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Timelines and synergies

- triggerless (25 TB/s)
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FCC-ee TDAQ challenges

e FCC-ee at Z-pole;

* highest instantaneous luminosities

ever achieved
e each sub-detector must be
capable of read-out at 50 MHz
* physics rate ~100 kHz, large
background rate in innermost
layers

 Aim is “trigger-less” design:
software -based online selection
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https://gist.github.com/makoeppel/da731ce3afb2022a0fa32aa041d98e0c
https://indico.cern.ch/event/1439855/contributions/6461657/attachments/3046036/5382016/FCC_FSR-Vol1-EPPSU-01042025.pdf
https://indico.cern.ch/event/1439855/contributions/6461493/attachments/3045866/5381793/FCC_PED_ESPPU_DetectorEoI_Backup.pdf
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FCC-ee TDAQ challenges

Rate estimates, FCC-ee Z-pole (F. Bedeschi)

 TDAQ requirements highly dependent on

: _ Subdetector Untriggered
detector technology. Potential challenges: S——
Idea DCH ~500 GB/s
 TPC cannot read out every Idea DR Calorimeter
20 ns, hardware-based first filtering Idea Luminometer ~20 GB/s
might be necessary Idea Muon System ~400 MB/s
Total 11.7 TB/s

* Noise from increasingly granular

1) Extreme hit rates in inner layers

* Limited by single read-out ASIC data _ : -
transmission capacity 2) Fine granularity, but noisy



https://indico.cern.ch/event/1307378/contributions/5727164/attachments/2791569/4869322/Bedeschi_Annecy_2024.pdf
https://indico.cern.ch/event/1439855/contributions/6461657/attachments/3046036/5382016/FCC_FSR-Vol1-EPPSU-01042025.pdf
https://indico.cern.ch/event/1439855/contributions/6461493/attachments/3045866/5381793/FCC_PED_ESPPU_DetectorEoI_Backup.pdf

#241

Read-out of vertex detectors

* Large background from incoherent pairs creation (mostly forward,============sseeeeaaaaaacs.. :
but substantial fraction within vertex detector acceptance) :

|
o

's =91.2 GeV
* For vertex detector = 200 MHz/cm? for innermost layer .

particles / BX

III|
—_

* Untriggered: 24.4 Gbit/s / 2-chip module

« 2.2 Tb/s for Layer 1 (x10 less in Layer 2)

107"

* Current MAPS technology cannot match this rate,
all FCC-ee detector concepts foresee MAPS

1072

+ Max readout speed achievable on chip >3.2 - 6.4 Gbit/s } L
(current ARCADIA) olrad]

107°

* [rigger-less readout seems extremely challenging
(also: can we even handle this output?)

* Need on-detector compression!
: See Fabrizio’s and Daniela’s talk



https://indico.cern.ch/event/1439855/contributions/6461657/attachments/3046036/5382016/FCC_FSR-Vol1-EPPSU-01042025.pdf
https://agenda.infn.it/event/44943/contributions/265977/
https://agenda.infn.it/event/44943/contributions/265978/
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FCC-hh TDAQ challenges ~. =~
* Increased granularity and acceptance: : - :

* 130—1000 pile-up, x6 increase In peak luminosity ' +

» 250 TB/s for calorimetry + muon systems :ﬁﬁﬁﬁﬁﬁffﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁfﬁéﬁﬁﬁﬁﬁﬁ;ﬁﬁﬁfﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁéﬁﬁﬁﬁﬁﬁfﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁffﬁéﬁﬁﬁﬁﬁfffﬁﬁﬁﬁﬁﬁﬁﬁffﬁﬁﬁéﬁﬁﬁﬁﬁﬁfﬁﬁfﬁﬁfﬁﬁﬁﬁfﬁﬁﬁﬁﬁéﬁffﬁ:

( X1 O HL-LHC ATLAS/CMS). 105 __§++__

. () PBs of racker data

» Full read-out of calo/muon systems ~possible o '2'0 = '4'0 — '6'0 — '8'0 — '1(')0'

: : . 0" threshold (GeV)
* Tracker readout impossible at full rate (even with '

readout technology available, radiation hardness and | Trigger | Threshold at 14 TeV | Threshold at 100 TeV
infrastructure constraints) Type (GeV) (GeV)
Single
| | Muor 25 78
* Jo keep trigger rates at acceptable levels, offline
. . : Photon/
algorithms must be migrated to trigger! Clectron 30 150
» Track readout+hardware trigger for outer layers Jet 120 300

(>20 cm)

Abada, A., Abbrescia, M., AbdusSalam, S.S. et al. FCC-hh: The Hadron Collider 6



https://link.springer.com/article/10.1140/epjst/e2019-900087-0

How do we address these?

Opportunities for novel designs

 FCC-ee€ in streaming trigger less mode faces significant challenges
 ~ 160 Pb/year for FCC-ee detectors

* Must reduce data directly at source, aggregate and stream to offline, while staying within tight
material and power budgets

 Can learn from HL-LHC LHCb & ALICE, EIC ePIC how to do real time physics extraction with
offline-like resolution, requiring real-time calibration and alignment

 FCC-hh can read out calorimeter and muon systems at full rate with tomorrows technology

* Tracker (probably) not! Will need compression/reconstruction at-source and/or track trigger for a
PU=1,000 scenario

 Must invest in the current and upcoming experiments to develop workflows that harness
emerging hardware technologies!



Data readout bottleneck
Gbps bottleneck

Read Out Integrated Circuit (ROIC) as an ASIC

4 >~ shaper T Digizer RIS

@mpllfler

Sensor

Example vertex detector inner layer from before (#241 FCC-ee):

32 bits pixel data in inner layer @ 200 MHz/cm?

* 24.4 Gbit/s

8




Two options:

Sensor

Reduce on
frontend
before

transmission

~}~

@mpllﬂer

e Digitizer

/ Read Out Integrated Circuit (ROIQ) as an ASIC

Digital
Processor

Trigger
Processor

Reduce on
backend via
triggering




TWO OptiOns: Reduce on

frontend

before

transmission

Read Out Integrated Circuit (ROIQ) as an ASIC

‘ >—> Shaper [™=8 Digitizer

@mpllfler

Digital

Sensor Processor

Trigger
Processor

Reduce on
backend via
10 triggering

— Intelligent front- and back-ends with ML




Fast Machine Learning for HEP

. A3Da3 institute
émm | FPGA/ASIC 1 TB/yr1 PB/yr ~
- g= S
ML on specialised hardware s @
© 10"} .
(ASICs, FPGAs) could help us L e
address our data processing £ 101} |
LHC HLT
challenges O(100) TB/s I
»n 10 |
HEP tasks not well-represented 10" HCLIT  puNE :
by industry-driven tools 9 5
10°H - | gf: B
Sleuro
Have developed our own tools! 107} - Q@ YO -
: IceCube @ Netflix 4K UHD
108 10°¢ 5 1074 1072 100 102 104 10°

Latency requirement [s]

11



ML inference at low latency

HEP Tools and Communities

/ Co-processing kernel

HEP hardware ML libraries: (Xilinx accelerators/SoCs)

‘e

FPGA custom designs
(eqg trigger algorithms)
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2024: Neural hardware triggers
making decisions in LHC experiments!

CMS Experiment: ATLAS Experiment:

» Anomaly detection in 50 ns - BDT selecting candidate t
» 300 events/second lepton events in <100 ns

- - LOST DATA
B8 SELECTED DATA
- - POSSIBLE NP SIGNAL

hls 4 ml

I I 1 1 1 I I I I

- ATLAS Preliminary

“TE Vs=13.6 TeV
3 L1Calo eFEX tau algorithm

Fraction of Events

. :— e Signal MC y'—nr

E ® Background data

Reconstruction error L L
AD threshold 840 860 880 900 920

BDT Score

CMS DP2023 079 L1CaloTriggerPublicResults

13


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/L1CaloTriggerPublicResults#ATLAS_Level_1_calorimeter_eFEX_t
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/L1CaloTriggerPublicResults#ATLAS_Level_1_calorimeter_eFEX_t
https://cds.cern.ch/record/2876546/files/DP2023_079.pdf

2024: Neural hardware triggers
making decisions in LHC experiments!

CMS Experiment:
* Anomaly detection in 50 ns
« 300 events/second

- - LOST DATA
B8 SELECTED DATA
- - POSSIBLE NP SIGNAL

hls 4 ml

Reconstruction error
AD threshold

CMS DP2023 079

ATLAS Experiment:

- BDT selecting candidate 1

Fraction of Events

lepton events in <100 ns
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/L1CaloTriggerPublicResults#ATLAS_Level_1_calorimeter_eFEX_t
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/L1CaloTriggerPublicResults#ATLAS_Level_1_calorimeter_eFEX_t
https://cds.cern.ch/record/2876546/files/DP2023_079.pdf

Frontend reduction

feeemeemeenns -
: On-device:
: data -
: reduction :

Up to multi-GHz :  Gbps ‘boitleneck’
\ n .
Read Out Integrated\Circuit (ROIC) as an ASIC

Digital
q
Sensor B¢ > shaper Y Digitizer RS

AmpMmr

Adapted from JINST 17 C01039

e highly granular detectors, background — high data transfer rate
* |limited by available bandwidth of electrical and optical links

o 2 solutions: frontend reduction or higher capacity transfer

15



ESPPU26 #11 #95 #247 #233 #93 #211 #2772 QKeras + hls 4 ml
Smart Pixels

https://fastmachinelearning.org/smart-pixels/

Reduce silicon data via in-pixel intelligence

+ frontend filtering: discard low-pr track N
d ata (< 2 G eV) EXPERIMENT

 feature extraction: Extract particle
position and angle in pixel front-end
ASICs from charge in single pixel layer

Bandwidth savings of 57-75%!

> Buffer

16 5 Us latency credit: J. Dickinson


http://www.apple.com/uk
https://nips.cc/media/PosterPDFs/NeurIPS%202023/76175.png
https://iopscience.iop.org/article/10.1088/2632-2153/ad6a00/pdf
https://indico.cern.ch/event/1439855/contributions/6461413/attachments/3045779/5381683/Fermilab-EOI-HF-FCC-March2025.pdf
https://indico.cern.ch/event/1439855/contributions/6461493/attachments/3045866/5381793/FCC_PED_ESPPU_DetectorEoI_Backup.pdf
https://indico.cern.ch/event/1439855/contributions/6461658/attachments/3046037/5382018/#247_FCC_FinalReport_Vol2-02042025-EPPSU-FCChh.pdf
https://indico.cern.ch/event/1439855/contributions/6461636/attachments/3046014/5381987/#233_FCC_FinalReport_Vol2-02042025-EPPSU-FCCee.pdf
https://indico.cern.ch/event/1439855/contributions/6461497/attachments/3045870/5381798/EPPSU_Instrumentation_CPAD.pdf
https://indico.cern.ch/event/1439855/contributions/6461614/attachments/3045992/5381959/ALLEGRO_Full_Detector_Concept_EoI-ESU-Mar27-2025.pdf
https://indico.cern.ch/event/1439855/contributions/6461662/attachments/3046042/5382026/European_Strategy_Input_2024-3.pdf

ESPPU26 #95Eol

Reconfigurable logic in ASIC design

The Embedded FPGA framework

28nm CMOS ASIC (1x1 mm)
\&\\\ IHIIU

 Pathway to implementing ML "at source”
* Fully reconfigurable logic on detector frontend

* Open source (FABulous, OpenFPGA)

* potential to apply to variety of subsystems/
fields (SuperKEKB, FCC-ee, DUNE, free-
electron lasers)

17 Gonski et. Al



https://indico.cern.ch/event/1439855/contributions/6461493/attachments/3045866/5381793/FCC_PED_ESPPU_DetectorEoI_Backup.pdf
https://arxiv.org/pdf/2404.17701

#11

ML compression: Calorimeter data concentrator

10,000 ECONSs with ML inside going live in HL-LHC

ASIC compression with autoencoders

Encoded data Encoded data

Di Guglielmo et Al, IEEE TNS 68.8 (2021) =



https://indico.cern.ch/event/1439855/contributions/6461413/attachments/3045779/5381683/Fermilab-EOI-HF-FCC-March2025.pdf
https://par.nsf.gov/biblio/10291444-reconfigurable-neural-network-asic-detector-front-end-data-compression-hl-lhc

Data transfer bottlenecks

: capacity :
: transfer :

Up to multi- GHz Gbpé ‘bottleneck®
Read Out Integrated Circuit (ROIC) as an ASIC E :
Digital: DAQ
Sensor ‘ >—> Shaper E=24 Digitizer Processdr e

@mpllfler

Adapted from JINST 17 C01039

o 2 solutions: frontend reduction or higher capacity transfer

19



ESPPU26 #95 #247 #233 #93 #211 #272
Wireless data transmission

Reducing material budget for detector readout

>_

A

®
Increase Gbps w/o increasing material TEEN
* Send single signal to several receivers, %}M .
saves cabling et
2N
e Cost reduction, simplified installation/ YY .
repair, reduction in dead material g% ‘

» Especially important for future \

tracking detectors 1 :
Few Gbps possible with 802.11ac/ad WiFi! %ﬁ@\

Wireless Allowing Data And Power Transmission (DRD-7.1c)



https://indico.cern.ch/event/1439855/contributions/6461493/attachments/3045866/5381793/FCC_PED_ESPPU_DetectorEoI_Backup.pdf
https://indico.cern.ch/event/1439855/contributions/6461658/attachments/3046037/5382018/#247_FCC_FinalReport_Vol2-02042025-EPPSU-FCChh.pdf
https://indico.cern.ch/event/1439855/contributions/6461636/attachments/3046014/5381987/#233_FCC_FinalReport_Vol2-02042025-EPPSU-FCCee.pdf
https://indico.cern.ch/event/1439855/contributions/6461497/attachments/3045870/5381798/EPPSU_Instrumentation_CPAD.pdf
https://indico.cern.ch/event/1439855/contributions/6461614/attachments/3045992/5381959/ALLEGRO_Full_Detector_Concept_EoI-ESU-Mar27-2025.pdf
https://indico.cern.ch/event/1439855/contributions/6461662/attachments/3046042/5382026/European_Strategy_Input_2024-3.pdf
https://arxiv.org/abs/1511.05807

Intelligent back-ends

/ Read Out Integrated Circuit (ROIC) as an ASIC

Digital

e Digitizer
Processor

Sensor

Trigger
Processor

Fast
reconstruction
2 and filtering



C. Brown, Vertex2023

Real-time tracking

« HL-LHC CMS will read out tracks with pr>2 GeV and run L1 track reconstruction
* reduce rate by x10 by filtering low momentum hits

» Offline like reconstruction: track seeding, building and Kalman Filter to identify
final track candidates and determine track parameters

* Track quality with BDT implemented with /: Conifer

Step 1 Step 4

E7

¢ .....IN 3.4 pus! 2


https://cds.cern.ch/record/2883047/files/CR2023_286.pdf?version=1

Object tagging for Phase-2 CMS

Hardware jet building and flavour tagging

16 x PUPPI Candidates
pr sorted

ConviD ConviD
10 channels 10 channels

-

- —> pi"ipr'”
5 <EI
c -

-

-

EIEE =

- Classification
scores

HL-LHC CMS will run with

FPGA track finding, particle flow, jet clustering and flavour tagging in < 12 us

nied

)
(@)
v
0. S
: R
4 3
(7]
o )
«Q
(]

Nnied
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/L1TNGJetDPSNote2025
https://twiki.cern.ch/twiki/bin/view/CMSPublic/L1TNGJetDPSNote2025

arxiv:i411.13596 #205

Real-time track triggers
BELLE-II

100-

‘Belle-2 uses neural track hardware
trigger for reconstruction of vertex, 50-
and azimuthal and polar angles of
single particle track

*ML for GNN-based offline tracking

*Work ongoing on bringing this to the
hardware trigger N & r. s 4

—1007 v Boim @ S
)/ 9

e o o signal
GNN prediction

|/ T T T T
—100 -50 0 50 100
24 X (cm)



https://arxiv.org/pdf/2411.13596
https://indico.cern.ch/event/1439855/contributions/6461621/attachments/3045999/5381969/Belle_II_Input_ESPP_2025.pdf

ESPPU26 #127 #148

Trigger-less design: LHCb Run-3

* Run 3 event selection entirely in software, heterogeneous platform ( pp collisions ]
 FPGA-based DAQ cards (low-level bit manipulations) 10 Thit/s ¢
* high-speed dedicated network cards (memory ops for transfer) ( X8g‘§§.?,;rs ( event building )\
 GPUs for data processing (large-scale parallel problems) i %(1:5)%? ( HLTL ) )
* Lessons learned in Run3: - . -
* Expertise in Low-level network simulations - 0(11_020?;1:6 iwers \
* Architecture that supports fast adaptation to emerging tech b uffer on disk
+ Full read-out, track reconstruction and lepton PID at 30 MHz [Ca“bra“(’“ aid a“g”me“tj
+ Run-4 R&D: ( HLT? )
* Early track reconstruction on FPGA boards (RETINA) 80 Gbit/s ¢
* |nvestigating emerging processors as GPU alternative (ALLEN) [ storage )

Aaij, R., Albrecht, J., Belous, M. et al. Allen: A High-Level Trigger on GPUs for LHCD. 29



https://indico.cern.ch/event/1439855/contributions/6461535/
https://indico.cern.ch/event/1439855/contributions/6461531/attachments/3045904/5381846/ESPPU_Technology_development-V6.pdf
https://link.springer.com/article/10.1007/s41781-020-00039-7

Heterogeneous TDAQ architecture

( pp collisions

 ALICE, CMS & LHCb deploy heterogeneous
software triggers with CPU and GPU
architectures since LHC-Run 3

* independently developed software
frameworks, integrated with experiment
software

 Collaboration crucial to share common tools
and experience with emerging processors

26

ESPPU26 #127 #148 #64

LHCb

40 Thit/s ¢

r

G

0O(250)
X80 servers

event building h

G Cm)

\

J

1-2 Thit/s ¢

-
O(1000) x86 servers

buffer on disk
calibration and alignment

Y

( HLT?2

\_

80 Gbit/s ¢

( storage

ALICE

CMS

(

CMS )

¢ 40 MHz readout

|

L1 Trigger }

FPGAs and Custom Electronics

¢ 100 kHz

\
([ eventreadout | DAQ

Y

[ event building )

'

I

HLT)

event filtering

MSSW: x86 CPU + GP@

¢ O(kHz)

Tier-0 ]

Data links from detectors

3.5 TB/s

Run 3 farm

<900 GB/s
o)

c
o~
\'E_‘l

S ©

a
~ 130 GB/s
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https://indico.cern.ch/event/1439855/contributions/6461535/
https://indico.cern.ch/event/1439855/contributions/6461531/attachments/3045904/5381846/ESPPU_Technology_development-V6.pdf
https://indico.cern.ch/event/1439855/contributions/6461468/

ESPPU26 #127 #17

Real-time alighment & calibration

Reaching the FCC-ee precision needs

LHCb’s real-time alignment & calibration
system deployed in 2018

* High quality alignment & calibration crucial to minimise - I - - -
systematic uncertainties at future colliders and experiments
.............. ) TTTITTTTTITN (PPPPRPUTID. AUTPTTIT: COTTTPPTTIT FTTPPITTSIE e N
* Will need to cope with - e
. VELO alignment (~7min)T Calorimeter Calibration
¢ hlgh Channel Counts Tracker alignment (~12min)
oT g.lf)i?(:l gxlii;)r“f:iiun MUON alignment (~3h)
* timing-based reconstruction for 4D alignment At e i) | SICH 183 mbror s -2
e test case in eP'C and LHCb Run5 https://iopscience.iop.org/article/10.1088/1748-0221/14/04/P04013
CMS automated alignment calibration
* Need fast calibration (limited buffering) cwgMs  deployedsince 2022 pemmecney
* heterogeneous software frameworks developed for HLTs 5| N  Logioy Toproessng .
. . . . [ R TS I B T . T S A N
and advanced distributed computing techniques I e WO R

Delivered integrated luminosity [fb"]

https://cds.cern.ch/record/2879304/files/CR2023_225.pdf


https://indico.cern.ch/event/1439855/contributions/6461535/
https://indico.cern.ch/event/1439855/contributions/6461416/attachments/3045781/5381686/EPPSU_2025_ePIC_Detector_20250322_submission.pdf

DRD7: R&D Collaboration on Electronics and On-Detector Processing

WP7.1: Data density and power efficiency

WP7.2: Intelligence on the detector

WP7.3: 4D and 5D technigues

WP7.4: Extreme environments

WP7.5: Backend systems and COTS components
WP7.6: Complex imaging ASICs and technologies
WG7.7: Tools and Technologies

Extend to include;
‘Real-time inference on specialized hardware.
‘Heterogeneous real-time software tools

In close collaboration with the Fast Machine Learning
Foundation , CERN NGT and EuCAIF Al-RDs



https://fastmachinelearning.org/
https://fastmachinelearning.org/
https://nextgentriggers.web.cern.ch/
https://eucaif.org/

#16/

Al R&D collaborations

EuCAIF proposal for scalable, robust Al through cross-domain collaboration

» Al for Data Processing: Front-end electronics, trigger

- Al for Detector and Accelerator Control: Accelerator performance,
calibration, system monitoring.

- Al for Detector Optimization: Differentiable programming,
reinforcement learning to maximize detector performance

» Al for Event Reconstruction: Tracking, calorimetry, end-to-end
foundation models.

29


https://indico.cern.ch/event/1439855/contributions/6461566/attachments/3045939/5381892/AI_DRD_initiativepaper.pdf

Conclusion

* EXxciting challenges ahead to make sure TDAQ is not the precision bottleneck
* read-out of increasingly granular detectors within tight material, power budgets

* high fidelity on-detector compression for high-precision triggers or to reduce
steaming data load for processing and storage

* Al/ML tools are essential to meeting these challenges
 Must develop and maintain versatile heterogeneous frameworks and platforms

* Cross-experiment organisational support for frontend/backend ML developments
represented in DRD collaborations/Al-RDs

30



