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Muonium is one of the best probes for the test of the bound-state QED, owing to the absence

of the effect from the internal structure of nucleons. The recent establishment of intense pulsed

muon beams at Japan Proton Accelerator Research Complex (J-PARC) paves the way to improved

measurement of the muonium ground-state hyperfine structure (MuHFS). The measurement of

MuHFS also determines the muon magnetic moment precisely, which is an important input pa-

rameter for the measurements of muon g-2, which is known for the 3σ discrepancy between the

experiment and the theory. Muonium Spectroscopy Experiment Using Microwave (MuSEUM)

collaboration aims to improve the precursor MuHFS experiment by a factor of ten. We present

the status of the project and the prospect.
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1. Motivation and Method

Muonium is the bound state of a positive muon and an electron. Unlike ordinary atoms such as

hydrogen, muonium is free from the internal-structure effect of nucleons, and theorists can calculate

its energy levels very precisely. By comparing the experimental result of the muonium ground-state

hyperfine structure (MuHFS) spectroscopy and the theoretical calculation, one can test the bound-

state QED with high precision. Muonium Spectroscopy Experiment Using Microwave (MuSEUM)

collaboration aims a new measurement of the MuHFS using intense pulsed muon beams at Japan

Proton Research Accelerator Complex (J-PARC).

There are two different methods for the measurements of MuHFS; one in a low magnetic field

and one in a high field. The best measurement results of the low-field method and the high-field

method are [1, 2],

∆νLF = 4.463 3022(14) GHz (300 ppb), (1.1)

∆νHF = 4.463 302 776(51) GHz (12 ppb), (1.2)

where ppb means parts per billion, 10−9. The uncertainties of both measurements are dominated

by the statistical uncertainty, thus using an intense pulsed beam at J-PARC is important for further

improvement. Currently, the measurement in a low magnetic field is ongoing in the existing beam-

line D2 at J-PARC, and once J-PARC completes the construction of a new beamline H1, we will

start a measurement in a high field there. We expect to improve the MuHFS by a factor of ten, with

100 days of physics run using the beamline H1.

The theoretical value including the contribution of hadronic and weak interactions is [3]

∆νth = 4.463 302 868(271) GHz (61 ppb), (1.3)

where the main source of the uncertainty is the uncertainty of the muon mass mµ , which is deter-

mined by experiments. A new spectroscopy of muonium 1S-2S can reduce this uncertainty [4].

Combined with such measurements, MuSEUM can contribute to the test of the bound-state QED.

Another motivation of the MuHFS measurement is the synergy with new experiments of the

muon anomalous magnetic moment. The muon anomalous magnetic moment (aµ = (g−2)
2

, where

g is the muon g-factor) is known for more than 3σ discrepancy between the measurement using a

muon storage ring at the Brookhaven National Laboratory (BNL) [5] and the theoretical calculation

of the Standard Model (SM) [6]. New storage ring experiments are proposed at Fermilab [7] and

J-PARC [8]. They aim measurements of aµ with a precision of 100 ppb, which is approximately a

factor of five improvement. To extract the aµ from a storage-ring experiment, one needs the muon

magnetic moment µµ as an external parameter.

The most precise value of µµ is determined from the MuHFS measurement in high field [2]

with a precision of 120 ppb. There is an alternative way of determination of the µµ , with an as-

sumption that the theoretical calculation of MuHFS is correct. The latter way yields µµ with a

precision of 27 ppb. MuSEUM collaboration can improve the MuHFS measurement, and deter-

mines µµ with a precision of 12 ppb, without assuming the MuHFS calculation is correct; thus

MuSEUM can fully exploit the results of the new storage ring experiments.

Here we briefly introduce the measurement procedure. The procedure is described in detail

elsewhere [9]. Figure 1 shows the schematic view of the experimental apparatus. We inject 100%
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spin-polarized muons into highly pure (>99.995%) krypton gas, and then muoniums are formed by

electron capture. Microwave in cavity induces the spin flip of the muons, which is detected by the

positron asymmetry measurement.

Figure 1: Schematic diagram of the experimental procedure.

2. Spectroscopy in Krypton with Lower Pressures

The dominant source of the uncertainty in the precursor measurement is statistics. One of the

most dominant systematic uncertainties is the uncertainty related to the collision between muo-

nium and krypton atoms. The collision shifts the MuHFS frequency, so one needs to measure the

MuHFS at two or more different krypton pressures and extrapolate the results to the value at zero

density. Measurements at lower krypton gas pressures can reduce the uncertainty related to the ex-

trapolation. Such measurements, however, lose the statistics due to the broadening of the muonium

distribution in the krypton gas resulting the large portion of the muons stops in the cavity wall.

Since we have observed the first MuHFS resonance in June 2016, we have conducted sev-

eral measurements in low magnetic field. All of them are at krypton pressure at 1.0 atmosphere

(atm). Recently, we developed a new microwave cavity with a larger volume, which enables the

measurement at lower krypton gas pressure without severe loss of the statistics mentioned above.

In the measurement on March and June 2018, we have observed the resonances at krypton

pressures at 0.3, 0.4, and 0.7 atm. Figure 2 shows one of the obtained resonance lines at 0.4 atm.

The signal is defined by a difference of the numbers of positrons counted when the microwave is

on and off. The precursor measurements [1, 2] used krypton pressure higher than 0.7 atm, so it is

a promising result for reducing the systematic uncertainty from the collisional shift of the MuHFS.

We expect to reduce such uncertainty to 9 Hz (2 ppb), while the precursor experiment [2] has

estimated the uncertainty as 22 Hz (5 ppb).

The analysis in detail is ongoing, but we expect the lack of statistics as the primary source of

the uncertainty of the measurement in 2018. J-PARC plans to enhance the proton beam power by

a factor of two, and there is the new beamline H1 under construction, which will enable ten times

more intense muon beam.
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Figure 2: A typical resonance observed when the krypton gas pressure is 0.4 atomosphere. The horizontal

axis is the relative frequency in kHz. The vertical axis is the signal height. Blue line indicates the fitted

Lorentz function.

3. Conclusion and Future Prospect

We have reported the recent status of the MuSEUM. We succeeded in the measurement with

lower krypton gas pressures, which enables us to suppress the systematic uncertainties related to

the collision between a muonium and krypton atoms. For the measurement on June 2018, the

proton beam power at J-PARC is 500 kW, and the beam power will be enhanced to 1 MW shortly.

The new beamline H1 will ameliorate the available number of the muons by another factor of ten.
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