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Don’t believe just because someone has a “title” 
(argument by authority is never a good argument in my mind) 
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CERN

Illustration:



A daily observation
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https://www.suntoryflowers.eu/product/grandaisy-white/


A good microscope
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https://www.healthcare.siemens.dk/robotic-x-ray/twin-robotic-x-ray/multitom-rax


A very good microscope
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[Image source: EM]

Electron microscope Siemens, 1943

https://bitesizebio.com/30796/three-dimensional-scanning-electron-microscopy-for-biology/
https://www.ssplprints.com/image/99132/siemens-electron-microscope-germany-1943


A very large microscope
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You see what you get 
Sun X-ray 


tube
proton source

+ accelerator

electron source

+ accelerator

Photon

Electron

Proton

1 eV
~ 1000 eV = 1 keV

~100 000 eV = 100 keV

~10 000 000 000 000 eV = 10 TeV
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13 orders of magnitudes (1013)
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You get what you see 

1 eV 1 keVPhoton Photon 100 keV Electron 10 TeV Proton

photo 

plate

fluorescent 

screenlow energy sensoreye

particle detectorelectron  
detector



Our source: Large Hadron Collider

100 m underground 

40 millions/sec collision frequency

27 km circumference 

14 TeV collision energy
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LHC accelerator 



Reach

…, but why ?

allows us to investigate 
universe at an age of  

10-10 s = 0.0000000001 s



… to test this

[Image Source] 15

https://tex.stackexchange.com/questions/262049/how-can-i-typeset-this-equation-standard-model-of-physics
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The observer: A Toroidal LHC ApparatuS
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Question: 
What’s the object?




The A Toroidal LHC ApparatuS

40 m long 

25 m 
diameter

7000 tons 
weight 

100 million  
readout 
channels 

3000 km 
cables 
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Principles of a Particle Detector
We want to 

Identify Particles

Estimate their kinematics




Principles of a Particle Detector

We need 
Complicated pattern recognition 
algorithms to resolve this


Inner Tracker



Principles of a Particle Detector
Inner Tracker

250 µm

50 µm

charged 
particle

θL

α

E

B

Most commonly semiconductor  
based detectors 



Principles of a Particle Detector

We want to 
stop all particles 

& measure their energy

& identify them


Calorimeter

Electromagnetic calorimeter
Hadronic calorimeter



Principles of a Particle Detector
Calorimeter

Technology A

Technology B



Principles of a Particle Detector

We want to trace muons: 
measure their kinematics

& identify them


Muon System



Principles of a Particle Detector
Muon System

In ATLAS: 
Another tracking detector




Principles of a Particle Detector
What about these guys? 

Neutrinos do not cary at all for a  
small detector like ATLAS.




Principles of a Particle Detector
What about these guys? 

Neutrinos do not cary at all for a  
small detector like ATLAS.


You need a 
bigger tool 
for that.



Tim Berners-Lee

100 million  
readout 
channels 

wwwhere the web was born
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LHC in action - data acquisition
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Collision rate 40 MHz  
every 25 nanoseconds

Level 1 Trigger to 100 kHz 
on detector electronics


High level trigger ~1kHz 
close-by computer farm 


Full processing of events 
~1000 events/second 

raw event size of 1.5 Mbyte/event


Data Analysis & publication 

Nobel prize



LHC big data - how big is big?

~ 1 PByte 
processed  

per day

> 300 PByte 
stored at 

CERN

[Data Source CERN] 30

Full processing of events 
~1000 events/second 

raw event size of 1.5 Mbyte/event


multiple experiments,

simulation x

300.000 PByte 
processed  

per day

[Data Source World]

https://information-technology.web.cern.ch/sites/default/files/CERNDataCentre_KeyInformation_Nov2021V1.pdf
https://explodingtopics.com/blog/data-generated-per-day
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Why the hassle?

Illustration:



Physics - or why boring things are boring
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1010

Figure: 
Standard Model cross sections measured with the ATLAS experiment  
and compared to theoretical predictions, July 2017

The boring regime:  
“probability” of  
any interaction

The exciting regime:  
“probability” of  
a Higgs boson


production

The crazy regime:  
super symmetry?

extra dimensions?


magnetic monopoles?


??
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Ah … yeah, and the Higgs boson.

Illustration:



Creating the Higgs boson…
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Beam A Beam B

1011 protons 1011 protons

~ 40 individual proton-proton interactions

5.5 cm 

~15 µm 



Creating the Higgs boson…
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Happens  
quasi-instantaneous 



Finding the Higgs boson…
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Detector 



Finding the Higgs boson…
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Level 1 Trigger to 100 kHz 
on detector electronics


High level trigger ~1kHz 
close-by computer farm 


Full processing of events 
1000 events/second 


Data Analysis & publication 

Nobel prize

Collision rate 40 MHz  
every 25 nanoseconds



Finding the Higgs boson…
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Level 1 Trigger to 100 kHz 
on detector electronics


High level trigger ~1kHz 
close-by computer farm 


Full processing of events 
1000 events/second 


Data Analysis & publication 

Nobel prize

4 lepton signals



Finding the Higgs boson…
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Level 1 Trigger to 100 kHz 
on detector electronics


High level trigger ~1kHz 
close-by computer farm 


Full processing of events 
1000 events/second 


Data Analysis & publication 

Nobel prize

4 lepton signals

4 lepton signals 
confirmed



Finding the Higgs boson…
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Level 1 Trigger to 100 kHz 
on detector electronics


High level trigger ~1kHz 
close-by computer farm 


Full processing of events 
1000 events/second 


Data Analysis & publication 

Nobel prize

4 lepton signals

4 lepton signals 
confirmed

2 positive leptons 
2 negative leptons 

and measured



Finding the Higgs boson…
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Level 1 Trigger to 100 kHz 
on detector electronics


High level trigger ~1kHz 
close-by computer farm 


Full processing of events 
1000 events/second 


Data Analysis & publication 

Nobel prize

4 lepton signals

4 lepton signals 
confirmed

2 positive leptons 
2 negative leptons 

and measured

Lesson 1 - Minkowski arithmetic

pµ = (E, px, py, pz)

energy momentum

M2 = E2 -px2 -py2 -pz2

Invariant mass:



Finding the Higgs boson… now really

42[Animation source]

Level 1 Trigger to 100 kHz 
on detector electronics


High level trigger ~1kHz 
close-by computer farm 


Full processing of events 
1000 events/second 


Data Analysis & publication 

Nobel prize

https://cds.cern.ch/record/2230893


Finding the Higgs boson… now really
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Level 1 Trigger to 100 kHz 
on detector electronics


High level trigger ~1kHz 
close-by computer farm 


Full processing of events 
1000 events/second 


Data Analysis & publication 

Nobel prize

https://cds.cern.ch/record/2230893


Finding the Higgs boson… now really

44[Animation source]

Level 1 Trigger to 100 kHz 
on detector electronics


High level trigger ~1kHz 
close-by computer farm 


Full processing of events 
1000 events/second 


Data Analysis & publication 

Nobel prize

https://cds.cern.ch/record/2230893


author list information

scientific information

~ 3000 authors

15 pages scientific 
context



The ATLAS collaboration

https://atlas.cern/discover/collaboration

> 3000 scientists

181 institutions

38 countries

https://atlas.cern/discover/collaboration
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Large Hadron Colliderum
a
n



HEP and Artificial Intelligence 
Event reconstruction becomes increasingly 
difficult 
- Artificial Intelligence / Machine Learning  

has seen a boost in the tech industry

- Can we profit from that?



• Combinatorial problem 

• And it clearly scales  
like such
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200 1000

BEFORE/AFTER PANDEMIC

DURING PANDEMIC24h

DESIGN/ACTUAL LUMINOSITY OF LHC 
(+ DETECTORs, + ALGORITHMs)

HIGH LUMINOSITY LHC (HL-LHC) 
(EXP 2027)

FCC-HH 25NS SCENARIO 
(EXP ?)

VERY NAIVE SCALING: HL-LHC DETECTORS & ALGORITHMS PERFORM WAY BETTER!

HEP and Artificial Intelligence 



HEP and Artificial Intelligence 
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Event reconstruction becomes increasingly 
difficult 
- Artificial Intelligence / Machine Learning  

has seen a boost in the tech industry

- Can we profit from that?



HEP and Artificial Intelligence 



HEP and Artificial Intelligence 

[ S. Amrouche, T. Golling, M. Kiehn, AS: Music, Neighbours & Tracking ]
[ S. Amrouche, N. Calace, T. Golling, M. Kiehm. AS : Hashing & similarity learning ]

These tracks are brought to you by 
We need 

Complicated pattern recognition 
algorithms to resolve this


https://indico.cern.ch/event/742793/contributions/3274332/attachments/1822988/2997320/SHTR_CTDWIT19.pdf
https://indico.cern.ch/event/831165/contributions/3717122/attachments/2022757/3382937/20200400-msmk-hashing_tracking-v4.pdf


HEP and Artificial Intelligence 
Object detection and recognition is a AI standard problem  
- big advances achieved in the last years

- Both in object detection & object calssification

- Can we use this for HEP?



HEP and Artificial Intelligence 



HEP and Artificial Intelligence 
Electron (100%)

Electron (99.5%)

Positron (100%)

Positron (92%)



 

[ www.thispersondoesnotexit.com ]

Generative Models have experienced a 
tremendous boost in the last years 

https://labs.openai.com/

[ https://labs.openai.com/ ]

HEP and Artificial Intelligence 

http://alicematters.web.cern.ch/?q=ALICEoverview
http://www.thispersondoesnotexit.com
https://labs.openai.com/


HEP and Artificial Intelligence 
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What’s next?

Illustration:



The exciting regime:  
“probability” of  
a Higgs boson


production

The crazy regime:  
super symmetry?

extra dimensions?


magnetic monopoles?


The duck question

precision measurement

of the Higgs sector

“If it looks like a duck, quacks like a duck, smells like a duck …”



Is it a duck?



474 The Higgs boson
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2!Fig. 17.8 The scalar interactions obtained by breaking the symmetry for a complex scalar field.

be in the real direction, (φ1, φ2) = (v, 0), and the complex scaler field φ can be
expanded about the vacuum state by writing φ1(x) = η(x) + v and φ2(x) = ξ(x),

φ = 1√
2
(η + v + iξ).

The Lagrangian of (17.22), written in terms of the fields η and ξ, is

L = 1
2 (∂µη)(∂ µη) + 1

2 (∂µξ)(∂ µξ) − V(η, ξ),

where the potential V(η, ξ) is given by

V(η, ξ) = µ2φ2 + λφ4 with φ2 = φφ∗ = 1
2

[
(v + η)2 + ξ2

]
.

The potential can be written in terms of the fields η and ξ using µ2 = −λv2,

V(η, ξ) = µ2φ2 + λφ4

= − 1
2λv

2
{
(v + η)2 + ξ2

}
+ 1

4λ
{
(v + η)2 + ξ2

}2

= − 1
4λv

4 + λv2η2 + λvη3 + 1
4λη

4 + 1
4λξ

4 + λvηξ2 + 1
2λη

2ξ2.

The term which is quadratic in the field η can be identified as a mass, and the terms
with either three or four powers of the fields can be identified as interaction terms.
Thus the Lagrangian can be written as

L = 1
2 (∂µη)(∂ µη) − 1

2 m2
ηη

2 + 1
2 (∂µξ)(∂ µξ) − Vint(η, ξ), (17.23)

with mη =
√

2λv2 and interactions given by

Vint(η, ξ) = λvη3 + 1
4λη

4 + 1
4λξ

4 + λvηξ2 + 1
2λη

2ξ2. (17.24)

These interaction terms correspond to triple and quartic couplings of the fields η
and ξ, as shown in Figure 17.8.

The Lagrangian of (17.23) represents a scalar field η with mass mη =
√

2λv2 and
a massless scalar field ξ. The excitations of the massive field η are in the direction
where the potential is (to first order) quadratic. In contrast, the particles described
by the massless scalar field ξ correspond to excitations in the direction where the
potential does not change, as indicated in Figure 17.9. This massless scalar particle
is known as a Goldstone boson.

473 17.5 The Higgs mechanism

17.5.2 Symmetry breaking for a complex scalar field

The idea of spontaneous symmetry breaking, introduced above in the context of a
real scalar field, can be applied to the complex scalar field,

φ = 1√
2
(φ1 + iφ2),

for which the corresponding Lagrangian is

L = (∂µφ)∗(∂ µφ) − V(φ) with V(φ) = µ2(φ∗φ) + λ(φ∗φ)2. (17.21)

When expressed in terms of the two (real) scalar fields φ1 and φ2 this is just

L = 1
2 (∂µφ1)(∂ µφ1) + 1

2 (∂µφ2)(∂ µφ2) − 1
2µ

2(φ2
1 + φ

2
2) − 1

4λ(φ2
1 + φ

2
2)2. (17.22)

As before, for the potential to have a finite minimum, λ > 0. The Lagrangian of
(17.21) is invariant under the transformation φ → φ′ = eiαφ, because φ′∗φ′ =
φ∗φ, and therefore possesses a global U(1) symmetry. The shape of the potential
depends on the sign of µ2, as shown in Figure 17.7. When µ2 > 0, the minimum
of the potential occurs when both fields are zero. If µ2 < 0, the potential has an
infinite set of minima defined by

φ2
1 + φ

2
2 =
−µ2

λ
= v2,

as indicated by the dashed circle in Figure 17.7. The physical vacuum state will
correspond to a particular point on this circle, breaking the global U(1) symmetry
of the Lagrangian. Without loss of generality, the vacuum state can be chosen to

(a) (b)
V(f ) V(f )

f 2

f 1

f 2

f 1

!Fig. 17.7 The V(φ) = µ2(φ∗φ) + λ(φ∗φ)2 potential for a complex scalar field for (a)µ2 > 0 and (b)µ2 < 0.

v

LHC:  
-we have discovered the mechanism 

Future Collider: 
-let’s check the dynamics

What’s our* fate?

*the universe’s



What’s our* fate?The fate of the Universe…

The Higgs potential has another minimum…





















If any evidence emerges for modifications of Higgs 
sector, huge consequences for our future…


1307.3536




What’s next?
The future, obviously.

New accelerator 

projects under study:


- linear collider as  
  “Higgs factory”


- “Future circular  
  collider (FCC)” 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What to take away …
To understand the big things,

you sometimes have to look  
for the small things.


Be persistent, even if it takes long.

(Higgs published 1964)


When uncertain, try to simulate it.


Even crazy things.

Thanks.
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