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What is antimatter?

𝑖𝛾𝜇𝜕𝜇 −𝑚 𝜓 = 0

The Dirac equation (1928):

𝑋2 = 𝐾

Paul Dirac

Two equally valid solutions: 
Positive energy states
consitent with matter.

Negative energy states
consitent with anti-matter?

Positron discovery

Awarded Carl David 

Anderson the Nobel 

Prize in 1936

➢ Antimatter perfectly cancel matter in energy with an equal 
mass but opposite charge.

➢ Anti-electron (positron) discovery in 1932 proved the 
existence of antimatter. 3



Antimatter creation and annihilation

𝐸 = 𝑚𝑐2
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Elements in our universe Anti- elements in our universe?

For every matter particle there is an 
equivalent anti-matter particle…
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Where is all the antimatter?
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Broken fundamental symmetry?

• C, P, and CP are each broken in the standard model (Beta decay, Kaon 
decay etc..) ..not sufficient to explain antimatter/matter asymmetry…

• No process has been observed to break fundamental CPT symmetry yet..

Parity inversion Time reversalCharge conjugation 

- +

Charge changes sign Spatial coordinate change 
(mirroring)

Spin changes sign

𝑬𝒙𝒂𝒎𝒑𝒍𝒆: 𝑪𝑷𝑻 → −𝑪𝑷 −𝑻 → 𝑪𝑷𝑻 (𝐈𝐧𝐯𝐚𝐫𝐢𝐚𝐧𝐭)

Where do we explore fundamental laws of nature?
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Search for assymmetry at the LHCb experiment



?
ALICE at LHC-CERNAnti-matter

Antinuclei production at the ALICE experiment



“ […] any observation of antihelium or even heavier antinuclei in 
space would indicate the existence of a large amount of antimatter 
elsewhere in the universe.” STAR collaboration, Nature 473 (2013)

Antimatter in space?



Studying the difference between matter and antimatter

➢The hydrogen atom is the best understood physical system.

➢A neutral system is excellent for testing gravity.

➢Any observed difference between the properties of 𝐻 and ഥ𝐻 would 
suggest a broken fundamental symmetry in our universe.

COLD antimatter needed!
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The Antiproton Decelerator (AD) at CERN

26 GeV
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The antimatter factory at CERN

AD
Antiproton Decelerator

Start: 2000
Length: 182 m
Energy: 5.3 MeV

ELENA
Extra Low
ENergy Antiproton

Start: 2021
Length: 30 m
Energy: 0.1 MeV

Antiprotons from PS

Energy: 3.5 GeV
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Inside the antimatter factory at CERN
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Six active experiments at AD

ALPHA        ASACUSA         AEGIS          BASE             GBAR          PUMA 

Trap
Antihydrogen trapping

Spectroscopy
Gravity

Beam
Pulsed production

of antihydrogen
Test of gravity

Antimatter bound states

Beam
Antiprotonic atoms

Collisions
Spectroscopy

Trap
Mass spectroscopy
ഥ𝒑 magnetic moment

Trap
Antimatter gravity

Lamb-shift

Movable trap
for antiprotons

Study of exotic nuclei

ELENA
Antiprotons @1 MeV

Antiprotons @ 0.1 MeV

Antiprotons for experiments
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Trapping antiprotons

ҧ𝑝

ҧ𝑝
ҧ𝑝

Degrador or drift tube

100 keV 
10 keV 

−

𝑚
𝑞

𝑃

𝑚
𝑞 𝑃

= 1.000000000003(16)

18



How do we make antihydrogen?

𝑒+ ҧ𝑝

ҧ𝑝
𝑒+

antihydrogen (ഥ𝑯∗)

antiprotonPositrons

+

+

Positron

𝑒++

𝑒+

3-body recombination

𝑒−

𝑃𝑠∗

𝑒−

𝑒+ ҧ𝑝

ҧ𝑝
𝑒+

antihydrogen (ഥ𝑯∗)

antiprotonpositronium

+

+

electron

Charge-exchange with positronium



Trapping antihydrogen

Antihydrogen Laser Physics Apparatus



Spectroscopy of (anti-)hydrogen

Goal: Measuring the ground-state hyperfine splitting in a near field-free region below 1 p.p.m
21

nHFS (𝑯)= 1,420.4057513768(1) MHz

nHFS (ഥ𝑯)= 1,420.4 (5) MHz

Ahmadi et al., Nature 548, 66   (2017)
Ahmadi et al., Nature 557, 71   (2018)
Ahmadi et al., Nature 561, 211 (2018)
Ahmadi et al., Nature 578, 375 (2020)

➢1S → 2S
.

➢1S → 2P
.

➢1S Hyperfine splitting



In-beam GS-HFS spectroscopy at ASACUSA

Production and spin 
polarization of ഥ𝐻 (LFS)

RF cavity for flipping 
spin (LFS → HFS)

Sextupole magnet
defocusing HFS
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Low Field Seeker (LFS)

High Field Seeker (HFS)

Measurement using proof-of principle setup reached p.p.b accuracy:



CPT with particle/antiparticle comparisons

Anomolous antimatter gravity? 
Segregation of matter and antimatter?

Is the Weak Equivalence Principle valid?
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laser excitation

antiprotons

Ps converter
𝑃𝑠∗

𝐻∗

𝑒+

Measurement of the gravitational influence on 
antimatter

ഥ𝒈 = 𝟎. 𝟕𝟓 ± 𝟎. 𝟏𝟑 𝒔𝒕𝒂𝒕 + 𝒔𝒚𝒔 ± 𝟎. 𝟏𝟔 𝒔𝒊𝒎 𝒈

Measurement of ഥ𝒈 to 1% precison:



The AEGIS experiment



1T 5T ҧ𝑝 From ELENA

Particle detectors

ҧ𝑝

𝑒+

Laser access

(Antihydrogen Experiment: Gravity, Interferometry, Spectroscopy)



𝑒−

𝑒+

Laser cooling of positronium:

Techniques for producing cold antimatter at AEGIS
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Sympathetic cooling of 
antiprotons: 
Using electrons

or laser cooled anions

Yzombard, Pauline, et al. "Laser cooling of molecular 
anions." Physical review letters 114.21 (2015): 213001.

C2
-

ҧ𝑝

𝑒−



𝑒−

𝑒−

ҧ𝑝

antiproton
atom

ҧ𝑝

+

+

antiprotonic atom

Forming matter-antimatter bound states?
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𝑒−

𝑃𝑠∗

𝑒−

𝑒+ ҧ𝑝

ҧ𝑝
𝑒+

antihydrogen (ഥ𝑯∗)

antiprotonpositronium

+

+

electron

Charge-exchange with positronium
Charge-exchange with atom

electron



Antiprotonic bound states
𝑒−

ҧ𝑝

𝑚 ҧ𝑝 = 1836𝑚𝑒 𝑟 ҧ𝑝 ~
1

1836
𝑟𝑒

He

e-

p-
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Antiproton annihilation on nucleus

𝜋

𝜋

𝜋

ҧ𝑝

n

Sensitive approach for studying halo nuclei:

n

ҧ𝑝

PUMA: antiprotons to probe 
the surface of radioactive 
nuclei
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Simulation of trappable nuclear recoil fragments

G. Kornakov et al., PRC 107, 034314 (2023)

Alchemy with antimatter?

Novel technique for making exotic elements..
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Searching for dark matter using antiprotons?

Dark matter 
candidate

𝜋_

He

ҧ𝑝

𝐾+

𝐾+Dark matter? 
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3He

Antifusion with antideuterons?

+
2H 2H

+
n

+ Energy

+
2ഥ𝐻

+

ത𝑛

+ Energy

2ഥ𝐻 3𝐻𝑒



Summary and 
outlook

➢AD is a is currently the only facility in 
the world capable of producing cold 
antiprotons for precision studies of 
antihydrogen.

➢Multiple experiments are 
benchmarking the difference between 
matter and antimatter: Fundamental 
symmetries and gravity.

➢Antiprotonic atoms provide an 
avenue for precision studies of 
nuclear, atomic physics and aid in the 
search for dark matter candidates.
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Thank you for your attention
On behalf of the AEGIS collaboration





ҧ𝑝 From ELENA

𝐴−

ҧ𝑝

𝑒+

ҧ𝑝

𝑒+

Ongoing work for antiprotonic atom studies at AEGIS

ion injection

➢Gravity

➢Electromagnetic

➢Weak

➢Strong

Antiprotonic atoms

Antihydrogen



The BOREALIS experiment

C2
-

C2H-

C2H2
-

C2
-

C2
-

Coulomb 
interaction

Heat transfer

Cooling of antiprotons using anionic molecules?

Indirect laser cooling of antiprotons to mK level and below using anionic molecules
Evin-lavie valve for producing 
burst of anionic molecules in 
vibrational GS

Wien-filter to for mass
and charge filtration

Paul trap with laser 
access for cooling

Proposed laser cooling scheme:

Yzombard, Pauline, et al. "Laser cooling of molecular 
anions." Physical review letters 114.21 (2015): 213001.

Trapping of anionic molecules achieved



How does CERN address this problem? The iridium target





Antiprotonic atom cascade: 
Nuclear resonance effects for probing QCD

ҧ𝑝

Gustafsson, Fredrik P., Daniel Pęcak, and Tomasz Sowiński. "The spin-flip-

induced quadrupole resonance in odd-$ A $ exotic atoms." arXiv preprint 

arXiv:2401.06063 (2024).
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The ALPHA experiment



Forming antihydrogen
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