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The Energy Content of our Universe

“Normal”

matter

?
?

Experiments at the 
AD of CERN deal 

with matter / 
antimatter

symmetry and tests 
of CPT invariance, 
antimatter gravity, 

asymmetric
antimatter dark

matter couling, and 
nuclear physics

questions.



Matter / Antimatter Asymmetry
Combining the Λ-CDM model and the SM our predictions of the baryon
to photon ratio are inconsistent by about 9 orders of magnitude

Naive Expectation

Baryon/Photon Ratio 10-18

Baryon/Antibaryon Ratio 1

Observation

Baryon/Photon Ratio 0.6 * 10-9

Baryon/Antibaryon Ratio 10 000

One strategy to try to resolve this problem are technology-driven high precision comparisons of the fundamental 
properties of protons and antiprotons. 

B - violation

CP violation

Arrow of time

CPT violation

Baryon Asymmetry in the Universe (BAU)
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comparisons of the fundamental properties of simple matter / antimatter conjugate systems
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Currently six active 
collaborations that perform
precise tests of 
fundamental symmetries
and gravity with
antiprotons, antihydrogen, 
and antiprotonic helium. 



Methods
• This community is performing measurements using quantum technologies at world leading precision…
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Innovation and Technology

• Antihydrogen traps

• Advanced multi-Penning trap systems

• Ultra-stable ultra-high power lasers

• Transportable antimatter traps and reservoir traps

• Non-destructive spin quantum transition spectroscopy

• quantum logic spectroscopy

…and is a vital part of the low energy precision physics community…



The AD/ELENA-Facility
ALPHA,
Spectroscopy of 1S-2S in 
antihydrogen

ASACUSA, ALPHA
Spectroscopy of GS-HFS in 
antihydrogen

ALPHA, AEgIS, GBAR
Test free fall weak equivalence
principle with antihydrogen

ASACUSA 
Antiprotonic helium
spectroscopy

BASE, BASE-STEP
Fundamental properties
of the proton/antiproton, tests
of clock WEP / tests of exotic
physics / antimatter-dark 
matter interaction, etc...

PUMA
Antiproton/nuclei scattering to
study neutron skins

M. Hori, J. Walz, Prog. Part. Nucl. Phys. 72, 206-253  (2013).

Six collaborations, pioneering work by Gabrielse, Oelert, Hayano, Hangst, Charlton et al.

60 Research Institutes/Universities – 350 Scientists – 6 Active Collaborations
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Germany (apart from MPG) 
not strongly involved in this
program
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• Progress made since LS1
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• Matter / Antimatter Comparisons

dramatic progress in experimental resolution since the program was started



Achievements Since the Start of the Program

2010

2002

2013

Start of antihydrogen physics

2014

2017 2019

2021

2022

2010

ALPHA
ASACUSA

2011

Production of a beam
of antihydrogen atoms

2015

1 +
(𝑞/𝑚)ഥp

(𝑞/𝑚)p
 =

1 69 × 10−12 

69 p.p.t. 
proton/antiproton q/m 

comparison

trapped antihydrogren

2018

2ppt antihydrogren 1S2S spectroscopy

ALPHA
BASE

laser-cooled
antihydrogren and 
sympathetically
cooled protons

antimatter/dark matter coupling

5ppm pbar moment

1.5ppb pbar moment

WEP test with clocks
𝑚 ҧ𝑝/𝑚𝑒 at 0.8ppb

𝑚 ҧ𝑝/𝑚𝑒 at 1.5 ppb

2020

Hbar production in GBAR

2012

Resonant quantum 
transitions in Hbar

Type 
equation 
here.

• Advanced charged
plasma control 
techniques

• Advanced magnetic
trapping

• High power UV-
laser technology

• Non-destructive 
quantum-transition 
spectroscopy

• Ultra-low-noise 
trapping techniques

• Sympathetic 
cooling and 
quantum-logic 
spectroscopy

Laser cooled positrons

2023



2023 – AD/ELENA – Facility News
• Does antimatter fall up?

• Sudied with the ALPHA-g experiment

https://www.nature.com/articles/s41586-023-06527-1

• Experiment principle: Study antimatter gravity by applying a magnetic
bias to the trap, and releasing the trap. Count what is being detected
as a function of position. 

• Such experiments were proposed already in the 1970ies. 

• Initiative to study gravity with antiprotons failed in the 1990ies

• Numerous cosmological models that require repulsive gravity
or no gravity ruled out by this measurement. 

𝛼𝑔 = 0.75(20) so there is headroom for anomalous gravity for antimatter – which would change our understanding 

of physics



BASE – Penning Traps - Antiprotons



Charge-to-Mass Ratio Measurement
• In BASE one frequency ratio measurement

takes 240 s, 50 times faster than in 1999 
measurement

• Sideband Method

𝜈+ = 𝜈𝑟𝑓 + 𝜈𝑙 + 𝜈𝑟 − 𝜈𝑧

• Peak Method

First Measurement: S. Ulmer, et al., Nature 524, 196 (2015)

A. Mooser, et al., Nature 509, 596 (2014) / Cornell et al., PRA  (1991)

In aspects similar to G. Gabrielse, et al.,Phys. Rev. Lett. 82, 3198 (1999)

𝜈𝑐 = 𝜈+
2 + 𝜈𝑧

2 + 𝜈−
2

𝑚H− = 𝑚p(1 + 2
𝑚e

𝑚p
−

𝐸b

𝑚p
−

𝐸a

𝑚p
+

𝛼pol,H− 𝐵0
2

𝑚p
)

Effect Magnitude

𝑚𝑒/𝑚𝑝 0.001 089 234 042 95 (5) MPIK/
HHU-D

−𝐸𝑏/𝑚𝑝 0.000 000 014 493 061 … MPQ

−𝐸𝑎/𝑚𝑝 0.000 000 000 803 81 (2) Lykke

• Compare hydrogen ions to antiprotons

BASE is the first experiment which has implemented this method, now
also used by many others



Improvements and Acquired Data Set

Technical Improvements:
• Systematics by resonant particle 

tuning -> Tuneable Detectors

• Accelerator imposed magnetic field 
fluctuations -> Multi layer shielding 
systems / reservoir trap

• Intrinsic magnetic field stability 
limitation -> redesign of cryo-inlay of 
the apparatus

• Implementation of direct frequency 
measurement techniques for lower 
measurement fluctuation (work once 
AD is off). 

S. Ulmer et al., Nature 524 196 (2015)

(𝑞/𝑚)ഥp

(𝑞/𝑚)p
 +1 = 1 69 × 10−12 

Rexp,c = 1.001 089 218 755 (69)

Previous BASE Measurement (2015): Improved measurement (2018/2019):



Systematic Effects and Result



The Result

Campaign 𝑹𝒆𝒙𝒑 𝝈(𝑹)𝒔𝒕𝒂𝒕 𝝈(𝑹)𝒔𝒚𝒔

2018-1-SB 1.001089218748 27 ∗ 10−12 27 ∗ 10−12

2018-2-SB 1.001089218727 47 ∗ 10−12 49 ∗ 10−12

2018-3-PK 1.001089218748 19 ∗ 10−12 14 ∗ 10−12

2018-1-SB 1.001089218781 19 ∗ 10−12 23 ∗ 10−12

Result 1.001 089 218 757 (16)

𝑅ഥ𝑝,𝑝 = −1.000 000 000 003 (16)

• Most precise test of CPT invariance in the baryon sector

Result consistent with CPT invariance

SME Limits
10−12 10−9 10−6 10−3

Ding et al., Phys. Rev. D 102, 056009 (2020)



Interpretation
• Differential test of the clock weak equivalence principle comparing a 

matter and an antimatter clock

Broad band time base analysis is under evaluation -> time dependent coefficients

Property Limit

𝛼𝑔 − 1 < 1.8 ∗ 10−7

𝛼𝑔,𝐷 − 1 < 0.03

• Derived limits for global and differental
considerations

• Constraints set limits similar to goals 
of experiments that drop 
antihydrogen in the gravitational field
of the earth. 

• Looking forward to these results, rapid
progress in ALPHA-g and GBAR, stay
tuned for beamtime 2022 / 2023. 



Outlook
• Using phase sensitive methods

20 p.p.t. / 24h , but only possible during accelerator shutdown

• Recent development: Two Particle Method (similar to 
MIT/FSU experiments (Pritchard/Myers) and recent MPIK-
results (Blaum/Sturm)), «simple» for Q/M ratios, very
difficult for nuclear moments

• Current problem: Magnetic 
field fluctuations imposed by 
the antiproton decelerator.   

Transportable 
antiproton 
traps coming 
soon (see also 
PUMA)

H- ion pbar

Antiproton: Two particles in one trap

• Masterplan: Develop transportable antiproton traps and 
perform offline spectroscopy e.g. at HHU Düsseldorf



To make these experiments better….

• New chair to support BASE Physics created at HHU in 2022 – clear long-term perspective of BASE Physics program 
• SFB-TR (DFG), with several BASE-related projects involved, in preparation (HHU/Mainz). 

• BASE experiments limited by fluctuations 
imposed by the CERN accelerator chain

• Antiproton transport to dedicated precision
laboratory space at HHU Düsseldorf. 



The Antiproton Magnetic Moment

C. Smorra et al., Nature 550, 371 (2017).

A milestone measurement in antimatter physics

CERN COURIER, 3 / 2018.
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{BASE multi-Penning traps

exotic atoms

principal limit of current method 
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Larmor Frequency – extremely hard

Energy of magnetic dipole in 
magnetic field

Φ𝑀 = −(μ𝑝 ⋅ 𝐵)

𝐵𝑧 = 𝐵0 + 𝐵2 (𝑧2 −
ρ2

2
) Leading order magnetic field 

correction

This term adds a spin dependent quadratic axial potential 
-> Axial frequency becomes a function of the spin state

Δν𝑧~
μ𝑝𝐵2

𝑚𝑝ν𝑧
: = α𝑝

𝐵2

ν𝑧

- Very difficult for the proton/antiproton system. 

𝐵2~300000 𝑇/𝑚2

- Most extreme magnetic conditions ever applied to single 
particle.

∆𝜈𝑧~170 𝑚𝐻𝑧

Measurement based on continuous Stern Gerlach effect. 

Frequency Measurement
Spin is detected and analyzed via 
an axial frequency measurement

S. Ulmer, A. Mooser et al. PRL  106, 253001 (2011)
Single Penning trap method is limited to the p.p.m. level
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the curse (and blessing): 1000 times 
harder than electron experiments



Multi Penning-Trap Methods

Initialize the spin state
1.) measure cyclotron 𝜈c

2.) drive spin transition at 𝜈rf

analyze the spin state

measures spin flip probability as a function of the drive frequency in the homogeneous magnetic field of the precision trap
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Invented by H. 
Haeffner, in 
group of G. 

Werth also highly
relevant in 

electron mass 
measurements
and tests of BS 
QED (Blaum / 
Sturm et al.)



The «holy-grail»: single antiproton spin flips

• First non-destructive observation of single-antiproton spin-quantum transitions. 

• This is one of the hardest measurements you can do in a Penning trap!

• Double trap method ultimately requires single spin-flip detection with high 
fidelity. 

C. Smorra et al., Phys. Lett. B  769, 1 (2017)



First Ingredient: Single Spin Flip Resolution
• Multi trap: Need to be able to identify the spin state in one 

single measurement attempt. 

• To identify spin flip: Cannot accept more than 2 cyclotron 
quantum jumps in a spin state identification cycle (4 min). 

particles with single spin-flip resolution 
are in this temperature range

• Particle at 0.1K cyclotron 
temperature allows for 
spin state detection with 
90% fidelity

• Particle preparation by 
resistive cooling

• Took in 2016 about 15h to 
prepare such a cold 
antiproton

• Cyclotron frequency measurement in double trap cycle heats the 
cyclotron mode of the particle 
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high-fidelity spin 
state resolution

fidelity at 65%, 
not useful for 

measurements

ζ+ =
𝑞2𝑛+

2𝑚 ҧ𝑝ℏ𝜔+
𝑆𝐸 𝜔+



TTM – Triple Trap Method – Divide and Conquer



3000-fold Improved Antiproton Moment Measurement
New idea: divide measurement to two particles

win: 60% of time usually used for sub-thermal cooling 
useable for measurements

first measurement more precise for antimatter than for matter...
Smorra et al. (BASE), Nature 550, 371 (2017) Schneider et al. (BASE), Science 358, 1081 (2017) Smorra et al.(BASE), Nature (575), 310 (2019)
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Dominant Systematic Trap – Uncertainty

Dominant shift from trap systematics at our
current magnetic field properties:

Need to get rid of this scaling in future runs -> 
local tuning magnets need to be implemented. D
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System running successfully in persistent 
mode. 

Able to tune the B2 coefficient to 0 
within uncertainties of 0.0006 T/m2

Reduces the dominant systematic
uncertainty of the previous magnetic
moment measurement by more than a 
factor of 10000.

Yet open: B1 coil below expected limits… (16mT/m)



The single spin flip 2022
• Current experiment: 

• considerably improved particle
cooling, thus much higher
sampling rate

• Double trap measurement
cycles demonstrated -> reduced
systematics

• Ultra homogeneous magnetic
field

• Ultra stable experiment magnet
• Coherent quantum 

spectroscopy methods and 
phase methods available.

• Successful detection of 
spin transitions with
99.95% detection fidelity

• Much faster experiment
cycles possible.

• Threshold initialization
not required anymore.

2016

rf-traps other Penning traps 

2016/2017

2022/2023

Very optimistic to improve the antiproton moment measurement by >factor of 10 

Possibilities: Direct measurement of 3He2+ / 10 fold improved limits on MCP / 20neV absolute energy resolution



Recent Achievements – Sympathetic Cooling
• Magnetic moment measurements are limited by particle temperature and would be

considerably accelerated by inventing a method beyond resistive cooling

Method proposed by Wineland and Heinzen: Couple 
particles in different traps via image currents. 

One of the particle types: Laser cooled species
Transfer particle temperatures from one trap to the 
other. 

First proof of principle demonstration successful!!!

Demonstrated proton temperature reduction by 
about a factor of 8. 

New trap geometries under development for more 
efficient cooling

Bohman et al., Nature 596, 514 (2021)
Simulations: Optimized procedures will enable 20 mK temperatures in 10 s.   



Summary

• Talked about recent precision measurements in BASE, with the flag-
results 16ppt measurement of the antiproton/proton charge-to-mass 
ratio, and a progress towards a considerably improved measurement 
of the antiproton/proton magnetic moment.

• Some searches for more exotic physics.

• Future plans:

• Considerably improved measurement of the antiproton moment in reach –
excellent progress

• Improved measurements by developing transportable antimatter traps
• Improved measurements by implementing new technologies

Promising future experiments possible



Thank you very much for your attention

60 Research Institutes/Universities – 350 scientists – 6 Collaborations
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