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Particle & Nuclear Physics, Vancouver

Located at Univ. British Columbia
Å On-stie program incl. 
Å Neutrons, Muons
Å Radioactive beams

Å Off-site program incl
Å T2K/HK, Muon G-2, Belle2 
Å ATLAS, ALPHA
Å Dark Matter at SNOLAB  
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Geneva

Vancouver

Please visit us! 



ïIntroduction 

ÅMotivations

ÅQuantum sensing with atoms

ïGravity Measurement with 

ALPHA-g

ÅFocus on general ideas

Å(Detailed systematics) 

ïFuture

ÅHAICU( ): quantum sensing 

with antihydrogen

ÅSynergies with KEK-QUP

This will be a high-level talk

Makoto Fujiwara/TRIUMF

Nuclear Phys. News, Vol. 34, No.3 2024



ALPHA Antimatter Experiment at CERN

Objective: 
Test symmetries between anti-H and H

at highest possible precision

Anti-H: bound state of antiproton & positron



ÅCPT: Fundamental property of QFT
ïTheorem: atomic spectra of H & anti-H identical

ÅEinsteinõs Equivalence Principle
ïMatter and Antimatter fall in same way

Any violation would force radical change in theory!

Motivations: Symmetries
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Note QED is only tested to 10-11 level 



Atom as a Quantum Sensor 

E(atom)  = E0 + ɲEext + ɲENP

   E0 ~ me  2 Ҍ Χ fn{Qe, Qp, me, mp, rp, µe Χ }

   ɲEext : due to External field, e.g. E, B, Gravity

   ɲENP : due to New Physics, e.g. CPV, DM, 5th ŦƻǊŎŜ Χ 
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Atomic quantum sensor 

DeMille et al., Science 357, 990 (2017) 

Extremely high precision can be obtained in atomic system:
 10-19 or better!



More than 2 decades of development of cold antihydrogen

ATHENA at CERN AD 

Production of cold antihydrogen, Oct 3, 2002

Trapped antihydrogen, Nov. 17, 2010

Å!¢I9b!Ωǎ ŀƴǘƛ-H not trapped
ÅDeveloped new experiment to trap
anti-H for precision measurements in 2005

ÅALE τAntihydrogen Laser Experiment

ÅALPHA: Antihydrogen Laser PHysics Apparatus
      



Two machines at CERN: ALPHA-2 and ALPHA-g

3m
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ALPHA-g
Gravity measurement

(2022- )

ALPHA-2
Precision spectroscopy

(2014- )



ALPHA developments over past 20 years

Antihydrogen: 2 x 10-12

Hydrogen: 4 x 10-15

Within a factor of 
500!

Improvement in anti-H trapping

H & anti-H laser spectroscopy



Dropping Antimatter with ALPHA-g: First Result

[Nature621, 716 (2023)] 



Talk about Newtonõs apple tree 
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bŜǿǘƻƴΩǎ !ǇǇƭŜ ¢ǊŜŜ ŀǘ ¢wL¦aC

Lincolnshire, UK



ALPHA-g at CERNbŜǿǘƻƴΩǎ ǘǊŜŜ ŀǘ ¢wL¦aC



Going back to the Basics ð Newtonian limit
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Image problem?
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Newtonõs 2nd Law of Motion
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TRIUMF Cyclotron



Gravity

g
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Gravity is universal!

g

g: Gravitational acceleration
     (9.8 m/s2)

Gravity force is given by

ὥ Ὣ
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Dropping feather and hammer on the Moon: Apollo 15 (1971) 
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Test of Weak Equivalence Principle
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arXiv:2211.15412

ÅNo one has seen antimatter falls!
ÅMany arguments against Matter-Antimatter Gravitational AsymmetryτMAGA
ÅStrong indirect limits exist, e.g. from 5th force searces

ÅAsymmetry is not ruled out directly at the 1% level: 
ÅJoe Lykken et al, arXiv:0808.3929

Our ambition: to eventually match the precision of matter experiments!

https://arxiv.org/abs/2211.15412


Antimatter experiment is difficult; gravity even more so!
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CŜȅƴƳŀƴΩǎ [ŜŎǘǳǊŜǎ ƻƴ tƘȅǎƛŎǎ

Gravity is very weak!

hƴƭȅ ƛŦ ƛǘ ǿŜǊŜ ǎƻ ŜŀǎȅΧ







Trapping neutral anti -H atoms
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g

Neutrals: Magnetic òbottleó
Magnetic force

   F ᶯm Ö B)
m : Magnetic moment of atom

Minimum B at center Ą Field gradient 

pushes anti-H away from walls

Magnetic force: very weak! 

Ą Need coldest anti-H atoms

Ą Strongest field gradient possible 

/ƘŀǊƎŜŘ ǇŀǊǘƛŎƭŜǎΥ tŜƴƴƛƴƎ ¢ǊŀǇ όǎŜŜ ·ƛƴƎ CŀƴƎΩǎ ǘŀƭƪύ 



Release and detect anti-H
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Event display: Gareth Smith

Figure: T. Momose

Nathan Evetts

Annihilation position in 3D 

determined from trajectories


