
Challenges of Experimental Particle Physics*

A. Salzburger (CERN)
*from my very biased point of view.
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Why biased?

Accelerator

Detector

Theory

Data Acquisition 

Data Analysis

Data Reconstruction 

Worldwide distributed

Computing

Laboratory

Yeah, I had to study 
this for university,
but I am really NO 
theoretical physicist!
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Why biased?
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How do these guys 
even do that?

Seriously!?!?
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Why biased?
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Laboratory

Hey, I designed one!!

And ok, the engineers
laughed at me …
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Why biased?

Accelerator

Detector

Theory

Data Acquisition 

Data Analysis

Data Reconstruction 

Worldwide distributed

Computing

Laboratory

I know a fair bit of that!
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Why biased?

Accelerator

Detector

Theory

Data Acquisition 

Data Analysis

Data Reconstruction 

Worldwide distributed

Computing

Laboratory
Now we are talking, I
can preach HOURS about 
that stuff.
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Why biased?

Accelerator

Detector

Theory

Data Acquisition 

Data Analysis

Data Reconstruction 

Worldwide distributed

Computing

Laboratory
Yup, seen that, 
done that.



9

Why biased?

Accelerator

Detector

Theory

Data Acquisition 

Data Analysis

Data Reconstruction 

Worldwide distributed

Computing

I really don’t care about
the details too much …

… as long as it WORKS!
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So complex!

Accelerator

Detector

Theory

Data Acquisition 

Data Analysis

Data Reconstruction 

Worldwide distributed

Computing
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And yet … 

Accelerator

Detector

Theory

Data Acquisition 

Data Analysis

Data Reconstruction 

Worldwide distributed

Computing

… all of that has

to work together!
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Oh, what … 

Accelerator

Detector

Theory

Data Acquisition 

Data Analysis

Data Reconstruction 

Worldwide distributed

Computing

Laboratory

YOU



The theory
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The Lagrangian of the Standard Model:

It describes the particles, and how they interact with another
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The particles?

H
Higgs 

Boson



Particles and mediators
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H

Finding the Higgs Boson

I wait until a

comes around,
and then I 
look at it.



A daily observation
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[Image source]

Sun

“Source”

Flower

“Object”

Eye

“Observer”

Photon

“Probe”

https://www.suntoryflowers.eu/product/grandaisy-white/


[Image Source]

X-ray tube

“Source”

Human

“Object”

Sensor

“Observer”

Photon

“Probe”

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: Pollen]

Pollen

“Object”

Cathode

“Source” Detector

“Observer”

Electron

“Probe”

[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


My experiments so far …
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Sun
X-ray 
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electron source

+ accelerator

Photon

Electron
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~ 1000 eV = 1 keV

~100 000 eV = 100 keV



My experiments so far …

21

Sun
X-ray 

tube

electron source

+ accelerator

Photon

Electron

1 eV

~ 1000 eV = 1 keV

~100 000 eV = 100 keV

Large Hadron Collider

𝑠 = 14 TeV (design)



The collider
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Large Hadron Collider

𝑠 = 14 TeV (design)



A very large microscope
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[Image source]

protons

“Source”

Detector

“Observer”

protons

“Probe”
protons

“Object”

https://cern.ch/cds


eV
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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
13 orders of magnitudes (1013)



eV … and what you can see 
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electron 
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Creating the Higgs Boson
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Beam A Beam B

1011 protons 1011 protons

~ 60 individual proton-proton interactions

5.5 cm

~15 µm



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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Unfortunately … this does not happen often.
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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



This is why we do this every 25 nanoseconds!
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Beam A Beam B

1011 protons 1011 protons

~ 60 individual proton-proton interactions

5.5 cm

~15 µm



… and when it happens …
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… it decays immediately
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… it decays immediately
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… anti-what?

34

These particles also exist in their anti-matter form …



… in our world this looks like
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Detector



… in our world this looks like
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💥
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… in our world this looks like
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… does it though?
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The ATLAS detector



How to get from here …
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How to get from here …
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… to here ?



40 m long

25 m

diameter

7000 tons

weight

100 million 

readout

channels

3000 km

cables

Detector
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ATLAS Detector



… and it’s principle
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I need to identify
each particle and 
measure its properties.
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… and it’s principle
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Tracking

Charged particles move
on curved paths in
magnetic field, thats how
we measure them!
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Calorimetery

We stop (almost) all
other particles and let 
them shower in the 
calorimeters … 



46

Muon System

And build dedicated
detectors for those who
make it to the outermost
detectors.



Let’s skip back one step …
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Does it make sense
to record all of those 
uninteresting collisions?



We need a selection … 
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coincidence !

25 ns = 40 MHz

energy !

no energy !

energy!

~ 1 kHz
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100 million 

readout

channels

And then read it out …

~ 1 kHz



Reconstruct and analyse
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This is not what a 
experiment looks like …



Reconstruct and analyse
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… neither is that …



Reconstruct and analyse
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ch0

ch1

Detection devices measure the particle

with a given resolution. 



53

Particle 73

5

272

982

1231

8771

Reconstruct and analyse

I want
to find
those
particles.
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Particle 73

5

272

982

1231

8771

Reconstruct and analyse

I can help
you with 
that …
… if you 
teach me. 

I want
to find
those
particles.
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AI detour

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?

The Beatles, Abbey Road
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AI detour
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AI detour

Electron (100%)

Electron (99.5%)

Positron (100%)

Positron (92%)



58

AI detour
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Accelerator

Detector

Theory

Data Acquisition 

Data Analysis

Data Reconstruction 

Worldwide distributed

Computing

Laboratory

With all ingredients



Let us run the experiment
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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

Collision rate 40 MHz 

every 25 nanoseconds



Let us run the experiment
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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



Let us run the experiment
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Let us run the experiment
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Level 1 Trigger to 100 kHz

on detector electronics
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Data Analysis & publication

Nobel prize
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2 positive leptons

2 negative leptons

and measured



Let us run the experiment
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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 -px
2 -py

2 -pz
2

Invariant mass:



Let us run the experiment … for real
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[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


Let us run the experiment … for real
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[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


And so it went …
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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



… and of course the right guys got it.
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[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
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Accelerator

Detector

Theory

Data Acquisition 

Data Analysis

Data Reconstruction 

Worldwide distributed

Computing

Laboratory

When we all work together …
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When we all work together …

… we can achieve amazing things.
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allows us to investigate

universe at an age of 

10-10 s = 0.0000000001 s

The why



75[ ATLAS Public results ]

SM Higgs coupling to fermions & vector bosons Exclusion limits for various SUSY particles

The duck & the wall 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome#Physics_Analysis_Groups
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Labelling: Music &  Neighbours

Trajectories from simulated particles in the ATLAS upgrade tracker, found with (the help of) Spotify
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Labelling: Music &  Neighbours

[ S. Amrouche, T. Golling, M. Kiehn, AS: Music, Neighbours & Tracking ]

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

[ S. Amrouche, T. Golling, M. Kiehn, AS: Music, Neighbours & Tracking ]

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

Perfect hash function would solve the tracking problem

Approximate hashing, however, can be done

h(hit) = track number

h(track 1, hit 0) = group x 
h(track 1, hit 1) = group x 
h(track 0, hit 1) = group x

RADNOM
PROJECTIONS

APPROXIMATE
NEAREST

NEIGHBOURS
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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
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Labelling: Music &  Neighbours

[ S. Amrouche, T. Golling, M. Kiehn, AS: Music, Neighbours & Tracking ]

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

Spotify’s approximate
nearest neighbourhood 
library: [ANNOY]

Industry/open source libraries offer

quite some potential also for

science applications

To find a bucket with at least 4/hits of the track contained
(good enough for track seeding)
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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
https://github.com/spotify/annoy
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Labelling: Music &  Neighbours

[ S. Amrouche, T. Golling, M. Kiehn, AS: Music, Neighbours & Tracking ]

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

Industry/open source libraries offer

quite some potential also for

science applications, but …

To find a bucket with at least 4/hits of the track contained
(good enough for track seeding)

.. no business model! 
(In other words)
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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

