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Motivation 1: testing the CPT symmetry

A local, Lorenz invariant theory with canonical spin-statistics 

relation must be invariant with respect to CPT-transformation

Implications: properties of matter and antimatter particles 

should be exactly the same

• Masses

• Charges

• Magnetic and electric moments

• Binding energies

• Optical transition frequencies

Julian Schwinger, The Theory of Quantized Fields. I, Phys. Rev. 82, 914 (1951)

Gerhard Lüders, Proof of the TCP theorem (1957)
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Motivation 2: testing the Equivalence Principle

WEP (Weak Equivalence Principle) «free-falling trajectories»

LLI (Local Lorentz Invariance) «free-falling Lorentz frames»

LPI (Local Position Invariance) «independently of where and when»

~ the Equivalence Principle is at the heart of any metric theory of gravity (including GR) ~

The result of any local non-gravitational experiment is independent from the 

velocity of an observer in free-fall and his position and time in the Universe

Clifford M. Will, Theory and experiment in gravitational physics (1993)
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What classes models are constrained by an EP test with antimatter?

Hypotetical interactions violating the Equivalence Principle:

with cancellation effects occuring in matter experiments if a ~ b and v ~ s  

attractive scalar gravitons attractive/repulsive vector gravitons 

Motivation 2: testing the Equivalence Principle

Theoretical considerations on different gravitational couplings of antimatter

1. Anti-gravity would violate conservation of energy (Morrison’s argument)

2. Standard Model and gravitational repulsion are incompatible at tree level (Schiff/Dvali’s argument)

3. Antigravity would cause an unobserved CP violation in kaons oscillations (Good’s argument)

4. No way to keep EP valid for light, matter and antimatter at the same time in case of anti-gravity, so 

WEP has to be valid at the level we can verify deflection of light in GR (Karshenboim’s argument)

Karshenboim, S. G., talk to 2° Workshop on Antimatter and Gravity (2013)

M. Nieto and T. Goldman, Phys. Rep. 205,5 221-281 (1992)

Phys. Rev. D 33 (1986) 2475

Fayet P., Phys. Rev. D 99 (2019) 055043

Fischbach E. et al. (2020), arXiv:2012.02862v1

Caldwell, A. Dvali G. (2019), arXiv:1903.09096 
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Cold Antiprotons in the Laboratory
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Cold Antiprotons in the Laboratory
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Cold Antiprotons in the Laboratory

S. van der Meer
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The Antimatter Factory, as it looks today

ALPHA-2

Laser spectroscopy

ASACUSA

Hyperfine spectroscopy

AEgIS, GBAR, ALPHA-g

Free-fall WEP

ASACUSA 

Antiprotonic helium

spectroscopy

BASE, BASE-STEP

proton/antiproton charge, 

proton/antiproton moment,

tests of clock WEP 

PUMA

Antiproton/nuclei scattering

to study neutron skins
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ATHENA

Antihydrogen formation

ATRAP

Antihydrogen trapping

ACE

Antiproton interaction with cells
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Achievements in the Antimatter Factory

2010

2002

2013

2014

2017 2019

2023

2024

2011

2015

Antiprotons q/m 69 ppt

5ppm pbar moment

First WEP tests

𝒎ഥ𝒑/𝒎𝒆 1.5 ppb

2022

2012

Antihydrogen RF 

spectroscopy

Antihydrogren 1S-2S spectroscopy

Laser cooled

antihydrogren

Sympathetically

cooled protons

Ps laser cooling

Antihydrogen atoms

beam production

Trapped antihydrogren

2010
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ORIGINAL EXPERIMENTAL TECHNIQUES

DEVELOPED AT THE AF



INFN2024 – 6° Incontro di Fisica Nucleare11

Antimatter Physics: a tale of cross-field fertilization

Mixture of expertises from

• Accelerator experiments

• Non-neutral plasmas

• Hybrid neutral and charged particle traps

• Ultra-stable quantum spectroscopy lasers

• Pulsed high-power lasers

• Ultra-high vacuum and superconductors

• Particle Physics detectors 
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Physics Results are bound to the ability

to combine technologies from many fields

of experimental physics in the same

apparatus.

Non-observational operative experiments:

we are our own «machinists»
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Standards: antiproton catching and cooling

Capture

Electron cooling

Hot fraction release

AD bunch
3.0 · 107 pbars

100 ns FWHM
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Standards: positron accumulation and transfer

Positron bunch preparation

• Solid-neon-moderated 22Na source (activity 25 mCi)

• Buffer-gas Surko-type e+ trap (spills of 4 · 105 e+ / 0.17s)

• Magnetic accumulator (lifetime up to 7000 spills)

• Nanosecond extraction at 300 eV with magnetic t.line

• Acceleration with pulsed ‘kicker’ electrode to 4.6 keV

• Steering with horizontal/vertical t.line coils

Pulsed ‘kicker’ electrode
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ATHENA and ATRAP: cold antihydrogen production
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ALPHA and ATRAP: cold antihydrogen trapping
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ASACUSA: a continuous beam of antihydrogen
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AEgIS: pulsed beams of antihydrogen
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TESTING CPT AND WEP 

AT THE ANTIMATTER FACTORY
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ASACUSA: spectroscopy of antiprotonic helium

Measured frequencies agree with 

calculations at the  (2–5) × 10−9 level
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ATRAP and BASE: proton/antiproton charge-to-mass ratio

Quantu

FFT
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Axially excited, trapped 

antiprotons

FFT

Quantum Jump Spectroscopy

CPT test at 1.7 × 10−12
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ALPHA: spectroscopy of antihydrogen

1S-2S 

(243 nm)

CPT test at 2 × 10−12
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Overview on the direct tests of the CPT symmetry

Eberhard Widmann, Hyperfine spectroscopy of antihydrogen, hydrogen, and deuterium, Phys. Part. Nucl. 53 (2022)

as of 2021
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BASE: comparison of particle/antiparticle clocks

Gravitational redshift comparison with hydrogen/antihydrogen
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ALPHA-g: gravity with antihydrogen and a magnetic trap

Excluded a positive sign of g



INFN2024 – 6° Incontro di Fisica Nucleare25

FUTURE PROSPECTS AND NEW 

TECHNOLOGIES
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• Combined moiré deflectometer and Talbot-Lau interferometer

• High resolution detector referenced with light patterns

• Time-of-flight knowledge from external scintillator detectors

AEgIS: gravity with a pulsed beam of antihydrogen in no magnetic field

Tested with 10-50 keV antiprotons
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ASACUSA: towards hyperfine spectroscopy of ground state antihydrogen

Rabi spectroscopy @50 K

Line width ~10 kHz: precision ~ppm
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Other projects in the Antimatter Factory

PUMA and BASE-STEP

• Transportable Penning traps for antiprotons

• Higher precision measurements of the antiproton
charge-to-mass radius and momentum

• Nuclear physics at ISOLDE with antiprotons

GBAR

• Produce keV beams of antihydrogen atoms 
and ion

p + Ps → H + e−

H + Ps → H
+
+ e−

• Cool  H
+

to 10 𝜇K and photo detach

• Measure H free fall
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ALPHA: laser cooled antihydrogen
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AEgIS: laser cooling of positronium

Milestone towards Bose-Einstein condensation of 

antimatter and stimulated gamma-ray sources
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Conclusions

• The Antimatter Factory is a vibrant community of 7 collaborations and > 300 physicists

• Aiming at performing tests of the CPT symmetry and the Weak Equivalence Principle

• Working primarily with antiprotons, positrons, positronium and antihydrogen

• Many progresses in the last 20 years

– Development of techniques to manipulate cold antiparticles

– Many tests of CPT with increasing precision and broad energy range, exclude violations at 10-12 level

– Indirect tests of the Weak Equivalence Principle exclude violations at 3 % level

– Direct tests of the Weak Equivalence Principle exclude a different sign of gravity

New cooling technologies at the horizion to enhance the accuracy of existing experiments
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Thank you for your attention!


