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• Jet tagging: an ideal bridge linking HEP & ML
• Important tool for HEP community
• Well-defined task for ML enthusiasts

• Graph Neural Networks (GNN) + Point Cloud (PC) Representation 
= State-Of-The-ArT (SOTA)
• First show up in ParticleNet: previous SOTA for top tagging benchmark
• Since then, various models are proposed under GNN+PC framework

• ABCNet
• ParticleNeXt
• HEP application of Point Cloud Transformer

• Can we add another term to the right-hand side?

https://doi.org/10.1103/PhysRevD.101.056019
https://arxiv.org/pdf/2001.05311
https://indico.cern.ch/event/980214/contributions/4413544/
https://arxiv.org/abs/2102.05073
https://cg.cs.tsinghua.edu.cn/papers/PCT.pdf
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• Attention mechanism has drawn the attention of ML community
• Success in various ML communities: Natural Language Processing (NLP), 

Computer Vision (CV)…

• Already several attempts in HEP context: 
• ABCNet, ParticleNeXt, Point Cloud Transformer

BERT (1810.04805): 
the very first transformer, overperformed every other model even human in all kinds of NLP task! 



感谢您下载包图网平台上提供的PPT作品，为了您和包图网以及原创作者的利益，请勿复制、传播、销售，否则将承担法律责任！包图网将对作品进行维权，按照传播下载次数进行十倍的索取赔偿！

ibaotu.com

ACAT2022, 2022/10/24, Sitian Qian (PKU) 4

• Particle Transformer (ParT): transformer designed for 
particle physics
• Input embedding: Not only inject single particle information, but 

also include pair-wise feature
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Multi-head Attention (MHA) 
powered feature extraction (embedding)

Particle interactions come in as 
pair-wise features

P-MHA(Q,K, V ) = SoftMax(QKT /
p
dk + Y )V

dk: dimension of K

� =

p
(ya � yb)2 + (�a � �b)

2

kT = min (pT,a, pT,b) ·�
z = min (pT,a, pT,b)/(pT,a + pT,b)

m2
= (Ea + Eb)

2 � ||pa + pb||2

1

Kinematic Variables: 
based on LundNet𝐔

https://arxiv.org/abs/2012.08526
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Output of class attention 
blocks will be imported to 

MLP + softmax for final 
classification scores

MHAC( QC , KC , VC ) = SoftMax(QCK
T
C/

p
dkC )VC

QC = WqCxclass + bqC KC = WkCz+ bkC VC = WvCz+ bvC dkC: dimension of KC

z = [xclass,xL
]

1

Multi-head Attention (MHA) powered, class 
information comes in for classification

Concatenate class information and particle embedding 
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• ParT is one of the largest ML model for jet tagging
• Require enough statistics to avoid overtraining!

• Existing datasets however are not large
• Top tagging: 2M jets
• Quark-gluon tagging: 2M jets
• JetNet: 500k jets
• Jedi-Net: 880k jets 
• Higgs boson tagging: 3.9M signal jets, 1.9M background jets

• A large dataset is needed
• JetClass dataset

https://zenodo.org/record/2603256
https://zenodo.org/record/3164691
https://doi.org/10.5281/zenodo.5502543
https://arxiv.org/abs/1908.05318
https://arxiv.org/abs/2108.02214
https://zenodo.org/record/6619768
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• JetClass is inclusive: 
• 10 types of jets 
• Kinematics, 
• PID, 
• trajectory displacement 

• JetClass is large:
• 100M jets for training à 10M each class
• 5M for validation
• 20M for test à 2M each class

H ! 4qH ! bb̄ H ! cc̄ H ! gg H ! `⌫qq
0

q/gt ! b`⌫t ! bqq0 W ! qq0 Z ! qq̄
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• Simulation details:
• MadGraph5_aMC@NLO: ME level, production & decay of top, 

W/Z & Higgs boson
• Pythia8: Parton showering and hadronization
• Delphes: fast simulation of detector response, CMS configuration
• Jets: anti-kT algorithm, R=0.8 on Delphes E-Flow objects,

• |η|<2, 500 GeV < pT < 1000 GeV
• ”high quality” jets only: jets fully containing decay products. 

• Proposals of evaluation metrics for classification with 
JetClass:
• Common metrics: Accuracy (Acc.) and Area Under (ROC) Curve 

(AUC)
• HEP interest: Background rejection at given signal efficiency
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ü ParT achieves SOTA performance in every classification task!

ü Adding pair-wise feature enhances performance even further!

ü Take H à ccbar as an example: doubled background rejection à ~ 1.4x significance!
ü Same significance reach with half data!

ParT (plain): no pair-wise feature mask applied
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• Pre-train + Fine-tune becomes the trend in ML community
• Self-attention from transformer à task irrelevant embedding
• Large dataset à embedding captures generic information 

No class information; 
task-irrelevant 

Class information 
injected; task relevant

Task-irrelevant information 
can be used for different tasks:
Top tagging, 
quark/gluon discrimination
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Take home:
Pre-train with JetClass helps ParT to reach SOTA performance!

q/g
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• We are more than glad 
to share our work to the 
whole community:
• Both source code of ParT

and JetClass dataset are 
now public at Jet Universe
• Hope to see more 

enthusiasts onboard!  

https://github.com/jet-universe
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• Particle Transformer (ParT):
• Dedicated transformer architecture for jet tagging
• SOTA in various benchmarks
• Particle interactions help ParT to perform better

• JetClass dataset:
• Large and inclusive: order of magnitude higher in statistics and 

classes of jets
• Pretrain with JetClass enhance ParT’s performance on other 

datasets
• ParT and JetClass are publicly available on Github!
• Welcome to Jet Universe

https://github.com/jet-universe/particle_transformer
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• There is still room for further improvement:
• “Physics” should be a term added to the “SOTA equation”

• Pair-wise features from particle interactions enhance ParT’s performance
• Improvements has been seen in physics inspired models:

• LundNet, LorentzNet (Lorentz symmetry applied, competitive performance),…
Top

Tagg
ing
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JHEP07(2022)030

https://arxiv.org/abs/2201.08187
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• There is still room for further improvement:
• “Physics” should be a term added to the “SOTA equation”

• Pair-wise features from particle interactions enhance ParT’s performance
• Improvements has been seen in physics inspired models:

• LundNet, LorentzNet (Lorentz symmetry applied, competitive performance),…
• Lorentz symmetry is indeed important!

Our answer: YES!

Adding Lorentz symmetry inspired 
features (either pairwise or 
elementwise) will enhance 

performance of NN

https://arxiv.org/abs/2208.07814
More details: ML4Jets 2022 Next Week!

https://arxiv.org/abs/2201.08187
https://arxiv.org/abs/2208.07814
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• There is still room for further improvement:
• “Physics” should be a term added to the “SOTA equation”

• Pair-wise features from particle interactions enhance ParT’s performance
• Improvements has been seen in physics inspired models:

• LundNet, LorentzNet (Lorentz symmetry applied, competitive performance),…
• Lorentz symmetry is indeed important!

• Education from ML community:
• We have already benefited a lot from ML community (transformer, pair-

wise features, pretrain, etc.)
• Attempts on novel techniques (Multi-modal transformers, neighbor 

embedding…) are promising to explore!
• A practical perspective: model complexity vs efficient 

computation
• Larger and Larger ML models call for model compression techniques.

https://arxiv.org/abs/2201.08187
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