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Abstract The ATLAS experiment at the Large Hadron
Collider has a broad physics programme ranging from pre-
cision measurements to direct searches for new particles and
new interactions, requiring ever larger and ever more accurate
datasets of simulated Monte Carlo events. Detector simula-
tion with Geant4 is accurate but requires significant CPU
resources. Over the past decade, ATLAS has developed and
utilized tools that replace the most CPU-intensive component
of the simulation—the calorimeter shower simulation—with
faster simulation methods. Here, AtlFast3, the next gener-
ation of high-accuracy fast simulation in ATLAS, is intro-
duced. AtlFast3 combines parameterized approaches with
machine-learning techniques and is deployed to meet cur-
rent and future computing challenges, and simulation needs
of the ATLAS experiment. With highly accurate performance
and significantly improved modelling of substructure within
jets, AtlFast3 can simulate large numbers of events for a wide
range of physics processes.
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1 Introduction

The physics programme of the ATLAS experiment [1] at the
Large Hadron Collider [2] (LHC) relies on the accurate simu-
lation of billions of Monte Carlo (MC) events to complement
the data delivered by the LHC. Simulated events are pre-
pared by generating the appropriate physics process, simulat-
ing the passage of particles through the detectors, digitizing
the detector response, and then reconstructing those events
using the same reconstruction algorithms that are applied to
the recorded data. The simulation of the passage of parti-
cles through the detectors for analyses of data taken during
LHC Run 2 requires approximately 40% of the computing
resources of the ATLAS experiment [3,4]. Run 2 was the
second data-taking run of the LHC and lasted from 2015 to
2018.

The complex accordion geometry of the ATLAS electro-
magnetic calorimeter (see Sect. 2.2) makes the simulation of
shower development particularly CPU intensive when using
the Geant4 [5] toolkit (G4). In fact, 80% of the total simu-
lation time for a typical sample of the production of top and
anti-top quark pair (t t̄) is devoted to modelling this shower
development [6]. Therefore, fast approaches for calorime-
ter simulation are crucial in reducing the CPU needs of
the ATLAS experiment and to enable the production of the
required numbers of simulated events for precision physics
analyses.

The ATLAS Collaboration has already developed and
deployed a fast simulation tool, called AtlFastII [6] (AF2),
that performs the simulation of the entire ATLAS detector by
combining different tools to simulate different sub-detectors
and particles. In particular, AtlFastII relies on a fast simula-
tion of the calorimeters called FastCaloSim [7]. AtlFastII has
been used to produce approximately 32 billion of the 52 bil-
lion events simulated for physics analyses of the Run 2 data.
AtlFastII is known to have certain limitations, particularly in
the modelling of jets of particles reconstructed with large-
radius clustering algorithms and the detailed description of
their substructure. In this paper, the ATLAS Collaboration
introduces a new fast simulation tool, AtlFast3 or AF3, which
has the same CPU performance as AtlFastII, but better accu-
racy in reproducing Geant4. The ATLAS Collaboration is
using AtlFast3 for a large resimulation campaign of Run 2
MC events and plans to use AtlFast3 extensively for Run 3
and beyond.

AtlFastII and AtlFast3 perform the simulation of the entire
ATLAS detector by combining a number of components.
Key components of AtlFast3 are two parametric calorimeter
simulations: the new version of FastCaloSim, referred to as
FastCaloSim V2, and FastCaloGAN. Parametric simulations
of the calorimeter response simulate the energy of a particle
shower as a single step based on an underlying parametriza-
tion instead of simulating how every particle propagates and

interacts inside the calorimeter volume. This makes the CPU
performance of these tools essentially independent of the par-
ticle energy and scales linearly with the number of particles
entering the calorimeter volume.

AtlFast3 is designed to simulate particle showers to a
level of precision, such that no sizeable differences from the
Geant4 simulation can be resolved by the reconstruction
algorithms, including those for electron, photon, and τ -lepton
reconstruction and identification, and jet reconstruction and
clustering.

The fast simulation of showers in the calorimeter can be
factorized into several components: the total shower energy,
the energy sharing between calorimeter layers, the average
lateral shower development within a layer, the uncorrelated
energy fluctuations in individual showers compared to aver-
age showers, and, for hadronic showers, the correlated fluc-
tuations between the longitudinal and lateral energy distribu-
tions. The energy that is deposited in the calorimeter depends
on the kinetic energy (Ekin) of the particle and is the energy
used for parameterization unless otherwise specified. The
Ekin is defined as the particle energy minus its mass. For
antiprotons and antineutrons, the rest mass is added instead
of being subtracted as their annihilation will result in addi-
tional energy deposited in the calorimeter.

The simulation of the total shower energy and its longi-
tudinal distribution between layers, including correlations,
provides an approximate simulation of jets, electrons, pho-
tons, and τ -leptons, albeit with overestimated reconstruction
and identification efficiencies. The simulation of the average
lateral energy spread plays an important role in the recon-
struction and identification of objects for physics analysis.
For speed, a simplified geometry of the calorimeter cells (see
Sect. 2) is used in AtlFast3, where each cell belongs to a lon-
gitudinal sampling layer of the calorimeter and is either a
cuboid in η,1 φ, and r for the layers in the detector barrel, or
a cuboid in η, φ, and z for the layers in the detector endcaps
up to |η| < 3.2, or a cuboid in x , y, and z for the forward
calorimeter layers. This means that the accordion structure
of the real ATLAS liquid-argon electromagnetic calorimeter
must be emulated. The improved average shower energy dis-
tribution and a correction for the accordion structure in Atl-
Fast3 reproduces the reconstruction and identification effi-
ciencies of the Geant4 simulation, especially for electrons
and photons.

1 ATLAS uses a right-handed Cartesian coordinate system with its ori-
gin at the nominal interaction point (IP) in the centre of the detector.
The z-axis is along the beam pipe, and the x-axis points from the IP
to the centre of the LHC ring. Cylindrical coordinates (r , φ) are used
in the transverse plane, φ being the azimuthal angle around the beam
pipe. The rapidity is defined as y = (1/2) ln[(E + pz)/(E − pz)],
while the pseudorapidity is defined in terms of the polar angle θ as
η = − ln tan(θ/2).
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Fluctuations also play an important role in the calorime-
ter simulation. The simulation of independent and uncor-
related energy fluctuations in calorimeter cells in individ-
ual showers relative to average showers is required for an
accurate description of electrons and photons of all ener-
gies. Correct modelling of the fluctuations is also crucial
for hadrons, where at low energy, the fluctuations in the
lateral energy distribution are dominated by sampling fluc-
tuations, noise, and additional proton–proton interactions.
For medium-energy hadrons, correlated fluctuations between
the longitudinal and lateral energy distributions in hadronic
showers play an important role and are accurately simulated
by FastCaloGAN (see Sect. 5).

AtlFast3 combines the strengths of the FastCaloSim V2
and FastCaloGAN calorimeter simulation approaches. The
updated calorimeter parameterization in FastCaloSim V2
is used to simulate electromagnetic showers and hadronic
showers with low and high energies, while Generative Adver-
sarial Networks (GANs) [8] trained for FastCaloGAN [9]
are introduced for medium-energy hadrons because of their
ability to model correlated fluctuations. The two tools are
combined to optimize the performance of the reconstruc-
tion and a smooth interpolation between them is performed.
Both calorimeter simulation approaches are derived using
single particles simulated with Geant4 to model the shower
development in the ATLAS electromagnetic and hadronic
calorimeters. As the calorimeters do not necessarily con-
tain the full showers, the rate at which secondary particles
punch through the muon spectrometer is parameterized and
those particles are simulated with Geant4. The parameteri-
zation of muon punch-through is a new feature in AtlFast3.
Geant4 is also used to simulate particles in the inner detec-
tor and hadrons with energies below a few hundred MeV in
the calorimeters.

Section 2 introduces the ATLAS detector and provides
details about the detectors used in AtlFast3. Datasets and
samples are presented in Sect. 3. Sections 4 and 5 discuss
the FastCaloSim V2 and FastCaloGAN parameterizations,
respectively. The simulation of muon punch-through is dis-
cussed in Sect. 6. Section 7 discusses how AtlFast3 is con-
structed by combining FastCaloSim V2 and FastCaloGAN.
The performance of AtlFast3 in the reconstruction and in
physics analysis is discussed in Sect. 8. Section 9 concludes
the paper.

2 The ATLAS Detector

The ATLAS detector [1,10] at the LHC covers nearly the
entire solid angle around the collision point. It consists of an
inner tracking detector surrounded by a thin superconduct-
ing solenoid, electromagnetic and hadron calorimeters, and a
muon spectrometer incorporating three large superconduct-

ing air-core toroidal magnets. An extensive software suite
[11] is used in the reconstruction and analysis of real and
simulated data, in detector operations, and in the trigger and
data acquisition systems of the experiment.

2.1 Inner Detector

The inner detector is immersed in a 2 T axial magnetic field
and provides charged-particle tracking in the range |η| < 2.5.
The high-granularity silicon pixel detector is closest to the
collision point and typically provides four measurements per
track, the first hit normally being in the innermost layer. It is
followed by the silicon microstrip tracker, which usually pro-
vides eight measurements per track. These silicon detectors
are complemented by the transition radiation tracker (TRT),
which enables radially extended track reconstruction up to
|η| = 2.0. The TRT also provides electron identification
information based on the fraction of hits (typically 30 in
total) above a higher energy-deposit threshold correspond-
ing to transition radiation.

2.2 Calorimeters

The calorimeter system covers the pseudorapidity range
|η| < 4.9 and exploits several technologies to measure the
energy deposited by different types of particles. In Table 1,
the different calorimeter modules, different layers in the
radial direction, the acronyms used to refer to each layer,
the coverage in η by each layer, and the transition regions
with gaps between different layers are summarized. In the
transition regions of the calorimeter, the detector response
deteriorates relative to the rest of the acceptance.

Electromagnetic showers are measured by high-granularity
lead/liquid-argon (LAr) calorimeters. The electromagnetic
barrel (EMB) and electromagnetic endcap calorimeters
(EMEC) provide coverage within the region |η| < 3.2.
There are three EMEC sampling layers in the precision-
measurement region (1.5 < |η| < 2.5) and two layers in
the higher-|η| region (2.5 < |η| < 3.2). An additional thin
LAr Presampler covering |η| < 1.8 corrects for energy loss
in material upstream of the calorimeters. The electromag-
netic calorimeters have an accordion-shape geometry, which
provides several active layers in a compact design without
any gaps. An illustration of this structure and of the segmen-
tation in each layer is shown in Fig. 1. Each layer consists
of a number of cells, and groups of cells are referred to as
towers, which are used by the trigger. The thickness of the
calorimeter is given in units of radiation length, X0.

Hadronic showers are measured in a steel/scintillator-tile
calorimeter segmented into three barrel structures within
|η| < 1.7 (one TileBar and two TileExt), and two copper/LAr
hadron endcap calorimeters (HEC) for 1.5 < |η| < 3.2. The
granularity of HEC3 decreases for |η| > 2.5. The transi-
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tion region between the barrel and the endcap has additional
detectors, the Tile Gap layers.

Coverage at higher |η| (3.1 < |η| < 4.9) is provided by
the forward calorimeter (FCal). Two different technologies,
copper/LAr and tungsten/LAr, are used in the FCal, which
provides both for electromagnetic and hadronic energy mea-
surements.

The energy deposited in the calorimeters is read out from
cells which define the granularity of the detector. The gran-
ularity varies significantly depending on the layer and can
vary with η and φ.

2.3 Muon Spectrometer

The muon spectrometer (MS) comprises separate trigger and
high-precision tracking chambers, and measures the deflec-
tion of muons in a magnetic field generated by the super-
conducting air-core toroidal magnets. The field integral of
the toroids ranges between 2.0 and 6.0 Tm across most of
the detector. A set of precision chambers covers the region
|η| < 2.7 with three layers of monitored drift tubes (MDTs),
complemented by cathode-strip chambers (CSCs) in the for-
ward region, where the background is highest. In the barrel
region (|η| ≤ 1.05), the MDT chambers are located in and
around eight coils of superconducting toroid magnets. In the
endcap (1.05 ≤ |η| ≤ 2.7) sections of the MS, the MDTs are
located both in front of and behind the endcap toroid magnets.
The innermost detector in the endcap region is instrumented
with CSCs instead of MDTs to withstand higher rate and
background conditions.

Secondary particles, created in showers in the calorime-
ters, leaking into the MS can have a significant impact on
muon reconstruction and depend on the calorimeter simula-
tion. This effect is called muon punch-through and the tech-
nique used to simulate it is described in Sect. 6.

3 Dataset Simulation and Preprocessing

This section discusses the simulation of the datasets used
to derive the calorimeter parameterizations and the datasets
used to validate the performance of AtlFast3.

3.1 Simulation of Reference Samples with Geant4

The reference samples used to generate the calorimeter
parameterizations discussed in this paper were produced
using Geant4 version 10.1.3 [5], which was released in
2016 and use the FTFP_BERT_ATL physics list [13].
FTFP_BERT_ATL uses the Bertini intra-nuclear cascade
model below 9 GeV and transitions to the Fritiof model
[14–16] with a pre-compound model for 12 GeV and higher.
The default Geant4 electromagnetic physics list is used.
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Fig. 1 Granularity of the
electromagnetic barrel LAr
calorimeters [12]. The accordion
geometry is indicated with blue
and orange lines on the side of
the tower

The standard configuration for ATLAS simulation in physics
analyses, referred to as the MC16 campaign, uses a fast sim-
ulation technique known as Frozen Showers [6] to simulate
electromagnetic showers in the FCal. This latter configura-
tion has been used for full simulation samples for all papers
on Run 2 data published by ATLAS to date. The reference
samples do not use the Frozen Shower technique, but it is
used for the validation samples discussed in Sect. 3.3.

The reference datasets consist of single-particle events
produced on a cylinder with r = 1148 mm and |z| <

3550 mm located just outside the TRT, because only parti-
cles reaching the calorimeters have to be parameterized. This
means that the impact of the cryostat and solenoid material is
included in the reference datasets. The particles are produced
with directions of propagation consistent with production at
the interaction point and simulated without the spread of the
LHC beam bunches, for positive and negative values of η and
with a uniform distribution in φ. The impact of the spread
of the beam bunches is negligible, because particles are
parameterized according to where they enter the calorime-
ter. Photons (γ ) and electrons (e±) are used to parameter-
ize electromagnetic showers, and positively and negatively
charged pions (π±) are used to parameterize hadronic show-
ers. The positive and negative charge states of electrons and
pions are combined, since the difference in shower devel-

opment due to different charge is negligible. Charged pions
are used to model the simulation of hadrons, because the
dependence of the hadronic showers on particle type is very
small. The Geant4 simulation is run in a special configu-
ration with simulation steps which are smaller than those in
the default configuration in the calorimeter, so that details of
the spatial position of the deposited energy or hits are saved.
These detailed hits are used to parameterize lateral shower
shapes in FastCaloSim V2, discussed in Sect. 4.2, and for the
training of FastCaloGAN. The sum of the energies of these
detailed hits is lower than that of the standard Geant4 hits
due to a small bug in Geant4. This introduces a small bias
in the energy distributions for FastCaloGAN and also for
FastCaloSim V2 standard hits in the derivation of the lon-
gitudinal energy parameterization of FastCaloSim V2. The
bias is non-negligible for photons and electrons, and this is
corrected for in FastCaloSim V2. After the correction, no
significant impact on the physics performance of AtlFast3
is observed. Deposited energies in simulation are digitized
without considering electronic noise and cross-talk between
calorimeter cells in the readout electronics.

The calorimeter parameterization is obtained for 100 uni-
form η slices to provide coverage up to |η| = 5. This range
slightly exceeds the calorimeter η range to include particles
depositing only a fraction of their energy in the calorime-
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ters. In each slice, up to 19 single-particle samples were pro-
duced, starting from a minimum momentum of 16 MeV and
up to 4.2 TeV with the momentum doubling for each sam-
ple. The FastCaloGAN and FastCaloSim V2 parameteriza-
tions for pions are derived from the samples with energies of
256 MeV and higher as discussed in Sect. 7.2.2. For photons,
the samples with energies of 64 MeV and higher are used for
FastCaloSim V2 and those with energies of 128 MeV and
higher are used for FastCaloGAN. All samples are used to
derive the energy interpolation splines discussed in Sect. 7.3.
Ten thousand events were produced for each of the samples
with energies up to 256 GeV. With increasing energies above
256 GeV, the number of events was progressively reduced,
reaching 1000 events for the highest-energy sample, due to
the significant increase in the time required to simulate the
events in Geant4.

Single-(anti)proton, single-(anti)neutron, and single-(anti)
kaon samples were produced in the same η and momentum
slices to derive the corrections described in Sect. 7.4.3. These
corrections are sufficient to provide good performance for
these stable hadrons, thus avoiding a dedicated parameteriza-
tion and thereby reducing the memory footprint of AtlFast3.

3.2 Voxelization

The spatial energy deposits in each layer in the Geant4
datasets are grouped into volumes called ‘voxels’ for param-
eterization of FastCaloSim V2 and FastCaloGAN. Only lay-
ers with a significant amount of energy, referred to as ‘rel-
evant layers’, are considered in the parameterization. Rel-
evant layers are defined using criteria on the fraction of
energy deposited in the layers with respect to the total energy
deposited in the calorimeters. The criteria used by the two
simulators to determine the relevant layers are slightly dif-
ferent:

• In FastCaloSim V2, only layers with energy fractions
larger than 0.1% are used; this procedure is performed
for each sample independently.

• In FastCaloGAN, all samples in the same η slice are pro-
cessed with the same number of voxels. The relevant lay-
ers are determined using only the 1 TeV energy point and
have an energy fraction larger than 0.1%. In addition, a
layer with less energy is considered relevant if it is in
front of a relevant layer. For example, PreSamplerB is
always included in FastCaloGAN in the barrel region of
the detector even if the energy deposited there is below
the threshold.

The coordinates of hits in relevant layers, ηhit and φhit, are
calculated relative to the extrapolated position of the parti-
cle in that layer, ηextr and φextr. The extrapolation is calcu-
lated from the momentum of the particle at the point where it

enters the calorimeter and propagated through the calorime-
ter, taking into account the magnetic field for charged parti-
cles. Equation (1) shows the relative angular coordinates, 	φ

and 	η, of the showers. The coordinates of the calorimeter
cell associated with the hit, zcell and rcell, are used to trans-
form the relative hit coordinates into millimeters, 	φmm and
	ηmm, which provides a more convenient description of the
shower

	η = ηhit − ηextr,

	φ = φhit − φextr,

	ηmm = 	η × ηJacobi ×
√
r2

cell + z2
cell,

	φmm = 	φ × rcell, (1)

where ηJacobi = |2 × exp(−ηextr.)/ (1 + exp(−2ηextr.)) |.

	Rmm =
√

(	ηmm)2 + (	φmm)2,

α = arctan2
(
	φmm,	ηmm)

. (2)

The hit positions are then transformed to polar coordinates
defined in Eq. (2) and grouped into voxels of different size:

• In FastCaloSim V2, the shower symmetry along φ with
respect to the centre of the shower in each layer is
exploited. A binning of 1 mm in the radial direction is
used in the high-granularity EMB1 and EME1 layers,
while 5 mm is used in the other layers. Along the angular
direction, α, eight uniform bins are used in all relevant
layers. These settings are used for all particles. The size
of each voxel is much smaller than the calorimeter cell
dimensions.

• In FastCaloGAN, the size of the voxel is optimized for
each particle type and detector η slice. In the radial direc-
tion, a variable bin width is used with increasingly wider
bins. An example is shown in Table 2 for pions in the bar-
rel. Only layers with a large fraction of the total energy
are binned along the angular direction. The angular posi-
tions of the showers in the other layers are neglected and
simulated uniformly. Ten bins of equal size are used for
layers binned in the angular direction. Due to the variable-
width bins in the radial direction, the size of the voxels
can be significantly larger than the cell dimensions. This
voxel definition is optimized for an accurate training of
the GANs, since using as many bins as FastCaloSim V2
would significantly increase the training time and insta-
bility of the GANs, ultimately reducing the performance
of FastCaloGAN.

3.3 Validation Datasets

A range of different Monte Carlo samples commonly used
for physics performance studies and physics analysis are used
to validate the performance of AtlFast3. Table 3 summarizes
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Table 2 The binning used for the voxelization of pions in the different calorimeter layers for FastCaloGAN in the 0 < |η| < 0.8 range. Each
ellipsis indicates when the same binning continues until the subsequent listed number

Layer Bin boundaries in 	Rmm [mm] Number of bins in φ

PreSamplerB 5, 10, 30, 50, 100, 200, 400, 600 1

EMB1 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

TileBar0 10, 20, 30, . . . 100, 130, 160, 200, 250 . . . 400, 1000, 2000 10

TileBar1 10, 20, 30, . . . 100, 130, 160, 200, 250, . . . 400, 600, 1000, 2000 10

TileBar2 0, 50, 100, . . . 300, 400, 600, 1000, 2000 1

Table 3 Summary of the Monte Carlo generator settings for the simulation of samples for validation of AtlFast3. See text for details

Process Generator ME Order PDF Parton Shower Tune

SM process samples

t t̄ Powheg Box r2330.3 NLO CT10 Pythia 6.427 P2012

Z�/γ � → ττ Powheg Box r2856 NLO CTEQ6L1 Pythia 8.186 AZNLO

Z → μ+μ− Powheg Box r2856 NLO CTEQ6L1 Pythia 8.186 AZNLO

Z → ee Powheg Box r2856 NLO CTEQ6L1 Pythia 8.186 AZNLO

W ′(13 TeV) → WZ → 4q Pythia 8.235 LO NNPDF23LO Pythia 8.235 A14

Z ′(4 TeV) → t t̄ Pythia 8.235 LO NNPDF23LO Pythia 8.235 A14

Dijet: leading jet pT = 140-400 GeV Pythia 8.186 NLO NNPDF23 Pythia 8.186 A14

Dijet: leading jet pT = 1.8-2.5 TeV Pythia 8.186 NLO NNPDF23 Pythia 8.186 A14

ggF Higgs → γ γ Powheg v2 NNLOPS NNLO PDF4LHC15 Pythia 8.230 AZNLO

the key samples, which are also discussed in this section.
The matrix element (ME) order describes the precision at
which the process is produced by the generator in perturba-
tive quantum chromodynamics (QCD); this can be leading
order (LO), next-to-leading order (NLO), or next-to-next-to-
leading order (NNLO).

The production of t t̄ events was performed with Powheg
Box r2330 [17] interfaced with Pythia 6.427 [18] for the
parton shower and hadronization modelling with the CT10
[19] set of parton distribution functions (PDFs) and the Peru-
gia2012 set of tuned parameters (P2012 tune) [20]. At least
one of the top quarks is required to produce a lepton when
decaying. This sample can be used to validate small-radius
jets, leptons, and b-jets.

Events containing Z bosons decaying into a pair of elec-
trons, muons or τ -leptons were generated with Powheg
Box r2856 [21] at NLO in QCD using the CTEQ6L1 [22]
PDF set. The events were interfaced with Pythia 8.186 [23]
for the parton shower and hadronization modelling using
the AZNLO tune [24]. The samples were generated with
pT(Z) = 0. These samples are used to validate electrons,
muons, and τ -leptons.

Events containing a new hypothetical spin-1 boson, W ′,
decaying into a WZ pair, which subsequently decay into
hadrons, were generated using Pythia 8.235 with the

NNPDF23LO [25] PDF set. The W ′ bosons were generated
with a mass of 13 TeV, and the differential cross-section is
reweighted to have a flat distribution of jet pT from 200 GeV
to 3 TeV. Similarly, a sample of Z ′ bosons with a mass of
4 TeV was generated using Pythia 8.235, and the Z ′ boson
was subsequently decayed into a top and anti-top quark pair.
The top quarks were forced to decay into hadrons in the sam-
ples, which allows the substructure of jets to be validated.
Similar to the W ′ sample, the differential cross-section is
reweighted to have a flat distribution of jet pT from 200 GeV
to 3 TeV to better populate kinematic regions with higher jet
pT. These samples are used to validate the substructures of
various jets with very high transverse momentum.

Samples of multijet events were simulated with the
Pythia 8.186 general-purpose event generator interfaced to
EvtGen 1.2.0 [26] for decay of heavy-flavour mesons. The
NNPDF23 PDF set [27] and the A14 tune [28] were used.
The rapidly falling spectrum of leading-jet momenta requires
this simulation to be filtered in leading-jet pT. These samples
are used to validate jets in a range of pT regimes.

Higgs boson production via gluon–gluon fusion (ggF) was
simulated at NNLO accuracy in the strong coupling con-
stant αs using Powheg NNLOPS [29–33], which achieves
NNLO accuracy for arbitrary inclusive gg → H observables
by reweighting the Higgs boson rapidity spectrum of MJ-
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MiNLO [34–36] to that of HNNLO [37]. The PDF4LHC15
PDF set [38] and the AZNLO tune of Pythia 8 were used.
This simulation was interfaced with Pythia 8.230 for par-
ton shower and non-perturbative hadronization effects. The
Higgs boson was decayed into a pair of photons.

The impact of pileup in the same and neighbouring proton-
bunch crossings was modelled by combining detector signals
from simulated inelastic pp events with the hard-scattering
(HS) event [39]. These pileup events were generated with
Pythia 8.186 [23] using the NNPDF23 set of PDFs and
the A3 tune [40]. The pileup events were simulated using
Geant4 even for samples produced with AtlFastII or Atl-
Fast3, and the same pileup events were reused for all sam-
ples. An average number of pileup interactions per pp bunch
crossing of 38 with a standard deviation of 12 were used,
similar to the pileup distribution recorded by the ATLAS
experiment during Run 2.

The validation samples are reconstructed using the stan-
dard algorithms for the ATLAS experiment [41–46]. The
energy scale and resolution of reconstructed leptons and jets,
as well as their reconstruction and identification efficiencies
in the simulation are corrected to match those measured in
data using the standard procedures of the ATLAS experi-
ment [47]. Unless stated otherwise, the same reconstruction
code and corrections are applied to samples simulated with
Geant4, AtlFastII and AtlFast3.

4 Calorimeter Simulation with FastCaloSimV2

FastCaloSim V2 parameterizes the longitudinal and lateral
development of showers in the calorimeter. During AtlFast3
simulation, energy is directly deposited in calorimeter cells
using the parameterized responses. The longitudinal param-
eterization along with a correction to the energy resolution is
discussed in Sect. 4.1. Parameterization of the average lateral
shower distribution is discussed in Sect. 4.2. Finally, the sim-
ulation of hits using longitudinal and average lateral shower
parameterization is described in Sect. 4.3.

4.1 Longitudinal Shower Development

As particles shower in the calorimeter, they deposit energy in
the various layers. The amount of energy deposited in each
layer depends on how deep in the calorimeter the shower
was initiated. The amount of energy deposited is highly cor-
related between layers, making it difficult to independently
parameterize the response for each layer.

Principal Component Analysis (PCA) [48] is used to clas-
sify showers from the samples introduced in Sect. 3 for each
slice of energy, η bin, and particle type. The PCA transfor-
mation is performed twice. The initial PCA, referred to as
the ‘first PCA’, is used to classify showers into bins referred
to as ‘PCA bins’. A second PCA transformation, referred to

as the ‘second PCA’, is performed in each bin of the first
PCA to generate uncorrelated and approximately Gaussian
distributions. These Gaussian distributions from each PCA
bin are used in the FastCaloSim V2 simulation. The steps of
this PCA chain are discussed in detail below.

The distribution of the fraction of energy deposited (see
Fig. 2a) in each calorimeter layer and the total energy
deposited (summed over all layers) are used to classify the
showers. Only the relevant layers as defined in Sect. 3.2 are
considered. The energy fraction in each layer is integrated
and transformed into a Gaussian distribution using a cumula-
tive distribution function transformation (see Fig. 2b). These
Gaussian distributions from each layer and each event are
used to construct a PCA matrix to perform the first PCA.

The first PCA converts the set of correlated energies into
a set of linearly uncorrelated quantities by an orthogonal
transformation of the coordinate system. The transformation
is calculated using the covariance and the eigenvectors of
the PCA matrix. The principal components with highest and
second-highest variance are referred to as the leading and
sub-leading principal components of the first PCA. Figure 2c
shows the leading principal component of the first PCA. To
classify the shower, the leading and, in some cases, the sub-
leading principal component of the first PCA is binned in
equally populated PCA bins (covering equal ranges of cumu-
lative PCA bin probability). A bin with zero deposited energy
is included, as this improves the modelling of low-energy
particles. Typically, five PCA bins in the leading principal
component of the first PCA are used (see Fig. 2c.) However,
within the transition regions of the calorimeter layers, given
in Table 1, the sub-leading principal component is also used
to determine PCA bins in two dimensions. The exact number
of bins in each region is determined from a χ2 test giving the
best modelling of all energy fractions. The first PCA removes
non-linear correlations between layers and roughly classifies
the showers according to their depth.

The effectiveness of the PCA transformation is demon-
strated in Figs. 3 and 4, which show the correlations before
and after the first PCA. The correlations between different
layers are calculated from the Gaussian inputs of the PCA
matrix. After the first PCA, the correlations are calculated
using a subset of the principal components and are strongly
reduced.

The total energy and the energy fractions in each first-PCA
bin are transformed into Gaussian distributions following the
same method, and then, the second PCA is performed. The
steps of the second PCA are identical to those of the first
PCA except that only the events in a given first-PCA bin are
used. The second-PCA rotation removes any further correla-
tions in each first-PCA bin to produce uncorrelated Gaussian
outputs using all principal components. The mean and RMS
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Fig. 2 Example of the steps in the first PCA transformation for 65 GeV
photons with 0.2 < |η| < 0.25: a shows the distribution of energy frac-
tions in EMB1,b the Gaussian distribution, and c is the leading principal
component of the first PCA with bin borders (dotted pink lines) show-
ing five PCA bins. The steps of the second PCA are identical to those

of the first PCA but performed in each PCA bin separately to gener-
ate uncorrelated Gaussian distributions using all principal components
of the second PCA. The errors bars indicate the size of the statistical
uncertainty

of these Gaussian distributions, the PCA matrices, the PCA
bin probabilities, and the inverse cumulative distributions are
stored and used in the simulation.

During simulation, the steps of the PCA chain are exe-
cuted in reverse. For each simulated particle, a PCA bin is
selected using random numbers distributed according to the
PCA bin probabilities. The uncorrelated Gaussian distribu-
tions, stored in the parameterization, in the selected PCA bin
are used to generate uncorrelated random numbers. These
random numbers are rotated using the inverse PCA matrix of
the second PCA to generate correlated random numbers. The
correlated random numbers are then mapped back to the total
energy and the energy fractions deposited in each layer using

the error function and the inverse cumulative distributions of
the first PCA.

The validation of the longitudinal energy parameterization
is shown in Fig. 5 for 65 GeV photons with 0.2 < |η| < 0.25.
Incoming photons with an energy of 65 GeV are simu-
lated using the FastCaloSim V2 parameterization and com-
pared with Geant4 simulation. In this case, no digitiza-
tion or reconstruction algorithms are applied, but the energy
deposited in the active regions of the calorimeter has been
scaled by the sampling fraction. This simulation without dig-
itization and reconstruction is referred to as ‘stand-alone sim-
ulation’.
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Fig. 3 Correlations between the transformed energies deposited in sev-
eral layers, before PCA rotation, showing a Presampler barrel vs EM
barrel 1, b Presampler vs EM barrel 2, and c EM barrel 1 vs EM bar-

rel 2. The energies were transformed into Gaussian distributions. The
correlation factors obtained from these 2D histograms are displayed

In general, the energy fractions deposited in each calorime-
ter layer using the FastCaloSim V2 parameterization are
observed to be in good agreement with Geant4. However,
for the total energy distribution, a residual difference in the
mean and a larger RMS are observed. These small differences
can impact the modelling of complex quantities, e.g., the
Higgs boson invariant mass distribution reconstructed from
two photons. Additional corrections are therefore applied to
improve the modelling of both the resolution and the mean,
as discussed in Sects. 7.4.1 and 7.4.3.

4.2 Average Lateral Shower Shape

The lateral shower shape describes the lateral energy dis-
tribution in each calorimeter layer. The parameterization is

derived in each relevant layer and for each PCA bin. The
shower development is parameterized in voxels using the
coordinates defined in Eq. (2). To exclude hits far away from
the centre of the shower, only 99.5% of the total energy of
each PCA bin cumulatively along 	Rmm is considered. The
shower shape distribution in each PCA bin (of each layer)
is then normalized to the energy in that PCA bin to cre-
ate the probability density function for the average shower
shape. Figure 6 shows the average lateral shower profile cor-
responding to the electromagnetic and hadronic showers in
the second layer of the EM barrel and the Tile barrel, respec-
tively. The memory footprint of these histograms is reduced
by storing only the |	φmm| coordinates for 0 ≤ α ≤ π ,
because the shower is symmetric in 	φmm.
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Fig. 4 Correlations between the first-PCA components after the PCA rotation. The individual components are approximately Gaussian distributed

4.3 Simulation of Hits

A key limitation of AtlFastII is that the lateral shower shape
simulation is based on the average shower shape. This model
works well for electrons and photons, but cannot reproduce
the complex structure of hadronic showers. ATLAS extracts
the shower structure of electrons, photons, hadrons, and jets
by clustering calorimeter cells using the TopoCluster algo-
rithm [49]. The clustering proceeds by starting from a seed
cell with an energy 4σ above the calorimeter noise threshold
and adding cells with an energy at least 2σ above the noise
and finally adding adjacent cells of any energy. However,
using the average shower shape means that the energy distri-
bution and position of the hadronic clusters differ compared
to Geant4. Instead of directly using the average shower
shape, FastCaloSim V2 uses the average shower shape as a
probability distribution function (pdf) to generate hits which
are subsequently mapped onto the calorimeter cell structure.

For particles entering the calorimeter with a non-zero angle
with respect to the calorimeter cell boundaries, the position of
each hit is modified to account for the longitudinal position
within each layer to improve the simulation of the shower
shapes. For each PCA bin, the average value of the longitu-
dinal position distribution from the reference sample is used
to correct the lateral position at which the hits are produced.
The models used to assign energy to each hit are discussed in
the following sections. The energies of hits are normalized,
so that their sum exactly matches the simulated energy in a
layer as discussed in Sect. 4.1.

4.3.1 Electrons and Photons

The number of generated hits for electrons and photons is cal-
culated from the energy deposited in each calorimeter layer
and the intrinsic resolution of the calorimeter technology in
that layer. For a given energy E simulated within a calorime-
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Fig. 5 Validation of the energy, E , parameterization is shown for
65 GeV photons with 0.2 < |η| < 0.25, comparing the input Geant4
sample (black triangles) with FastCaloSim V2 (red dots). Good agree-

ment is observed for all layers and the total energy. The errors bars
indicate the size of the statistical uncertainty

ter layer, the resolution is defined as

σE/E = a/
√
E/GeV ⊕ c, (3)

where a is the stochastic term and c is the constant term. The
values used for a and c for the different detector technologies
are listed in Table 4 and are used to calculate the resolution,
σE .

The expected number of hits, λ, which would produce this
resolution from a Poisson statistical process is calculated as

λ = 1/(σE/E)2. (4)

A random number following a Poisson distribution N =
Poisson(λ) is used to simulate N hits of equal energy
Ehit = E/N . The positions of these hits are randomly dis-

tributed according to the average shower shape introduced in
Sect. 4.2.

For electrons and photons, which deposit most of their
energy in the LAr EM calorimeters, the expected number of
hits (see Eq. (4)) is dominated by the stochastic term, a, in
the energy resolution. Assuming a stochastic term of 10.1%
and equal energy for each hit, electron and photon showers
have hits with Ehit ≈ 10 MeV.

4.3.2 Hadrons

The number of generated hits for hadrons is calculated fol-
lowing the same procedure as described in Sect. 4.3.1. How-
ever, for hadrons, the stochastic and constant terms in each
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Fig. 6 The lateral shower shape parameterization for a photons and b pions with energies of 265 GeV in the range 0.55 < |η| < 0.60 and
parameterized in the second layer of the EM barrel and Tile barrel, respectively. To visualize the core of the shower, these plots have a cut-off at
	Rmm ∼ 100 mm

Table 4 Stochastic and constant
terms for the intrinsic
calorimeter energy resolution
for the different detectors and
used to simulate the hits for
electrons and photons [12]

Calorimeter technology Stochastic term a Constant term c

LAr EM barrel and endcap 10.1% 0.2%

Tile 56.4% 5.5%

LAr hadronic endcap 76.2% 0

FCal 28.5% 3.5%

layer are η-dependent and much larger due to intrinsic fluc-
tuations in hadronic showers. To derive these terms, a spe-
cial simulation of charged pions is used, where in addition
to the measurable energy deposited in the active material of
the calorimeter, the total energies lost in both the active and
inactive parts of the calorimeter are recorded. The ratio of
these two energies in each layer is the sampling fraction per
shower and varies with the total energy deposited, denoted
by fsample(E). The relative resolution, σE/E , of fsample(E)

is fitted with Eq. (3) to extract the stochastic and constant
terms for each η-slice. Only showers that deposit more than
1 GeV of energy in a calorimeter layer are considered in the
fit.

The stochastic terms obtained from simulation for pions
are in the range of approximately 30–40% for the EM
calorimeters, 50–60% for the Tile calorimeter, 60–80% for
the HEC calorimeter, and 80–100% for the FCal. The con-
stant terms c are in the range of 1–10%.

Using η-dependent stochastic and constant terms signifi-
cantly improves the modelling of hadronic showers for most
layers. A notable exception is observed in the highly granu-
lar calorimeter layers EMB1 and EME1. In these cases, the
stochastic and constant terms shown in Table 4 are used.

In Fig. 7a, the energy fractions inside voxels along 	Rmm

in the EMB2 layer of the calorimeter are shown for a 65 GeV
charged pion in the range 0.20 < |η| < 0.25 for the first
bin of the leading PCA using Geant4. The number of vox-
els with a particular energy fraction is represented on the
z-axis. In the Geant4 distribution, away from the centre of
the shower, only a small number of voxels have an energy of
O(Ehit), while most voxels have a substantially lower energy.
Due to the large stochastic terms for hadrons (> 30%), Ehit

is approximately 100–300 MeV for hadronic showers, which
is similar to the energy needed to seed a cluster.

In Fig. 7b, the same distribution is shown simulated using
FastCaloSim V2 where each hit is assigned equal energy. The
mean and the RMS calculated by including the voxels with
an energy of O(Ehit), for each distribution, are compared
in Fig. 7d. Although the mean of the energy fraction is cor-
rectly reproduced by FastCaloSim V2, the number of voxels
with an energy of O(Ehit) is substantially larger away from
the centre of the shower. In many cases, just one of these
hits together with some noise is sufficient to seed the forma-
tion of a calorimeter cluster, which then leads to substantial
differences in the cluster energy and position distribution
compared to Geant4.
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Fig. 7 Ratio Evoxel/Ehit as function of 	Rmm for deposited energy
from a 65 GeV charged pion in EMB2 in the range 0.20 < |η| < 0.25
in the first bin of the leading PCA (PCA=1). Entries with Evoxel = 0 are
shown in the underflow bin below 10−9. Lateral shower shape model (a)
in Geant4, b in a model using equal deposited energies, c in a model

using weighted hit deposited energies. d Comparison of the mean (cen-
tral value) and the RMS (error bars) for the equal hit, weighted hit,
and Geant4 models. The yellow band indicates the 1σ uncertainty for
Geant4

To correct for this mismodelling, a second model is devel-
oped where instead of assigning equal energy, a hit weight is
introduced. The weight is calculated, such that the number
of hits simulated in a certain 	Rmm bin is changed to better
reproduce the RMS of the distribution fromGeant4, denoted
by RMSG4. The steps involved to calculate this weight are
discussed below.

As a first step, the voxels with sufficiently low energy are
assigned Evoxel = 0. Only voxels that do not change the
mean by more than 0.01% are considered in this step. Then,
two Poisson distributions are calculated, one reproducing the
fraction of voxels with Evoxel = 0 and a second one reproduc-
ing the RMS of the total Geant4 distribution. The smaller
of the two RMS values is used and denoted by RMSPoisson.

The RMSPoisson value is used to determine the number of
simulated hits by calculating

NPoisson = 1/(RMSPoisson/λ)2.

The weight is then calculated using NPoisson as follows:

w = 〈Evoxel/Ehit〉/NPoisson,

and the energy is recalculated as

E ′
hit = Ehit · w.

These weights are calculated for each average shower shape
discussed in Sect. 4.2. To ensure that the average shower
shape is unchanged, a correction of 1/w is applied to the
probability of all voxels at a distance of 	Rmm from the
shower center.
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In addition, if the RMS of the Poisson distribution is
smaller than that of Geant4, i.e., RMSPoisson < RMSG4,
additional fluctuations are added by applying a smearing
function to the NPoisson value. The smearing function has
the form es , where s is a random number generated from a
Gaussian distribution, such that

RMSes = RMSsmearing/
√
NPoisson ,

and RMSsmearing is calculated as:

RMS2
smearing = RMS2

G4 − RMS2
Poisson .

Combining these corrections, the hit energy is derived as

E ′′
hit = Ehit · w · es .

Figure 7c shows the Evoxel/Ehit distribution simulated
using FastCaloSim V2 with the weighted hit model. The
number of voxels with an energy of O(Ehit) is seen to be
substantially better modelled when compared with Geant4.
Additionally, the mean and the RMS of the equal hit model
and the weighted hit model are overlaid with those of
Geant4 in Fig. 7d, demonstrating the improved modelling
of the RMS for weighted hits. The dependence of the weight
w and the RMSes parameter is stored as function of 	Rmm

together with the average shower shape scaled by 1/w for
all charged pions with energy above 1 GeV. For hadrons, the
weighted hit model is used instead of the equal hit energy
model.

5 Calorimeter Simulation with FastCaloGAN

FastCaloGAN is a fast calorimeter simulation tool that
parameterizes the interactions of particles in the ATLAS
calorimeter system using 300 GANs, one for each parti-
cle type and η slice in which the reference samples are
produced. FastCaloGAN takes a different approach than
FastCaloSim V2, which as seen in Sect. 4 factorizes the
shower parameterization into several components, i.e., lon-
gitudinal and lateral energy distributions for different energy
points that requires interpolation between them. A GAN,
instead, provides a comprehensive solution to the simulation
of any particle of any energy. This results in a simpler model
that has a lower memory requirement at the price of a signifi-
cantly higher time needed for producing the parametrisation
used in the simulation. A detailed description of FastCalo-
GAN is provided in Ref. [50], and other studies of deep gen-
erative models for fast calorimeter simulation can be found in
Refs. [51–56]. GANs were chosen, because they have proven
successful in generating realistic showers in calorimeters. A
GAN [8] is a combination of two deep networks, a gener-
ator producing artificial showers and a discriminator trying
to distinguish the generated images from real ones. The two
networks compete against each other in a game resulting

in a type of training that is unlike those for other machine-
learning problems. For example, the loss functions cannot
easily be used to assess the quality of the training or to
select the best training point. The architecture of the GANs
is described in Sect. 5.1. Section 5.2 discusses the training
strategy, the selection of the best epoch, and its performance.
Finally, the strategy to map the energy from the voxels to the
calorimeter cells is explained in Sect. 5.3.

5.1 Architecture

FastCaloGAN uses the Wasserstein GAN [57] with a gradient
penalty (WGAN-GP) term [58] in the loss function of the
discriminator. This configuration provides good performance
and training stability.

The WGAN-GP is implemented in TensorFlow 2.0 [59],
such that the training can be performed on either CPUs or
GPUs. The architecture of the WGAN-GP is presented in
Fig. 8. The generator uses a latent space of 50 values and
has three hidden layers of increasing size. The output layer
of the generator and the input layer of the discriminator have
a number of nodes equal to the number of voxels (NVoxel)
corresponding to the specific particle type and η slice. The
discriminator maintains the same number of nodes until the
last layer, which has a single output node. The GANs are
conditioned on a single parameter, the true momentum of
the particle.

Each node uses the Rectified Linear Unit (ReLU) activa-
tion function. Both the generator and discriminator use the
Adam [60] optimizer with a learning rate of 10−4. The expo-
nential decay rate for the first moment (β1) is set to 0.5, while
the second moment (β2) is set to the default value (0.999),
as are all other parameters that are explicitly given here. The
training is performed using a batch size of 128 events, and
the discriminator is trained five times for each training of the
generator. Finally, the gradient penalty, λ, is set to 10. These
parameters are summarized in Table 5. This set of hyperpa-
rameters as well as the overall architecture were chosen as
a compromise between the modelling performance and the
time required to train the 300 GANs.

5.2 Training

Each GAN is trained first on a single energy point, and then,
the other energy points are added progressively to the training
mixture starting from the energy points closest in energy to
the initial sample. The training procedure can be summarized
as follows:

1. Train the first 50,000 epochs using the 32 GeV sample.
2. Every 20,000 epochs add a new sample, alternating

between higher and lower energies.
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Fig. 8 Schematic
representation of the
architecture of the GANs used
by FastCaloGAN. The input to
the generator is at the top left
and the output from the
discriminator is at the bottom
left. The Rectified Linear Unit
(ReLU) activation function is
used in all layers of the
discriminator with the exception
of the last

Table 5 Overview of the parameters of the WGAN-GP

NVoxel Number of voxels

Generator nodes 50, 50, 100, 200, NVoxel

Discriminator nodes NVoxel, NVoxel, NVoxel, NVoxel, 1

Activation function ReLU

Optimizer Adam [60]

Learning rate 10−4

β1 0.5

β2 0.999

Batch size 128

Training ratio (D/G) 5

Gradient penalty (λ) 10

3. Once all energy points have been added, continue training
with all samples for the remaining epochs.

The energy in each voxel is normalized to the true momen-
tum of the primary particle entering the calorimeter, which
means that the GAN only needs to learn the relative shape
of the showers. The true momenta, which are used as labels
for the conditioning, are also normalized to the highest value
(4.2 TeV), which results in a range of values (0,1] which is
optimal for the training of the GANs.

The training is performed for 1 million epochs with a
TensorFlow checkpoint saved every 1000 epochs to moni-
tor the improvements in the training. The training time for
each GAN is approximately 8 h on the NVIDIA V100 [61]
GPUs available on the CERN HTCondor system [62]. The
limited number of GPUs available to train the 300 GANs sets
the limit of 1 million epochs, while the frequency at which
the checkpoints are stored is limited by both speed and disk
space.

5.2.1 Best Epoch Selection

Due to the interplay between the generator and discriminator,
the final epoch is not necessarily the best one. The figure
of merit used to select the best epoch is a χ2 between the
reference samples and the GANs. The variable chosen is the
sum of the energy in all voxels that corresponds to the total
energy deposited in the calorimeter by the particle.

For each energy point, the range used for the distribution is
defined to be a ±3 RMS interval around the peak for electro-
magnetic showers in the Geant4 reference samples. As the
energy distributions of the pions have longer tails, the range
for hadrons is defined to be between −4 RMS and 3.5 RMS.
A total of 30 bins are used for all energy points. The χ2 is then
evaluated between the binned distributions produced from all
events in the reference samples and 10,000 events generated
from the GAN and weighted by the statistical uncertainty.
The overflow and underflow bins are not used in the χ2 eval-
uation. The total χ2 for a checkpoint is the sum of the χ2 for
each of the 15 energy points. The checkpoint with the lowest
χ2 sum is chosen for each GAN. This selection criterion, as
opposed to selecting the last trained epoch, avoids the prob-
lem of selecting an epoch with an unfavourable fluctuation
in the training.

The evolution of this χ2 as a function of the epoch is shown
in Fig. 9 for pions with 0.25 < |η| < 0.3. The average χ2

decreases with increasing epoch and the fluctuations around
the average are typical of GAN training. The point with the
lowest χ2 sum, which in the example presented in Fig. 9
occurs at epoch number 946,000, is the checkpoint used for
the simulation of pions in that η range. This procedure is
repeated for all 300 GANs.

5.2.2 Performance

The performance of the best epoch for photons with 0.2 <

|η| < 0.25 is shown in Fig. 10. For each of the 15 energy
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Fig. 9 The χ2 sum divided by the number of degree of freedom (NDF)
calculated between the reference samples and the GAN as a function of
the number of epochs. The lowest point (in red) represents the selected
epoch

points, the distribution of the total energy, defined as the sum
of the energy in all voxels, is shown for the Geant4 input
samples and the events generated with the GAN. In most
cases, the means of the two distributions are comparable and
so are their widths.

Similarly, the performance of the GAN for pions with
0.2 < |η| < 0.25 is shown in Fig. 11. The first two energy
points show a different shape than the other energy points
and are not well described. The description of the highest
energy point is poor due to the difficulties in reproducing the
irregular shape and low number of events in the reference
sample; given the extreme rarity of such high-energy hadrons
in physics samples, the poor modelling is not of significant
concern. Furthermore, in its final configuration described in
Sect. 7.1, AtlFast3 does not use GANs in this energy range.

The mean and RMS, indicated by the size of the uncer-
tainty bars, of the total energy as a function of the true particle
momentum (ptruth) is shown in Fig. 12a–c for photons, elec-
trons, and pions, respectively. For photons and electrons, the
GANs reproduce the mean energies of the reference sam-
ples except at the low momentum points. The RMS from the
GANs is larger than that of the reference sample for all ener-
gies. For pions, the GANs generate distributions with a lower
mean and a larger RMS for a wider energy range.

The total energy, defined as the sum of the energy in all
voxels, for particles with momentum 65 GeV as a function of
η for photons, electrons, and pions is shown in Fig. 13a–c. For
photons and electrons, the GAN and reference sample means
agree to better than 1% in almost all the regions, while the
distributions generated by the GANs are wider than the ref-
erence samples in the barrel region. Small discrepancies are
observed in the transition regions between detectors, where
the energy response is non-Gaussian. For pions, the means
agree to within 4%, with larger discrepancies observed in

the barrel region, where the energy is slightly lower. The
FastCaloGAN RMS is larger in both the barrel and endcap
regions.

5.3 Simulation of Hits

The GAN models trained to generate showers in FastCalo-
GAN are implemented in the ATLAS Athena software
framework using the Lightweight Trained Neural Network
(LWTNN) [63].

The kinetic energy Ekin of the particle is used as the con-
ditional parameter of the GAN. The output of the GAN is
the energy assigned to each voxel. Each one of these ener-
gies must be assigned to a variable number of cells, because
the voxels in FastCaloGAN can be larger than the ATLAS
cells. To assign the correct amount of energy to each cell,
the voxel surface defined in Eq. (2) is sampled uniformly,
generating a grid of hits. Layers that are not binned along
the angular direction have their energy uniformly distributed
across the whole annulus surface. The granularity used to
sample the voxel is 1 mm in the high-granularity EMB1 and
EME1 layers, while 5 mm is used in the other layers. A max-
imum of 10 hits are created in either direction to limit the
number of hits that are generated; this is required to have
a small simulation time. The energy generated by the GAN
in the voxel is divided uniformly between the hits. The hits
are then assigned to the calorimeter cells using the simpli-
fied geometry. The longitudinal mid-position in each layer is
used for the calculation of the hit position.

6 Simulation of Muon Punch-Through

Secondary particles created in hadronic showers inside the
calorimeter can escape through the back of the calorime-
ter and generate hits in the muon spectrometer. This effect is
referred to asmuon punch through. These particles are recon-
structed in the muon spectrometer and need to be well mod-
elled to accurately describe the backgrounds of reconstructed
muons. A dedicated treatment of these particles is required,
because the information about the path of the particles is lost
due to the parameterization of the calorimeter response in
AtlFast3. Figure 14 shows the probability of a single pion
entering the calorimeter to create at least one secondary par-
ticle which escapes the calorimeter volume with an energy
of at least 50 MeV determined using the Geant4 simula-
tion. The probability increases with increasing momentum p
and varies as a function of η. Particles with energies below
50 MeV are not simulated in the muon spectrometer, because
they would have negligible impact.

The AtlFast3 punch-through parameterization is derived
separately for the five types of secondary particles that can
emerge from the back of the calorimeter: photons, electrons,
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Fig. 10 Sum of the energy in all voxels for photons with 0.2 < |η| < 0.25. The calorimeter response for Geant4 (solid black line) compared
with FastCaloGAN (dashed red line)

pions, muons, and protons. These account for 92% of the
total punch through. The parameterizations of their multi-
plicity and kinematics are determined from single-pion sam-
ples simulated using Geant4. As the properties of the sec-
ondary particles depend significantly on the η direction and
energy of the incoming pion, the reference samples within
the acceptance of the muon spectrometer |η| ≤ 2.7 and with
momenta between 65 GeV and 4.2 TeV are used to determine
the parameterization. The small number of secondary parti-

cles in lower energy samples did not allow a parametrization
of primary particles with an energy lower than 65 GeV.

The properties of the secondaries described by the parame-
terization include their energy, and their position and momen-
tum relative to that of the incoming pion. The position and
momentum of the secondaries are determined via deflection
angles, 	θ and 	φ, relative to the direction of propagation
of the incoming pion. As an example, Figs. 15 and 16 show
the histograms extracted from the Geant4 simulation and
used to parameterize the secondaries produced by primary
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Fig. 11 Sum of the energy in all voxels for pions with 0.2 < |η| < 0.25. The calorimeter response for Geant4 (solid black line) is compared with
FastCaloGAN (dashed red line)

pions with an energy of 524 GeV and |η| ≤ 0.4. The peak
at 1 GeV is the most probable value of the energy of the
secondary pions emerging from the calorimeter.

During the simulation of AtlFast3, the muon punch-
through parameterization is invoked whenever particles
that have some probability of punching through enter the
calorimeter. For each incoming particle, the number of sec-
ondaries and their energy, position, and momentum are
selected randomly from the punch-through parameterization
histograms (see Figs. 15 and 16), using them as probability

density functions. The parameterization is interpolated lin-
early for η and logarithmically for pT to values between the
discrete points used to determine the parameterization. Two
sets of correlations are accounted for in the modeling of the
secondaries: the correlations between the relative position
and energy and correlations between the relative momentum
and energy. After the multiplicity and properties of the punch-
through secondaries have been determined, their propagation
through the muon spectrometer is simulated using Geant4.
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Fig. 12 Sum and RMS of the energy in all voxels normalized to the
true momentum for a photons, b electrons, and c pions with 0.2 < |η| <
0.25 as a function of the true momentum. The calorimeter response for
Geant4 (solid black line) is compared with FastCaloGAN (dashed red
line), which is also abbreviated to FGAN. The uncertainty bars in the

top panel indicate the RMS of the total energy distribution. The ratio of
the means of the two energy distributions is shown in the middle panel,
and the ratio of the RMS values is shown in the bottom panel. The error
bars in the ratio indicate its statistical uncertainty. For most points, this
uncertainty is smaller than the size of the markers
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Fig. 13 Sum and RMS of the energy in all voxels as a function of |η|
for a photons, b electrons, and c pions of momentum 65 GeV. The
calorimeter response for Geant4 (solid black line) is compared with
FastCaloGAN (dashed red line), which is also abbreviated to FGAN,
while their ratio is shown in the ratio plots. The uncertainty bars in the

top panel indicate the RMS of the total energy distribution. The ratio
of the means of the two energy distributions is shown in the middle
panel, and the ratio of the RMS is shown in the bottom panel. The error
bars in the ratio indicate its statistical uncertainty. For most points, this
uncertainty is smaller than the size of the markers
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Fig. 14 The probability of a
single pion event to produce at
least one punch-through particle
with an energy of at least
50 MeV as a function of the η

and p of the incoming pion
determined from Geant4

Fig. 15 The punch-through probability as a function of the punch-through pion a multiplicity and b energy. The error bars indicate the statistical
uncertainty and the overflow is not included in the final bins

7 The Combination of FastCaloSimV2 and
FastCaloGAN: AtlFast3

7.1 Configuration of AtlFast3

The new fast simulation tool, AtlFast3, is defined by com-
bining the fast simulation tools described above in a way that
balances modelling performance needs with CPU require-
ments. AtlFast3 uses the Integrated Simulation Framework
(ISF), which allows different simulation tools to be combined
in a flexible way [64]. AtlFast3 uses the following configu-
ration as illustrated in Fig. 17:

• Geant4 is used to simulate all particles in the inner detec-
tor and muons in all detectors. Hadrons with kinetic ener-
gies below 400 MeV (200 MeV for pions) in the calorime-
ter are also simulated in Geant4.

• FastCaloSim V2 is used to simulate electrons and photons
of all energies and hadrons with kinetic energies Ekin <

8–16 GeV or Ekin > 256–512 GeV in the calorimeter. A
transition range of energies is given, because the response
is interpolated linearly between the two models as dis-
cussed later.

• FastCaloGAN is used to simulate hadrons with 8–16 GeV ≤
Ekin ≤ 256–512 GeV in the calorimeter.

123



Comput Softw Big Sci (2022) 6 :7 Page 23 of 54 7

Fig. 16 The punch-through probability as a function of a deflection
angle in θ and energy, b deflection angle in φ and energy, c relative
momentum deflection in θ and energy, and d relative momentum deflec-

tion in φ and energy. Secondary pions with an energy of 524 GeV in
the region |η| ≤ 0.4 from the Geant4 reference samples were used

• The muon punch-through tool parameterizes the proper-
ties of particles exiting the calorimeter, which are then
simulated with Geant4 in the muon spectrometer.

7.2 Configuration of the Fast Calorimeter Simulation

The configuration of AtlFast3 is determined by comparing
the performance of FastCaloSim V2 and FastCaloGAN.

7.2.1 Electrons and Photons

The simulation of electrons and photons relies on the accurate
simulation of electromagnetic showers in the electromag-
netic calorimeter. The total reconstructed energy for 65 GeV

photons is shown in Fig. 18 for Geant4, FastCaloSim V2,
and FastCaloGAN. FastCaloGAN does not model the photon
energy correctly and a similar poor performance is observed
for electrons; therefore, FastCaloSim V2 is selected to sim-
ulate all electromagnetic showers. The poor modelling of
electromagnetic showers in FastCaloGAN can be explained
as follows: the GANs are trained without the energy resolu-
tion correction for the accordion structure of the calorimeter
(see Sect. 7.4.4), and the energy scale of the detailed Geant4
hits, used in the training of FastCaloGAN, is slightly lower
than that of the full Geant4 hits (see Sect. 3.1). Both these
effects can be corrected for in future versions of FastCalo-
GAN, but could not be included here due to time constraints.
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Fig. 17 The configuration of the different tools used for AtlFast3, which depends on the particle type, the detector, and the particle energy

Fig. 18 Reconstructed photon energy for photons generated at the
calorimeter surface with an energy of 65 GeV and 0.2 < |η| < 0.25
by Geant4 (solid black line), FastCaloSim V2 (dashed blue line), and
FastCaloGAN (dashed red line). The statistical uncertainties are shown,
but are similar in size to the points or smaller

7.2.2 Low-Energy Hadrons

At low energies, the distribution of the average hadron energy
response becomes complex and has a significant dependence
on both Ekin and |η|, as shown in Fig. 19b. This is because
the measured energy depends strongly on the extent to which
these shorter showers develop within the active liquid argon
of the electromagnetic calorimeter or within the inactive lead
absorbers. As an example, Fig. 19a shows the ratio of the
average energy response to Ekin as a function of Ekin for
charged pions in the range 0.20 < |η| < 0.25. For pions
with a kinetic energy of 100 MeV the largest amount of
deposited energy is typically within the liquid argon of the
Presampler, which leads to a spike in the energy response. On
the other hand, pions with a kinetic energy of 10 MeV deposit
far less energy in the active liquid-argon regions and more

in the inactive regions. In addition, the energy calibration of
the Presampler is derived using high-energy particles, which
deposit much less energy in the Presampler, which means that
the measured fraction of shower energy in the Presampler
increases further for Ekin ≈ 100 MeV.

The dependence of the energy response to low-energy
charged pions on η is due to the different amount of material
that the charged pion passes through, which shifts the values
of the kinetic energy at which the spike in the response occurs.
Deriving a parameterization for such low-energy hadrons
would require a significantly more complex method for deriv-
ing parameterizations to achieve high accuracy. Therefore, in
AtlFast3 pions below 200 MeV and all other hadrons below
400 MeV (as shown in Table 6) are instead simulated by
Geant4. Above these energy thresholds, their total energy
response is modelled using AtlFast3. This choice does not
significantly affect the speed of AtlFast3, because the simu-
lation of low-energy hadrons requires only a comparatively
small amount of CPU time.

7.2.3 Medium-Energy Hadrons

For hadronic showers, the number of clusters in a jet plays
an important role in modeling the jet substructure and is
therefore used as a metric to compare the performance of
FastCaloSim V2 and FastCaloGAN. Differences in the mod-
elling of the number of clusters between FastCaloSim V2
and FastCaloGAN are expected, because FastCaloGAN
can model the correlations within a single event, while
FastCaloSim V2 cannot. Figure 20 compares the modelling
of the number of clusters in a jet for three different combi-
nations of FastCaloSim V2 and FastCaloGAN. The hybrid
models differ in the energy range over which the transi-
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Fig. 19 Ratio of the average energy response to the generated energy for π± for a 0.20 < |η| < 0.25 and b as a function of |η| and Ekin. The
error bars indicate the statistical uncertainty of the mean. For most points, this uncertainty is smaller than the size of the markers

Table 6 Hadron energies below which AtlFast3 relies on Geant4 for
their simulation

Particle Ekin [MeV]

π± 200

K±, KL, p/ p̄, n/n̄ 400

tion between FastCaloSim V2 and FastCaloGAN occurs; for
example in the Hybrid 4–8 GeV model, FastCaloSim V2 is
used up to 4 GeV and FastCaloGAN is used above 8 GeV.
Between 4 and 8 GeV, the response is interpolated linearly
between the two models as described in Sect. 7.3. The Hybrid
4–8 GeV model underestimates the number of constituents,
while the Hybrid 16–32 GeV model overestimates the num-
ber of constituents. Therefore, the Hybrid 8–16 GeV model is
chosen as the configuration for AtlFast3. Other key jet vari-
ables, including the number of jets, the pT and η distributions,
and variables used for substructure, are also checked for these
different configurations, which provides additional support
for choosing the Hybrid 8–16 GeV model. Section 8.1.2 dis-
cusses the performance of AtlFast3 in modelling jet variables.

7.2.4 High-Energy Hadrons

At higher energies, the modelling of the properties of indi-
vidual clusters becomes important. Figure 21 compares the
number of cells in the calorimeter clusters in Geant4 with
FastCaloSim V2 and FastCaloGAN for pion energies rang-
ing from 65 to 524 GeV. Although FastCaloSim V2 slightly
overestimates the number of cells for all energies, FastCalo-
GAN significantly underestimates the number of cells and
this becomes more pronounced at higher energy. Studies
of additional jet variables, many of which are shown in
Sect. 8.1.2, confirmed that FastCaloSim V2 has better mod-

Fig. 20 Distribution of the number of constituents in the jets in a
1.8 < pT < 2.5 TeV dijet sample in Geant4 (black triangles) and
the combination of FastCaloSim V2 and FastCaloGAN with transitions
in the range 4–8 GeV (blue stars), 8–16 GeV (red diamonds), and 16–
32 GeV (green crosses). Here, ‘hybrid’ refers to the combination of
FastCaloSim V2 and FastCaloGAN. The statistical uncertainties are
shown, but may be smaller than the markers

elling for higher energy hadrons. Therefore, FastCaloSim V2
is used to simulate hadrons with Ekin > 256–512 GeV. As
shown in Sect. 8.1.2, despite these discrepancies, the mod-
elling of higher-level objects such as jets is sufficient for
physics analysis.

7.2.5 Muon Punch-Through

The muon punch-through parameterization described in
Sect. 6 is used to simulate particles punching through the
calorimeter. After the multiplicity and properties of the sec-
ondaries are determined using the punch-through parameteri-
zation, their path through the muon spectrometer is simulated
using Geant4.
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Fig. 21 Number of cells in the leading cluster for pions in the barrel at different energies in Geant4 (black triangles), FastCaloSim V2 (red
diamonds), and FastCaloGAN (blue stars). The statistical uncertainties are shown, but may be smaller than the markers

7.3 Energy Interpolation

The FastCaloSim V2 and FastCaloGAN parameterizations
are derived using samples with logarithmically spaced dis-
crete energies, which need to be extrapolated to particles of all
energies. In FastCaloSim V2, a piece-wise third-order poly-
nomial spline function is fitted to the total energy response
to interpolate to intermediate energies. Furthermore, linear
extrapolation is used to reach energies beyond those of the
simulated input samples. The spline interpolations are gener-
ated for each particle and each η slice and are used to rescale
the total energy response from the parameterization points.
An example of the energy response and fitted splines for pho-
tons and pions in the barrel region is shown in Fig. 22. The
energy response for high-energy photons is slightly reduced
due to leakage into the Tile calorimeter. In FastCaloGAN,

the conditioning on the particle momentum creates a model
that can produce particles of any energy.

In addition to the interpolation of the total energy
response, the other longitudinal and lateral shower shape
properties also need to be interpolated. In FastCaloGAN,
the shape properties are interpolated automatically by the
GANs, while in FastCaloSim V2, the shape interpolation is
done by randomly selecting the parameterization from the
nearest energy point with a probability linear in log(Ekin)

and fitted, such that unit probability is reached for the grid
energy points.

In the two transition regions between FastCaloSim V2 and
FastCaloGAN (for hadrons in the ranges 8–16 GeV and
256–512 GeV), a spline is used to interpolate between the
two models. A smooth energy–response transition between
the two models is obtained, since the simulated energies are
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Fig. 22 Energy response, defined as the ratio of the reconstructed
energy in the calorimeter cells to the kinetic energy of the particle, for a
photons in 1.05 < |η| < 1.10 and b pions in 0.20 < |η| < 0.25. The red
dotted points represent the response derived at discrete energies, using

Geant4 simulated single particles. The black line is a spline fit used to
interpolate between discrete energy points. The statistical uncertainties
are shown, but are similar in size to the points or smaller

always scaled to the energy from Geant4. For electrons and
photons, the spline for the energy response is fitted down
to 16 MeV, below which a linear extrapolation is used. For
hadrons, the energy response is fitted down to a kinetic energy
of 200 MeV, below whichGeant4 is used for the simulation.

7.4 Corrections

Four different corrections are applied to the calorimeter
parameterization in AtlFast3. However, the energy reso-
lution correction discussed in Sect. 7.4.1 and the energy
φ-modulation correction discussed in Sect. 7.4.2 are only
applied to FastCaloSim V2.

7.4.1 Energy Resolution Correction

The simulation of the resolution of the total energy in
FastCaloSim V2 is improved by reweighting the distribution
of simulated energies produced by FastCaloSim V2 to the
distribution from Geant4. The ratio of the Geant4 sim-
ulated energy to the FastCaloSim V2 simulated energy for
each PCA bin is used to create a pdf. For each simulated
total energy the pdf returns an associated probability. Dur-
ing simulation, for each simulated energy a uniform random
number in [0,1] is drawn and if the number is smaller than
the probability obtained from the pdf, the simulated energy is
accepted. If the energy is rejected, then the energy simulation

Fig. 23 The simulated total energy before (blue stars) and after (red
diamonds) probabilistic reweighting for a photon of energy 262 GeV in
the range 0.4 < |η| < 0.45 compared with Geant4 (black triangles).
The RMS of each distribution is indicated in the legend. The statistical
uncertainties are shown, but may be smaller than the markers

step discussed in Sect. 4.1 is repeated. The RMS is calculated
using at least 99% of all events and in a ±3σ range around
the mean. This probabilistic reweighting (rw) obtains good
agreement with the Geant4 distribution. Figure 23 shows
the resolution for photons, as an example, before and after
the correction, and the RMS of the distribution is indicated.
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Fig. 24 a The total energy response exhibits a dependence on the
impact position in φ of the particle in the calorimeter cell (|φmod|),
shown for 65 GeV photons with 0.2 < |η| < 0.25 (Geant4). The ratio
has been shifted, such that mean ratio of the energy from Geant4 to the
true energy is unity. b The impact of the correction on Geant4 simula-

tion (gray triangles are without correction; black are with corrections)
and the result of the stand-alone simulation for 131 GeV photons with
1.65 < |η| < 1.7 to which the correction has been applied as well as
the reweighting described in Sect. 7.4.1. The statistical uncertainties are
shown in the error bars

7.4.2 Energy φ-Modulation Correction

Due to the accordion structure of the EM calorimeter, the
total deposited energy is modulated in the φ-direction, as
shown in Fig. 24a, where |φmod| = |mod(φcalo, π/512)|.
The calibration applied during the ATLAS electron and pho-
ton reconstruction makes a correction for the φ-modulation
in the energy response observed in Geant4; this calibra-
tion impacts the resolution of the reconstructed energy. The
modulation is not reproduced in FastCaloSim V2, because it
does not have a functional dependence on φ. The resolution
of showers in the electromagnetic calorimeter produced by
FastCaloSim V2 is corrected by deriving the energy param-
eterization of Sect. 4.1 after removing the modulation of the
energy as a function of φ in the reference samples. This pro-
cedure is applied to particles with energies of at least 16 GeV;
below this threshold, the effect is negligible and can be
ignored. Figure 24b shows the energy response from Geant4
for photons with and without the removal of the φ modu-
lation compared with the prediction from FastCaloSim V2.
Good agreement in the modelling of the resolution between
FastCaloSim V2 and Geant4 is obtained for the Geant4
samples with the φ-modulation removed. As a consequence
of this strategy, during the reconstruction of electrons and
photons simulated with AtlFast3, a set of calibrations with-
out a correction for the energy modulation in the φ-direction
must be applied, differing from the calibrations used for full
simulation samples. This procedure particularly improves the
modelling of the resolution of the calibrated energies for pho-
tons and electrons in AtlFast3.

7.4.3 Hadron Total Energy Correction

The hadron total energy correction accounts for the differ-
ence between the charged-pion response, which is used to
derive the calorimeter parameterizations, and the response
to other hadron species. It is particularly important at low
energies, where the kinetic energy of a hadron is close to its
mass.

The hadron total energy correction is derived using simu-
lated samples of (anti)protons, (anti)neutrons, and (anti)kaons
as described in Sect. 3. Using Geant4, the parameterized
energy is corrected by the ratio of the mean simulated hadron
energy response, 〈Eh

G4〉, to the mean simulated pion energy
response, 〈Eπ

G4〉. A further rescaling must be applied, because
the reference samples were generated using the momentum
of the particle, while the Ekin is used for the parameteriza-
tion. This is achieved by calculating the pion-to-hadron ratio
of kinetic energies for each true momentum in the reference
samples. During AtlFast3 simulation, hadrons are then sim-
ulated using the charged-pion parameterization that provides
the total energy ETotal given the kinetic energy of the pion,
Eπ,true

kin , but with an additional correction based on the kinetic

energy of the hadron, Eh,true
kin . The corrected energy response

is then given by

Ecorr h
Total = 〈Eh

G4〉
〈Eπ

G4〉
× Eπ,true

kin

Eh,true
kin

× ETotal.

The value Ecorr h
Total is the corrected energy. The hadron total

energy correction is linearly interpolated between the loga-
rithmically spaced energy grid points. Figure 25 shows an
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Fig. 25 Energy response correction factors as a function of the true kinetic energy for protons, neutrons, and kaons (left) in the barrel and their
antiparticles (right). The kinetic energy for antiparticles includes their mass. The coloured bands indicate the size of the statistical uncertainty in
the correction

example of the factor applied for the hadron total energy cor-
rection as a function of the true Ekin for protons, neutrons,
and kaons. The hadron total energy correction is largest at
small kinetic energies and decreases with increasing energy.
It does not depend strongly on η and is similar for protons
and neutrons.

7.4.4 Residual Energy Response Correction

The residual energy response correction is applied to correct
the total energy response for electrons, photons, and pions
from the parameterizations to match the average response
of Geant4 after the full ATLAS simulation and reconstruc-
tion chain. This correction can, therefore, correct for dif-
ferences introduced during digitization and reconstruction.
The residual energy response correction is the ratio of the
average reconstructed energy when using Geant4, 〈EG4〉 to
the average reconstructed energy from AtlFast3, 〈EAF3〉. The
residual energy response correction is calculated and applied
as follows:

Ecorr res
Total (p) = 〈EG4(p)〉/〈EAF3(p)〉 × ETotal(p),

where p = [e, γ, π ].
It is derived for each parameterization grid point and lin-

early interpolated between the simulated energy points. Fig-
ure 26 shows an example of the derived residual energy
response correction as a function of the true Ekin for pho-
tons, electrons, and pions. The residual energy response cor-
rection is at the per-mil level for electrons and photons and

Fig. 26 Residual energy response correction factors as a function of
the true kinetic energy for photons, electrons, and pions in the endcap.
The coloured bands indicate the size of the statistical uncertainty in the
correction

only slightly larger for pions and hence only applied when
statistically significant.

7.4.5 Simplified Geometry Shower Shape Correction

The hits generated by FastCaloSim V2 or FastCaloGAN are
assigned to calorimeter cells using a simplified cuboid geom-
etry. This introduces a bias in the energy distribution, which
can result in a significant number of hits being assigned to
neighbouring calorimeter cells. To account for this effect
while maintaining the reduced simulation CPU time afforded
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Fig. 27 The ratio of the energies assigned to each cuboid of the second electromagnetic barrel layer in AtlFast3 and Geant4 for a photon of
65 GeV in the range 0.20 < |η| < 0.25 using a simplified cuboid geometry and after applying the correction for the simplified geometry

by the simplified geometry, a small displacement in φ is
assigned to each hit before geometrically matching it to a cell
with the simplified geometry. This procedure is substantially
easier and faster than geometrically matching a hit to the cells
in the complex ATLAS liquid-argon accordion structure.

A pdf is derived from the difference between the cell
assignment probabilities calculated in Geant4 and
FastCaloSim V2. The correction is made using the pdf to ran-
domly assign a displacement in φ to a hit. Figure 27 shows
the bias in deposited energy in each cuboid before and after
this correction has been applied. Good agreement in the cell
energy between AtlFast3 and Geant4 is observed once this
correction has been applied.

8 Performance of AtlFast3

The performance of AtlFast3 is studied by comparing the
modeling of reconstructed quantities (Sect. 8.1) and impor-
tant kinematic variables from physics analyses (Sect. 8.2) in
AtlFast3, Geant4, and AtlFastII. The reconstructed objects
that depend on the performance of the calorimeter are elec-
trons and photons, jets, and τ -leptons. For b-tagging and for
other particles, such as muons, the performance of AtlFast3
depends primarily on the performance of the tracking detec-
tors. This is studied as part of the validation of AtlFast3,
and we focus the specific case of muon punch-through in
this paper, because no significant differences from Geant4
are observed. Section 8.3 discusses the CPU performance of
AtlFast3.

8.1 Performance of AtlFast3 on Objects for Physics
Analysis

8.1.1 Reconstructed Photons and Electrons

Electron and photon candidates are reconstructed from topo-
logical clusters of deposited energy in the electromagnetic
calorimeter, and in the case of electrons, tracks in the inner
detector are matched to the clusters [42]. For physics anal-
ysis, identification criteria are defined by requirements on
shower shape and track quality. These identification criteria
are labelled as ‘loose’, ‘medium’, and ‘tight’. The identifica-
tion of electrons uses information from the inner detector, so
a single electron sample with uniform pT, η, and φ-coverage
is generated at the center of the ATLAS detector for valida-
tion in this section. These samples are then simulated with
pileup overlaid. The efficiencies for both electrons and pho-
tons are validated on an inclusive η and pT range that extends
beyond what is typically considered for performance studies.
Figure 28a compares the electron identification efficiencies
for the ‘tight’ criterion as a function of the reconstructed pT

for AtlFastII, AtlFast3, and Geant4. While AtlFastII agrees
with Geant4 to better than 5% in the electron pT range from
30 GeV to 300 GeV, AtlFast3 agrees with Geant4 to within
2% in most of the phase space. The ‘tight’ photon identifi-
cation efficiency is shown in Fig. 28b as a function of the
photon pT for AtlFastII, AtlFast3 and Geant4. Except at
very low pT, AtlFast3 agrees with Geant4 to within a few
percent with better modelling than AtlFastII.
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Fig. 28 ‘Tight’ identification efficiencies for single electrons with true
energy greater than 20 GeV(a) and photons from H → γ γ decays (b)
inclusive in |η| < 2.5 as a function of their reconstructed pT forGeant4

(black triangles), AtlFastII (blue stars), and AtlFast3 (red diamonds).
The statistical uncertainties are shown, but may be smaller than the size
of the markers

8.1.2 Reconstructed Jets

Jets are reconstructed using a variety of reconstruction algo-
rithms and inputs from the calorimeters and the inner detec-
tor. In addition, different pileup mitigation and jet grooming
algorithms are applied.

Particle-flow (EMPFlow) jets, which are constructed
using EM-scale topological clusters [45], are reconstructed
with the anti-kt algorithm [44,65] with a radial distance
parameter R = 0.4, using charged constituents associated
with the primary vertex [41] and neutral particle-flow con-
stituents as inputs [45]. Large-radius jets (R = 1.0) are
reconstructed by applying the anti-kt algorithm to locally
calibrated topological clusters (LCTopo) [49] and the newer
alternative of Unified Flow Objects (UFO) [66].

The performance of AtlFast3 with EMPFlow jets is
assessed using the pT of the leading jet and the pseudorapid-
ity distribution of the sub-leading jet in a t t̄ sample, which
are shown in Fig. 29. For both distributions, AtlFastII and
AtlFast3 are consistent with Geant4 at the percent level.
In the forward η regions of Fig. 29b, AtlFast3 shows better
agreement than AtlFastII with Geant4 thanks to the updated
parameterization in the forward region of the detector.

For higher pT jets, the simulation of the detailed struc-
ture within the jet plays an important role in the efficiency
and classification. To provide better coverage for higher jet
pT, the Z ′ and W ′ boson samples were reweighted to have

a flat leading-jet pT spectrum as described in Sect. 3.3. Fig-
ure 30 shows the number of charged constituents for lead-
ing jets with pT > 200 GeV from a sample containing
Z ′ → t t̄ events. Figure 30a shows EMPFlow jets recon-
structed with the anti-kt algorithm with a radius parame-
ter R = 0.4, while Fig. 30b shows UFO jets reconstructed
with the anti-kt algorithm with R = 1.0. The number of
constituents in the EMPFlow jets is significantly underesti-
mated by AtlFastII, while AtlFast3 reproduces the distribu-
tion fromGeant4within statistical uncertainties for jets with
more than 14 constituents. For events with fewer constituents,
AtlFast3 slightly underestimates the number of constituents.
For the UFO jets, agreement with Geant4 improves signifi-
cantly, going from a 20% difference in AtlFastII to less than
10% in AtlFast3.

Variables commonly used in jet-tagging algorithms include
the energy-correlation-function ratio, D2, for two-body
decays and then-subjettiness ratio, τ32, for three-body decays
[67,68]. Figure 31 shows the D2 variable reconstructed using
the UFO algorithm with Geant4, AtlFastII, and AtlFast3 on
a W ′ sample. AtlFast3 significantly improves the modelling
of D2, particularly at lower values.

Figure 32 shows τ32 for different large-radius jet algo-
rithms. For the UFO jets in Fig. 32a, AtlFastII reproduces the
distribution of Geant4 to within 20% and AtlFast3 improves
this further to within 10%. For the LCTopo jets shown in
Fig. 32b, the modelling from AtlFastII is poor, but is sig-
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Fig. 29 The transverse momentum distribution of the leading jets (a)
and the pseudorapidity distribution of the sub-leading jets (b) in a t t̄
sample with Geant4 (black triangles), AtlFastII (blue stars), and Atl-

Fast3 (red diamonds). The jets are EMPFlow jets with R = 0.4. The
statistical uncertainties are shown, but may be smaller than the size of
the markers

Fig. 30 Distribution of the number of constituents in the leading jets
for EMPFlow jets with R = 0.4 (a) and UFO jets with R = 1.0 (b) in
the Z ′ sample in Geant4 (black triangles), AtlFastII (blue stars), and

AtlFast3 (red diamonds). The statistical uncertainties are shown, but
may be smaller than the size of the markers

nificantly improved with AtlFast3, which obtains agreement
to within 20%. The improvement for LCTopo is expected
to be larger than for UFO, because UFO includes tracking
information.

8.1.3 Reconstructed Hadronic τ -Lepton Decays

Hadronically decaying τ -leptons are reconstructed in the
ATLAS detector using their decays to one or three charged
hadrons along with neutral particles [69–71]. The decays
are labelled by the number (Y) of charged particles and the
number (X) of neutral particles, YpXn. The τ reconstruc-
tion algorithm is seeded by the presence of a reconstructed
jet. Figure 33 compares the number of events in different
τ decay topologies identified in a Z�/γ � → ττ Drell–Yan

(DY) sample, filtered for an off-shell mass of 2.0–2.25 TeV,
for Geant4, AtlFastII and AtlFast3 using τ -candidates with
pT > 10 GeV and |η| < 2.5. For all cases, except 1pXn,
both AtlFastII and AtlFast3 agree with Geant4 to better
than 10% for reconstructed τ matched to a true τ and better
than 5% for reconstructed τ ummatched to a true τ (i.e., for
fake τ -leptons). The 1pXn case has more neutral calorimeter
clusters, and the improved lateral correlations of calorime-
ter clusters resulted in the better agreement of AF3 with G4.
The performance of AtlFastII and AtlFast3 is similar, with
slightly better performance in AtlFastII for true τ -leptons and
slightly better performance in AtlFast3 for fake τ -leptons.

Accurate modelling of the structure of the constituents
within τ -jets can be challenging for fast simulation, but is
crucial in obtaining an accurate simulation of τ candidates.
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Fig. 31 The D2 variable for the leading jets in a W ′ sample recon-
structed using the UFO algorithm with radius parameter R = 1.0 with
Geant4 (black triangles), AtlFastII (blue stars), and AtlFast3 (red dia-
monds). The statistical uncertainties are shown, but may be smaller than
the size of the markers

Figure 34 compares the numbers of simulated clusters within
true (left) and fake (right) τ candidates. In both cases, Atl-
FastII significantly underestimates the number of clusters,
while AtlFast3 is consistent with Geant4 within statistical
uncertainties.

8.1.4 Reconstructed Muons

Muons are reconstructed from tracks in the muon spectrom-
eter matched to tracks in the inner detector. The pT distri-
butions of all reconstructed muons from Geant4, AtlFastII,
and AtlFast3 Z → μμ samples are compared in Fig. 35a.
Both AtlFastII and AtlFast3 reproduce the pT spectrum
from Geant4. Figure 35b compares the number of muon
candidates passing the different muon reconstruction work-
ing points. Both AtlFastII and AtlFast3 agree with Geant4

within uncertainties as expected, because prompt muons are
almost exclusively simulated with Geant4 for all three sam-
ples.

The performance of the muon punch-through simulation is
validated by comparing misidentified muon candidates from
hadronic activity produced in fully simulated Geant4 events
with those produced by AtlFast3. Figure 36 compares the
reconstructed pT of fake muons created by 500 GeV sin-
gle pions (inclusive in η) between Geant4 and AtlFast3.
As muon punch through is not simulated in AtlFastII, only
Geant4 and AtlFast3 are shown. Agreement to better than
20% is observed in most parts of the distributions.

The number of muon segments in jets reconstructed in
the muon spectrometer is shown in Fig. 37. A Z ′ → t t̄
sample is used, because it includes prompt muons from the
(anti-) top quark decays and particles produced by jets punch-
ing through the calorimeter. AtlFastII underestimates the
number of muon segments, while AtlFast3 shows better
agreement with Geant4. In particular, AtlFastII reproduces
the number of muon segments only up to three, while Atl-
Fast3 reproduces the number of muon segments up to seven.

8.1.5 Reconstructed Emiss
T

The missing transverse momentum (Emiss
T ) [46] is the nega-

tive vector sum of the reconstructed momenta of EMPFlow
jets, electrons, photons, τ -leptons, and muons, plus any other
tracks associated with the hard-scatter primary vertex, and is
used to look for transverse momentum imbalance in pp col-
lisions. The performance of the Emiss

T reconstruction is there-
fore sensitive to the modelling of all reconstructed objects.
Figure 38 shows the difference between the true Emiss

T and
the reconstructed Emiss

T in the x and y directions in t t̄ events.
Both AtlFastII and AtlFast3 reproduce the Emiss

T distribution

Fig. 32 The τ32 variable for the leading jets in a Z ′ sample recon-
structed using the UFO algorithm with radius parameter R = 1.0 (a)
and the LCTopo algorithm (b) with Geant4 (black triangles), AtlFastII

(blue stars), and AtlFast3 (red diamonds). The statistical uncertainties
are shown, but may be smaller than the size of the markers, and the dark
blue arrows indicate that a point is beyond the y-axis range
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Fig. 33 Hadronic τ -lepton decay modes for reconstructed τ -leptons
matched to true τ -leptons (a) and reconstructed τ -leptons not matched
to true τ -leptons (b) in a Z�/γ � → ττ Drell–Yan sample filtered for an
off-shell mass of 2.0–2.25 TeV. The decays with one or three charged-

particle tracks are denoted by 1p and 3p, respectively. X(= 1, 2, 3)

denotes the number of neutral particles. The statistical uncertainties are
shown, but may be smaller than the size of the markers

Fig. 34 Number of clusters in hadronic τ -decay candidates recon-
structed with one charged track (1p) and either matched (a) or not
matched (b) to a true τ -lepton in an Z�/γ � → ττ Drell–Yan sample fil-

tered for an off-shell mass of 2.0–2.25 TeV. The statistical uncertainties
are shown, but may be smaller than the size of the markers

from Geant4 within the statistical uncertainties. Moreover,
no significant differences between AtlFastII and AtlFast3 are

observed, and this is attributed to their good agreement in the
jet pT shown in Fig. 29a.
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Fig. 35 The a reconstructed muon transverse momentum distribution and b identification efficiency for different muon working points for a
Z → μμ sample generated with pT(Z) = 0 for Geant4, AtlFastII, and AtlFast3. The statistical uncertainties are shown, but may be smaller than
the size of the markers

Fig. 36 Comparison of muon punch-through simulation in AtlFast3
and Geant4 as a function of the pT of misidentified muons from
500 GeV single-pion events. The statistical uncertainties are shown,
but may be smaller than the size of the markers

8.2 Performance of AtlFast3 in Physics Analysis

The performance of AtlFast3 for physics analysis is studied
using reconstructed particle masses from selected physics
analyses.

Fig. 37 Comparison of muon segments in jets reconstructed with a
radius parameter of 0.4 using the EMPFlow algorithm in a Z ′ → t t̄
sample with a Z ′ mass of 4 TeV in Geant4 (black triangles), AtlFastII
(blue stars), and AtlFast3 (red diamonds). The statistical uncertainties
are shown, but may be smaller than the size of the markers

The reconstructed mass of Higgs bosons decaying into
two photons is used to further evaluate the performance for
photons. Events are selected by requiring two photons with
pT > 0.35mγ γ and pT > 0.25mγ γ , and with |η| < 1.37
or 1.52 < |η| < 2.47. A comparison of Geant4, AtlFastII,
and AtlFast3 is shown in Fig. 39. Both AtlFastII and Atl-
Fast3 reproduce the mean of the distribution with high accu-
racy. AtlFast3 has better modelling of the width and agrees
with Geant4 to within 5%, while AtlFastII overestimates
the width of the distribution by 10%.
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Fig. 38 The difference between the true Emiss
T and the reconstructed Emiss

T in the x (a) and y (b) directions for a t t̄ sample for Geant4 (black
triangles), AtlFastII (blue stars), and AtlFast3 (red diamonds). The statistical uncertainties are shown, but may be smaller than the size of the markers

Fig. 39 The reconstructed diphoton invariant mass distribution from
a selection targeting events with Higgs boson decays into two photons.
Events are selected by requiring two photons with pT > 0.35mγ γ and
pT > 0.25mγ γ , and with |η| < 1.37 or 1.52 < |η| < 2.47. The
statistical uncertainties are shown, but may be smaller than the size of
the markers

Events containing Drell–Yan processes are used exten-
sively in physics performance studies as well as to probe the
Standard Model. The invariant mass of the Z boson obtained
when using Geant4, AtlFastII, and AtlFast3 is shown in
Fig. 40a and b, with the Z boson reconstructed from either
a pair of muons or a pair of electrons. The visible invariant
mass [69] of off-shell 2.0–2.25 TeV Z�/γ � bosons recon-
structed using the hadronic decay modes of two τ -leptons
is shown in Fig. 40c, where the width is slightly overesti-
mated by AtlFast3. Otherwise, no significant differences are
observed between the three distributions, which validates the
simulation of prompt muons in AtlFast3.

The performance of the simulation for jet substructure is
evaluated with the Z ′ → t t̄ events as the benchmark for
‘beyond the Standard Model’ signatures with boosted high-
pT objects in the calorimeter. The leading jet’s mass with its
constituents calibrated to the EM scale is shown in Fig. 41; the
distribution has a large peak near the mass of the top quark,
and a small peak at the W boson mass. AtlFastII significantly
underestimates the mass and the width of both peaks com-
pared to Geant4, while AtlFast3 is in better agreement with
the Geant4 distribution than AtlFastII.

8.3 Computing Performance with AtlFast3

The time required to simulate a particle in Geant4 increases
with energy due to increasing shower depth and complexity,
whereas in AtlFastII and AtlFast3, the time is independent
of the particle energy, because it requires a single lookup in
the parameterization file. To illustrate this, the average CPU
time, calculated with a 4-core Intel i7-3770 CPU at 3.40
GHz, required to simulate a single photon produced on the
calorimeter surface at 0.20 < |η| < 0.25 is shown in Fig. 42
as a function of energy. For an 8 GeV photon produced on
the calorimeter surface, AtlFast3 is approximately 20 times
faster than Geant4, while for a 256 GeV photon, AtlFast3
is approximately 600 times faster.

For the full detector simulation, the computing perfor-
mance of AtlFast3 is compared with that of Geant4 by
simulating the same 1000 t t̄ events; this is a complex pro-
cess ideal for a variety of benchmarking needs and is used
extensively by the ATLAS experiment for this purpose. Each
simulation algorithm is executed on a 8-core Intel Xeon E5
CPU at 3.20 GHz. On average,Geant4 requires 167 seconds
to simulate a single event, while AtlFast3 only requires 32
seconds, thereby obtaining a speed-up of the simulation by
a factor of five. If the calorimeter simulation alone is con-
sidered, AtlFast3 is O(500) times faster than Geant4. This
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Fig. 40 Invariant mass distribution from a selection targeting events
with a Z boson decaying into a two muons or b two electrons with
pT > 25 GeV and |η| < 1.37 or 1.52 < |η| < 2.47, and c the visible
part of the invariant mass of two hadronically decaying τ -leptons in

Drell–Yan Z�/γ � → ττ events filtered for an off-shell mass of 2.0–
2.25 TeV. The statistical uncertainties are shown, but may be smaller
than the size of the markers

means that the simulation time is dominated by the simulation
of the inner detector performed by Geant4. Therefore, fur-
ther gains in the simulation speed of physics samples would
require the use of fast simulation techniques in the tracking
detector. Due to the size of the parameterization file, AtlFast3
requires 7 GB of proportional set size (PSS) memory, while

the full simulation requires 2.7 GB in total when using eight
separate cores. The parameterization requires 5 GB of PSS
memory, and this is shared by the cores and is within the
PSS memory budget available. The PSS memory required
by AtlFast3 can be reduced in the future through the use of
compression algorithms.
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Fig. 41 Distribution of the (left) number of constituents in the lead-
ing R = 0.4 EMPFlow jets in the W ′ sample and (right) the mass of
trimmed R = 1.0 UFO jets in the Z ′ sample in Geant4 (black trian-

gles), AtlFastII (blue stars), and AtlFast3 (red diamonds). The statistical
uncertainties are shown, but may be smaller than the size of the markers

Fig. 42 Comparison of the CPU performance of AtlFast3 with
Geant4 and AtlFastII. The average CPU time to simulate an event
is estimated using 10,000 single photons at 0.20 < |η| < 0.25 for
three different energies: 8 GeV, 65 GeV, and 256 GeV. These photons
are generated on the calorimeter surface and provide a comparison for
calorimeter-only simulation time

9 Conclusion

An updated version of the fast simulation for the ATLAS
experiment, AtlFast3, is introduced in this paper. AtlFast3
significantly improves the modelling of reconstructed objects
for physics analyses beyond that obtained by AtlFastII. In
most cases, AtlFast3 and Geant4 agree to within a few
percent. Key improvements include the modelling of the
response in the forward calorimeters and of shower substruc-
ture within jets. Moreover, AtlFast3 requires only 20% as
much CPU as Geant4 to simulate an event. The version of
AtlFast3 described in this paper is currently being used by
ATLAS to simulate 7 billion events for physics analyses of
the Run 2 data. Further updates and improvements to the
modelling are anticipated for Run 3 and beyond.
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D. Cieri111 , K. M. Ciesla82 , V. Cindro89 , I. A. Cioară25b , A. Ciocio16 , F. Cirotto67a,67b , Z. H. Citron175,k ,
M. Citterio66a , D. A. Ciubotaru25b, B. M. Ciungu162 , A. Clark52 , P. J. Clark48 , J. M. Clavijo Columbie44 ,
S. E. Clawson97 , C. Clement43a,43b , L. Clissa21a,21b , Y. Coadou98 , M. Cobal64a,64c , A. Coccaro53b ,
J. Cochran76, R. F. Coelho Barrue135a , R. Coelho Lopes De Sa99 , S. Coelli66a , H. Cohen157, A. E. C. Coimbra34 ,
B. Cole37 , J. Collot56 , P. Conde Muiño135a,135g , S. H. Connell31c , I. A. Connelly55 , E. I. Conroy130 ,
F. Conventi67a,aj , H. G. Cooke19 , A. M. Cooper-Sarkar130 , F. Cormier170 , L. D. Corpe34 , M. Corradi70a,70b ,
E. E. Corrigan94 , F. Corriveau100,y , M. J. Costa169 , F. Costanza4 , D. Costanzo145 , B. M. Cote123 ,
G. Cowan91 , J. W. Cowley30 , K. Cranmer121 , S. Crépé-Renaudin56 , F. Crescioli131 , M. Cristinziani147 ,
M. Cristoforetti73a,73b,b , V. Croft165 , G. Crosetti39a,39b , A. Cueto34 , T. Cuhadar Donszelmann166 ,
H. Cui13a,13d , A. R. Cukierman149 , W. R. Cunningham55 , F. Curcio39a,39b , P. Czodrowski34 , M. M. Czurylo59b ,
M. J. Da Cunha Sargedas De Sousa58a , J. V. Da Fonseca Pinto78b , C. Da Via97 , W. Dabrowski81a , T. Dado45 ,
S. Dahbi31f , T. Dai102 , C. Dallapiccola99 , M. Dam38 , G. D’amen27 , V. D’Amico72a,72b , J. Damp96 ,
J. R. Dandoy132 , M. F. Daneri28 , M. Danninger148 , V. Dao34 , G. Darbo53b , S. Darmora5 , A. Dattagupta127 ,
S. D’Auria66a,66b , C. David163b , T. Davidek138 , D. R. Davis47 , B. Davis-Purcell32 , I. Dawson90 , K. De7 ,
R. De Asmundis67a , M. De Beurs115 , S. De Castro21a,21b , N. De Groot114 , P. de Jong115 , H. De la Torre103 ,
A. De Maria13c , D. De Pedis70a , A. De Salvo70a , U. De Sanctis71a,71b , M. De Santis71a,71b , A. De Santo152 ,

123

http://orcid.org/0000-0002-1492-6715
http://orcid.org/0000-0002-1559-3473
http://orcid.org/0000-0001-6329-9191
http://orcid.org/0000-0003-2025-5935
http://orcid.org/0000-0002-3835-0968
http://orcid.org/0000-0001-8361-2309
http://orcid.org/0000-0002-7543-3471
http://orcid.org/0000-0001-7979-1092
http://orcid.org/0000-0003-3628-5995
http://orcid.org/0000-0003-3485-0321
http://orcid.org/0000-0002-6696-5169
http://orcid.org/0000-0001-6898-5633
http://orcid.org/0000-0002-7716-5626
http://orcid.org/0000-0002-6134-0303
http://orcid.org/0000-0001-5412-1236
http://orcid.org/0000-0001-8462-351X
http://orcid.org/0000-0002-2003-0261
http://orcid.org/0000-0001-9734-574X
http://orcid.org/0000-0003-2138-9062
http://orcid.org/0000-0002-8635-9342
http://orcid.org/0000-0002-7736-0173
http://orcid.org/0000-0002-2668-889X
http://orcid.org/0000-0002-2432-411X
http://orcid.org/0000-0002-9807-861X
http://orcid.org/0000-0002-9660-580X
http://orcid.org/0000-0003-0078-9817
http://orcid.org/0000-0001-5880-7761
http://orcid.org/0000-0002-6890-1601
http://orcid.org/0000-0002-5702-739X
http://orcid.org/0000-0003-0012-7856
http://orcid.org/0000-0002-4226-9521
http://orcid.org/0000-0002-1287-4712
http://orcid.org/0000-0001-9207-6413
http://orcid.org/0000-0002-7290-643X
http://orcid.org/0000-0002-7134-8077
http://orcid.org/0000-0002-7723-5030
http://orcid.org/0000-0002-9314-5860
http://orcid.org/0000-0002-5103-1558
http://orcid.org/0000-0002-7809-3118
http://orcid.org/0000-0001-9683-7101
http://orcid.org/0000-0002-6647-6699
http://orcid.org/0000-0001-7360-0726
http://orcid.org/0000-0002-2704-835X
http://orcid.org/0000-0002-3355-4662
http://orcid.org/0000-0003-2354-4812
http://orcid.org/0000-0001-5762-3477
http://orcid.org/0000-0003-0992-3509
http://orcid.org/0000-0001-7992-0309
http://orcid.org/0000-0001-5219-1417
http://orcid.org/0000-0003-4339-4727
http://orcid.org/0000-0001-9726-4376
http://orcid.org/0000-0003-1292-9725
http://orcid.org/0000-0002-9096-780X
http://orcid.org/0000-0001-5791-4872
http://orcid.org/0000-0001-5350-7081
http://orcid.org/0000-0002-8204-4124
http://orcid.org/0000-0003-4194-2734
http://orcid.org/0000-0003-3518-3057
http://orcid.org/0000-0002-3048-8153
http://orcid.org/0000-0001-9998-4342
http://orcid.org/0000-0002-9246-7366
http://orcid.org/0000-0003-0903-8948
http://orcid.org/0000-0002-4556-9212
http://orcid.org/0000-0002-3354-1810
http://orcid.org/0000-0001-6161-3570
http://orcid.org/0000-0002-6800-9808
http://orcid.org/0000-0002-0206-1160
http://orcid.org/0000-0002-1479-2112
http://orcid.org/0000-0003-0208-2372
http://orcid.org/0000-0003-4806-0718
http://orcid.org/0000-0001-5667-7748
http://orcid.org/0000-0002-4319-4023
http://orcid.org/0000-0002-6168-689X
http://orcid.org/0000-0002-8420-3408
http://orcid.org/0000-0002-8977-121X
http://orcid.org/0000-0001-7318-5251
http://orcid.org/0000-0002-4049-0134
http://orcid.org/0000-0001-8355-9237
http://orcid.org/0000-0002-3711-148X
http://orcid.org/0000-0002-8650-8125
http://orcid.org/0000-0002-5687-2073
http://orcid.org/0000-0001-7148-6536
http://orcid.org/0000-0003-4831-4132
http://orcid.org/0000-0002-6900-825X
http://orcid.org/0000-0003-0685-4122
http://orcid.org/0000-0001-5686-0948
http://orcid.org/0000-0001-6726-6362
http://orcid.org/0000-0002-3427-6537
http://orcid.org/0000-0002-4690-0528
http://orcid.org/0000-0003-4482-2666
http://orcid.org/0000-0001-9196-0629
http://orcid.org/0000-0003-0988-7878
http://orcid.org/0000-0003-2834-836X
http://orcid.org/0000-0003-0188-6491
http://orcid.org/0000-0002-5905-5394
http://orcid.org/0000-0002-5116-1897
http://orcid.org/0000-0002-5458-5564
http://orcid.org/0000-0002-8467-8235
http://orcid.org/0000-0001-7640-7913
http://orcid.org/0000-0001-7808-8442
http://orcid.org/0000-0001-7575-3603
http://orcid.org/0000-0002-0758-7575
http://orcid.org/0000-0002-9016-138X
http://orcid.org/0000-0002-1494-9538
http://orcid.org/0000-0002-1692-1678
http://orcid.org/0000-0002-9495-9145
http://orcid.org/0000-0003-1600-464X
http://orcid.org/0000-0001-5969-3786
http://orcid.org/0000-0002-9953-5333
http://orcid.org/0000-0002-2531-3463
http://orcid.org/0000-0002-3342-3566
http://orcid.org/0000-0003-0125-2165
http://orcid.org/0000-0002-9192-8028
http://orcid.org/0000-0003-0479-7689
http://orcid.org/0000-0002-2855-7738
http://orcid.org/0000-0002-5732-5645
http://orcid.org/0000-0002-9417-8613
http://orcid.org/0000-0001-6097-2256
http://orcid.org/0000-0001-5929-1357
http://orcid.org/0000-0001-6746-3374
http://orcid.org/0000-0002-6386-9788
http://orcid.org/0000-0003-2303-9306
http://orcid.org/0000-0002-9227-5217
http://orcid.org/0000-0002-8880-434X
http://orcid.org/0000-0001-8449-1019
http://orcid.org/0000-0001-8747-2809
http://orcid.org/0000-0002-3562-9592
http://orcid.org/0000-0002-2443-6525
http://orcid.org/0000-0003-4541-4189
http://orcid.org/0000-0002-6511-7096
http://orcid.org/0000-0002-4478-3524
http://orcid.org/0000-0002-4376-4911
http://orcid.org/0000-0003-4058-5376
http://orcid.org/0000-0002-3924-0445
http://orcid.org/0000-0002-7550-7821
http://orcid.org/0000-0002-4139-9543
http://orcid.org/0000-0003-4535-2926
http://orcid.org/0000-0003-3570-7332
http://orcid.org/0000-0001-5659-4440
http://orcid.org/0000-0003-2941-2829
http://orcid.org/0000-0002-7863-1166
http://orcid.org/0000-0001-8650-942X
http://orcid.org/0000-0002-8846-2714
http://orcid.org/0000-0002-7836-4264
http://orcid.org/0000-0003-2966-6036
http://orcid.org/0000-0002-3343-3529
http://orcid.org/0000-0002-0394-5646
http://orcid.org/0000-0001-7991-2018
http://orcid.org/0000-0002-1172-1052
http://orcid.org/0000-0003-1396-2826
http://orcid.org/0000-0002-8245-1790
http://orcid.org/0000-0001-8491-4376
http://orcid.org/0000-0001-8774-8887
http://orcid.org/0000-0001-8915-0184
http://orcid.org/0000-0002-4297-8539
http://orcid.org/0000-0002-1096-5290
http://orcid.org/0000-0001-6203-9347
http://orcid.org/0000-0003-3793-0159
http://orcid.org/0000-0001-6962-4573
http://orcid.org/0000-0002-7945-4392
http://orcid.org/0000-0003-0683-2177
http://orcid.org/0000-0002-4300-703X
http://orcid.org/0000-0002-1904-6661
http://orcid.org/0000-0002-8077-7850
http://orcid.org/0000-0001-9669-9642
http://orcid.org/0000-0002-0518-1459
http://orcid.org/0000-0001-5050-8441
http://orcid.org/0000-0002-3117-5415
http://orcid.org/0000-0002-9865-4146
http://orcid.org/0000-0002-4343-9094
http://orcid.org/0000-0001-7069-0295
http://orcid.org/0000-0003-2150-1296
http://orcid.org/0000-0002-5369-8540
http://orcid.org/0000-0002-2926-8962
http://orcid.org/0000-0002-5376-2397
http://orcid.org/0000-0003-0211-2041
http://orcid.org/0000-0001-6288-5236
http://orcid.org/0000-0003-4241-7405
http://orcid.org/0000-0001-7314-7247
http://orcid.org/0000-0002-4034-2326
http://orcid.org/0000-0002-3468-9761
http://orcid.org/0000-0001-9973-7966
http://orcid.org/0000-0002-3034-8943
http://orcid.org/0000-0002-7985-9023
http://orcid.org/0000-0003-1589-9955
http://orcid.org/0000-0002-5895-6799
http://orcid.org/0000-0002-9936-0115
http://orcid.org/0000-0002-2554-2725
http://orcid.org/0000-0003-1586-5253
http://orcid.org/0000-0001-7987-9764
http://orcid.org/0000-0003-0447-5348
http://orcid.org/0000-0003-4977-2717
http://orcid.org/0000-0003-4027-3305
http://orcid.org/0000-0001-6793-3604
http://orcid.org/0000-0002-2720-1115
http://orcid.org/0000-0002-4086-1847
http://orcid.org/0000-0002-8912-4389
http://orcid.org/0000-0002-0967-2351
http://orcid.org/0000-0002-8772-0961
http://orcid.org/0000-0002-3150-8478
http://orcid.org/0000-0002-5842-2818
http://orcid.org/0000-0002-2562-9724
http://orcid.org/0000-0003-2176-4053
http://orcid.org/0000-0003-3762-7264
http://orcid.org/0000-0002-4210-2924
http://orcid.org/0000-0001-9851-4816
http://orcid.org/0000-0002-2458-9513
http://orcid.org/0000-0001-9214-8528
http://orcid.org/0000-0003-2262-4773
http://orcid.org/0000-0002-9487-9348
http://orcid.org/0000-0001-5841-3316
http://orcid.org/0000-0003-0748-694X
http://orcid.org/0000-0002-3243-5610
http://orcid.org/0000-0002-2204-5731
http://orcid.org/0000-0002-2681-8105
http://orcid.org/0000-0002-2509-0132
http://orcid.org/0000-0002-1971-0403
http://orcid.org/0000-0003-2848-0184
http://orcid.org/0000-0002-6425-2579
http://orcid.org/0000-0002-6190-8376
http://orcid.org/0000-0002-3533-3847
http://orcid.org/0000-0003-2751-3474
http://orcid.org/0000-0002-2037-7185
http://orcid.org/0000-0002-9224-3784
http://orcid.org/0000-0002-3081-4879
http://orcid.org/0000-0001-6556-856X
http://orcid.org/0000-0003-1831-6452
http://orcid.org/0000-0002-0842-0654
http://orcid.org/0000-0002-8920-4880
http://orcid.org/0000-0001-8341-5911
http://orcid.org/0000-0002-3777-0880
http://orcid.org/0000-0003-3210-1722
http://orcid.org/0000-0001-9952-934X
http://orcid.org/0000-0003-3122-3605
http://orcid.org/0000-0002-4876-5200
http://orcid.org/0000-0001-8195-7004
http://orcid.org/0000-0003-3309-0762
http://orcid.org/0000-0003-2368-4559
http://orcid.org/0000-0001-8985-5379
http://orcid.org/0000-0001-5200-9195
http://orcid.org/0000-0002-5145-3646
http://orcid.org/0000-0003-2301-1637
http://orcid.org/0000-0002-5092-2148
http://orcid.org/0000-0002-9412-7090
http://orcid.org/0000-0002-9187-7478
http://orcid.org/0000-0001-6000-7245
http://orcid.org/0000-0001-9127-6827
http://orcid.org/0000-0002-0215-2767
http://orcid.org/0000-0002-5575-1413
http://orcid.org/0000-0001-9297-1063
http://orcid.org/0000-0002-7107-5902
http://orcid.org/0000-0002-2532-3207
http://orcid.org/0000-0003-2136-4842
http://orcid.org/0000-0001-8729-466X
http://orcid.org/0000-0003-2485-0248
http://orcid.org/0000-0002-4970-7600
http://orcid.org/0000-0002-2064-2954
http://orcid.org/0000-0002-8056-8469
http://orcid.org/0000-0003-4920-6264
http://orcid.org/0000-0003-2444-8267
http://orcid.org/0000-0001-8363-9827
http://orcid.org/0000-0001-7002-652X
http://orcid.org/0000-0002-5769-7094
http://orcid.org/0000-0001-5980-5805
http://orcid.org/0000-0001-6457-2575
http://orcid.org/0000-0003-3893-9171
http://orcid.org/0000-0002-0127-1342
http://orcid.org/0000-0002-8731-4525
http://orcid.org/0000-0001-5990-4811
http://orcid.org/0000-0003-1494-7898
http://orcid.org/0000-0003-3519-1356
http://orcid.org/0000-0002-9923-1313
http://orcid.org/0000-0002-7834-1716
http://orcid.org/0000-0001-5517-8795
http://orcid.org/0000-0002-8682-9316
http://orcid.org/0000-0003-0723-1437
http://orcid.org/0000-0003-1943-5883
http://orcid.org/0000-0001-7991-593X
http://orcid.org/0000-0003-1746-1914
http://orcid.org/0000-0001-6154-7323
http://orcid.org/0000-0001-9061-9568
http://orcid.org/0000-0002-7050-2669
http://orcid.org/0000-0002-5222-7894
http://orcid.org/0000-0002-9607-5124
http://orcid.org/0000-0002-1391-2477
http://orcid.org/0000-0001-6278-9674
http://orcid.org/0000-0002-9742-3709
http://orcid.org/0000-0002-2081-0129
http://orcid.org/0000-0002-7290-1372
http://orcid.org/0000-0002-9271-7126
http://orcid.org/0000-0002-2335-793X
http://orcid.org/0000-0002-7807-7484
http://orcid.org/0000-0003-1645-8393
http://orcid.org/0000-0003-2165-0638
http://orcid.org/0000-0002-9766-3657
http://orcid.org/0000-0002-1559-9525
http://orcid.org/0000-0003-3393-6318
http://orcid.org/0000-0002-1794-1443
http://orcid.org/0000-0002-3770-8307
http://orcid.org/0000-0003-2679-1288
http://orcid.org/0000-0002-4544-169X
http://orcid.org/0000-0002-5177-8950
http://orcid.org/0000-0002-5647-4489
http://orcid.org/0000-0002-7268-8401
http://orcid.org/0000-0002-4285-2047
http://orcid.org/0000-0003-2178-5620
http://orcid.org/0000-0001-6850-4078
http://orcid.org/0000-0002-5330-2614
http://orcid.org/0000-0002-4516-5269
http://orcid.org/0000-0001-6651-845X
http://orcid.org/0000-0002-8151-581X
http://orcid.org/0000-0001-8099-7821
http://orcid.org/0000-0003-4704-525X
http://orcid.org/0000-0001-6423-0719
http://orcid.org/0000-0002-9158-6646


Comput Softw Big Sci (2022) 6 :7 Page 43 of 54 7

J. B. De Vivie De Regie56 , D. V. Dedovich77, J. Degens115 , A. M. Deiana40 , J. Del Peso95 , Y. Delabat Diaz44 ,
F. Deliot140 , C. M. Delitzsch6 , M. Della Pietra67a,67b , D. Della Volpe52 , A. Dell’Acqua34 , L. Dell’Asta66a,66b ,
M. Delmastro4 , P. A. Delsart56 , S. Demers178 , M. Demichev77 , S. P. Denisov118 , L. D’Eramo116 ,
D. Derendarz82 , J. E. Derkaoui33d , F. Derue131 , P. Dervan88 , K. Desch22 , K. Dette162 , C. Deutsch22 ,
P. O. Deviveiros34 , F. A. Di Bello70a,70b , A. Di Ciaccio71a,71b , L. Di Ciaccio4 , A. Di Domenico70a,70b ,
C. Di Donato67a,67b , A. Di Girolamo34 , G. Di Gregorio69a,69b , A. Di Luca73a,73b , B. Di Micco72a,72b ,
R. Di Nardo72a,72b , C. Diaconu98 , F. A. Dias115 , T. Dias Do Vale135a , M. A. Diaz142a , F. G. Diaz Capriles22 ,
J. Dickinson16 , M. Didenko169 , E. B. Diehl102 , J. Dietrich17 , S. Díez Cornell44 , C. Diez Pardos147 ,
A. Dimitrievska16 , W. Ding13b , J. Dingfelder22 , I-M. Dinu25b , S. J. Dittmeier59b , F. Dittus34 , F. Djama98 ,
T. Djobava155b , J. I. Djuvsland15 , M. A. B. Do Vale143 , D. Dodsworth24 , C. Doglioni94 , J. Dolejsi138 ,
Z. Dolezal138 , M. Donadelli78c , B. Dong58c , J. Donini36 , A. D’onofrio13c , M. D’Onofrio88 , J. Dopke139 ,
A. Doria67a , M. T. Dova86 , A. T. Doyle55 , E. Drechsler148 , E. Dreyer148 , T. Dreyer51 , A. S. Drobac165 ,
D. Du58a , T. A. du Pree115 , F. Dubinin107 , M. Dubovsky26a , A. Dubreuil52 , E. Duchovni175 , G. Duckeck110 ,
O. A. Ducu34,25b , D. Duda111 , A. Dudarev34 , M. D’uffizi97 , L. Duflot62 , M. Dührssen34 , C. Dülsen177 ,
A. E. Dumitriu25b , M. Dunford59a , S. Dungs45 , K. Dunne43a,43b , A. Duperrin98 , H. Duran Yildiz3a ,
M. Düren54 , A. Durglishvili155b , B. Dutta44 , G. I. Dyckes16 , M. Dyndal81a , S. Dysch97 , B. S. Dziedzic82 ,
B. Eckerova26a , M. G. Eggleston47, E. Egidio Purcino De Souza78b , L. F. Ehrke52 , T. Eifert7 , G. Eigen15 ,
K. Einsweiler16 , T. Ekelof167 , Y. El Ghazali33b , H. El Jarrari33e , A. El Moussaouy33a , V. Ellajosyula167 ,
M. Ellert167 , F. Ellinghaus177 , A. A. Elliot90 , N. Ellis34 , J. Elmsheuser27 , M. Elsing34 , D. Emeliyanov139 ,
A. Emerman37 , Y. Enari159 , J. Erdmann45 , A. Ereditato18 , P. A. Erland82 , M. Errenst177 , M. Escalier62 ,
C. Escobar169 , O. Estrada Pastor169 , E. Etzion157 , G. Evans135a , H. Evans63 , M. O. Evans152 , A. Ezhilov133 ,
F. Fabbri55 , L. Fabbri21a,21b , G. Facini173 , V. Fadeyev141 , R. M. Fakhrutdinov118 , S. Falciano70a ,
P. J. Falke22 , S. Falke34 , J. Faltova138 , Y. Fan13a , Y. Fang13a , G. Fanourakis42 , M. Fanti66a,66b ,
M. Faraj58c , A. Farbin7 , A. Farilla72a , E. M. Farina68a,68b , T. Farooque103 , S. M. Farrington48 ,
P. Farthouat34 , F. Fassi33e , D. Fassouliotis8 , M. Faucci Giannelli71a,71b , W. J. Fawcett30 , L. Fayard62 ,
O. L. Fedin133,p , M. Feickert168 , L. Feligioni98 , A. Fell145 , C. Feng58b , M. Feng13b , M. J. Fenton166 ,
A. B. Fenyuk118, S. W. Ferguson41 , J. Ferrando44 , A. Ferrari167 , P. Ferrari115 , R. Ferrari68a , D. Ferrere52 ,
C. Ferretti102 , D. Fiacco48, F. Fiedler96 , A. Filipčič89 , F. Filthaut114 , M. C. N. Fiolhais135a,135c,a ,
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