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BASE ςCollaboration
Å Mainz: Measurement of the magnetic moment of 

the proton, implementationof new technologies. 
(seeposterMatt Bohman)

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

Å Hannover/PTB: QLEDS-laser coolingproject, new
technologies

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



Most precise 

proton g-factor measurment

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

g/2 = 2.792 847 350 (9)

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 = 2.792 846 5 (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

G. Schneider et al., Science 358, 1081 (2017).

g/2 = 2.792 847 344 62 (82)

BASE achievements since 2011



Problem: Big Bang Scenario and Consequences

1. A cosmicmicrowavebackgroundshouldexistasa fire-ball 
remnantof the Big Bang
1. 1965 Penzias and Wilson observedCMWB with a blackbody

spectrumof 2.73(1)K, by far too intenseto be of stellar origin.

2. UnderstandableBig Bang nucleosynthesisscenariodescribes
exactlythe observedlight elementabundancesasfound in 
«cold» stellar nebulae. 

3. Usingthe modelswhichdescribe1. and 2.:

Prediction

Baryon/Photon Ratio 10-18

Baryon/Antibaryon Ratio 1

Observation

Baryon/Photon Ratio 10-9

Baryon/Antibaryon Ratio 0.0001

Followingthe currentStandard Model of the Universeour predictionsof baryonto photon
ratio arewrong by about 9 ordersof magnitude



Summary

WE HAVE A PROBLEM

mechanismswhichcreatedthe obvious
baryon/antibaryonasymmetryin the universe

haveyet to beunderstood

Onestrategy: Comparethe fundamental 
propertiesof matter / antimatter conjugates

with ultra high precision



A specialplace(in the universe?) ςthe BASE trap
ÅWehave
ÅA vacuumof 5e-19 mbars
Åcomparableto pressuresin the interstellar medium 

ÅAntiproton storagetimesof several10 years.
ÅNot more than 3000 atomsin a vacuumvolumeof 

0.5l
ÅOrder 100 to 1000 trappedantiprotons
ÅA localinversionof the baryonasymmetry

BASE ANTIMATTER INVERSION

localvolume 0.00013 m3

Baryonsin localtrap volume 1.65*10-7

Antibaryon in localtrap volume 100

Antibaryon/Baryon Ratio 5.9*108

Ratio Inversion 3.8*1012

With this instrument: Investigatepropertiesof antimatter veryprecisely



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

CERN
AD

CERN
ALICE

Recent
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antihydrogen 1S-2S

antihydrogen GSHFS

antihydrogen 1S/2S



Limits on ExoticPhysics ςONE example
ÅTest the Standard Model (CPT invariance) by comparing the fundamental properties of protons and 

antiprotons with high precision

sensitive: comparisons of particle/antiparticle magnetic moments in traps 
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Pseudo-magnetic field, with different coupling to 
matter and antimatter, respectively
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V. A. Kostelecky, N. Russell, 
0801.0287v10 (2017).

Would correspondto the discoveryof a bosonfield
which exclusivelycouplesto antimatter.



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

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



Main Tool: Penning Trap
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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, A. Mooser et al.PRL  106, 
253001 (2011)

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

simple difficult
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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
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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



The BASE Trap System
RT PT CT AT

HV ElectrodesDegrader Spin flip coil Electron gun Pinbase

Reservoir Trap:  Stores a cloud of antiprotons, suspends single antiprotons for 
measurements. Trap 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).
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Precision 

Trap

AD DOWNAD DOWNAD DOWN
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shutdownonline
p.p.m.

moment
p.p.b.

moment
software integration

trap optimization 
software integration

single spin-flip resolution 
offline 

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



Proton/Antiproton Charge-to-Mass Comparison

S. Ulmer, et al.,Nature524, 196 (2015)



Park 
electrode

Park 
electrode

Precision 
trap

Reservoir 
trap

Measurement configuration

Extract antiprotons and H- ions, compare cyclotron frequencies

antiproton H- ion

Comparison of H-/antiproton cyclotron frequencies: 
One frequency ratio per 4 minutes with ~ 6 ppb 

uncertainty
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Rtheo = 1.001 089 218 754 2(2)
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17inspired by G. Gabriesleet al., PRL 82, 3199 (1999).



Proton to Antiproton Q/M: Physics
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Å Constrain of the gravitational anomaly for antiprotons:

‌ ρ 8.7 ρπ

Our 69ppt result sets 
a new upper limit of

ÅSet limit of sidereal (diurnal) variations in 
proton/antiproton charge-to-mass ratios 
to < 0.72 ppb/day
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Å Conclusion: 
Matter and Antimatter clocks run at the same frequency

6521 frequency ratios

Ⱦ

Ⱦ
ρ ρφω ρπ

ÅIn agreement with CPT conservation
ÅExceeds the energy resolution of 

previous result by a factor of 4.
S. Ulmer, et al.,Nature524, 196 (2015)



Progress towards a better q/m measurement

19

100mHz

55mHz

Jan 2018

Better stabilisation of 
cryoliquidpressure, 
temperature improves 
magnetic stability

Mechanical upgrade 
more stable and 
lower heat load 
means fewer 
vibrations

peak measurement technique

2.5 Hz
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25 mHz

New magnetic shielding system
J. Harrington, M 
Borchert

J. Devlin, E. 
Wursten

J. A. B.-Harrington et al.

M. J. Borchert et al.

Next step:

See 
poster 
by Elise 
Wursten



Future Perspective
ÅReacheda ratio uncertaintyof order10 p.p.t. to 20 p.p.t. 

ÅWhatwouldbe the nextstep?

ÅIn the AD hall with acceleratoractive we wouldnot be able to 
significantlyimprovethe ratio

ÅStartedpoject to transport antiprotons out of the AD hall                                   
(ERC-grantChristian Smorra / BASE-STEP)

interesting
time window

Nextprecisiongoal

Phase measurements indicate 

300 p.p.t. scatter (120s cycle)



The Antiproton Magnetic Moment

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

A milestone measurement in antimatter physics

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

CERN COURIER, 3 / 2018.



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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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



Antiproton g-factor results ςsingle trap

Respective limits on SME coefficients for CPT violation improved up to a factor 20

ὫӶȾς ςȢχωςψτφυςσ

H. Nagahamaet al., Nat. Comm. 8, 14084 (2017).

ρ πȢσρψς ρπ
Six fold improved uncertainty of the 
antiproton magnetic moment

Earlier work: J. DiSciaccaet al., PRL 110, 130801 (2013).

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

Performed 6 Larmorresonance and 12 cyclotron resonance scans


