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Antimatter at 
CERN
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What is antimatter?
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For more than half a century physicists have 
believed that the Universe is made of both 

matter and antimatter…. 



Back in 1928…
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Can these two be compatible?



Back in 1928…
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Paul Dirac

Can these two be compatible?

Yes! Even inside atoms electrons 
have a speed limit.



The Dirac equation
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The Dirac equation
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The wave equation



The Dirac equation

9

The wave equation



The Dirac equation
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The wave equation



The Dirac equation
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The wave equation

The square tells us that the 
equation works for positive and 

negative charges!



Antimatter was born
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Antimatter was born
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(1928) (1955)



When matter meets antimatter…
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… annihilation!
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Possible energy source?
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It is very very difficult to keep antimatter contained



Making antimatter
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One of the greatest puzzles in physics
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Summary so far: 
• We have discovered that each particle has a twin of opposite charge 
• Particles are created in matter-antimatter pairs. 
• We have no idea what really happened at the big bang.



Can we make atoms out of antimatter?
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Yes! And it’s happening right here at CERN!
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• Centre 
• Européen pour la 
• Recerche 
• Nucléaire

European Centre for Nuclear Reseach
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(Estonia 2024)

(Croatia 2019)



• 15000 people 
• 24 member states 
• Instutes from > 80 countries!

CERN is a world wide collaboration
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What happened at the beginning of the universe?

Why CERN?
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No g
rav

ity
!



CERN has the tools to study this stuff
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To study the smallest things in the universe, you need the biggest machine on earth 

• There are > 30 000 particle accelerators in the world! 
• The LHC is by for the most powerful one 
• Started in 2008

-271 deg C

29 km long!
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https://natronics.github.io/science-hack-day-2014/lhc-map/
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This is all we need to 
produce and store 

antimatter!



CERN has many accelerators…

32



… but we only need a few
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Antiproton 
production

All experiments in the 
Antimatter Factory make use of 
antiprotons
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Antiproton Descellerator (AD)

Extra Low Energy Antiprotons (ELENA)



35



Aim: Making precise comparisons between hydrogen and antihydrogen. 

The Antihydrogen Laser Physics Apparatus (ALPHA)
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… But making and storing antihydrogen is more 
difficult than you think



So what about the positrons?
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Positrons are failry easy to obtain: use a radioactive isotope that is a  emitter 

• Potassium-40 can be found in Bananas (15 positrons / sec) 
• But sodium-22 works a bit better (10^6 positrons / sec)

β+
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ALPHA-II: Antihydrogen 
spectroscopy

ALPHA-g: Gravitational 
measurements



Making antihydrogen
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Mix antiprotons and postitrons at low energy using a charged particle trap.

300 000 
antiprotons

6 million 
positrons



Making antihydrogen
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200 000 antihydrogen atoms made! But now we have to hold on to them…
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Antihydrogen in a bottle
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(Anti)hydrogen atoms have zero charge: One positive and one negative particle. 

Atoms are neutral and have a little internal magnetic field 

And you need a strong magnet! 



Antihydrogen in a bottle
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(Anti)hydrogen atoms have zero charge: One positive and one negative particle. 

Atoms are neutral and have a little internal magnetic field 

And you need a strong magnet! 
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Most of them go too fast and hit the wall. We loose the majority of atoms…
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H
H
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But the ones that are slow (cold) enough, can be trapped!



Trapping rate has been increasing ever since
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How do you know you have it? How do you study it?

Congratulations! You have trapped antimatter atoms!



What atom do we have in our trap?
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What atom do we have in our trap?
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Does antihydrogen have the same spectrum as regular hydrogen?

Hydrogen



Laser spectroscopy of antihydrogen
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e+
243 nm photon 243 nm photon
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e+
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e+

3rd photon ionises the atom and the antiproton falls 
out of the magnetic trap



Detecting antihydrogen
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 verticesπ

Penning trap

Silicon vertex detector

B = 1 T

All measurements are destructive



1S-2S spectroscopy of antihydrogen
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Measured : 2 466 061 103 079.4 (5.4) kHz
Expected (hydrogen) : 2 466 061 103 080.3  (0.6) kHz



1S-2S spectroscopy of antihydrogen
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Measured : 2 466 061 103 079.4 (5.4) kHz
Expected (hydrogen) : 2 466 061 103 080.3  (0.6) kHz



What about gravity?
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g = 9.81 m/s^2



What about gravity?
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g = 9.81 m/s^2

?
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Do matter and antimatter behave 
the same in a gravitational field?



ALPHA-g
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ALPHA-g
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ALPHA-g: Results
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1 g = 9.81 m/s^2  downwards



ALPHA-g: Results
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1 g = 9.81 m/s^2  downwards

ag = (0.75 ± 0.13 ± 0.16)g

Consistent with downward gravitational acceleration of 1g for 
antihydrogen



Timeline of physics at ALPHA
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Discovery of 
antihydrogen

First cold 
antihydrogen

First trapped 
antihydrogen

Microwave 
experiments

First observation 
1S-2S spectral 

line

Laser cooling of 
antihydrogen

Measurement of 
gravitational 
acceleration

1996 2002 2010 2012 2016 2018 2023
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https://natronics.github.io/science-hack-day-2014/lhc-map/

Reminder: the LHC is a big machine (29 km)
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The Future Circular Collider will be 100 km long



Opportunities at CERN
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Opportunities at CERN
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Opportunities at CERN
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Opportunities at CERN
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Thank you!


