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Outline of Talk
• Introduction and summary of the main 

achievements made since start of the 
program

• Report on the status, and in particular give
outlook on future plans of the individual
collaborations

• ALPHA

• ASACUSA

• AEGIS

• BASE/BASE STEP

• GBAR

• PUMA



Motivation: 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

at the AD we are studying these questions using quantum limited mesurement technology of AMO physics.

B - violation

CP violation

Arrow of time

CPT violation

Baryon Asymmetry in the Universe (BAU)



The AD/ELENA-Facility
ALPHA,
Spectroscopy of 1S-2S in 
antihydrogen

ASACUSA, ALPHA
Spectroscopy of GS-HFS in 
antihydrogen

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

ASACUSA 
Antiprotonic helium
spectroscopy

BASE, BASE-STEP
Fundamental properties
of the proton/antiproton, tests
of clock WEP / tests of exotic
physics / antimatter-dark 
matter interaction, etc...

PUMA
Antiproton/nuclei scattering to
study neutron skins

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

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

an
ti

h
yd

ro
ge

n
an

ti
p

ro
to

n
s

60 Research Institutes/Universities – 350 Scientists
– 6 Active Collaborations

• Tests of CPT symmetry (ALPHA, ASACUSA, BASE)
• Tests of ballistic properties of antihydrogen (ALPHA, GBAR, AEGIS)
• Searches for asymmetric dark matter / antimatter coupling (BASE, ASACUSA)
• Nuclear Physics Projects (PUMA)



What is Specific about the AD-Experiments
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Innovation and Technology

• Antihydrogen traps

• Advanced Multi Penning trap systems

• Ultra-stable ultra-high power lasers

• Transportable antimatter traps and reservoir traps

• Coherent, quantum limited spectroscopy schemes

• Future: Quantum Logic Spectroscopy

• Very different from the big detectors, the AD experiments are particle physics based
AMO experiments

Coherent spin quantum 
spectroscopy with
nuclear spins 

World’s most noiseless
trap, developed at 
CERN

Non-destructive spin 
spectroscopy with a 
single antiproton



Achievements Since the Start of the Program

2010

2002

2013

Start of antihydrogen physics

2014

2017 2019

2021

2022

2010

ALPHA
ASACUSA

2011

Production of a beam
of antihydrogen atoms

2015

1 +
(𝑞/𝑚)ഥp

(𝑞/𝑚)p
=

1 69 × 10−12

69 p.p.t. 
proton/antiproton q/m 

comparison

trapped antihydrogren

2018

2ppt antihydrogren 1S2S spectroscopy

ALPHA
BASE

laser-cooled
antihydrogren and 
sympathetically
cooled protons

antimatter/dark matter coupling

5ppm pbar moment

1.5ppb pbar moment

WEP test with clocks
𝑚 ҧ𝑝/𝑚𝑒 at 0.8ppb

𝑚 ҧ𝑝/𝑚𝑒 at 1.5 ppb

2020

Hbar production in GBAR

2012

Resonant quantum 
transitions in Hbar

Type
equation
here.

• Advanced charged
plasma control 
techniques

• Advanced magnetic
trapping

• High power UV-
laser technology

• Non-destructive 
quantum-transition 
spectroscopy

• Ultra-low-noise 
trapping techniques

• Sympathetic 
cooling and 
quantum-logic 
spectroscopy

Laser cooled positrons

Gravity Measurement

2023



Very Recent Highlights

• ALPHA: First measurement of the ballistic properties of 
antihydrogen in the gravitational field of the earth.

• AEgIS: First demonstration of laser cooling of 
positronium atoms.

• BASE: Most precise test of CPT invariance in the baryon 
sector.  



Achievements in Fundamental Constants
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dramatic progress in experimental resolution since the program was started

…and many ideas around how to improve…



Future Perspective – Towards 2040 and beyond

8.2 ⋅ 10−10

2.0 ⋅ 10−12

3.5 ⋅ 10−4

1.5 ⋅ 10−9

1.6 ⋅ 10−11

1.1 ⋅ 10−8

1.6 ⋅ 10−3

9 ⋅ 10−11

𝑚 ҧ𝑝/𝑚𝑒

2040
2023
2009

ഥ 𝐻
1
𝑆
2
𝑆

ഥ𝐻𝐺𝑆−𝐻𝐹𝑆

𝜇 ҧ𝑝

(𝑞/𝑚) ҧ𝑝

(𝑞/𝑚)𝑝

< 10−22

< 10−24

< 10−24

< 10−27

< 10−29

en
ergy

reso
lu

tio
n

(G
eV

)

fractional precision
10−15 10−12 10−9 10−6 10−3 1

…are looking forward to invitations by the SPSC to submit new proposals (invitation promised for 2024)
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Moore’s Law in Precision Physics
• There is the rough estimate that precision improves by one order of magnitude per decade.

AD-experiments have proven that they usually outperfom Moore’s law

1985 1990 1995 2000 2005 2010 2015 2020
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Mainz effort started
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ATRAP

BASE
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reached proton limit (BASE Mainz)

{single Penning traps

> 3000

ALPHA: ppt measurements 5 years after
first antihydrogen trapping

BASE: six orders of magnitude in 
an operation time of 7 years. 

ASACUSA: three orders of 
magnitude in an operation time of 
about 20 years. 



Physics Plans of Individual
Collaborations



ALPHA – Collaboration 
2024 2030 2035 2040

LS3
2026
2027

LS4
2033
2034

ALPHA-g

• continue systematic characterisation of the 
three distinct ALPHA-g traps.

• implement laser cooling in ALPHA-g.

• best possible measurements of g-bar in 
ALPHA-g.

• begin integration of in-trap NMR resonator 
for driving transitions in antihydrogen.

Study and refine
laser-cooling of 
antihydrogen

Integrate new 
metrology tools

into the 
experimental

program

Integrate
sympathetic

cooling of 
prositrons for 

enhanced Hbar
production yield

GOAL: achieve hydrogen-like precision
for the 1S-2S transition (~10-15). laser-

cooled positrons, laser-cooled 
antihydrogen, better frequency 

metrology,…etc…

GOAL: direct measurement of the 
Lamb shift in antihydrogen

Improve
precision in 

ground state 
hyperfine 

splitting (ppm)

GOAL: Measurement of the antiproton 
charge radius using antihydrogen 

spectral lines.

Gravity measurements with ppm resolution

Contributions to spectroscopy of H2+-bar

Studies of anti-deuterium - spectroscopy 
and gravity, feasibility under 
consideration

Rich Spectrum of additional Ideas:

• antihydrogen atomic fountain 
spectroscopy

• field-free antihydrogen 
spectroscopy

• Spectroscopy of hydrogen and 
antihydrogen in the same trap



AEgIS – Collaboration 
2024 2030 2035 2040

LS3
2026
2027

LS4
2033
2034

Before LS3

(2023-2025)

Improve 

antihydrogen 

source flux 

by x100

Direct WEP 

test with 

antihydrogen 

in a magnetic 

field

Establishing

laser cooling of 

positronium

Characterize 

Ps emission 

from 

transmission 

targets via 

Doppler 

spectroscopy

Form Rydberg 

antiprotonic

ions in traps

After LS3

• Precise antihydrogen WEP test 

in a null magnetic field at 1% 

level

• Ps 13S-23S,13S-33S 

spectroscopy with a laser 

cooled source

• Spectroscopy of Rydberg 

antiprotonic atoms

• Time-of-flight mass 

spectrometry of trapped

nuclear isotopes

Studies of anti-deuterium - spectroscopy 
and gravity, feasibility under 
consideration

Rich Spectrum of additional Ideas:

• Spectroscopy search for an 
antiproton EDM in 
antiprotonic molecules

• DM search via pbar-3He in 
traps

• Anti-3He synthesis by fusion 
between anti-p and anti-d

Gravity measurements with ppm resolutionTowards improved gravity exp.



ASACUSA Collaboration 
2024 2030 2035 2040

LS3
2026
2027

LS4
2033
2034

Test QED of antiprotons with 10 to 100x 

higher precision than before. (trap 

precision level)

Determine upper limits on beyond 

Standard Model fifth forces and spin-

dependent forces.

More experiments with superfluid pbarHe

program using slow extracted antiprotons for nuclear / hadron physics as well as atomic collisions

First Rabi GS-HFS 
measurement

before LS3

Source

Polarized Beam

Oscillating Field

State Analysis & Detection

lfs

hf

s

hf

s
lfs

Separated Oscillatory 

Fields

Rabi GS-HFS measurement after LS3 with ppm 
resolution, afterwards application of a Ramsey 
scheme with goal to reach 10 ppb resolution

Rich Spectrum of additional Ideas:

• Spectroscopy of Rydberg 
antihydrogen

• Antiproton annihilation studies on 
different targets

• Antiprotonic atom formation 
studies

• Studies of Pontecorvo reactions

Long term vision: Atomic fountain spectroscopy, 
requires however an entirely new setup. –

towards ppt-spectroscopy

Use cooled

antiproton beam of 

ELENA instead of 

uncooled beam of 

RFQD

Determine the 

antiproton-to-

electron mass ratio

2
1

1
2
3

• Measure additional narrow sub-
doppler transitions



PUMA and GBAR Collaborations 

GBAR: Collaboration successfully produced antihydrogen

in their apparatus. 

Main project after LS3: precision measurement of the gravitational 

acceleration of antimatter

• first:   below 10 %  ḡ measurement with 100 detected cold antiatoms 

• second:   10-2 - 10-3 precision with increased statistics (1000 events)

• next steps:   QGS interferometry, toward a sub 10-5 precision EPJD 76, 

209 (2022) 

• Continuity of ongoing side-projects

• Lamb shift precision measurement and antiproton charge radius PRD 

94, 052008 (2016)

• Cross sections measurements (H,H
+
, H2

−
) at low energies 

• Other projects under discussion and ideas for after LS4

• Further in-flight antihydrogen spectroscopy (n=2 fine structure)

• Production of antihydrogen molecular ion spectroscopy (more 

stringent CPT test than H) PRA 98, 010101(R) (2018)

• Ultracold antihydrogen in optical trap (Hyp. Int. 214, 60 (2020)) / atom 

chip trap, for single anti-atom spectroscopy 

The physics program of PUMA for order 10 years 
(2036/2037), including the development of the method 
and setup optimisation at ELENA, and measurements at 
ISOLDE (just approved by the SPSC).

• PUMA is investigating the feasibility and interest of 
hypernuclei physics at ELENA, if the idea becomes 
reality, this could last until 2040 (proposal/LoI to be 
submitted). 

• PUMA General: Low-energy antiprotons to probe
the neutron-to-proton content of the radial
density tail of stable (ELENA) and unstable
(ISOLDE) nuclei

• Main tools: transportable Penning trap and time
projection chamber for tracking of charged pions

https://doi.org/10.1140/epjd/s10053-022-00526-z
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.052008
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.98.010101
https://link.springer.com/article/10.1007/s10751-018-1549-4


BASE – Collaboration

Quantum logic spectroscopy with
single trapped antiprotons 

2024 2030 2035 2040

LS3
2026
2027

LS4
2033
2034

Offline laboratory operation

Coherent Spin 
Spectroscopy

Antiproton/H- ion crystal
spectroscopy

Offline Antiproton Experiment Operation using the transportable trap BASE-STEP

GOAL: 
Measurement

of the 
antiproton 
magnetic

moment with 10 
p.p.t. precision

H- ion pbar

Simultaneous
spectroscopy on two

particles on 
magnetron.locked

trap orbits for 
decoherence-free 

subspace
measurements

GOAL: Measurement of the 
proton/antiproton charge/mass ratio 

with sub-p.p.t. precision. 

Preparation of g-factor 
ratio measurements

BASE-CDM and BASE-LEPTON

GOAL: Measurement of the 
antiproton magnetic moment with

sup-p.p.t. precision

Contributions to spectroscopy of H2+-bar

Considered: Constraining the EDM of 
the antiproton by spin spectroscopy in 

inhomogeneous magnetic fields. 



Potential New Proposals



New Proposals - CPT test via comparison of H2
+ with anti-H2

+

• Hydrogen to antihydrogen comparisons test among others

*  Schiller et al., PRL 113, 023004 (2014)

Karr, J. Mol. Spec. 300, 37 (2014)

[1] Dehmelt, Phy. Scr. T59, 432 (1995)

[2] Myers, PRA 98, 010101(R) (2018) 

[3] Schiller and Korobov, PRA 71, 032505 (2005)
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• Only system which gives direct access to antiproton/antiproton
interaction. 

𝑚𝑝/𝑚𝑒

𝑚 ҧ𝑝/𝑚 ҧ𝑒

= 1 ?
Ratios of different vibrational
frequencies depend only on mp/me

(neglecting higher-order effects)

𝑓𝑚/𝑓𝑛

ҧ𝑓𝑚/ ҧ𝑓𝑛

= 1 ?

Accuracy: potentially at the 10-17 level *

→

• Statement: Not a serious
proposal yet, since
engineering of a feasible
source is outstandingly
difficult.  
• requires an instrument

similar to ALPHA, providing
higher antihydrogen yield, 
plus one additional mixing
stage, plus an experiment
similar to BASE, with laser
access (as prepared in the
BASE-logic setup) or
transportable trap (as BASE-
STEP, FUNDING?).

• ALPHA and BASE considering
to join forces (very long term
>10 years) with
𝐻2
+spectroscopy experts

from Düsseldorf (Schiller).

• Ideas by Schiller / Myers / 
Sturm currently probed with
𝐻𝐷2

+ at ALPHATRAP (MPIK) 
and 𝐻2

+ at HHU (Schiller) and 
ETH (Kienzler / Home / 
Crivelli)

Input by Schiller et al. 

(dependence on (𝑚𝑒/𝑚𝑝)/ (𝑚 ҧ𝑒/𝑚 ҧ𝑝)

suppressed by 3 oom (red. mass))



More to Come

• Initiative to establish at CERN-AD a 
program for Nuclear and Hadronic
Physics

• Workshop at SMI Vienna in April 
2024

• Register here: Future Nuclear and 
Hadronic Physics at the CERN-AD 
(8-April 10, 2024): Overview · 
Indico

Solid ideas to develop hydrogen optical lattice clock in collaboration of MPQ-Garching and RIKEN -> translate these
ideas, once worked-out and available, to the spectroscopy of anthydrogen (fractional resolution of lattice clocks is at the 
𝟏𝟎−𝟏𝟖level)

https://indico.cern.ch/event/1374378/


Summary
• AD collaborations produced dramatic progress in recent

years, 

• Several milestones achieved:

• Trapping of antihydrogen

• Spectroscopy of antihydrogen

• Laser-cooling of antihydrogen

• Production of a beam of antihydrogen

• 2 photon spectroscopy of antiprotonic helium

• Non-destructive spin quantum spectroscopy with antiprotons

• Axion/antimatter coupling 

• Antihydrogen production via charge exchange

• …and have outlined plans to operate until 2040 at least.

• Detailed proposals that outline the plans until 2040 AND 
BEYOND will be submitted on invitation by the SPSC, this
invitation was promised to come early 2024 and to be
evaluated in 2025.  

• Potential new big long-term
projects that would last beyond
2040:

• Spectroscopy of antihydrogen
molecular ions

• Towards Anti-deuterium
• Antihydrogen lattice-clocks

• …to be discussed in the next evaluation round 
of the SPSC…. 



Thanks…
• …in the name of all collaborations, thanks very much to CERN and 

the awesome team of AD operators which make this physics
program possible!!!

• …and thanks to many more which support the program
• Cryolab !!!
• Vacuum group,….
• Engineering department….and many more…

General happiness by the users about great support and the fantastic new ELENA machine



Thank you very much for your attention

60 Research Institutes/Universities – 339 scientists – 6 Collaborations



All Collaborations: DURING LS3

• Magnetometry studies in ALPHA-g – crucial for future precision gravity 
measurements.

• Microwave B-field component measurements using Be+ spin flips.
• Establish trapping of HYDROGEN in ALPHA-2 and ALPHA-g for direct 

comparisons.
• Shutdown antiproton measurements in BASE (significantly improved stability 

conditions / BASE can work on reservoir), during LS3.
• Proton mass and magnetic moment measurements in BASE.
• Positron physics in GBAR. 
• Positronium physics in AEgIS. 
• Hydrogen beam measurements in ASACUSA. 

Very important: All collaborations can make significant progress without 
pbars; the community needs helium and services as much as possible.



ALPHA Collaboration 



Antihydrogen in ALPHA - highlights

• Prior to LS1
• Trapped antihydrogen. Nature 468, 673–676 (2010). 

https://doi.org/10.1038/nature09610

• Confinement of antihydrogen for 1,000 seconds.  Nature Phys 7, 558–564 (2011). 
https://doi.org/10.1038/nphys2025

• Resonant quantum transitions in trapped antihydrogen atoms.  Nature 483, 439–
443 (2012). https://doi.org/10.1038/nature10942

• Description and first application of a new technique to measure the gravitational 
mass of antihydrogen.  Nat Commun 4, 1785 (2013). 
https://doi.org/10.1038/ncomms2787

• An experimental limit on the charge of antihydrogen. Nat Commun 5, 3955 
(2014). https://doi.org/10.1038/ncomms4955

• Since LS1
• An improved limit on the charge of antihydrogen from stochastic acceleration. 

Nature 529, 373–376 (2016). https://doi.org/10.1038/nature16491

• Observation of the 1S–2S transition in trapped antihydrogen. Nature 541, 506–
510 (2017). https://doi.org/10.1038/nature21040 consistent with expectations for

hydrogen to about 2 x 10-12

The only experiment which traps antihydrogen (very difficult), and has access
to «non-destructive» measurements on antihydrogen (long observation 
times). 

https://doi.org/10.1038/nature09610
https://doi.org/10.1038/nphys2025
https://doi.org/10.1038/nature10942
https://doi.org/10.1038/ncomms2787
https://doi.org/10.1038/ncomms4955
https://doi.org/10.1038/nature16491
https://doi.org/10.1038/nature21040


Antihydrogen in ALPHA - highlights
• Observation of the hyperfine spectrum of antihydrogen. Nature 548, 66–69 

(2017). https://doi.org/10.1038/nature23446

• Antihydrogen accumulation for fundamental symmetry tests.  Nat Commun 8, 681 
(2017). https://doi.org/10.1038

• Characterization of the 1S–2S transition in antihydrogen. Nature 557, 71–75 
(2018). https://doi.org/10.1038/s41586-018-0017-2

• Observation of the 1S–2P Lyman-α transition in antihydrogen. Nature 561, 211–
215 (2018). https://doi.org/10.1038/s41586-018-0435-1

• ALPHA-g installed (2018)

• Investigation of the fine structure of antihydrogen. Nature 578, 375–380 (2020). 
https://doi.org/10.1038/s41586-020-2006-5

• Laser cooling of antihydrogen atoms. Nature 592, 35–42 (2021). 
https://doi.org/10.1038/s41586-021-03289-6

• Sympathetic cooling of positrons to cryogenic temperatures for antihydrogen 
production. Nat Commun 12, 6139 (2021). https://doi.org/10.1038/s41467-021-
26086-1

https://doi.org/10.1038/nature23446
https://doi.org/10.1038
https://doi.org/10.1038/s41586-018-0017-2
https://doi.org/10.1038/s41586-018-0435-1
https://doi.org/10.1038/s41586-020-2006-5
https://doi.org/10.1038/s41586-021-03289-6
https://doi.org/10.1038/s41467-021-26086-1


Goals before LS3
• ALPHA-2/3

• study and refine laser cooling of antihydrogen.
• integrate new metrology tools into the experimental program.
• achieve hydrogen-like precision for the 1S-2S transition (~10-15).
• direct measurement of the Lamb shift in antihydrogen.
• improve precision on the ground state hyperfine spectrum.
• investigate other laser-spectral lines; implement fluorescence detection; antiproton charge 

radius; anti-rydberg (ALPHA-3).
• integrate sympathetic cooling of positrons by laser-cooled Be ions to antihydrogen 

production.

• ALPHA-g

• continue systematic characterisation of the three distinct ALPHA-g traps.
• implement laser cooling in ALPHA-g.
• best possible measurements of g-bar in ALPHA-g.
• begin integration of in-trap NMR resonator for driving transitions in antihydrogen.



Perspectives after LS3
• improvements in precision of existing measurements

• direct comparisons of hydrogen and antihydrogen in the same trap

• antihydrogen NMR spectroscopy

• fountain experiments with antihydrogen – gravitational interferometry

• extraction of antihydrogen into field-free space for spectroscopy

• possible investigation of the antihydrogen molecular ion  ഥ𝐻2
−

speculative and preliminary, discussions about 
feasibility between ALPHA and BASE started. 

(see detail-slide below)

ALPHA has a very bright future ahead
and more the problem to decide what to 

do FIRST



ASACUSA Collaboration 



ASACUSA Cusp experiment - status
• ഥ𝐇 ground-state hyperfine splitting 

measurement in a beam
• Polarized ഥH beam from Cusp trap
• Rabi-type spectroscopy
• Compared to ALPHA: Field free region

• Sensitive to different physics couplings. 

• Achieved Milestones
• 2010 1st production of ഥH.
• 2014 1st ഥH beam observed 2.7 m downstream 

of formation region.
• 2016 ppb-scale measurement of H hyperfine 

splitting using same apparatus.
• 2021 measurement of ഥH principal quantum 

number distribution in a beam.

N. Kuroda et al, Nat. Commun. 5, 3089 (2014).

B. Kolbinger et al.,  EPJ D 75, (2021) 91.



Developments and Achievements after LS2

• New Cusp cold bore • 100 K colder electron plasmas compared 
to before

• SDREVC implemented
• Improved reproducibility

Low density

Compressed
Evaporative
Cooling:
T =8 K

E. Hunter et al., EPJ Web Conf. 262 01007 (2022)
C. Amsler et al., Physics of Plasmas 29 (2022) 
08330

High transparency copper 
mesh to reflect incoming 
microwaves
0.25 mm pitch
0.03 mm wire diameter
>20 dB attenuation at 60 GHz

Ceramic “bracelet” to absorb cyclotron radiation from the 
plasma

Performance of upgrades looks very good, to be confirmed it pays off with
increased production yield



Future program beyond LS3
• ഥ𝐇 ground-state hyperfine splitting

• In-beam: complementary to in-trap

• 1st Rabi measurement before LS3

• After LS3: 
• <1 ppm with Rabi measurement

• Ramsey: factor ~ 20

• Better resolution: colder ഥH
• Trapping, cooling, extraction

Source

Polarized Beam

Oscillating Field

State Analysis & Detection

lfs

hf

s
hf

s
lfs

Separated Oscillatory 

Fields

Rabi

Ramsey

• Spectroscopy of Ry-ഥ𝐇
• Initially copiously produced

• Existing techniques used with matter will allow us to control 
Rydberg states of antihydrogen [1]

• Spectroscopy can be performed using Ramsey separated 
oscillating field techniques [2]

• Spectroscopy of ഥH and H can take place in the same 
apparatus 

• It may be possible to produce cold samples (~150 mK) of 
antihydrogen [3]

• Maybe interesting to investigate 5th forces [4]

[1] Vliegen E, Merkt F (2006) Stark deceleration of hydrogen 
atoms. J Phys B: At Mol Opt Phys 39: 241.
[2] De Vries, Joel Christopher, 1993, PhD Thesis 
http://hdl.handle.net/1721.1/8292

[3] Hogan SD, Merkt F (2008) Demonstration of three-
dimensional electrostatic trapping of state-selected Rydberg 
atoms. Phys Rev Lett 100: 043001.
[4] Matthew P. A. Jones and Robert M. Potvliege, Probing 
new physics using Rydberg states of atomic hydrogen, Phys. 
Rev. Res. 2, 013244 (2020)



Laser spectroscopy of antiprotonic/pionic helium

2003: Laser spectroscopy with 80 keV beam of radiofrequency quadrupole decelerator PRL 91, 123401 (2003)
2005: Synthesis of cold two-body Rydberg antiprotonic helium ions                                 PRL 94, 063401 (2005)
2006: First accelerator experiment to use femtosecond optical frequency comb                PRL. 96, 243401 (2006) 
2011: First sub-Doppler two-photon laser spectroscopy of antiprotonic atom                    Nature 475, 484 (2011)
2016: Gas buffer cooling of two billion atoms and antiproton-to-electron mass ratio Science 354, 610 (2016)
2020: First laser spectroscopy of  an atom containing a meson:  pionic helium atoms       Nature 581, 37 (2020)
2022: Narrowing of spectral lines of antiprotonic atoms in superfluid helium                    Nature 603, 411 (2022)

2023: Dedicated group established in Mainz and Imperial College London to carry out research to around 2040.

𝑝He+: antiprotonic helium

e-

𝑝
¯

π-

e-

𝜋He+: pionic helium PSIELENA



Short/medium term goals
• Use cooled antiproton beam of ELENA instead 

of uncooled beam of RFQD
• Determine the antiproton-to-electron mass ratio 

1836.1526734 (15). 
• Test QED of antiprotons with 100x higher 

precision than before. (trap precision level)
• Determine upper limits on beyond Standard 

Model fifth forces and spin-dependent forces.



Condensed matter research and new exotic atoms

• Condensed matter research using 
superfluid and solid helium of 
temperature < 0.1 K, microscopic 
quasi-particle excitations.

• Needs 0.4 to few MeV pbar beam, 
“reaccelerator” installation in 
ASACUSA studied.

• Laser spectroscopy of kaonic and 
antideuteronic helium atoms

• Needs antideuteron beam, studied 
by CERN in 1989 in the  context 
of AAC + PS

• “200 antideuterons per pulse  
(1e13 protons) in the AC”

• GSI-ESR can measure one ion.

Kaonic helium 

(contains strange quark!)

e-

𝑑



Antiprotonic Helium (ASACUSA) 

• For exotic spin-1 bosons: general approach assuming rotational 
invariance -> 16 spin dependent interactions (Moody-Wilczek-
Dobrescu-Mocioiu formalism)  

• Helium atom with one of the electrons replaced by an antiproton

• Elegant and technically challenging
experiments on circular states lead to 
measurements of the antiproton-to-electron
mass ratio (0.6 p.p.b.)

• First limits on exotic antimatter/axion coupling derived

Interactions 
would 
modify 
atomic 

potential and 
lead to shifts 

in 
wavelengths



Precision quantum optics measurements before/after LS3

• Five laser beams used to excite and measure narrow sub-Doppler two-photon transitions.

• New optical frequency comb and quantum optics techniques needed.

• ELENA antiprotons vastly increase the data acquisition rate and signal-to-noise ratio.

• Induction decelerator developed with KEK 30 GeV PS-MR accelerator group and Mainz HIM.

• Spectroscopy in radiofrequency traps.
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Overview – AEgIS Collaboration

AEgISHbar

AEgISPs

AEgISքion

• General: use diverse atomic systems with antimatter 
constituents to test the Weak Equivalence Principle 
and perform spectroscopic studies

• Main tools: laser-controlled charge-exchange 
reactions with Rydberg Ps atoms, cold and dense 
plasmas in Malmberg-Penning traps, inertial sensors

2008

2016
2014

2017

2019

2020
2023

Pbar compression to mm radius

M. Antonello et al., PRA 102, 013101 (2020)

Rydberg Ps in 1T

2012

S. Aghion et al., Eur. Phys. J. D (2018) 72: 76

Efficient catching from ELENA

Ps 1S-3P-Ry spectroscopy

S. Aghion et al., PRA 94, 012507 (2016)

Ps 2S-3P spectroscopy

M. Antonello et al., PRA 100, 063414 (2019)



Highlights – AEgIS

Cold pulsed Hbar source

• 100 ഥH∗ produced within a time 

window of ~100 ns

• The annihilation time distribution 

suggest temperatures much

below the initial plasma 300 K

-: first pulsed source available :-

Inertial detector for WEP testing

• 500 aN sensitivity with 100 keV antiprotons 

and emulsion detectors

• Talbot-Lau interferometry as alignment tool 

and un-deflected reference

-: viable detector for WEP tests :-



AEgIS - Future Program

During LS3 (2026-2028)

• Apparatus upgrade for Ps 

transmission targets

• Ps 13S-23P and 13S-33P 

spectroscopy with a 

laser-cooled source

• Ps HFS on n=2 and n=3

• Inertial sensing with 23S 

and Rydberg Ps

• Two-photon spectroscopy 

of Ps n3S Rydberg states

• Positron affinity of 

neutralized anions via 

charge-exchange

After LS3 (2029-)

• Precise antihydrogen WEP test in 

a null magnetic field

• Ps 13S-23S,13S-33S spectroscopy 

with a laser cooled source

• Spectroscopy of Rydberg 

antiprotonic atoms

• Time-of-flight mass spectrometry 

of trapped nuclear isotopes

• Inertial sensing with antiprotonic 

atoms

• Spectroscopy search for an 

antiproton EDM in antiprotonic 

molecules 

• DM search via pbar-3He in traps

• Anti-3He synthesis by fusion 

between anti-p and anti-d

Before LS3

Before LS3 (2023-2025)

• Improve antihydrogen 

source flux by x100

• Direct WEP test with 

antihydrogen in a 

magnetic field

• Establishing laser cooling 

of positronium

• Characterize Ps emission 

from transmission targets 

via Doppler spectroscopy

• Form Rydberg antiprotonic 

ions in traps

AEgISHbar AEgISPs AEgISքion

2026 2028
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Overview – GBAR Collaboration
Main goal

• Produce keV beams of antihydrogen atoms and ions

• p + Ps → H + e− &      H + Ps → H
+
+ e−

• Measure  𝑯 Lambshift —> radius of antiproton

• Cool  H
+

to 10 𝜇K and photo detach —> ultra cold H

• Measure H free fall

Drift 
tube

Ps*

laser 
hut

Positron 
traps

Linac 
bunker

Ion 
cooling 

laser hut

p trap 
tempo

In construction, with intermediate milestones

• Linac —>  5 × 107𝑒+/𝑠 M. Charlton et al., NIMA 985, 164657 (2021)

• traps —>  1 × 109𝑒+/1000𝑠 P. Blumer et al., NIMA 1040, 167263 
(2022)

•drift tube —> 100 keV -> 6 keV A. Husson et al., NIMA 1002, 
165245(2021)

• 𝑯 production —> evidence in 2022 run

Improve yield and focus before LS3 on Lamb shift measurement



Overview – GBAR Collaboration

Drift 
tube

Ps*

laser 
hut

Positron 
traps

Linac 
bunker

Ion 
cooling 

laser hut

p trap 
tempo

In construction, with intermediate milestones

• Linac —>  5 × 107𝑒+/𝑠 M. Charlton et al., NIMA 985, 164657 (2021)

• traps —>  1 × 109𝑒+/1000𝑠 P. Blumer et al., NIMA 1040, 167263 (2022)

•drift tube —> 100 keV -> 6 keV A. Husson et al., NIMA 1002, 165245(2021)

• 𝑯 production —> evidence in 2022 run

Accumulation in HFT



GBAR - Future Program 

PRA 105, 022821 (2022)

Main project after LS3: precision measurement of the gravitational acceleration of antimatter

• first:   below 10 %  ḡ measurement with 100 detected cold antiatoms 

• second:   10-2 - 10-3 precision with increased statistics (1000 events) 

• or at least 1 % precision with QGS interferometry (10 events)

• next steps:   QGS interferometry, toward a sub 10-5 precision EPJD 76, 209 (2022) 

• + GBAR collaborators involved in “mirror” measurement with Hydrogen (GRASIAN collaboration)

• Continuity of ongoing side-projects

• Lamb shift precision measurement and antiproton charge radius PRD 94, 052008 (2016)

• Cross sections measurements (H,H
+
, H2

−
) at low energies 

• X-ray spectroscopy of antiprotonic atoms (QED, comparison with PUMA on stable nuclei) PRL 126, 173001 (2021)

• Other projects under discussion and ideas for after LS4

• Further in-flight antihydrogen spectroscopy (n=2 fine structure)

• Production of antihydrogen molecular ion spectroscopy (more stringent CPT test than H) PRA 98, 010101(R) (2018)

• Ultracold antihydrogen in optical trap (Hyp. Int. 214, 60 (2020)) / atom chip trap, for single anti-atom spectroscopy 

• Investigation of the Casimir force with antimatter (demonstration of the reflection, QGS spectroscopy and shift), with 

possible application of BSM short-range interaction investigation 

https://journals.aps.org/pra/abstract/10.1103/PhysRevA.105.022821
https://doi.org/10.1140/epjd/s10053-022-00526-z
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.052008
https://doi.org/10.1103/PhysRevLett.126.173001
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.98.010101
https://link.springer.com/article/10.1007/s10751-018-1549-4
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Overview – BASE Collaboration
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)

1 +
(𝑞/𝑚)ഥp

(𝑞/𝑚)p
=

1 69 × 10−12

2014

2017

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

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

2016

A
. M

o
o

se
r,

 S
. U

lm
er

, e
t 

al
.,

N
at

u
re

 5
0

9
, 5

9
6

 (
2

0
1

4
)

3
p

p
b

 p
ro

to
n

 m
o

m
en

t

pbar moment, proton moment, 
pbar lifetime, proton mass

2019

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)



The Sound of Antimatter
• Concept of image current detection

FFTAmpAmp

Rp Lp
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Image current

𝐼𝑝,𝑥~
𝑞

𝐷𝑒𝑓𝑓
2𝜋𝜈𝑥 𝑥

𝐼𝑝,𝑥~ 0.1 𝑓𝐴 /(𝑀𝐻𝑧 𝜇𝑚)
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Axially excited, trapped 

antiprotons

• Non-destructive Quantum 
Transition Spectroscopy with
Antimatter

In the AD we are «listening» to the sound of extremely simple, well understandable Antimatter systems to detect
exotic physics , which appears as changes in pitch / frequency beating

Maybe the «most quantum» 
experiment at CERN



Highlights – BASE
• Most precise test of CPT invariance in the baryon 

sector by comparing the proton/antiproton 
charge-to-mass ratio with a fractional accuracy
of 16 parts in a trillion

𝑅ഥ𝑝,𝑝 = −1.000 000 000 003 (16)

• 3000-fold improved measurement of the 
antiproton magnetic moment, by inventing a new 
two particle / three trap technique in a multi-
Penning-trap system 

𝑔 ҧ𝑝 = 2.792 847 344 1 (42)

𝑔𝑝 = 2.792 847 344 62 (82)



Reservoir Trap and SME Limits

Summary of BASE - SME Limits

BASE ANTIMATTER INVERSION

local volume 0.00013 m3

Baryon pressure 5*10-19 mbar

Antibaryons in local trap volume 100

Antibaryon/Baryon Ratio 5.9*108

Ratio Inversion 3.8*1012

• Pbar consumption (excl. steering and trap
loading):

• Since 2014: 68 particles lost
• Since 2014: 34 particles lost due to exp. 

Mistakes

• Average loss rate is at 1 particle in 2.5 
months.

• Demonstrated antiproton trapping for > 1 
year

• Direct lifetime limits: t > 26.5a (80-fold 
impr.)

B
A

SE
 R

es
er

vo
ir



Investigating Antimatter / Dark Matter Coupling
• Frist of all: a quick comment on axion / 

fermion coupling

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

this “derivative interaction” would induce a pseudo magnetic field 
and a modulation of the antiproton spin transition frequency at the 
“Compton frequency” of CDM

Improves previous antiproton/axion limits by 5 orders of magnitude
By 4 o.o.m. less stringent than current best matter limits C. Smorra, Y. Stadnik, Nature (575), 310 (2019)

https://www.nature.com/nature


BASE - Future Program
• Before LS3:

• At least 10-fold improved proton / antiproton / H- magnetic moment measurements (now
running 2023 / 2024 / 2025), precision target: <100 p.p.t. or 15-fold improvement. 

• Demonstration of antiproton transport in 2023 / 2024.
• Construction of BASE-CDM Experiment (not installed at CERN)
• Magnetic-Moment and Charge-to-Mass ratio measurements on simultaneously trapped particles 

on magnetron locked orbits.  

• LS3 Projects: 
• Proton mass
• Magnetic moment of He2+

• Construction of BASE-Offline Experiment (2025 ff.)

• Beyond LS3
• Operation of BASE-offline laboratory, AD/ELENA used as “filling station”
• Exotic Physics (BASE-CDM / BASE-MCP).
• Future Perspective: BASE-LEPTON (electron/positron moments).
• Contributions of BASE-members to H2+_bar spectroscopy. 
• Quantum logic spectroscopy with antiprotons.



PUMA Collaboration 



Overview – PUMA Collaboration
• General: Low-energy antiprotons to probe the 

neutron-to-proton content of the radial density 
tail of stable (ELENA) and unstable (ISOLDE) nuclei

• Main tools: transportable Penning trap and time 
projection chamber for tracking of charged pions



PUMA - Future Program

• Stable nuclei measurements at ELENA from 2023/2024

• Antiproton transport and physics at ISOLDE (2024/2025 – beyond LS3)

• Future Perspective: production of  hypernuclei and spectroscopy at 
ELENA (beyond LS3). Letter of intent to be submitted to SPSC in 2024.


