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We show that muonium spectroscopy in the coming years can reach a precision high enough to
determine the anomalous magnetic moment of the muon below one part per million (ppm). Such an
independent determination of muon g − 2 would certainly shed light on the ∼2 ppm difference currently
observed between spin-precession measurements and (R-ratio based) standard model predictions. The
magnetic dipole interaction between electrons and (anti)muons bound in muonium gives rise to a hyperfine
splitting (HFS) of the ground state which is sensitive to the muon anomalous magnetic moment. A direct
comparison of the muonium frequency measurements of the HFS at J-PARC and the 1S-2S transition at PSI
with theory predictions will allow us to extract muon g − 2 with high precision. Improving the accuracy of
QED calculations of these transitions by about 1 order of magnitude is also required. Moreover, the good
agreement between theory and experiment for the electron g − 2 indicates that new physics interactions are
unlikely to affect muonium spectroscopy down to the envisaged precision.
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Introduction.—The long and winding road that leads to
the discovery of physics beyond the standard model (SM)
may well go through loops. The magnetic moments of the
electron and the muon

μ⃗l ¼ gl

�
ql
2ml

�
S⃗l; ð1Þ

(l ¼ e, μ) are shining examples. Indeed, quantum fluctua-
tions in the vacuum of all known and unknown fields
inevitably causes their gl factors to deviate from the
prediction of the Dirac equation by an “anomalous” part
al ≡ ðgl − 2Þ=2 [1]. Therefore, any accurate measurement
of the latter, together with equally accurate theoretical
predictions, open the door to new physics (NP) phenomena.
The Muon g − 2 Collaboration at the Fermi National

Accelerator Laboratory (FNAL) recently determined [2–4]
the muon anomalous magnetic moment to 460 parts-per-
billion (ppb) from spin-precession measurements. The
central value is in good agreement with an earlier meas-
urement [5] at the Brookhaven National Laboratory (BNL),
leading to a new experimental world average [2]

aexpμ ¼ 116 592 061ð41Þ × 10−11; ð2Þ
to 0.35 ppm.

The SM prediction for aμ includes contributions from
electromagnetic [6–25], strong and weak interactions in-
volving virtual exchange of photons, leptons, hadrons, and
W, Z and Higgs bosons. Its evaluation was recently re-
viewed by the international theory community, finding [26]

aSMμ ¼ 116 591 810ð43Þ × 10−11; ð3Þ

where the theory uncertainty is dominated by uncertainties
in the (nonperturbative) hadronic vacuum polarization
(HVP) and hadronic light-by-light (HLbL) contributions.
This result is 4.2 standard deviation smaller than the
experimental average, suggesting a possible contribution
from NP with a magnitude of

Δaμ ≡ aexpμ − aSMμ ¼ ð251� 59Þ × 10−11; ð4Þ

which is about 2 ppm. The SM prediction in Eq. (3)
relies on a leading-order (LO) HVP contribution of
aHVP−LOμ ðeþe−Þ ¼ 6931ð40Þ × 10−11 [10–15,26] derived
from experimental eþe− → hadrons data (the so-called
R-ratio method) at low-energy using dispersion relations
[27–29].
An alternative determination of the LO-HVP contribu-

tion stems from an ab initio calculation in lattice QCD [30].
The latest result from the Budapest-Marseille-Wuppertal
Collaboration (BMWc) aHVP−LOμ ðlatticeÞ ¼ 7 075ð55Þ ×
10−11 [31], consistent with previous calculations [32–36]
but with a threefold reduced uncertainty, is about 1 ppm
larger than the R-ratio value and agrees with the exper-
imental average in Eq. (2) within 2 standard deviations.
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The present status of muon g − 2 is therefore puzzling.
Imagining that the discrepancy holds either between experi-
ment and a converged theory (currently 2 ppm), or between
the two theoretical calculations (currently 1 ppm), then an
independent determination of aμ to this level, demanding as
it would be, is of immense importance.
An alternative strategy for determining aμ would be

probing magnetic properties of muons bound in atoms
instead of free particles. Muonium (M≡ μþe−) is the
bound state of an antimuon and an electron. It is a purely
leptonic bound state, free of nuclear structure effects
usually hampering the theoretical accuracy in ordinary
atoms, for which high-order QED calculations are avail-
able. In contrast, muonium spectroscopy is currently
limited by experimental uncertainties, being mostly of
statistical origin [37]. In this Letter, we show that by
pushing muonium spectroscopy to its limits, both theoreti-
cal and experimental, a determination of aμ is possible with
Oð1 ppmÞ precision. This completely different approach
would shed a new light on the current puzzle.
Muon g − 2 from muonium spectroscopy.—One of the

most precisely measured spectral line in muonium is the
hyperfine splitting (HFS) of its 1S ground state νHFS at
12 ppb [38]. The HFS originates from the interaction of the
electron spin with the magnetic field sourced by the
magnetic dipole moment of the (static) antimuon. For
electronic states without orbital momentum, the LO
Hamiltonian is a Fermi contact interaction between the
electron and muon magnetic moments [39]

HHFS ¼ −
2μ0
3

μ⃗e · μ⃗μδ3ðrÞ; ð5Þ

where μ0 ¼ 2αh=ðe2cÞ is the vacuum permeability. As it
involves explicitly the magnetic moment of the muon, it is
in principle sensitive to its anomalous part.
Besides the fine-structure constant α, and the Rydberg

constant R∞ ¼ α2mec=ð2hÞ, two parameters are endemic
to muonic physics at low energy: the electron-muon mass
ratio me=mμ and the muon magnetic moment. Hydrogen
spectroscopy determines R∞ at 1.9 parts-per-trillion (ppt)
[40], making it the most accurately known constant in
physics [41]. Combining R∞ with accurate measurements
of the electron and rubidium atomic masses and the h=mRb
ratio gives the currently best determination of α at 81 ppt
[43,44]. The muonic constants must be extracted from (at
least) two other independent observables. me=mμ is known
at 19 ppb from comparing the measured ground-state HFS
of muonium [38] with the SM prediction [47]. Since we
envisage to use this observable to extract aμ, me=mμ must
be obtained by other means. The current second best
determination of the electron-muon mass ratio is at
120 ppb, coming from a measurement of the (total) muon
magnetic moment [38]. However, this cannot be used either
as it clearly depends on aμ. Another way to extract me=mμ

is to measure a muonium line that is (mostly) independent

of the magnetic moment. To date, the only possibility is the
Lyman-α line between the 1S and 2S states.
The theory prediction for the 1S-2S transition frequency

in muonium is

ν1S−2S ¼ 3

4

R∞c
ð1þme=mμÞ

½1þ δ1S−2S�; ð6Þ

where the muon mass enters as a recoil contribution of
∼0.5% and subleading corrections in δ1S−2S ∼Oðα2Þ are
known up to three-loop QED with 20 kHz uncertainty [48].
For the ground-state HFS the theory prediction reads

νHFS ¼
16

3
ð1þ aμÞ

me

mμ

R∞cα2

ð1þme=mμÞ3
½1þ δHFS�; ð7Þ

where δHFS ∼Oðα=πÞ gathers corrections [49] beyond the
Hamiltonian in Eq. (5) from relativistic, radiative (includ-
ing the anomalous magnetic moment ae of the electron),
recoil, radiative-recoil, weak, and hadronic contributions.
The theory uncertainty δHFS is about 70 Hz [47,50],
dominated by unknown three-loop QED contributions to
the radiative-recoil term in δHFS [47].
Since the δHFS;1S−2S corrections above only weakly

depend on fundamental constants, the leading contributions
to νHFS and ν1S−2S are sufficient to estimate the sensitivity
of muonium spectroscopy to muon g − 2. Combining
Eqs. (6) and (7) allows us to separately determine
me=mμ and aμ, providing a simple estimate of their
uncertainties

u2ðme=mμÞ ≃ u2rðR∞Þ þ u2rðν1S−2SÞ
þ δ21S−2Su2rðδ1S−2SÞ; ð8Þ

u2ðaμÞ ≃ u2rðme=mμÞ þ 4u2rðαÞ þ u2rðνHFSÞ
þ δ2HFSu

2
rðδHFSÞ; ð9Þ

where urðxÞ≡ uðxÞ=x and uðxÞ is 1 standard deviation of
the observable x, and urðδiÞ denotes the relative theory
uncertainty of δi that is not associated with the R∞, α, and
me=mμ parameters.
A least-square adjustment (see Supplemental Material

[51], which includes Refs. [52–55]) using 2018 CODATA
recommended values for R∞ and α, and including the state-
of-the-art calculation (see Ref. [40] and references therein)
of δHFS;1S−2S yields

aMμ ¼ 116 637ð82Þ × 10−8; ð10Þ
and me=mμ ¼ 4 836 329ð4Þ × 10−9, which is larger
(aMμ − aexpμ ≃ 4.5 × 10−7) but consistent with both the
experimental value in Eq. (2) and the theoretical result
in Eq. (3). The large uncertainty uðaμÞ ¼ 8.2 × 10−7 is
dominated by the experimental urðν1S−2SÞ ¼ 4.0 × 10−9

[48]. Note that this determination of aμ assumes that
muonium theory follows SM predictions. As shown
below, contributions beyond the SM ones related to an

PHYSICAL REVIEW LETTERS 127, 251801 (2021)

251801-2



hypothetical NP coupling to electrons are sufficiently
constrained not to affect the least-square adjustment.
Expected improvements in muonium physics.—The

present data are lacking precision to provide a competitive
determination of muon g − 2. However the situation is
expected to dramatically improve in the near future thanks
to new experimental techniques and more accurate QED
calculations. We summarize the developments planned at
the next round of experiments at PSI and J-PARC and show
that, together with the ongoing theory improvement, they
will allow for an extraction of aμ at few ppm. Moreover, we
outline and argue on the feasibility of the refinements
necessary to bring urðaμÞ below the ppm level.
1S-2S transition: The first necessary ingredient is to

improve the electron-muon mass ratio from muonium 1S-
2S spectroscopy. Spectroscopy of the 1S-2S transition in
hydrogenic atoms relies on two-photon excitation with a
UV laser, operating at a 244 nm wavelength for muonium.
The very high transition frequency makes possible mea-
surements at ppt precision, with a 145 kHz natural line-
width due to the muon lifetime.
One of the main challenges is the low excitation

efficiency, as the 1S-2S transition is a two-photon tran-
sition. In order to increase the transition probability,
previous 1S-2S measurements utilized a high-power pulsed
laser. This, however, came at the cost of broadening the
linewidth to 20 MHz associated with the laser pulse width.
Another main systematic uncertainty of 10 MHz also
originated from the pulsed interaction. A high-power
pulsed laser changes its frequency during every pulse, an
effect known as chirping, which is notoriously difficult to
compensate for.
To circumvent the limitations of pulsed laser excitation,

the MuoniuM lAser SpectroScopy (Mu-MASS) experi-
ment [56] at PSI utilizes a cavity-enhanced continuous
wave (cw) excitation [57]. The reduced excitation effi-
ciency in cw operation is compensated by the use of the
low-energy-muon (LEM) beam line [58] paired with new
methods to obtain slow muonium atoms emitted into
vacuum after production in mesoporous thin SiO2 films
[59]. With such techniques the Mu-MASS uncertainty goal
was set to 10 kHz (4 ppt) [56].
On the theory side the ν1S−2S uncertainty was quoted at

20 kHz in Ref. [48]. To the best of our knowledge this
figure has not been updated, despite the recent improve-
ment in QED calculations for hydrogenlike atoms [60,61].
By rescaling the theory uncertainties for hydrogen [40] to
the muon mass (discarding nuclear finite-size and polar-
izability contributions) we assess the current theory uncer-
tainty of ν1S−2S to be at 14 kHz (5.7 ppt).
The Rydberg constant is also expected to improve in the

next few years, anticipating a full resolution of the so-called
proton radius puzzle [62]. The very precise determination
of the proton radius from muonic hydrogen [63,64]
improves the theoretical precision in hydrogen by about

1 order of magnitude, which then becomes limited by
bound-state QED calculations. The current QED uncer-
tainty in hydrogen is roughly 1 kHz [60], allowing, in
principle, a threefold [65] more precise determination of
R∞ relative to the latest CODATA [40].
Using Eq. (9) the above values (referred to as “ongoing”

in Tables I and II) yield an expected precision on me=mμ

at 1.5 ppb.
Ground state HFS: The major improvement to the

electron-muon mass ratio considered above opens up the
possibility to obtain a value for aμ with few ppm uncer-
tainty, comparable to the current difference in Eq. (4),
granted that the ground state HFS is improved as well. The
current best measurement of νHFS was done with a chopped
beam at LAMPF and limited by statistics [38]. The
Muonium Spectroscopy Experiment Using Microwave
(MuSEUM) experiment will improve the statistical uncer-
tainty by using the high-intensity pulsed muon beam at
J-PARC [69,70] as well as Rabi-oscillation spectroscopy
[71]. Moreover, recently a thorough optimization of the
microwave cavity has been done to drive down the
systematic uncertainties to the ppb level [68]. This will
allow for more precise HFS measurements by about 1 order
of magnitude [68] compared to previous LAMPF mea-
surements. We take 10 Hz (2.2 ppb) as an estimate for the
uncertainty goal of the MuSEUM experiment, which is
compatible with the “several ppb” in Ref. [68]. (See also
Refs. [72,73] and references therein.) Another important
systematic uncertainty is due to the pressure shift from the
finite gas density environment [74] in which HFS meas-
urement are performed. This can be overcome by meas-
uring the HFS in vacuum using a low-energy muon beam.

TABLE I. Uncertainty budget for the 1S-2S transition (in ppt)
and 1S HFS (in ppb) in muonium. The first column summarizes
the current status of the relative uncertainties urðxÞ ¼ uðxÞ=x.
The second one (ongoing) indicates the milestone set by the Mu-
MASS and MuSEUM experiments. The last one presents the
foreseeable improvements necessary for a muonium determina-
tion of aμ at sub-ppm level. Blank entries correspond to quantities
that do not need further improvement.

ur

νi (unit) Quantity Current Ongoing Ultimate Refs.

1S-2S (ppt)

QED 8.1 5.7 0.7 [48,60]
HVP Oð10−2Þ [66]
R∞ 1.9 0.65 [40,60]
α Oð10−3Þ [40]
exp 3.99 × 103 4.1 1.6 [48,56]

HFS (ppb)

QED 16 2.2 0.2 [50,67]
HVP 0.33 0.18 [15,40]
α 0.30 0.16 [40,43]
R∞ Oð10−3Þ [40]
exp 12 2.2 0.90 [38,68]
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Excluding the muon mass uncertainty, the theoretical
ground state HFS calculation is currently limited by bound-
state QED to around 70 Hz accuracy [47] coming from
uncalculated sets of three-loop diagrams. Efforts to
improve this calculation are ongoing, quoting a goal of
10 Hz [50].
Collecting the theoretical and experimental values

discussed above we estimate with Eq. (9) the expected
uncertainty for extracting aμ from the ongoing effort in
muonium spectroscopy as about 3 ppm (shown in blue
on Fig. 1). Such rousing prospects, comparable to the

difference in Eq. (4), would already contribute to the muon
g − 2 puzzle.
Further improvements: Next, we explore how much

the above uncertainties can be further reduced. We based
our estimations on known experimental techniques, arguing
that the necessary theoretical improvements can be rea-
sonably achieved along the way.
An improvement on the 1S-2S frequency determination

from the Mu-MASS goal of 10 kHz to few kHz is expected
[56]. Since final systematic uncertainties are estimated at
the kHz level [56], this precision could be accommodated
by an order-of-magnitude increase in statistics. Such an
increase could either come from an improved high-energy
muon beam rate, as considered in the high-intensity muon
beam (HIMB) upgrade [75–77] at PSI, and/or a higher
efficiency in muon moderation, as is pursued by the
MuCool Collaboration [78–80]. Moreover, another effort
in improving the 1S-2S measurement is under consider-
ation at J-PARC [73]. A 1S-2S measurement at 4 kHz
would be sufficient to make theme=mμ uncertainty on νHFS
subdominant.
Such an improved experimental precision must be

supplemented by higher accuracy calculations. Following
recent progress in such calculations [60,61,81], the main
limitation for the theoretical uncertainty comes from un-
known radiative-recoil corrections of O½αðZαÞ6ðm=MÞ�
[60]. This correction is likely to be calculated in the near
future since the recent convergence on the proton radius
[62,82–86] makes it the limiting factor to reducing the
Rydberg constant uncertainty, as well as the deuterium
radius deduced from the H-D isotope shift [87]. The pure
recoil correction at O½ðZαÞ6ðm=MÞ2� is also required for
kHz accuracy in M. It is partially calculated [88] and there
is no known obstacle towards a complete result.
Regarding the ground state HFS, a further improvement

upon the ongoing efforts, both in experiment and theory, is
more demanding. Experimentally the muon-lifetime con-
straint on the linewidth already poses a major challenge. A
measurement at 10 Hz precision already requires to resolve
the line center to 10−4 of the linewidth, an achievement
similar to the recent 2S-4P frequency measurement in
hydrogen [89]. Further improving the precision with better
lineshape modeling would constitute a premiere in spec-
troscopy. A complementary approach consists in con-
verting extremely high statistics into narrower linewidths
by postselecting so-called “old muonium” atoms [38,90],
namely, muons that have not decayed after several life-
times. Therefore, despite the challenges, we imagine that
HFS measurements could be done at the ppb level (≃4 Hz).
As regards systematic uncertainty, down to the ppb level

the main one is still considered to be the quadratic pressure
shift [38], which could be reduced with lower pressures,
relying on higher statistics. Another promising option
would be to mix gases such as He and Kr, which have
opposite pressure shift contributions [91]. The needed high

TABLE II. Uncertainty budget for the determination of me=mμ

and aμ from precision muonium spectroscopy. Same as Table I.

ur

Parameter (unit) Quantity Current Ongoing Ultimate

me=mμ (ppb)

ν1S−2S (exp) 825 0.84 0.34
QED(1S-2S) 1.7 1.2 0.1

R∞ 0.40 0.13
total 825 1.5 0.37

aμ (ppm)

ν1S−2S (exp) 708 0.73 0.29
νHFS (exp) 10 1.9 0.77
QED(1S-2S) 1.4 1.0 0.07
QED(HFS) 14 1.9 0.2
HVP(HFS) 0.29 0.16

R∞ 0.35 0.13
α 0.26 0.14

total 708 3.0 0.88

FIG. 1. Anomalous magnetic moment of the muon determined
from spin-precession measurements at BNL and FNAL (red) [2],
standard model calculations with LO HVP evaluated from
eþe− → hadrons data (green) [26], or lattice QCD (gray) [31]
and the projected sensitivities in muonium (dashed) with the
currently planned spectroscopy improvements (blue) and its
ultimate improvement (magenta), centered around the current
experimental average. The orange band shows the fourfold
improved FNAL standard deviation expected in the near future.
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rates could be accommodated by the HIMB upgrade at PSI
that will deliver ∼1010 antimuons per second, which is 3
orders of magnitude higher than the cw muon beam used
for the HFS measurement at LAMPF. Leveraging the
technical advancements by the MuSEUM Collaboration
[68,71], together with a ∼100 day beam time, we conclude
that a sub-ppb experimental uncertainty in νHFS could be
envisioned.
The corresponding theory prediction to the level of 4 Hz

accuracy is demanding as well. However, as long as the
uncertainty from HVP contributions (presently about
0.8 Hz [15]) is subdominant, completing the required
bound-state QED calculations in the same timescale as
experimental milestones could be reasonably envisaged.
Indeed, ongoing work already set a goal of a few Hz [67],
which would suffice to make νHFS limited by experiment.
Assuming that the 1S-2S transition and ground state HFS

in muonium are pushed to the aforementioned limits would
bring down the aμ uncertainty to uðaμÞ ≃ 103 × 10−11

(0.88 ppm), which is about half of the current difference
between theory and experiment.
Summary and outlook.—We proposed an alternative

strategy to extract the anomalous magnetic moment of
the muon based on highly precise measurements and
theoretical QED calculations in muonium. Current data
on the 1S-2S transition and ground state HFS frequencies
allows us to determine aμ at ∼700 ppm, largely limited by
statistics in the 1S-2S measurement. A new program, partly
motivated by the present muon g − 2 puzzle, of highly
precise muonium spectroscopy and theory will signifi-
cantly improve the situation in the coming decade, reducing
the aμ uncertainty to about 3 ppm, and even below the ppm
level at a future stage. As shown in the Supplemental
Material [51], which includes Refs. [92–105], this indirect
determination which relies on bound-state QED calculation
is unlikely to be affected by NP, given present constraints
on exotic forces coupled to electrons.
Such an independent value of aμ cannot be competitive

with spin-precession measurements that are expected to
reach ∼0.1 ppm accuracy in a few years [2,106]. However
it would most certainly help interpreting the current differ-
ence between these measurements and the (R-ratio based)
SM prediction, were it to persist over the same timescale. A
muonium value of aμ favoring today’s experimental aver-
age, along with δ1S−2S and δHFS consistent with the SM,
would strengthen the evidence of NP dominantly coupled
to muons (assuming the R-ratio determination of the HVP
contribution is a faithful figure of the SM prediction).
Conversely, a value consistent with the current R-ratio
prediction would indicate a potential unknown systematic
with the BNL/FNAL measurements, or point to a nontrivial
NP dynamics. In the latter case, precision measurements of
additional muonium lines, like the 2S-2P Lamb shift
[107,108] ongoing at PSI, would help discriminating
among different possibilities. Either way, this highly

motivates to push the frontier of precision muonium
physics as much as possible.
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