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Standard Model of Particle Physics
Current state-of-the-art understanding of the fundamental particles of 

Nature and their interactionsThe task ahead ….

- Consistent with all observations made in 
laboratory experiments, except gravity.


- All particles predicted by the Standard 
Model (SM) have been observed since 
the Higgs boson was found at the CERN 
Large Hadron Collider (LHC) in 2012.  

- Some crucial astronomical phenomena 
are not described (e.g. dark energy, dark 
matter, Baryon/Anti-Baryon asymmetry).
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q pp-collision data-takingv 2015-2018:  1 = !# TeVo - ≥ -0,  -$%& = 2.1-0v 2022-2025:  2 = 13.6 TeV,    o - = 2-0v 2029-2040:  2 = 14 TeV (?)  o - = 5-0 − 7.5-0

Gia Khoriauli     Studies of Electroweak Interactions via Vector Boson Scattering at the ATLAS Detector     DPG2024

q ATLAS reference frame✦ Rapidity:

✦ Pseudo-rapidity:
o Where, 7 is the polar angle of the experiment   
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Chapter 1

Overview of the ATLAS detectorThe Large Hadron Collider (LHC) at CERN will extend the frontiers of particle physics with its

unprecedented high energy and luminosity. Inside the LHC, bunches of up to 1011 protons (p)

will collide 40 million times per second to provide 14 TeV proton-proton collisions at a design

luminosity of 1034 cm�2s�1. The LHC will also collide heavy ions (A), in particular lead nuclei, at

5.5 TeV per nucleon pair, at a design luminosity of 1027 cm�2s�1.

The high interaction rates, radiation doses, particle multiplicities and energies, as well as the

requirements for precision measurements have set new standards for the design of particle detec-

tors. Two general purpose detectors, ATLAS (A Toroidal LHC ApparatuS) and CMS (Compact

Muon Solenoid) have been built for probing p-p and A-A collisions.

This paper presents a comprehensive overview of the ATLAS detector prior to the first LHC

collisions, written as the installation of the ATLAS detector is nearing completion. This detector

represents the work of a large collaboration of several thousand physicists, engineers, technicians,

and students over a period of fifteen years of dedicated design, development, fabrication, and in-

stallation.

1.1 Physics requirements and detector overview
The coordinate system and nomenclature used to describe the ATLAS detector and the particles

emerging from the p-p collisions are briefly summarised here, since they are used repeatedly

throughout this paper. The nominal interaction point is defined as the origin of the coordinate

system, while the beam direction defines the z-axis and the x-y plane is transverse to the beam

direction. The positive x-axis is defined as pointing from the interaction point to the centre of the

LHC ring and the positive y-axis is defined as pointing upwards. The side-A of the detector is de-

fined as that with positive z and side-C is that with negative z. The azimuthal angle f is measured

as usual around the beam axis, and the polar angle q is the angle from the beam axis. The pseu-

dorapidity is defined as h = � ln tan(q/2) (in the case of massive objects such as jets, the rapid-

ity y = 1/2ln[(E + pz)/(E� pz)] is used). The transverse momentum pT , the transverse energy ET ,

and the missing transverse energy E miss
T are defined in the x-y plane unless stated otherwise. The

distance DR in the pseudorapidity-azimuthal angle space is defined as DR =
p

Dh 2 +Df 2.
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Contributions from Russia, Belarus, JINR In view of a possible termination of the ICAs with Russia, Belarus, JINR (RBJ) in 2024, we are continuing to work 

on finding replacements for detector maintenance & operation as well as computing support experts

• 72 (detector systems + Technical Coordination) + 27 (SW & C) experts from RBJ contribute to ATLAS operations and technical 

support, 20 of whom are resident at CERN, 43 are non-resident but spend significant time at CERN, and 36 work from remote

• The ATLAS funding agencies are expected to substitute the loss of M&O contributions

• The replacement of the Phase-II deliverables, funds & expertise is also being addressed (MoU amendments prepared)

05/03/2024

- World’s largest and most powerful particle accelerator


- 27 km ring of superconducting magnets


- protons are accelerated and collided at centre-of-
mass energy ( ) of 13 TeV in Run 2 (2015 - 2018).s

- Weight: 7000 tonnes


- Detects individual particles (e.g.  and jets) created 
in the more than one billion proton-proton collisions per 
second. 


- Records the trajectory, momentum and energy of 
particles

e, μ, γ

100m
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Setting the stage: The Higgs Potential
The task ahead ….

V(ϕ) = μ2(ϕ†ϕ) + λ(ϕ†ϕ)

arbitrary >0

3
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4

- The Higgs potential is introduced completely ad-hoc to the standard model of particle physics  no fundamental 
reason for its form (Mexican hat is an assumption)


- We need to measure the form of the potential in order to know it, experiment will have the final word. 

→

Setting the stage: The Higgs Potential
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V(ϕ) = μ2(ϕ†ϕ) + λ(ϕ†ϕ) V(H) =
1
2

m2
HH2 + λ vev H3EWSB

- We can experimentally measure the shape of the Higgs 
potential once we measure the Higgs boson self-coupling ( ).


- Extensive experimental program at the LHC (ATLAS and CMS) 
to constrain/measure , mainly from Higgs boson pair 
production. 


- Di-Higgs hasn’t been experimentally observed yet. 

λ

λ

κλ =
λmeasured

λSM

Before After
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Setting the stage: The Higgs Potential
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arXiv:2207.00320

https://arxiv.org/abs/2207.00320


The Higgs Self-Coupling

6

- We need to measure the Higgs boson self-coupling ( ).


- Any deviations of the measured Higgs boson self-coupling from the standard model prediction would signal potential new physics.

λ
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arXiv:2406.09971

arXiv:2406.09971

https://arxiv.org/abs/2406.09971
https://arxiv.org/abs/2406.09971


Di-Higgs to  Final Statebbττ
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Introduction
𝑯𝑯 → 𝒃ഥ𝒃𝝉−𝝉+: 
• Two b-jets & opposite-signed τ pair
• BR=7.3%

Petar

𝜏ℎ𝑎𝑑𝜏ℎ𝑎𝑑
42.0%

𝜏𝑙𝑒𝑝𝜏ℎ𝑎𝑑
45.6%

𝜏𝑙𝑒𝑝𝜏𝑙𝑒𝑝
12.4%
(bbll)

𝜎𝑉𝐵𝐹 × BR 𝑏ത𝑏𝜏−𝜏+ = 0.126fb

𝜎𝑔𝑔𝐹 × BR 𝑏ത𝑏𝜏−𝜏+ = 2.268fb

· 𝝉−𝝉+ decay

· Signal Categorization
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-  provides a compromise between expected signal event yield and background contamination. 


- This final state has a sensitivity similar to that of the  and  decay modes. 

HH → bbττ

bb̄bb̄ bb̄γγ



Event Display of HH → bbττ
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Taken from here.

https://atlaspo.cern.ch/public/event_display/


Event Composition
-  fake  is the second largest background in the  

channel.


- My task is to estimate this background for the current analysis. 

tt̄ τhad-vis τhadτhad

9

Boosted Decision Trees is a machine 
learning algorithm for classification.

arXiv:2404.12660

arXiv:2404.12660
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https://arxiv.org/abs/2404.12660
https://arxiv.org/abs/2404.12660


 Fake  Backgroundtt̄ τhad-vis

t

W

d/s

u/c

b
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Semi-leptonic decay Hadronic decay

- Top pair production ( ) events in which at least one  candidate originates from a misidentified 
quark- or gluon-initiated.


- 85% of this background stems from semi-leptonic decay modes of .


- 15% of this background stems from fully hadronically decay modes of .

tt̄ τhad-vis

tt̄

tt̄
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Estimation of the  Fake  Backgroundtt̄ τhad-vis

-  The  fake-  background is estimated using Monte Carlo (MC) simulation.


- To correct any possible MC miss modelling for estimation of this background, we base our 
estimation on data. 


- Scale Factor method is used to correct the estimated  fake-  background.


- We define a region which is mostly populated with the  fake-  background events 
where we measure correction factors by correcting the estimation of this background based on 
data. 


- The correction/scale factors will be used correction the MC estimation for this background. 

tt̄ τhad-vis

tt̄ τhad-vis

tt̄ τhad-vis
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Signal & Background Classification

- Di-Higgs production has a very low cross-
section; it’s  about three orders of magnitude 
smaller than the single Higgs production. 


- In the analysis, the signal is very small 
compared to overwhelmingly larger background.


- We need sophisticated machine learning 
algorithms to separate backgrounds from signal. 


- In the previous analysis, Boosted Decision 
Trees were used. 


- We are exploiting a Transformer based 
machine learning architecture to perform 
classification. 

12Taken from here.
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https://cds.cern.ch/record/2644360/plots


Transformer Based ClassificationATLAS DRAFT

Figure 7.1: Schematic overview of the SALT-based transformer model with auxiliary tasks used in the analysis.

• Binary signal-background classification in the mNN > 350 GeV region: Distinguishes back-1125

ground and the SM ggF signal. This auxiliary task enhances sensitivity to ggF �� production in the1126

high-<�� ggF region, which is the measurement of highest interest for the �� ! 11̄g
+
g
�analysis.1127

• Auxiliary Higgs boson parentage classification: An auxiliary task that classifies whether an object1128

in the event originates from a Higgs boson decay, helping the model better discriminate signal from1129

single-Higgs boson backgrounds.1130

• Auxiliary top-quark parentage classification: An auxiliary task that classifies whether an object1131

in the event originates from a top-quark decay, helping the model better discriminate signal from1132

top-quark backgrounds.1133

The auxiliary tasks are included to improve the model’s internal representation of object-level features1134

via additional supervision, which can enhance performance on the primary classification tasks. Based1135

on studies shown in Appendix G.3, adding the auxiliary tasks in the ghadghad channel improves the model1136

performance by about 10%, and up to 20% in the glepghad channel. All tasks are trained using weighted Appendix G.3
is empty at
the moment.
Update these
10%, and
up to 20%
numbers once
appendix is
fully written.

1137

cross-entropy loss with class balancing to account for severe class imbalance .

add details of
class weights
in Appendix
G.2

1138

The training minimizes the overall loss, defined as a combination of the losses from the four classification1139

tasks. The combined loss function consists of the multiclass classification loss, five times the binary1140

signal–background classification loss in the <�� > 350 GeV region, three times the auxiliary Higgs boson1141

parentage classification loss, and 0.01 times the auxiliary top-quark parentage classification loss:1142

!total = !multiclass + 5 !binary class,<��>350 + 3 !aux Higgs parentage + 0.01 !aux top parentage.1143

The weights for the individual loss components were determined empirically, based on the relative1144

performance improvements observed during training. Detailed studies of the weighting scheme are ongoing1145

and will be documented in a future update of this note in Appendix G.3.

add weight
optimization
in Appendix
G.3

1146

September 26, 2025 – 13:38 71

- My task is to optimise the hyper-parameters of the Transformer for the analysis.


- Transformers are the state-of-the-art architecture in modern machine learning.


- They are used in the Large Language Models (LLM), and ChatGPT is also based on Transformers. 


- If you are interested in learning more about Transformers, I recommend watching the excellent videos by 3Blue1Brown youtube channel. 13

Taken from here.
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https://www.youtube.com/watch?v=wjZofJX0v4M&t=1481s
https://arxiv.org/abs/1706.03762


Summary

- I hope I was able to convince you that searches for the Di-Higgs production are important for probing 
the shape of the Higgs potential.


- The  final state is the most sensitive channel for the observation of di-Higgs production.


- The scale factor approach is used to estimate one of the major backgrounds for the  
analysis. 


- We are exploring a Transformer based algorithm for signal & background classification in the 
 analysis.


- I am sorry that I am not allowed to show any of the current results related to the two tasks that I am 
responsible for in the analysis. 

bbττ

HH → bbττ

HH → bbττ
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