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Comparing Properties of Matter/Antimatter Conjugates
The Standard Model: Spectacularly successful, yet incomplete:

Ʒ Does not incorporate gravity
Ʒ Requires 26 (experimentally determined) free parameters
Ʒ Only describes ~5% of the Universe's energy budget

(cannot explain dark matter/dark energy/matter-antimatter asymmetry)

One Approach : Compare antiprotons/antiatoms with their matter 
counterparts to probe physics beyond the Standard Model.

BASE: The Baryon Antibaryon Symmetry Experiment
performs  quantum  resolved  antiproton  magnetometry  to

Test CPT Invariance

Search for Exotic Physics with Antimatter

Help understand Matter/Antimatter Asymmetry



Experimental signatures  of CPT violation  can be probed  through  
ultra -precise  comparisons  of the fundamental properties  of 
matter/antimatter systems :
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Overview Paper:
M. Hori, J. Walz, Physics at 9EÅ ќƚ antiproton decelerator,
Prog. Part. Nucl. Phys. 72, 206-253  (2013)

60 Research Institutes/Universities
350 Scientists т 6 Active Collaborations:
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Antiprotonic helium 
spectroscopy т ASACUSA

Fundamental properties of proton/antiproton,
Test of exotic physics based on interactions 
with antimatter т BASE

Antiproton/nuclei scattering to 
study neutron skins т PUMA

Spectroscopy of 1S-2S
in antihydrogen т ALPHA

Spectroscopy of GS-HFS
in antihydrogen т ASACUSA, ALPHA

Free fall weak equivalence principle
tests with antihydrogen т ALPHA, AEgIS, GBAR



Experimental signatures  of CPT violation  can be probed  through  
ultra -precise  comparisons  of the fundamental properties  of 
matter/antimatter systems :
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Overview Paper:
M. Hori, J. Walz, Physics at 9EÅ ќƚ antiproton decelerator,
Prog. Part. Nucl. Phys. 72, 206-253  (2013)

3 Collaborations developing transport traps

CERN-PHOTO-202412-305-3

Photo: S. A. Campos, Towards a Transportable Antiproton Trap for 
Precision Metrology with Isomeric Highly Charged Ions (2025)

AEgIS: Producing isomeric HCI 
from antiproton annihilations [2]

PUMA: Probing radionuclides 
via antiproton annihilations at 
ISOLDE [1] 

CERN-PHOTO-202603-078-18

BASE: Measuring 
antiproton properties 
in offline laboratories

[1] T. Aumann et al. PUMA, antiproton unstable matter annihilation - PUMA collaboration. Eur. Phys. J. A 58, 88 (2022)
[2] S. Alfaro et al. Towards metrology with highly charged isomeric ions from antiproton annihilation. J. Phys. B: At. Mol. Opt. Phys. 58, 215002 (2025)



Detecting Stored ŰƣŔƓƖŸƣŸŰƚв
вШis very different to detection in a typical particle physics experiment:
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CERN-PHOTO-201812-329-14 CERN-PHOTO-202407-168-6

Åhigh-energy, high-luminosity  collisions
Ådestructive  trajectory  reconstructions

Ålow-energy long-term trapping
Ånon-destructive  frequency  measurements

Single-particle  Precision MicrophoneParticle  Collider Camera



The Sound of Antimatter
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Oscillating Particle

AC Signal

Superconducting Microphone

Frequency Analysis

CERN-PHOTO-202507-162-5

In BASE we «listen» to the sound of single protons and antiprotons to detect 
exotic physics , which appears as changes in pitch / frequency beating.



Tests of CPT Invariance [3]
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Limits on Exotic Physics

The five basic ingredients (axioms) that lay the 
foundation of the Standard Model:

Lorentz and Translation Invariance

Energy Positivity

Micro Causality  (Locality )

Stable Vacuum Ground State

Unitarity

CPT 
Invariance

Any relativistic quantum field theory that meets these 
five conditions must exhibit CPT symmetry.

A difference  in matter -antimatter pairs  would  question  
the conditions , violating  CPT invariance , and point  to 
new physics  beyond the Standard Model.

[3] R. Lehnert, CPT symmetry and its violation, Symmetry 8 (2016)
[4] D. Colladay and V. A. Kostelecky, Lorentz-violating extension of the standard model, Physical Review D (1998)

Standard Model Extension (SME) [4]

Includes the Standard Model and General Relativity,
but adds CPT violating modifications :

Ὥ‎Ὀ ά ὥ‎ ὦ‎‎ ‪ π 

Minimal SME:

Dirac 
Equation

Minimal CPT-odd 
modifications

Project down CPT-odd Operator:

Effective splitting of proton/antiproton magnetic 
moments in pseudo-magnetic field with different 
coupling  to matter and antimatter .



Tests of CPT Invariance [3]
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Tests of CPT Invariance [3]
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Limits on Exotic Physics

The five basic ingredients (axioms) that lay the 
foundation of the Standard Model:

Lorentz and Translation Invariance

Energy Positivity

Micro Causality  (Locality )

Stable Vacuum Ground State

Unitarity

CPT 
Invariance

Milli -charged Dark Matter (mCDM) Search [5]

Ὥ‎Ὀ ά ὥ‎ ὦ‎‎ ‪ π 

[3] R. Lehnert, CPT symmetry and its violation, Symmetry 8 (2016)
[5] D. Budker et al., Millicharged dark matter detection with ion traps, PRX Quantum 3.1 (2022)

Constraining CPT-violating effects down to 
sensitivities of 2 ×10ҽΞΤШGeV. 

mCDMparticles transfers 
kinetic energy that can be 
observed as anomalous 
heating rates in antiproton 
spin measurements 

Record limits on mCDM parameter space at 
absolute energy resolution of 50 neV.
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The Baryon Antibaryon Symmetry Experiment
uses single  particles  in advanced Penning-trap systems to measure 
proton/antiproton fundamental constants with high precision.

Å Axial confinement : electrostatic  quadrupole potential
Å Radial confinement : homogeneous magnetic field

Penning Trap

Prof. Stefan Ulmer: Founder 
and Spokespersonof BASE

BASE Multi-trap System
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The Baryon Antibaryon Symmetry Experiment

Quantum resolved antiproton measurements sensitive to potential 
signatures of exotic phenomena beyond established physics.

Prof. Stefan Ulmer: Founder 
and Spokespersonof BASE

uses single  particles  in advanced Penning-trap systems to measure 
proton/antiproton fundamental constants with high precision.
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The Antimatter Factory (AD/ELENA)
Blessing, Curse ... and Inspiration for BASE-STEP

The AMF - Our Antiproton Source

9EÅ ћƚ Antimatter Factory (AMF) only 
source of low-energy antiprotons .
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The Antimatter Factory (AD/ELENA)
Blessing, Curse ... and Inspiration for BASE-STEP

The AMF - Our Antiproton Source

9EÅ ћƚ Antimatter Factory (AMF) only 
source of low-energy antiprotons .

100 keV

25 GeV

2.8 GeV
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The Antimatter Factory (AD/ELENA)
Blessing, Curse ... and Inspiration for BASE-STEP

The AMF - Our Antiproton Source The AMF - Our Frequency Modulator

9EÅ ћƚ Antimatter Factory (AMF) only 
source of low-energy antiprotons .
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Directly enters measurement uncertainty:
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The Antimatter Factory (AD/ELENA)
Blessing, Curse ... and Inspiration for BASE-STEP

Example: q/m Ratio Measurements

Status: 16 ppt resolution (420 H͓z line-center)
Next goal: ppt level resolution

AMF OFF

(*) with superconducting self -shielding system

Reservoir Trap тThe BASE Life Insurance 

time (h)
p

a
rt

ic
le

 n
u

m
b

e
r

one particle extracted to PT

two particle extracted to PT

one particle 
inserted in PT

two particles  inserted in PT
one particle 
evaporated

10h pow
er cut

10h pow
er cut

R
eservoir T

rap
 (R

T
)

P
recision T

rap
 (P

T
)

Á Ultra-low consumption rate: 
down to 3 particle per year

Á Record antiproton storage 
for > 600 days

Á < 10-18 mbar vacuum

Allows continuous operation, independent of AMF operation:

to other 
traps

J. Jaeger et al., Antiproton Trapping for  614 days (2026)
https://www.researchsquare.com/article/rs -8497454/v1

AMF ON AMF OFF
Fluctuation 60 mHz (*) 6 mHz
Precision goal 2 ppt  (~50 ͓ Hz ) 2 ppt  (~50 ͓ Hz )

Data sampling 23 years 3 month

https://www.researchsquare.com/article/rs-8497454/v1
https://www.researchsquare.com/article/rs-8497454/v1
https://www.researchsquare.com/article/rs-8497454/v1
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The Antimatter Factory (AD/ELENA)
Blessing, Curse ... and Inspiration for BASE-STEP

Example: q/m Ratio Measurements

AMF ON AMF OFF
Fluctuation 60 mHz (*) 6 mHz
Precision goal 2 ppt  (~50 ͓ Hz ) 2 ppt  (~50 ͓ Hz )

Data sampling 23 years 3 month

AMF OFF

(*) with superconducting self -shielding system

Reservoir trap allows precision measurements when 
the AMF is offline (typically for 2 ҭ3 months per year):

Problem: Not possible to optimize beyond 10 ppt level 
due to background noise at experiment location.

Status: 16 ppt resolution (420 H͓z line-center)
Next goal: ppt level resolution
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The Antimatter Factory (AD/ELENA)
Blessing, Curse ... and Inspiration for BASE-STEP

Example: q/m Ratio Measurements

Status: 16 ppt resolution (420 H͓z line-center)
Next goal: ppt level resolution

AMF OFF

(*) with superconducting self -shielding system

Improving Magnetic Field Stability

Active Shielding with Controlled 
Magnetic Field Loops

Passive Shielding with 
Multi -layer -͓metal  Room

Transportable 
Antiproton Traps

Factor 5-10

Very expensive

Problem: Not possible to optimize beyond 10 ppt level 
due to background noise at experiment location.

Our Solution: Move antiprotons  to a laboratory  
outside of the Antimatter Factory!

AMF ON AMF OFF
Fluctuation 60 mHz (*) 6 mHz
Precision goal 2 ppt  (~50 ͓ Hz ) 2 ppt  (~50 ͓ Hz )

Data sampling 23 years 3 month
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Symmetry Test in Experiments with Portable Antiprotons
Autonomous, open, transportable Penning -trap system to move antiprotons
to dedicated high -precision offline laboratories. 

Transportable Antiproton Traps

Development of New Technologies that 
Benefit Wider Community

Expand Antiproton Research to
Precision Laboratories Across Europe

Allows New Types of Antimatter 
Experiments Beyond AMF Program

Parallel Measurements of Antiproton 
Properties Across Laboratories

Dr. Christian Smorra:
BASE-STEP Project 
Leader and Deputy 
Spokespersonof BASE



Compact footprint and low weight ( ca. 850 kg) allows handling by forklift, 
pallet truck or overhead crane:

CERN EP Detector Seminar   BASE-STEP: Transporting Antiprotons in an Open Autonomous Penning Trap System19 M. Leonhardt

The BASE-STEP Apparatus

ƷExample of a future antimatter transport route
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The BASE-STEP Apparatus
Compact footprint and low weight ( ca. 850 kg) allows handling by forklift, 
pallet truck or overhead crane:

BASE-STEP Main Components

Transportable Superconducing Magnet

Multi -Penning Trap System

Non-destructive Particle Detectors

Cryopumped Trap Chamber (<10-16 mbar)

Open Transfer Channel for Ejection

LHe Buffer Tank and UPS Batteries
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Custom -made transportable cryostat, housing a superconducting magnet
operated at 4.3 K in Persistent Current Mode:

Transportable Superconducting Magnet

0.75 m

Vacuum Chamber

50 K Shield

4 K Shield

4K Magnet Bore

Adjustable  field  up to 1T:
Å 993 mT catching field
Å 136 mT transport field

Support structures enable 
transport with fully-charged 
superconducting magnet:

Specified for +1g in all 
directions and 6 ° tilt

Vacuum chamber with low-carbon steel shielding: 
Stray magnetic  field  below  0.5 mT (5 Gauss)

LHe 
Tank
(29 l)
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Custom -made transportable cryostat, housing a superconducting magnet
operated at 4.3 K in Persistent Current Mode:

Transportable Superconducting Magnet

0.75 m

Vacuum Chamber

50 K Shield

4 K Shield

4K Magnet Bore

Hybrid Cryocooler/ LHe cooling system:
OFFON ONCooler

Restart SpikeLHe 
Tank
(29 l)
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Custom -made transportable cryostat, housing a superconducting magnet
operated at 4.3 K in Persistent Current Mode:

Transportable Superconducting Magnet

0.75 m

Vacuum Chamber

50 K Shield

4 K Shield

4K Magnet Bore

Problem: After 4 hours the 50 K shield warms up 
to 90 K, this will trigger a >8 K restart  spike

LHe 
Tank
(29 l)
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Custom -made transportable cryostat, housing a superconducting magnet
operated at 4.3 K in Persistent Current Mode:

Transportable Superconducting Magnet

0.75 m

Vacuum Chamber

50 K Shield

4 K Shield
LHe 
Tank
(29 l)

4K Magnet Bore

Solution:  LHe heater increases gas flow, improving 
heat transfer in exhaust-line heat exchangers

2 W heater  trade -off: System heat load at ca. 3.7 W, 
4.5 l/h LHe boiloff  rate, allows < 5 h LHe tank operation


