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conditioned restricted Boltzmann

ATLAS and the HL-LHC

* The ATLAS detector studies high-energy

Ty Run 3 (1=55) Run 4 (1=88-140) Run 5 (1=165-200)
proton-proton collisions and the § 50— ATLASPrelminary /=
calorimeters measure energy. ¢ - 2022 Computing Model - GPU o

. . . . T o N

- Simulating the calorimetersis CPU & 49 « consenvative RaD . =

intensive, and the HL-LHC upgrade is & e ot modes e :

eStlmated tO reCIUIre mllllOnS Of CPU g- 30__ (+10%L20°/ocapacityfyear) ',‘ N

core-years annually. § - . -

- Simulations are needed to search for s 200 N

new physics and precision studies of the 3 - ]

Higgs boson! £ 10F b

 We propose a deep generative model with i E
a variational autoencoder and 0%

machine, enabling sampling from D-

Wave’s Zephyr quantum annealer.

2020 2022 2024 2026 2028 2030 2032 2034 2036

Year

Figure 1. Projected CPU usage in ATLAS [1].

Ground Truth

Reconstructed

Sampled

Calorimeter Voxelization

Layer O Layer 1 Layer 2 Layer 3 Layer 12

Layer 13

Energy

Layer 14

Figure 4. Average deposited energy per voxel across events.

Energy Conditioning
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Run 3 of the LHC produces collisions at a center-of-mass energy of /s = 13.6 TeV
and the HL-LHC is expected to reach /s = 14 TeV!

Calorimeter showers have a wide range of energies.
Sparsity ~ 0.2 - 0.4 GeV Sparsity ~ 1482.9 - 2965.8 GeV
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Figure 5. Energy conditioned sparsity.
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The ATLAS calorimeters consist of many layers that each measure energy
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deposited by particles.

Hadronic tile
calorimeters

Electromagnetic
LAr calorimeters

EM LA,
precision regions

Hadronic LAr
endcap
calorimeters

Forward LAr
calorimeters

Tile plug
calorimeter
(TileGap 1&2)

Gap & cryostat
scintillators
(TileGap3)

\
n=1
— A -
] =
: = - - =i _ g
Z 47 —/
H “‘ﬂ' _______ [ =&
iﬂﬂ Ll * | \ H L o _' ﬁ ‘
. e i =q=5
- = 0 ,-1---;-"1'1 i =)0 J Pl - -
___________ - o r] - )
---- n=25 MMEQ Endcap-
End of tracker - ; forward
coverage | . n=0"seam Wl | transition
, D x ES ES ES S T —JIHE & 3 ES ES X I;D = ' 4
1] I
— = EEl n~14 e B
Barrel-endcap
‘ transition ’

Figure 6. Layout of the ATLAS calorimeters and
pseudorapidity (n) regions [3].
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ATLAS layer mapping
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Figure 7. Ratio between deposited energy and incident energy.
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Model Architecture
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Figure 2. Training architecture flowchart [2].
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Figure 3. Sampling architecture flowchart [2].

4-Partite Restricted Boltzmann Machine

Parameters updated to assign low energies to data.
The RBM energy is given by:

a,b,W)

Quantum Anneallng

Superconducting flux quantum bits with programmable
spin-spin couplings.
Aim to reach the ground state of the Hamiltonian H,,.
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Overall Metrics

Model performance evaluated
with distributions across layers
and incident energies.
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Figure 8. Overall metrics for all layers and particle energies.

Model Comparison and Future Work

103-10° times faster than traditional Geant4 simulations!

Higher efficiency with comparable sample quality to SOTA deep generative models.
Continue improving architecture to maximize performance and train with QPU.
Model Time / sample Energy / sample [_]] KPD and FF]Z”;cores of submission vs. GEANT4 dataset 2
GEANT4 18 8 KPD .103_ = H N N
Calo4pQVAE (QPU)
Annealing 20 ps 0.3
Readout 87 ps 2.2 FPD -103 ‘ I
Wait 20 ps 0.3
GPU postprocess 54 ps <0.1 0.1 0.0 O. * 1 100 1000 10000
Total 181 pus 2.0 V\/e re here We're her
GEANT4 —— CaloScore —— DeepTree
CaloDream 74.3ms 30 —— CaloDiffusion ——- CaloScore distilled —— CaloPointFlow
CaloDiffusion 99.5ms 40 —=- conv. L2LFlows  ----- CaloScore single-shot ~ —— CaloVAE+INN
conv. LQLFIQWS 1.6:ms 0.6 CaloINN —— iCaloFlow teacher ——— CaloLatent
CaloScore (single-shot) 2.5ms 1 —— MDMA ——- iCaloFlow student CaloDiT
Table 1. CaloChallenge comparisons. T e T Supercalo - ColoDREAM
GEANT4 GPU (A100) | QPU | Anneal time Figure 9. FPD and KPD metrics.
Time O(0.1) — O(10?) s ~2 ms

Table 2. Model timing.
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