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Data, data, and more data

Large Hadron Collider data:
2021: 336 PB 
From 2022: 200+ PB/year
Simulations:
Computationally very expensive
1s LHC data ~ days of CPU time

2020
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Machine learning
● Data driven decisions
● Automated analysis
● Perform tasks without being 

explicitly programmed to do so

5



Basic building blocks of a neural network

Pooling:

https://sefiks.com/2020/02/02/dance-moves-of-deep-learning-activation-functions/

Activation functions: Loss functions, optimizers...
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Fully connected (dense): Convolutional:

Linear algebra:



Example: FCNN
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Input layer

Dog?
Cat?

Hidden 
layer

Output 
layer

Loss function
Backpropagation

Simple classification
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Example: FCNN

PRC.53.2358 (1996), Bass, S. A.; Bischoff, A.; Maruhn, J. A.; Stöcker, H.; Greiner, W.

x
i

h
j

y

w
ij

b
j

Input layer
Hidden 
layer

Output 
layer
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Backpropagation

Centrality determination
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Popular architectures

Classifiers
 AlexNet (Comm. ACM. 60 (6): 84–90, 2012)
 VGG16 (138M parameters, 23 layers, arXiv:1409.1556)
 ResNet (25M+ parameters, arXiv:1512.03385)
 DenseNet (8M parameters, 121 layers, arXiv:1608.06993)

Object detection
 (Fast(er)) R-CNN (arXiv:1311.2524, arXiv:1504.08083, arXiv:1506.01497)
 YOLO (arXiv:1506.02640)
 Detectron (github.com/facebookresearch/detectron2)

Regression
Autonomous vehicles
Decision trees
Transformers
Generative adversarial networks (https://bit.ly/2YMCFdy)
(Variational) autoencoders
... 10



Machine Learning in HEP

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

2021 May: 417 references

2021 November: 568 references

Today: 629 references

Matthew Feickert, Benjamin Nachman, arXiv:2102.02770
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● Track reconstruction
● Quark/gluon jet separation
● Jet reconstruction
● Tuning Monte Carlo event generators
● GAN of detectors
● ...

https://iml-wg.github.io/HEPML-LivingReview/
https://arxiv.org/search/hep-ph?searchtype=author&query=Feickert%2C+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Nachman%2C+B


Parton shower and hadronization



The goal of this study
J.W. Monk: Deep Learning as a Parton Shower (arXiv:1807.03685)

Dataset:  500 000 QCD pp event @ 7 TeV, 
generated by Sherpa

Partons → hadrons
Non-perturbative process
Lund-fragmentation (Comput.Phys.Commun. 27 (1982) 243)

Hadronization
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Train and validation sets
Monte Carlo data: Pythia 8.303

Monash tune

Selection: 
 All final particles with
 At least 2 jets

 Anti-kT
 R=0.6
 pT>40 GeV

Event number:
 Train: 150 000
 Validation: 150 000
 ~20 GB raw data

Input:
Parton level

Discretized in the           plane: px, py, pz, E, m, multiplicity 

                   ,   62 bins

                  ,    31 bins

Hadron level output:

Eigenvalues:

Sphericity:

Transverse sphericity:

(Charged) event multiplicity, (tr-)sphericity, jet pT, -mass, 
-width, -multiplicity

22



Model 1

ND x Block
31x62x32

ND x Block
16x31x64

Downsample

ND x Block
8x16x128

Downsample

Avg. pooling
1x2x128

Parton image
31x62x6

Flattening
1x256

Dense (output)
1x174

3x3 conv.  NF

3x3 conv.  NF

ReLU

3x3 conv.  NF

3x3 conv.  NF

ReLU

3x3 conv.  NF

3x3 conv.  NF

ReLU

3x3 conv.  NF

3x3 conv.  NF

ReLU

3x3 conv.  NF

3x3 conv.  NF

ReLU

3x3 conv.  NF

3x3 conv.  NF

ReLU

3x3 conv.  NF

3x3 conv.  NF

ReLU

3x3 conv.  NF

3x3 conv.  NF

ReLU

Model 2

Models

Model 1 Model 2

Trainable 
parameters 1.13 M 1.90 M

Used hardwares: Nvidia Tesla T4, GeForce GTX 1080, GeForce 
GTX 980 @ Wigner Scientific Computational Laboratory

Framework: Tensorflow 2.4.1, Keras 2.4.0

Stacking more layers: solve complex problems more efficiently, get highly accurate results
BUT:
Vanishing/exploding gradients (not to confuse with overfitting)

Residual blocks with “skip connections”
ResNet
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Results



Proton-proton @ 7 TeV, Training + Validation
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Center-of-mass energy scaling

Model 1 Model 2

Trainable 
parameters 1.13 M 1.90 M

101 102 103 104

s  (GeV)

0

2

4

6

8

dN
ch

/d
/N

pa
rt
/2

| | < 0.5

s0.090INEL (pp,pp)
ALICE
ISR
PHOBOS
UA5

NSD (pp,pp)
ALICE
CDF
CMS
UA1
UA5

INEL>0 (pp)
ALICE

Monte Carlo
Pythia8

NN
Model 1
Model 2

NN
Model 1
Model 2

28



Prediction at other CM energies
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How to do it more effectively?
(WIP)



Dimensionality 
Input:
Parton level

Discretized in the           plane: px, py, pz, E, m, multiplicity 

                   ,   62 bins

                  ,    31 bins

31

Total pixels 

vs
Pixels with information
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Reduction with Singular Value Decomposition:

Data-Driven Science and Engineering (S. L. Brunton, J. N. Kutz)
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● Unitarity
● Ordered by importance
● Guaranteed to exist, unique

Reduce the input to 

https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1007%2FBF02288367


Dimensionality  (work in progress)
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Thank you for your attention!

Summary

The research was supported by OTKA grants K135515, K123815, NKFIH 2019-2.1.6-NEMZKI-2019-00011, 2020-2.1.1-ED-2021-00179, the Wigner Scientific 
Computational Laboratory (former Wigner GPU Laboratory) and NKFIH within the framework of the MILAB Artificial Intelligence National 
Laboratory Program.

Prospects

Traditional computer vision algorithms capture the main features of high-energy event 
variables successfully

Generalization to other CM energies: multiplicity scaling

Dimensional reduction

Various architectures (hyperparameter fine-tuning)

Other observables (pT, rapidity, particle species)

Heavy ion (centralities, collective effects)



Prediction at other CM energies
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Prediction at other CM energies

b

b

b

b

b
b
b b b
b b b b
b b b b b b b b b b b b b b b

b b b b b
b b
b b
b
b
b
b
b
b b
b
b
b
b

b

b b
b

b

b Pythia

Model 1

Model 2

10−6

10−5

10−4

10−3

10−2

√
s = 5.02 TeV, Charged multiplicity, |y| < π

P
ro

b

0 100 200 300 400 500 600
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

Nch

R
a

ti
o

b
b
b b

b b
b
b
b b

b
b
b b

b b
b b b b b

b
b
b
b

b

b
b

b
b

b

b

b

b b b

b

b Pythia

Model 1

Model 2

10−8

10−7

10−6

10−5

10−4

10−3

10−2

√
s = 5.02 TeV, Jet mass, R=0.6, pT ≥ 40 GeV

d
N

/
d

M
J

1 10 1 10 2
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

MJ (GeV)

R
a

ti
o

b

b

b

b
b
b
b b b

b
b b b b b

b b b
b b

b
b b

b b
b
b b

b b b
b

b
b b b b

b Pythia

Model 1

Model 2

10−7

10−6

10−5

10−4

10−3

10−2

10−1

√
s = 5.02 TeV, Jet multiplicity, R=0.6, pT ≥ 40 GeV

d
N

/
d

N
J

20 40 60 80 100
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

Jet multiplicity

R
a

ti
o

b

b

b
b
b b

b b b b b b b b b b b b b b b b b b
b
b
b

b

b
b
b b

b Pythia

Model 1

Model 2

10−5

10−4

10−3

10−2

10−1

1

10 1

√
s = 5.02 TeV, Jet width, R=0.6, pT ≥ 40 GeV

d
N

/
d

ρ
j

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

ρ J

R
a

ti
o

b b b b b b b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b

b
b
b

b
b
b

b

b

b Pythia

Model 1

Model 2

10−9

10−8

10−7

10−6

10−5

10−4

10−3

√
s = 5.02 TeV, Jet pT, R=0.6, pT ≥ 40 GeV

d
N

/
d

p
T

10 2
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

pT (GeV)

R
a

ti
o

b
b b b b b b b b b b b b b b b b b b b b b b b b b b b b

b
b
b

b

b
b

b

b Pythia

Model 1

Model 2

10−4

10−3

10−2

10−1

1

√

s = 5.02 TeV, Sphericity

P
(S
)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

S

R
at

io

b
b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b

b
b b

b

b Pythia

Model 1

Model 2

10−4

10−3

10−2

10−1

1

√

s = 5.02 TeV, Transverse sphericity

P
(S

T
)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

ST

R
at

io

b

b
b
b
b
b
b b
b b
b b b b b

b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b
b b b b b b b b b

b b
b b

b
b b

b b
b b
b

b Pythia

Model 1

Model 2

10−8

10−7

10−6

10−5

10−4

10−3

10−2

√
s = 5.02 TeV, Event multiplicity, |y| < π

P
ro

b

0 100 200 300 400 500 600 700 800
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

N

R
a

ti
o

35


	Slide 1
	Slide 2
	Slide 3
	Slide 5
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 16
	Slide 17
	Slide 22
	Slide 23
	Slide 24
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35

