
VOLUME 77, NUMBER 10 P H Y S I C A L R E V I E W L E T T E R S 2 SEPTEMBER1996
Improved Upper Limit on Muonium to Antimuonium Conversion
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A new experiment has been set up at the Paul Scherrer Institut to search for muonium to antimuonium
conversion. No event was found to fulfil the requested signature which consists of the coincident
detection of both constituents of the antiatom in its decay. Assuming an effectivesV 2 Ad 3 sV 2 Ad
type interaction an improved upper limit is established for the conversion probability ofPMM #

8 3 1029 (90% C.L.), which is almost 2 orders of magnitude lower compared to previous results and
provides a sensitive test for theoretical extensions of the standard model. [S0031-9007(96)01128-3]

PACS numbers: 11.30.Fs, 11.30.Hv, 13.10.+q, 36.10.Dr
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The hydrogenlike muonium atom (M  m1e2) con-
sists of two leptons from different generations. Beca
of the close confinement of the bound state it offers
cellent opportunities to study precisely the fundame
electron-muon interaction as described in standard th
and to search sensitively for additional so far unkno
interactions between these two particles. A spontane
conversion of muonium into antimuonium (M  m2e1d
would violate additive lepton family number conservati
by two units. In the standard model, which is a ve
successful description of experimental particle phys
this process is not provided like other decays which
searched for, e.g., the muon decay modesm1 ! e1nmne

[1], m ! eg [2], m ! eee [3], and m ! e conversion
[4]. However, in the framework of many speculative th
ories, which try to extend the standard model in or
to explain further some of the features like parity v
lation in weak interaction or the particle mass spec
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lepton number violation appears to be natural and m
nium to antimuonium conversion is an essential part
several of those models (Table I) [5–10]. The coupli
constantGMM in an effective four fermion interaction
[11] could be as large as the present experimental li
of GMM # 0.16GF (90% C.L.) established at LAMPF in
Los Alamos [12], or the bound ofGMM # 0.14GF (90%
C.L.) [13] very recently proposed from an experiment
the Phasotron in Dubna, Russia, whereGF is the Fermi
coupling constant of the weak interaction. In particul
in the framework of minimal left-right symmetric theor
a lower bound has been predicted with the assumptio
a muon neutrino massmmn

larger than35 keVyc2.
At the Paul Scherrer Institut (PSI) in Villigen, Switze

land, a new experiment has been set up (Fig. 1), wh
utilizes the powerful signature for a conversion develop
in the recent LAMPF experiment [12]. It requires the c
incident identification of both constituents of the antiato
e lower
TABLE I. Muonium to antimuonium conversion is allowed in some speculative extensions to the standard model. Th
limit given for minimal left-right symmetry corresponds to a muon neutrino mass limit ofmnm # 160 keVyc2 [21].

Model Limit Ref.

Minimal left-right symmetry with extended Higgs sector; conversion GMM̄ $ 2 3 1024GF [5]
through exchange of doubly charged Higgs bosonD11

Z8 model with fourth generation of heavy leptons and radiative mass GMM̄ # 1022GF [7]
generation in leptonic sector; conversion through exchange of neutral
scaler bosonF0

Supersymmetric model with brokenR parity; conversion through GMM̄ # 1022GF [8,9]
exchange oft-sneutrinoñt

GUT models; conversion through exchange of doubly charged dileptonic GMM̄ # 0.13GF [10]
gauge bosonX66
© 1996 The American Physical Society
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m2 and e1, in its decay. Since a possible convers
is suppressed in matter mainly due to the remova
degeneracy between muonium and antimuonium [11,
a sensitive experiment needs the atoms to be in vacu
This experiment utilizes the most efficient method kno
to date to provide muonium in vacuum: Positive muo
from a continuous beam of momentump  21 MeVyc
and momentum biteDpyp  6% at a typical beam rat
of 8 3 105 s21 are stopped in a silicon dioxide (SiO2)
powder target of thickness8 mgycm2. About 60% of
the muons form muonium atoms [15], some of wh
leave the target through its surface into the surround
vacuum with thermal energies, corresponding to a velo
of 7.4s1d mmyms [16].

Electrons from the decaym2 ! e2 1 ne 1 nm of an
antimuonium atom have an energy spectrum ranging
to 53 MeV. They can be observed in a magnetic sp
trometer consisting of five cylindrical proportional cha
bers surrounded by a hodoscope of 64 plastic scintill
stripes. Three of the wire chambers are equipped
two planes of helical cathode stripes allowing one to m
sure both, angular and axial, coordinates [3]. A soleno
magnet provides an axial magnetic field of 0.1 T for m
suring particle momenta and identification of their s
of charge. After the decay of the antiatoms the positr
from their atomic shells are left behind with an avera
kinetic energy ofRm  13.5 eV [17]. These positron
can be accelerated parallel to the magnetic flux lines
to typically 8 kV in a two stage electrostatic device a
guided in a magnetic field ofB  0.1 T onto a position
sensitive microchannel plate detector (MCP) with resis
anode readout [18]. The transport system consists of

FIG. 1. Top view of the new apparatus at PSI to sea
for muonium-antimuonium conversion. The observation
an energetic electron from them2 decay in the antiatom in
a magnetic spectrometer is required in coincidence with
detection of the positron, which is left behind from the atom
shell of the antiatom, on a MCP and at least one annihila
photon in a CsI calorimeter.
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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
lective with a transmission maximum for 8 keV positron
An electric field orthogonal to the magnetic field appli
in the first section displaces charged particles by a
tance depending on their velocity and removes slow i
or muons. Particles of longitudinal momenta exceed
750 keVyc cannot follow adiabatically the magnetic flu
lines in the bend region. They gain transverse mome
above 135 keVyc resulting in gyration radii larger tha
4.5 mm, and they are stopped in a collimator of len
40 cm made from copper foils of thickness 1 mm with
spacing of 10 mm. The magnetic field gradient causes
addition, a drift orthogonal to both the field and its gra
ent for charged particles proportional to their momentu

The positron track can be retraced from the posit
measured on the MCP detector to the target region w
an accuracy of 1 mm. The decay position of the at
can be determined from the vertex with the track of
high energetic particle in the magnetic spectrometer.
addition, the detection of at least one of the 511 k
photons from positron annihilation on the MCP in
12-fold segmented pure CsI crystal detector surround
the MCP is required as a part of the signature. T
crystal detector was calibrated using positrons from
22Na source. The acceptance for at least one of
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 h
as possible symmetry in the detection of muonium a
antimuonium decays in order to minimize the influence
systematic uncertainties arising from corrections for e
ciencies and acceptances of various detector compon
In the course of data acquisition the polarity of all ele
tric and magnetic fields were reversed regularly every
for a duration of 20 min to monitor the muonium pr
duction and for checking the calibration of the detec
components and the transport system parameters. In
case energetic positrons and atomic electrons from m
nium decays were detected. For a time of flight m
surement the time interval between the arrival of a mu
signaled by the beam counter and the detection of its
cay positron in the hodoscope was recorded at low b
rates. On average every second day the SiO2 targets were
replaced to compensate for an observed decrease o
muonium yield. The time of flight for the electrons fro
the atomic shell was determined to be 75.8(1) ns by
serving muonium atom decays at 8 kV acceleration v
age. The signal width of 5.7(1) ns (FWHM) allows o
to apply a 20 ns narrow coincidence time window in t
event signature.

The evaluation of the muonium production data
based on a model established in independent d
cated experiments [16], which assumes that the at
are produced inside the SiO2 powder at the position
given by the stopping distribution of the muons.
1951
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one-dimensional diffusion process describes the escap
the muonium atoms into vacuum where their velocit
follow a Maxwell-Boltzmann distribution. The numbe
of atoms in the fiducial volume has been extrac
from two different projections. First, the distributio
of time intervals between a beam counter signal fr
the incoming muon and the detection of the atom
electron on the MCP yields the fraction of muoniu
in vacuum [Fig. 2(a)]. Second, this quantity has be
derived by a two-dimensional maximum likelihood fit
the distribution of the atoms decay positions downstre
of the target and their respective time of flight [Fig. 2(b
Both methods agree within their error margins and yi
an average fraction of observed muonium atoms
3.1s2d 3 1023 per incoming muon. This figure include
all detection efficiencies, i.e., the solid angle of the m
netic spectrometer (0.71 3 4p), the track reconstruction
efficiency (0.85), the MCP detection efficiency [0.16(2
and the geometric acceptance of the transport system
electrons (0.80). The average fraction of muonium ato
in vacuum per incoming muon amounts to 5.7(8)%,
good agreement with results from the earlier dedica
studies of muonium production [16].

FIG. 2. (a) The yield of muonium atoms in vacuum c
be obtained from the distribution of time intervals betwe
the incoming muon detected by the beam counter and
observation of the decay of an atom in vacuum. The das
line represents an exponentially decaying background. (b)
independent two-dimensional fit to the observed muon dec
in the vacuum region downstream of the SiO2 target as a
function of the time and position gives the same muoni
fraction. Logarithmic contours are displayed.
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The effective measurement time for the search for
timuonium was 210 h during which1.4s1d 3 109 muo-
nium atoms were in the fiducial volume of diameter 9 c
and length 10 cm. Data were recorded at accelera
voltages between 2–10 kV to allow for systematic stu
ies of the transport system. No decay of an antim
nium atom was found. There is no entry in a 20 ns ti
window around the expected time of flight in the co
responding distribution (Fig. 3). The apparent struct
aroundtTOF 2 texpected  250 ns corresponds to the a
lowed rare decay modem1 ! e1e1e2nenm in which one
of the positrons is released with low kinetic energy, wh
the electron is detected in the magnetic spectrometer
partly to Bhabha scattering. Because of their significan
higher initial momenta positrons from these processes
rive at earlier times at the MCP and can be clearly dis
guished from possible antimuonium decays. In additi
for those events no decay vertex can be reconstructed
side the fiducial volume, because of the strong deflectio
high energetic positrons in the bend of the transport syst
The background due to these processes in the searc
antimuonium has been estimated from Monte Carlo sim
lations to be below10214 per incomingm1.

Taking into account the detection efficiency for the a
nihilation photon in the CsI detector and corrections for
finite fiducial volume and finite observation time [0.74(2

FIG. 3. The number of events with identified energetic el
tron and positron as a function of (a) the distance of clos
approachRdca between the electron track in the magnetic sp
trometer and the back projection of the position measured
the MCP and (b) the difference of the positrons time of flig
tTOF to the expected arrival timetexpected. The signal at earlier
times corresponds to the allowed decay channelm ! 3e2n and
Bhabha scattering. It is smeared out due to different accel
tion voltages used. No event satisfied the required coincide
signature. The dashed curves correspond to simulated sig
scaled from the relevant distributions recorded while monit
ing the muonium production forGMM  0.05GF .
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an upper limit can be set on the conversion probab
in a 0.1 T magnetic field ofPMM s0.1 Td # 2.8 3 1029

(90% C.L.). The conversion is suppressed in exte
magnetic fields due to the removal of the degenerac
the energy levels in muonium and antimuonium ato
and has been calculated recently for different types o
teractions [19,20]. ForsV 6 Ad 3 sV 6 Ad interactions,
the conversion probability at a magnetic field of 0.1
is suppressed to 35% of the zero field value, while
a sV 2 Ad 3 sV 1 Ad interaction it is reduced to onl
77.6%. In case of a future observation of muoniu
antimuonium conversion the coupling type could
determined by a measurement of the ratio of conver
probabilities at different magnetic field strengths. For
effectivesV 6 Ad 3 sV 6 Ad interaction, where the zer
field probabilityPMM s0 Td is related to the coupling con
stantGMM through

GMM  GF

s
PMMs0 Td

2.56 3 1025 ,

we havePMMs0 Td # 8 3 1029 (90% C.L.) and an up
per limit of GMM # 1.8 3 1022GF (90% C.L.). In GUT
models where a muonium-antimuonium conversion co
be mediated via the exchange of a dileptonic gauge bo
X66 a tight new mass limit ofMX66 yg3l . 1.1 TeVyc2

(90% C.L.) can be extracted whereg3l depends on the
particular symmetry and is of order unity. With th
limit established in this experiment models with dile
ton exchange [10] as well as models with heavy lept
and radiative generation of leptons masses appear
attractive [7].

With improved detectors for 8 keV positrons which a
now available with 4 times enhanced efficiency [18] a
by utilizing the beam linepE5 at PSI with 10 times highe
muon fluxes compared to thepE3 area used for thi
experiment we expect another significant improvemen
the sensitivity on the conversion probability in the futu
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which could provide a more stringent test for specula
extensions to the standard model, in particular left-r
symmetric models predicting a lower bound onGMM .
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