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The Energy Content of our Universe
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Experimentsat the 
AD of CERN deal 

with matter / 
antimatter

symmetryandtests
of CPT invariance, 
antimatter gravity, 

asymmetric
antimatter dark

matter couling, and 
nuclearphysics

questions.



Matter / Antimatter Asymmetry
Combining theɤ-CDM modeland the SM our predictionsof the baryon
to photonratio are inconsistentby about 9 ordersof magnitude

NaiveExpectation

Baryon/Photon Ratio 10-18

Baryon/Antibaryon Ratio 1

Observation

Baryon/Photon Ratio 0.6 * 10-9

Baryon/Antibaryon Ratio 10 000

Onestrategyto try to resolvethis problemare technology-drivenhigh precisioncomparisonsof the fundamental 
propertiesof protonsand antiprotons. 
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CPT violation

Baryon Asymmetryin the Universe(BAU)
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antihydrogen 1S-2S

antihydrogen GSHFS

antihydrogen 1S/2S

comparisonsof the fundamental propertiesof simple matter / antimatter conjugatesystems
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Currentlysix active 
collaborations that perform
precisetests of 
fundamentalsymmetries
and gravitywith
antiprotons, antihydrogen,
andantiprotonichelium. 



Methods
Å¢Ƙƛǎ ŎƻƳƳǳƴƛǘȅ ƛǎ ǇŜǊŦƻǊƳƛƴƎ ƳŜŀǎǳǊŜƳŜƴǘǎ ǳǎƛƴƎ ǉǳŀƴǘǳƳ ǘŜŎƘƴƻƭƻƎƛŜǎ ŀǘ ǿƻǊƭŘ ƭŜŀŘƛƴƎ ǇǊŜŎƛǎƛƻƴΧ
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Innovation and Technology

ÅAntihydrogen traps

ÅAdvanced multi-Penning trap systems

ÅUltra-stable ultra-high powerlasers

Å Transportable antimatter traps and reservoir traps

ÅNon-destructive spin quantum transition spectroscopy

Å quantum logic spectroscopy

ΧŀƴŘ isa vital part of the low energyprecisionphysicscommunityΧ



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 weakequivalence
principle with antihydrogen

ASACUSA 
Antiprotonic helium
spectroscopy

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

PUMA
Antiproton/nucleiscatteringto
studyneutronskins

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 ς350 Scientistsς6 ActiveCollaborations
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Germany (apart from MPG) 
not stronglyinvolvedin this
program
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Progress

ÅProgress made sinceLS1
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ÅMatter / AntimatterComparisons

dramaticprogressin experimentalresolutionsincethe program wasstarted



SomeGroups Active

Hannover(BASE)
Ion and atomtraps / clocks/ QI

Düsseldorf(BASE)
Ion traps / antimatter / 
molecules/ clocks

Mainz(BASE / ASACUSA / GBAR)
Ion traps / Magnetometers/ QI

MPIK-Heidelberg(BASE)
Ion traps

München(MPQ - ASACUSA)
PrecisionLaser-Spectroscopy

GSI(BASE) / Darmstadt (PUMA)

Continouslyincreasingcommunity
in the German hemisphere



BASE ςPenning Traps - Antiprotons



BASE Measurements ς Proton to Antiproton Q/M
Result of 6500 proton/antiproton Q/M 
comparisons:

S. Ulmer et al., Nature524196 (2015)
M. Borchertet al,Nature 601, 53 (2022)

Ⱦ

Ⱦ
 ρ σφω ρπ  

Rexp,c = 1.001 089 218 757 (16)

Stringent test of CPT invariance with Baryons. 

Consistent with CPT invariance

BASE, in preparation(2021)

Å Set differential constraints on the weak 
equivalence principle by measuring charge-to-
mass ratio as a function of gravitational potential 
at surface of earth.

Å Final data analysis is work in progress.  

Property Limit
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3000-fold ImprovedAntiproton 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)

F
ir
st

 c
o

n
st

ra
in

ts
 o

n
 

a
n
tim

a
tt
e

r/
d
a

rk
 m

a
tt
e

r 
co

u
p
lin

g



To maketheseexperimentsbetterΧ.

Å New chair to support BASE Physics createdat HHU in 2022 ςclearlong-term perspective of BASE Physics program 
Å SFB-TR (DFG), with severalBASE-relatedprojectsinvolved, in preparation(HHU/Mainz). 

ÅBASE experimentslimited by fluctuations 
imposedby the CERN acceleratorchain

ÅAntiproton transport to dedicatedprecision
laboratoryspace at HHU Düsseldorf. 



Overview ςPUMA Collaboration
ÅGeneral:Low-energy antiprotons to probe the 

neutron-to-proton content of the radial density 
tail of stable (ELENA) and unstable (ISOLDE) nuclei

ÅMain tools: transportable Penning trap and time 
projection chamber for tracking of charged pions

ÅADUC hopes to see trapped antiprotons in PUMA in 
the 2024 run.

ÅRich physics program beyond LS3
explainedin detail by Norbert Pietralla



Laser spectroscopy of antiprotonic/pionic helium

2003: Laser spectroscopy with 80 keV beam of radiofrequency quadrupole decelerator PRL 91, 123401 (2003)

2005: Synthesis of cold two-body Rydberg antiprotonic helium ions                                 PRL 94, 063401 (2005)

2006: First accelerator experiment to use femtosecond optical frequency comb                PRL. 96, 243401 (2006) 

2011: First sub-Doppler two-photon laser spectroscopy of antiprotonic atom                    Nature 475, 484 (2011)

2016: Gas buffer cooling of two billion atoms and antiproton-to-electron mass ratio        Science 354, 610 (2016)

2020: First laser spectroscopy of  an atom containing a meson:  pionic helium atoms       Nature 581, 37 (2020)

2022: Narrowing of spectral lines of antiprotonic atoms in superfluid helium                    Nature 603, 411 (2022)

2023: Dedicated group established in Mainz and Imperial College London to carry out research to around 2040.

ὴHe+ : antiprotonic helium
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Short/medium term goals
ÅUse cooled antiproton beam of ELENA instead 

of uncooled beam of RFQD
ÅDetermine the antiproton-to-electron mass ratio 

1836.1526734 (15). 
ÅTest QED of antiprotons with 100x higher 

precision than before. (trap precision level)
ÅDetermine upper limits on beyond Standard 

Model fifth forces and spin-dependent forces.



AntihydrogenProduction and Trapping

NestedPenningTrapwith
Å Antiprotons and

Å Positrons 

trappedclose to eachother.

Differentantiproton/positron 
injection methods

trap electrodes

ALPHA collaboration: Nature 468, 673 (2010)

TrappedAntihydrogen
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!!! difficult !!!
Initially: lessthan one 

atomper attempt



ALPHA ς1S2S Spectroscopy

Tests hydrogen/antihydrogenCPT invariance with a fractionalprecisionof 2 p.p.t.
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Future perspective: Laser coolingof antihydrogenjust demonstrated
ALPHA collaboration, Nature 592, 35 (2021)

Spectroscopyidea: Annihilation as a functionof laser frequency. 


