


2

Outline

Machine Learning: 
key concepts

ML applications to 
Particle Physics



3

What is Machine Learning?
Ability of a machine to imitate 
intelligent human behaviour

Application of AI that allows a system  
to learn automatically to perform tasks

Machine Learning based on 
Artificial Neural Networks





What is Machine Learning?
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Process of solving a practical problem by: 

1. Gathering a dataset  

 - “feature vector”: properties of the example  

 - individual feature 

 - “label”: element of a class set or real number 

2. Algorithmically building a statistical 
model based on that dataset

{(xi, yi)}N
i=1

xi i
x j

yi

Example: Linear Regression!



ML tasks

Classification 
Discrete prediction 

Regression 
Real-value prediction 

Learning types

Supervised 
(E.g. Simulation in 
Particle Physics) 

Unsupervised 
(E.g. clustering)
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… an entire ecosystem

Scikit-Learn: excellent ML library to start with, Python-based 
Besides algorithms, it also contains data
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Miscellanea of Algorithms

https://scikit-learn.org/stable/auto_examples/classification/plot_classifier_comparison.html



Shallow Learning Decision Tree

 samples of labeled data 

Partitions the data to increase sample purity 

Finds optimal criteria    to separate data 
categories 

Category prediction based on the label of the majority 
samples of the end leaf 

User-defined hyper-parameters (tree depth, …) 

Very popular algorithm 

“Non-parametric” algorithm, i.e. no 

{(xi, yi)}N
i=1

xi > ci

(w * , b*)

x1 > c1
yes

yesnono

no

x3 > c3x2 > c2
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Observation of    in CMS H → γγ 1407.0558

PHOTON IDENTIFICATION 

• BDT discriminates photons from fakes ( ): 
• Shower shape and isolation variables 

• Photon 

π0

pT, η

Boosted Decision Trees used in many aspects of the analysis 

• Selection of collision vertex 
• Photon identification 
• Photon energy corrected with BDT regression 
• Several BDT to extract signal in different categories 
• … 

Signal observed with 5.2  significance 
ML impact on signal sensitivity equivalent of 50% more data

σ
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! Neural networks with many hidden layers, each with a given number of artificial neurons 
! Capable of highly non-linear representations of the data 
! In principle, can model any function 
! Architecture -> hyper-parameters: number of layers, number of neurons/layer, …

Deep Learning

Neuron
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Artificial Neuron

×

+ ∫

x
w

b ̂y

!   is the input feature 

!   is the target feature (or “label”) 

!   are the model trainable parameters 

!   is the output (model prediction)

x
y
w, b
̂y ≡ f (x, w, b)

Activation function 

! e.g. linear for regression 
! e.g. sigmoid for classification

∫

  f (x) =
1

1 + e−x
→ ̂y
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Artificial Neural Network Training

Loss function   : measure of how good is    in predicting    (true value) 

! e.g. Mean squared error:    

! e.g. Binary cross-entropy:   

Training objective: find    that minimise the Loss function

L ̂y y

L =
1
N

N

∑
i

(yi − ̂yi)2

L =
1
N

N

∑
i

yi ⋅ log( ̂yi) + (1 − yi) ⋅ log(1 − ̂yi)

w, b
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Iterative optimisation algorithm to find the minimum of a function 

Most frequently used when optimisation criterion is differentiable 

Consider  

Gradient descent consists of rolling down the surface 

Compute and Back-propagate the gradient (iteratively) 

Compute   and update   

Compute   and update   

 is an hyper-parameter that adjusts the learning rate 

Each iteration is called a training “epoch” 

L = f (x, w, b)

∂L
∂w

w ← w−α
∂L
∂w

∂L
∂b

b ← b−α
∂L
∂b

α
Optimisation criterion surface

w

b

Gradient Descent



15https://playground.tensorflow.org
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Practicable Deep Neural Networks

Many layers + many units 

! Vanishing gradient: new activation functions 
made training possible (ReLU) (~2010) 

! Advances in hardware: GPU increased speed 
of computation by 100 (~2010) 

! APIs: Keras , Tensorflow (2015) 

Deep learning 

! Many parameters to estimate:  

! Data thirst

{ ⃗w , b⃗}
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Particle Physics as a Big Data playground for ML

E.g. LHC is an enormous source of data 
• Number of collisions: 40 MHz, 1kHz recorded 
• High data dimensionality: O(100 M) readout units

Lower rate Particle Physics experiments 
• Large simulation datasets to train ML 
• Applied to real data
















































