Advancing the CMS Level-1
Trigger: Jet Tagging with DeepSets
at the HL-LHC

Christopher Brown
On behalf of the CMS Collaboration




CMS ?ﬁ$y

NS

a9y
s Nex!iGen

Jet Tagging




Start at the end in the offline analysis
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Particle Transformer for jet tagging

outgoing particles
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https://arxiv.org/html/2202.03772v3

Particle Transformer for jet tagging
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https://arxiv.org/html/2202.03772v3

Particle Transformer for jet tagging

outgoing particles
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99% of the data
stops here
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Level 1 Trigger, making sure that the 1% of data is worth it < hases e tooe T8

Calorimeter trigger Muon trigger Track trigger
|
Detector Backend systems

CMS Phase-2 Trigger gives us lots of tools i
- Tracking pr > 2 GeV
- High Granularity Calorimeter Global Calorimeter Giobal Track: [y
- Particle Flow
- Pile Up per Particle Identification (PUPPI) ...
- Machine Learning [
How do we use this information to tag jets? comera
Global Trigger GT

Phase-2 trigger project
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Reconstructing Jets in the Phase-2 Upgrade of the CMS Level-1 Trigger

Step 1 — Make some jets

Find the highest
pr candidate and ® ®

set as seed

Particle Flow candidates matched to
the primary vertex using the PUPP]
algorithm

The Particle Flow Algorithm in the Phase |l
upgrade of the CMS Level-1 Trigger
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Reconstructing Jets in the Phase-2 Upgrade of the CMS Level-1 Trigger

Step 1 — Make some jets

. . @ ® Find the distance
Find the highest ’ . between seed
pr candidate and and other
set as seed O candidates
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Reconstructing Jets in the Phase-2 Upgrade of the CMS Level-1 Trigger

Step 1 — Make some jets

Jet constituents

Mask found jet

. . e g Use a radius to ® and repeat
. . Ind the distance constrain the

Find the highest o O between seed candidates and @ ®

pr candidate and and other calculate jet axis o ®

set as seed O candidates and corrected py ©
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Reconstructing Jets in the Phase-2 Upgrade of the CMS Level-1 Trigger

Step 1 — Make some jets

Jet constituents
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Step 2 — Use the jet constituents to predict what made the jet
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Step 2 — Use the jet constituents to predict what made the jet

Offline they don’t have separate networks per class

One network learns the representation of a jet

One network classifies it into multiple different decay modes
One network has potentially fewer FPGA resources

One network can do additional tasks for every jet regardless of their class
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One network
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One network

ogon| 20 input features per
record fiIIer Candidate; up to 16

PID: photon| candidates per jet
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16 x PUPPI Candidates
pr sorted

relative pt
PID: muon +
dyy

PID: muon -
PID: hadron +
PID: hadron neutral
PID: hadron -
PUPPI Weight|,
PID: electron +
PT

PID: electron - <
Track Quality
Ad

An

Zp

ConviD ConviD
10 channels 10 channels

- p 7Qen /pylgeco

U
Q.
=)
~*
2
7]
(]

asimjulod

joe)
§
=2
<
o
-

-
-
-
-
-
4

abeiany [eqo|D
[|

= Jet ID

ISVary
7@( cebrown@cern.ch



One network
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One network

16 x PUPPI Candidates
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One network

pt correction, leverage the
latent space for additional

ConviD ConviD information
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One DeepSets network, but how does it perform?

CMS Phase 2 Simulation Preliminary 14 TeV, 200 PU
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One DeepSets network, but how does it perform?
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One DeepSets network, but what about the physics?

CMS Phase 2 Simulation Preliminary PU 200 (14 TeV)
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One DeepSets network, but what about the physics?

CMS Phase 2 Simulation Preliminary PU 200 (14 TeV)
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One DeepSets network, but what about the physics?

PU 200 (14 TeV)
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One DeepSets network, what about the firmware?

Quantised & Pruned from day 1
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One DeepSets network, what about the firmware?
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One DeepSets network, what about the firmware?

16 x PUPPI Candidates
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One DeepSets network, what about the firmware?

Deregionizer
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One DeepSets network, what about the deployment?

o train ~ o evaluate —~ o synth —~ () emulation-evaluate

train ~ evaluate ~ synth ~ emulation-evaluate
code_quality —~ hls4ml —~ emulate —~ profile

o test ~ o hls4ml ~ o emulate ~ © profile
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One DeepSets network, what about the deployment?

Generic training

block, put in Build hls model
whatever Create ~100  using CERN
architecture you like physics plots  ci4fpga service
© i S O e © o s
() code_quality o (V) hls4ml o (V) emulate o

test hls4ml emulate

hisdml create Run new model

project in cmssw for bit
accurate
emulation
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Check the emulation
output and compare
to hlsdml and python

(V) emulation-evaluate —~
emulation-evaluate ~

() profile

. <
profile

Profile the
his4ml, check
the resources

Upload the model,
plots and firmware
to a website registry

() upload_new_model —~
upload ~
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One DeepSets network, what about the deployment?

cmssw-setup —~ bitonic-sort-VHDL:sim —~ htmht:hdlsim —~
o cmssw-setup ~ () sim ~ () build ~
code-checks ~ histogramjets:sim ~ seededcone:hdlsim ~
o ()
cmssw-setup ~ sim ~ build ~
° synchronizer:csim_and_cosim ~ ° htmht:csim —~
sim ~ sim ~
publish-dumpfiles jec:csim
° deploy c ° sim °c
) seededcone:csynth: =~
5]
@ Publish-ips ~ @ htmhtcsynth 7 [JetCompute,...
[ .
deploy pre-build ) seededcone:csynth: ~
[JetFormat,... ~
ublish-latest jec:csynth
) geploy 4 () ]pre_bui)(d < ) seededcone:csynth: o
[JetLoop,...
() publish-patternfiles ~ ) seededcone:csynth © seededcone:csynth: =~
deploy ~ pre-bul [JetTagger,... Nt
histogramjets:csynth
© build <

upload_new_model
© upload w—
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One DeepSets network, what about the deployment?

cmssw-setup bitonic-sort-VHDL:sim htmht:hdlsim
° cmssw-setup < ° sim < ° build <
o code-checks ~ ) histogramjets:sim ~ seededcone:hdlsim ~
cmssw-setup ~ sim ~ build ~
synchronizer:csim_and_cosim htmht:csim
° sim ° ° sim °
publish-dumpfiles jec:csim
° deploy c ° sim °c
) seededcone:csynth: =~
5]
@ Publish-ips ~ @ htmhtcsynth 7 [JetCompute,...
[ .
deploy pre-build ) seededcone:csynth: ~
[JetFormat,... ~
o ggggih-latest 4 () ’;ﬁﬁﬁ?{:‘h < () seededcone:csynth: —~
[JetLoop,... ~
() publish-patternfiles ~ ) seededcone:csynth © seededcone:csynth: =~
deploy ~ pre-bul [JetTagger,... Nt
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build
() upload_new_model’e?
upload
emulate —~ pipare —~ check_syntax —~ build
() emulate ~ o setup ~ © check ~ ? build S

o simulate_vivado
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One DeepSets network, what about the deployment?

cmssw-setup —~ bitonic-sort-VHDL:sim —~ htmht:hdlsim —~
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() emulate ~ o setup ~ © check ~ ? builg o

Q

o simulate_vivado

| test
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One DeepSets network, what about the deployment?

Every main branch model will get:

* A trained model

» A suite of physics performance plots

« A bit accurate emulator

« A fully profiled hls4ml firmware project
« A Dbit file of the trigger board we target

Without a single command being typed by the user
(apart from git push)
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One DeepSets network, what about the deployment?
Aim to be fully

generic, not limited to
DeepSet

Every main branch model will get: architectures. ...

* A trained model © DeepSet:baseline_Sparam_extended_trk

« A suite of physics performance plots bulla o

« A bit accurate emulator Trigger job

« A fU”y prOf”ed hls4ml firmware prOjeCT ® DeepSetEmbedding:baseline_embedding._...

- A bit file of the trigger board we target puld c
Trigger job

© Transformer:transformer_Sparam_extende...
build

Q

Without a single command being typed by the user
(apart from git push)

Trigger job

© TransformerEmbedding:transformer_embe...
build

Q

Trigger job

.... or even the jet tagging, automatic
workflows for all FPGA ML projects ....

MLops BoF session on /
thursday ‘

IS2vy
> cebrown@cern.ch


https://indico.cern.ch/event/1496673/contributions/6637959/
https://indico.cern.ch/event/1496673/contributions/6637959/

What’s next?

Firmware
« Model running in hardware tested and matching emulation
- HGQ, HGQ2, dadml models all ready to be fully Cl integrated

Models
« Transformer models, contrastive learning embedding models, interaction-net
model, JEDI-net models, Vector tree models ....

Robustness
« Jettagging models in changing environments, initial studies on Lipschiiz
networks, adversarial training upcoming

. how to use the scores, ,

to add and test

/\ZQ'
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Xy,

CMS Phase 2 Simulation Preliminary ~ PU 200 (14 TeV)
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mean (Shapley value) - (average impact on model output magnitude)
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CMS Phase 2 Simulation Preliminary ~ PU 200 (14 TeV)
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CMS Phase 2 Simulation Preliminary PU 200 (14 TeV)
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CMS pPhase 2 Simulation Preliminar PU 200 (14 TeV
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