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BASE ςCollaboration
Å Mainz: Measurement of the magnetic moment of 

the proton (Mooser, Ulmer, Blaum, Walz, Quint).

Å CERN-AD: Measurement of the magnetic moment 
of the antiproton and proton/antiproton q/m ratio 
(Ulmer, Smorra, Yamazaki, Blaum, Matsuda). 

Å Hannover/PTB:QLEDS-laser cooling project (Ospelkaus, 

Ulmer)

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

Scale: 3 P.I.s, 4 Post-Docs, 5 PhD Students

Institutes: RIKEN Ulmer IRU, RIKEN APL, Max Planck 
Society, CERN, University of Mainz, Tokyo University, 
GSI Darmstadt, University of Hannover, PTB 
Braunschweig



BASE Overview
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Most precise 

proton g-factor measurment

A. Mooser, S. Ulmer, K. Blaum, K. Franke, H. 

Kracke, C. Leiteritz, W. Quint, C. Smorra, J.Walz, 
Nature 509, 596 (2014)

g/2 = 2.792 847 350 (7) (6)

First direct high precision 
measurement of the proton 

magnetic moment. 

Precise CPT test with baryons

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

To be improved by another 
factor of 10 to 100

ρ
Ⱦ

Ⱦ
ρφω ρπ

Rexp,c = 1.001 089 218 755 (64) (26)

Observation of spin flips with 

a single trapped proton

Application of the double 

Penning-trap technique

S. Ulmer, et al., PRL 106, 253001 (2011)

A. Mooser, et al., PLB 723, 78 (2013)

Reservoir trap for antiprotons
C. Smorra, et al., Int. Journ. Mass 
Spec.  389, 10 (2015).

Idea: Enable operation with 
antiprotons independent of 
accelerator run times. 

Most precise antiproton 

g-factor measurment

H. Nagahama, et al.,Nature Comms. 8, 
14084 (2017)

g/2 = 2.7928465 (23)

Sixfold improvement compared to 
previous measurement

A. Mooser, et al., PRL 110, (2013)

Partly comparable work by J. DiSciacca, G. Gabrielse et al.. (ATRAP/TRAP collaboration)

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

g/2 = 2.792 847 344 1 (42)

350-fold improvement compared 
to previous measurement



Outline

ÅIntroduction / physics motivation 

ÅExperimental principle

ÅMeasurements: 
Åcharge-to-mass ratios and 
Åmagnetic moments
Ålifetime

ÅResults

ÅOutlook and Future



Tests of the Standard Model using Antimatter

Χŀǘ ƭƻǿŜǎǘ ŜƴŜǊƎȅ ŀƴŘ ǿƛǘƘ ƎǊŜŀǘ ǇǊŜŎƛǎƛƻƴΧΦ  

?

Standard modelis the success story of modern 
physics: Many particle physics observations are 
reproduced. High predictive power for QED/BS-
QED (sub-ppt).  

On the other hand: SM does NOTinclude, dark matter, neutrino 
oscillations, anomalies in the muon sector, matter/ antimatter asymmetry. 
known SM-CP violation -> factor of ς ρπmissing

Precise comparisons of fundamental properties of matter/antimatter 
conjugates provide stringent tests of CPT invariance, which is the 
άƳƻǎǘ ŦǳƴŘŀƳŜƴǘŀƭέsymmetry in the SM. 

g / 2 = 1.001 159 652 180 73 (28)



Tests of CPT Invariance
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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. Hori et 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).



Improvements by the AD community

ÅSummarized in current CERN courier, issue 
2018/03

ÅJ. Hangst ς«Illuminating Antimatter»

ÅS. Ulmer ς«Experiment of the Moment»
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Concept of CPT violation
ÅBasic idea: Add CPT violating term to a Hamiltonian based on Standard 

Model and treat as a perturbation theory

=> Absolute energy change ЎὉwill be derived

ὌᴂὌ Ўὠ

CPT violating termSystem based on SM

Å Absolute energy resolution (normalized to m-scale) might be a more 
appropriate measure to characterize the sensitivity of an experiment with 
respect to CPT violation.

Å Single particle measurements in Penning traps give high energy resolution. 

ʕᶻ|Ўὠμʕ ЎὉ

Kosteleckyet al.

ŘƛŦŦŜǊŜƴǘ /Ωǎ

Relative precision Energyresolution SME Figureof merit

Kaon Ўά ωͯz ρπ ρͯπ eV ~ 6*10-19

p-Ðq/m χͯz ρπ ρͯπ eV ~ 9*10-27

p-Ðg-factor ςͯz ρπ ρͯπ eV ~ 5*10-25

Ding, Y. & Kostelecký, V. A. Lorentz-violating spinor 
electrodynamics and Penning traps. Phys. Rev. D94, 056008 
(2016).
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Antiprotons ςCERN

25 GeV/c 
protons

3.5 GeV/c 
antiprotons

5.3 MeV 
antiprotons

-> Degrader -> 1keV
-> Electron cooling -> 0.1 eV
-> Resistive cooling -> 0.000 3 eV
-> Feedback cooling -> 0.000 09 eV

Within a  production/deceleration 
cycle of 120s + 300s of preparation 
time we bridge 14 orders of 
magnitude



The AD/ELENA-facility
40 m

BASE, ATRAP,
Fundamental properties 
of the antiproton

ALPHA, ATRAP,
Spectroscopy of 1S-2S in 
antihydrogen

ASACUSA, ALPHA
Spectroscopy of GS-HFS in 
antihydrogen

ASACUSA 
Antiprotonic helium 
spectroscopy

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

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

AD - 5.3 MeV

ELENA - 100 keV



Experiment



Main Tool: Penning Trap
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trapped charged particle 



Testing Fundamental Physics With Traps

Energyof harmonic oscillators:

E = >w+(n++1/2) + >wz(nz+1/2) ->w-(n-+1/2)
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Together with antihydrogen (another simple system): Most sensitive with respect to exotic interactions
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Strategy:

A single particle in a Penning trap is a well understood 
simple system

Statement: We have no idea whether we will find anything, but such simple systems have 
highest discovery potential, because we understand them so well.
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Measurements in Penning Traps

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 et al., PRL  106, 253001 (2011)
A. Mooser et al., PRL 110, 140405 (2013)

S. Ulmer et al.PRL  107, 103002 (2011)

simple difficult

’ȟӶ

’ȟ

ὩӶȾά Ӷ

ὩȾά

‘Ӷ

‘

ὫӶ

ς

ὩӶȾά Ӷ

ὩȾά

’

’



Frequency Measurements 
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Axially excited, trapped 

antiprotons

Å In thermal equilibrium:
ï Particles short noise in parallel

ï Appear as a dip in detector spectrum

ï Width of the dip -> number of particles

Å Measurements in thermal equilibrium -> tiny volumina / homogeneous condititions
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BASE-CERN Apparatus (approved 2013)
Constructed new apparatus

Constructed antiproton transfer line

Integrated in a new experiment zone

President Funding

0 2 4 6 8 10 12

experiments 

with pbars

commissioning

with protons

development of

beam monitor

infrastructure

first beam in 

DE5 line

s
a
fe

ty
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le
a
ra

n
c
e

cabling

start of beamline

production

integration drawings 

finished

installation of cryosetup

vacuum chambers

delivered

commissioning of 

superconducting magnet

beamline 

installation 

Timeline:

Implemented into the AD facility within 12 months ςthanks to strong support by CERN

Thanks to L. Bojtar, 
F. Butin and team
T Erkisson and team
R. Kersevan and team



New Concept: 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

S. Ulmer et al., BASE TDR, CDS (2013).



The BASE Reservoir Trap
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Particle found in AT

Reservoir

Trap

Precision 

Trap

S. Ulmer et al., BASE Letter of Intent, CDS (2012).
C. Smorra et al., Int. Journ. Mass. Spec. 389, 10 (2015).

S. Sellner et al., New. J. Phys. 19, 083023 (2017).

Experiment has been operated with antiprotons trapped in October 2015 until December 2016 for more than 400 
days.

Measurement provides most stringent direct limit on lifetime of the antiproton (21.7 years (status Feb. 2018))

Best pressure-limit ever characterized by measurement 5*10-19 mbar

Invented by BASE ςfirst exotic particle experiment using such a device

Doubles available experiment time and enables experiments at low background noise (accelerator OFF mode)





BASE Specialties: Fast Shuttling Technique

Are able to prepare single particles upstream and 
downstream of a measurement trap and interchange 
the particles rapidly. 

Applied scheme to perform one cyclotron frequency 
ratio measurement within 4 minutes, which is 50 times 
faster than in any previous high-precision mass 
spectrometry experiment -> Higher statistics, improved 
precision.

Scheme can be applied to any arbitrary mass doublet 
and has thus the potential to improve arbitrary mass 
ratio measurements.  

Interesting: proton in a.m.u. or 3He/Tritium.

Applied this scheme to measure proton/antiproton q/m 
ratio using antiprotons and hydrogen ions. 

S. Ulmer et al., Nature524196 (2015)



Benefits of H- ions
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ÅSlightly inhomogeneous magnetic field.

ÅOffset potentials on the electrodes of the 
cryogenic trap. 

ÅChange of polarity leads to position shift of 
the particle.

ÅSystematic uncertainties due to the particle 
position are large (~10-9)

Å For protons (polarity inversion (dV=10V)) 
much larger as for H- ions (dV=0.005V).

Ὑ
ʉ

ʉ

ήȾά

ήȾά
Ø
ὄȾςʌ

ὄȾςʌ

ήȾά

ήȾά

4ÁËÅÁÒÁÔÉÏÏÆÍÅÁÓÕÒÅÄÃÙÃÌÏÔÒÏÎÆÒÅÑÕÅÎÃÙ
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Magnetic field cancels out!

Rtheo = 1.001 089 218 754 2(2)



Measurement cycle is triggered by the antiproton injection into the AD

One BASE charge-to-mass ratio measurement is by 50 times faster than achieved in previous 
proton/antiproton measurements.

AD cycle
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First high-precision mass spectrometer which applies this fast shuttling technique

Measurement



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 (64) (26)

Most precise test of CPT invariance with Baryons. 

Consistent with CPT invariance

‫ȟ ‫ȟӶ

‫ȟ
σ‌ ρὟȾὧ

Å Constrain of the gravitational anomaly for antiprotons:

‌ ρ 8.7 ρπ

Our 69ppt result sets 
a new upper limit of



Sidereal Variations (LV)

ÅSet limit of sidereal (diurnal) variations in proton/antiproton 
charge-to-mass ratios to < 0.72 ppb/day
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ÅUnderstanding: cosmological LV-background field may couple 
to particles -> Sidereal variations could be observed. Invitation: 

We have high-resolution / 
high sampling rate 

antimatter data available 
(13000 frequency 

measurements in 40 days)

Do our best to squeeze the 
maximum out of our data 
but our group is small and 

our time is limited.

In case of ideas ςcontact us!

We are open to share ideas, 
data sets, etc... 



Future of BASE ςCharge to Mass Ratio
ÅLimits: Background fluctuations induced by the accelerator (5.5 

ppb linewidth) -> Magnetic shielding system has been developed 
for improved stability. 

ÅNext limit: Voltage stability in sideband measurements  -> Direct 
cyclotron frequency measurements.

ÅNext limit: Magnetic drifts during phase evolution -> 
Measurements with simultaneously trapped particles.  
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TRAP Collaboration

Clear plans and potential to improve the current limit by twice a factor of 5 and maybe 
additional 2 within three years.

ÅStatus 2017 / 2018 run
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The Mass of the Proton

MPIK
2 particle schemes

detectors

MPIK phase methods

F. Heisse et al., Phys. Rev. Lett. 119,  033001 (2017)

ÅCollaboration of BASE and Max Planck Institute for Nuclear Physics 

Measurement: Compared cyclotron frequencies of highly-charged 
carbon and single protons (using the BASE shuttling method in a very 
advanced Penning trap experiment (designed by S. Sturm and K. 
Blaum))

άὴ мΦллтнтспссруоόмрύόнфύǳ



The most difficult 
experiment in 
precision Penning 
trap physics



Continuous Stern 
Gerlach Effect

Image Current 
Measurements
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straight forward

difficult

S. Ulmer et al., PRL  107, 103002 (2011)

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

Energy of magnetic dipole in 
magnetic field

ɮ ʈẗὄ

ὄ ὄ ὄ ᾀ
ʍ

ς
Leading order magnetic field 

correction

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

ɝʉͯ
ʈὄ

ά ʉ
ȡ ɻ

ὄ

ʉ

- Very difficult for the proton/antiproton system. 

ὄ σͯπππππὝȾά

- 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


