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BASE – Collaboration

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

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

Team at CERN, running 24/7 since 2013

Three experiments, 9 institutes, about 30 collaborators, 10 at CERN

• Mainz: Measurement of the magnetic moment of 
the proton, implementation of new technologies. 

• CERN-AD: Measurement of the magnetic moment 
of the antiproton and proton/antiproton q/m ratio

• BASE-STEP: Development of transportable 
antiproton traps

• Hannover/PTB: QLEDS-laser cooling project, new
technologies



Scientific Activities and Highlights - Overview
BASE-CERN

BASE-Mainz

BASE-Logic

BASE-STEP

BASE-CDM

BASE-Lepton

He moment

Exotics • General: Use ultra-high precision methods to 
measure fundamental constants and study 
fundamental symmetries with highest fractional 
accuracy

• Main tools: advanced Penning trap systems

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

2011 2012
2013 2015

S. Ulmer, et al., Nature 524, 196 (2015)
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BASE, Nature 575, 310 (2019)

2021

S. Ulmer, et al., Nature, accepted (2021)

M. A. Bohman, et al., Nature 596, 514 (2021)

2022

J. A. Devlin, et al., PRL, accepted (2021)



Matter / Antimatter Asymmetry
Combining the Λ-CDM model and the SM, our predictions of 
the baryon to photon ratio are inconsistent by about 9 
orders of magnitude

Naive Expectation

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 (less motivated)

Alternative Source: CPT violation –
adjusts matter/antimatter 
asymmetry by natural inversion
given the effective chemical
potential. 

Experimental signatures sensitive to CPT violation can be derived from precise
comparisons of the fundamental properties of simple matter / antimatter conjugate

systems



CPT tests based on particle/antiparticle comparisons
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H. Dehmelt et al., Phys. Rev. Lett. 83, 4694 (1999).
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M. Hori et al., Nature 475, 485 (2011).

G. Gabriesle et al., PRL 82, 3199(1999).
J. DiSciacca et al., PRL 110, 130801 (2013).

S. Ulmer et al., Nature 524, 196-200 (2015).
ALICE Collaboration, Nature Physics 11, 811–814 (2015).

M. Hori et al., Science 354, 610 (2016).
H. Nagahama et al., Nat. Comm. 8, 14084 (2017).

M. Ahmadi et al., Nature 541, 506 (2017).
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antihydrogen GSHFS

antihydrogen 1S/2S

comparisons of the fundamental properties of simple matter / antimatter conjugate systems
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electron g



10 years of Community Progress

Coming soon: studies of the ballistsic properties of 
antihydrogen by ALPHA-g, GBAR, AEgIS. 



Main Tool: Penning Trap
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Invariance Theorem

Gives undisturbed 
access to cyclotron 
frequencies

𝜈𝑐 = 𝜈+
2 + 𝜈𝑧

2 + 𝜈−
2

BASE – Multi-Trap-System



Measurements in Precision 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 –> full control, (almost) no theoretical corrections required.

g: mag. Moment in units of 

nuclear magneton

A. Mooser, S. Ulmer, et al. PRL  106, 253001 (2011)S. Ulmer, A. Mooser et al. PRL  107, 103002 (2011)
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Experiment
Common to all these
experiments:

Superconducting magnets

Ultra sensitive 
superconducting partice
detectors

Cryogenic operation of 
experiments

Use of «complex» multi-
trap systems





Charge-to-Mass Ratio Measurement
• In BASE one frequency ratio measurement

takes 240 s, 50 times faster than in 1999 
measurement

• Sideband Method

𝜈+ = 𝜈𝑟𝑓 + 𝜈𝑙 + 𝜈𝑟 − 𝜈𝑧

• Peak Method

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

A. Mooser, et al., Nature 509, 596 (2014) / Cornell et al., PRA  (1991)

In aspects similar to G. Gabrielse, et al.,Phys. Rev. Lett. 82, 3198 (1999)

𝜈𝑐 = 𝜈+
2 + 𝜈𝑧

2 + 𝜈−
2

𝑚H− = 𝑚p(1 + 2
𝑚e

𝑚p
−
𝐸b
𝑚p

−
𝐸a
𝑚p

+
𝛼pol,H− 𝐵0

2

𝑚p
)

Effect Magnitude

𝑚𝑒/𝑚𝑝 0.001 089 234 042 95 (5) MPIK/
HHU-D

−𝐸𝑏/𝑚𝑝 0.000 000 014 493 061 … MPQ

−𝐸𝑎/𝑚𝑝 0.000 000 000 803 81 (2) Lykke

• Compare hydrogen ions to antiprotons

BASE is the first experiment which has implemented this method, now
also used by many others



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

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

(𝑞/𝑚)ഥp

(𝑞/𝑚)p
+1 = 1 69 × 10−12

Rexp,c = 1.001 089 218 755 (69)

Stringent test of CPT invariance with Baryons. 

Consistent with CPT invariance

Previous Limitations:
• Systematics by resonant particle tuning.

• Accelerator imposed magnetic field fluctuations 
-> Multi layer shielding systems / reservoir trap

• Intrinsic magnetic field stability limitation -> 
redesign of parts of the apparatus

• Development of direct detection techniques for 
lower measurement fluctuation. 

BASE, accepted, Nature (2021)



The Acquired Data Set

• 24000 data points acquired in four 
measurement campaigns and in a time 
range of 1.5 years.

• Temporal experiment stability fluctuation 
due to fluctuations imposed by other 
users and accelerators.

• Continuously improved stability over 
time. 



Systematic Effects and Result



The Result

Campaign 𝑹𝒆𝒙𝒑 𝝈(𝑹)𝒔𝒕𝒂𝒕 𝝈(𝑹)𝒔𝒚𝒔

2018-1-SB 1.001089218748 27 ∗ 10−12 27 ∗ 10−12

2018-2-SB 1.001089218727 47 ∗ 10−12 49 ∗ 10−12

2018-3-PK 1.001089218748 19 ∗ 10−12 14 ∗ 10−12

2018-1-SB 1.001089218781 19 ∗ 10−12 23 ∗ 10−12

Result 1.001 089 218 757 (16)

𝑅ഥ𝑝,𝑝 = −1.000 000 000 003 (16)

• Most precise test of CPT invariance in the baryon sector

Result consistent with CPT invariance

SME Limits
10−12 10−9 10−6 10−3

Ding et al., Phys. Rev. D 102, 056009 (2020)



Interpretation
• Differential test of the weak equivalence principle

comparing a matter and an antimatter clock

Broad band time base analysis is under evaluation -> time dependen coefficients

Property Limit

𝛼𝑔 − 1 < 1.8 ∗ 10−7

𝛼𝑔,𝐷 − 1 < 0.03

• Derived limits for global and differental
considerations

• Constraints set limits similar to goals of 
experiments that drop antihydrogen in the 
gravitational field of the earth. 

• Looking forward to these results, rapid
progress in ALPHA-g and GBAR, stay tuned
for beamtime 2022 / 2023. 



Outlook
• Using phase sensitive methods

20 p.p.t. / 24h , but only possible during accelerator shutdown

• Recent development: Two Particle Method (similar to recent
MPIK-Results), moderately «simple» for Q/M ratios, difficult
for nuclear moments

• Current problem: Magnetic field fluctuations imposed by the 
accelerator hall.   

Transportable 
antiproton 
traps coming 
soon (see also 
PUMA)

H- ion pbar

Antiproton: Two particles in one trap



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
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Mainz effort started

BASE approved

ASACUSA

ATRAP

BASE

{BASE multi-Penning traps

exotic atoms

principal limit of current method 
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Larmor Frequency – extremely hard

Energy of magnetic dipole in 
magnetic field

Φ𝑀 = −(μ𝑝 ⋅ 𝐵)

𝐵𝑧 = 𝐵0 + 𝐵2 (𝑧
2 −

ρ2

2
)Leading order magnetic field 

correction

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

Δν𝑧~
μ𝑝𝐵2
𝑚𝑝ν𝑧

: = α𝑝
𝐵2
ν𝑧

- Very difficult for the proton/antiproton system. 

𝐵2~300000 𝑇/𝑚
2

- Most extreme magnetic conditions ever applied to single 
particle.

∆𝜈𝑧~170 𝑚𝐻𝑧

Measurement based on continuous Stern Gerlach effect. 

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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3000-fold Improved Antiproton 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)
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Systematic Limitations of 2017 Measurement
Error Budget

Limited by magnetic bottle strength of 2.7(3) T/m2

New trap layout with increased distance 
between analysis trap and precision trap.

Recent magnetic field measurements:

B1 improved by factor of 3.

B2 improved by factor of 20. 

g-factor target precision of order 100 p.p.t. 
at much higher sampling rate in reach (so far 

no show stoppers identified). 



New Experiment, New Inventions

• Many new components 
developed in 2020 and 
2021. 

• New trap system

• New electronics layout

• New axial detectors

• New degarder interface

• Improved cryogenic RF 
noise suppression system

• New magnet shim system

• Phase sensitive detection

First full 4-trap stack
operated in BASE

Although everything else looks promising, problems with antiproton 
catching in 2021 (stray fields, misalignment, diagnostics, etc.).

• Implement the best trap experiment we are able to build at the moment. 



Dominant Systematics / Sampling 

System running successfully in persistent 
mode. 

Able to tune the B2 coefficient to 0 
within uncertainties of 0.00006T/m2

Reduces the dominant systematic
uncertainty of the previous magnetic
moment measurement by more than a 
factor of 10000.

Parameter 2016 measurement (PT) 2022 measurement (CT)

detector temperature 12.8 K 4.2 K

detection Q 450 1250

Rp 75.000 Ω 360.000 Ω

pickup length (𝐷𝑒𝑓𝑓) 21.5 mm 4.2 mm

thermalization time 𝜏 380 s 3.2 s

Transport time 78 s 4.6 s

Readout time 120 s 10 s

200 mK preparation time 15 h 8 min

Demonstrated in 2022 a 200mK 
particle preparation time of <10 
minutes (60 fold improvement)

Feedback cooling heralds 
further improvement by a 

factor of 4. in time, 200mK in 
2.5 min.



Recent Achievements – Sympathetic Cooling
• Magnetic moment measurements are limited by particle temperature and would be

considerably accelerated by inventing a method beyond resistive cooling

Method proposed by Wineland and Heinzen: Couple 
particles in different traps via image currents. 

One of the particle types: Laser cooled species
Transfer particle temperatures from one trap to the 
other. 

First proof of principle demonstration successful!!!

Demonstrated proton temperature reduction by 
about a factor of 8. 

New trap geometries under development for more 
efficient cooling

Bohman et al., Nature 596, 514 (2021)
Simulations: Optimized procedures will enable 20 mK temperatures in 10 s.   



The single spin flip 2022
• With

• dedicated cooling trap implemented

• optimized fast particle transport

• optimized detector/particle coupling

-> prepare a particle with >90% spin state detection
fidelity in 10 minutes (still some headroom)…

Status 2016 run with 600s 
cooling in the PT
at a cyclotron temperature of 
13K

Status 2022 run with cooling 
for 3s in the CT and a 
cyclotron temperature of 4.2 K

• Current experiment: 
• considerably improved particle cooling, thus much higher

sampling rate

• Double trap measurements possible now -> reduced
systematics

• Ultra homogeneous magnetic field

• Ultra stable experiment magnet

• Coherent methods and phase methods

Very optimistic to improve the antiproton moment measurement by >factor of 5 



The «Perfect» Penning Trap Experiment
• Vision: Build at new HHU-D labs a world-leading Penning trap laboratory which features

all essential aspects of all lessons learned in the last 10 years, supplied by BASE STEP. 
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Summary
• Talked about recent precision measurements in BASE, with the flag-results 16ppt 

measurement of the antiproton/proton charge-to-mass ratio, and a 1.5ppb 
measurement of the proton magnetic moment.

• Some searches for more exotic physics.

• Future plans:

• Improved measurement of the antiproton moment – excellent progress
• Improved measurements by developing transportable antimatter traps
• Improved measurements by implementing new technologies

Promising future experiments possible



Summary of SME Limits by BASE
• 2022 Charge-to-Mass Ratio Measurement• Magnetic Moment Measurements

• Time-base Charge-to-Mass analysis ongoing

Coefficient Limit

෨𝑏𝑝
𝑧 < 1.8 ⋅ 10−24 GeV

෨𝑏𝑝
𝑋𝑋 + ෨𝑏𝑝

𝑌𝑌 < 1.1 ⋅ 10−8 GeV−1

෨𝑏𝑝
𝑍𝑍 < 7.8 ⋅ 10−9 GeV−1

෨𝑏𝑝
∗𝑧 < 3.5 ⋅ 10−24 GeV

෨𝑏𝑝
∗𝑋𝑋 + ෨𝑏𝑝

∗𝑌𝑌 < 7.4 ⋅ 10−9 GeV−1

෨𝑏𝑝
∗𝑍𝑍 < 2.7 ⋅ 10−8 GeV−1

Coefficient Limit

෨𝑏𝑝
∗𝑋 < 9.7 ⋅ 10−25 GeV

෨𝑏𝑝
∗𝑌 < 9.7 ⋅ 10−25 GeV

෨𝑏𝑝
∗𝑋𝑋 − ෨𝑏𝑝

∗𝑌𝑌 < 5.4 ⋅ 10−9 GeV−1

෨𝑏𝑝
∗𝑋𝑍 < 3.7 ⋅ 10−9 GeV−1

෨𝑏𝑝
∗𝑌𝑍 < 3.7 ⋅ 10−9 GeV−1

෨𝑏𝑝
∗𝑋𝑌 < 2.7 ⋅ 10−9 GeV−1

Work in progress, to be finished within 
the next 3 months. 



Thanks for your attention



https://journals.aps.org/prl/accepted/15071Y2
dJe514a63281b1498fe4274156d3788acc



Constraining Axion/Photon Coupling
• Axions at the right Compton frequency would source a radio-frequency signal that could

be picked up by our single particle detection systems

• Axion signal:

• Noise-Floor: 𝑉𝑛 = 𝑒𝑛
2Δ𝜈 + 4𝑘𝐵𝑇𝑧𝑅𝑝𝜏 𝜈, 𝑄, 𝑝 𝜅2Δ𝜈

The most important parameter to derive appropriate limits is the 
resonator temperature 𝑇𝑧

Penning trap: calibrated by single particle quantum thermometry

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

Letters. 126, 041301 (2021). 

• Important feature: cold axions and axion like
particles oscillate at their Compton frequencies

𝜈𝑎 = 𝑚𝑎𝑐0
2/ℎ

• In a strong external magnetic field axions can
convert into photons via the inverse Primakoff
effect. 

𝑩𝒂 = −
1

2
𝑔𝑎𝛾𝑟 𝜌𝑎𝑐0ℏ𝐵𝑒𝒆𝝓

𝑉𝑎 =
𝜋

2
𝑔𝑎𝛾𝜈𝑎 𝜌𝑎ℏ𝑐0 ∗ 𝑄 𝜏 𝜈, 𝑄, 𝑝 𝜅𝑁𝑇 𝑟2

2 − 𝑟1
2 𝐵𝑒

𝑔𝑎𝛾 < 10−11 GeV−1

CAST



Future Projection
• With a purpose-built experiment we should

be able to improve sensitivity considerably

𝑉𝑎
𝑉𝑛

∝
𝜋

2
𝑔𝑎𝛾 𝜈𝑎𝜌𝑎ℏ𝑐0 ∗

𝑓(𝑄)

4𝑘𝐵𝑔(𝑇𝑧)
𝒓𝟐 − 𝒓𝟏 𝒓𝟐 + 𝒓𝟏

𝟑/𝟐𝑩𝒆

Parameter Current New Factor

Temperature 𝟓. 𝟓 𝑲 𝟎. 𝟎𝟓𝑲 − 𝟎. 𝟏𝑲 > 𝟑

𝑸 𝟒𝟎 𝒌 𝟏𝟔𝟎 𝒌 > 𝟏. 𝟒

𝒆𝒏 𝟏 𝒏𝑽/ 𝑯𝒛 𝟎. 𝟏 𝒏𝑽/ 𝑯𝒛 > 𝟑

𝑩𝟎 𝟏. 𝟖 𝑻 𝟕. 𝟎 𝑻 𝟑. 𝟗

Geometry 𝟏 𝟏𝟔 𝟏𝟔

Peak Sens. 1 > 𝟐𝟔𝟎

Technologies available to build such an experiment / discussion with IAXO started

Bandwidth-gain: x 3000

Devlin et al., BASE,
Phys. Rev. Lett. 126, 041301 


