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\ Astroparticle Physics
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VHE Gamma-ray Astronomy
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Stereoscopic image
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e 3 Electromagnetic cascade

10 nanosecond snapshot
0.1 km? “light pool”, a few photons per m?.

Imaging Atmospheric Cherenkov Telescopes (IACTs) — Homogeneous EM Calorimeter



CTA Observatory

Cherenkov Telescope Array Observatory
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Sensitivity improvement x10 Two observatories:

Energy range extension x10 La Palma (Canaries) / Chile
Angular resolution improvement ~100 telescopes




Z CTA Observatory
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Cherenkov Telescope Array
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Sensitivity improvement x10 Two observatories:
Energy range extension x10 La Palma (Canaries) / Chile

Angular resolution improvement ~100 telescopes



% CTA Observatory CTAD
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Cherenkov Telescope Array

7 PMT: o Do T LO+ L1
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~2000-pixel PMT-based camera
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https://ctaoobservatory-my.sharepoint.com/:b:/g/personal/seiya_nozaki_cta-consortium_org/EUiU54qKO21Fhq9jDTGnVhcBNMo2BqHit1ELPtataxJLsg?e=Smc9on

e CTA Observatory CTAO
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"Observatory

Scientific community

Data products vl ) -
Observer W‘W
Virtual Observatory
Proposal

CTA observatory

Evaluation + selection, Data dissemination
preparation and reduction

Validation i

Scheduling Execution Enabling Crids
for E-sciencE
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%< DataProcessing@ CPUs CTAO
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LST OnSite Processing for Data Volume Reduction

7-PMT Slow

e OnSite Processing cluster __ control DRS4 readout board
PACTA Low gain
— LST1 alone produces ~10-20 TB/night raw e O ovsa | Loe ||
data; 3 more LSTs to enter commissioning Test @
in "“2025 gen. DRS4 Gigabit

Ethernet
° transceiver

— Data is processed on-site in a temporary SiTCP

Sensor - |
data center at the telescope base, with Cockeroft- |2 Apc %Trggﬁ“’&“ FPGA L‘.,o
DAC‘

Temp.
&Hum.

t aue|dyoeg

it
~1800 cores and 5.3 PB HD HY 'DAC| | . connector
I 1 P CPLD ||| HV voltage set, Test pulse gen. -SRAM
— Onsite plpellne process raw data every V, I, temp., humidity monitor

morning in a highly parallel way

— Building on MAGIC OnSite experience
—> until recently saving all raw data

181214 Run01 Event# 1748
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o Data Volume Reduction @ OnSite pipeline

0.0 4 - 6000

Y position (m)

— 1st step: select only one of the 2 PMT-amplifier gains
— 2nd step: Region of Interest selection, along with UAH
— LST as test-bed for CTAO DVR ™
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%< ML@GPUs for CTAO Reco CTAO
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CTLearn
o High-level Python package for using deep learning at IACT:

— gamma/hadron/Night-Sky-Background separation

10 nanosecond snapshot
0.1 km? “light pool”, a few photons per mZ.




IPARCOS

CTLearn

o High-level Python package for using deep
learning at IACT:
— gamma/hadron/Night-Sky-Background separation

— Event Reconstruction
» Based of pixel information

e Founded at GAE, led by GAE and UniGe

e Open source:
https://qithub.com/ctlearn-project/ctlearn
https://zenodo.ora/records/11475531
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%  ML@GPUs for CTAO Reco CTADO

Output: event type,
energy, incoming direction
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https://github.com/ctlearn-project/ctlearn
https://zenodo.org/records/11475531

%  ML@GPUs for CTAO Reco CTAD
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CTLearn on simulation ‘!,Tr-;-‘r‘

Minimal Flux Needed for 50 Detection in 50 hours
TRN model TRN-RNN model P - T
\ + M6CS (no LSTs) E ot o ER B
Preccton Second step \T- —— 4LSTs-LSTCam 1 gt
" - — 13MSTs-NectarCam | 5, | e
Pracicscn — " HE X 40SST5-CHEC § |
A = \ € ntl
s A4H 104 4/
= ! g N 3|/
Derss ) N % 10" /
| ODeme First step Dot ¥ E 10-4| \_\____ - e ! = [
™ L o 1000 100 10* 10¢
. ' A 3 - o4 2
e [ﬁc«:«a { acvoarg | L v [ S T =us EuliTev]
| Actvaton - » — > 1 _— L e —— — ROC
n e ]| [ o |l s s s - il R T
1 § oanectons + S€ | orp; 107" e e
. =T e : Sosf
3 ) 1 ' v
o Freeze backbone . " mfm.erVl aa > £ o
. S04 ,
' 4 — & ASTeASTCam, AUC#0.980
231 s0.2 1IMSTS NectarCam, ALC=0.904
.'75‘ =5 5 LO5STS.CHEC, AUC=0 996
x 107! 107 10’ 104 0'%?0 0.2 04 0.6 08 1.0
ErecelTeV) False positive rate
§°.4 '_0.4
= 2
§03| 503
3 \ 3 {3
0.2 SIS — 0.2 e o
g S S P g - P
5 01 \s‘\-w.—l"'- §0 1 V'-\.._\’?:_—-ﬂ"/ >
S ———lil g . T — = e gt
g Ll U | & B
10°* 10° 10t 10’ 107! 10° 10* 10°
ErecclTEV] ErwclTev)

T. Miener et al., PoS(ICRC2021) 730

strated !!
. ulated data demor
. to CTAO simu
App\\cat\on

11 COMCHA 2nd Workshop, Oct. 2024


https://doi.org/10.22323/1.395.0730
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CTLearn on real data

Observational data or smulaions

Calibration
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|:> | MARS
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| Stareo moonstruction

Datasat croation

ML@GPUSs for CTAO Reco CTAO
.

l:> | DL1DH

M 0-IOproCSSing

Data loading

1,.r_
TRN Model
SN T
Pradicting

CTLearn ME - cleaned images [ Analysis | "y rate [/min] | bkg rate [/min] | Sen. [% Crab] | Sig. (Li&Ma) |
1 On region MARS - ME 454+016 | 0.119£0015 | 0.70£0.05 43.0cr
= Off regions| . CTLeam — ME (raw 3.45+0.14 | 0.133 £0.018 | 0.97 = 0.08 36.50
e CTLearn — ME (cleaned) | 4.68 +0.17 | 0.125 = 0.015 | 0.69 +0.05 43.6ar
Mo = B4d: Mol = 22,0427 MARS - LE 16.49 + 0.35 | 3.861 £ 0.086 | 1.09 % 0.03 61.1c
CTLearn - LE (raw) 11,70 £0.32 | 3832 +£0.114 1.53 £0.05 47 5
CTlLean — LE (cleaned) | 16.24 +0.33 | 3.6/2 0086 | 1.11 +0.03 60.4cr
. | Analysis | Non | Nags [ . |
P["Ellm MARS - ME 819 | 21.0+26 | 798.0 %287
CTLearn — ME (raw) | 629 | 233x3.1 | 6057253
CTLearn - ME (cleaned) | 844 20x27 2220+£292
MARS - LE 3579 | 679.0 = 15.0 | 2900.0 = 61.7
| CTLearn - LE (raw) 2730 | 673.7 £ 20.0 | 20563 = 56.0
CTLeamn — LE (cleaned) | 3536 | 680.7  15.1 | 2855.3 % 61.3
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T. Miener et al. 2021 (ADASS XXXI)

Summary of all performed analyses of the same Crab Nebula sample

LST1 real data
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https://arxiv.org/abs/2112.01828
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Advanced LST SiIPM Camera*

% ML@FPGASs for CTAO Trigger CTAO

Camara
Stereo trigger signals l
. Front - end
SiPM cluster—» board —» L1 board Trigger -
»|| management %;
i Central Trigger
6000 pixels Processor
' L2 trigger
SiPM cluster /: F“’D':}t;fd"“ > L1board
/ + Full event after L1 trigger
Raw analog SiPM signal Digital SiPM signal 300 kHz* event rate
1 GHz sampling rate 10Ghb/s optical links

~72 Tb/s

J.A. Barrio, UCM-GAE
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> DAQ

Full event after L2 trigger
30 kHz* event rate

*M. Heller et al. PoS(ICRC2023)740

COMCHA 2nd Workshop, Oct. 2024


https://pos.sissa.it/444/740/pdf
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(% ML@FPGASs for CTAO Trigger CTAO

Central Trigger Processor: ML-based L2 trigger on FPGAs

Firefly

from ECUO -

FEB+L1 Rx

~10 i

~ 60 i

Multi-Gh /s Tx/Rx

FPGA

Firefly

10 Gbps ECUO -

— ™ Rx

~60

Multi-Gb,/s Tx/Rx

FPGA

FPGA

to

J.A. Barrio, UCM-GAE
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L2 Trigger O(1 us) latency

FPGAs in layers to allow
scalability

First layer of FPGAs for data
reception, formatting and first
layers of CNN algorithm

Last FPGA will take care of
the CNN last fully connected
layers, Event Building and
sending the data to DAQ.

DAQ

Tentative FPGA models: Kintex
UltraScale KU085, KU095 or
KU115, with moderate cost and
a large number of high-speed
resources.

Prelim. number of high-speed
channels, still under design

COMCHA 2nd Workshop, Oct. 2024
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ML algorithms for CTAO camera trigger

e Train small CNNs & optimize large CNNs to fit in FPGAs
-=> promising shower/NSB separation

e Translating CNN models to firmware code

TRN model TRN-RNN model
~1M param. models Padaen | Second tep
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T.Miener, UniGe

~2k param. models

¥odel: "(Tlearn sodel”

Layer (type) Qutput Shape Paran #
wavefoens (Inputlayer) [(oee, 38, 30, 5)) ]
SingleC_block (Functiona (Nome, 16) 1536
1)

fe_particletype 1 (Dense)  (Non2, 32) 4
particletype (Dense) (Hone, 3) )
type (Softaax) (fonz, 3) 9

Total params: 2179 (8.51 K8)
Trainable params: 2179 (8.51 KB)
Mon-trainable paraas: @ (0.80 Byte)
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% ML@FPGASs for CTAO Trigger CTAO
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(% ML@FPGASs for CTAO Trigger CTAO
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Prototype 1. CNN@FPGA trigger testbench
e Building the testbench

— 2 development boards with
Kintex UltraScale tier FPGASs
(Alinx XCKUO040 with 4 SFPs)

— One board to simulate pixel data - T
information (i.e. FEB+L1) and the
other to implement & test
firmware core and L2 algorithms pattern generator and P interface

data checker t UART and
<;ounh;'7‘3

e Using the testbench

— Develop fiw for multi-gigabit : o " ,
transceivers and other interfaces. “GHinsance  TiW development

— Test f/w in the development boards.

f/W_ simulation



(% ML@FPGASs for CTAO Trigger CTAO
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Prototype 2. CTP high-speed testbench
e Building the testbench

— Firefly optical transceiver + 12-layer Microwave PCB + FPGA interface.
— Test the capabilities and quality of the companies to produce the final board.
— Board received by the end of July. Test just started.

J.A. Barrio, UCM-GAE 17 COMCHA 2nd Workshop, Oct. 2024



& Team, funding & plans ~ CTAO
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e Team
— LST OnSite: 1 staff (phys), 1 predoc (phys)
— CTLearn: 1 staff (phys), 1 predoc (phys & s/w)
— ML@FPGASs: 2 staff (phys + h/w), 1 predoc (h/w), 3 predocs on 10/24 (phys + h/w + s/w)

o Network
— Spain: CNID/COMCHA (ML@xx, OnSite Proc.); Ciemat/IFIC (ML@FPGASs), UPM (HLS)

— International: SiPM-CAM (Ciemat, UB, UniGe, UZH); CERN DRD7 (ML@FPGAS)

o Dedicated grants

— Running: Spanish 3-year for predocs, Spanish (PDC2023) 2-year for ML@FPGAs
predocs & h/w

— Requested: Spanish 4-year for predocs & h/w, Madrid 4-year for predocs & h/w,
EU-InfraTECH 4-year (reserve list) for predocs & h/w



& Team, funding & plans ~ CTAO

= parcos

e Short-term Plans (~2026)

— LST OnSite: automatic processing to the 4 LSTs array

— CTLearn: compliance with CTAO software requirements and pipeline integration,
optimize DL models for real data

— ML@FPGASs: complete 2-testbench demonstrator, deploy & benchmark simple CNNs,
optimization of CNNs for FPGAs, start algorithm parallelization, start knowledge transfer

e Mid-term Plans (~2028)

— LST OnSite: integrate Onsite Pipeline in CTAO scheme
— CTLearn: CTAO offline ML-based DVR

— ML@FPGASs: build full-scale CTP prototype, deploy & benchmark optimized CNNs

J.A. Barrio, UCM-GAE 19 COMCHA 2nd Workshop, Oct. 2024
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