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▪ Motivations to study anti-matter  

▪ Experiments at the CERN Antiproton Decelerator (AD)

▪ Leptonic atoms 
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Baryon/anti-baryon asymmetry 

3

  

▪ The SM falls short, it explains only 10-10 of what we need!

▪ Need new phenomena such as:

▪ CP violation in the leptonic sector
▪ Lorentz/CPT violation

▪ Why does the universe contain 
matter?
▪ After the Big Bang  equal amounts of 

matter and anti-matter

▪ Where did all the anti-matter go?
▪ We (matter) have annihilated anti-

matter.

▪ Why was there a tiny asymmetry such 

that we could survive?
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CPT invariance
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▪ Gerhart Lüders (1957): CPT must be conserved in a local Lorentz-invariant QFT

▪ Some consequences of CPT invariance: m = m̅, 𝜏 = 𝜏̅, 𝜇 = -𝜇̅ 

▪ Test with single trapped (anti-)particles or atomic spectroscopy ( )e+e−, μ+e−, p̄e+Precision measurements on single trapped protons/antiprotons
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Antihydrogen experiments
• Matter-Antimatter Symmetry

• Charge conjugation-Parity-Time reversal: 
CPT

• CPTV points to BSM physics
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The Standard Model Extension (SME) 
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Colladay and Kostelecky., PRD 55, 6760 (1997) 

Colladay and Kostelecky., PRD 58, 116002 (1998)  
Kostelecky., PRD 69, 105009 (2004) 


Conventional physics Lorentz violation 

L SME =L SM +L GR! "#### $####
+L LV!

▪ Framework for testing Lorentz and CPT symmetry 
▪ Models for Lorentz violation applicable to diverse physical scenarios 

▪ Compare and classify tests of Lorentz symmetry 

▪ Predicts signals for Lorentz and CPT violation 



||Paolo Crivelli 05.12.2024

Spectroscopy as a sensitive test of Lorentz/CPT 

6HFS-splitting
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Conventional case
Lorentz violating case

ε= ε0+δε Lorentz-violating contribution

Conventional case

▪ For example: nS1/2 atomic state of hydrogen in the hyperfine-Zeeman regime

▪ Energy of the atomic state
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Lorentz-violating energy shift for hydrogen 
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Coefficients for CPT violation 
Coefficients of  CPT invariant operators Lorentz-violating energy shift for antihydrogen 

overbars  

overbars  

The SME allows clocks and anti-clocks 
to tick at different rates 

Spectroscopy of anti-hydrogen as a sensitive test of Lorentz/CPT 
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▪ Lorentz-violating  
energy shift for  
anti-matter

▪ Lorentz-violating  
energy shift for  
matter 

≠

▪ The SME allows clocks and anti-clocks to tick at different rates
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ELENA/AD at CERN: a new era in anti-hydrogen/antiproton physics
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PUMA

ELENA

100 keV

AD

5.3 MeV

Study antiproton vs 
proton properties in 
a penning trap  
 

Transportable antiproton trap

 
-  ion production for 
free fall measurement  
-  Lamb shift 
measurement

H̄

H̄
- antiprotonic helium 
studies  
-  HFS  
 
H̄

 -High precision  
 spectroscopy 

-  gravity
H̄
H̄

 
-  gravity with 
interferometer
H̄

Transportable antiproton trap

ASACUSA
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Symmetries and Fundamental Interactions

NuPECC Long Range Plan 2024 81

ton with a fractional precision of 1.5 parts in a billion. With a recent 
substantial upgrade of their apparatus, ten to 100-fold improved mea-
surements seem to be within reach. In addition, BASE compared the 
proton-to-antiproton charge-to-mass ratio with a fractional accuracy of 
16 parts in a trillion. This measurement constitutes the most precise 
test of CPT-invariance in the baryon sector to date and also tests the 
weak equivalence principle by matter/antimatter clock comparisons. 
Future planned charge-to-mass ratio spectroscopy with co-trapped 
magnetron-locked matter/antimatter crystals has the potential to im-
prove the precision by at least another order of magnitude. Using 
the newly constructed transportable antiproton trap BASE-STEP, the 
collaboration is planning to perform future antiproton experiments in 
dedicated offline laboratory space, insensitive to the noise imposed 
by CERN’s accelerator infrastructure. In the meantime, a branch of 
the GBAR collaboration is preparing for 100-ppm-level measurements 
of the Lamb-shift in antihydrogen. In addition to the efforts at CERN’s 
AD, an offline experiment with electrons and positrons (LSym) has 
been proposed, aimed at differential matter/antimatter magnetic mo-
ment measurements with sub-p.p.t. resolution.

While all reported measurements are so far consistent with CPT-in-
variance, such experiments are potentially sensitive to new physics, 
such as asymmetric interactions between dark matter and matter/
antimatter, or the interactions discussed within the Standard Model 
Extension (SME). The conceptual framework of the SME, an effective 
low-energy field theory that adheres to micro-causality and renormali-
sability, preserves translational invariance and covariance under shifts 
in the observer’s inertial frame. However, it introduces violations of 
CPT symmetry and partially disrupts covariance under particle boosts. 
This framework offers a means to assess the sensitivity of various 
experiments to CPT and Lorentz-violating extensions to the Standard 
Model. The inclusion of interactions that break Lorentz and CPT sym-
metries leads to alterations in the Lagrange densities, extending them 
with interactions of dimensions of mass or energy. Consequently, 
within the framework of the SME, those experiments achieving the 
highest absolute energy resolution are deemed to yield the most pro-
nounced sensitivities in Lorentz and CPT violations. In Figure 2.2, the 
current CPT-violating sensitivity of measurements across diverse sys-
tems is illustrated.

Neutrinos
Being very abundant in the universe and participating in many pro-
cesses across a wide range of energies and environments, neutrinos 
can be considered sensitive probes for CPT violation through a test 
of Lorentz invariance. For some of the most sensitive experimental 
contexts for this phenomenon nuclear physics represents a critical 
input to extract useful information. Direction-dependent effects of 
deviations from perfect Lorentz invariance can show up in kinematic 
measurements of the electrons from beta decays. In MAC-E spec-
trometers "KATRIN", for example, a time-dependent analysis of the 
Tritium decay end-point could show a correlation of the decay kinema-
tics on the absolute orientation of the guiding magnetic field. Double 

appears of particular interest. The CP violation would then come from 
a phase between vector and axial-vector couplings. This correlation 
will be precisely measured in the decay of trapped and laser-polarised 
23Mg and 39Ca mirror nuclei by the MORA experiment. MORA has just 
started taking data at the University of Jyväskylä. A degree of polari-
sation exceeding 99% can be expected, using collinear laser spec-
troscopy on the cooled and trapped ions. Beam intensity and purity 
are assets for these kinds of measurements. Dedicated developments 
are undertaken for the upcoming DESIR facility at GANIL-SPIRAL2, 
which should eventually host the setup. Correlations depending on 
the transverse electron polarisation, a quantity that vanishes for the 
SM weak interaction, are a powerful probe of both CP-violating and 
CP-conserving BSM physics. With advanced neutron decay spec-
trometers using Mott scattering and particle tracking techniques and 
correlating the neutron spin with electron and recoil proton momenta, 
as is being developed in the framework of the BRAND project, seven 
such correlation coefficients (H, L, N, R, S, U, V) become accessible, 
five of which have never before been attempted experimentally (H, 
L, S, U, V). Such measurements can reach an absolute accuracy of 
about 5 × 10−4 and offer completely different systematics to measure-
ments of the more ‘traditional’ correlation coefficients (a, A, B, D) and 
additional sensitivity to CP-violating parts of scalar and tensor cou-
plings. Such experiments can be performed with cold neutron beams 
at ILL-Grenoble, FRM II-München and later at the ESS in Lund.

Lorentz / CPT invariance and other

Antimatter
The apparent imbalance of matter over antimatter in our Universe is 
an intriguing puzzle within the realms of contemporary particle physics 
and cosmology, beckoning for resolution. To resolve this problem, va-
rious theoretical scenarios have been proposed, while numerous on-
going experimental endeavours diligently strive to elucidate the gene-
sis of this asymmetry. Among them are experiments at the antiproton 
decelerator/ELENA facility of CERN, which compare the fundamental 
properties of protons and antiprotons (BASE-collaboration) and the 
optical spectra of hydrogen and antihydrogen (ALPHA and ASACUSA 
collaboration). Additional efforts within ASACUSA perform spectros-
copy on exotic antiprotonic helium atoms and access, in combination 
with advanced three-body quantum-electrodynamics calculations, the 
antiproton-to-electron mass ratio. All these experiments are perfor-
med at low energy, using techniques of atomic, molecular and optical 
physics and reach fractional accuracies on the parts per billion level 
and below. Any detected difference in these measurements would 
challenge the fundamental charge (C) / parity (P) / time (T) reversal 
invariance, which is deeply imbedded in the relativistic quantum-field-
theories of the Standard Model and would thus hint at new physics 
that could potentially contribute to better understanding the matter/
antimatter imbalance.

In recent years, CERN has upgraded the antimatter facility with the 
new 100 keV ELENA synchrotron, which allows for parallel user 
operation and for more efficient use of the antiprotons produced by 
CERN’s accelerator infrastructure, implying a long-term perspective 
of the programme. In the meantime, collaborations at the AD have 
reported substantial progress in the development of their experi-
ments and the high-precision measurements conducted with these, 
as shown in Fig. 6.2.

The ALPHA collaboration has successfully synthesised and trapped 
antihydrogen atoms and measured the optical transition frequency 
between the 1S and 2S states with a fractional resolution on the le-
vel of 2 parts in a trillion. Very recently, the collaboration reported on 
the laser-cooling of antihydrogen atoms heralds a bright future towar-
ds measurements at ≈ 10−15 accuracies similar to those achieved in 
hydrogen. The ASACUSA collaboration has performed two-photon 
laser-spectroscopy on antiprotonic helium and determined the anti-
proton-to-electron mass ratio with a fractional precision of 8.2×10−10. 
Using the much-improved antiproton beam provided by ELENA, 
considerable enhancements in their spectroscopy seem to be within 
reach. Another effort within ASACUSA is currently preparing an expe-
riment for the in-flight ground-state hyperfine splitting spectroscopy of 
antihydrogen at an accuracy at the parts-per-million level. The BASE 
collaboration has determined the magnetic moment of the antipro-

Fig. 6.2: Comparisons of fractional precision of quantities measured within the 
AD/ELENA Programme of CERN, status 2009 (blue) and 2023 (red). Antiproton-
to-electron mass ratio (ASACUSA), spectroscopy of antihydrogen (ALPHA), 
fundamental properties of antiprotons (BASE). The numbers on the right-hand 
side indicate the absolute energy resolution of the respective measurements. 
In the next 10 years, an improvement of at least one order of magnitude in the 
precision of those quantities is expected (see the text for more details). 

Current status of different tests of CPT at the AD
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ALPHA (2018)

M. Ahmadi, Nature 557, 71–75 (2018)


ALPHA (2017)

M. Ahmadi, Nature 548,  66–69 (2017)


From https://www.nupecc.org/lrp2024/Documents/nupecc_lrp2024.pdf

ASACUSA (2016) 
M. Hori et al. Science 354, 610-614 (2016)


BASE (2022) 
M. Borchert et al., Nature 601 53-57 (2022)  


BASE (2017) 
C. Smorra et al., Nature. 550, 371–374 (2017) 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Current results of the effect of gravity on anti-matter 
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▪ BASE: Gravitational Redshift (2022) ▪ ALPHA-g Free Fall (2023)

▪ WEP violation → variation of Ratio

▪ Constraint:
▪ Constraint : gravity falls as normal matter with a  

10% uncertainty
M. Borchert et al., Nature 601 53-57 (2022)  
 E. K. Anderson, Nature 621, 716–722 (2023)
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Prospects for BASE 
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▪ Great progress in antiproton cooling (15 h to 8 min) 
Latacz et al PRL133 053201 (2024)  
→ 10-100 improvement in precision 


▪ New (anti-)proton g-factor data being analysed 

 
Link to the article.  

Limitations by magnetic field fluctuations in the AD/ELENA facility

Antiproton precision measurements are conducted on the inside of a synchrotron (Antiproton decelerator)

CERN with AD operation

CERN without AD operation

Mainz weekday

Mainz weekend

one AD cycle

https://home.cern/news/news/experiments/base-experiment-takes-big-step-towards-portable-antimatter
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Status and prospects for the anti-hydrogen studies
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 produced with Ps charge exchange  (EPJC83, 1004 (2023)) 

In 2024 more than factor 30x  and record high positrons accumulated: 
1010 in 20 min.  
  

H̄
H̄

Cold antihydrogen beam produced (Nature Comm. 5, 3089 (2014)), 
currently being optimised for HFS measurement. 
 

Laser cooling of magnetically trapped   (Nature 592, 35-42 (2021)) 
→ improvement of  all measurements  (spectroscopy and gravity)  by 
orders of magnitude.

H̄

Pulsed  production achieved in 2021 (Comm. Phys. 4, 19 (2021)) 
Positronium laser cooling demonstrated (PRL 132, 083402 (2024))  
→ with colder Ps dramatic increase in  production expected

H̄

H̄

http://dx.doi.org/10.1103/PhysRevLett.132.083402
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Motivations to study leptonic atoms - Positronium and Muonium
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▪ Being purely leptonic, they can be described very precisely by bound state 
QED calculations devoid of uncertainties from nuclear size effects present 
in normal atoms. Therefore, any deviation between theory and measurements 
could be a signal of New Physics.


▪ Moreover, from these measurements very important values of fundamental 
constants can be extracted such as the muon mass and muon magnetic 
moment.
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The muonium (M)
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M (positive muon-electron bound state) 
Predicted in 1957 (Friedmann, Telegdi, Hughes)

Unstable with lifetime of 2.2 μs
Main decay channel: μ+ -> e+ + 𝝂̄μ  + 𝝂e  


Discovered in 1960 (Hughes) by detecting muonium spin (Larmor) precession in  
an external magnetic field perpendicular to the spin direction.


Actually M is not a real -onium atom (particle-antiparticle system). 

The true muonium bound state would be μ+μ-   yet to be discovered… 


Vernon Hughes
1921-2003
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Muonium spectroscopy Theory and Experiments until recently
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Figure 102: Comparison of di↵erent LV and CPT tests in the framework of

the SME (adapted from [251]).

Some models postulate the suppression of the V+A weak interaction by

a heavy WR boson such that parity would be restored at high energies [256].

An alternative solution is the one already discussed by Lee and Yang in

their original paper. In order to save parity conservation, they suggested

that the transformation in the particle space corresponding to the space

inversion x ! �x should not be the usual transformation P but PR, where

R corresponds to the transformation of a particle (proton) into a reflected

state in the mirror particle space.

The idea that for each ordinary particle, such as photon, electron, proton

and neutron, there is a corresponding mirror particle of exactly the same mass

and properties as the ordinary particle, was further developed over the years

[257]. R-parity interchanges the ordinary particles with the mirror particles.

Parity is conserved because the mirror particles experience V +A (i.e. right-

handed) mirror weak interactions while the ordinary particles experience the

usual V � A (i.e. left-handed) weak interactions.

Doubling the content of the Standard Model to solve some problems might

seem un-natural, however it has worked in the past. From the union of

quantum mechanics and relativity, anti-matter has been postulated.

Moreover, mirror matter being stable and massive is an excellent candi-

date for Dark Matter (DM). In fact, even though the existence of DM has

180

HFS (LAMPF 1999)

LS (TRIUMF/LAMPF)
FS (LAMPF 1990)

1S-2S (RAL 1999)  Meyer et al. PRL84, 1136 (2000)

Liu et al. PRL82, 711 (1999)

C .J. Oram et al., PRL 52, 910 (1984)  
K. Woodle et al., PRA 41, 93 (1990)

K. S. Kettel, PhD Thesis, LA—11893-T (1990)

UNCERTAINTY DUE TO UNCALCULATED b-QED TERMS (LEFT EDGE)

UNCERTAINTY FROM KNOWLEDGE mµ/me (RIGHT EDGE) THEORY

EXP. UNCERTAINTY (LEFT EDGE)

MEASURED QUANTITY (RIGHT EDGE) 

S. G. Karshenboim, Phys. Rep. 422, 1 (2005).

M. I. Eides et al., Phys. Rep. 342, 63 (2001).
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Muonium spectroscopy current status of Theory and Experiments

16

Mass [GeV]

-27
10

-24
10

-21
10

-18
10

-15
10

-12
10

-9
10

-6
10

-3
10 1

3
10

Energy [GHz]

-12
10

-9
10

-6
10

-3
10 1

3
10

6
10

9
10

12
10

15
10

HFS
�HH-

1s-2s
�HH-

0
K-

0
K

pp-

nn-

+
-e

-
e

Lamb
�HH-

Absolute precision (left edge) Measured quantity (right edge)relative precision (bar length) 

Figure 102: Comparison of di↵erent LV and CPT tests in the framework of

the SME (adapted from [251]).

Some models postulate the suppression of the V+A weak interaction by

a heavy WR boson such that parity would be restored at high energies [256].

An alternative solution is the one already discussed by Lee and Yang in

their original paper. In order to save parity conservation, they suggested

that the transformation in the particle space corresponding to the space

inversion x ! �x should not be the usual transformation P but PR, where

R corresponds to the transformation of a particle (proton) into a reflected

state in the mirror particle space.

The idea that for each ordinary particle, such as photon, electron, proton

and neutron, there is a corresponding mirror particle of exactly the same mass

and properties as the ordinary particle, was further developed over the years

[257]. R-parity interchanges the ordinary particles with the mirror particles.

Parity is conserved because the mirror particles experience V +A (i.e. right-

handed) mirror weak interactions while the ordinary particles experience the

usual V � A (i.e. left-handed) weak interactions.

Doubling the content of the Standard Model to solve some problems might

seem un-natural, however it has worked in the past. From the union of

quantum mechanics and relativity, anti-matter has been postulated.

Moreover, mirror matter being stable and massive is an excellent candi-

date for Dark Matter (DM). In fact, even though the existence of DM has

180

HFS (LAMPF 1999)

LS (PSI 2022)
FS (PSI 2024)

Karshenboim et al. PRA 103, 022805 (2021) 
Eides, Phys. Lett. B 795, 113 (2019) Liu et al. PRL82, 711 (1999)

P. Blumer et al, paper in preparation

UNCERTAINTY DUE TO UNCALCULATED b-QED TERMS (LEFT EDGE)

UNCERTAINTY FROM KNOWLEDGE mµ/me (RIGHT EDGE) THEORY

EXP. UNCERTAINTY (LEFT EDGE)

MEASURED QUANTITY (RIGHT EDGE) 

B. Ohayon et al, PRL 128, 011802 (2022)  V.A. Yerokhin, et al. Ann. der Phys. 531, 1800324 (2019) 
M. Heides et al. PRA 105 (2022) 1, 012803 
G. Janka et al. EPJ Web Conf. 262, 01001 (2022)

Adkins et al. PRL130, 023004 (2023) 
I. Cortinovis et al., EPJD 77, 66 (2023) 1S-2S (RAL 1999)  Meyer et al. PRL84, 1136 (2000)
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Muonium Spectroscopy - ongoing experiments
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Figure 102: Comparison of di↵erent LV and CPT tests in the framework of

the SME (adapted from [251]).

Some models postulate the suppression of the V+A weak interaction by

a heavy WR boson such that parity would be restored at high energies [256].

An alternative solution is the one already discussed by Lee and Yang in

their original paper. In order to save parity conservation, they suggested

that the transformation in the particle space corresponding to the space

inversion x ! �x should not be the usual transformation P but PR, where

R corresponds to the transformation of a particle (proton) into a reflected

state in the mirror particle space.

The idea that for each ordinary particle, such as photon, electron, proton

and neutron, there is a corresponding mirror particle of exactly the same mass

and properties as the ordinary particle, was further developed over the years

[257]. R-parity interchanges the ordinary particles with the mirror particles.

Parity is conserved because the mirror particles experience V +A (i.e. right-

handed) mirror weak interactions while the ordinary particles experience the

usual V � A (i.e. left-handed) weak interactions.

Doubling the content of the Standard Model to solve some problems might

seem un-natural, however it has worked in the past. From the union of

quantum mechanics and relativity, anti-matter has been postulated.

Moreover, mirror matter being stable and massive is an excellent candi-

date for Dark Matter (DM). In fact, even though the existence of DM has

180

HFS

LS 

UNCERTAINTY DUE TO UNCALCULATED b-QED TERMS (LEFT EDGE)

UNCERTAINTY FROM KNOWLEDGE mµ/me (RIGHT EDGE) 

FS 

THEORY

S. Kanda et a. PLB 815 (2021) 136154 


EXP. PROJECTED UNCERTAINTY (LEFT EDGE)

MEASURED QUANTITY (RIGHT EDGE) 

Precise Measurement of the 
Muonium HFS at J-PARC MUSE

Y. Ueno for MuSEUM Experiment
SEUM

G. Janka, PC, et al. EPJ Web Conf. 262, 01001 (2022) 

1S-2SI. Cortinovis, PC,  et al., EPJD 77, 66 (2023)
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Muonium Lamb shift
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Table 1. Summary of the calculated contributions to the hydrogen and muonium Lamb shift transition.
The theoretical calculations from Sapirstein & Yennie [13] and from Frugiuele et al. [22] are included

for comparison. Uncertainties smaller than 0.5 kHz are not tabulated.

Largest Order Hydrogen Muonium
(MHz) (MHz)

ESE ↵ (Z↵)4
L 1084.128 1070.940

EVP ↵ (Z↵)4 �26.853 �26.510
EVPµ+had ↵ (Z↵)4(me/mµ)2 �0.001 �0.001

E2ph ↵2(Z↵)4 0.065 0.065
E3ph ↵3(Z↵)4 0.000 0.000

EBKG (Z↵)4 (me/mn)2 �0.002 �0.168
Erec,S (Z↵)5

L (me/mn) 0.358 3.138
Erec,R (Z↵)6 (me/mn) �0.001 �0.012
Erec,R2 (Z↵)6 (me/mn)2 �0.000 �0.001(1)
ERR ↵ (Z↵)5 (me/mn) �0.002 �0.014(1)
ERR2e+p ↵ (Z↵)5 (me/mn)2 0.000 0.000
ERR3 ↵2(Z↵)5 (me/mn) �0.000 �0.000

ESEN Z
2↵ (Z↵)4 (me/mµ)2 0.001 0.041

EHFS ↵2(Z↵)2 (me/mn)2 0.002 0.019

Sum 1047.498(1)
Ref. [13] 1047.49(9)
Ref. [22] 1047.284(2)

M(2S) beam of the order of 100 Hz was formed, opening up the possibility to improve upon
the muonium Lamb shift [26].

The metastable beam is produced at the LEM beamline by guiding a continuous 10 keV
µ+ beam on a thin carbon foil (⇡ 10 nm). While passing through the foil, the µ+ can pick up
an electron to form M, predominately in the ground state, but also 5 % to 10 % in the excited
2S state. During this process, the µ+ also releases secondary electrons, which are detected
and used for tagging.

The M(2S) passes through two microwave regions, one to depopulate unwanted hyperfine
states and the other to drive the Lamb shift transition 2S -2P1/2 of interest. Once reaching the
2P state, the atom relaxes back to the ground state with a lifetime of 1.6 ns. The beam reaches
then the detection chamber, where an electric field of the order of 300 V cm�1 is quenching
the remaining 2S atoms. The emitted Ly↵ photons (wavelength of 122 nm) are detected by
two coated MCP detectors. The muonium beam is eventually stopping on an MCP at the end
of the beamline, creating the stop signal. The experimental sketch is shown in Fig. 1. By
demanding a signal in all three detectors in specific time windows, the amount of Ly↵ pho-
tons detected at the applied microwave frequency can be extracted. At the frequency where
the minimal amount of Ly↵ was detected, the microwave was optimally tuned and there-

Summary of calculated contributions

On the theoretical side, the muonium energy levels have
been computed completely up to Oðmμα5Þ [33] and the
leading logarithmic correctionOðmμα6 ln αÞ [34]. The 1S −
2S transition has reached howeverOðmμα7Þ [35] and so the
QED error should be estimated by the Oðmμα8 ln3 αÞ term,
which would give ∼10 kHz. However, the main source of
uncertainty is not the QED computation but the value of the
muon mass. The best value for the muon mass gives an
uncertainty ∼0.3 MHz, but this muon mass relies on the
measurement of 1S − 2S and hyperfine splittings in muo-
nium and so we cannot use it as an independent input of our
theoretical estimate if wewant to use it to set bounds on new
physics. Therefore, we chose to consider themeasurement of
the muon mass determined from the study of Breit-Rabi
magnetic sublevels of the Mu ground state in an external
magnetic field [36], which would be unaffected by the new
scalar particle. This gives rise to the theoretical prediction:

ðEð2S1=2Þ−Eð1S1=2ÞÞthMu¼ 2455528935.8ð1.4ÞMHz: ð8Þ

2. Lamb Shift

The theoretical prediction for the Lamb shift in muonium
can be obtained from the expressions in [33,35]. It reads

ðEð2S1=2Þ − Eð2P1=2ÞÞthMu ¼ 1047.284ð2Þ MHz: ð9Þ

In this case, the error is in fact dominated by the QED
computation and estimated by the Oðmμα8 ln3 αÞ contri-
bution. The best experimental measurement at the moment
[37] is

ðEð2S1=2Þ − Eð2P1=2ÞÞ
exp
Mu ¼ 1042ð22Þ MHz: ð10Þ

Its large uncertainty is the biggest limit to reach to new
physics.
Figure 3 shows the sensitivity to new physics of the state-

of-the-art precise Mu spectroscopy. In the massless limit
the Mu bound is an order of magnitude stronger than the
product of the two gyromagnetic factors (even though a 5σ
bound is taken here to account for the current tension in the
value of aμ). However, as discussed in the previous section,
the electron coupling is constrained by astrophysics for
mediators lighter than 300 keV, while the Mu constraint
reads as:

ge × gμ ≲ 10−10 ×
Δ

9.8 MHz
; ð11Þ

whereΔ is the experimental/theoretical error. It is thus clear
that it would be extremely challenging to compete with
Eq. (6). For this reason, Fig. 4 focuses on the heavy mass
region showing that even a modest improvement of the
experimental precision to match the current theoretical
precision could deliver interesting results.
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FIG. 3. Constraint on the dimensionless coupling ge × gμ as a
function of the scalar/vector mass. The blue curve represents
the bound coming from the product of the measurement of
the electron gyromagnetic factor ae [14,15] and the muonic
(5σ bound) aμ [16], while the red curve is the current bound
extracted by Mu 1S − 2S transition, Eqs. (7) and (8). The green
curve corresponds to the current sensitivity of the Lamb Shift
measurement [37].
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FIG. 4. Constraint on the dimensionless coupling ge × gμ as a
function of the scalar/vector mass. As in Fig. 3, the blue curve
represents the bound coming from the product of the measurement
of the electron gyromagnetic factor ae [14,15] and the muonic aμ
[16] while the red curve is the current bound extracted by Ps
1S − 2S transition [13,23]. The green curve corresponds to the
current sensitivity of theLambShiftmeasurement [37]. The dashed
red curve is the 1S − 2S projected sensitivity assuming that the
experimental precision will match the theoretical one [21]. The
dashed purple is the 1S − 2S sensitivity considering an improve-
ment of the theoretical and experimental error (Mu-MASS [7])
down to 3 kHz. This would require an improvement of the
muon mass measurement like the one planned at MUSEUM
(J-PARC) [7,8].
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Table 1. Summary of the calculated contributions to the hydrogen and muonium Lamb shift transition.
The theoretical calculations from Sapirstein & Yennie [13] and from Frugiuele et al. [22] are included

for comparison. Uncertainties smaller than 0.5 kHz are not tabulated.

Largest Order Hydrogen Muonium
(MHz) (MHz)

ESE ↵ (Z↵)4
L 1084.128 1070.940

EVP ↵ (Z↵)4 �26.853 �26.510
EVPµ+had ↵ (Z↵)4(me/mµ)2 �0.001 �0.001

E2ph ↵2(Z↵)4 0.065 0.065
E3ph ↵3(Z↵)4 0.000 0.000

EBKG (Z↵)4 (me/mn)2 �0.002 �0.168
Erec,S (Z↵)5

L (me/mn) 0.358 3.138
Erec,R (Z↵)6 (me/mn) �0.001 �0.012
Erec,R2 (Z↵)6 (me/mn)2 �0.000 �0.001(1)
ERR ↵ (Z↵)5 (me/mn) �0.002 �0.014(1)
ERR2e+p ↵ (Z↵)5 (me/mn)2 0.000 0.000
ERR3 ↵2(Z↵)5 (me/mn) �0.000 �0.000

ESEN Z
2↵ (Z↵)4 (me/mµ)2 0.001 0.041

EHFS ↵2(Z↵)2 (me/mn)2 0.002 0.019

Sum 1047.498(1)
Ref. [13] 1047.49(9)
Ref. [22] 1047.284(2)

M(2S) beam of the order of 100 Hz was formed, opening up the possibility to improve upon
the muonium Lamb shift [26].

The metastable beam is produced at the LEM beamline by guiding a continuous 10 keV
µ+ beam on a thin carbon foil (⇡ 10 nm). While passing through the foil, the µ+ can pick up
an electron to form M, predominately in the ground state, but also 5 % to 10 % in the excited
2S state. During this process, the µ+ also releases secondary electrons, which are detected
and used for tagging.

The M(2S) passes through two microwave regions, one to depopulate unwanted hyperfine
states and the other to drive the Lamb shift transition 2S -2P1/2 of interest. Once reaching the
2P state, the atom relaxes back to the ground state with a lifetime of 1.6 ns. The beam reaches
then the detection chamber, where an electric field of the order of 300 V cm�1 is quenching
the remaining 2S atoms. The emitted Ly↵ photons (wavelength of 122 nm) are detected by
two coated MCP detectors. The muonium beam is eventually stopping on an MCP at the end
of the beamline, creating the stop signal. The experimental sketch is shown in Fig. 1. By
demanding a signal in all three detectors in specific time windows, the amount of Ly↵ pho-
tons detected at the applied microwave frequency can be extracted. At the frequency where
the minimal amount of Ly↵ was detected, the microwave was optimally tuned and there-

Recoil corrections are enhanced for M
(9 times lighter than H) 

Summary of calculated contributions

On the theoretical side, the muonium energy levels have
been computed completely up to Oðmμα5Þ [33] and the
leading logarithmic correctionOðmμα6 ln αÞ [34]. The 1S −
2S transition has reached howeverOðmμα7Þ [35] and so the
QED error should be estimated by the Oðmμα8 ln3 αÞ term,
which would give ∼10 kHz. However, the main source of
uncertainty is not the QED computation but the value of the
muon mass. The best value for the muon mass gives an
uncertainty ∼0.3 MHz, but this muon mass relies on the
measurement of 1S − 2S and hyperfine splittings in muo-
nium and so we cannot use it as an independent input of our
theoretical estimate if wewant to use it to set bounds on new
physics. Therefore, we chose to consider themeasurement of
the muon mass determined from the study of Breit-Rabi
magnetic sublevels of the Mu ground state in an external
magnetic field [36], which would be unaffected by the new
scalar particle. This gives rise to the theoretical prediction:

ðEð2S1=2Þ−Eð1S1=2ÞÞthMu¼ 2455528935.8ð1.4ÞMHz: ð8Þ

2. Lamb Shift

The theoretical prediction for the Lamb shift in muonium
can be obtained from the expressions in [33,35]. It reads

ðEð2S1=2Þ − Eð2P1=2ÞÞthMu ¼ 1047.284ð2Þ MHz: ð9Þ

In this case, the error is in fact dominated by the QED
computation and estimated by the Oðmμα8 ln3 αÞ contri-
bution. The best experimental measurement at the moment
[37] is

ðEð2S1=2Þ − Eð2P1=2ÞÞ
exp
Mu ¼ 1042ð22Þ MHz: ð10Þ

Its large uncertainty is the biggest limit to reach to new
physics.
Figure 3 shows the sensitivity to new physics of the state-

of-the-art precise Mu spectroscopy. In the massless limit
the Mu bound is an order of magnitude stronger than the
product of the two gyromagnetic factors (even though a 5σ
bound is taken here to account for the current tension in the
value of aμ). However, as discussed in the previous section,
the electron coupling is constrained by astrophysics for
mediators lighter than 300 keV, while the Mu constraint
reads as:

ge × gμ ≲ 10−10 ×
Δ

9.8 MHz
; ð11Þ

whereΔ is the experimental/theoretical error. It is thus clear
that it would be extremely challenging to compete with
Eq. (6). For this reason, Fig. 4 focuses on the heavy mass
region showing that even a modest improvement of the
experimental precision to match the current theoretical
precision could deliver interesting results.
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FIG. 3. Constraint on the dimensionless coupling ge × gμ as a
function of the scalar/vector mass. The blue curve represents
the bound coming from the product of the measurement of
the electron gyromagnetic factor ae [14,15] and the muonic
(5σ bound) aμ [16], while the red curve is the current bound
extracted by Mu 1S − 2S transition, Eqs. (7) and (8). The green
curve corresponds to the current sensitivity of the Lamb Shift
measurement [37].
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FIG. 4. Constraint on the dimensionless coupling ge × gμ as a
function of the scalar/vector mass. As in Fig. 3, the blue curve
represents the bound coming from the product of the measurement
of the electron gyromagnetic factor ae [14,15] and the muonic aμ
[16] while the red curve is the current bound extracted by Ps
1S − 2S transition [13,23]. The green curve corresponds to the
current sensitivity of theLambShiftmeasurement [37]. The dashed
red curve is the 1S − 2S projected sensitivity assuming that the
experimental precision will match the theoretical one [21]. The
dashed purple is the 1S − 2S sensitivity considering an improve-
ment of the theoretical and experimental error (Mu-MASS [7])
down to 3 kHz. This would require an improvement of the
muon mass measurement like the one planned at MUSEUM
(J-PARC) [7,8].
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The PSI isochronous cyclotron

Page 22

Designed in the 1960’s to deliver 100 mA, first mA beam in Feb 1974, 1 mA in 1994;
2.4 mA: ~1.5 x 1016 protons/sec @ 590 MeV (highest beam power proton machine in the world):
1.4 MW on 5x5 mm2 = 50 kW/mm2, stainless steel melts in ~0.1 ms; 
Electric power demand of 3000 households;

A MW proton beam allows to generate 100% polarized 4-MeV m+ beams with rates >108/sec.

Cyclotron frequency of protons: q/(2pm) = 15.25 MHz/T
n0 = q/(2pgm)∙B, g = Etot/mc2

nrf = n∙n0, frequency of accelerating radio-frequency

Isochronous cyclotron: B0(R) ~ g(R), constant nrf!
PSI cyclotron: B0 = 0.554 T, n0 = 8.45 MHz, n = 6,
→ nrf = 50.7 MHzE~15eV

Low-energy m+facility (LEM) at mE4 beam line

At 1.6 mA proton current, “slanted” muon target E 

~4.6 • 108 m+/s total, Dp/p = 9.5% (FWHM) 
~2.0 • 108 m+/s on LEM moderator       
~1.2/1.8 • 104 m+/s moderated (solid Ar/solid Ne) 

T. Prokscha, E. Morenzoni, K. Deiters, F. Foroughi, D. George, R. Kobler, A. 
Suter and V. Vrankovic,
Nucl. Instr. Meth. A595, 317  (2008).

Solid Ne/Ar  
500 nm film

Helmholtz coil 

TARGET

Up to 5x103  μ+/s

https://www.psi.ch/en/low-energy-muons

https://www.psi.ch/en/low-energy-muons
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Fig. 5 M fraction measured as a function of residual energy after the
foil.

4 Determination of M(2S) fraction

The fraction of M(2S) of the total M produced, f2S/M, is ex-
tracted from triple coincidence events between the Tag, Ly-
a , and Stop-MCPs with the quenching electrodes turned on
or off, while keeping the rejection electrode turned on. The
rate of triple coincidence events, RT, indicative of M(2S),
is then compared to the rate of double coincidence events
between the Tag and Stop-MCPs, RD, indicative of M. The
clear triple-coincidence Ly-a signal is shown in Fig. 6 for
Einc of 10 keV. The Ly-a signal can be seen in the expected
time window calculated using the energy distributions from
Fig. 4 and the distance, including the extension stage, be-
tween foil and the quenching area. Taking into account the
photon detection efficiencies, the resulting fraction of M(2S)
out of the total M is

f2S/M =
RT

RD · eQG · eMCP
, (1)

Time [ns]
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R
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Fig. 6 Time-of-flight distributions of the counts in the Ly-a-MCPs,
obtained from the triple coincidence dataset of 10 keV Einc. The dot-
ted data is with quenching electrodes turned on, the solid data is with
quenching off. The coloured area is the time window of interest, where
the Ly-a signal is to be expected.

where eMCP stands for the Ly-a detection efficiency of the
MCP, and eQG for the combined efficiency for quenching as
well as the solid angle covered by the detectors. The quench-
ing and geometrical efficiency of the Ly-a detection stage
are correlated, and depend on the M velocity, since the po-
sition the M(2S) reaches before quenching affects the solid
angle. To determine eQG, we performed a full 3D Monte-
Carlo simulation of the particle motion and photon emission
inside the static electric field using the SIMION 8.1 pack-
age [44]. The position distribution of the particles at the de-
tector entrance was taken from the GEANT4 beamline sim-
ulation with the calibrated foil thickness, taking into account
the coincidence detection in the Stop-MCP. Additionally,
the anisotropy of the photon emission relative to the elec-
tric field direction [45], and the transparency of the grids on
the detectors, were included. The total efficiency is shown in
Fig. 7. Folding it with the measured energy distributions, we
get eQG = 36.4± 0.3% and eQG = 37.0± 0.3%, for Einc of
7.5 and 10 keV, respectively. The MCP detection efficiency
for Ly-a can be estimated through eMCP =OAR ·eCsI, where
OAR stands for the open-area-ratio of the MCP itself and
is 0.45 in our case. The quantum yield of the conversion
from Ly-a to an electron in the CsI, eCsI, is in the range of
0.45�0.55 [46,47]. This leads to eMCP = 0.22±0.02. The
f2S/M values, calculated according to Eq. 1, are summarized
in Table 1 for Einc of 7.5 and 10 keV. Stronger scattering
of the muon beam by the foil at 5 keV Einc prevented us
from obtaining the reliable triple-coincidence signal needed
to extract the 2S fraction. Assuming, in accordance with hy-
drogen in a comparable velocity range (see Fig. 3.1 of [32]),
that the 2S fraction is nearly constant above 1 keV, we ob-
tain a weighted average value of f2S/M = 10 ± 2%. This
value agrees with estimations in the literature which span
10�13% in this energy range [18,26,32].

Fig. 7 Results of Monte-Carlo simulation for the quenching and geo-
metrical efficiency as a function of energy. The inset portrays a simu-
lated valid event where M(2S) enters the detection region, is quenched
by the static field created by the two circular electrodes, and emits a
photon which reached one of the detectors.

(1/n3 expected from naive scaling)

G. Janka, PC, et al., Eur. Phys. J. C (2020) 80: 804
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2S 2P 
 RF field ∼ 1GHz

1S 

not allowed

𝜏2P =1.6 ns 

Lyman alpha photon (121 nm)  
NOT DETECTED
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2S 2P 
Electric field (Stark mixing)

1S 

not allowed Lyman alpha photon (121 nm)  
DETECTED!

𝜏2P =1.6 ns 
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Scanning RF field 
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48 HOURS DATA TAKING (100x statistics compared to previous measurements)
4
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FIG. 3. Measured resonance with the best line shape fit
to the data (solid line). The MW o↵ data point (not shown
in the figure) lies at (2.96 ± 0.05) ⇥ 10�3. The filled areas
correspond to the individual contributions as described in the
main text.

+0.26(2)MHz as given in table I. We evaluate the mag-
nitude of several smaller systematic e↵ects, namely the
2nd-order Doppler, motional Stark-shift from the Earth’s
magnetic field, and quantum interference-shift from the
presence of M3S [37]. These are given in table I.

Adding the various corrections, the determined
frequency of the 2SF=1�2P1/2,F=1 transition is
1140.2(2.3)stat(1.1)syst MHz and the corresponding LS
is 1047.2(2.5)MHz, where we added the statistical and
systematic uncertainties in quadrature. Our result is
within one standard deviation from the theoretical value
quoted in the literature of 1047.5(3)MHz [21] (to be
updated with recent bound state QED developments
in hydrogen [38]) and a recent calculation based using
e↵ective field theory giving 1047.284(2)MHz [13].

Since our result is in agreement with the theoretical
calculations, we can use it to place stringent limits on
new physics scenarios. Here we focus on possible Lorentz
and CPT violation e↵ects, and new bosons interacting
with muons and electrons. The M Lamb shift is sensitive
to two of the isotropic nonrelativistic e↵ective coe�cients
for Lorentz and CPT violation [11]: namely

�
aNR
4 and

�
cNR
4 . Taking conservatively 2�, we can set a bound on
the linear combination:

���aNR
4 +

�
cNR
4

�� < 1.7⇥ 105 GeV-3 , (1)

which translates into Table II, when considering only one
coe�cient at a time to be non-zero. These bounds are
of the same order as the current ones obtained from the
measurement of the 1S�2S transition in M [39], and im-
prove by an order of magnitude the previous bounds from
the M Lamb Shift.

M spectroscopy o↵ers also the possibility to search for
new light bosons coupled to electrons and muons [13]. A
dark force between the electron and the antimuon could

Central Value Uncertainty

Fitting 1139.9 2.3

4S contribution < 1.0

MW-Beam alignment < 0.32

MW field intensity < 0.04

M velocity distribution < 0.01

AC Stark 2P3/2 +0.26 < 0.02

2nd-order Doppler +0.06 < 0.01

Earth’s Field < 0.05

Quantum Interference < 0.04

2SF=1�2P1/2,F=1 1140.2 2.5

Hyperfine �93.0 0.0

Lamb Shift 1047.2 2.5

Theoretical value [13] 1047.284 0.002

TABLE I. Central values and uncertainty contributions in
MHz.

provide an explanation of the muon g � 2 anomaly if
this would be mediated either by a new scalar or a new
vector gauge boson [40]. For the scalar case, one has a
Yukawa-like attractive potential of the form [41]:

Vss(~r) = �gseg
s
µ
e�msr

4⇡r
, (2)

where ms is the scalar boson mass and gse , g
s
µ are the cou-

pling strengths to electrons and anti-muons, respectively.
For small coupling strengths, the e↵ect of such a poten-
tial can be calculated by applying perturbation theory.
The vector potential can be found in [41]. In Fig. 4,
we present the sensitivity of Muonium spectroscopy to
new physics. The constraints on gse , g

s
µ as a function of

the scalar/vector mass, which are nearly identical in the
mass range considered here, are compared to the region
favored by the g � 2 muon anomaly [42], considering the
bounds from the electron gyromagnetic factor [43]. In
fact, the experimental value of the electron anomalous
magnetic moment is in agreement with the theoretical
one when using as an input the recent new determina-
tions of the fine structure constant [44, 45]. We do not
present results from experiments at the intensity fron-
tier since those can be argued to be model dependent,

Coe�cient Constraint

���aNR
4

�� < 1.7⇥ 105 GeV-3

���cNR
4

�� < 1.7⇥ 105 GeV-3

TABLE II. Single constraints from the Lamb Shift measure-
ment on isotropic nonrelativistic coe�cients for CPT viola-
tion.

Results in agreement with theoretical calculations.  
Precision is not enough to test b-QED but can be used to constrain new physics.
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FIG. 3. Measured resonance with the best line shape fit
to the data (solid line). The MW o↵ data point (not shown
in the figure) lies at (2.96 ± 0.05) ⇥ 10�3. The filled areas
correspond to the individual contributions as described in the
main text.

+0.26(2)MHz as given in table I. We evaluate the mag-
nitude of several smaller systematic e↵ects, namely the
2nd-order Doppler, motional Stark-shift from the Earth’s
magnetic field, and quantum interference-shift from the
presence of M3S [37]. These are given in table I.

Adding the various corrections, the determined
frequency of the 2SF=1�2P1/2,F=1 transition is
1140.2(2.3)stat(1.1)syst MHz and the corresponding LS
is 1047.2(2.5)MHz, where we added the statistical and
systematic uncertainties in quadrature. Our result is
within one standard deviation from the theoretical value
quoted in the literature of 1047.5(3)MHz [21] (to be
updated with recent bound state QED developments
in hydrogen [38]) and a recent calculation based using
e↵ective field theory giving 1047.284(2)MHz [13].

Since our result is in agreement with the theoretical
calculations, we can use it to place stringent limits on
new physics scenarios. Here we focus on possible Lorentz
and CPT violation e↵ects, and new bosons interacting
with muons and electrons. The M Lamb shift is sensitive
to two of the isotropic nonrelativistic e↵ective coe�cients
for Lorentz and CPT violation [11]: namely

�
aNR
4 and

�
cNR
4 . Taking conservatively 2�, we can set a bound on
the linear combination:

���aNR
4 +

�
cNR
4

�� < 1.7⇥ 105 GeV-3 , (1)

which translates into Table II, when considering only one
coe�cient at a time to be non-zero. These bounds are
of the same order as the current ones obtained from the
measurement of the 1S�2S transition in M [39], and im-
prove by an order of magnitude the previous bounds from
the M Lamb Shift.

M spectroscopy o↵ers also the possibility to search for
new light bosons coupled to electrons and muons [13]. A
dark force between the electron and the antimuon could

Central Value Uncertainty

Fitting 1139.9 2.3

4S contribution < 1.0

MW-Beam alignment < 0.32

MW field intensity < 0.04

M velocity distribution < 0.01

AC Stark 2P3/2 +0.26 < 0.02

2nd-order Doppler +0.06 < 0.01

Earth’s Field < 0.05

Quantum Interference < 0.04

2SF=1�2P1/2,F=1 1140.2 2.5

Hyperfine �93.0 0.0

Lamb Shift 1047.2 2.5

Theoretical value 1047.47 0.02

TABLE I. Central values and uncertainty contributions in
MHz.

provide an explanation of the muon g � 2 anomaly if
this would be mediated either by a new scalar or a new
vector gauge boson [40]. For the scalar case, one has a
Yukawa-like attractive potential of the form [41]:

Vss(~r) = �gseg
s
µ
e�msr

4⇡r
, (2)

where ms is the scalar boson mass and gse , g
s
µ are the cou-

pling strengths to electrons and anti-muons, respectively.
For small coupling strengths, the e↵ect of such a poten-
tial can be calculated by applying perturbation theory.
The vector potential can be found in [41]. In Fig. 4,
we present the sensitivity of Muonium spectroscopy to
new physics. The constraints on gse , g

s
µ as a function of

the scalar/vector mass, which are nearly identical in the
mass range considered here, are compared to the region
favored by the g � 2 muon anomaly [42], considering the
bounds from the electron gyromagnetic factor [43]. In
fact, the experimental value of the electron anomalous
magnetic moment is in agreement with the theoretical
one when using as an input the recent new determina-
tions of the fine structure constant [44, 45]. We do not
present results from experiments at the intensity fron-
tier since those can be argued to be model dependent,

Coe�cient Constraint

���aNR
4

�� < 1.7⇥ 105 GeV-3

���cNR
4

�� < 1.7⇥ 105 GeV-3

TABLE II. Single constraints from the Lamb Shift measure-
ment on isotropic nonrelativistic coe�cients for CPT viola-
tion.

B. Ohayon, P. Crivelli, et al. Phys. Rev Lett. 128, 011802 (2022)
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Constraints on Lorentz- and CPT violation
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D. Colladay and V. A. Kostelecký. Phys. Rev. D, 55:6760–6774, 1997


A. H. Gomes et al., Phys. Rev. D, 90:076009, 2014.


L SME =L SM +L GR! "#### $####
+L LV!

Conventional physics

Additional energy term for Muonium Lamb Shift:

▪ Our results improve an order of 
magnitude the previous limits

Lorentz violation
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Muonium spectroscopy as a probe for new muonic forces
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L. Morel et al, Nature 588, 61 (2020),  
R. H. Parker et al., Science 360, 191 (2018).  
D. Hanneke et al. e Phys. Rev. Lett. 100, 120801 (2008)

 B. Abi, et al. Phys. Rev. Lett. 126, 141801 (2021)  

combined with bound from (g-2)e
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Specific Transition expression for Lyman-α, hyperfine and Lamb shift 

We have chosen here Lyman-α and Lamb shift transitions preserving spin singlet states for 
simplicity and convenience. 

2𝑆0 → 1𝑆0: 

Perturbed by 𝑉𝑠𝑠: 

Δ𝐸𝑠𝑠(2𝑆0 → 1𝑆0) = 𝑔1𝑠𝑔2𝑠

4𝜋
( 4
𝑎0(𝑀𝑎0+2)2

− 2𝑀2𝑎02+1
4𝑎0(𝑀𝑎0+1)4

)   (18) 

Perturbed by 𝑉𝑝𝑝: 

Δ𝐸𝑝𝑝(2𝑆0 → 1𝑆0) = 𝑔1
𝑝𝑔2

𝑝

16𝜋𝑚1𝑚2
(𝑀2 ( 4

𝑎0(𝑀𝑎0+2)2
− 2𝑀2𝑎02+1

4𝑎0(𝑀𝑎0+1)4
) − 7

2𝑎0
3)   (19) 

Perturbed by 𝑉𝑉𝑉: 

Δ𝐸𝑉𝑉(2𝑆0 → 1𝑆0) = 𝑔1𝑉𝑔2𝑉

16𝜋𝑚1𝑚2
(𝑀2 ( 8

𝑎0(𝑀𝑎0+2)2
− 2𝑀2𝑎02+1

2𝑎0(𝑀𝑎0+1)4
) − 7

𝑎0
3) +  

𝑔1𝑉𝑔2𝑉

4𝜋
( 2𝑀2𝑎02+1
4𝑎0(𝑀𝑎0+1)4

− 4
𝑎0(𝑀𝑎0+2)2

)   (20) 

Perturbed by 𝑉𝐴𝐴: 

Δ𝐸𝐴𝐴(2𝑆0 → 1𝑆0) = 𝑔1𝐴𝑔2𝐴

4𝜋
( 2𝑀2𝑎02+1
2𝑎0(𝑀𝑎0+1)4

− 8
𝑎0(𝑀𝑎0+2)2

− 7
2𝑎0

3𝑀2) (21) 

 

1𝑆1 → 1𝑆0:   

(Is not perturbed by 𝑉𝑠𝑠) 

Perturbed by 𝑉𝑝𝑝: 

Δ𝐸𝑝𝑝(1𝑆1 → 1𝑆0) = 𝑔1
𝑝𝑔2

𝑝

16𝜋𝑚1𝑚2
( 16𝑀2

3𝑎0(𝑀𝑎0+2)2
− 16

3𝑎0
3)   (22) 

Perturbed by 𝑉𝑉𝑉: 

Δ𝐸𝑉𝑉(1𝑆1 → 1𝑆0) = 𝑔1𝑉𝑔2𝑉

16𝜋𝑚1𝑚2
( 32𝑀2

3𝑎0(𝑀𝑎0+2)2
− 32

3𝑎0
3)   (23) 

Perturbed by 𝑉𝐴𝐴: 

Δ𝐸𝐴𝐴(1𝑆1 → 1𝑆0) = −𝑔1𝐴𝑔2𝐴

4𝜋
( 32
3𝑎0(𝑀𝑎0+2)2

+ 16
3𝑎0

3𝑀2)      (24) 

 

2𝑆0 → 2𝑃0: 

Perturbed by 𝑉𝑠𝑠: 

6 
 

Δ𝐸𝑠𝑠(2𝑆0 → 2𝑃0) = 𝑔1𝑠𝑔2𝑠

4𝜋
( 1
4𝑎0(𝑀𝑎0+1)4

− 2𝑀2𝑎02+1
4𝑎0(𝑀𝑎0+1)4

)   (25) 

Perturbed by 𝑉𝑝𝑝: 

Δ𝐸𝑝𝑝(2𝑆0 → 2𝑃0) = 𝑔1
𝑝𝑔2

𝑝

16𝜋𝑚1𝑚2
( 1
2𝑎0

3 +𝑀2 ( 1
4𝑎0(𝑀𝑎0+1)4

− 2𝑀2𝑎02+1
4𝑎0(𝑀𝑎0+1)4

))   (26) 

Perturbed by 𝑉𝑉𝑉: 

Δ𝐸𝑉𝑉(2𝑆0 → 2𝑃0) = 𝑔1𝑉𝑔2𝑉

4𝜋
( 2𝑀2𝑎02+1
4𝑎0(𝑀𝑎0+1)4

− 1
4𝑎0(𝑀𝑎0+1)4

) +  

𝑔1𝑉𝑔2𝑉

16𝜋𝑚1𝑚2
(𝑀2 ( 1

2𝑎0(𝑀𝑎0+1)4
− 2𝑀2𝑎02+1

2𝑎0(𝑀𝑎0+1)4
) − 1

𝑎0
3)   (27) 

Perturbed by 𝑉𝐴𝐴: 

Δ𝐸𝐴𝐴(2𝑆0 → 2𝑃0) = 𝑔1𝐴𝑔2𝐴

4𝜋
( 1
2𝑎0

3𝑀2 −
1

2𝑎0(𝑀𝑎0+1)4
+ 2𝑀2𝑎02+1

2𝑎0(𝑀𝑎0+1)4
)  (28) 

  

▪ Perturbations
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Latest results (2024) - Fine structure 
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Measurement of the 2S1/2 → 2P3/2 at the same 
level of precision as the LS.  
Advantage: free from systematic due excited 
states. P. Blumer, PC et al., in preparation
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Prelim
inary

Different data sets varying  
some Exp. parameters
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Summary & Outlook - Muonium LS&FS
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• Planned High intensity muon beam line at PSI upgrade (2027) combined with 
muCOOL scheme will allow to boost current statistics by two orders of magnitude. 


[HiMB]  M. Aiba et al. (2021), 2111.05788  
[muCool] A. Antognini, D. Taqqu, SciPost Phys. Proc. 5, 030 (2021)  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Now to the Positronium (Ps) laser experiment….
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The spins of the electron and of the positron in the positronium ground

state can combine to give either a singlet spin state 1S0, called the para-

positronium (p-Ps) or a triplet 3S1, namely the orthopositronium (o-Ps) (see

Fig.2). Here we make use the spectroscopic notation [8]:

2S+1LJ , (5)

with S the total spin, L the angular momentum of the system, J = L + S

the total momentum and the letters S, P, D... denote L = 0, 1, 2, .... states.

ortho-Positronium (oPs)
Ground state 3S1
! ≃ 142 ns, 3"

The triplet spin state: S=1 The singlet spin state: S=0

para-Positronium (oPs)
Ground state 0S1
! ≃ 125 ps, 2"

Figure 2: Triplet and singlet spin states of Positronium.

Positronium is unstable because the two particles can annihilate via the

electromagnetic interaction into an even or an odd number of photons dic-

tated by selection rules. Positronium is an eigenstate of charge conjugation

with the eigenvalues that depend on the angular momentum and the sum of

the spins (S=0 or 1) such as [9]:

C = (�1)L+S. (6)

Recalling that for a photon C� = �1 and, thus, for a system of N photons

the charge conjugation eigenvalue is C = (�1)N and that C is conserved in

5
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Idea of the 1S-2S positronium experiment at ETH
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Latest results
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<latexit sha1_base64="KLMYkOiqGvlOjXG3fsky5Buaxh0="></latexit>

Uncertainty [MHz]

Fitting error +0.6
�3.5

Frequency measurement 4.0
Frequency Correction 1.2
Wavemeter Systematic 0.7
Velocity distribution 0.8
Laser Position 0.6
AC Stark 0.3
Deviation to theory �3.9+4.4

�5.6

Prelim
inary

- Frequency limitation can be decreased  
< 1 kHz using a frequency comb
- Precision limited by transit time broadening  
and second-order Doppler shifts.

L. de Sousa Borges, PC et al., in preparation
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Prospects for Ps/M 1S-2S spectroscopy- two photon Ramsey-
Doppler
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With Ramsey-Doppler method could improve the measurement precision of the 1S-2S  
transition by more than two orders of magnitude compared to the current state of the art

E. Javary, PC et al. arXiv.2411.19872
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Prospects for Ps/M 1S-2S spectroscopy with laser cooling 
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Breakthrough: Ps 1D laser 
cooling! 
(extremely challenging due to  
limited Ps lifetime)  
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Summary and conclusion
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Impressive progress in antimatter research in the recent years driven by:

- Techniques for anti-particle and anti-atoms trapping and manipulation 

- Developments in laser physics and detector technology

New interesting results are expected in the next few years:  
improved test of CP and CPT, bound state QED, values of fundamental constants  
(e.g. muon mass and magnetic moment, test of new physics such as dark sectors  
and the effect of gravity on antimatter

New online and future facilities: ELENA at CERN boosting anti-proton and anti-
hydrogen physics, upcoming HiMB at PSI will improve muon rates by two order of 
magnitude
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Thank you!
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Dark  
Sector
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