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BASE ςCollaboration
Å Mainz: Measurement of the magnetic moment 

of the proton, implementationof new
technologies. (RIKEN/MPG)

Å CERN-AD: Measurement of the magnetic 
moment of the antiproton and 
proton/antiproton q/m ratio. (RIKEN)

Å Hannover/PTB: QLEDS-laser coolingproject, new
technologies. (RIKEN/PTB/UH)

C. Smorraet al., EPJ-Special Topics, The BASE Experiment, (2015)

Institutes:RIKEN, MPIK, CERN, University of Mainz, Tokyo University, GSI 
Darmstadt, University of Hannover, PTB Braunschweig

Team at CERN



The Sound of Antimatter
ÅConcept of image current detection
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Axially excited, trapped 

antiprotons

ÅSpecialRelativity

ÅResistivecoolingchanges 
oscillation frequency
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ÅSpecialrelativity changes pitch

In BASE we are «listening» to the soundof extremelysimple, well understandableantimatter systemsto detectexotic
physics, which appearsas changes in pitch / frequencybeating



Matter / Antimatter Asymmetry
Combining theɤ-CDM modeland the SM, our predictionsof 
the baryonto photon ratio 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

Sakharov conditions

1.) B-violation (plausible)

2.) CP-violation (observed/ too small)

3.) Arrow of time (lessmotivated)

Alternative Source: CPT violationς
adjustsmatter/antimatter 
asymmetryby natural inversion
giventhe effectivechemical
potential. 

Experimental signaturessensitive to CPT violation canbe derivedfrom precise
comparisonsof the fundamental propertiesof simple matter / antimatter conjugate

systems



Fundamentalityof CPT Invariance
ÅA relativistic theory which conserves CPT requiresonly five basic ingredients(Axioms):

CPT

Lorentz and translation invariance

EnergyPositivity

Micro Causality(Locality)

A stable vacuum groundstate without
momentumnor angularmomentum

Unitary Field OperatorsInterpretation

READ: R. Lehnert, CPT 
Symmetry and its violation, 
Symmetry8 (2016) 11, 114

Parameterizedin the Standard Model Extension



The Standard Model Extension

Kostelecký, V. Alan; Samuel, Stuart (1989-01-15). "Spontaneous breaking of Lorentz symmetry in string theory". Physical Review D. 39 (2): 683ς685.

String theories

Loop-Quantum Gravity

Non-commutative FT

Branescenarios

Randomdynamics
models

ÅWhichtype of measureablesignatures of these
«BSM» theorieswould be imprinted onto the 
structure of the vacuum-box of relativistic
quantum field theories. 

CPT-V
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ÅConstructeffective field theorywhichfeatures: 

ÅPoincare invariance

Åmicrocausality

Åpositivity of energy

Åenergy and momentum conservation

Åstandard quantization methods

fl ȩ

ÅSME containsthe Standard Model and General Relativity, but adds
CPT violation

Lorentz bilinear

Expectation value / Mass Scale/ Couplingstrength



CPT tests based on particle/antiparticle comparisons
R.S. Van Dyck et al., Phys. Rev. Lett. 59, 26 (1987).

B. Schwingenheuer, et al., Phys. Rev. Lett. 74, 4376 (1995).
H. Dehmelt et al., Phys. Rev. Lett. 83, 4694 (1999).

G. W. Bennett et al., Phys. Rev. D 73, 072003 (2006).
M. Horiet al.,Nature 475, 485 (2011).
G. Gabriesleet al., PRL 82, 3199(1999).

J. DiSciaccaet al., PRL 110, 130801 (2013).
S. Ulmer et al., Nature 524, 196-200 (2015).

ALICE Collaboration, Nature Physics11, 811ς814 (2015).
M. Horiet al., Science 354, 610 (2016).

H. Nagahama et al., Nat. Comm. 8, 14084 (2017).
M. Ahmadiet al., Nature 541, 506 (2017).

M. Ahmadiet al., Nature 586, doi:10.1038/s41586-018-0017 (2018).

CERN
AD

CERN
ALICE

Recent
Past
Planned

antihydrogen 1S-2S

antihydrogen GSHFS

antihydrogen 1S/2S

comparisonsof the fundamental propertiesof simple matter / antimatter conjugatesystems

muon g

electron g



Main Tool: Penning Trap
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Measurements in Precision Penningtraps

Cyclotron Motion
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Determinations of the q/m ratio and g-factor reduce to measurements of frequency ratios -> in principle very 
simple experiments ς> full control, (almost) no theoretical corrections required.

g: mag. Moment in units of 

nuclear magneton

S. Ulmer, A. Mooser et al.PRL  106, 253001 (2011)S. Ulmer, A. Mooser et al.PRL  107, 103002 (2011)

simple difficult
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High Precision Mass Spectrometry
High Precision Magnetic Moment 

Measurements
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Experiment
Common to all these
experiments:

Superconductingmagnets

Ultra sensitive 
superconductingpartice
detectors

Cryogenicoperationof 
experiments

Use of «complex» multi-
trap systems



BASE Trap System

RT PT CTAT

HV ElectrodesDegrader Spin flip coil Electron gun Pinbase

Reservoir Trap:  Stores a cloud of antiprotons, suspends single antiprotons for measurements. 
¢ǊŀǇ ƛǎ άǇƻǿŜǊ ŦŀƛƭǳǊŜ ǎŀǾŜέΦ

Precision Trap: Homogeneous field for frequency measurements, B2 < 0.5 mT/ mm2 (10 x improved)

Cooling Trap: Fast cooling of the cyclotron motion, 1/g< 4 s (10 x improved)

Analysis Trap: Inhomogeneous field for the detection of antiproton spin flips, B2 = 300 mT/ mm2

Access to beamline

Particles not 
continuously 

available

Trap for efficient 
cyclotron cooling





Charge-to-Mass Ratio Measurement
ÅIn BASE one frequencyratio measurement

takes240 s, 50 times fasterthan in 1999 
measurement
First Measurement: S. Ulmer, et al., Nature 524, 196 (2015)

ÅὌ ion is a perfect proxy for the proton at negative charge. Inversion of trapping 
potential can be avoided, which suppresses certain systematic effects by factor of 300. 
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Effect Magnitude

άȾά 0.001 089 234 042 95 (5) MPIK

ὉȾά лΦллл ллл лмп пфо лсм ΧMPQ

ὉȾά 0.000 000 000 803 81 (2) LykkeFirst measurement: Gabrielse et al., Phys. Rev. Lett. 82, 3198 (1999)

ςάȾά πȢππρπψωςστπτςωυυ

ά : ʉ ($ vs ʉ ὅ (Rau et al., Nature585, 2020)

ά : Ç ὅ & QED (Sturm et al., Nature506, 2014)

ὉȾά πȢπππππππρττωσπφρ

1S-2S in hydrogen & bound state QED
Partheyet al., PRL107 (2011), 
Jentschuraet al., PRL95 (2005)

ὉȾά πȢπππππππππψπσψρς

Photodetachment spectroscopy 
Lykkeet al., PRA43 (1991)



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

S. Ulmer et al., Nature524196 (2015)

Ⱦ

Ⱦ
ρ ρφω ρπ

Rexp,c = 1.001 089 218 755 (69)

Stringent test of CPT invariance with Baryons. 

Consistent with CPT invariance

New measurement:
ÅAcquired 35000 frequency ratio measurements over 1.5 years, 

distributed over the sidereal year.

ÅUsed two measurement methods, tunable axial detector to 
suppress systematics, and a rebuilt apparatus

Rexp,c,1 = 1.001 089 218 763 (23)
Rexp,c,2 = 1.001 089 218 7XX (2X)

Final data analysis is work in progress BASE, in preparation(2021)



BASE Measurements ςProton to Antiproton Q/M

S. Ulmer et al., Nature524196 (2015)
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Å Constrain of the gravitational anomaly for antiprotons:

‌ ρ 1Ȣω ρπ

Our recent result sets 
an upper limit of

Å Planned Longer Term Measurements

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.  
Å Direct experiments planned by Aegis, GBAR, ALPHA  

tests WEPc, in 
aspects (vectors) 
different to WEPff



Physics Constraints
ÅMinimal SME limits (CL 0.95) ÅNonminimalSME limits

Ὑ τȢςz ρπ GeV

ÅNon-minimal SME
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ÅOtherinducedoscialltorysignatures:

D. Antypaset al., ArXiV2012.01519 (2020) (relaxiondarkmatter)

Siderealfrequencyanalysisis work in progess. 

Y. Ding, A. Kostelecky et al., PRD 102, 056009 (2021)



C. Smorra

Catching trap Reservoir trap

Cryogenic vacuum lockReservoir trap can

Differential pumping section

Valve

Valve Image-current
detectors
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Developedby 
Smorra group

ÅApparatushas been developed, currentlyin the workshop, 
likelyoperationallate 2021 / early2022. 

Expecteddelivery
window 12/21 to 03/22

2020 2021 2022 2023

April 2020:
Project start

18 monthMagnet procurement

Commissioningin Mainz

12 month

April 2022:
Startingat CERN

Commissioningat CERN

6 month

April 2023:
Online Operation

Antiproton 
operation
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The Antiproton Magnetic Moment

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

A milestone measurement in antimatter physics

CERN COURIER, 3 / 2018.

1985 1990 1995 2000 2005 2010 2015 2020

1E-12

1E-9

1E-6

1E-3

Mainz effort started

BASE approved

ASACUSA

ATRAP

BASE

{BASE multi-Penning traps

exotic atoms

principal limit of current method 
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reached proton limit (BASE Mainz)

{single Penning traps

> 3000



LarmorFrequency ςextremely hard

Energy of magnetic dipole in 
magnetic field
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Leading order magnetic field 

correction

This term adds a spin dependent quadratic axial potential 
-> Axial frequency becomes a function of the spin state
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- Very difficult for the proton/antiproton system. 
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- Most extreme magnetic conditions ever applied to single 
particle.

Ў’ ρͯχπάὌᾀ

Measurement based on continuous Stern Gerlacheffect. 

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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BASE Two-Particle/ThreeTrap Method

Idea: divide measurement to two particles

«cold» cyclotron 
particle to flip and 
analyze the spin-
eigenstate

«hot» cyclotron particle 
which probes the 
magnetic field in the 
precision trap  

pay: measure with two particles at 
different mode energies  

win: 60% of time usually used for sub-
thermal cooling useable for measurements
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The Magnetic Moment of the Antiproton

first measurement 
more precise for 
antimatter than for 
matter...

▌▬
Ȣ

▌▬
Ȣ

A. Mooser et al., Nature 509, 596 (2014)

C. Smorra et al., Nature 550, 371 (2017) G. Schneider et al., Science 358, 1081 (2017)

▌▬
Ȣ
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J. diSciacca et al., Phys. Rev. Lett. 2012

J. diSciacca et al., Phys. Rev. Lett. 2013

J. diSciacca et al., Phys. Rev. Lett. 2013

A. Mooser et al., Nature 2014

A. Mooser et al., Nature 2014

H. Nagahama et al., Nat. Comms. 2017

C. Smorra et al., Nature 2017

G. Schneider at al., Science 2017
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A. Mooser et al., Nature 2014

C. Smorra et al., Nature 2017

 

 

Year Proton gp/2 Antiproton gpbar/2 CPT ▌▬Ⱦ▌▬ Collaboration

2011 2.792847 353 (28) 2.786 2 (83) 0.002 4 (29) Pask (ASACUSA)

2013 2.792 846 (7) 2.792 845 (12) 0.000 000 4 (49) diSciacca (ATRAP)

2014 2.792 847 349 8 (93) 2.792 845 (12) 0.000 000 8 (43) Mooser(BASE)/diSciacca (ATRAP)

2016 2.792 847 349 8 (93) 2.792846 5 (23) 0.000 000 30 (82) Mooser/Nagahama (BASE)

2017/1 2.792 847 349 8 (93) 2.792 847 344 1 (42) 0.000 000 002 0 (36) Mooser/Smorra (BASE)

2017/2 2.792 847 344 62 (82) 2.792 847 344 1 (42) -0.000 000 000 2(15) Schneider/Smorra (BASE)

K. Blaum, Y. Yamazaki
J. Walz, W. Quint,
Y. Matsuda, C. Ospelkaus

▌▬
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Ȣ

2013

2014

2016

2017

2018



Time-base Analysis and Antiproton AxionConstraints

ÅAxion/ fermion coupling:

J. Kim, G. Carosi, https://arxiv.org/pdf/0807.3125.pdf

! ǾŜǊȅ άǎƛƳǇƭƛǎǘƛŎέ ǘǊŀƴǎƭŀǘƛƻƴ ƻŦ ǘƘƛǎ άŘŜǊƛǾŀǘƛǾŜ ƛƴǘŜǊŀŎǘƛƻƴέΥ ǘƘŜ axiondissociates to 
photons which interact with SM-particles.

ÅCold dark matter is gravitationally bound to galaxies. 

Å¢ƘŜȅ ǇǊƻŘǳŎŜ ŀƴ άƻǎŎƛƭƭŀǘƛƴƎ ōŀŎƪƎǊƻǳƴŘ ŦƛŜƭŘέΣ 
comparable to diffuse light, which oscillates at the 
Compton frequency ⱨ╪ͯ □╪╬Ⱦ▐

This type of interaction would 
ƭƻƻƪ ƭƛƪŜ ŀ άǇǎŜǳŘƻέ-magnetic 
field which leads to frequency 
modulations in the antiproton 

Larmorfrequency. 

C. Smorra, Y. Stadnik, Nature(575), 310 (2019)

https://www.nature.com/nature


ConstrainingAxion/Photon Coupling
ÅAxions at the right Compton frequencywouldsource a radio-frequencysignal that could

bepickedup by our single particledetectionsystems

ÅAxionsignal:

ÅNoise-Floor: ὠ Ὡɝ’ τὯὝὙ†’ȟὗȟὴ‖ɝ’

The most important parameterto deriveappropriate limits is the 
resonatortemperatureὝ

Penningtrap: calibratedby single particlequantum thermometry

J. Devlin et al., (BASE 
collaboration),  Physical Review 

Letters. 126,041301 (2021). 

Å Important feature: cold axions and axionlike
particlesoscillateat their Compton frequencies

’ ά ὧȾὬ

Å In a strongexternalmagneticfield axions can
convert into photonsvia the inverse Primakoff
effect. 
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CAST

Possible factor of 1000 of improvementin the 1neV to 
1ueV mass range



Future Projection
ÅWith a purpose-built experimentwe should

beable to improvesensitivityconsiderably
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Parameter Current New Factor

Temperature Ȣ╚ Ȣ ╚ Ȣ ╚

╠ ▓ ▓ Ȣ

▄▪ ▪╥Ⱦ╗◑ Ȣ▪╥Ⱦ╗◑

║ Ȣ╣ Ȣ╣ Ȣ

Geometry

Peak Sens. 1

Technologies availableto build suchan experiment/ discussion with IAXO started

Laser cooled
resonators

ÅBandwidth-gain currentlyunderdevelopment(F. Voelksen)

ÅRecentlab result: 600 kHz tunability achieved(x 3000)



Summary and Outlook

ÅReportedon statusof improvedproton/antiproton charge-to-mass 
ratio comparison. 

ÅImprovedthe magneticmomentof the proton by a factorof 11 and 
measuredthe antiprotonmagneticmomentwith 1.5 ppb precision, 
whichimprovesthe momentCPT test by a factorof >3000.

ÅUsedantimatter asan antennafor darkmatter searches.

ÅSummarizedstatusof usingsingleparticledetectorsasantennasfor 
axions.

ÅDevelopment of a transportable trap for antiprotons(BASE-STEP). 
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