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Abstract. We present an updated value of the Muonium 1S–2S transition frequency, highlighting contri-
butions from different QED corrections as well as the large uncertainty in the Dirac contribution, stemming
from the uncertainty of the electron to muon mass ratio. Improving the measurement of this spectral line
would allow to extract a more accurate determination of fundamental constants, such as the electron to
muon mass ratio or, combined with the Muonium hyperfine splitting, an independent value of the Ryd-
berg constant. Furthermore, we report on the current status of the Mu-MASS experiment, which aims at
measuring the Muonium 1S–2S transition frequency at a 10kHz uncertainty level.

1 Introduction

Muonium (M) is an exotic bound state of an antimuon
(μ+) and an electron (e−). Being a purely leptonic sys-
tem devoid of internal structure and nuclear finite size
effects, Muonium lays an ideal playground to test quan-
tum electrodynamics (QED) [1]. In the scope of this
proceeding, we will focus on the Muonium 1S–2S spec-
tral line ν1S−2S . Compared to Positronium (Ps), its
relatively long lifetime (2.2 µs) and larger mass make
Muonium an attractive candidate for spectroscopy mea-
surements. Owing to the longer lifetime of Muonium,
the 1S–2S transition is more narrow (145 kHz) than in
Ps (1.26 MHz). Additionally, experimenting with heav-
ier atoms is easier since at a given temperature they
move slower.

Currently, the best measurement of the Muonium
1S−2S transition is 2455528941.0(9.8) MHz [2], in good
agreement with the QED prediction of 2455528935.4(1.4)
MHz [3].
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Advancing the experimental precision of this transi-
tion has multiple motivations. For instance, it will lead
to the most precise value of the electron to muon mass
ratio. Alternatively, together with the ongoing efforts
for improving the hyperfine splitting [4], it will give
the opportunity to test bound state QED, or the pos-
sibility to extract the Rydberg constant independently
of nuclear and finite-size effects. Taking the Rydberg
constant from hydrogen spectroscopy, Muonium spec-
troscopy offers a possibility to independently determine
the muon g-2 with sufficient accuracy to contribute to
the understanding of the current discrepancy [5]. More-
over, this measurement could reach interesting sensitiv-
ity to possible New Physics scenarios, such as Lorentz-
and CPT-violations in the context of the Standard
Model Extension (SME) [6], or new forces mediated
by light bosons coupled to muons and electrons [7], as
well as provide a stringent test of lepton universality,
by probing the muon to electron charge ratio below the
current ppb level limit [2].

The Mu-MASS collaboration aims to measure the
1S − 2S transition in Muonium with a final uncer-
tainty of 10kHz [8], providing a 1000-fold improvement
on the state of the art. The current best measurement is
limited by the MHz level uncertainties brought by the
pulsed laser which drives the 1S−2S transition, mainly
due to the laser chirp and to the residual first linear
Doppler shift. Additionally, the limited interaction time
due to the laser pulse results in an intrinsic linewidth
broadening. By using a continuous wave (CW) laser, the
measurement is free from these limitations at the cost
of having a lower excitation probability. However, the
progress on the UV CW laser technology [9], together
with the unique flux of low energy muons available at
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the low-energy muon (LEM) beamline at PSI [10], and
new methods for efficient and slow Muonium forma-
tion in vacuum [11,12], open up the possibility for large
improvements on the measured transition.

Such a potential leap in the experimental accuracy
calls for an update on the theoretical value of the transi-
tion. Since the latest estimation, considerable advance-
ments in the QED calculations were made [13–17].
For the purpose of determining the electron to muon
mass ratio, it is convenient to decouple the uncer-
tainty depending on the electron to muon mass ratio
(currently dominating), from the smaller contribution
depending on the QED calculations, which latest esti-
mation is 20kHz [2]. In this way, one can conveniently
compute the uncertainty in the value of the 1S − 2S
transition for any given assumption of electron to muon
mass ratio uncertainty. Additionally, if the electron to
muon mass ratio could be determined at the part per
billion (ppb) level by an improvement in the Muonium
HFS measurement [18], and the experimental 1S − 2S
uncertainty would reach the kHz level, one will be able
to test the QED corrections.

2 Calculation of Muonium 1S − 2S
transition frequency

The energy levels for Muonium in a given principal
quantum number n satisfy:

En = − R∞c

n2(1 + me/mμ)
(1 + F), (1)

where F � 1 takes into account higher-order correc-
tions such as recoil and QED [19].

The largest contribution to the M 1S −2S transition
energy is given by the Dirac eigenvalue for an electron
bound to a muon. By denoting mr the reduced mass of
the electron-muon system, and M the total mass of the
atom me + mμ, the Dirac contribution EDirac [19] is:

EDirac = Mc2 + (f(n, J, α) − 1)mrc
2−

(f(n, J, α) − 1)2
m2

rc
2

2M
, (2)

where f(n, J, α) =
[
1 + (Zα)2

(n−δ(J,α))2

]−1/2

, and δ(J, α) =

J + 1
2 −

√
(J + 1

2 )2 − (Zα)2.
Using the current best QED-independent experi-

mental value for the ratio of the masses, namely
mµ

me
= 206.768277(24) (120 ppb) from the measure-

ment of the muon magnetic moment determined by the
Rabi method [20], the calculation of EDirac for Muo-
nium yields 2455535991.3(1.4) MHz. The uncertainty
is almost entirely due to our knowledge of the ratio of
masses, and dominates the total uncertainty of ν1S−2S .
When the electron to muon mass ratio will be measured
experimentally with a higher accuracy, the uncertainty

from the Dirac contribution will accordingly decrease.
Alternatively, from a better experimental uncertainty of
the M 1S − 2S transition, one can extract the electron
to muon mass ratio with higher precision. To quantify
this, one can use Eq. 1 and obtain the relation between
the relative uncertainties of the electron to muon mass
ratio and of ν1S−2S . As a first approximation, we use
that F � 1 to obtain

ν1S−2S ≈ 3
4

R∞c

1 + me/mμ
. (3)

Secondly, we express the error on ν1S−2S neglecting the
smaller contributions related to the Rydberg constant
uncertainty:

σν1S−2S ≈ 3
4

R∞c

(1 + me/mμ)2
· σme/mµ

≈ ν1S−2S · σme/mµ
,

where in the last step we assumed me

mµ
� 1. Rearranging

and dividing both sides by me

mµ
, one obtains:

σme/mµ

me/mμ
≈ σν1S−2S

ν1S−2S
· mμ

me
. (4)

Eq. 4 can be used with the value of an experimentally
measured ν1S−2S to determine the relative uncertainty
of the electron to muon mass ratio obtained from the
measurement itself. For example, when a 10kHz uncer-
tainty will be reached for ν1S−2S , the electron to muon
mass ratio will be determined to the level of 1 ppb.

Additionally to the Dirac energy, there are numerous
other smaller contributions to the final value of ν1S−2S ,
summarized in Table 1. Their expressions are described
in detail for the case of the M Lamb shift in [21]. In first
approximation, these contributions are 7 times larger
than for the Lamb shift due to their 1

n3 dependency.
Another difference is that for the 1S − 2S transition
the Barker-Glover and off-diagonal hyperfine-structure
contributions are zero. Furthermore, an updated calcu-
lation for Erec,R2, namely the expansion in mass ratio
of the pure recoil term of order (Zα)6 from [15,22],
removes the uncertainty given from the fact that the
formula used in [21] was incomplete. Finally, we include
higher orders (i.e. the term with the A50 coefficient, cal-
culated from the Zα expansion of one-loop self-energy
[19,23]) in the muon self-energy ESEN [24]. Overall, the
updated value for the QED contributions to ν1S−2S

adds up to −7056.062(6) MHz, where the correction
that dominates the uncertainty is the radiative recoil
ERR, due to the uncomputed coefficient of the term of
the order α(Zα)5(Zα) ln (Zα)−2 [19].
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Table 1 Summary of the calculated contributions to the Muonium 1S − 2S transition

Contr. Largest order Muonium
(MHz)

EDirac (Zα)2 2455535991.3(1.4)
ESE α (Zα)4 −7222.771
EVP α (Zα)4 185.565
EVPµ+had α (Zα)4(me/mµ)2 0.007
E2ph α2(Zα)4 −0.627(1)
E3ph α3(Zα)4 −0.001
Erec,S (Zα)5 (me/mn) −18.104
Erec,R (Zα)6 (me/mn) 0.056
Erec,R2 (Zα)6 (me/mn)2 0.005
ERR α (Zα)5 (me/mn) 0.095(6)
ERR2 α (Zα)5 (me/mn)2 −0.001
ESEN Z2α(Zα)4(me/mn)2 −0.286
Sum 2455528935.2(1.4)
QED only −7056.062(6)

Uncertainties smaller than 0.5 kHz are not tabulated. The notation refers to the definitions in [21]

Fig. 1 Schematic view of the Mu-MASS 1S − 2S setup

3 Experimental methods

The Mu-MASS experiment runs at the LEM beam-
line of PSI, which provides a pure, low energy (selectable
between 1 and 30 keV) μ+ beam [10]. A sketch of the
experimental setup is shown in Fig. 1. Approximately
3 kHz μ+ are tagged event by event and focused to a
σ ≈ 4 mm wide beam, impinging onto a mesoporous
thin SiO2 film target. Here, thermalized Muonium can
be formed and emitted into vacuum [11]. When Muo-
nium traverses the 244 nm CW laser, it can be excited
to the 2S state via two-photon excitation, and further
be photoionized by a 355 nm pulse. The photoionized
μ+ is then electrostatically guided to a microchannel
plate (MCP) detector. Furthermore, to suppress back-
ground, four scintillator detectors surround the MCP
area, to detect the positron from the μ+ decay. There-
fore, the experimental signature of a 2S excited μ+ con-
sists of a triple coincidence well defined in time, namely:
a count in the tagging detector (which provides the ini-

tial time), a count in the photoionized μ+ MCP detector
after the expected time of flight from the 355 nm laser
pulse, and a count in one of the scintillators within few
microseconds. A lineshape is obtained by measuring the
rate of the detected 2S M candidates while varying the
CW laser frequency referenced to a GPS disciplined
frequency comb, and from this the Muonium ν1S−2S

resonance transition frequency is extracted.
As mentioned above, the laser system of the Mu-

MASS project consists of two main parts: CW laser at
the wavelength 244 nm for two-photon excitation of 1 S–
2 S transition and pulsed laser at the wavelength 355nm
for photoionization of Muonium in 2 S state. The first
laser, which is a custom-designed commercial system
with a home-built second harmonic generation cavity,
can provide more than 1.5 W of UV output power [9],
which can be enhanced by a factor of more than 30
inside the research vacuum chamber with the help of
a Fabry–Perot cavity. Due to very low excitation prob-
ability, the laser system is required to work stably for
periods of up to 1 week to collect the proper amount of
data. That is not possible with constant operation at
full laser power due to mirror degradation from a high-
power UV radiation [9]. To control the laser power, an
AOM is used, which allows us to turn on the maximum
intensity of 488 nm light, and consequently UV radi-
ation in the enhancement cavity only for a short time
after we get a signal from the tagging detector. Between
these sharp increases, the power is kept at a few milli-
watts to maintain the enhancement cavity locked to the
laser wavelength. That allows running the 244 nm laser
at a low enough average power to prevent mirrors from
fast degradation. Another feature of this method is the
ability to turn off the laser radiation entirely for the
time window when we expect to detect the photoion-
ized muon. That allowed us to decrease laser-induced
background noise. Power changes described above hap-
pen at times not exceeding 2 μs and do not violate
the locking of the cavity to the laser. After excitation,
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the 355 nm laser emits a pulse with an energy of more
than 1 mJ. With several passes through the chamber,
it provides almost hundred-percent photoionization.

The described method was used during measure-
ments on the LEM beamline at PSI. Even though it
does not completely avoid mirror degradation, it can
significantly reduce its rate. We were able to to main-
tain the radiation power in the enhancement cavity
from 25 to 15 W for 5 days, conditioning the mirrors
with oxygen approximately 2–4 times a day.

What makes this measurement extremely challeng-
ing is the low excitation probability of the CW laser.
The Muonium 2S signal rate in the Mu-MASS setup
depends quadratically on the 244 nm laser power and
scales linearly with the initial μ+ rate. With 25W of
continuous laser power on resonance and the foreseen
improvements in the muon tagging system we expect
to have around 1 event per hour. It is therefore key to
keep the background (coming from accidental counts in
the detectors, muon-induced or laser-induced) as low as
possible. The demonstrated background rates are con-
sistent with less than 1 background event per day.

4 Conclusions

We presented an updated value of the 1S − 2S tran-
sition in Muonium, separating the smaller QED con-
tributions from the Dirac energy. Concerning the QED
part, the final result is consistent with the literature
and shows an improvement of more than a factor 2 on
the uncertainty latest estimations [2,5]. We also out-
lined the status of the Mu-MASS experiment, which
aims to measure the 1S − 2S transition with a CW
laser, at the LEM beamline at PSI. The experiment is
extremely challenging, being the signal rate of the order
of a few events per day, due to the highly suppressed
excitation rate and the limited initial muon statistics.
For this reason, the background levels has to be kept as
low as possible. Tests at PSI showed that we can achieve
less than 1 background event per day demonstrating
the feasibility of the experiment. In the near future,
improvements on the available statistics of muons are
expected from the developments at PSI on the LEM
beamline (such as upgrading the surface muon beam-
line [25] and an improved tagging detector with a thin
carbon foil), or from the MuCool project [26], and pos-
sibly by additional orders of magnitude from the HIMB
upgrade [27].
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