorimeter volume, the punch =

through particles are generated and passed to Geant4.

muon segments results from particles punching through

probability of a single pion to produce at least one punch-
through particle of at least 50 MeV

the calorimeter as well as real muons

;4194304llllllllllllllllllIllllllIlllllIlllllllllllllllllllll —1 © 1 R ! ! """""'.""."""' S
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Improves modeling of muons significantly compared to AF2!
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4 Photons and electrons are reconstructed from clusters of energy deposits in EM calorimeter.
4 The objects are selected with identification criteria with high purity as used in physics analyses.
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+ Good modeling of jet kinematics for jets of cone 0.4 reconstructed with EMPFlow or EMTopo algorithms
+ Jets with pT > 200 GeV shows better agreement in AF3 compared to AF2
+ Dedicated parametrization in forward calorimeter also improves the modeling for |n| > 3
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4+ Number of constituents inside a jet of cone 0.4 for leading (pT > 200 GeV) and sub-leading (pT > 20 GeV)
4 Jets reconstructed with EMPFlow algorithm
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+ Jet substructure variables for high energetic jets inside a cone of 1.0
+ Reconstructed with trimmed UFO or LCTopo algorithm
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+ High energetic jets inside a cone of 1.0 reconstructed with trimmed UFO algorithm
4+ AF3 shows some discrepancy for jet mass - although improves upon AF2

4 The discrepancies are in the tails of the high energetic jets
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+ Invariant di-electron and di-tau masses show good agreement

Invariant mass distribution from a selection targeting events with a Z boson decaying into () two
electrons with pT> 25 GeV and |n| < 1.37 or 1.52 < |n| < 2.47, and the visible part of the invariant
mass of two hadronically decaying t-leptons in Z =11 DY events filtered for an off-shell mass of

2.0--2.25 TeV
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+ AF3 is the next generation of fast simulation in ATLAS - successfully deploying complex
parametrized and deep learning algorithms.

+ AF3 achieved very good modeling for all reconstructed observables compared to Geant4
even for complex variables such as jet substructure.

+ The CPU performance of AF3 is only limited by the ID simulation (Geant4), but a factor of

O(10) speed up is sufficient to meet the CPU needs for Run 3.
+ ATLAS used AF3 to re-simulate 8 billion events from Run 2.
+ An update of the current AF3 version in expected for Run 3 - current performance seems

sufficient to produce a large fraction of ATLAS Run 3 Monte Carlo events.

Thank you!
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BACKUP
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