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A. Giannini, antonio.giannini@cern.ch 

• PhD degree at Universita’ Federico II, Naples (Italy)


• Post-doc at USTC, Hefei (China)


• Area of interest


Diboson physics (BSM searches and VBS measurements)


Boosted objects tagging, W/Z and Hbb/cc


ML applications, event classification, background estimations, jet 

tagging, Anomaly detection


• ATLAS responsibilities 


HDBS Physics group ML liaison 2021 - 2023


Conveners of Diboson searches sub-group (HDBS-DBL), 2022 - 2024

HDBS = Higgs and DiBoson Searches 
DBL = DiBoson Lab

mailto:antonio.giannini@cern.ch
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ONNX based inference in ATLAS 

• Introduction


typical workflow


why inference?


• ML inference in ATLAS


historical evolution, from lwtnn to ONNX


• Applications overview


(lwtnn) for analysis level


ONNX for jet tagging


Wrap-up Let me remember to cite the proper 
reference for discussing the ATLAS software! 

ATL-SOFT-PUB-2021-001.pdf

ATHENA software (public) 
documentation

https://cds.cern.ch/record/2767187/files/ATL-SOFT-PUB-2021-001.pdf
https://atlassoftwaredocs.web.cern.ch/athena/athena-intro/
https://atlassoftwaredocs.web.cern.ch/athena/athena-intro/
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ML models vs analyses
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• ML applications have had a huge boost in Physics analyses at collider experiments 

during my ATLAS experience, ~O(1) in 2017 up to ~O(10) in 2024 of ML 

applications in analyses


searches better use cases for applications/development than measurements


• Wide variety of python based frameworks are used now  

TensorFlow, Keras, PyTorch, sci-kit learn, etc etc


relatively easy to get started, many tutorials around, many people willing to pass 

the knowledge 


• This implies


a large population of “custom” frameworks doing mostly the same things


a large population of datasets, intermediate/output formats, ROOT, pandas, h5, 

etc


• All of these ingredients can make really hard the reproducibility of results!!!
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Typical workflow: entry level
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ROOT ntuples as input for the 
statistical interpretation

Python, pandas 
dataframes, Keras, …

NNHelperTool for the ATLAS run-2 
high-mass VV semi-leptonic search 

Eur. Phys. J. C 80 (2020) 1165 
 used as an interface to use the 
lwtnn tool by ML conveners. 

Tested already in b-Tagging and 
Tau-Identification in ATLAS 

reconstruction.

Model: architecture, 
weights and scaling 

parameters

Analysis Framework

MC production

Derivation Framework

Central 
production
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https://link.springer.com/article/10.1140/epjc/s10052-020-08554-y
https://github.com/lwtnn/lwtnn
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Typical workflow: next level

ROOT ntuples as 
input for the 

statistical 
interpretation

Python, pandas 
dataframes, Keras, …

“Analysis” 
Framework

MC production

Derivation Framework,

with dedicated information

Central 
production

Analysis 
Framework

MC production

Derivation Framework

with light information

Central 
production

Model: architecture, 
weights and scaling 

parameters
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Why ML models inference in C++

• ML models inference in C++ is crucial for two main aspects


• Reproducibility of results outside the collaboration  

event classifier (NN>x), final discriminant (to complete the analysis 

ingredients)


anomaly detections (when the ML is the main analysis ingredient…)


• Deployment of a tool that can be used for several analyses 

jet tagging, low-level variables based classifiers, etc


• Inference is not a plus, nor an aesthetic element, it is a significant part of the 

R&D of a ML tool for physics!
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ML inference in ATLAS
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• Two main tools have been used so far

lwtnn: many analyses applications in the latest few years 
ONNX: appeared in the last 3-4 years, so far, mainly jet tagging approaches (b-
tag, Hbb/cc, W/Z) have been implemented 

• An historical perspective

my memories about this start around 2016/17 or so, at the time we had lwtnn tool 
available and it saved my PhD thesis!

found a funny definition from Dan Guest (former ATLAS ML convener, lwtnn author) 
“Dark ages” before lwtnn was made

• In 2018/19 when I implemented 
the inference for my first analysis 
only few (lwtnn) use cases were 
available: 


tau RNN-ID, b-tagging, 1 
SUSY multi jets analysis

Dan talk 2022

https://indico.cern.ch/event/1197680/contributions/5144405/attachments/2565296/4422426/dguest-model-serialization(1).pdf
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lwtnn implementation

9

lwtnn github

paper HEPData 
VBF-RNN architecture .json

• lwtnn has been widely used in ATLAS

quite user friendly, you can get familiar with it in an afternoon and wrap it in your 
favourite tool/analysis code


• It is available in ATLAS software but you can also install it on your environment

• Model conversion support, very human readable!

https://github.com/lwtnn/lwtnn
https://www.hepdata.net/record/resource/1265066?landing_page=true
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ONNX in a nutshell
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• ONNX runtime (https://github.com/onnx)


more an industry based usage


based on Open Neural Network 

eXchange files


supports many more operators than 

lwtnn (factor 10 maybe)


but not universal support


it is a bit less user friendly than lwtnn


• Installation made in the ATLAS software 

(ATHENA), ONNX is available as an external 

dependency


External/onnxruntime 

for ATLAS user: no need to install 

anything, just use it!!!

https://github.com/onnx
https://gitlab.cern.ch/atlas/atlasexternals/-/tree/main/External/onnxruntime
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Overview of ATLAS inference use cases
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• lwtnn

tau RNN-ID (ATL-PHYS-PUB-2019-033)

b-tagging RNN/DeepSets (ATL-PHYS-
PUB-2020-014)

VBF-RNN tagger in VV semi-leptonic 
(Eur. Phys. J. C 80 (2020) 1165)

Anomaly detection search (YXh) in 
X(qq)h(bb) events (no routine but 
available in HEPData) (Phys. Rev. D 108 
(2023) 052009)


• ONNX

Multi b-jets + MET SUSY search (Eur. 
Phys. J. C 83 (2023) 561)

b-tagging (ATL-PHYS-PUB-2022-027)

Hbb/cc boosted tagger (ATL-PHYS-
PUB-2023-021)

📉
📊
📈

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-033/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-014/
https://link.springer.com/article/10.1140/epjc/s10052-020-08554-y
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.052009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.052009
https://link.springer.com/article/10.1140/epjc/s10052-023-11543-6
https://link.springer.com/article/10.1140/epjc/s10052-023-11543-6
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-027/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-021/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-021/


ILC software meeting

Analysis level application example (lwtnn)
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• Run model conversion (keras —> .json)


• Features scaling config file supported


• Simple tool to interface the physics input 

preparation and load the ML model

CxAODFramework/
Run2PaperVersion//NNHelper.cxx

Features 
scaling

(Physics) inputs 
preparation

Retrieve the 
ML model

📉
📊
📈

https://gitlab.cern.ch/CxAODFramework/CxAODReader_VVSemileptonic/-/blob/Run2PaperVersion/CxAODReader_VVSemileptonic/Root/NNHelper.cxx?ref_type=tags
https://gitlab.cern.ch/CxAODFramework/CxAODReader_VVSemileptonic/-/blob/Run2PaperVersion/CxAODReader_VVSemileptonic/Root/NNHelper.cxx?ref_type=tags
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• Historical Boosted Jet Tagger (BJT) 
tool with implementation of many 
W/Z/top jet taggers


atlas/athena/
BoostedJetTaggers 
cut based taggers, lwtnn 
DNN, ONNX CNN/DNN

constituents based W/Z 
tagger has been 
implemented using ONNX


• Same config structure as for 
baseline taggers, 


just more info are added as 
needed

Jet tagger application: W/Z tagger📉
📊
📈

https://gitlab.cern.ch/atlas/athena/-/tree/21.2/Reconstruction/Jet/BoostedJetTaggers?ref_type=heads
https://gitlab.cern.ch/atlas/athena/-/tree/21.2/Reconstruction/Jet/BoostedJetTaggers?ref_type=heads
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• Dedicated class to interface the 
“physics” data to the ONNX usage


JSSMLTool.cxx 
inspired from the main 
ATHENA example, 
AthenaExamples/
AthExOnnxRuntime


• ONNX usage:

use the shared ATHENA 
service 
AthOnnxruntimeService

inputs in Ort::Value format


• So far, implemented DNN based 
and CNN based architectures

(Physics) inputs 
preparation

Retrieve the 
ML model

First constituents based tagger: ONNX helper📉
📊
📈

https://gitlab.cern.ch/atlas/athena/-/blob/21.2/Reconstruction/Jet/AthOnnxRuntimeBJT/Root/JSSMLTool.cxx?ref_type=heads
https://gitlab.cern.ch/atlas/athena/-/tree/main/Control/AthenaExamples/AthExOnnxRuntime
https://gitlab.cern.ch/atlas/athena/-/tree/main/Control/AthenaExamples/AthExOnnxRuntime
https://gitlab.cern.ch/atlas/athena/-/tree/main/Control/AthOnnxruntimeService
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Jet tagger application example: Hbb/cc tagger
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• Implementation in the FlavorTagging ATLAS groups

• Supported taggers (based on GNN/transformers!)


small-R jets b-/c-tagging 
large-R jets Xbb/cc tagging 

• More advanced architecture already available

more work done in the metadata and handling 
of the tool

you can get nice inspiration!

FlavorTagDiscriminants/GNN.cxx

BTagging/BTagConfig.py

model version 
configuration

(Physics) inputs preparation

Extract metadata 
from the ONNX model

📉
📊
📈

https://gitlab.cern.ch/atlas/athena/-/blob/main/PhysicsAnalysis/JetTagging/FlavorTagDiscriminants/Root/GNN.cxx?ref_type=heads
https://gitlab.cern.ch/atlas/athena/-/blob/main/PhysicsAnalysis/JetTagging/JetTagAlgs/BTagging/python/BTagConfig.py
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First GNN based tagger: ONNX helper

• Implementation in the 

FlavorTagging ATLAS groups


• Also in this case the core part is 

using ONNX session 


after physics data 

preparation into tensor data


inputs prepared in Ort::Value 

format

Retrieve the 
ML model

FlavorTagDiscriminants/GNN.cxx

📉
📊
📈

https://gitlab.cern.ch/atlas/athena/-/blob/main/PhysicsAnalysis/JetTagging/FlavorTagDiscriminants/Root/GNN.cxx?ref_type=heads
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The talk in one slide
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lwtnn (jet tagging, flavour 
tagging, analyses) ONNX (jet tagging) ONNX (flavour tagging)

available (examples) yes		

ATHENA links BoostedJetTaggers/
JSSWTopTaggerDNN.cxx

AthOnnxRuntimeBJT/
JSSMLTool.cxx

FlavorTagDiscriminants/
GNN.cxx

model converter supported need an easy script

supported operators ~20 many more (but not universal)

model metadata human friendly .json need to decode the information

data pre-paration we are the physicist	s!

feed the inputs config for features scaling similar but need to take care of the scaling

tool configuration depends by the case
more user level configuration 

(easy to implement your custom 
tagger!)

more central configuration

architectures exploited 
so far DNN/RNN/etc DNN/CNN DNN/GNN

ATLAS fw step Derivation/Analysis level Analysis level Derivation level

📉
📊
📈

https://gitlab.cern.ch/atlas/athena/-/blob/21.2/Reconstruction/Jet/BoostedJetTaggers/Root/JSSWTopTaggerDNN.cxx?ref_type=heads
https://gitlab.cern.ch/atlas/athena/-/blob/21.2/Reconstruction/Jet/AthOnnxRuntimeBJT/Root/JSSMLTool.cxx?ref_type=heads
https://gitlab.cern.ch/atlas/athena/-/blob/main/PhysicsAnalysis/JetTagging/FlavorTagDiscriminants/Root/GNN.cxx?ref_type=heads
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Conclusions
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ONNX based inference in ATLAS 

• Inference is a crucial point in ML tool developments


production of a specific tool (1 jet tagger —> 

many analyses )


reproducibility of physics results


• Since the “dark age” people have extensively started 

to use tools for inference


lwtnn mainly, migrating to ONNX now


ONNX supported as ATLAS external, wider 

operators support


• ONNX example code application in the (public) 

ATHENA software

Thanks for listening, hope it can be useful for you!!!

One ring to rule all of them

One inference tool to 
run all the analyses

Do it! Without inference it will 
be really hard to reproduce 

your fancy ML model!
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backup
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ATHENA software
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https://atlassoftwaredocs.web.cern.ch/athena/athena-intro/
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Jet tagging and scale factor derivation

CNN (DisCo)DNN

Data pre-processing ImageBuilding Access to JSS 
variables

Inputs 3x40x40 pixels N variables after 
features scaling

model via ONNX via ONNX

What do need to retrieve? And how? ONNX runtime

22

CNNScore

Jet D2

Jet Mass

Jet nTracks

Other O(15) 
JSS variables

Low-level, jet constituents 
(taste-aware network)

High-Level Jet 
variables

DNNScore

(Mass de-correlated 

via DisCo)

Tagger WP(s)

***DisCo reference and 
implementation here: 

arxiv.2001.05310

DisCoJet is made 
by 2 scores

ONNX runtime link

https://arxiv.org/abs/2001.05310
https://onnx.ai/
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DisCoJet in the BJT: implementation (I)
Initialise the tool: 
• we need help (AthExOnnxRuntime_BJT) to 

interface to ONNX session

• exploit the nice configuration file feature to set 

whatever parameter you would need 

Retrieve the info you 
need: 
• CNN Score

• DNN Score

Actions for the CNN: 
• build images

• load the score

Actions for the DNN: 
• retrieve all JSS vars

• load the score

[Retrieving NN scores]

Good practise! 
check ALWAYS that the C++ 
implementation is matching 
(within float precision) your 

result from keras!Loop jet by jet:

https://gitlab.cern.ch/angianni/athena/-/tree/21.2-angianni-feb22-bjt/Reconstruction/Jet/AthExOnnxRuntime_BJT


Jet tagging and scale factor derivation 24

DisCoJet in the BJT: implementation (II)
[Actual tagger WP]

Configuring the tagger: 
• once all the variables are on the table, you just need to 

define the WP (i.e. cuts)

• example.1: UFO 3-Var Tagger


Mass, D2, nTracks

• example.2: UFO 3-Var CNN low-level Tagger


Mass, CNN, nTracks

• example.1: UFO 2-Var DisCoJet Tagger 


Mass, DisCoJet

Evaluate the cuts: 
• the parametric cuts (as the pT) 

coming from the config file

Apply the cuts (tagger WP): 
• apply the cut and store the 

results for the user!

The full Tagger 
infrastructure has 

been reused!!!
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SmoothedContainedWTagg...INFO    Using config file : SmoothedContainedWTagger_AntiKt10VanillaSD_FixedSignalEfficiency50_2VarDisCoJet_v1.dat
SmoothedContainedWTagg...INFO    SmoothedWZTagger::MLBosonTagger()   + ModelPath /data/BoostedJetTaggers/SmoothedWZTaggers/CNNTaggers/ONNXModel_VVJJ_Model_m175RScaling_18feb22/model.onnx
PathResolver             WARNING Locating dev file dev/MLTest/2020-03-31/t10k-images-idx3-ubyte. Do not let this propagate to a release
PathResolver             WARNING Locating dev file dev/MLTest/2020-03-31/t10k-labels-idx1-ubyte. Do not let this propagate to a release
MLBosonTagger            INFO    Using model file: /srv/workDir/usr/WorkDir/0.0.1/InstallArea/x86_64-centos7-gcc8-opt//data/BoostedJetTaggers/SmoothedWZTaggers/CNNTaggers/
ONNXModel_VVJJ_Model_m175RScaling_18feb22/model.onnx
MLBosonTagger            INFO    Using pixel file: /cvmfs/atlas.cern.ch/repo/sw/database/GroupData/dev/MLTest/2020-03-31/t10k-images-idx3-ubyte
MLBosonTagger            INFO    Using pixel file: /cvmfs/atlas.cern.ch/repo/sw/database/GroupData/dev/MLTest/2020-03-31/t10k-labels-idx1-ubyte
MLBosonTagger            INFO    Created the ONNX Runtime session
MLBosonTagger            INFO    Output 0 : num_dims= 2
MLBosonTagger            INFO    Output0 : dim 0= 1
MLBosonTagger            INFO    Output0 : dim 1= 1
SmoothedContainedWTagg...INFO    SmoothedWZTagger::MLBosonTagger() read value from config
SmoothedContainedWTagg...INFO    SmoothedWZTagger::MLBosonTagger()   + ModelPath /data/BoostedJetTaggers/SmoothedWZTaggers/CNNTaggers/ONNXModel_VVJJ_Model_DisCoJet_13mar22/model.onnx
PathResolver             WARNING Locating dev file dev/MLTest/2020-03-31/t10k-images-idx3-ubyte. Do not let this propagate to a release
PathResolver             WARNING Locating dev file dev/MLTest/2020-03-31/t10k-labels-idx1-ubyte. Do not let this propagate to a release
MLBosonTaggerDisCo       INFO    Using model file: /srv/workDir/usr/WorkDir/0.0.1/InstallArea/x86_64-centos7-gcc8-opt//data/BoostedJetTaggers/SmoothedWZTaggers/CNNTaggers/
ONNXModel_VVJJ_Model_DisCoJet_13mar22/model.onnx
MLBosonTaggerDisCo       INFO    Using pixel file: /cvmfs/atlas.cern.ch/repo/sw/database/GroupData/dev/MLTest/2020-03-31/t10k-images-idx3-ubyte
MLBosonTaggerDisCo       INFO    Using pixel file: /cvmfs/atlas.cern.ch/repo/sw/database/GroupData/dev/MLTest/2020-03-31/t10k-labels-idx1-ubyte
MLBosonTaggerDisCo       INFO    Created the ONNX Runtime session
MLBosonTaggerDisCo       INFO    Output 0 : num_dims= 2
MLBosonTaggerDisCo       INFO    Output0 : dim 0= 1
MLBosonTaggerDisCo       INFO    Output0 : dim 1= 1
SmoothedContainedWTagg...INFO    SmoothedWZTagger::MLBosonTagger() read value from config
SmoothedContainedWTagg...INFO    Smoothed WZ Tagger tool initialized
SmoothedContainedWTagg...INFO      Mass cut low      : (7.180e+01)+(1.124e-02)*pow(x,1)+(-1.721e-05)*pow(x,2)+(4.113e-09)*pow(x,3)
SmoothedContainedWTagg...INFO      Mass cut High     : (1.255e+02)+(-7.448e-02)*pow(x,1)+(5.402e-05)*pow(x,2)+(-1.118e-08)*pow(x,3)
SmoothedContainedWTagg...INFO      DisCoDNN cut low       : (6.731e-01)+(3.434e-05)*pow(x,1)+(1.595e-08)*pow(x,2)+(-7.777e-12)*pow(x,3)
SmoothedContainedWTagg...INFO      Decorate          : 1
SmoothedContainedWTagg...INFO      DecorationName    : SmoothWContained50DisCoJet
SmoothedContainedWTagg...INFO      Pt cut low        : 200
SmoothedContainedWTagg...INFO      Pt cut high       : 3000
SmoothedContainedWTagg...INFO    After tagging, you will have access to the following cuts as a Root::TAccept : (<NCut>) <cut> : <description>)
SmoothedContainedWTagg...INFO      (0)  PassMassLow : mJet > mCutLow
SmoothedContainedWTagg...INFO      (1)  PassMassHigh : mJet < mCutHigh
SmoothedContainedWTagg...INFO      (2)  PassDisCoDNN : DisCoDNNJet > DisCoDNNCut
SmoothedContainedWTagg...INFO    Decorators that will be attached to jet :
SmoothedContainedWTagg...INFO      SmoothWContained50DisCoJet_Cut_mlow : lower mass cut
SmoothedContainedWTagg...INFO      SmoothWContained50DisCoJet_Cut_mhigh : upper mass cut
SmoothedContainedWTagg...INFO    Additional decorators that will be attached to jet :
SmoothedContainedWTagg...INFO      SmoothWContained50DisCoJet_Cut_DisCoDNN : DisCoDNN cut
SmoothedContainedWTagg...INFO    Initializing SmoothedWZTagger tool

DisCoJet in the BJT: running time

• The full infrastructure of the tool has been extended for this tagger

besides the specific variable or score, the actual ‘Tagger’ steps are always the same


• The user will not see any difference rather than in the specific print-outs and in the output results!

Keeping the same 
messages and 

debugging as the 
baseline tagger
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https://indico.cern.ch/event/972791/contributions/4121098/attachments/
2156523/3637588/FastML_2020.pdf

https://indico.cern.ch/event/972791/contributions/4121098/attachments/2156523/3637588/FastML_2020.pdf
https://indico.cern.ch/event/972791/contributions/4121098/attachments/2156523/3637588/FastML_2020.pdf

