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Abstract. Muonium is a hydrogen-like system which in many respects may be viewed
as an ideal atom. Due to the close confinement of the bound state of the two 'point-
like’ leptons it can serve as a test object for Quantum Electrodynamics. The nature
of the muon as a heavy copy of the electron can be verified. Furthermore, searches
for additional, yet unknown interactions between leptons can be carried out. Recently
completed experimental projects cover the ground state hyperfine structure, the 1s-2s
energy interval, a search for spontaneous conversion of muonium into antimuonium
and a test of CPT and Lorentz invariance. Precision experiments allow the extraction
of accurate values for the electromagnetic fine structure constant, the muon magnetic
moment and the muon mass. Most stringent limits on speculative models beyond the
standard theory have been set.

1 Introduction

From electron-positron scattering at the highest achievable energies we can in-
fer that leptons have dimensions of less than 107'8m [I]. These particles may
therefore be regarded as ’point-like’ objects. The muonium atom (M=p*e™) is
the hydrogen-like bound state of leptons from two different particle generations,
an antimuon(p™*) and an electron (e™) [23].

The dominant interaction within the muonium atom is electromagnetic. This
can be treated most accurately within the framework of bound state Quantum
Electrodynamics (QED). There are also contributions from weak interaction
which arise from Z%boson exchange and from strong interaction due to vacuum
polarization loops with hadronic content. Standard theory, which encompasses
all these forces, allows to calculate the level energies of muonium to the required
level of accuracy for all modern precision experiment.

In contrast to natural atoms and ions as well as to such artificial atomic sys-
tems, which involve hadronic constituents, muonium has the major advantage
that there are no complications which would originate from the finite size and
the internal structure of any of the charged particles within the atom. In natural
hydrogen, for example, the interpretation of measurements of the ground state
hyperfine structure (hfs) splitting is limited at the ppm level due to the not well
known proton polarizability and the proton magnetic although the hfs frequency

1 A detailed review of the theory of hydrogenic systems can be found in reference [4].
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has been obtained more than six orders of magnitude better. Modern investiga-
tions of the hydrogen 1s-2s frequency interval are plagued by the proton mean
square charge radius [5].

Muonium (M=L"¢") Energy Levels
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Fig.1l. Muonium energy levels for states with principal quantum numbers n = 1 and
n = 2. The indicated transitions could be induced to date using modern techniques
of microwave or laser spectroscopy. High accuracy has been achieved for the indicated
transitions which involve the ground state. The atoms can be produced very efficiently
only in the 1s state

Precision experiments in muonium provide sensitive tests for the standard
theory, in particular of the most advanced field theory, QED. The nature of the
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muon as a heavy ’point-like’ lepton (i.e. the electron-muon-tauon universality),
which is fundamentally assumed in the standard theory, is always tested in a
precision measurement. It should be stressed that the lack of an underlying
theory, which can explain any of the lepton masses, the muon properties will
remain solely astounding experimental facts with a possibility for surprise in
every new precision experiment.

Because of our ability to describe muonium to very high precision on the
ground of present solid knowledge, accurate values for fundamental constants
like the muon mass m,, its magnetic moment p,, and anomaly a,, and the elec-
tromagnetic fine structure constant « can be obtained in precision experiments
[6]. Furthermore, searches for new and yet unknown forces in nature can be car-
ried out. Those may show up as small deviations from the predicted standard
model behaviour. With precision experiments parameters of speculative theo-
ries have been already severely restricted. Of particular interest are here models
which have been invented as trials to expand the standard model in order to
gain deeper insight into some of its not well understood features, like the masses
of the fundamental fermions, the origin of parity violation in weak interactions,
CP violation and many more. The verification of the smallness of the potential
influence on muonium level energies, which would arise from any such new inter-
action, is very important for the reliability of extracted fundamental constants
and their quoted accuracy.

2 Muonium Formation

Intense positive muon beams can be provided today with rates up to several
MHz at different accelerator facilities worldwide. The p+ are born in positive
pion (77) decays which themselves are generated by exposing a target consisting
of a material with a low nuclear charge Z (typically carbon) to an intense beam
of protons at 0.5 to 1 GeV energy. The recent experiments on muonium used
'surface’ respectively ’subsurface’ muon beams [7], i.e. muons which are born
in pion decays at rest in the proximity of the production target surface or in
deeper layers of the material. Such beams have momenta up to 29 MeV /¢ which
corresponds to about 4 MeV energy. Parity violation in the weak decay 7+ —
put + v, causes the ut-beam to be polarized.

Without exception, all high precision experiments, which could be performed
in muonium up to date, have involved the 1s ground state (see Fig[). The atoms
can be produced in sufficient quantities only with principal quantum number
n=1[3.

The most efficient mechanism to obtain M is e~ capture after stopping p*
in a suitable noble gas. This technique was employed already in the discovery
experiment of the muonium atom through its characteristic muon spin rotation
in a magnetic field by V.W. Hughes and collaborators in 1960. There the atoms
were formed in Ar gas [§], where efficiencies of 65(5)% are possible. In the most
recent precision measurements of Avgps and the muon magnetic moment p,,
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at the Los Alamos Meson Physics Facility (LAMPF) in Los Alamos, USA
yields of 80(10)% were achieved for Kr gas targets [2] at atmospheric density.

The p moderation processes involve dominantly electro static interaction
and there is no muon depolarization in strong axial magnetic fields (B >>
0.16 T) [10]. At low fields the mp = 0 atomic states are populated to 50 %
which means a corresponding reduction of the polarization due to the muon
spin oscillation at the hyperfine frequency Avgpg.

Muonium atoms travelling freely in vacuo can be obtained by stopping u™
close to the surface of a SiOs powder target The atoms are formed through e~
capture and some percent of them diffuse through the target surface into the
surrounding vacuunid [T2]. There the atoms have a thermal Maxwell-Boltzmann
velocity distribution with an average velocity of 0.74(1) mm/us for 300 K tar-
get temperature. The development of this production technique was an essential
prerequisite for Doppler-free two-photon laser spectroscopy of the 12S; /2-2281 /2
frequency interval Avqgos which were carried out in a pioneering approach at
the KEK facility in Tsukuba, Japan [I3], and in a precision measurement at
the Rutherford Appleton Laboratory (RAL) in Chilton, United Kingdom [I4].
Such measurements aim for an accurate value for m, and a test of the muon-
electron charge ratio. Thermal muonium in vacuo was also the key to a sensitive
search for a conversion of muonium into its anti-atom (M) at the Paul Scher-
rer Institut (PSI) in Villigen, Switzerland [I5J16]. Further, a first unambiguous
demonstration of hyperfine transitions in vacuo could be made [I7].

Metastable muonium atoms in the 2s state have been produced with a beam
foil technique at LAMPF and at the Tri University Meson Physics Facility (TRI-
UMF) at Vancouver, Canada. Only moderate numbers of atoms could be ob-
tained. The velocity resonance nature of the electron transfer reaction results in a
muonium beam at keV energies. Very difficult and challenging experiments using
electromagnetic transitions in excited states, particularly the 225, /2722P1 /2 clas-
sical Lamb shift and 22S; 5-2*P3 5 splitting could be induced with microwaves.
However, the achieved experimental accuracy at the 1.5 % level [I8[1920], does
not represent a severe test of theory yet.

3 Ground State Hyperfine Structure

The by far largest part of the hfs splitting Avgpg in the muonium 1s state is
given by the well known Fermi energy[21], which arises from the interaction of
the muon and electron magnetic moments. Including all contributions it is given

by
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2 Another powerful technique uses hot metal foils as converters, where tungsten and
rhenium give best results. This method was the basis for a successful production of
slow muons by resonant two step laser ionization of M atoms at KEK in Tsukuba,

Japan [I1]. This work is at present continued at RAL to provide an intense beam of
slow muons for condensed matter, particularly surface science.
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with pp the Bohr magneton, m. the muon mass and R = a?. mec2/2 - h the
Rydberg constant, where c is the speed of light and h the Planck constant. QED
corrections for radiative effects €,,4 are of order a due to the lepton magnetic
anomalies, recoil contributions €,¢. are of order am./m, and combined radia-
tive and recoil terms €,q4—rec Start at ame. / m,,. The strong interaction adds
AVgtrong = 250 Hz and weak interaction through parity conserving axial-axial
vector currents yields Avyeqar = —65 Hz [4]. The sign of this effect is opposite
to the sign of the effect in hydrogen, the p* is an anti-particle in contrast to
the proton. Among the possible exotic interactions which could contribute to
Avpps is the conversion of muonium (M) to antimuonium (M). Although this
process may appear in the environment of atomic physics as a somewhat remote
possibility, it must be mentioned that it is a full analogy for leptons to the well
known K0-KO oscillations. If the process exists, it would cause a splitting of
hyperfine levels in nS states up to [15]

— 519
Avesoic = Avy_xq(nS) = (M|Hyyg[M) = = - (Gopr/Gr) /S5 Ha, (2)

where H,,7; stands for the interaction Hamiltonian, G,,5; represents the cou-
pling constant of the process, Gp is the Fermi weak interaction constant and
Sp < 1 reflects the magnetic field dependence of the exotic coupling. Therefore
it could influence the interpretation of precision measurements and affect the
validity of extracted Fundamental constants, unless proven to be small. From a
very recent direct search ( see chapter Bl) at the Paul Scherrer Institute (PSI)
in Villigen, Switzerland, an upper limit of Avy; 7(15) < 1.5 Hz//Sp can be
concluded for an expected line splitting [3T5].

In the latest experiment at LAMPF [9] a muon beam was stopped in a Kr
gas target at typically atmospheric density inside of a microwave cavity. This
device was centered in a Magnetic Resonance Imaging magnet at B =1.7 Tesla
field with ppm homogeneity. Microwave transitions between the two energetically
highest respectively two lowest Zeeman sublevels at the frequencies v12 and vsy
(FigB) involve a muon spin flip. They were detected through a change in the
spatial distribution of e* from the decays u™ — et + v, + 7, , because due to
parity violation in this weak interaction process the et are preferentially emitted
in the direction of the u™ spin. As a consequence of the Breit-Rabi equation,
which describes the behaviour of the levels in a magnetic field B, the sum of
these frequencies for the same value of B equals the splitting in zero field Avgrg
and their difference yields in a known field p,, [2]. The experiment utilized the
technique of ” old muonium”, which allowed to reduce the linewidth of the signals
(Fig ) below one half of the natural linewidth

nar = (- 7,) " = 145 kHz, (3)

where 7,, = 2.2 s is the muon lifetime. For this purpose an essentially continuous
muon beam was chopped by an electrostatic kicking device into 4 us long pulses
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Fig. 2. Ground state Zeeman levels in an external magnetic field. The sum of the
frequencies of the indicated transitions Avis and Avss at the same magnetic field
equals the zero field splitting Avprs and their difference allows to determine the
muon magnetic moment

with 14 ps separation. Only atoms which were interacting coherently with the
microwave field for periods longer than several muon lifetimes were detected [22].

The results are mainly statistics limited and improve the knowledge of both
Avprs and g, by a factor of three [9] over previous measurements [23]. The
zero field splitting is determined to

Avpgrg(expt.) = v12 + v3q = 4463302 765(53) Hz (12 ppb) . (4)
This value agrees well with the theoretical prediction of [24]
Avpps(theory) = 4463 302563(510)(34)(< 100) Hz (120 ppb) . (5)

Here the first quoted uncertainty is due to the accuracy to which the muon-
electron mass ratio m,/m. is known, the second error is from the knowledge
of a as obtained from electron g— 2 measurements [25], and the third value
corresponds to estimates of uncalculated higher order terms.

The measurements give a muon magnetic moment of

f/ 1, = 3.18334513(39) (120 ppb) (6)
which translates into a muon/electron mass ratio of

my,/me = 206.768 277(24) (120 ppb) . (7)
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Fig. 3. Samples of conventional and ‘old muonium’ resonances at the frequency vi2
(See Fig. 2 ). The narrow ‘old’ signals have also a higher amplitude and a characteristic
line shape [22]. The lines in the left column were recorded by sweeping the magnetic
field, which was measured in units of the proton NMR frequency (vp). The lines on
the right were obtained using microwave frequency (v) scans

A highly accurate value for the p can also be obtained from the zero field splitting
Avgrs. Using the fine structure constant « derived from the magnetic anomaly
of the electron, one finds

my,/me = 206.768 267 0(55) (27 ppb) . (8)

This value depends strongly on the correctness of the theory both for the muo-
nium hyperfine structure and the electron magnetic anomaly. Alternatively, ex-
tracting a value for o from Avpgpg instead represents a most valuable stringent
consistency test for different branches of physics, which each allow to obtain a
precise value of a (see Fig[]).

The hyperfine splitting is proportional to a?R.,, with the very precisely
known Rydberg constant R... Comparing experiment and theory yields [9]

ay ' =137.035996 3(80) (58 ppb) . (9)

If Ry is decomposed into even more fundamental constants, one finds Avypg
to be proportional to a*m,/h. Using the value h/m, as determined in measure-
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Fig. 4. The fine structure constant « has been determined with various methods [25-
28]. most precise is the determination from the magnetic anomaly of the electron. The
muonium atom offers two different routes which uses independent sets of fundamental
constants. The disagreement (the error bars are mostly statistical) seem to indicate that
the value h/me from neutron de Broglie wavelength measurements may be quoted with
too high accuracy

ments of the neutron de Broglie wavelength [28] gives
oyt =137.0360047(48) (35 ppb) . (10)

In the near future a small improvement in azl can be expected from ongo-
ing determinations of h/m. in measurements of the photon recoil in Cs atom
spectroscopy and a Cs atomic mass measurement [29]. The present limitation
for accuracy of azl arises mainly from the muon mass uncertainty. Therefore
any better determination of the muon mass, e.g. through a precise measurement
of the reduced mass shift in Avqgo, will result in an improvement of a;l.

At present the good agreement within two standard deviations between the
fine structure constant determined from muonium hyperfine structure and the
one from the electron magnetic anomaly is generally considered the best test
of internal consistency of QED, as one case involves bound state QED and the
other one QED of free particles.

Among the mostly fundamentally assumed symmetries in nature are the
Lorentz invariance and the validity of the CPT theorem which demands an in-
variance of nature under simultaneous charge conjugation (C), parity operation
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(P) and time reversal (T). It is particularly difficult to compare tests which were
made in different systems, i.e. often quoted upper limits on relative changes in
particle properties are only little justified. Small numbers per se may not be too
important. A comparison on the basis of the strength of the potential interaction
could give much more information; however, in the absence of a positive signal
and of a clear theory this is hardly possible. In a recent approach by by Bluhm
et al. [30] it was suggested to compare different systems on a common basis, i.e.
through the energies of the involved states. Within a generic extension of the
standard model [30] diurnal variations of the ratio [31]

(AVlg — AV34)/(AV12 + AI/34). (11)

were suggested for muonium. A reanalysis of the data recorded at LAMPF [9]
could show that in the course of a day the changes in any frequency are less
than about 15 Hz [32] and are therefore of no concern for the above mentioned
interpretation of the experiment and in particular for the obtained fundamental
constants. With significantly increased muon flux and a pulsed time structure
with narrow pt bunches of width 67 < 7, separated by T = 10 - 7,,, an extinc-
tion ratio £ <« exp( -7/ T#) and straight forward improvements in the setup
a gain of one order of magnitude for Avyrs, 1,/ 02—1 and ogl should be
attainable with the same ’old muonium’ technique.

4 1s-2s Energy Interval

Doppler-free excitation of the 1s-2s transition had been achieved in the past
at KEK [I3] and at RAL [33184]. The transitions were induced by counter-
propagating intense pulsed UV light at 244 nm wavelength which was generated
by frequency doubling of blue laser radiation. The accuracy of these experiments
was limited by properties of the employed laser systems, which allowed little
control over an ac Stark effect and laser frequency chirping. The latter was
caused by rapid changes of the index of refraction in the dye solutions of laser
amplifier stages for the blue light. The experiments were only possible at pulsed
accelerators sites, because with the presently available muon beam fluxes and
muonium production yields reasonable transition rates can only be expected for
high excitation probabilities. This requires pulsed lasers.

A new measurement, which was tuned for precision, has been performed
recently at the worlds brightest pulsed surface muon source at RAL [7[14].
The 1281/2(F:1) — 2281/2 (F=1) transition was induced when muonium atoms,
which had emerged from a SiO target, interacted about 8 mm above the target
surface with the light field of two counter-propagating laser beams of wave-
length 244 nm. The two-photon excitation was detected by photo-ionization of
the 2s state in the same light field. The released muons were identified in a mass
spectrometer which selected particles by a combination of electric and magnetic
fields as well as their time of flight (Fig.d). The positrons from muon decay were
recorded as part of an event signature. The muon count rate as a function of
laser frequency represents the experimental signal.
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The necessary high power UV laser light was generated by frequency tripling
the output of an alexandrite ring laser amplifier in crystals of LBO and BBO.
The alexandrite laser was seeded with light from a continuous wave Ar ion laser
pumped Ti:sapphire laser at 732 nm (Fig. @) [B5]. Fluctuations of the optical
phase during the laser pulse (laser frequency chirp) were compensated with two
electro-optic devices in the resonator of the ring amplifier to give a swing of the
laser lights frequency chirping of less than about 5 MHz. The fundamental op-
tical frequency was calibrated by frequency modulation saturation spectroscopy
of the a;5 hyperfine component of the 5-13 R(26) line in thermally excited 271,
vapour which lies about 700 MHz lower than 1/6 of the M transition frequency.
It has been calibrated to 0.4 MHz at the Institute of Laser Physics in Novosi-
birsk, Russia, and at the National Physical Laboratory in Teddington, United
Kingdom [36]. The cw light was frequency up-shifted by passing through two
acousto-optic modulators (AOM’s). For the muonium measurements 25 prese-
lected values of the AOM frequency were chosen. Every minute one of them was
randomly chosen.

Among the many further experimental details we would like to mention that
in total 3 million laser shots were fired with a chirp swing below 15 MHz. Al-
together 99 events were found (Fig. Hl). To obtain the theoretical line shape, we
calculated numerically for a randomly selected sample of 20% of all the laser
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Fig. 6. Laser system in the muonium 1s-2s experiment. A cw laser at 732 nm is locked
to a molecular I» resonance. Its light is amplified in an alexandrite ring amplifier and
then frequency tripled. The light frequency is scanned using acousto-optic modulators

pulses the probability for a resonant ionisation event using a line shape theory
which is based on a density matrix model. This allows the inclusion in each case
of the recorded time dependent phase shift, the intensity and the beam cross
section for the laser light; details are given in reference [37)38]. We verified that
the remaining 80% and all the pulses which produced an event had the same
average distributions for chirp, chirp swing, intensity and spatial profiles. The
experimental setup has been tested and the novel analysis procedures were veri-
fied using measurements of the two hyperfine components of the 1s-2s transition
in deuterium [14].
The muonium experiment gives as a result

Avigs(expt.) = 2455528 941.0(9.8) MHz . (12)

This constitutes a significant improvement in accuracy compared to the earliest
efforts (Fig. H)) [13], where the errors were totally dominated by systematics and
their treatment proper[39]. The new result is in good agreement with the theory

value [40]
Avigos(theory) = 2455528 935.4(1.4) MHz . (13)

From these figures the muon/electron mass ratio is found to be
my+ /me- = 206.768 38(17). (14)

In an alternate interpretation the muon/electron charge ratio can be ex-
tracted. For hydrogen-like systems the leading order for the gross structure en-
ergy is proportional to (Z2a)a/n? where Z is the nuclear charge in units of the
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Fig.7. Muonium 1s-2s signal. The frequency corresponds to the offset of the
Ti:sapphire laser from a molecular iodine reference line. The open circles are the ob-
served signal, the solid squares represent the theoretical expectation based on measured
laser beam parameters and a line shape model [38]

electron charge. By comparing Avigs(expt.) and Avqgs(theory) we found for
the charge ratio
Z=qu+/q- =-1-11(21)-1077 . (15)

This is the best verification of charge equality in the first two generations of
particles. We note that the existence of one single fundamental quantized unit
of charge is solely an empirical observation and no associated underlying sym-
metry has yet been revealed. Gauge invariance, unfortunately, assures charge
quantization only within one generation of particles.

Major progress in the laser spectroscopy of muonium can be expected from
a cw laser experiment, where the light frequency accuracy is not expected to
present any problem in the foreseeable future. Prior to such a project two major
technological advances will be needed: (i) optical coatings in the 244 nm region
which will allow to set up an enhancement cavity with kW circulating power
and (i) a pulsed muon facility with some two orders of magnitude increased
flux over present beams with pulse widths below 7, and pulse separations of at
least several 7,,. Most important is in this context the overall number of muonium
atoms in the laser beam. A pulsed beam time structure is of advantage primarily
for background suppression.
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Fig. 8. Evolution of muonium 1s-2s measurements. The two results displayed for the
KEK accelerator facility refer to one single measurement by a Japanese - American
collaboration [13] and its reanalysis [39]. The newer measurements were made by the
Heidelberg - Oxford - Rutherford - Sussex - Siberia - Yale collaboration and have now
reached a level of accuracy comparable to theory, where the limitation arises primarily
from the muon mass

5 Connection to a New Measurement of the Muon
Magnetic Anomaly

The muon magnetic anomaly is given, like in case of the electron, mostly by pho-
ton and electron-positron fields. However, the effects of heavier particles, which
are introduced through vacuum polarization loops, is enhanced by the square
of the mass ratio m,/me &~ 4 - 10%. The contributions from strong interaction
amount to 58 ppm. They can be determined from a dispersion relation with
the input from experimental data on eT-e~ annihilation into hadrons and from
hadronic 7-decays. The weak interaction adds 1.3 ppm through loops with W=
and Z% bosons and such with additional photons. At present standard theory
yields a, to 0.66 ppm [25]. Contributions from physics beyond the standard
model may be as large as a few ppm. Such could arise from, e.g., supersymme-
try, compositeness of fundamental fermions and bosons, CPT violation and many
others. Of urgent actuality is the possibility to restrict for minimal supersym-
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metric models the value of tan 3, which is the ratio of the vacuum expectation
value of the involved two Higgs fields.

38
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Fig. 9. The spectroscopic experiments on the hyperfine structure of muonium and the
1s-2s energy interval are closely related to a precise measurement of the muon muon
magnetic anomaly. The measurements put a stringent test on the internal consistency
of the theory of electroweak interaction and on the set of the involved fundamental
constants

The spectroscopic experiments in muonium, in particularly on the hyper-
fine and the 1s-2s intervals, are closely inter-related with the determination
of the muon magnetic anomaly a, through the fundamental relation p, =
(1 + a,) - eh/(2myc). The results from all experiments establish a self consis-
tency requirement for QED and electroweak theory and the set of fundamental
constants involved (Fig. ) The constants a,my, j1,, are the most stringently
tested important parameters. Although, in principle, the muon-electron system
could provide the relevant electroweak constants, the Fermi coupling constant
Gr and Weinberg angle sin? 8y, the use of more accurate values from indepen-
dent measurements may be chosen for higher sensitivity to new physics.

A new determination of a,, [41] is presently carried out in a superferric mag-
netic storage ring at the Brookhaven National Laboratory (BNL) in Upton, USA.
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The experiment uses a g—2 technique in which the difference w, = ws —w, of the
spin precession and the cyclotron frequencies ( ws, w.) is measured. This project
aims for a final precision of 0.35 ppm. In order to be able to reach this goal, it
is essential to have m, (respectively I / #,) available with an accuracy at the
0.1 ppm level, because this quantity is needed for extracting the experimental
result

g—2 wgmyc

Qy =—/—=

2 eB

with the precisely measured magnetic field B. At this stage, these relevant muon
parameters can only be provided by muonium spectroscopy to sufficient and
reliable accuracy.
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Fig.10. Muonium-antimuonium conversion in theories beyond the standard model.
The interaction could be mediated by (a) a doubly charged Higgs boson A** [52,53],
(b) heavy Majorana neutrinos [52], (c) a neutral scalar &y [54], e.g. a supersymmetric
T-sneutrino 7, [55,56], or (d) a bileptonic gauge boson X+* [57]

The BNL experiment is planed for both u™ and u~ as a test of CPT in-
variance. This is of particular interest in view of CPT violating models [30]
(see chapter [). For measurements of magnetic anomalies a comparison of mea-
surements is suggested through the energies of particles with spin down and of
anti-particles with spin up in an external magnetic field. The nature of g—2
experiments is such that they provide a figure of merit r = |[a= —a™|- hw./m - ¢2
[@2] for such a CPT test, where a~ and a™ are the positive and negative parti-
cles magnetic anomalies and m is the particle mass. For the past electron and
positron measurements one has r. = 1.2 - 1072} [42]. This may be viewed as
a much tighter CPT test than in the case of the neutral kaon system, were the
mass differences between K° and K yield 7 = 4 - 10~ [43]. An even more
stringent CPT test arises already from the past muon magnetic anomaly mea-
surements [44] where r, = 3.5 - 10724, This may therefore already be regarded
as the presently best known CPT test based on system energies [45]. With im-
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provement expected in the BNL g—2 experiment one can look forward to a 20
times more precise test of this fundamental symmetry.

6 Muonium-Antimuonium Conversion

Beyond atomic spectroscopy muonium renders the possibility to search directly
and sensitively for yet unknown interactions between the two charged leptons
from two different generations. Among the mysteries observed for leptons are
the apparently conserved lepton numbers. As a matter of fact, several distinc-
tively different lepton number conservation schemes appear to hold, some of
which are additive and some are multiplicative, parity-like. Some of them distin-
guish between lepton families and others don’t [E6IA7I48/4950]. No local gauge
invariance has been revealed yet which would be associated with any of these
empirically established laws. Since there is common believe [51] that any dis-
crete conserved quantity is connected to a local gauge invariance, a breakdown
of lepton number conservation is widely expected, particularly in the framework
of many speculative models.

A potential M-M-conversion would violate additive lepton family number
conservation and is discussed in many of the speculative theoretical approaches
(see Fig.[I0). It would be a full analogy in the sector of leptons to KO-K” oscilla-
tions, which are well known and established in the quark sector of the standard
model.

A dedicated search experiment was performed at PST [I5]59]. The setup (Fig.
[[1) was designed to employ a powerful signature, which had been developed
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in a predecessor experiment at LAMPF. The coincident identification of both
charged particles released in the anti-atom’s decay was required. [68/59]. Muo-
nium atoms in vacuo with thermal velocities were produced from a SiOs powder
target. They were observed for antimuonium decays. Energetic electrons from
the decay of the ™~ in the antiatom were traced in a magnetic spectrometer
at 0.1 T magnetic field. This instrument consisted of five concentric multiwire
proportional chambers and a 64 fold segmented hodoscope. The positron in the
atomic shell of the antiatom is expected to be left behind after the muon decay.
This positron has 13.5 eV average kinetic energy, the systems Rydberg energy
[60/61]. Tt could be accelerated to 10 keV in a two stage electrostatic device and
guided in a magnetic transport system onto a position sensitive microchannel
plate detector (MCP). Annihilation radiation into two v rays of 511 keV could
be observed in a 12 fold segmented pure Csl calorimeter around the MCP. For
normalization purposes the muonium production was monitored regularly every
5 hours by reversing all electromagnetic fields in the apparatus.
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Fig.12. Time of flight (TOF) and vertex quality for a muonium measurement (left)
and the same for all data of the final 4 month search for antimuonium (right). One
event falls into the indicated 3 standard deviations area

The relevant measurements were performed during in total 6 month dis-
tributed over 4 years during which 5.7 - 101Y muonium atoms were in the inter-
action region. Out of those, one event fell within a 99% confidence interval of all
relevant distributions (Fig. [2). The expected background due to accidental co-
incidences was 1.7(2) events. Thus an upper limit on the conversion probability
of

Py <8.2-1071/Sp (90% C.L.) (17)

was found, where Sp accounts for the interaction type dependent suppression
of the conversion in the magnetic field of the detector due to the removal of
degeneracy between corresponding levels in muonium and M. The reduction is
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strongest for (VEA)x(V£A), where Sp=0.35 [62/63]. This yields for the tradi-
tionally quoted upper limit on the coupling constant in an effective four fermion
interaction

Gyt < 3.0-107%Gr (90% C.L.) . (18)

This new result, which exceeds bounds from previous experiments [58J64] by
a factor of 2500 and the one from an early stage of the experiment [59] by 35, has
some impact on speculative models. A certain Zg model is ruled out with more
than 4 generations of particles where masses could be generated radiatively with
heavy lepton seeding [66]. A new lower limit of

myss > 2.6 TeV/c® - gg (95%C.L.) (19)

on the masses of flavour diagonal bileptonic gauge bosons in GUT models is
extracted which lies well beyond the value derived from direct searches, mea-
surements of the muon magnetic anomaly or high energy Bhabha scattering
[5765]. Here gs; is of order 1 and depends on the details of the underlying sym-
metry. For 331 models this translates into mx«+ > 850 GeV /c? which disfavours
their minimal Higgs version in which an upper bound of 600 GeV/c? has been
extracted from an analysis of electroweak parameters [67)68]. The 331 models
may still be viable in some extended form involving a Higgs octet [69]. In the
framework of R-parity violating supersymmetry the bound on the cou-
pling parameters could be lowered by a factor of 15 to | Aiz2A33; |< 31074
for assumed superpartner masses of 100 GeV/c2. Further the achieved level of
sensitivity allows to narrow slightly the interval of allowed heavy muon neutrino
masses in minimal left-right symmetry [53] (where a lower bound on G,y exists,
if muon neutrinos are heavier than 35 keV) to ~ 40 keV/c? up to the present
experimental bound at 170 keV/c?. In minimal left right symmetric models, in
which MM conversion is allowed, the process is intimately connected to the lep-
ton family number violating muon decay p* — e + v, + .. With the limit
achieved in this experiment this decay is not an option for explaining the excess
neutrino counts in the LSND neutrino experiment at Los Alamos [T0[71].

A future M — M experiment could take particularly advantage of high inten-
sity pulsed beams, with pulses short compared to 7,, and separated by several 7.
In contrast to other lepton number violating muon decays, the M-M-conversion
through its nature as particle - antiparticle oscillation, has a time evolution
analogous to usual two level systems, like they can be found in many cases in
atomic physics. Hence for coupling constants of the demonstrated smallness the
probability for finding M in the ensemble increases quadratically in time. This
gives the signal an advantage growing in time over major background, which
can be assumed to decay exponentially [16]. Particularly for double or triple
coincidences in the event signature this could be advantageous.

7 Long Term Future Possibilities

It appears that the availability of muons limits the ability to perform more
accurate spectroscopy and to find very rare processes like M-M-conversion. All
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the mentioned experiments on muons and muonium are limited by statistics.
Systematic errors could even be reduced much further by straightforward means,
if required. Therefore any measure to boost the particle fluxes of existing muon
beam lines will be a very important step forward.

For significant improvements, we need significantly more intense accelera-
tors, such as they are presently discussed at various places. In the intermediate
future a possible European Spallation Source (ESS) or the Japanese Hadron Fa-
cility (JHF) are important options. Also at the Oak Ridge neutron spallation
source could accommodate intense muon beams. A new planned intense proton
machine at the Gesellschaft fiir Schwerionenforschung (GSI) in Darmstadt, Ger-
many, could be utilized to produce muon beams with optimized particle flux,
time structure and phase space. The most promising facility would be, however,
a muon collider [72] or a neutrino factory, the front end of which could provide
muon rates 5-6 orders of magnitude higher than present beams (see Table [II).
Very attractive are new muon beam designs, where relatively more muons (com-
pared to present schemes) can collected at the production target and where new
techniques like phase rotation will be employed. Among those the proposal of the
PRISM beam for JHF is very appealing [73]. Such a scheme could be adapted
to many of the other mentioned accelerators.

A major advantage of facilities with significantly increased muon flux would
be the possibility to use novel experimental techniques which could not be ex-
ploited so far [74] like, e.g. the use of cw lasers for optical spectroscopy or an ’old
muonium’ approach for a new generation M-M search. Further, a wider class of
muonic atoms would be become accessible for precision spectroscopy [75] beyond
the already started laser investigations of muonic hydrogen [[76].

Table 1. Muon fluxes of some existing and future facilities. Rutherford Appleton Lab-
oratory (RAL), Japanese Hadron Facility (JHF), European Spallation Source (ESS),
Muon collider or neutrino factory (MC)

RAL(u") PSI(u") PSI(u~) JHF(u™) ESS(u™) MC (u7, p)

Intensity [u/s] 3 x10° 3 x10° 1x10° 4.5x 10" 45x 10" 7.5 x 107
Momentum bite

A pu/p[%] 10 10 10 10 10 5-10
Spot size

[cm X cm)] 1.2x2.0 3.3x2.0 3.3x2.0 1.5x2.0 1.5x2.0 few x few
Pulse structure 82 ns 50 MHz 50 MHz 300 ns 300 ns 50 ps
Repetition rate 50 Hz continuous continuous 50 Hz 50 Hz 15 Hz

8 Conclusions

Although the nature of the muon - the reason for its existence - still remains
a mystery, both the theoretical and experimental work in basic muon physics,
have contributed to an improved understanding of basic particle interactions
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and symmetries in physics. Particularly muonium spectroscopy has verified the
behaviour of the muon as a point-like heavy lepton which differs only in its mass
related parameters from the others. This fact is fundamentally assumed in ev-
ery precision calculation within standard theory. In addition, the measurements
provide accurate values of fundamental constants.

It is the interplay between particle physics and QED phenomena in the muo-
nium atom which cause increasing understanding of fundamental forces and in-
creasing reliability of extracted fundamental constants. None of both sides could
reach significant results without the other. With the significant improvement
expected for muon beam rates at various places we can look forward to further
insights and maybe hints why there are particle generations.
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