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ML and HEP are old friends
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ML and HEP are old friends
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Boosted decision trees were used in early 90’s in Tevatron  
to discover top quarks

The use of neural networks were ventured from early LHC days. 
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A broad strategy towards physics inference
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Detector output/Readout 
Produced via hardware

or simulation


Final Particles 
Produced via hadronization

(no first principle analytic 

techniques are available)

The physics at the core: 
driven by the interaction 

between quantum fields, 

computed via perturbative

or lattice techniques.

Guess the Lagrangian
1
ℒ

d2N
dpTdηsolving the inverse problem via ML
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The LHC data flow-chain

6

Trigger Object rec Event rec Analysis

Inference

ME + PS generation 
Detector Simulation

ML can play a role at every instance of this flow chain. 
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Monte-Carlo modelling using ML
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PS + Hadronization with ML
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Phys.Lett.B 829 (2022) 137055

MLHAD : 2203.04983

HADML : Phys.Rev.D 106 (2022) 9, 096020
Overall shape normalization from Hadronization can  
be generated by generative models.
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Image from 1705.02355 

Energy cluster as images & a revolution begins
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The energy deposition pattern can be 
thought as multi-layer image. 

CNN methods became very popular 
for reconstruction/tagging tasks. 

Image based methods were first 
to set in.
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Detector simulation using ML
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CaloGAN 1705.02355 

Generator Discriminator 
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Detector simulation using ML
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EPiC-GAN : SciPost Phys. 15, 130 (2023)

MPGAN : 
arXiv : 2106.11535
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The major gain
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A sure shot motivations to use  
PC generative models  
for HEP used cases

arXiv : 2109.02551
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Improving trigger using ML

Original slide

J. Duarte et al 2018 JINST 13 P07027
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https://indico.cern.ch/event/797510/contributions/3313676/attachments/1795772/2927344/irishep_dsr_hls4ml_13feb2019.pdf
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Tracking & ML 

An exponentially large edge finding problem
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Tracking & ML 
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Tracking & ML ATL-ITK-PROC-2022-006
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Full ML driven PFlow : MLPF

  MLPF 
Eur. Phys. J. C (2021) 81: 381 
J. Pata et. al. 

PF lepton, hadron, photon = FPF (track hits + calo cells)
Sanmay Ganguly (IITK) HEP-SYMPOSIUM-2024
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Combining track + calo for PFlow
  MLPF 
J. Phys.: Conf. Ser. 2438, 
012100 (2023) 
J. Pata et. al. 
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Attempt for higher order correlation
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TSPN-SA    

HG-PF    

Eur. Phys. J. C (2023) 83:596  

S.G. et al
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The network flow comparisons
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One of the key concepts  
I plan to introduce in CMS 
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What do we want to tag : Jets 101

The Large Hadron Collider 
Editors: Thomas Schörner-Sadenius

{p1, p2, …, pn}

{j1, j2, …, jk}

Jet Algorithm (for CA, kT, anti-kT)

{p1, p2, …, pn} = F(q)
The forward problem is not  
computable from first principle 

The question of jet tagging is  
how do we define the inverse problem?  

q = F−1({p1, p2, …, pn}) ?

Sanmay Ganguly (IITK) HEP-SYMPOSIUM-2024

https://link.springer.com/book/10.1007/978-3-319-15001-7#author-1-0


Object tagging
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Particle Net : 1902.08570
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Object tagging
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Particle Transformer :  
2202.03772
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Anatomy of heavy-quark hadronization
The causal direction 

b b-hadron

π+

π−

τhad ∼ Λ−1
QCD ∼ 10−24 sec

K+

π−

l

β γ τB ∼ 1/ |Vbc |2

K+

l

π−

⟨τB⟩ ∼ 1.566 ps

⟨τD⟩ ∼ 0.1 − 1 ps

arXiv:1109.6831
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Set2Graph proposal for flavor-tagging 

Sanmay Ganguly (IITK) HEP-SYMPOSIUM-2024

https://link.springer.com/article/10.1140/epjc/s10052-021-09342-y
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Set2Graph model within ATLAS FTAG-2023-001

For a c-tagging working point 
~ 30%, a significant gain in  
Rejection rate is obtained.  

Sizable improvement  
over the current DL1r  
algorithm. 

Sanmay Ganguly (IITK) HEP-SYMPOSIUM-2024

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01/


0 0.2 0.4 0.6 0.8 1
Signal efficiency

3−10

2−10

1−10

1

Ba
ck

gr
ou

nd
 e

ffi
ci

en
cy

 (13 TeV)

CMS
Simulation 

 R = 1.5 jetsTanti-k
| < 2.4η > 300 GeV, |

T
p

DeepAK15
ParticleNet

bb→ vs. Hcc→H
 vs. V+jetscc→H

27

Direct physics application of the taggers
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0L
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Observed 20.4
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2L

Observed Median expected
                      68% expected   
                      95% expected   

CMS
 (13 TeV)-1138 fb

Phys. Rev. Lett. 131 (2023) 061801 Eur. Phys. J. C (2022) 82:717

Future direction of tagger improvement:  

1. Explainable taggers on heterogeneous pc 
2. A systematic uncertainty extraction. 
3. How much universal taggers can be 

made across topologies? 

ATLAS bound : |κc | < 8 . 5
CMS bound : 1 . 1 < |κc | < 5 . 5

DL1r based taggers
Future iteration will use GN2

Sanmay Ganguly (IITK) HEP-SYMPOSIUM-2024

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-008/
https://link.springer.com/article/10.1140/epjc/s10052-022-10588-3


The LHC data flow-chain

28

Trigger Object rec Event rec Analysis

Inference

ME + PS generation 
Detector Simulation

ML can play a role at every instance of this flow chain. 

✓ ⊙

✓

✓
✓
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Event construction using NN 

Eur. Phys. J. C 83 (2023) 496
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NN’s are handy for searching NP

Mach. Learn.: Sci. Technol. 1 (2020) 035012
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Anomaly detection using NN

Phys. Rev. D 108 (2023) 052009
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Future Directions

Sanmay Ganguly (IITK) HEP-SYMPOSIUM-2024
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Major thrust in immediate future : Interpretability 

Interpretability is a key issue and efforts are ongoing to map the NN 
explainability to first principle physics intuition

Sanmay Ganguly (IITK) HEP-SYMPOSIUM-2024
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Interpretability : an example attempt  

Neur IPS 2021. F. Mokhtar, R. Kansal et al 

Explainability for MLPF
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Major thrust in immediate future : Uncertainty 

Reliable uncertainty estimation on ML based predictions are crucial for HEP 
Only few Bayesian methods have been tested naively.

Sanmay Ganguly (IITK) HEP-SYMPOSIUM-2024
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Major thrust in immediate future : Uncertainty 
arXiv:2107.03342

Sanmay Ganguly (IITK) HEP-SYMPOSIUM-2024

https://arxiv.org/abs/2107.03342
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Differential programming in HEP

Sanmay Ganguly (IITK) HEP-SYMPOSIUM-2024
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Symmetry equivariant networks
arXiv:2203.06153 : SG et al 

Sanmay Ganguly (IITK) HEP-SYMPOSIUM-2024

https://arxiv.org/abs/2203.06153
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Symmetry equivariant networks
arXiv:2203.06153 : SG et al 

arXiv:2006.04780

arXiv:2006.04780 : A Bogatskiy et al 

 LG equivariant GNN : 
 arXiv 2201.08187

Sanmay Ganguly (IITK) HEP-SYMPOSIUM-2024

https://arxiv.org/abs/2203.06153
https://arxiv.org/abs/2006.04780
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Field theory & ML 

Sanmay Ganguly (IITK) HEP-SYMPOSIUM-2024
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Lattice field theory & ML 

arXiv:2006.04780

When model parameters are tuned towards criticality, the  
Traditional MCMC based sampling slows down and there  
Gauge Equivariant Normalizing Flow based methods  
are more handy

G. Kanwar et al : Phys.Rev.Lett. 125 (2020) 12, 121601

arXiv : 2101.08176
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Lattice field theory & ML 

Sanmay Ganguly (IITK) HEP-SYMPOSIUM-2024

If you want to know more : there’s a hidden chamber beyond secretariat’s 
office !!
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Many branches of science using same stuff 

arXiv:2006.04780

Summarized all the important aspects learned and where to keep an eye :   

Sanmay Ganguly (IITK) HEP-SYMPOSIUM-2024
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Open data for ML R&D at colliders  

Track-ML challenge :  
https://sites.google.com/site/trackmlparticle/home

Calo-ML challenge :  
https://sites.google.com/site/trackmlparticle/home

https://github.com/rkansal47/JetNet

Sanmay Ganguly (IITK) HEP-SYMPOSIUM-2024
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ML algorithms

The COCOA
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https://cocoa-hep.readthedocs.io/en/latest/

COnfigurable CalOrimeter  simulation for AI 

A complete hermetic geometry with full GEANT simulation.  

PYTHIA-8 based ME/PS & Hadronization 

FASTJET integration is inbuilt.  

Comes with an ATLAS style pPFlow. 

Mach. Learn.: Sci. Technol. 4 035042
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Take away

ML is here to stay with HEP.  

We can’t blindly do a plug & play of the available NN. 

Interpretability and uncertainty estimations are two key aspects where  
we the HEP-ML people need to emphasize.  

Need to keep a close connection with the comp-sc/math community with the latest developments and 
contribute if possible. 

 Symmetry equivariance and geometric DL methods might play a key role in this field. 

  Many important application of ML are happening in hep-lat and hep-th community as well.  

https://iml-wg.github.io/HEPML-LivingReview/
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