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Introduction
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〈E〉 ≈ 13.5 eV

Conlin/Petrov, PR, D102, 095001 (2020)

• Muonium Mu: QED bound state of µ and e:

Mu ≡ µ+e− → e+
fast e

−
atomic (+ν̄µνe)

Mu ≡ µ−e+ → e−fast e
+
atomic (+νµν̄e)

. Lifetime τMu = 2.2µs

. LFV interactions could induce MuMu oscillations
(extremely tiny and unmeasurable in SM)

• MuMu oscillations?
. 1957: in analogy to K0 mixing (Pontocorvo)
. 1960: additive vs. multiplicative lepton

number conservation (Feynman/Weinberg)
. ‘now’: effective four-fermion interactions

‘anything’ goes

. Experimental limits on P(MuMu) or coupling constant GMuMu for effective 4-fermion interaction
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MuMu oscillations
Conlin/Petrov, PR, D102, 095001 (2020)

• Given (B)SM interactions coupling Mu and Mu

i
d

dt

( |Mu(t)〉
|Mu(t)〉

)
=

(
m− Γ

2

)( |Mu(t)〉
|Mu(t)〉

)

. diagonalization leads to new mass eigenstates |Mu1,2〉

|Mu1,2(t)〉 =
1√
2

(
|Mu(t)〉 ∓ |Mu(t)〉

)
with m and τ differences

∆ ≡ m1 −m2

∆Γ ≡ Γ2 − Γ1

→
x ≡ ∆m

Γ

y ≡ ∆Γ
2Γ

• Study oscillations with decays Mu→ f and Mu→ Mu→ f̄

P(Mu→ Mu) =
Γ(Mu→ f̄)

Γ(Mu→ f)
=

1

2
(x2 + y2)

⇒ Experimentally: produce Mu and measure ‘wrong-sign’ final state
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Previous experimental results
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Location LAMPF LAMPF PSI
Characteristic beam foil SiO2 SiO2

Reference PRL,59,2716 PRL,66,2716 PRL,82,49
Year 1987 1991 1998
beam rate fbeam 3× 105/ s 106/ s 8× 106/ s
beam momentum 10MeV 20MeV 26MeV
experiment duration T 150 h 270 h 1730 h
Mu formation probability ≈ 3× 10−4 (??) 5% 2%
NMu in vacuo 2× 103 6× 106 5.6× 1010

Mu cands/background 95/80 8/8 1/1.7

• Notes
. all background limited
. ‘high’ muon momenta
. ‘crude’ detectors
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MACS at PSI

VOLUME 77, NUMBER 10 P HY S I CA L REV I EW LE T T ER S 2 SEPTEMBER 1996

m2 and e1, in its decay. Since a possible conversion
is suppressed in matter mainly due to the removal of
degeneracy between muonium and antimuonium [11,14],
a sensitive experiment needs the atoms to be in vacuum.
This experiment utilizes the most efficient method known
to date to provide muonium in vacuum: Positive muons
from a continuous beam of momentum p ≠ 21 MeVyc
and momentum bite Dpyp ≠ 6% at a typical beam rate
of 8 3 105 s21 are stopped in a silicon dioxide (SiO2)
powder target of thickness 8 mgycm2. About 60% of
the muons form muonium atoms [15], some of which
leave the target through its surface into the surrounding
vacuum with thermal energies, corresponding to a velocity
of 7.4s1d mmyms [16].
Electrons from the decay m2 ! e2 1 ne 1 nm of an

antimuonium atom have an energy spectrum ranging up
to 53 MeV. They can be observed in a magnetic spec-
trometer consisting of five cylindrical proportional cham-
bers surrounded by a hodoscope of 64 plastic scintillator
stripes. Three of the wire chambers are equipped with
two planes of helical cathode stripes allowing one to mea-
sure both, angular and axial, coordinates [3]. A solenoidal
magnet provides an axial magnetic field of 0.1 T for mea-
suring particle momenta and identification of their sign
of charge. After the decay of the antiatoms the positrons
from their atomic shells are left behind with an average
kinetic energy of Rm ≠ 13.5 eV [17]. These positrons
can be accelerated parallel to the magnetic flux lines up
to typically 8 kV in a two stage electrostatic device and
guided in a magnetic field of B ≠ 0.1 T onto a position
sensitive microchannel plate detector (MCP) with resistive
anode readout [18]. The transport system consists of two

FIG. 1. Top view of the new apparatus at PSI to search
for muonium-antimuonium conversion. The observation of
an energetic electron from the m2 decay in the antiatom in
a magnetic spectrometer is required in coincidence with the
detection of the positron, which is left behind from the atomic
shell of the antiatom, on a MCP and at least one annihilation
photon in a CsI calorimeter.

straight sections of 1.5 m in length with a 90± bend of ra-
dius 35 cm between them (Fig. 1), and it is momentum se-
lective with a transmission maximum for 8 keV positrons.
An electric field orthogonal to the magnetic field applied
in the first section displaces charged particles by a dis-
tance depending on their velocity and removes slow ions
or muons. Particles of longitudinal momenta exceeding
750 keVyc cannot follow adiabatically the magnetic flux
lines in the bend region. They gain transverse momenta
above 135 keVyc resulting in gyration radii larger than
4.5 mm, and they are stopped in a collimator of length
40 cm made from copper foils of thickness 1 mm with a
spacing of 10 mm. The magnetic field gradient causes, in
addition, a drift orthogonal to both the field and its gradi-
ent for charged particles proportional to their momentum.
The positron track can be retraced from the position

measured on the MCP detector to the target region with
an accuracy of 1 mm. The decay position of the atom
can be determined from the vertex with the track of the
high energetic particle in the magnetic spectrometer. In
addition, the detection of at least one of the 511 keV
photons from positron annihilation on the MCP in a
12-fold segmented pure CsI crystal detector surrounding
the MCP is required as a part of the signature. The
crystal detector was calibrated using positrons from a
22Na source. The acceptance for at least one of the
annihilation photons has been measured to be 79(4)%.
The time resolution of the device is 5.4(3) ns (FWHM).
The new experiment was designed to provide as high

as possible symmetry in the detection of muonium and
antimuonium decays in order to minimize the influence of
systematic uncertainties arising from corrections for effi-
ciencies and acceptances of various detector components.
In the course of data acquisition the polarity of all elec-
tric and magnetic fields were reversed regularly every 4 h
for a duration of 20 min to monitor the muonium pro-
duction and for checking the calibration of the detector
components and the transport system parameters. In this
case energetic positrons and atomic electrons from muo-
nium decays were detected. For a time of flight mea-
surement the time interval between the arrival of a muon
signaled by the beam counter and the detection of its de-
cay positron in the hodoscope was recorded at low beam
rates. On average every second day the SiO2 targets were
replaced to compensate for an observed decrease of the
muonium yield. The time of flight for the electrons from
the atomic shell was determined to be 75.8(1) ns by ob-
serving muonium atom decays at 8 kV acceleration volt-
age. The signal width of 5.7(1) ns (FWHM) allows one
to apply a 20 ns narrow coincidence time window in the
event signature.
The evaluation of the muonium production data is

based on a model established in independent dedi-
cated experiments [16], which assumes that the atoms
are produced inside the SiO2 powder at the positions
given by the stopping distribution of the muons. A

1951

(normalization by reversal of fields )

PRL, 82, 49 (1998)

• Muonium-Antimuonium Conversion Spectrometer
. πE5 with 8× 106µ+/ s at p = 26MeV
. 280µm scintillator, 270µm Mylar degrader
. SiO2 powder target 8mg/ cm2 on 25µm Al foil

replaced twice/week

. εMu prod. = 0.61prod × 0.033trsf = 2%

. NMu = 5.6× 1010 in vacuo

• Background limitations
. coincidental e− from

Bhabha e+-scattering
. B(µ+ → e+e+e−νeν̄µ) = 3.4× 10−5

. at 50MeV: ∆(p⊥)/p⊥ = 54%

• Results (1730 h data taking)
. Mu like events:

1 observed, 1.7 bg expected

→ PMuMu(0.1T) < 8.3× 10−11 (90% CL)
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Straw-man sketch
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• Look at Mu production with high-rate µ+ beams
. foil (degradation of SiO2 already at low intensities)
. background situation

• Goal? Improve MACS by an order of magnitude in one week?
. need 1012 Mu in vacuo
. with 1010µ+/ s× 3600 s/ h× 100 h = 3.6× 1015µ+

→ Mu production efficiency εMu ≈ 3× 10−4

→ not so far from PRL,59,2716

• Try
. Mu production in GEANT4
. with high-rate µ+ beam

(many µ+

per frame)
→ production?
→ acceptance?
→ background?
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Geant4 strawman setup
• GEANT4 setup (geant4-10-04-patch-02)

. started from
• musrsim
• mu3e decay models

. changes
• Mu decay including atomic electron
• Mu propagation in

target
vacuum
• Mu ‘energy loss’

(ad hoc Landau distribution)

. muon beam
• arb. number of muons

. muon decay modes
• µ+ → e+νeν̄µ

(only this one for Mu)
• µ+ → e+γνeν̄µ

• µ+ → e+e−e+νeν̄µ
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Mu production in (C) foils
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Gonin et al, Rev. Sci. Instrum., 65(3), 648 (1994)

• musrSim relies on (rescaled) measurements by Gonin et al.

• for comparison, fMu/µ+ measurements by Janka et al.
. therefore, here C foil with 15 nm thickness
. no tuning of any parameters, i.e. ‘snapshot’
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Signal and background
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4 10× = 5 +µN• Hits split into signal and background hits (G4Hits)

. signal: directly from efast or eatomic

. background: other sources
(incl. secondaries of signal tracks)

→ End tracker with very low background level

• ‘Acceptance’ driven by End tracker
. no optimization/tuning at all
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Summary
• MuMu oscillations with large potential at HiMB + beam-foil

• Geant4 strawman setup
. production, drift, and decay of Mu with background

• Future studies
. beam momentum/rate and foil thickness
. detector changes
• simultaneous Mu and Mu measurements

(accelerator perpendicular to beam?)
• resolutions required
• (ultra)low-field configuration in decay volume
• optimizations

. high-rate background simulations

• To reach 1
10×MACS in 1 week:

Scenario minimum A× ε
HIMB-3 3× 10−4

HIMB-cool 3× 10−1
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