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We report a new measurement of the n =2 Lamb shift in Muonium. Our result of

1047.2(2.3) 4 (1.1)

syst

MHz comprises an order of magnitude improvement upon the previous best

measurement. This value matches the theoretical calculation within 1 standard deviation allowing us to set
limits on Lorentz and CPT violation in the muonic sector, as well as on new physics coupled to muons and
electrons which could provide an explanation of the muon g — 2 anomaly.
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The classical Lamb shift (LS) is the difference between
the 25/, and 2P, , levels of a hydrogenic atom. It stems
in the most part from the so called electron self-energy, i.e.,
the possibility for the orbiting particle to emit and reabsorb
a virtual photon [1]. This effect is not accounted for by the
Dirac theory. Following the clear identification of the LS
in hydrogen by Lamb and Retherford [2], Bethe completed
the first successful calculation of the interaction of an
electron with the radiation field [3], finding agreement with
the experimental result. The discrepancy between the then-
prevailing theory and measurements of the LS, together
with that of the electron anomalous moment [4], had found
unambiguous evidence for what was at the time new
physics. These findings led to the development of modern
quantum electrodynamics (QED).

In hydrogen, the increasing precision in LS measure-
ments, as well as more advanced theoretical calculations,
have made their comparison susceptible to the proton
charge distribution. Various discrepancies in the proton
charge radius determination have appeared already in the
1980s [5]. They peaked when another LS measurement,
that of muonic hydrogen [6], returned a significantly
smaller radius than the accepted one. This is the so-called
proton radius puzzle [7], with recent measurements argu-
ably nearing its resolution [8—10]. This saga embodies the
fact that when dealing with measurements involving
hadronic particles such as protons, at a certain precision
we learn more about their internal structure than about the
consistency of QED.

In leptonic systems such as muonium (M), the bound
state of a positive muon and an electron; and positronium,
made of an electron and a positron; hadronic effects are
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entering only as loop corrections, and there are no finite-
size contributions. Precision spectroscopy of such exotic
atoms offers a clean arrow pointing at bound-state QED
tests and an excellent probe for numerous scenarios beyond
the standard model. These include Lorentz or CPT viola-
tions [11], new muonic forces [12], dark sectors [13], the
effect of gravity on antimatter via the gravitational redshift
[14] and to search for highly singular neutrinolike forces
[15]. However, despite their simplicity, these systems
exhibit unique experimental challenges.

Positronium’s very short lifetime due to annihilation
results in broad resonances and limits the available sta-
tistics. Moreover, being the lightest known atom, positro-
nium travels at high velocities, even at room temperature.
Nevertheless, the positronium n =2 fine structure was
measured recently by microwave spectroscopy with sub
MHz precision [16]. Interestingly, this result differs by
4.5¢ from the theoretical prediction and warrants further
studies [17].

With a longer lifetime of 2.2 us limited by the muon
decay, and a larger mass, M constitutes a promising system
for spectroscopic measurements [18,19].

Previous experiments measuring the LS in M relied on a
degrader to reduce the beam energy, creating a highly
diffuse M distribution [20]. This resulted in low statistics
and caused a large muon-related background. Nevertheless,
the LS in M was measured to be 1070:152 MHz at TRIUMF
[21], and 1042721 MHz at LAMPF [22]. The main limi-
tation for both measurements was the lack of a high quality,
low energy, positive muon beam. Such a beam is available
today at the low energy muon (LEM) beam line at the Paul
Scherrer Institute (PSI). LEM is a unique beam line, used
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FIG. 1.

Main elements of the experimental system. Conical electrostatic lens (EL), tagging detector (TD), carbon foil target (Tg),

transmission line (TL), Lyman-alpha detector (LD), stop detector (SD). The normalization signal is given by the coincidence between an
event in TD (E1) and SD (E3) within the expected time of flight, while a valid event includes also a reading in LD (E2).

primarily for muon spin rotation (#SR) experiments [23],
which provides a pure u* beam with selectable energy
between 1 and 30 keV [24]. Following our demonstration
of an intense M,y beam production at the LEM [25],
we report here on a precision measurement of the
muonium Lamb shift comprising an order of magnitude
improvement.

In our experiment, muons (~2 x 10% x* /s, momentum
28 MeV/c) from the uE4 beam line [24] are implanted
into a neon moderator from which they are reemitted as
epithermal muons with an energy of roughly 20 eV. These
are accelerated by a dc voltage of 7.5 kV and transported
electrostatically. An E x B filter selects only muons while
rejecting other particles such as protons and neon atoms
from the moderator [26]. The beam is guided to our
apparatus depicted in Fig. 1, where a segmented conical
electrostatic lens [27] focuses it onto a 10 nm-thick
grounded carbon foil target. The foil serves a double
purpose: producing M, and tagging the incoming muons.

When passing the foil, a particle has a high probability of
backscattering an electron [28]. This electron is guided by
an electric field and collected on a microchannel plate
(MCP) detector, thus tagging the incoming muons. We
measured the tagging efficiency, through coincidence
measurement with another tagging detector, to be 67
(3)%. The measured rate at the tagging detector was 13—
15 kHz, out of which we estimate that 9.3(4) kHz is the
tagged muon rate at the foil, and the rest is beam-related
background. For an incident energy of 7.5 keV, 43 (2)% of
the muons that traversed the foil produce muonium, out of
which 11(4)% are in long-lived excited states [25]. In the
absence of electromagnetic fields, the 2S5 M radiative
lifetime 1s 0.12 s, which far exceeds the muon lifetime
and any other timescale in this experiment.

Within the detection region, the beam encounters a static
electric field of 250 V/cm, which mixes the 25 with the
short-lived 2P levels and relaxes them within few nano-
seconds to the ground state, emitting a Lyman-alpha photon
at 122 nm. This process is referred to as gquenching. These
photons are detected by two coated MCPs placed around
the quenching region. By simulating the field within this
region, combined with the M position and energy distri-
bution, we estimate that the total quenching and collection
efficiency is around 40%.

Microwave (MW) radiation, resonant with one of the
%Sy, — Py transitions (see Fig. 2), reduces the Lyman-
alpha signal by depopulating M, atoms before they reach
the detection region. By scanning the MW around the
different transitions, we measure the resonance shape from
which we determine the line center and finally deduce the
LS defined as the difference between the centroid 25, 2=
’p, /2> binding energies averaged over all hyperfine levels
[as shown in Fig. 2 or see also Eq. (1) of Ref. [29]].

For this purpose, we placed two balanced dual trans-
mission lines (TLs) in the beam path. The design is similar
to Ref. [30], in which a pair of parallel electrodes is driven

me=-1 me=0 me=+1
2s 1/4 F=1
b 558 MHz
e F=0
LS 1140 MHz 583 MHz 1140 MHz
op 1/4 F=1
12 186 MHz 1326 MHz
3% Yy F=0

FIG. 2. Scheme of the M 2§, , — 2P, energy levels.
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180° out of phase. In this configuration, M traveling in the
center of the TL flies through a virtual ground plane which
ensures that the field is linearly polarized perpendicular to
the atomic beam.

At the end of the setup a position sensitive MCP detector
acts as abeam monitor. This MCP is also used to measure the
muon time of flight (TOF) and to trigger the data acquisition
when a signal (events E3 in Fig. 1) is detected in coincidence
with the tagging detector within 10 us. We select TOFs that
are compatible with those expected for muons at the given
beam energy, taking into account losses in the foil. The
coincidence rate (events E1 and E3 in Fig. 1) was R =
105 Hz and reduced slowly to 95 Hz within four days of
continuous running due to aging of the neon moderator. R,
is the sum of the muons, M, and a negligible background rate
and is used as a normalization. Our signal as a function of
frequency is defined as S(f) = Ry (f)/Rp(f), with Ry the
rate of triple coincidences (events E1, E2, and E3 in Fig. 1).
This signal corresponds to the probability of creating and
detecting photons from quenched M in long-lived excited
states per tagged muon that has reached SD.

To reduce the background, and minimize line pulling, we
drive 86(5)% of the 25_ population to the ground state by
applying a frequency of 583 MHz to TL2, while scanning the
two 2S5 r_ resonances in the range 900-1400 MHz with TL1.
Data taking took place for 48 h, continuously, and constituted
of cycles in which 9 frequency points were measured (each
point for 20 min), as well as one with TL1 off.

The total MW power was measured continuously outside
the vacuum system. To determine the average power seen
by the atoms in the TL center we measured the frequency-
dependent power loss and calibrated accordingly. We then
applied a correction to the data points in order to mimic
data taken with a constant power of 29 W in the TL center.
The corrected signal is denoted S.(f) and is plotted in
Fig. 3. Its main features are two overlapping resonances
corresponding to the two allowed transitions from the
28F_; hyperfine level.

To determine the line center from S,.(f) we fit the data
with line shapes obtained from a Monte Carlo simulation
based on GEANT4 modeling of the LEM beam line [31]
validated with data [32]. The same selection criteria applied
to the experimental data are used for the simulated events.
Because of the linear polarization of the MW field, a 2-level
model is sufficient to calculate the transition probability,
and so we simulate by solving the relevant Bloch equations
[33]. The density matrix equations are integrated numeri-
cally for each atom’s trajectory within the simulated time-
dependent fields of the TLs. Since we do not employ the
rotating wave approximation, the Bloch-Siegert shift is
included in our line shape model. The MW phase is chosen
randomly for each atom before entering the TLs so that it is
averaged out.

The transitions of interest for our measurement are
the 2SF:0 — 2P1/2,F:1 at 583 MHZ, 2SF:1 — 2P1/2,F:l at
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FIG. 3. Measured resonance with the best line shape fit to the
data (solid line). The MW off data point (not shown in the figure)
lies at (2.96 = 0.05) x 1073. The filled areas correspond to the
individual contributions as described in the main text.

1140 MHz and the 2Sp_; — 2P, p—y at 1326 MHz (see
Fig. 2). The fitting procedure is done by »> minimization
using the Minuit library within the ROOT package [34].
The free parameters returned by the fit are the resonance
position 1139.9(2.3) MHz (the 2P, hyperfine splitting
is fixed), an overall magnitude of 31.5(10) x 107%,
and a frequency-independent background parameter of
5.9(6) x 107*. The fit has a reduced chi square of 1.16
for 7 d.o.f.

The compact nature of our setup, coupled with the high
velocity of the beam, which travels on average 70 ns
between the foil and our detection system, makes us
susceptible to contamination from other long-lived excited
states which are populated by the beam-foil interaction and
have transitions within our frequency range. The relevant
transitions are between 4§ — 4P5, around 1240 MHz [35].
From the frequency-independent background, we estimate
the maximal contribution of all excited states to be 17%.
Using the scaling factor of 1/n® as in Ref. [36], we get a
contribution of 5% for 4§ states. This is validated by
keeping the magnitude of the 4§ contribution as a free-fit
parameter, which returns a value compatible with zero. A
dedicated measurement of hydrogen LS using protons
available in the same beam line supports our limit.
Therefore, to estimate this contribution, we fit the data
adding 5% 4S fraction and conservatively use the full
1.0 MHz offset as the uncertainty to the line center.

To estimate the influence of the simulation input param-
eters on the resonance position, we scan them around their
uncertainty and repeat the analysis. The ones that were
found to give the largest contributions are (1) The MW field
intensity with an uncertainty of 6% originating from the
absolute calibration of the power meter (3%) and from
the mechanical tolerances in the TL construction (5%). The
estimated systematic uncertainty is 0.04 MHz arising from
the uncertainty in the ac Stark shift. (2) The M velocity
distribution determined by the muon scattering in the C
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TABLE L. Central values and uncertainty contributions in MHz.
Central value Uncertainty
Fitting 1139.9 23
4S contribution <1.0
MW-beam alignment <0.32
MW field intensity <0.04
M velocity distribution <0.01
ac Stark 2P3/, +0.26 <0.02
2nd-order Doppler +0.06 <0.01
Earth’s field <0.05
Quantum interference <0.04
28p_1 = 2Py 5 1140.2 2.5
Hyperfine -93.0 0.0
Lamb shift 1047.2 25
Theoretical value [13] 1047.284 0.002

foil. As demonstrated with previous measurements, our
simulation reproduces the TOF distribution very accurately
with an uncertainty on the mean energy loss of a few %
[32]. This corresponds to a mean M energy of E, =
5.7(2) keV resulting in an uncertainty of 0.01 MHz. (3) A
misalignment of the TL axis with respect to the beam could
lead to a residual first order Doppler shift. Taking into
account the mechanical tolerances in the TL construction,
we set an upper limit on the misalignment angle of 30 mrad
which would amount to a 0.32 MHz shift. The above
contributions are summarized in Table 1.

Other effects not included in the simulation can shift the
central value. The main one is an overestimation of the ac
Stark shift as we did not include the 2P5/, states in the
Bloch equations. Nevertheless, this effect is well under-
stood theoretically [37] and validated experimentally [38],
so that it can be corrected by multiplying it with a factor
0.64 resulting in +0.26(2) MHz. In Table I, we give the
magnitude of several smaller systematic effects, namely,
the 2nd-order Doppler, motional Stark shift from the
Earth’s magnetic field, and quantum interference shift from
the presence of Mg [39].

Adding all corrections, the determined frequency of the
28p_1 = 2Py p— transition is 1 140.2(2.3)Sm(1.1)sysl MHz
and the corresponding LS is 1047.2(2.5) MHz, where we
added the statistical and systematic uncertainties in quad-
rature. Our result is within 1 standard deviation from the
theoretical value quoted in the literature of 1047.5(3) MHz
[22] (to be updated [29]) and a calculation based on effective
field theory giving 1047.284(2) MHz [13,40].

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 effects, and new bosons interacting with
muons and electrons. The M Lamb shift is sensitive to two

of the isotropic nonrelativistic effective coefficients for

Lorentz and CPT violation [11]: namely, 5014NR and 24NR.

TABLEII.  Single constraints from the Lamb shift measurement
on isotropic nonrelativistic coefficients for Lorentz and CPT
violation.

Coefficient Constraint
)| <1.7x 10° GeV~—3
|2§R| <1.7 x 105 GeV—3

Taking conservatively 2o, we can set a bound on the linear
combination,

°NR °NR
|a4 +cy

| < 1.7 x 10° GeV~3, (1)
which translates into Table II, when considering only one
coefficient at a time to be nonzero. These bounds are of the
same order as the current ones obtained from the meas-
urement of the 15-2S transition in M [41], and improve by
an order of magnitude the previous bounds from the M
Lamb shift.

A new scalar or a new vector gauge boson could provide
an explanation of the muon g — 2 anomaly [42—-44]. If this
particle is carrying a dark force between electrons and
muons, then M spectroscopy offers the possibility to search
for it [13]. For the scalar case, one has a Yukawa-like
attractive potential of the form (see, e.g., Ref. [45]):

e—mxr

Vss<7) = _gigz ’ (2)

4rzr
where my is the scalar boson mass and g;, g, are the
coupling strengths to electrons and antimuons, respectively.
For small coupling strengths, the effect of such a potential
can be calculated by applying perturbation theory. The
vector potential can be found in Ref. [45]. In Fig. 4, we
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FIG. 4. Constraints from M spectroscopy on g, g, as a function
of the scalar or vector mass. The solid black line is the constraint
from the M 15-25 measurement [41] while the blue line is from the
LS measurement presented here. The orange band represents the
region suggested by the g — 2 muon anomaly considering the lower
bound from the measurement of the electron gyromagnetic factor
for the scalar case, while the hatched region is for the vector one.
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present the sensitivity of Muonium spectroscopy to new
physics. The constraints on g;, g, as a function of the scalar
or vector mass, which are nearly identical in the mass range
considered here, are compared to the region favored by the
g — 2 muon anomaly [46], considering the bounds from the
electron gyromagnetic factor [47-49]. We do not present
results from experiments at the intensity frontier since those
can be argued to be model dependent. An example is the
NA64 experiment placing stringent bounds on new bosons
with the assumption that those would decay invisibly [50].
The combination of the LS and 1S5-2S M measurements
provides the most stringent laboratory constraint excluding
that a new scalar or vector boson with a mass < 10 keV
could contribute to the muon g — 2 anomaly.

To conclude, we report a new measurement of
the n =2 Lamb shift in muonium. Our result of
1047.2(2.3) 45 (1.1) 4y MHz comprises an order of magni-
tude of improvement upon the best previously determined
value. As it agrees with the theoretical value within
1 standard deviation, we have set limits on Lorentz and
CPT violation in the muonic sector, as well as new physics
coupled to muons and electrons.

A major increase in statistics could be obtained if beam
scattering by the foil would be considerably reduced.
Graphene foils [51] are 5-10 times thinner than our currently
used foil. As the scattering half angle is proportional to the
foil thickness [52], our statistics could be increased by a
factor 15-25. Therefore, the main systematic uncertainty,
originating from a possible contamination of the M,¢ beam
of higher excited states, would become comparable with the
statistical one. These states could be suppressed by intro-
ducing a weak quenching field between Tg and TLs [53].
Beam misalignment could be compensated by periodically
reversing the MW direction, thus reducing the associated
uncertainty by more than an order of magnitude [35]. These
straightforward improvements would increase the precision
to ~300 kHz level extending significantly the reach of
muonium spectroscopy to search for new physics.

The realization of the high intensity muon beam (HiMB)
at PSI [54] would open the way to push the accuracy of this
experiment to its ultimate limit of few tens of kHz.
Combined with other ongoing M spectroscopy experiments
[19,55,56], one would probe the very interesting region of
parameter space for a new scalar or vector boson with m, >
300 keV where astrophysical bounds do not apply [57].
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