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What is antimatter?
• Particles have “twins” same mass, opposite charge

- +Matter:
Electron Proton

Antimatter:
Positron Antiproton

+ -

Dirac (1928)
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What is antimatter?
• Neutral antimatter atoms

Matter: -

+

Hydrogen

Antimatter: +

-Antihydrogen
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What is Antimatter?
• What happens when they meet their twin?

+

-
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What is Antimatter?

• Annihilation!
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Annihilations
• Positron / Electron:  photons (511 keV)

• Antiproton / Proton: Many possibilities - Pions, etc.

positron / electron 
Annihilation

proton / antiproton
Annihilation
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Why make Antihydrogen

• Physical laws identical under CPT transformation: 
Antihydrogen must be identical to Hydrogen!

• Baryon Asymmetry: The universe seems made 
almost entirely of matter! Really? Why?

• Gravity: How does antimatter respond to gravity? 
Weak equivalence principle!  
Insights for quantum gravity? Dark Energy ?

• Note: ANY difference between H̄ and H will imply 
new physics!
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Energi Budget of the Universe

Known [normal matter]
Known unknowns [dark matter]
Unknown unknowns [dark energy]
Antimatter ? : 0%
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Why/how does H̅ help?

• Only pure antimatter 
system so far!

• Antihydrogen is neutral!

• Spectroscopic techniques 
can be brought to bear.

• Ex: H-H̅ comparison by 
1s-2s two photon 
spectroscopy.
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Charged Particle Traps
• All our traps are Penning-Malmberg traps

B-!eld

+V

+V

Charged Particle
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Where do Positrons come from?

• Fairly Easy: Positive β+ decay in radioactive isotopes
• Potassium-40 in Bananas: ~ 1 positron / hour

• We use Sodium-22 source: ~ 10 M / sec

“I am a banana!” Don Hertzfeld
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Lake Geneva
Airport

Meyrin Site

LHC
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Where do Antiprotons come from?

• Energetic proton creates Proton/Antiproton pair

• Charge/Mass selected

Cern Proton Synchrotron

-+

(and other stuff)

+

26 GeV/c

3.7 GeV/c
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Antiproton Decelerator
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(Old) ALPHA Setup

p̄

e+
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Annihilation Detection
• Si-strip detection

• Vertex resolution ~ 1mm

• Efficiency ~ 50%

Si-strips

Electrode 
wall

Reconstructed track
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(Anti)Atom Trap
• Atoms can be trapped on their magnetic dipole-

moment.

• Atoms can be trapped in a 3D magnetic minimum.

U = �µ̄ · B̄

Ioffe-Pritchard Geometry

�B =
�

B2
sol + B2

wall �Bsol

Shallow : ~ 0.7 K/T for H ground state



Suspending magnets by magnets…

Geim : Ig Noble Price (2000)
[unrelated: Noble price in 2010]



Antihydrogen trapping
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Cosmic Background
• One fake signal to worry about : cosmic rays!

• Example (2010/11) : 1.4/1000 cosmic “fakes” / experiment

Antiproton
Annihilation Cosmic Ray

 ALPHA, PLB 695, 95 (2011)

Phys. Lett. B 695, 95 (2011)



ALPHA upgraded 2013
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Antihydrogen stacking
• Charged particles become “annoying” plasmas - 

neutral don’t talk much : Stacking.
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Experimental sequence
• Mix 90,000 antiprotons and 1.6 million positrons in the 

hbar trap

• Eject remaining charged particles

• Allow trapped antihydrogen to decay to ground state, then 
three options :

1.Inject laser ON resonance;   300 s c-c then 300 s d-d
2.Inject laser OFF resonance; 300 s c-c then 300 s d-d
3.No laser; 600 s total

• Ramp down trap magnets (in 1.5s), detect any 
antihydrogen that escapes.

Nature, 541, 566-510 (2017)
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Multi-variate analysis
• “Simple” data :  

(a) Hits on silicon detector units. 
(b) Reconstruct tracks 
(c) Reconstruct annihilation points.

• Old fashioned :  
- e.g. require >2 tracks for a “real” event vs. a cosmic ray 
event.

• MVA :  
- Lots of variables (e.g. curvatures, #tracks, overlaps, …) - 
use “pure” samples of annihilations (mixing) and 
background to train decision “tree” / “forest”. 
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Boosted Decision Trees
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Performance (on samples)

• Depending on experiment, we (first) choose the 
MVA that best matches circumstances 

0

0.2

0.4

0.6

0.8

1

10-6 10-5 0.0001 0.001 0.01 0.1 1 10

Boosted Decision Tree Performance

S
ig

n
a

l A
c
c
e

p
ta

n
c
e

Background Rate [Hz]

disappearance

appearance



AL HA

Disappearance
• Results from 11 trials (1.5s windows!) 

 
 
 
 
 
 

• On-Off differ by 92±15 detected (58±6)% 
removed. 47% predicted by simulation.  
(detector efficiency here is 0.688)

Type Detected 
events Background Uncertainty

Off 
resonance 159 0.7 13

On 
resonance 67 0.7 8.2

No Laser 142 0.7 12

Nature, 541, 566-510 (2017)
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Appearance
• Window : 600s laser exposure. (same trials) 

 
 
 
 
 

• Difference on/off : 52±10. 
(Detector efficiency here is 0.376) 

• Budget:   antiatoms missing = 92/0.688 ≅ 134 
              annihilations = 52/0.376 ≅ 138

Type Detected 
events Background Uncertainty

Off 
resonance 27 28.4 5.2

On 
resonance 79 28.4 8.9

No Laser 30 28.4 5.5

Nature, 541, 566-510 (2017)
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No comment…
Nature, 541, 566-510 (2017)
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1S-2S Lineshape
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Spectral Lines of H̅

• Appearance scaled response detuning D: L(D)/L(0) (L = lost H̅) 
Disappear. : [S(-200kHz)-S(d)]/[S(-200kHz)-S(0)] (S = survived)

• Fit result: P1=1135(50mW), P2=904(30)mW, P3=1123(43)mW, 
P4=957(31)mW and df = -0.44±1.9kHz (@ 243nm)

LETTER RESEARCH

frequency because of a hardware failure in an early block of four trials; 
extra trials were added to compensate for the excluded data.

To examine the general features of the measurement results, we plot 
(Fig. 3a) the four datasets on one graph by using a simple scaling. The 
points at zero (on-resonance) and −200-kHz detuning (at which no 
signal is expected7), repeated for each set, are used for the scaling. For 
the laser exposure (‘appearance’) data, we define a scaled response at 
detuning D within each set: rl(D) = L(D)/L(0). Similarly, for the sur-
viving population (‘disappearance’ data), we use rs(D) = [S(−200 kHz) 
− S(D)]/[S(−200 kHz) − S(0)]. The uncertainties shown are due to 
Poissonian counting errors only. For comparison, we also plot the 
results of a simulation19 based on the expected behaviour of hydrogen 
in our trap for a cavity power of 1 W, scaled to the zero-detuning data 
point. We see that the peak position and the width of the scaled spec-
tral line are consistent with the calculation for hydrogen and that the 
experiment generally reproduces the predicted asymmetric line shape. 
There is also good agreement between the appearance and disappear-
ance data (Fig. 3a).

The simulation involves propagating the trapped atoms in an accu-
rate model of the magnetic trap. When an atom crosses the laser 
beam, which has a waist of 200 µm at the cavity centre, we calculate 
the two-photon excitation probability, taking into account transit-time 
broadening, the a.c. Stark shift and the residual Zeeman effect. The sim-
ulation determines whether excited atoms are lost owing to ionization 
or to a spin-flip event. The variable input parameters for the simulation 
are the cavity power and the laser frequency. The modelled response is 
asymmetric in frequency owing to the residual Zeeman effect19. The 
width of the line, for our experimental parameters, is dominated by 
transit-time broadening, which contributes about 50 kHz full-width 
at half-maximum (FWHM) at 243 nm. For 1 W of cavity power, the 
a.c. Stark shift is about 2.5 kHz to higher frequency and the ionization 
contributes about 2 kHz to the natural line width.

To make a more quantitative comparison of the experimental results 
with the expectations for hydrogen, it is necessary to scrutinize differ-
ences between the four datasets. The overall response should be linear 
in the number of atoms addressed, so it is possible to normalize for this. 
However, the line width depends on the stored power in the cavity, as 
does the frequency of the peak (Fig. 3b). The cavity power is difficult 
to measure in our geometry because the amount of transmitted light 
depends sensitively on the small transmission from the output coupler 
(about 0.05%) and on absorption in the optical elements through which 
the transmitted light exits (Fig. 1). We observe that the transmitted 
power can degrade, owing to accumulated ultraviolet damage to the 
window and mirror substrate, whereas the finesse of the cavity does 
not change.

A modelling approach that self-consistently accounts for fluctuations 
in experimental parameters is a simultaneous fit in which we allow the 
four sets to have distinct powers (P1–4), but the same frequency shift 
with respect to the hydrogen calculation (Methods). We require that 
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Fig. 2 | Hydrogenic energy levels. Calculated energies (E; for hydrogen) 
of the hyperfine sublevels of the 1 S (bottom) and 2 S (top) states are 
plotted against magnetic field strength. The centroid energy difference 
E1S–2S = 2.4661 × 1015 Hz has been suppressed on the vertical axis. The 
vertical black arrow indicates the two-photon laser transition probed here 
(frequency fd–d); the red arrow illustrates the microwave transition used to 
remove the 1Sc state atoms (frequency fc–b).
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Fig. 3 | Spectral line of antihydrogen. a, The complete dataset, scaled as 
described in the text. The simulated curve (not a fit, drawn for qualitative 
comparison only) is for a stored cavity power of 1 W and is scaled to the 
data at zero detuning. ‘Appearance’ refers to annihilations that are detected 
during laser irradiation; ‘disappearance’ refers to atoms that are apparently 
missing from the surviving sample. The error bars are 1-s.d. counting 
uncertainties. b, Three simulated line shapes (for hydrogen) are depicted 
for different cavity powers to illustrate the effect of power on the size and 
the frequency at the peak. The width of the simulated line (FWHM) as a 
function of laser power is plotted in the inset.

N A T U R E | www.nature.com/nature
© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

LETTER RESEARCH

frequency because of a hardware failure in an early block of four trials; 
extra trials were added to compensate for the excluded data.

To examine the general features of the measurement results, we plot 
(Fig. 3a) the four datasets on one graph by using a simple scaling. The 
points at zero (on-resonance) and −200-kHz detuning (at which no 
signal is expected7), repeated for each set, are used for the scaling. For 
the laser exposure (‘appearance’) data, we define a scaled response at 
detuning D within each set: rl(D) = L(D)/L(0). Similarly, for the sur-
viving population (‘disappearance’ data), we use rs(D) = [S(−200 kHz) 
− S(D)]/[S(−200 kHz) − S(0)]. The uncertainties shown are due to 
Poissonian counting errors only. For comparison, we also plot the 
results of a simulation19 based on the expected behaviour of hydrogen 
in our trap for a cavity power of 1 W, scaled to the zero-detuning data 
point. We see that the peak position and the width of the scaled spec-
tral line are consistent with the calculation for hydrogen and that the 
experiment generally reproduces the predicted asymmetric line shape. 
There is also good agreement between the appearance and disappear-
ance data (Fig. 3a).

The simulation involves propagating the trapped atoms in an accu-
rate model of the magnetic trap. When an atom crosses the laser 
beam, which has a waist of 200 µm at the cavity centre, we calculate 
the two-photon excitation probability, taking into account transit-time 
broadening, the a.c. Stark shift and the residual Zeeman effect. The sim-
ulation determines whether excited atoms are lost owing to ionization 
or to a spin-flip event. The variable input parameters for the simulation 
are the cavity power and the laser frequency. The modelled response is 
asymmetric in frequency owing to the residual Zeeman effect19. The 
width of the line, for our experimental parameters, is dominated by 
transit-time broadening, which contributes about 50 kHz full-width 
at half-maximum (FWHM) at 243 nm. For 1 W of cavity power, the 
a.c. Stark shift is about 2.5 kHz to higher frequency and the ionization 
contributes about 2 kHz to the natural line width.

To make a more quantitative comparison of the experimental results 
with the expectations for hydrogen, it is necessary to scrutinize differ-
ences between the four datasets. The overall response should be linear 
in the number of atoms addressed, so it is possible to normalize for this. 
However, the line width depends on the stored power in the cavity, as 
does the frequency of the peak (Fig. 3b). The cavity power is difficult 
to measure in our geometry because the amount of transmitted light 
depends sensitively on the small transmission from the output coupler 
(about 0.05%) and on absorption in the optical elements through which 
the transmitted light exits (Fig. 1). We observe that the transmitted 
power can degrade, owing to accumulated ultraviolet damage to the 
window and mirror substrate, whereas the finesse of the cavity does 
not change.

A modelling approach that self-consistently accounts for fluctuations 
in experimental parameters is a simultaneous fit in which we allow the 
four sets to have distinct powers (P1–4), but the same frequency shift 
with respect to the hydrogen calculation (Methods). We require that 
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of the hyperfine sublevels of the 1 S (bottom) and 2 S (top) states are 
plotted against magnetic field strength. The centroid energy difference 
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(frequency fd–d); the red arrow illustrates the microwave transition used to 
remove the 1Sc state atoms (frequency fc–b).
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Fig. 3 | Spectral line of antihydrogen. a, The complete dataset, scaled as 
described in the text. The simulated curve (not a fit, drawn for qualitative 
comparison only) is for a stored cavity power of 1 W and is scaled to the 
data at zero detuning. ‘Appearance’ refers to annihilations that are detected 
during laser irradiation; ‘disappearance’ refers to atoms that are apparently 
missing from the surviving sample. The error bars are 1-s.d. counting 
uncertainties. b, Three simulated line shapes (for hydrogen) are depicted 
for different cavity powers to illustrate the effect of power on the size and 
the frequency at the peak. The width of the simulated line (FWHM) as a 
function of laser power is plotted in the inset.

N A T U R E | www.nature.com/nature
© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Nature, 557, 71-75 (2018)
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Result
• At a magnetic field of 1.03285(63) T : 

• fd-dexp = 2,466,061,103,079.4(5.4) kHz

• fd-dcalc = 2.466,061,103,080.3(0.6) kHz 

• Consistency to 2 x 10-12

• Hydrogen precision state of the art : 4.2 x 10-15

• Used ~ 15000 antihydrogen atoms. 

• The most precise and accurate measurement on 
antimatter to date. 

Nature, 557, 71-75 (2018)
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ALPHA-g addition
E
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Breit Rabi Diagram
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ALPHA Collaboration Meeting CERN: 6th-8th Dec. 2010      Mike Hayden
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A-g new detectors
• Two detectors :  

- Radial Time Projection Chamber (wire chamber) 
- Barrel Scintillator detector 
- Large solid angle for cosmic rays…

• BDT example
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BDT Response (ex.)
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Gravity Experiment (live!)

• Trap Antihydrogen in 
vertical trap

• Slowly (20s) lower 
the vertical walls of 
the trap to let them 
escape.

Simulations (normal g)
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More is done/coming…
• GS Hyperfine splitting (Nature 548, 66 (2017))

• 1S-2P transitions (Nature 561, 211 (2018); Nature 578, 375 (2020))

• Laser-cooling of Antihydrogen 1S-2P (Nature 592, 35 (2021))

• Sympathetically cooled positrons (Nat. Com. 12, 6139 (2021))

• Higher precision measurements (improved metrology and 
statistics) - and more states (to extract fundamental consts.)

• Gravity measurements ongoing - hoping for some results in the 
last few weeks of beamtime
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Thank you 

for listening!


