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Testing the Foundations of Physics with Trapped Antihydrogen 

• Foundations of Physics 
• CPT Invariance - The 

Standard Model  
• Making Trapped Antihydrogen 
• Spectroscopy - ALPHA 2 
• Foundations of Physics 

•  Equivalence Principle - 
General Relativity 

•  Dropping Antihydrogen - 
ALPHA-g 

• The Future 



Invariance/Symmetry  Conservation Laws



Invariance/Symmetry  Conservation Laws

• Time Zero 👉 Energy 

• Position of origin 👉 Linear Momentum 

• Angle of axes 👉 Angular Momentum 



Discrete Symmetries Conserved Quantum Numbers
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• Parity Inversion 

qQ ⟹ (−q)(−Q) = qQ

⃗r ⟹ − ⃗r | − ⃗r |2 = | ⃗r |2

σ(AB → CD) = σ(CD → AB)

• Charge conjugation (particle to antiparticle)

• Time Reversal 

̂r ⟹ − ̂r

⃗F is force on q due to Q



CPT Invariance and The Standard Model

CPT Invariance requires particles and their antiparticles have the same mass 
and magnetic moment as well as equal and opposite electric charge. 

Also atoms and anti-atoms have the exact same energy levels.

is invariant under the combined action of C, P, and T (G.Luders, Annals Phys. 
2, 1957). The Standard Model is such a theory.



f = 2,466,061,413,187,035 (10) Hz

The most precisely measured system 
in physics is the hydrogen atom.


In particular, the 1S-2S transition 
frequency is measured to be:

Measuring the same quantity for 
antihydrogen would then constitute a 
very powerful test of CPT Invariance 
of the Standard Model.


Phys . Rev Lett . 107 203001 (2011)



The ALPHA Collaboration ~ 55 physicists from 17 institutions







<2021 - Antiproton Decelerator

• ~30 million antiprotons 
every ~2 minutes 


• KE of 5.3 MeV

• 8 hours of beam per day

2021 - ELENA 

• ~7.5 million antiprotons 
every ~2 minutes


• KE of 100 keV

• Beam delivered 24/7

Antiprotons for ALPHA



Catching
Trap

ALPHA 2

ALPHA-g

Positron Accumulator







Penning Trap
• Varying electric field for axial confinement


• Solenoidal magnetic field for radial confinement

Atom Trap
• Octupole for magnetic gradient

• Potential energy of magnetic dipole in B field

U = − ⃗μ H̄ ⋅ ⃗B
• Antihydrogen is confined to minimum U



μH̄ for ground state H̄ is dominated by positron

The magnetic field gradient in ALPHA is ΔB ≈ 0.8 T

The trap depth is therefore on the order of ΔU ∼ μBΔB ≈ 50 μeV (0.5 ∘K)

Only ultra cold antihydrogen can be trapped

Hence μH̄ ≈ μB ∼ 6 × 10−11 MeV/T



Need to do lots of cooling at all stages of antihydrogen production





The Double-Sided Silicon Vertex Detector

30,000 channel strips 
~0.8 m2 active area 

30,000 channel strips 
~0.8 m2 active area 



Major background is cosmic rays

• Cuts on reconstructed vertex position and 
“straightness” of combined track - Efficiency 
~68% with false-positive rate of 47 MHz


• Machine Learning: Boosted Decision Trees - 
Efficiency ~40% with false positive rate of 4 MHz

Two methods for cosmic ray rejection 



Spectroscopy with Antihydrogen

• Trap antihydrogen (3 mixing cycles, ~40 atoms)


• Clear out any remaining charged particles


• 300s laser exposure at frequencies near the |1S,d> to |2S,d> 
transition


• 32s microwave sweep to eject |1S,c>


• Ramp down magnets to detect remaining Hbars



CPT Test

f = 2,466,061,103,079.4 (5.4) kHz

f = 2,466,061,103,080.3 (0.6) kHz

• Appearance - 1991 antihydrogen detected 
during laser illumination 


• Disappearance - 6137 antihydrogen 
detected during trap shutdown
≥ 15000 H̄ trapped

Our result for antihydrogen:

The value for hydrogen at the same field:

Δf = 0.9 ± 5.4 kHz < ∼ 2 × 10−20 GeV  They agree to a part in 1012



Laser Cooling of Antihydrogen



The international journal of science / 1 April 2021

LASER-COOLED  
ANTIMATTER
Ultraviolet beam manipulates and  
cools antihydrogen atoms
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Laser Cooling of Antihydrogen Achieved!



Testing the Equivalence Principle using Antihydrogen 



The Equivalence Principle • Newton compared the period of a 
pendulum for a number of bob 
materials (gold, sand, wood, water, 
wheat!) and found it to be equal to 
a part in a thousand T = 2π

mIℓ
mGg

a = ( mG

mI ) g

mIa = G
mGME

R2
E

FI = mIa FG = G
mGME

R2
E

FI = FG

so a = g if mG = mI



The Equivalence Principle and General Relativity

mI
d2xλ

dτ2
= − mG

dxμ

dτ
Γλ

μν
dxν

dτ



Present Limit on Violation of the 
Equivalence Principle

1.3 × 10−14



The Equivalence Principle has never been tested with antimatter 
Difficult to do with charged antiparticles (e.g., positrons)



ALPHA-g



The radial Time Projection Chamber (rTPC)

• 2.3 m long, 20 cm inner diameter, 40 cm outer diameter


• 256 wires, 18,432 pads


• Resolutions:

∙ ∼ 5 mm in z

∙ ∼ 9 mm in r

∙ ∼ 18∘ in azimuth
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It Worked!



More Cosmic Ray Rejection



The Barrel Cosmic-ray Veto Detector
• 64 scintillator bars running the 

length of the rTPC


• Time resolution of <300 ps


• Will further reduce the cosmic 
rate to ~7 Hz



“Dropping” Antihydrogen 
For an antihydrogen atom in the trap at vertical location z the potential is:

U(z) = μBB(z) − mH̄ḡz

For Δz = 40 cm → ΔUG ≈ 4 × 10−8 eV

ΔUG

μB
≈ 0.7 mT

This corresponds to a magnetic field of

For a 1% measurement must control the 
magnetic environment to 10^-6 T



Some Future Plans (Dreams?)
• Antihydrogen Fountain - HAICU

• Antihydrogen Molecule

• Spectroscopy and Gravity 
test with Deuterium



Conclusions
• ALPHA has made huge gains in learning how 

to trap 100’s of antihydrogen atoms for many 
hours.


• We have tested CPT Invariance to a part in 
1012 through measurements of the 1S-2S 
transition frequency.


• We have demonstrated laser cooling which 
will allow an improvement of several orders 
of magnitude on this measurement.


• We are installing ALPHA-g now with the 
intent to make an “up-down” measurement 
this year and a 1% test of WEP by 2024.

More information at www.york.ca/menary/experiments/research.html


