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Clissa et al. 10.3389/fdata.2023.1271639 

40,000 exabytes/year 
*size of internet: 175,000 exabytes

what we can afford to keep 



How much data 
goes through our 

system

Time to process

unit size of transmitted 
data (e.g., event size, 
webpage size)

arXiv:2511.03883

http://arxiv.org/abs/arXiv:2511.03883


HARDWARE 
TRIGGERS

INDUSTRY

ON-DETECTOR

SOFTWARE 
TRIGGERS



TODAY

O(1) Tbps

O(1) μs

How did we 
get to 

operating 50 
nanosecond 
ML triggers?



TOMORROW 
(2031)

O(100) 
Tbps

O(10) μs

How will we 
maintain 
physics 

performance 
with x10 
higher 

throughput?



TOMORROW 
(2031)

O(1000) 
Tbps

O(1) μs

How are we 
getting ML 

in our front-
ends to 
handle 

increasing 
granularity?



DAY AFTER 
TOMORROW?

O(100) 
Tbps

O(1) μs

Streaming 
readout?





1 MB of data/collision
1 billion 

collisions/second
→1 PB of data/second



Services always kill 
you

1 PB of data per second
Collisions every 25 
nanoseconds



Data temporarily buffered in 
detector electronics for ~100 BX, 
currently 3 µs

Coarse snapshot of each event 
sent to L1



~1000 high-end 
FPGAs 
reconstruct 
events and 
discard 99.72% 
within µs 
buffering time



0 = 
REJECT
1 = KEEP



Services always kill 
you

110 kHz to surface, O(100s) 100 
Gbps links O(1)TB/s



Services always kill 
you

HLT Software trigger:
25,600 CPUs and 400 

GPUs
Reduce rate to 

0.0025%

Offline 
reconstruction and 
permanent storage



LHC

78 vertices 
(average 60)

HL-LHC

200 vertices (average 
140)

Need to upgrade detectors and algorithms to 
maintain physics performance in challenging 

environment 



Will read this out parasitically 
at 8Tb/s!

6.4 Tb/s

4 Tb/s

Input: 2 Tb/s → 63 Tb/s

Latency: 4 µs → 12 µs

Output: 100kHz→750 kHz



ON-DETECTOR ML ON ASIC

OFF-DETECTOR ML ON 
FPGAs



Fast Machine Learning 
for HEP

Our tasks not well-
represented by industry-
driven benchmarks

Must develop our own tools, 
datasets and data challenges





Data flow architecture

• Tailored hardware for a model
(“Decisions are design time”)

• Each layer is separate compute 
unit

• Stay on-chip



IDEALLY REALITY

Quantization
Pruning

Parallelisation
Knowledge 
distillation







QKERAS

Quantize weights on forward 
pass

Nature Machine Intelligence 3 (2021)

https://www.nature.com/articles/s42256-021-00356-5




High Granularity 
Quantization

arxiv:2405.00645 

https://arxiv.org/abs/2405.00645


High Granularity 
Quantization

arxiv:2405.00645 

https://arxiv.org/abs/2405.00645




Standard industry tools couldn’t reach the specs that 
we require

ACAT, S. Summers 

https://indico.cern.ch/event/1488410/contributions/6606734/attachments/3133753/5559880/edge_spaice_acat_sps.pdf






HL-LHC CMS will run with 
FPGA track finding, particle flow, jet 
clustering and flavour tagging in < 

12 μs 

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












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



Can we do streaming 
readout?







aie4ml

AI engines can offer higher compute density, 
provide necessary high speed I/O interfaces. 
Make them easier to use for trigger 
experiments!

hls4ml for AI engines

Status: 
linear layers and ReLu implemented
scales workloads across AIE array
support for Gen2/Gen3 devices

NGT WP 1.2 

https://indico.cern.ch/event/1557810/contributions/6560461/attachments/3176280/5650278/EnricoLupi_NGT1.2-2ndTechnicalWorkshop.pdf






Keep in touch with 
community by signing up 
to the e-group hls-
fml@cern.ch (sign up 
here!) and attending 
meetings (listed here)

FastML Lab

https://e-groups.cern.ch/e-groups/Egroup.do?egroupId=10279178
https://e-groups.cern.ch/e-groups/Egroup.do?egroupId=10279178
https://indico.cern.ch/category/11842/


BACKUP
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