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Muonium Spectroscopy 

MEASURED TRANSITIONS 
→ Hyperfine splitting (HFS) 
→1S-2S transition (1S-2S) 
→ Lamb shift (LS) 
→ Fine structure (FS) 

MAIN RESULTS 
→ Test of bound state QED free of finite size effects  
→ Best determination of the muon mass and muon magnetic moment 
→ Determination of the fine structure 𝛼 
→ Best determination of the qe/q𝜇 ratio  
→ Searches for New Physics
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Muonium Spectroscopy - Theory vs Exp. Results
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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
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Muonium Spectroscopy - Theory vs ongoing Exp.
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Dark  
Sector

REDUCED MASS CONTRIBUTION: 1.187 THz (4800 ppm)

Muonium 1S-2S: current status theory/experiment 

1

n

3

2

4

2S 2.2 µs 2P1.6 ns

3P 3D 3S 

1S 

2 photons transition: 
! =244 nm 

Natural linewidth:  
144 kHz 

2.2  µs

 Meyer et al. PRL84, 1136 (2000)

Limited by knowledge of muon mass. 
QED calculations at 20 kHz  S. G. Karshenboim, Phys. Rep. 422, 1 (2005)



||Paolo Crivelli 08.04.2021

Mu-Mass: Goal and Output  

7

Mu-MASS: Measure 1S-2S transition with Doppler free laser spectroscopy 
GOAL: improve by 3 orders of magnitude (10 kHz, 4 ppt) 

QED 
µµ, α, gµ

QED m
µ

QED 

m µ

µµ
α 
QED corrections 
weak contribution 

MUSEUM 
ΔνHFS, n=1

Mu-MASS
Δν1S-2S

mµ
QED corrections 
Rydberg 

µµ µ
µ

= ⋅
⋅m �g
e ⋅h
2

Muon g-2 
FNAL 

hadronic contribution 
hadronic lbl contribution 
New Physics 

OUTPUT 
→ Muon mass @ 1 ppb 
→ Ratio of qe/q𝜇 @ 1 ppt 
→ Search for New Physics  
→ Test of bound state QED (1x10-9) 
→ Rydberg constant @ ppt level 
→ New determination of 𝛼 @ 1 ppb 
→ Input to muon g-2

Adapted from K. Jungmann,  
DPG 2017 (Mainz)
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Mu-MASS: muonium laser spectroscopy prospects @ HiMB

 PROBE ADDITIONAL TRANSITIONS 1S-3S, 2S-8D, 2S->Rydberg: 
- Combining determination of 1S-2S @ 1 kHz and 2S-8D @ 10 kHz R test of  b-QED + NP 

MAIN OUTPUTS 
!  Muon mass @ 0.1 ppb/ determination of Rydberg constant @ < ppt level /test NP

RAL (1999) Mu-MASS Phase1 Mu-MASS Phase2 Mu-MASS Phase 3 HiMB

µ+
beam intensity 3500 ⇥ 50 Hz 5000 s

�1 > 9000 s
�1

5⇥ 10
5
s
�1

µ+
beam energy 4 MeV 5 keV 5 keV 5 keV

M atoms 600 s
�1

@ 300K 1000 s
�1

@ 300 K 1800 s
�1

@ 100 K 1.⇥ 10
5
s
�1

@ 100 K

Spectroscopy Pulsed laser CW CW CW

Experimental linewidth 20 MHz 1 MHz 300 kHz 300 kHz

Laser chirping 10 MHz 0 kHz 0 kHz 0 kHz

Residual Doppler shift uncert. 3.4 MHz 0 kHz 0 kHz 0 kHz

2nd-order Doppler shift uncert. 44 kHz 15 kHz 1 kHz (corrected) < 1 kHz (corrected)

Frequency calibration uncert. 0.8 MHz < 1 kHz < 1 kHz < 1 kHz

Background events 2.8 events/day 1.6 events/day 1.6 events/day 1.6 events/day

Total number of 2S events 99 1000 (10 d) > 7000 (40 d) > 1⇥ 10
6
(10 d)

Statistical uncertainty 9.1 MHz <100 kHz 10 kHz 1 kHz

Total uncertainty 9.8 MHz <100 kHz (linewidth/10) 10 kHz (linewidth/30) 1 kHz (linewidth/300)

2

SEE TALKS OF DYLAN YOST @ 17:10 AND BEN OHAYON @ 17:50
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Detection of the 2S states (beamtime at LEM Dec. 2019)

!9

Low Energy Muons (LEM) 
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Muonium formation with a C-foil
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Fig. 2 Histograms obtained from the dataset of 10 keVEinc after back-
ground subtraction. The solid line data is with rejection Þeld on and
corresponds to pure M signal. The dotted data is with rejection elec-
trode off and corresponds to M andµ+ signal. The Þlled bins were
used to extract M fractions, whereas the hollow bins were ignored due
to large statistical uncertainty and additional background.

! -MCP) surrounding the quenching area. The beam exiting
the quenching region, now containing predominantly M(1S)
andµ+ , reaches a rejection electrode at high voltage (Einc

+ 1 kV) that only allows passage of M(1S) by blockingµ+ .
The surviving M(1S) impinge onto an MCP (Stop-MCP),
providing the stop signal.

3 Muonium fractions at different energies

The fraction of M formed out of the incident muon beam,
fM/ µ+ , is extracted from coincidence events between the
Tag- and Stop-MCP with the rejection electrode turned on
or off for different Einc. The TOF spectra for rejection off
(M+µ+ ) and rejection on (M), after a subtraction of a con-
stant background of 0.1 counts/min, are divided into time
bins, with the results for 10 keV incidentµ+ shown in Fig.2.

An extension stage can be added between the carbon foil
and the quenching region to extend the travelling distance.
The resulting increase in TOF allows the extraction of the
velocity and thus energy distributions of bothµ+ and M af-
ter the foil, which are not known a priori. Additionally, the
extension stage ensures that all 2P states, as well as higher
lying states produced in the foil [42], decay prior to reaching
the quenching region. For 10 keV incidentµ+ , the spectra
were measured with and without the extension stage (Fig.3).
A Landau distribution was found to describe well the TOF
spectra. In addition to the length of the stage and the en-
tire distance between foil and Stop-MCP, the time offset of
the detection system was determined with a linear Þt to be
t0 = 51± 4 ns. As the extension stage was always present
during the measurements withEinc of 5.0 and 7.5 keV, t0
and the total length were used to convert these TOF spectra
to the energy distributions presented in Fig.4.
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Fig. 3 TOF distributions of M for 10 keVµ+ incident on the foil, with
(dark blue) and without (light orange) extension stage. The errors on
the rate are from statistics. A Landau distribution was used for Þtting
the spectra.

We found that the most probable energy loss in the foil
is 2.3�3.0 keV (see Table1). The foil thickness can be de-
rived from the results for the Most Probable Energy (MPE)
and the corresponding energy distributions by comparing
them with the LEM Geant4 simulation, in which an effec-
tive, calibrated interaction with the foil is implemented [40].
We Þnd that a thickness of 15 nm is most probable, which
is more than the 10 nm speciÞed by the manufacturer. This
fact is not surprising considering the differences between the
nominal and derived carbon foil thicknesses determined in
[43]. From our knowledge of the M fractions and resid-
ual energy distributions, we can determine the M conversion
rate of our foil in this low incident muon energy range. The
results are shown in Fig.5. The errors in the fractions are
dominated by statistics, and those in the mean residual en-
ergy are correlated and arise from the uncertainty oft0. Our
results demonstrate that in the energy range probed, a high
conversion rate to M is achieved, leading to the expectation
that a sizeable amount of M(2S) is also produced [37].
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Fig. 4 Energy distributions of M reaching the Stop-MCP, measured at
three differentEinc. Areas are normalized to 1.
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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 efÞciencies, the resulting fraction of M(2S)
out of the total M is

f2S/M =
RT

RD · eQG · eMCP
, (1)
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Fig. 6 Time-of-ßight distributions of the counts in the Ly-a-MCPs,
obtained from the triple coincidence dataset of 10 keVEinc. 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.

whereeMCP stands for the Ly-a detection efÞciency of the
MCP, andeQG for the combined efÞciency for quenching as
well as the solid angle covered by the detectors. The quench-
ing and geometrical efÞciency 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 determineeQG, we performed a full 3D Monte-
Carlo simulation of the particle motion and photon emission
inside the static electric Þeld 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 Þeld direction [45], and the transparency of the grids on
the detectors, were included. The total efÞciency is shown in
Fig.7. Folding it with the measured energy distributions, we
geteQG = 36.4±0.3% andeQG = 37.0±0.3%, for Einc of
7.5 and 10 keV, respectively. The MCP detection efÞciency
for Ly-a can be estimated througheMCP=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 toeMCP = 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 keVEinc 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 off2S/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 efÞciency 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 Þeld created by the two circular electrodes, and emits a
photon which reached one of the detectors.
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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 efÞciencies, the resulting fraction of M(2S)
out of the total M is

f2S/M =
RT

RD · eQG · eMCP
, (1)
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Fig. 6 Time-of-ßight distributions of the counts in the Ly-a-MCPs,
obtained from the triple coincidence dataset of 10 keVEinc. 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.

whereeMCP stands for the Ly-a detection efÞciency of the
MCP, andeQG for the combined efÞciency for quenching as
well as the solid angle covered by the detectors. The quench-
ing and geometrical efÞciency 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 determineeQG, we performed a full 3D Monte-
Carlo simulation of the particle motion and photon emission
inside the static electric Þeld 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 Þeld direction [45], and the transparency of the grids on
the detectors, were included. The total efÞciency is shown in
Fig.7. Folding it with the measured energy distributions, we
geteQG = 36.4±0.3% andeQG = 37.0±0.3%, for Einc of
7.5 and 10 keV, respectively. The MCP detection efÞciency
for Ly-a can be estimated througheMCP=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 toeMCP = 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 keVEinc 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 off2S/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 efÞciency 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 Þeld created by the two circular electrodes, and emits a
photon which reached one of the detectors.

Detection of muonium in 2S state
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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 áeQG áeMCP
, (1)
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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 = OARáeCsI, 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.
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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)
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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.

INTENSE 2S M BEAM -> POSSIBILITY TO IMPROVE THE M LAMB SHIFT

Quenching efficiency and   
geometrical acceptance  
from MC

G. Janka et al., Eur. Phys. J. C (2020) 80: 804
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On the theoretical side, the muonium energy levels have
been computed completely up to O!mμα5" [33] and the
leading logarithmic correction O!mμα6 ln α" [34]. The 1S−
2S transition has reached however O!mμα7" [35] and so the
QED error should be estimated by the O!mμα8 ln3 α" 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 we want to use it to set bounds on new
physics. Therefore, we chose to consider the measurement 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:

!E!2S1=2" ! E!1S1=2"" th
Mu # 2455528935.8!1.4" MHz: !8"

2. Lamb Shift

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

!E!2S1=2" − E!2P1=2""th
Mu # 1047.284!2" MHz: !9"

In this case, the error is in fact dominated by the QED
computation and estimated by the O!mμα8 ln3 α" contri-
bution. The best experimental measurement at the moment
[37] is

!E!2S1=2" − E!2P1=2""
exp
Mu # 1042!22" MHz: !10"

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 !
!

9.8 MHz
; !11"

where ! 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 the Lamb Shift measurement [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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On the theoretical side, the muonium energy levels have
been computed completely up toOðmμα5Þ [33] and the
leading logarithmic correctionOðmμα6 lnαÞ [34]. The1S−
2S transition has reached howeverOðmμα7Þ [35] and so the
QED error should be estimated by theOðmμα8 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 of1S− 2S and hyperfine splittings in muo-
nium and so we cannot use it as an independent input of our
theoretical estimate if we want to use it to set bounds on new
physics. Therefore, we chose to consider the measurement 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=2ÞÞth
Mu ¼ 2455528935.8ð1.4Þ MHz: 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=2ÞÞth
Mu ¼ 1047.284ð2Þ MHz: ð9Þ

In this case, the error is in fact dominated by the QED
computation and estimated by theOðmμα8 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.

Figure3 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 a5σ
bound is taken here to account for the current tension in the
value ofaμ). 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 couplingge ! 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 factorae [14,15] and the muonic
(5σ bound)aμ [16], while the red curve is the current bound
extracted by Mu1S− 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 couplingge ! 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 factorae [14,15]and the muonicaμ
[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 the Lamb Shift measurement[37]. The dashed
red curve is the1S− 2S projected sensitivity assuming that the
experimental precision will match the theoretical one[21]. The
dashed purple is the1S− 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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Figure 8: Preliminary lineshape for the Lamb-Shift in M. Here the hyperÞne selector is scanned with a
power of 30 W.

The preliminary results on the M Lamb shift conÞrm that a measurement below the 1 MHz accuracy
is possible as a byproduct of Mu-MASS.

The goal of 2021 is to combine the laser and detection scheme in a beamtime at LEM towards in
December 2021 attempting to detect the Þrst CW-laser excited M atoms. Depending on the beamtime
availability at the LEM a new improved measurement of the M Lamb-shift could be performed during the
Summer.

References

[1] Paolo Crivelli. The mu-mass (muonium laser spectroscopy) experiment. Hyperfine Interactions,
239(1):49, 2018.

[2] G Janka, B Ohayon, Z Burkley, L Gerchow, N Kuroda, X Ni, R Nishi, Z Salman, A Suter, M Tuzi,
et al. Intense beam of metastable muonium.The European Physical Journal C, 80(9):1Ð7, 2020.

[3] C. J. Oram, J. M. Bailey, P. W. Schmor, C. A. Fry, R. F. Kieß, J. B. Warren, G. M. Marshall, and
A. Olin. Measurement of the lamb shift in muonium. Phys. Rev. Lett., 52:910Ð913, Mar 1984.

7

PRELIMINARY

40 HOURS DATA TAKING @LEM  
(10x statistics compared  to TRIUMF)

STATUS OF Mu-MASS LAMB SHIFT MEASUREMENT:  
- RUN @LEM in June 2021 (5 days if approved)  
- Dedicated tagging system under construction  
(reduce losses due to scattering in C-foil by factor 10)  
- Probe isolated 586 MHz line  
- LS projected accuracy around 1-2 MHz 
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OUTLOOK at HiMB: 2 ORDERS of magnitude larger FLUX with a better (1mm) defined 
beam 
→ Using graphene instead of C-foil (10 nm -> 1nm) or charge exchange in a gas jet  
!  Measurement of LS few tens of kHz 
!  Measurement of Fine Structure at 100 kHz 

the 18 measurements are shown in Table 1 and
minimize the final uncertainty (combined statis-
tical and systematic), subject to the condition that
the total weight for each separation is 25%. The
last row of Table 1 shows our finalmeasured result

f avg0 ¼ 909:8717ð32Þ MHz

Here, the uncertainty of 3.2 kHz comes from a
combination of a 1.4-kHz statistical uncertainty,
a 2.3-kHz uncertainty in the ac Stark shift, a
1.0-kHzuncertainty in the time-dilation correction,
and a 1.5-kHz phase measurement uncertainty.
The contribution from hyperfine structure to
this interval is 147.9581MHz (17), and correcting
for this contribution leads to a Lamb shift of
1057.8298(32) MHz.

Comparison to other work

Ourmeasurement is lower than the measurement
of Lundeen and Pipkin (6)— f L&P0 ½original% ¼
909:887ð9Þ MHz—by 1.5 standard deviations.
However, our recent reanalysis (16) of their work
(using the modeling developed for this work)
led to a small shift and larger uncertainties:
f L&P0 ½reanalyzed% ¼ 909:894ð20Þ MHz, which
agrees with the present work.
A value of the proton radius can be deduced

from the current measurement (8, 17)

rp[this work] = 0.833(10) fm

which is in excellent agreement (Fig. 5) with
the muonic hydrogen Lamb shift value but dis-
agrees with the CODATA 2014 value (7).
Two additional measurements in hydrogen

that have been published within the past year
can also be used to determine the proton radius:
ameasurement of the 2S→4P interval (18) and a
measurement of the 1S→3S interval (19). Both
of these measurements require a precise value
of the Rydberg constant to determine rp. When
combined with an existing very precise mea-
surement of the 1S→2S interval (20), they pre-
dict the values of rp shown in Fig. 5. The values
from (18) and (19) disagree.
A combination of our work and the measure-

ment of the muonic hydrogen Lamb shift (9, 10)
allows for a direct comparison ofmeasurements
of the proton charge radius using the analogous
measurements for the muon-based and electron-
based determinations. Consistent charge radii
are found from the two measurements.
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Fig. 5. Summary of proton radius data.
Shown are values for the proton RMS charge
radius from our measurement, muonic hydro-
gen, CODATA 2014, and the measurements of
Beyer et al. (18) and Fleurbaey et al. (19)
combined with that of Parthey et al. (20). Also
shown in gray is the value from Lundeen and
Pipkin (6, 16).
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transfer more than 99.9% of the F = 1 atoms to
the 2P1/2 state. The 2P1/2 state has a lifetime of
1.6 ns and decays to the 1S1/2 ground state over a
distance scale of 0.5 cm.
The 2S1/2 (F= 0)! 2P1/2 (F= 1) transition mea-

sured in this work is driven (green in Figs.
1 and 2) as the atoms pass through a pair of
waveguides. The waveguides are electrically
shorted at the top end so that the rf fields are
reflected back on themselves to form a standing
wave and the atoms pass through at the anti-
node of this standing wave. The 2S1/2 (F = 0)
atoms that survive these fields (after passing
through twomore cavities to once again remove
any unwanted F= 1 population) are detected by
applying an electric field that mixes the 2S1/2
and 2P1/2 states. The mixture quickly decays to
the 1S1/2 ground state by emitting a 121.6-nm
Lyman-a photon, and the photon is efficiently
detected after passing out of our vacuum system
through a MgF2 window and photoionizing an
acetone molecule.

FOSOF

The measurement is performed using the re-
cently developed FOSOF technique (8, 13), which
is a modification of the Ramsey technique (14)

of separated oscillatory fields. For FOSOF, the
frequencies of the two separated fields are off-
set from each other (f − df and f + df, with a
frequency difference 2df set to 625 Hz for this
work), so that the relative phase of the two fields
varies continuously in time. The combined ef-
fect of the two FOSOF regions (green in Fig. 2) for
driving the 2S1/2 (F = 0)! 2P1/2 (F = 1) transition
depends on this phase, and the number of
Lyman-a photons observed varies in time, as
shown (in red) in Fig. 3A. This signal consists of
a large constant component stemming from
2S1/2 atoms that survive all of the rf fields and a
small sinusoidal component caused by a pro-
gression between constructive and destructive
interference from the two FOSOF regions as their
relative phase varies. The sinusoidal signal is
small because of the short lifetime of the 2P1/2
state (1.6 ns), but it still shows a signal-to-noise
ratio of 30:1, despite only 6 ms of averaging time
represented by each of the data points in Fig. 3A.
Also shown in Fig. 3A is a 625-Hz reference

signal obtained by beating the two rf frequen-
cies. The key to the FOSOF technique is that the
Lyman-a signal and the reference signal will be
in phase when f is set to the atomic resonant fre-
quency f0, and the phase difference Dq between

the two is proportional to f − f0. The phase
difference occurs because the rf and the atoms
accumulate phase at rates determined by f and f0,
respectively, during the time it takes the atoms to
traverse the distance between the two FOSOF
regions.
To obtain a precision measurement, the phase

difference Dq has to be measured to an accuracy
of better than 1 mrad. Given that filtering and
time delays can also cause phase shifts, we em-
ploy three techniques to ensure that unintended
phase shifts do not affect our measurement.
First, we take data with the two FOSOF regions
set to f − df and f + df (Fig. 3A) and change the
frequencies to f + df and f − df (Fig. 3B). As seen
in the figure, Dq has opposite signs in these two
cases, so that an average [Dq(AB)] of Dq(A) and
−Dq(B) cancels any unintended phase shifts re-
lated to the limited bandwidth of the detection
system. This frequency change is performed
every few seconds. Second, we physically rotate
by 180° the entire FOSOF system [both the out-
of-vacuumparts (the generator, amplifiers, cables,
and rf monitoring system) and the in-vacuum
parts (the greenwaveguides in Fig. 2)]. The whole
system is rotated as a single unit by using a
32-cmÐdiameter rotational feedthrough for the
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Fig. 2. The measurement apparatus. Metastable 2S1/2 atoms
are created by colliding a beam of protons with H2 molecules.
Deflector plates remove the protons, and rf cavities (red and blue)
remove 2S1/2 (F = 1) atoms. The 2S1/2 (F = 0) atoms are driven
to the 2P1/2 (F = 1) state in a pair of FOSOF regions (green),
which have rf frequencies that are offset from each other. The
number of surviving 2S1/2 (F = 0) atoms is measured by mixing
them in an electric field and observing the resulting Lyman-a photons

via an efficient gas-ionization detector. Key to the success of
the measurement is the fact that the entire FOSOF system
(generator, amplifiers, monitors, and in-vacuum FOSOF waveguides)
can be rotated by 180°, so that the atoms can encounter the two
fields in the reverse order. The additional 910-MHz cavities shown
(brown) are used to test for systematic effects. The relative phase
of the rf going to and reflecting back from the FOSOF regions is
measured by rf combiners C1 and C2.
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Dark  
Sector

- 1S-2S: CURRENT AIMED ACCURACY 
FROM 10 kHz → 1kHz 

- LAMB SHIFT: CURRENT 
MEASUREMENTS around 7 MHz → 
few tens kHz 

- FINE STRUCTURE (AS BYPRODUCT) 
- NEW LASER TRANSITIONS SUCH AS 

2S-8D WOULD BE POSSIBLE 
- HFS? MORE?
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We present the status of the Mu-MASS experiment aiming for a 1000-fold improvement in the
determination of the 1S-2S transition frequency of Muonium (M), the positive-muon/electron bound
state. This substantial improvement beyond the current state-of-the-art relies on the novel cryogenic M
converters, new excitation and detection schemes which we implemented for positronium spectroscopy,
and tremendous advances in generation of UV radiation. This will provide the best determination of
the muon mass at a level of 1 ppb. Moreover, combined with the results of the ongoing hyperfine
splitting measurement (MUSEUM) at the Japan Proton Accelerator Research Complex (JPARC) this
will provide one of the most sensitive tests of bound state Quantum ElectroDynamics (QED) with a
relative precision of 1⇥ 10�9.

We report on the advancements to the laser and 2S-detection setup made since the last BV 51
meeting. We also show preliminary results of a new measurement of the Muonium Lamb shift, taken
during the LEM beamtime in December 2020.

The experiment is funded through an ERC consolidator grant (818053 -Mu-MASS), which started
on February 2019 and by the Swiss National Foundation under the grant 197346.
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https://www.psi.ch/en/ltp/mu-mass

HiMB WOULD GREATLY EXPAND THE PHYSICS REACH OF Mu-MASS


