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1 Introduction

The muon is a second generation fundamental fermion which belongs together with the
electron and tauon to the group of charged leptons. To our present knowledge it behaves
as a point-like particle which is subject to electromagnetic, weak and gravitational interac-
tions. It differs from the electron and tauon in its behaviour and properties solely through
its mass which is called lepton universality. The muon itself and the muonium atom, its
bound state with an electron, have been widely used to investigate fundamental laws and
symmetries in physics. Since all their known interactions can be calculated very accu-
rately, they have also been employed to determine very accurate values of fundamental
constants. New results on the muon magnetic anomaly, the muonium hyperfine structure
and a muonium 1s-2s laser excitation are described in some detail as well as a new ac-
curate determination of the fine structure constant. Future possibilities are discussed in
view of new accelerator developments.

In particle physics all unambiguous experimental observations to date can be described
by a theoretical framework known as the “standard model”. In this theory matter in
nature is composed of fundamental point-like fermions which are called quarks: up (u),
down (d), strange (s), charm (c), top (t) , bottom (b) and leptons: electron (e), electron
neutrino (v,), muon (z), muon neutrino (v,), tauon (7), tauon neutrino (v,) and their
respective antiparticles (Figure 1). ~ Two quarks carrying either —1 /3 or 2/3 electric
charge units and a charged lepton carrying one electric charge unit and a corresponding
electrically neutral neutrino form one generation. Three particle generations are known
to date. All ordinary matter consists of first generation fundamental fermions (Figure 2).
Three different interactions — gravitation, electromagnetic and weak — are experienced
by all these particles. A fourth fundamental force — the strong interaction — affects only
the quarks (Figure 3). The basic interactions between the fundamental fermions are
mediated by gauge bosons — the graviton, the photon, the W- and Z-bosons and eight
gluons (Figure 4).
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A major step forward in the recognition of the basic laws in physics was the success-
ful description of electricity and magnetism in a single theory by Maxwell in the last
century. A second step followed in the last thirty years by unifying electromagnetic and
weak interaction in the electroweak standard model by Glashow, Salam and Weinberg.
At present there are various attempts to continue the search for a common description
of fundamental forces in one single theory. Such efforts are known, e.g. as grand unifi-
cation theories (GUT’s). It should, however, be noted that besides the great successful
description of all particle physics, the standard model leaves many open questions about
the physical nature of observed processes and the parameters describing particles and
interactions. For example, interaction strengths and particle masses as well as the origin
for parity violation in weak interaction are put ‘by hand’ into the theory.

FERMIONS  spin=1/2,3/2, 52, ...

Leptons, Spin=1/2 Quarks, Spin=1/2

Flavour Mass Electric Flavour approximate Electric
[GeVic? charge [e] Mass [GeV/c? ]|  charge [e]

electron neutrino <7x10° 0 up 0.005 2/3

electron 0.511 -1 down 0.01 -1/3

muon neutrino <02 0 charm 15 2/3

muon 106 - strange 0.2

tau neutrino < 30 top 173

tauon 1777.1 - bottom 4.7

Figure 1. Fundamental fermions of the standard model.

Examples of bosonic hadrons Examples of fermionic hadrons

Mesons qq Baryons qqq and antibaryons qqq

Quark Electric | Mass
content | charge | [GeV/c2]

ud +1 0.140 p Proon | uud +1 0.938

Quark Electric | Mass

Symbol | Name content | charge [GeV/c'z]

su -1 0.494 P Antiproton | wu'd -1 0.938

ud +1 0.770 n Neutron udd 0 0.940
0

cd +1 1.869 A Lambda uds 1.116

cc 0 2979 Q Omega Sss -1 1.672

Figure 2. Some hadrons.

Accurate experiments can stringently test the theoretical description of processes in
physics and explore the limits of the physical picture. The standard model of the unified
electroweak interaction has been confirmed with an impressive precision in high energy
electron-positron collider experiments in the LEP storage ring at CERN (Steinberger
1991). On the other end of the energy scale electroweak theory can be confronted with
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Properties of Interactions

Interaction Gravitation Weak | Electromagnetic Strong
Property (Electroweak) Fundamental Rest
acts on mass - energy flavour electric charge colour charge Smﬁﬁm{ﬁ:
particles affected all quarks, leptons electrically charged | quarks, gluons hadrons
mter.acgon ‘ graviton w Wz ¥ gluons fiesois
mediating particle (not yet observed)
41
strength for 2 quarks at: 10" m 10 0.8 1 25
-41 -4
(relative to electromagn.) {3x10 " 10 10 1 60
36 <7
for 2 protons in nucleus 10 10 1 = 20

Figure 3. Properties of fundamental interactions.

BOSONS spin=0,1,2,...

Electroweak | Mass Electric Strong or Mass Electric
Spin =1 [GeV/c2] | charge [e] Colour Spin=1| [GeV/c2] | charge [e]
Y  Photon 0 0 g gluon 0 0

w 80.22 -1

w* 80.22 +1

z 91.187 0

Figure 4. Fundamental (gauge) bosons of the standard model.

the material furnished by atomic spectra. Information can be extracted which is comple-
mentary to the results from high energy physics (Lanacker et al. 1992). It is, for example,
a remarkable feature of nature that the weak mixing angle sin? @y appears to be constant
over 10 orders in the square of the four-momentum transfer Q?, from the experiments at
LEP to the measurements of parity violation in atomic Cesium. Although the effects are
small in atomic systems, they can be carefully surveyed with highly precise spectroscopy
thanks to modern microwave and laser technology. In general, crucial and fundamental
tests require systems where the contribution from well known interactions, particularly
the electromagnetic, are well understood. Here single particles like electron, muon and
their neutrinos offer excellent opportunities. Among the important experiments are mea-
surements of the parameters such as, for example, the masses and magnetic moments, as
well as investigations of decay modes. Next to single particles, one-electron atoms like
hydrogen (pe~) and muonium (u*e™) are the simplest systems available (Figure 5).

In 1932 when a muon was first observed in the cloud chamber of P. Kunze in Ros-
tock, Germany, (Kunze 1933), the discovery remained rather unspectacular, because the
standard model of the time had only protons, electrons and photons. The new particle
was unforeseen. Years later, after Yukawa had predicted a particle exchange process for
the nuclear force, the rediscovery by Anderson and Neddermeyer became more famous,
although the muon’s identity was mistaken for the particle we now know to be the pion
(m). Since then, the muon with its accurately known properties, its decays and its bound
states were of crucial importance for model building in basic physics as well as they served
as tools in applied sciences.
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AV, = 2455 THz

1s2s

LF-1
2 AV, = 4463 MHz
HFS™ T

1S

12

Figure 5. The energy levels of muonium for principal quantum numbers n =1 and n =2.
The level scheme is analogous to atomic hydrogen. The energy scale for gross structure
is somewhat smaller due to reduced mass. The hyperfine splitting is larger because of
the larger muon magnetic moment compared to the proton. The indicated gross, fine and
hyperfine structure transitions have now been studied. The most accurate measurements
are the ones involving the n =1 ground state in which the atoms can be produced efficiently.

Atomic hydrogen has played an important role in the history of modern physics.
The successful description of the spectral lines of the hydrogen atom by the Schrodinger
equation (Schrédinger 1926) and especially by the Dirac equation (Darwin 1928) had a
large impact on the development of quantum mechanics. Precision measurements of the
ground state hyperfine structure splitting by Nafe, Nelson and Rabi (Nafe et al. 1947,
Nafe and Nelson 1948) in the late 1940’s were important contributions to the identification
of the magnetic anomaly of the electron. Together with the observation of the “classical”
225,/; — 2°Pyj; Lamb shift by (Lamb and Retherford 1950) they pushed the development
of the modern theory of Quantum Electrodynamics(QED).

Today the anomalous magnetic moment of the electron, which is defined as a, =
(ge — 2)/2, where g, is the electron g-factor, and the ground state hyperfine structure
splitting Avffg of atomic hydrogen are among the most well known quantities in physics.
Experiments in Penning traps with single electrons (Van Dyck 1990) have determined
a.=1159652188.4(4.3) x107'2 to 3.7ppb. QED calculations have reached such a precision
that the fine structure constant o can be extracted to 3.8ppb (Kinoshita 1996). Hydrogen
hyperfine structure measurements yield Avff,s = 1420.405 751766 7(9)MHz (0.006ppb)
(Essen et al. 1971, Hellwiget al. 1970) and hydrogen masers even have a large potential
as frequency standards. However, the theoretical description of the hyperfine splitting
is limited to the ppm level by the fact that the proton’s internal structure is not known
well enough for calculations of nearly similar accuracy (Sapirstein 1990, Yennie 1992).
Neither can experiments supply the necessary data on the mean square charge radius and
the polarisability, for example from electron scattering, nor is any theory, for example
low energy quantum chromodynamics (QCD), in a position to yield the protons internal
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charge structure and the dynamical behavior of its charge carrying constituents. The
situation is similar for the 251/2- 2P1/2 Lamb shift in hydrogen, where atomic interferom-
eter experiments find AVZI{?l/z—?Pl/z: 1057.8514(19)MHz (1.8ppm) (Palchikov et al. 1985,
Karshenboim 1997, van Wijnjaarden et al. 1998). The knowledge of the proton’s mean
square charge radius limits any calculations to the 10ppm level of precision (Sapirstein
1990, Yennie 1992 ,Karshenboim 1996b, Shabaev 1998).

The 1s-2s level separation in atomic hydrogen has reached a value of Avis_osy =
2466061413 187.34(84)kHz - a fascinating accuracy for optical spectroscopy — and one
can expect even further significant improvements (de Beauvoir et al. 1997, Udem et al.
1997). The Rydberg constant has been extracted by comparing this transition with others
in hydrogen and amounts to Re, = 10973731.568 639(91)cm™". It is today’s best known
fundamental constant. However, the knowledge of the mean square charge radius limits
comparison between experiment and theory again at the 40kHz level. In fact, in the case
of deuterium the measurements have been employed to infer deuteron parameters (Huber
et al. 1998).

In addition to the information obtainable from the natural isotopes hydrogen (pe~),
deuterium (de”) and tritium (te”) or hydrogen-like ions of natural elements such as
(34X e™)(Z=1+), exotic hydrogen-like atoms can provide further information about the
interactions between the bound particles and the nature of these objects themselves (Jung-
mann 1994). Such systems can be formed by replacing the electron in a natural atom by
an exotic particle (e.g. u~,7~, K~,P), or by electron capture of an exotic “nucleus” (e.g.
e, ut, 7). Even atoms consisting of two exotic particles have been produced occasion-
ally, e.g. mtp~ and 7~ p* were found in in-flight decays of neutral kaons K? (Coombes
et al. 1977). Some of the systems are compared in Table 1 with respect to the possible
spectroscopic resolution for the 1S-2S and the ground state hyperfine structure transition.

Muonic atoms ((x~4X)) and ions ((u~2X)™") are of particular interest for spec-
troscopy, since the Bohr radius a, is about 207 times smaller for muons than for elec-
trons, a, = (Me/ m,,)ao, where m, and m,, are the masses of the electron and the muon and
ao = h2/(mee?) = 0.529x107'%m, with the electric charge unit e and Planck’s constant
1. Bound muonic states are therefore more sensitive to the properties of the nuclei. This
has been widely applied for determinations of nuclear charge moments and for examining
nuclear polarisation (Schaller 1992, Rosenfelder 1992,Fricke et al. 1995). The muon orbit
for higher nuclear charges Z is significantly smaller than the electron Compton wave-
length Xc = h/(mec) = 3.86x10~'3m, which is the typical spatial dimension of vacuum
fluctuations. In contrast to electronic systems, the vacuum polarisation contributions in
muonic atoms are substantially larger than the self energy, since the Uehling potential,
which describes to lowest order the modification of the nuclear potential due to vacuum
fluctuations, scales approximately with the cube of the particle mass and the self energy
is inversely proportional to it. Higher order vacuum polarisation contributions are needed
for a satisfactory description. There is special interest in muonic hydrogen (pp~), since,
in principle, one could obtain from a measurement of its ground state hyperfine split-
ting and the 25-2P Lamb shift more detailed information on the proton’s charge radius
and polarisability (Jungmann 1992b, Bakalov 1991, Jungmann 1994, Boshier et al. 1996,
Karshenboim 1997, Taqqu D et al. 1998).

The electroweak standard model can be critically tested by a measurement of the
four coupling constants describing the parity odd neutral current interaction in the two
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Positronium | Muonium | Hydrogen Muonic Pionium | Muonic
Helium4 Hydrogen

et e” ut e pe (ap™ e~ at e pp

Avis_2s 1233.6 2466.1 2468.5 2458.6 4.59%10°
[THe]
Svis—2s 1.281 . 1.3x1076 ) . 176
[MHz]

Avis—ss | g 55108 1.9%10'5 2.6x1012
V1528

Avgrs 203.4 1.420 4.42x107
[GHz|
Svars 1200 . 4.5%1072
[MHz]

%ﬂ*—FS 1.7x10? 3.1x104 3.2x10% 3.1x104 3.1><108J
VHFS

Table 1.  The ground state hyperfine structure splitting Avgrs and the 1s-2s level sepa-
ration Avys_os of hydrogen and some exotic hydrogen-like systems offer narrow transitions
for studying the interactions in Coulomb bound two-body systems. In the exotic systems
the linewidth has a fundamental lower limit given by the finite lifetime of the systems,
because of annihilation, as in the case of positronium, or because of weak muon or pion
decay. The very high quality factors (transition frequency divided by the natural linewidth
Av/év ) in hydrogen and other systems with hadronic nuclei can hardly be utilised to
test the theory because of the insufficiently known charge distribution and dynamics of the
charge carrying constituents within the hadrons. (fOnly the 1S-25 splitting in the triplet
system of positronium s considered in this table.)

isotopes of muonic boron (Lanacker et al. 1992, Bernabeu 1992, Missimer and Simons
1990). The existence of additional neutral vector bosons and leptoquarks and composite
quark contact interaction could be surveyed with a sensitivity beyond the possibilities of
LEP. The 2S and 2P states are mixed by the weak interaction. An observable for a future
measurement could consist of directional correlation between the muon decay electron
and a single photon emitted from the 2S-1S transition.

The muonic helium atom ((ap~)Te~) (Souder et al. 1980, Orth et al. 1980, Gardener
et al. 1982) consists of a pseudo-nucleus (™) *, which is itself a hydrogen-like system,
and an electron. It is the simplest atomic system involving both a negative muon and
an electron. A precise value for the magnetic moment of the negative muon has been
deduced from the Zeeman splitting of the ground state hyperfine structure as a test of
the CPT theorem, which is the basic assumption that all physics remains the same, if
the charges, the parity and the time direction (described by their operators C,P and T)
involved in a process under consideration is reversed in its descriptions.

Already in the 1970’s the muonic helium ion (™) was the first exotic atomic system
for which a successful laser experiment has been reported (Carboni et al. 1976,Carboni
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et al. 1977). Allowed electric dipole transitions between the n =2 fine structure levels
have been induced. A precise test of QED vacuum polarisation could be established
and the rms charge radius of the a-particle was extracted. The experiment needed as a
prerequisite the metastability of the 2S state at high pressures (=40 bar), which could
not be confirmed in several independent approaches (von Arb et al. 1984, Eckhause et
al. 1986, Rosenkranz et al. 1990) and a second attempt of a laser experiment could not
confirm the existence of a signal (Hauser et al. 1992), which leaves us with an open puzzle.

In purely hadronic systems like pionic hydrogen (pm~) (Chatellard et al., 1997) and
antiprotonic hydrogen (Beer et al. 1991), called protonium (pp) (Auld et al. 1978, Klempt
1989), the transition frequencies are dominantly due to the Coulomb interaction. They
bear additional line shifts and broadenings in the spectral lines due to strong interaction
between the constituents. They offer the possibility to study the strong interaction be-
tween the particles at zero energy. From the transition frequencies in pionic atoms (or
possibly in far future from the pionium atom (7*e~) (Mundinger et al. 1989) one can
derive a value for the pion mass (Jeckelmann et al. 1986). At present the determination
of the best upper limit for the muon neutrino mass from the muon momentum from pion
decays at rest (Daum et al. 1991,Daum et al. 1992, Assamagan et al. 1994) is spoiled by
the uncertainties of the pion mass.

For leptons no internal structure is known so far. Scattering experiments have estab-
lished that electron (e), muon(x) and tauon (1) behave like point-like particles down to
dimensions of less than 10™'®m (Martyn et al. 1990, Kinoshita and Marciano 1990) which
is three orders of magnitude below the proton’s rms charge radius (Sick 1982, Simon et al.
1980, Hand et al.1963). Purely leptonic hydrogen-like systems like positronium (ete™)
(Deutsch 1951, Mills and Chu 1990) and muonium (n*e”) (Hughes et al.1960, Hughes and
zu Putlitz 1990, Hughes 1997) have interesting perspectives for testing bound state QED,

for searching for deviations from present models and for testing fundamental symmetry
laws.

Positronium is a particle anti-particle system and significantly differs from muonium
and hydrogen-like systems with different constituent masses. The Furry picture, where
the electronic states are in zeroth order solutions of the Dirac equation in an external elec-
trostatic field and which is successfully applied for the heavier systems, is not appropriate.
A theoretical description must start from the fully relativistic Bethe-Salpeter formalism
or an approximation to it (Mohr 1988). Depending on the C-parity of the state, the
ground state of the positronium atom annihilates into two (1'Sy) or three (13Sy) photons.
Standard theory was confirmed in various searches for rare decay modes which have been
carried out (Mills and Chu 1990) in order to find unknown light particles, e.g. axions, or
violations of fundamental laws, e.g. C-parity symmetry. For the 3S-states annihilation
into a single virtual photon causes significant shifts at the fine structure level. Microwave
spectroscopy experiments on fine structure transitions in the n =2 state of the triplet
system (parallel e~ and e* spin) are in moderate agreement with each other and with
theoretical calculations (Pachucki and Karshenboim 1998). The ground state hyperfine
splitting presents a theoretical challenge and would call for more precise measurements
(Pachucki 1998).

Positronium was the second exotic system in which laser excitation could be achieved

(Chu et al. 1984). The 1S-2S transition frequency has been measured to be AvES .o (expt)

=1233607216.4(3.2)MHz (2.6ppb) (Fee et al. 1993), which agrees with Avf$ o (theory)
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= 1233607221.0(1.0)MHz (0.8ppb) (Pachucki and Karshenboim 1998), within two stan-
dard deviations. This constitutes a test of the QED contributions to ~10ppm. The the-
oretical uncertainty of 1 MHz is the estimated size of uncalculated higher order (higher
than a?Ry,) terms (Fell 1992). Their evaluation will be cumbersome, because of the in-
flation of the number of Feynman diagrams due to virtual annihilation. From the result
one can conclude that electron and positron masses are equal to 2ppb, the best test of
mass equality for particle and antiparticle next to the K°K0 system (Caso et al. 1998),
where the relative mass difference is < 10712,

Precision experiments on muonium offer a unique opportunity to investigate bound
state QED without complications arising from nuclear structure and to test the behavior
of the muon as a heavy leptonic particle and hence the electron-muon(-tau) universality,
which is fundamentally assumed in QED theory. Of particular interest is the ground
state hyperfine structure splitting, where experiment (Mariam et al. 1982) and theory
(Sapirstein and Yennie 1990, Yennie 1992) agree at 300ppb which is at a higher level of
precision than in the case of atomic hydrogen, where the limitation in theory arises from
the knowledge of the muon mass. An accurate value for the fine structure constant o can
be extracted to 140ppb. The Zeeman effect of the ground state hyperfine sublevels yields
the most precise value for muon the magnetic moment p, with an accuracy of 360ppb.
Preliminary results from a new experiment will be discussed in Section 5.1.1 which should
improve these figures by about a factor of three. Signals from the “classical” 225} 5-22P; )
Lamb shift in muonium have been observed (Oram et al. 1984, Badertscher et al. 1984).
However, with 1.4% precision they are not yet in a region where they can be confronted
with theory. The sensitivity to QED corrections is highest for the 1S-2S interval in
muonium due to the approximate 1/n3 scaling of the Lamb shift. Compared to hydrogen,
the radiative recoil and the relativistic recoil effects are larger by a factor of m,/m,, ~8.9,
where m, is the proton mass and m, the muon mass. A hydrogen-muonium isotope
shift measurement in this transition as well as a technically only slightly more difficult
measurement of the 1s-2s transition frequency in muonium can lead to a new and accurate
figure for the muon mass m,. The transition has recently been excited successfully in two
independent experiments (Chu et al. 1988, Danzmann et al. 1989, Jungmann et al. 1991,
Maas et al.1994).

In a series of three (g-2) experiments at CERN the magnetic anomaly a,, of the free
muon itself has been carefully studied (Prigl et al. 1998, Farley and Picasso 1990) by
observing the difference (w,)of the spin precession frequency and the cyclotron frequency
in the homogeneous magnetic field of a storage ring. The relative contributions from
heavier virtual particles to the magnetic anomaly are larger for the muon by a factor of
~ (my/me)?) ~ 4.2x10* compared to the electron. This makes the muon a better probe
for new physics. A new muon storage ring experiment at BNL, Brookhaven, USA, aims
for a precision of 0.35ppm for a, (Roberts 1992). The production of virtual particles can
be explored into the TeV/c? mass range and tighter constraints for new physics beyond
the standard model(Kinoshita and Marciano 1990), will be set.

The sensitivity is similar to that of experiments at the present and future high energy
machines (LEP 200, Fermilab pp. LHC) and partly beyond the scope of those. The
experiment will test the renormalisability of the weak interaction in a cleaner way than
from the masses of Z- and W-bosons, where the effect is clouded by radiative corrections
involving top quarks and Higgs bosons, or from nuclear $-decays, where complications
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arise from nuclear structure. In order to reach the desired goal, the muon mass must be
known to at least ~0.1ppm. At present, muonium spectroscopy is the only viable way to
obtain such a precision.

1)
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Figure 6. Relation between measurements of the muon and electron anomalous
magnetic moments and spectroscopy of the energy levels in muonium. Each ezperi-
ment needs precise results obtained in the other ones. The whole set is a stringent
consistency test for theory and the set of fundamental constants involved. The only
ezternal input required is the hadronic correction to a,.

The spectroscopic experiments in muonium are closely inter-related with the determi-
nation of the muon’s magnetic anomaly a, through the relation p, = (1+ a,)eh/(2m,c).
The results from all experiments establish a self consistency requirement for QED and
electroweak theory and the set of fundamental constants involved (Figure 6) The constants
o, my, p, are the most stringently tested important parameters. The only necessary ex-
ternal input are the hadronic corrections to a, which can be obtained from a measurement
of the ratio of cross sections (ete™ — u*p~) / (ete™ — hadrons). Although, in principle,
the system could provide the relevant electroweak constants, the Fermi coupling constant
Gr and sin? @y, the use of more accurate values from independent measurements may be
chosen for higher sensitivity to new physics. As a matter of fact, an improvement upon
the present knowledge of the muon mass at the 0.35ppm level is very important for the
success of a new measurement of the muon magnetic anomaly presently under way at
the Brookhaven National Laboratory. The relevance of the experiment, which aims for
0.35ppm accuracy, arises from its sensitivity to contributions from physics beyond the
standard model and the clean test it promises for the renormalisability of electroweak
interaction (Prigl et al. 1998, Farley and Picasso 1990, Roberts 1992).

The decay of the muon itself is an interesting process to study. From precision mea-
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surements of its lifetime one can extract the best value for the important Fermi coupling
constant describing the coupling strength in weak interaction. Also the muon analogon
to inverse (-decay, the muon capture process can reveal insights in fundamental sym-
metries, for example in the possiblity of an asymmetry in nature against reversing the
time direction in the theoretical description of a process (Deutsch 1992). Rare decays
of muons and decays forbidden by lepton number conservation have been studied very
carefully since the late 1940’s in order to find hints on the muon’s nature. Today there
are various attempts to identify in forbidden muon decays physics beyond the standard
model. Of interest in this connection are searches for the decay mode ;1 — ey and for p-e
conversion in a muon-nucleon reaction. Particularly the muonium atom, which consists of
two leptons from two different lepton generations, offers important possibilities. Since in
the bound state the particles are close to each other for relatively long interaction times
compared to scattering experiments, one can expect the system to be very sensitive to
exotic interactions between the electron and muon. A possible muonium to antimuonium
conversion has first been considered by Pontecorvo (1958) in analogy to the K°K? oscilla-
tions. The process violates the separate additive conservation of lepton flavour numbers.
Although not provided in the standard model, it would be allowed in many extensions to
it like left-right symmetry, supersymmetry and technicolour (Vergados 1986).

2 Magnetic anomaly of the muon

Trapping of elementary particles in combined magnetic and electric fields has been very
successfully applied for obtaining properties of the respective species and for determining
most accurate values of fundamental constants. The magnetic anomaly of fermions a =
3(g9 — 2) describes the deviation of their magnetic g-factor from the value 2 predicted in
the Dirac theory. It could be determined for electrons and positrons in Penning traps by
Dehmelt and his coworkers to 3.7ppb (Van Dyck 1990). Accurate calculations involving
almost exclusively the “pure” Quantum Electrodynamics (QED) of electron, positron
and photon fields allow the most precise determination of the fine structure constant «
(Kinoshita 1996) by comparing experiment and theory in which o appears as an expansion
coefficient. The high accuracy to which calculations in the framework of QED can be
performed is demonstrated by the satisfactory agreement between this value of o and the
ones obtained in measurements based on the quantum Hall effect (Jeffrey et al. 1997) as
well as the ac-Josephson effect and the gyromagnetic ratio of protons in water (Williams
et al. 1989), or the number extracted from the very precisely known Rydberg constant (
Udem et al. 1998) using an accurate determination of the neutron de Broglie wavelength
(Kriiger et al. 1997, Nistler 1998) and well known relevant mass ratios (Caso 1998).

The anomalous magnetic moment of the muon a, has a (m,/m.)* ~ 4x10* times
higher sensitivity to heavier particles and other than electromagnetic interactions. Those
can be investigated carefully, as very high confidence in the validity of calculations of the
dominating QED contribution arises from the success of QED describing this quantity for
the electron.

For the muon a, has been measured in a series of three experiments at CERN (Farley

and Picasso 1990,) all using magnetic muon storage. Contributions arising from strong
interaction amount to 60ppm and could be identified in the last of these measurements.
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1 2 3
| 1 1 1 1 1

Figure 7. QED Feynman diagrams of lowest order contributing to muon g-2. They are
very similar to the ones responsible for the lowest order Lamb shift in atomic hydrogen.

(a) (b) ()

m TR n i

Figure 8. Lowest order weak processes contributing to muon g-2.

At the Brookhaven National Laboratory thr new dedicated experiment has started
measurements to determine the muon’s magnetic anomaly. It aims for 0.35ppm relative
accuracy meaning a 20 fold improvement over previous results. At this level it will be
particularly sensitive to contributions arising from weak interaction through loop dia-
grams involving W and Z bosons (1.3ppm). The experiment promises further a clean test
of renormalisation in weak interaction. The muon magnetic anomaly may also contain
contributions from new physics (Meryet al. 1990 Lopez et al.1994, Renard et al. 1997).
A variety of speculative theories can be tested which try to extend the present Standard
Model in order to explain some of its not yet understood features. This includes muon
substructure, new gauge bosons, supersymietry, an anomalous magnetic moment of the
W boson and leptoquarks. Here this measurement is complementary to searches carried
out in the framework of other high energy experiments. In some cases the sensitivity is

1 2 3

NN

H e H :
1 1 1 1 1 1

Figure 9. Sirong interaction diagrams contributing to muon g-2. Whereas the processes
1 and 2 can be obtained from measurements of the cross section et + e~ — anyhadrons,
as a function of center of mass energy, process 3 needs to be calculated and causes right
now one of the largest uncertainties of the hadronic contribution to muon g-2.
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new physics sensitivity other experiments
Muon substructure A > 5TeV LHC similar

excited muon my« > 400GeV LEP II similar
W=-boson substructure A > 400GeV LEP II ~100-200GeV
W# anomalous aw > 0.02 LEP II ~0.05,
magnetic moment LHC ~0.2
Supersymmetry my < 130GeV Fermilab pp similar
right handed W,iz-bosons myr < 250GeV Fermilab pp similar
heavy Higgs boson my < 500GeV

Muon electric dipole moment D, < 4x1072ecm

Table 2. Sensitivity to new physics of the g-2 ezperiment at BNIL arming for 0.35ppm
relative accuracy. (for substructure Aa, ~ m?2/A2.)

even higher (Table 2).

In the BNL experiment (BNL proposal 1994) polarised muons are stored in a magnetic
storage ring of highly homogeneous field B and with weak electrostatic focussing using
quadrupole electrodes around the storage volume. The difference frequency of the spin
precession and the cyclotron frequencies,

e

=a,—B, 1

Wa = B (1)

is measured, with m, the muon mass and ¢ the speed of light, by observing electrons
or positrons from the weak decay pu* — e* + 2v. For relativistic muons the influence
of a static electric field vanishes (Telegdi 1959), if a, = 1/(v4 — 1) which corresponds

to 7, = 29.3 and a muon momentum of 3.094GeV/c, where v, = 1/,/1 — (vu/c)? and
v, is the muon velocity. The momentum needs to be accurate at the 10~ level for a
corresponding correction to be below the desired accuracy for a,. For a homogeneous
field the magnet must have iron flux return and shielding. To meet this, the particular
momentum requirement and to avoid magnetic saturation of the iron a device of 7m radius
was built. It has a C-shaped iron yoke cross section with the open side facing towards the
center of the ring. It provides 1.4513T field in a 18cm gap. The magnet is energised by 4

superconducting coils carrying 5177A current. The storage volume inside of a Al vacuum
tank has 9cm diameter.

The magnetic field is measured by a newly developed narrow band magnetometer
system which is based on pulsed nuclear magnetic resonance (NMR) of protons in water.
It has the capability to measure the absolute field value to ~50ppb (Prigl et al., 1996).
The field and its homogeneity are continuously monitored by 366 NMR. probes which
are embedded in the Al vacuum tank and distributed around the ring. Inside the storage
volume a trolley carrying 17 NMR probes arranged to measure the dipole field and several
important multipole components as well a fully computerised magnetometer built from all
non-ferromagnetic components is used to map the field at regular intervals. The accuracy
is derived from and related to a precision measurement of the proton gyromagnetic ratio in
a spherical water sample (Phillips et al. 1977). The field homogeneity at present is about
25ppm. It will be improved to the ppm level using mechanical shimming methods and a
set of electrical shim coils. The field integral in the storage region is known at present
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Figure 10. The observed muon spin precession signal in the new muon g-2 experiment
at Brookhaven.

to better than 1ppm in absolute terms at any time and field drifts of a few ppm/hour
were observed. Due to thermal insulation for the magnet yoke and active feedback from
the readings of the fixed NMR probes the field path integral can be kept constant within
0.1ppm.

The weak focusing is provided by electrostatic quadrupole field electrodes with 10cm
separation between opposite plates. They cover four 39° sections of the ring. The electric
field is applied by pulsing a voltage of +24.5kV for a few ms duration to avoid trapping
of electrons and electrical breakdown (Flegel and Krienen 1973).

Due to parity violation in the weak muon decay process the positrons are emitted
preferentially into the muon spin direction causing a time dependent variation of the
spatial distribution of decay particles in the muon eigensystem which translates into a
time dependent variation of the energy distribution observed by detectors fixed inside the
ring.

The improvements over previous experiments include an azimuthally symmetric iron
construction for the magnet with superconducting coils, a larger gap and higher homo-
geneity of the field, an electron/positron detector system covering a larger solid angle and
using segmented detectors and improved electronics. A major advantage is the two orders
of magnitude higher primary proton intensity available at the AGS Booster at BNL. A
new key feature will be the direct injection of muons into the storage volume using an
electromagnetic kicker as compared to filling the ring with decay muons from injected
pions which has been employed so far.

In order for the new muon g-2 experiment to reach its design accuracy besides the
field also the muon mass respectively its magnetic moment needs to be known to 0.1ppm
or better. An improvement beyond the present 0.36ppm accuracy of this constant can
be expected from both microwave spectroscopy of the muonium atom’s (p*e™) hyperfine
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Results from muon g-2

a, = (wo/wp)/(,u'n/l-l'p_ wo/wp)
b / U = 3.18334547 £ 0.16 ppm

a, (BNL, 1997) = 1.165925 X 10™* + 13 pprd

0, (combined) = 1.166923 X 10~ + 6.2 pprl

CERN pos. muons

————

CERN neg. muons

—_—

CERN combined

———————

BNL pos. muons

——— .
+0.35ppm All combined

Theory
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1165900 1165920 1165940
magnetic anomaly of the muon [1 0'9]

Figure 11. Results from the startup run of the new muon g-2 experiment.

structure and from laser spectroscopy of the muonium 1s-2s transition (Jungmann 1994).

Provided the systematic uncertainties, which mainly arise from the knowledge of the
convolution of the muon distribution in the storage volume and the magnetic field there
as well as from imperfections of the electronics and muon losses, can be controlled at the
1077 level, only the statistical error remains of concern. It is given for the asvmmetry
frequency w, by

oy _ ©
Wa waA'YTu\/E

where A is the observed decay asymmetry and N, the recorded number of decays. There-
fore besides the number of particles in particular a large decay asymmetry is desired.

The experiment achieved in its startup run 1997 a measurement of value for the muon
magnetic anomaly to 13ppm. It is in agreement with previous CERN results and with
theory. The near future will show whether there is new physics to be expected, when the
statistical uncertainty can be significantly lowered.

The main means to achieve this, the electromagnetic magnetic kicking device, could be
shown in summer 1998 to allow muon injection yields of more than one order of magnitude
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larger than with pion injection.

According to the standard theory an elementary particle is not allowed to have a finite
permanent electric dipole moment (edm) as this would violate time reversal symmetry.
An edm of the muon would manifest itself in the Brookhaven g-2 experiment in a time
dependent up down asymmetry of decay positrons which can be searched for along with
the muon g-2 measurements (Farley and Picasso 1990). The new g-2 experiment will be
sensitive to yield here a 10 fold improvement over the present limit at 3.7(3.4)x1071°
e cm. A very promising approach seems to be the proposed much more sensitive search
for a muon edm in a dedicated succeeding experiment (Semertzidis et al. 1997). Major
modifications of the present g-2 magnet setup would be required which involve the ap-
plication of a radial electric field to compensate g-2 precession and the switching from
electrostatic to alternating gradient focusing by replacing the pole tips of the magnet
with appropriately shaped pieces of iron. In case of a finite electric dipole moment a
time dependent asymmetry in the muon decay rates counted above and below the storage
region is expected as a signature. Such an experiment may achieve up to four orders of
magnitude improvement and could reach a level of sensitivity at which several theoretical
models, particularly those involving supersymmetry, could be tested. For some models
the sensitivity to new physics would be higher than for edm searches of the electron or
the neutron, particularly if the effect would scale nonlinear with the mass of the leptons.

3 Muon decays

3.1 Allowed muon decays

Muons can originate from pion () decays. This process is dominant in the production
of cosmic ray muons after pion production through the bombardment of nuclei in the gas
molecules of the atmosphere by energetic protons of cosmic origin. Cosmic muon fluxes
at sea level are about 180 particles/(m?s). Pion creation in nuclear reactions with proton
beams is also employed in todays meson factories — laboratories which muon fluxes of
up to a few times 10°/sec can be obtained. The positive (negative) muon itself decays
mostly into a (positron) electron and two neutrinos.
7r+—>/ﬁ+1/u ; pr=et v+ 7,
o+, p e+t

These equations reflect the fact that the negative muon is a particle, the positive muon an
antiparticle as antineutrinos are indicted by overlining. Both pion and muon decays are
due to the weak interaction and violate parity-conservation (Garwin et al. 1957, Friedman
and Telegdi 1957). The non-conservation of parity in pion decay causes the spin of
the positive (negative) decay muon to be directed against (in) its propagation direction,
because neutrinos only have negative helicity. In a positive (negative) muon decay the
positrons (electrons) are preferentially emitted in (against) the direction of the muon spin.
This effect is widely used experimentally to determine the average spin of a muon ensemble
after their decay. The maximum kinetic energy of the decay positrons or electrons is
Epax = 52.3MeV corresponding to half the muon mass and the assumption of negligible
muon neutrino mass.
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Figure 12. Feynman diagram describing the weak process of muon decay.

The probability with which the positron is emitted in a certain direction within a cer-
tain energy range can be calculated by integrating over the neutrinos’ momenta, because
they usually cannot be observed. The double differential distribution W (6, €) of the decay
positrons with respect to the spin of the muon is given by

d*W = W(0,¢)ded(cos )

G?mS _
= Tt (3—2¢) € [1 + (ge 21) cos 0} de d(cos ), (3)

19273

— €

where € = E/E,,, and 6 is the angle between the muon spin and the momentum of
the emerging positron. The asymmetry in the angular distribution is a consequence of
parity violation in the weak interaction. The energy spectrum of the posi’rons or electrons
follows from Equation (3) by only integrating over cos @

dW(e) = W(e)de = [2(3 - 26)62/7'“:’ de, (4)

with the muon lifetime
G*mS,
= 5
= 19275 ©)
the experimental value of which is 7, = 2.19703(4)x10~%s (Caso et al. 1998).

The asymmetry factor preceding the cosine function in Equation (4) depends on the
positron energy and for an ensemble of muons with polarisation P the asymmetry is

a(e) = 2¢—1

T 3—2
For decay positrons in the same plane as the muon spin gives
AN+
de
and for the decay electrons in the p~ decay

dN,-
do

xP . (6)

~ (1+acosh)

~ (1 —acos#).
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(a) (b)

Sy, spin - direction s,

7' -decay

Figure 13. a) pion decay in the pion rest frame, the spin directions § are indicated. b)
muon decay in its rest frame.

@ b) |
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Figure 14. Muon decay. The rate of the decay positrons is given in a polar diagram
with an angle 0 with respect to the muon spin. (a) Averaged over all positron energies the
asymmetry parameter a is 1/3. For negative muons a is —1/3 and the electron is emitted
predominantly against the direction of the muon spin. (b) For the highest energy positrons
a equals 1.

integrated over all energies a = 1/3. For the highest energies a = 1 (see figure 14).

The spectral shape of the muon decay energy spectrum reflects the V-A nature of the
decay process. Using a parametrisation of Michel other interaction types can be excluded
in precision experiments determining the so called Michel parameters (Scheck 1978, Caso
1998).

A 1.4(0.4)% fraction of all muons decays with the additional release of a photon
according to
pt et v+ 4y
Due to a radiative correction process involving an intermediate photon which vanishes
into a electron positron pair, there is a rare decay mode

/,ﬁ 4)€++I/6+Z+6++67,
which has a 3.4(0.4)x107° branching ratio (Caso 1998).

Through Equation (5) a strong relation between 7,, m, and G is established. Since
radiative corrections due to QED effects to this equation are known well, a precise mea-
surement can yield an accurate value of the G, which is one of the most fundamental
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W(e),/2=(3-26)¢%

a=(2e-1)/(3-2¢)

rel. number W(e)-rulz / asymmetry a(e)

:;-L-J,LLL1 ,14J Ll I 111 ‘ - ] 1111 J L1l ‘ L1l ‘ L1l ‘ | 1
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Figure 15. The relative number W (e) and the asymmetry a of the spatial distribution
versus the energy of the decay positrons. For low energy positrons the asymmetry is
negative.

constants in the electroweak model. Improvements are desired, particularly since other
important weak constants like the Z boson mass are precisely known from experiments at
LEP, for example. There are at present three efforts at BNL, RAL and PSI to improve
7, to the 1ppm level (Navarria et al. 1998, Nagamine et al.1998, Carey et al. 1998).

3.2 Lepton number violating muon decays

To date experiments indicate the conservation of lepton quantum numbers. This fact
can be described in several different solely empirical laws (Zeldovitch 1952, Pontecorvo
1959, Cabbibo and Gatto 1960, Konopinski and Mahmoud 1953, Feinberg and Weinberg
961,,Cabbibo 1961), some of which follow additive and some obey multiplicative, parity-
like, schemes. Experiments have given no indication yet for favouring any of them. The
standard model states for every lepton flavour a separate additively conserved quantum
number. However, such lepton numbers have no status, unless their conservation can be
associated with a local gauge invariance (Halprin and Masiero1993). Mixings between
different generations are well known in the quark sector and the Cabbibo-Kobayashi-
Maskawa matrix (Kobayashi and Maskawa 1973), relates the weak quark eigenstates with
their mass eigenstates. A familiar example are the K%-K° oscillations. At present we are
left puzzled why leptons do not show any similar mixing. Recent experimental hints for
neutrino oscillations, which have a potential for changing this situation, are not covered
here (see e.g. Stone 1998).

Many extensions to the standard model have been proposed and are presently dis-
cussed which try to explain further some of its not well understood features like e.g.
parity violation in weak interaction or particle mass spectra. They are put by hand into
this remarkable theoretical framework which appears to serve as an extremely robust
description of all confirmed particle physics. Lepton flavor violation (LFV) appears nat-
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urally in such models which include Left-Right-Symmetry, Supersymmetry, Technicolor,
Grand Unification, String Theories, Compositeness, and many others. Such models con-
tinue to stimulate experimental searches in a large range of energies. With some low
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Figure 16. Dedicated searches for lepton number violating processes involving muons
(1) and kaons (K). Recent K experiments and pre™ et conversion ezhibit the most
significant gains in sensitivity. Points in 1998 and beyond are projections of possibilities
by the respective experimenters.

energy experiments new physics can be probed at mass scales far beyond the reach of
present accelerators or those planned for the future.

Highest sensitivity has generally been reached in dedicated search experiments partic-
ularly on Kaons (K) and muons (x) (Table 3), where also a high discovery potential for
new physics exists (Mohapatra 1993), as well as in non accelerator experiments searching
for neutrino-less double §-decay. The decays of heavier objects created in high energy
collisions, however, can be observed less accurately. The progress in the K and p field
is indicated in Figure 16 which shows more than 10 decades of improvement since the
first experiments in the late 1940’s. The highest recent gain in sensitivity is for muonium
(M=pte™) to antimuonium (M=p"e*) conversion due to a new, yet unused signature
(see Section 3.5).

The decay ;1 — ey was the first to be searched for shortly after the muon’s nature
as a heavy electron-like particle became apparent. Searches for rare and forbidden muon
decays have been among the most precise experiments in physics since and have always
been of special interest in the context of unified gauge theories, as they can provide
accurate tests of speculative models and because of the achievable experimental precision
they may be able to discriminate between these (Vergados et al. 1994). Recently forbidden
muon decays have attracted attention, when their possible sensitivity to effects arising
in minimal supersymmetry (SUSY) were discussed in theoretical studies (Barbieri et al.
1995). It was pointed out that for values of tan 8 ( the ratio of the vacuum expectation
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decay limit
AN e 2.5x10~6 (Bugge et al. 1996)
VAN 7.3x1076 (Bugge et al. 1996)
AN S 1.0x107° (Bugge et al. 1996)
DY = e 1.9x107° (Freyberger et al. 1996)
DY = 7Oue 8.6x107° (Freyberger et al. 1996)
D -  Dpue 3.4x107° (Freyberger et al. 1996)
B — e 5.9x1076 (Ammar et al. 1994)
B —  re 5.3x107* (Ammar et al. 1994)
B — 7 8.3x10™* (Ammar et al. 1994)
B — K pe 1.8x107° (Ammar et al. 1994)
T = ey 2.7x1076 (Edwards et al. 1997)
T =y 3.0x1076 (Edwards et al. 1997)
K, — pe 2x107 1 (Molzon 1998)
Ky — 7 3.2x107° (Belz 1998)
Kt —  xtpe 4x10~1 (Zeller 1998)
pt = ety 2.5x1073 (Eitel 1995)
m - eee 1x10712 (Bertl et al. 1985)
m - ey 3.8x1071! (Cooper et al. 1997)
p Ti — e Ti 6.1x10713 (Egeli et al.1998)
p~Ti —  etCa 1.7x10712 (Kaulard J et al. 1998)
prew — pet Gy <3%107°Gp  (Meyer et al. 1997)
®Ge —  Se eTe Typ>1.2x10%y (Klapdor and Hirsch 1997)
my, (Maj.) < 0.45eV  (Klapdor and Hirsch 1997)

Table 3. Recent upper limits on lepton number violating processes (90% C.L.).

values of the two Higgs fields involved) which exceed about 3, the branching ratio should
be above ~ 104 for a decay p — ey and above ~ 107! for u — e conversion on a Ti
nucleus, almost independent of all other parameters in the model. This has stimulated a
letter of intent to the Paul Scherrer Institute (PSI), Switzerland, and a proposal to BNL
to search for the respective processes.

In the field of searching for SUSY effects in low energy experiments rare decay experi-
ments are in some competition with the just started new precision measurement (Miller et
al. 1997) of the muon magnetic anomaly a, where the contribution from SUSY is of order
a,(SUSY) = 140x10~ " tanx (100GeV/m)? with 7 the mass of the lightest SUSY par-
ticle (Chattopadhyay and Nath 1996). The measurement goal is Aa,(expt) = 40x107!!
and should be reached around the year 2001.

3.3 u — ey decay

The signature of a i — ey event is a 52.8MeV positron emitted back to back with a
52.8MeV photon. The MEGA experiment at the late Los Alamos Meson Physics Facility
(LAMPF) consisted of a magnetic spectrometer to observe the charged final state particle
and three pair spectrometers for detecting the photon through its ete™ pair creation in
lead converters. Random coincidences at high rates are reported as major background.
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Data taking is completed and 16% of the data could be analyzed leading to an upper limit
on the branching ratio of 3.8x10~'! (Cooperet al.1997) which slightly improves the value
of 4.9x10~ 1! established in a crystal box detector also at LAMPF (Bolton et al. 1988).

At PSI new efforts are being discussed to reach a sensitivity of about 5x1071 for
this decay mode within the next couple of years. The suggested instruments include
solutions like a large solid angle magnetic spectrometer for the e’ surrounded by a crystal
calorimeter for the 7, or liquid Xe calorimeters for the v and others (Schaaf et al. 1998).

It should be noted that the tightest bounds on bileptonic gauge bosons, which are
common to many speculative standard model extensions, come from p — ey, if flavour
democracy is assumed (Zeller 1998).

3.4 u — e conversion

Many constraints for speculative models arise from the present experimental bound on the
conversion process i + Z — e + Z (Table 3), which is the tightest for all studied lepton
number violatimg (LNV) decays. The variety of theoretically possible processes that
can be tested includes, e.g. supersymmetric loop graphs, heavy neutrinos, leptoquarks,
compositeness, Higgs bosons and heavy Z' bosons with anomalous couplings. Generally it
is more sensitive to new Physics than p — e in a wide class of models where the process
is generated at the one loop level (Raidaland Santamaria 1997).

The process needs to involve a nucleus to assure elementary conservation laws. If the
nucleus is left in its ground state, a conversion event is signaled through the release of
a 105MeV electron, which is uniquely distinguishable from normal muon decay electrons
ranging up to 53MeV. Among the physically relevant intrinsic background processes is f
decay in the atomic orbit after a muonic atom has been formed, which can release much
higher energetic electrons, and radiative muon capture, where the photokinematic end
point can be close to the signal electron energy.

The ongoing SINDRUM 1I experiment uses the world’s brightest continuous muon
channel 7 E5 at PSL. Their new results limit the branching ratios 4~ Ti — e*Ca% to below
1.7x10~12 for the Ca nucleus in the ground state (Kaulard et al. 1998), = Ti — e*Ca%P®
to below 3.6x10~!! leaving Ca with giant dipole resonance excitation (Kaulard et al.
1998), and p~Ti — e Ti to below 6.1x107' for Ti in the ground state (Eggli et al.
1998). For the ground state processes the nucleons interact coherently which enhances
the possible effect. In order to boost accuracy in the near future the SINDRUM 1II
collaboration wants to take advantage in the gain of muon flux through a 7 ——p converter,
a novel superconducting device in the beam line which collects 7’s and releases only
w's with very low 7 contamination. The latter point is essential as 7’s are a source of
potential background due to nuclear reactions. The projections of the collaboration for
the achievable limit in the coherent p~Ti — e~ Ti case are in the 10~* region.

The new Muon Electron Conversion (MECO) experiment proposed at BNL (Molzon
et al. 1997) (see Figure 17) is very close in its design to a proposal by Lobashev and col-
laborators for the Moscow Meson Factory. The setup consists of a target station for 7/p
production which uses a proton beam from the AGS accelerator, an S-shaped transport
and purification section and a detector the basic idea of which is to let electrons from
normal muon decay pass without being seen and to observe only the 105MeV signal elec-
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Figure 17. The MECO ezperiment planned at BNL (Molzon et al. 1997).

trons. The goal is the 1071 level in sensitivity, which will stringently test supersymmetric
models; there is an anticipated ultimate capability for 10718 .

3.5 upte” — p e’ conversion

The hydrogen-like muonium atom consists of two leptons from different generations. The
close confinement of the bound state offers excellent opportunities to explore -precisely
fundamental electron-muon interactions (Hughes and zu Putlitz 1990). Since the effect of
all known fundamental forces in this system are calculable very well mainly in the frame-
work of quantum electrodynamics (QED), it renders the possibility to search sensitively
for yet unknown interactions between both particles. A M-M-conversion would violate
additive lepton family number conservation and is discussed in many speculative theories
(see Figure 18). It would be an analogy in the lepton sector to K°-KO oscillations.

AT
: Wgr. . Wi
e : et e ® - '.
(a) (b) Ve
ut : et ut :
o o
e : u- e :
() (d)

Figure 18. M — M conversion in theories beyond the standard model. The interaction
could be mediated by (a) a doubly charged Higgs boson AT+ (Halprin 1982, Herczeg and
Mohapatra 1992), (b) heavy Majorana neutrinos (Halprin 1982), (¢) a neutral scalar @y
(Hou and Wong 1996), e.g. a supersymmetric T-sneutrino v, (Halprin and Masiero 1993,
Mohapatra 1992), or (d) a dileptonic gauge boson X+ ( Fujii et al. 1994).
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separator

The setup at PSI (Figure 19) (Abela al. 1996) is designed te employ the signature
developed in a predecessor experiment at LAMPF, which requires the coincident identi-
fication of both particles forming the antiatom in its decay (Matthias et al. 1991, Will-
mann and Jungmann 1997). Muonium atoms in vacuum with thermal velocities, which
are produced from a SiO, powder target, are observed for antimuonium decays. Ener-
getic electrons from the decay of the p~ in the antiatom can be observed in a magnetic
spectrometer at 0.1T, consisting of five concentric multiwire proportional chambers and
a 64 fold segmented hodoscope. The positron in the atomic shell of the antiatom is left
behind after the decay with 13.5eV average kinetic energy (Chatterjee et al. 1992). It
can be accelerated to 7keV in a two stage electrostatic device and guided in a magnetic
transport system to a position sensitive microchannel plate detector (MCP). Annihilation
radiation can be observed in a 12 fold segmented pure CsI calorimeter around it.

The relevant measurements were performed during in total 6 month distributed over 4
years during which 5.7 x10'° muonium atoms were in the interaction region. One event fell
within a 99% confidence interval of all relevant distributions (Figure 20). The expected
background due to accidental coincidences is 1.7(2) events. Thus an upper limit on the
conversion probability of Py < 8.2x107!/Sg (90% C.L.) was found, where Sg 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 M and
M. The reduction is strongest for (V£A)x(V+A), where Sg=0.35 (Horrikawa and Sasaki
1996, Wong and Hou 1995). This yields for the traditionally quoted upper limit on the
coupling constant in effective four fermion interaction Gyg < 3.0x1073Gp(90%C.L.)
with G the weak interaction Fermi constant.

This new result, which exceeds bounds from previous experiments (Matthias et al.
1991, Gordeev et al. 1994) by a factor of 2500 and the one from an early stage of the
experiment (Abela al. 1996) by 35, has some impact on speculative models. A certain
Zs model is ruled out with more than 4 generations of particles where masses could be
generated radiatively with heavy lepton seeding (Wong and Hou 1994).

A new lower limit of my++ > 2.6TeV/c? *gs (95% C.L.) on the masses of flavour
diagonal bileptonic gauge bosons in GUT models is found well beyond the value derived
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Figure 20. Time of flight (TOF) and vertez 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 8 standard deviations area.

from direct searches, measurements of the muon magnetic anomaly or high energy Bhabha,
scattering (Fujii H et al. 1994, Zeller 1998). Here g, is of order 1 and depends on the de-
tails of the underlying symmetry. For 331 models this translates into my++ > 850GeV /c?
which excludes their minimal Higgs version in which an upper bound of 600GeV /c? has
been extracted from an analysis of electroweak parameters (Frampton and Harada 1997
, Frampton 1997). The 331 models may still be viable in some extended form involving
a Higgs octet (Frampton 1998). In the framework of R-parity violating supersymmetry
(Mohapatra 1992, Halprin and Masiero 1993) the bound on the coupling parameters could
be lowered by a factor of 15 to | A;32A35; |[< 3x107* for assumed superpartner masses of
100GeV/c?. The achieved level of sensitivity allows one to narrow the interval of allowed
heavy muon neutrino masses in minimal left-right symmetry (Herczeg and Mohapatra
1992) (where a lower bound on G,z exists, if muon neutrinos are heavier than 35keV) to
~ 40keV/c? up to the present experimental bound at 170keV /c2.

In minimal left right symmetric models, in which MM conversion is allowed, the process
is intimately connected to the lepton family number violating muon decay pt — et + v+
Ue. 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 (Herczeg
1997, Athanassopoulos et al. 1994).

The consequences for atomic physics of muonium are such that the expected level
splitting in the ground state due to M — —M interaction is below 1.5Hz/+/Sp reassuring
the validity of fundamental constants determined in muonium spectroscopy.

A future M — —M experiment could take particularly advantage of high intense pulsed
beams. In contrast to other LNV muon decays, the conversion through its nature as
particle-antiparticle oscillation, has a time evolution in which the probability for finding
M in the ensemble remaining after muon decay increases quadratically in time, giving
the signal an advantage growing in time over major exponentially decaying backgrourn
(Willmann and Jungmann 1997).
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4 Theory of the muonium atom

4.1 One-electron atoms
4.1.1 Dirac theory of the gross and fine structure

The total energy of an electron bound in an one-electron atom (Bethe and Salpeter 1957)
can be expressed as

Etot(naj’ lv F) = ED(”)j) + ERM(n)ja l) + EQED(naj7 l)
+E'HFS (Tl, j; l; F> [) + Estrong + Eweak - Eexoticy (9)

with the principal quantum number n, the electron angular momentum Jj, the the orbital
angular momentum I/, the total angular momentum F, and the nuclear Spin I. The
dominant part is the Dirac energy Ep(n,j) which is an eigenvalue of the Dirac equation
for an electron of rest mass m, bound to a point-like nucleus of infinite mass and with a

charge of Zxe which creates a potential V = —Za/r,

Ep(n,j) = mec® (f(n,j) - 1), (10)
where m, represents the electron mass and ¢ is the speed of light. The function f(n, j) is
given by

Za \2 72
) =11 11

i) = 1+ (22)] )

with

e:j+%—¢6+é>{wz®? (12)

The Dirac theory describes the system to the fine structure level. The finite nuclear
mass is taken into account by a reduced mass Egry correction to Ep. This contribution
is composed of two parts

Erm(n, 4,1) = Exrrm + Errm(n, 4, 1). (13)
The first one describes the classical nonrelativistic reduced mass term
m,
ExrrMm = (- = 1) Ep (14)

and the second one is the relativistic reduced mass effect which arises in the full relativistic
treatment of the two-body problem

m2c? , 2 (Za)'mic® [ 1 1
] — S = 1 L - 1 - 5
Errm(n, j,1) 3(me + ) (f(n,3) = 1"+ omimy \jti It} ( 1),
(15)

and which depends also on the orbital angular momentum . Higher order terms are
neglected. The reduced mass is defined by the expression

my = mempy /(me + mpy). (16)

Additional corrections will be discussed .below. They arise from quantum electro-
dynamical effects (Eqgp(n,7,1)), the hyperfine interaction (Eurs(n, 3,1, F)), the strong
interaction (Egirong, which enters indirectly through the QED effect of vacuum polarisa-
tion), the weak interaction (Eyeax, due to Z boson exchange), and possibly from exotic
processes (Eexotic), which are s far not provided in standard theory.
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4.1.2 QED corrections — Lamb shift

The deviations of the real atomic levels from the fine structure level energies as predicted in
the Dirac theory and corrected for a finite nuclear mass can be calculated to high precision
within the framework of QED. They are referred to as the Lamb shift and originate mainly
from radiative corrections to the electron propagator, from vacuum polarisation, from
nuclear motion and from the effects of nuclear motion in radiative corrections (combined
effects). Nuclear motion can be taken into account in a first approximation using the
reduced mass concept. Further corrections (in higher than first order of the mass ratio)
due to the dynamics of the nuclear motion in the system are traditionally called recoil
corrections. The QED corrections depend most of all on the probability density of the
electron wave function at the origin (important for the for s-states) and the expectation
value for 7%, both of which are proportional to 1/n%. The theoretical work over the
last four decades has been reviewed recently by Sapirstein and Yennie (1990) and Yennie
(1992). Therefore we quote the major results.

9

(a) (b)

Figure 21. Lowest order contributions to the Lamb shift. (a) Electron self energy.
(b) Vacuum polarisation correction to the potential. The heavy lines represent the
electron in an external static nuclear field.

For electronic atoms the dominating contribution arises from one-photon radiative
corrections to the electron propagator (self energy and anomalous magnetic moment)
and from vacuum polarisation effects to the potential. (In the case of muonic atoms the
situation is reversed: The vacuum polarisation dominates over the self energy part.This
makes muonic atoms particularly interesting for studying vacuum polarisation effects.) In
the non-recoil limit (derived for infinite nuclear mass, and with the additional inclusion
of the reduced mass dependence, which for example describe the scaling of the wave
functions, and mass corrections for the magnetic moments) they amount to

) mecta(Za)t
AEonefloop(nyja l) = #Fn(za) (17)

where
Fn(ZCY) = A40(n) + A41 (n) In (O'(Za)_Q) + (ZQ)A50(71)
+(Za)? [G(n, Za) + Aqi (n) In (0(Z0)2) + Agy(n) In’ (0(Za)™)] (18)
with o = m,/m,. The coefficients A,, from expansions in o (Za)? In?(Za)~2, where r cor-

responds to the number of emitted and re-absorbed virtual photons, have been calculated
analytically:

Ag(nS) = [LQO {*%}VP — gln (kg(nS))] (@)3
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Aw(n, 1 #0) = [2(210\11)} (:Z—:)z + [—g Inky(n,l # O)J <:Z—T>3

471 /m,\3

Autns) = [3] (%)
139 (5 1 m,\3

, =420 Lol
Aso(n5) F[128 +{192}vp 2 J(m)
28 21 2J<mr>3
3 2 15) \m,
6,

2

ot = [Fua T2
|
E

A (1S) =
b
) (o)

Apa(nS) = —[1] (5)3

where In ko(n, ) denotes the Bethe logarithm with the values (Huff 1969)

A61(2P)5) =

A61(2P3/2) =

Inko(1S) = 2.9841285559(3)
Inko(25) = 2.8117698932(5) (20)
Inko(2P) = —0.030016 708 9(3).

The expressions arising from vacuum

polarisation are indicated in {}vp brackets. The
non-logarithmic terms G (n, Za)

of order m.a(Za)® and higher orders are available nu-

merically:
m,\ 3
G(n,Z0) = [Gse(n, Za) + Gyp(n, Za)] (m ) (21)
with the self energy contributions
Gse(18) = [-30.3+1.5]
Gse(25) = [-32.141.5] (22)
Gse(2Pip) = [~0.840.3]
Gse(2Ps2) = [~0.5+0.3]
(23)
and the vacuum polarisation terms
4 1289 19 72
P = —1 2 -_—
Gyp(LS) [ T <45 27) - O(Za)J
743 19 7#?
= — 2
Guol2s) = [ o +(5-%) +0(za)| 24
P, = |-— (Z
Gvp(2Py)) [ 140+O Q)J
1
Gvp(2Pyp) = [ +O(Za]
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where Cj; = 2(j — {)/(j + 1/2). Recently analytical expressions for some of the lowest
order contributions to G(n, Za) for the 1S state were presented by Pachucki (Pachuki
1992, Pachucki 1998). He obtains G(1S) = —31.04309(1) in agreement with the results
in Equation (24).

The Lamb shift is largest for s-states, since they have a finite probability density at
the origin. Not included in the expressions of Equation (19,24) are vacuum polarisation
loops formed by particles different from the electron ( muons, taus, hadrons). In general
they contribute proportional to the inverse square of their masses. For example muons
contribute (m,/m,)* ~ 2.3x107° as much as electrons. For the classical Lamb shift this
is of the order of 600Hz. The hadronic contribution to the s-states is of relative order
o(Za)*(me/my)? (Brodsky and Drell 1970), where m, is the pion mass. Fortunately
it can be calculated in detail without knowledge of the underlying strong interaction
theory using input data from the measured ratio of the total cross sections o(ete™ —
hadrons)/o(ete™ — ptu™).

So far the expressions are valid for small m,/my ratios only. In the case of positron-
ium one needs to take into account the self energy of the positron as well as the spin orbit
coupling effects caused by the anomalous magnetic moment of the positron (Sapirstein
and Yennie 1990). The positronium atom further needs corrections for the hyperfine
splitting of order a?Ry/n3. For the triplet states the annihilation into a single virtual
photon causes an upward shift of the order a®Ry,/2n®. The relativistic recoil (also known
as Salpeter correction) contributes to relative order (Za)m?2/(m,my) and can be de-
rived from the Bethe-Salpeter equation (Salpeter 1952). The Breit equation (Breit and
Meyerott 1947) used formerly is not appropriate since it misses terms of that order. We
have

3¢2 (Za)® (2 1 1
AE;q_rec(n, 1) = ﬂ( a) {5(5!0111 (——) 81nk0(n,l)~§610—zan

mempy N3 Za) 3 3
2 9 1 M, 9, My
_W(Slo [mN In E—me In o ]
2.2 6
mac? (Za) (4 2 — Z) 7
my n3 2
where the state dependent function a, (Erickson 1977) is
2 1 1 1 1—dp
=—-2|ln— (1 = ~) 1——}(5 —_— 25
i [nn+ MY R KU TRy oy (25)

Recoil terms of order (Za)®m?2/my have been recently presented by Erickson and Grotch
(1988) and Doncheski et al. (1991).

The precision achieved both in experiment and theory has reached a level where the
separate treatment of radiative and recoil corrections does not provide results of sufficient
accuracy. Combined effects have to be taken into account. The effect of nuclear recoil in
radiative corrections (radiative-recoil) has been calculated by Bhatt and Grotch (1985)

fo be 35 7333

—1 2———0.415:&0.004)6 . 26
( 47 7960 0 (26)
The inverse my dependence of the relativistic-recoil and the radiative recoil terms causes
a significant difference in the Lamb shift for hydrogen and muonium where they are larger

by the ratio m,/m, ~8.9 of the proton to the muon mass.
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Higher order corrections of order o?

one-loop terms as

can be summarised in a way analogous to the

mea?(Za)t

AEjt.wo—loop(nv l,]) = 2n3 Hn(Za) (27)
The functions H,(Z«) are:
_ 4358 10 , 3 , 9 m,\3
Hs—states(Za) - [_ 1296 - 277I' + 27r In2 4<(3):| (Ee>
197 1 9 3 ] Cy; m,\ 2
non s—states = 5o Tt T In2+ e (_)
Hun s-swa(Z0) = [+ + gn® ~ w2+ 50)] gt (F0) 9

with the Riemann (-function {(z) = 3%, 1/v*.

Two-loop binding corrections of order a*(Za)® contribute —296.90(4)kHz for the 1s
and -37.112(5)kHz for the 2s state (Eides et al. 1992, Eides 1996, Pachuck 1994). Some
additional higher order radiative corrections have been recently calculated (Karshenboim
1993), they contribute at the few kHz and below level to the 1s and 2s Lamb shifts and
are of no concern for muonium yet.

The finite charge distribution within the nuclei of hydrogen-like systems with hadronic
nuclei give rise to a shift mainly for the s-states since they have the largest probability den-
sity within the nuclei. Assuming a spherical charge distribution of radius ry it amounts
for nonrelativistic systems to

ABsie—sine(n) = = (Za0)* (ﬁ)g (i) (29)

"~ 3nd me) X2
In principle, an influence of deviations from the spherical nuclear shape must be ex-
pected. For most practical cases, however, the mean square charge radius can be chosen
for < r% >. Combined effects of finite nuclear size with vacuum polarisation and radiative
corrections are of the order of a(Za)’x(m,/m.)*x(< r% > /X?) and can be neglected.
(For muonic atoms the nuclear-size effects are more important due to the larger overlap
of the muon wave functions with the nuclear charge density compared to corresponding
electronic states.)

4.1.3 Hyperfine structure

The interaction of the magnetic moment uy of the nucleus with spin I with the electrons
magnetic moment p. gives rise to the hyperfine structure splitting which is to a good
approximation given by the Fermi formula (Fermi 1930):

3 h¢Roo F(F4+1)—I(I+1)—j5(j+1)
n3 J(F+1)(21+1)

. me my
Eyrs(n, j, |, F,I) = (ZQ)QZgIm—N(l'HSQED) (ﬁ)

e

Here the term eqpp takes into account relativistic effects, radiative and recoil corrections
as well as the finite nuclear size and nuclear polarisability:

EQED = €rad T €rec T Erad—rec T Enucl—size + €nucl—pol (31)
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value reference

10 973 731.568 639(91) (de Beauvoir et al. 1997
Udem et al. 1997)

1/ 137.0360037(33) (Jeffrey et al. 1997
Cage et al. 1989

0.51099906(15) (Cohen and Taylor 1987)

Rydberg constant R,

fine structure o

electron mass Me

muon mass m,, [MeV/c?] 105.658389(34) (Cohen and Taylor 1987)
proton mass m,, [MeV/c?] 938.27231(28) (Cohen and Taylor 1987)
deuteron mass my [MeV/c?] 1875.61339(57) (Cohen and Taylor 1987)
electron g-factor g, 2.002319304386(20) (Cohen and Taylor 1987)
muon g-factor g, 2.002331846(17) (Cohen and Taylor 1987)
proton g-factor g, 5.585694772(126) (Cohen and Taylor 1987)
deuteron g-factor g, 1.714876460(48) (Cohen and Taylor 1987)
mass ratio my, /m, 206.768262(30) (Cohen and Taylor 1987)
mass ratio my,/m, 1836.152701(37) (Cohen and Taylor 1987)
mass ratio my/m, 3670.483014(75) (Cohen and Taylor 1987)
proton size' r,, [fm] | 0.862(12) (Simon et al. 1980)
deuteron size r, [fm] | 2.116(12) (Ericson et al. 1984)
speed of light ¢ [m/s] | 299792458 (Cohen and Taylor 1987)
Planck constant & [eVs] 4.1356692(12)x107®  (Cohen and Taylor 1987)
Fermi const. Gp/(he)3 [GeV™?] | 1.16639(1)x 105 (Caso et al. 1998)

sin® Oy (MS) 0.23124(24) (Caso et al. 1998)

muon lifetime 7, [ps] | 2.19703(4) (Caso et al. 1998)

Table 4. Fundamental constants necessary for the calculations of bound two body level
structures and transition frequencies. [1For the mean square charge radius of the pro-
ton the results of the most recent electron scattering experiment were taken. An earlier
published value (Hand et al. 1963) has been shown to be wrong due to an error in the
extrapolation of experimental data to low momentum transfer. A re-analysis yields agree-
ment with the new results (Rosenfelder 1992).]

For the muonium atom, where nuclear structure effects are absent, the ground state
splitting between the F=0 and F=1 levels can be expressed as

3

16 Me

AV}]}/{:‘S = ?(Za)2Roo:j‘: [1 + - J (1 -+ €rad + Erec + 5rad~rec) (32)
w

+AVstrong ok AI/weak + Ayexotim

Using
R, = OZQQL}:CQ (33)
we have
Avihe = S(Za)‘lc?(%)% ll + ::J 3 (1 + €rad + Erec + Erad—rec) (34)

+AVstrong + AVweak S5 AVexotic:

which is a powerful relation for an accurate determination of the fine structure constant,
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S AR as the quantity m,/h can be determined accurately from measurements of the neutron de
ivoir et al. 1997 Broglie wavelength and well known mass ratios.
boals L) The radiative corrections to the hyperfine splitting of one-electron atoms are in low
et al. 1997 orders

al. 1989
and Taylor 1987) _ { 3 9 ( 5)

€rad = (1+4a 1+ -(Za)*+ac+a(Za) (In2 — =
and Taylor 1987) ad (1+a,) 3% (Zed 2
and Taylor 1987) 8a(Za)? ( 281
and Taylor 1987) ~ gy Z0) | IniZe/1)+ @)
and Taylor 1987) a(Za)? a*(Za)
and Taylor 1987) + - (16.9042 £ 0.11) + e (0.7717 £ 4) p .
and Taylor 1987)
and Taylor 1987) The nuclear recoil contributes
and Taylor 1987) 3Za mem m (Mo Zax)? 1 65
_ u i T

and Taylor 1987) €rec = — T m2 —m? In E + mem, [2 In 270 6ln2+ E} . (35)
and Taylor 1987) K
et al. 1980) ‘ The radiative recoil correction to the hyperfine interval is

et al. 1984) N 13 o
and Taylor 1987) e = 22 fgne ey B T ) 4 (36)
wnd Taylor 1987) Ty, me 12 me 2

al. 1998) 35 «a [ 4 amy 4. ,m, my })
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al. 1998)

From the hadronic vacuum polarisation there is a shift due to strong interaction.
und two body level

=3
radius of the pro- A _ 8 Za)ic2(Mey e [1 I %} 37
taken. An earlier strong 3( e h ),uB (37)

to an error in the a(Za)m, omy, 13 m, 21
alysis yields agree- x1.91(0.26) x 2 ('2 In” ==+ —In —=— +((3) + C(Q)) )

momy, me 12 m, 2
which amounts to 250Hz.
, the ground state
4.2 Weak interaction

F ) (32) The weak interaction through the exchange of a Z boson gives rise to an additional
contribution to the level energies. Because of the very short range of the weak interaction
due to the large mass (=~ 91GeV/c?) of the Z boson the interaction can be modeled as a
point current-current interaction with an effective vector-axial vector type Hamiltonian
(Bég and Feinberg 1974, Starshenko and Faustov 1983, Hinds 1988, Eides 1996):

Heff &= %ZN (Cevl\}/ We’}/pq}e TN’)/p\I}N + C(}/NA We’)’pklle EN’Yp'Yti\I’N
+ON Wer" 15 %e Un U + C 0oy 10 Uny, s Ty ) . (38)

Here Gp is the Fermi coupling constant-of the weak interaction, ¥, describes the
electron wave function and Wy runs over all the nucleons in the system. Although the
fundamental weak coupling of the electron is to the quarks within the nucleus (in case of
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hadronic nuclei), at low energies the nucleons may be considered as fundamental (Hinds
1988). In the case of muonium ¥y represents the muon. The coupling constants for
different nuclei are listed in Table 5. They are valid in the limit of low momentum transfer
and they can be expressed in terms of the electroweak mixing angle (Weinberg angle) Oy,
and the ratio of the axial vector to vector amplitude g4/gy with the experimental value
ga/gv = 1.2573(28) (Caso 1998).

vV VA AV AA
N CeN CeN CeN CeN

(1 —4sin® Op)? 4 (1 —4sin® Oy) (1 —4sin®Oy) A
Pl 73 2 ~ov

gv 2
I (1 —4sin’Oy) _ga (1—4sin?Oy)? 1 A
2 gv 2 2 qv
(1 —4sin? Oy)? (1 —4sin®Oy) (1 —4sin® Q) 1
7 ) 2 I 2

Table 5. Coupling constants for Z boson exchange between electron e and “nucleus” N
in hydrogen-like systems in the limit of low momentum transfer (Hinds 1988). Ow is

the Weinberg angle (weak mizing angle). g4/gy is the ratio of the azial vector to vector
coupling amplitude from neutron B-decay.

The Parity violating vector-axialvector (V A) and axialvector—vector (AV) terms will
not shift atomic energy levels to first order perturbation theory. Only the parity conserving
weak interactions can contribute significantly to the level energies. Theoretical work has
been performed for the s-states and for the hyperfine structure intervals of hydrogen and
hydrogen-like atoms by Bég and Feinberg (1974). Independent calculations by Starshenko
and Faustov (1983) on the weak effects on the hyperfine structure yield agreeing results.

4.2.1 Weak effects on s-States

The vector-vector (V'V') coupling causes a common shift of the s-state sublevels, since the
vectors current Wy, ¥ v is independent of nuclear spin. For the nS states in hydrogen-like
atoms with natural nuclei there is a significant shift (Bég and Feinberg 1974)
Z3\ V2Grm2aPmec?
A F
AELA (nS) = (F) 20 + o)+ (A- 2)(ClY +20kY)).
(39)
The expression reflects the basic coupling to the up- and down-quarks in the protons and
neutrons. For atomic hydrogen the weak interaction shift amounts to

2

2
AE[ . (nS) = %(206‘;‘/ +C.) kHz, (40)
and for deuterium to
D 21.6 v 4%
AF . (nS) = P (Cep +C.,") kHz. (41)
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In the muonium atom the coupling is between one electron and one muon. One finds

1 2G pm2a2m,c? 2 /
1) Ot g 2oy ke @

n3

AE\{\v/éak(nS) == (

n3 T

The contributions to the 1S-2S energy separations are 190Hz, 613Hz and 24Hz for
hydrogen, deuterium and muonium respectively. The accurate most recent 1S-2S mea-
surements in atomic hydrogen (Udem et al.) combined with the uncertainty of the QED
theory establish an upper bound of [2C%" + CrV] < 16.

4.2.2 Weak Effects on hyperfine structure

The axialvector—axialvector (AA) term contributes to the ground state hyperfine structure
splitting, since the axial current Wn7,75 PN is proportional to the nuclear spin. The
hyperfine splitting (Bég and Feinberg 1974, Starshenko and Faustov ) for hydrogen and
for muonium are affected significantly different by the weak interaction due to the different
muon-electron and nucleus—electron couplings. For the shift 6vpg e in hydrogen there
there is a relation

61/1{_IIFS eak GF‘M12V Me AA ga ga
W — - 1+—+CAHA]‘7_ | 43
AV}}IIFS 16\/§7r20z2 my ep ( gv> en ( gv) /( 0) (43)

1
~2.2x107%(Co" — 50;1;*),

where My is the nucleon mass and x,=1.79. Since the experimental error is far below
the theoretical uncertainty of ~ lppm one finds |C4* — §CA*| < 0.5. Unfortunately, no
improvement can be expected in the future, unless there will be a better understanding
of the proton’s internal structure from both the experimental and the theoretical side.

In the case of muonium one finds for the parity conserving weak effect

2V/2G pm2a’m,c?

6V%S,weak = 2 XCQLA, (44)
which yields with CQLA from Table 5
6V€I4F5,weak = 130><C£LA Hz = —65 Hz. (45)

The present uncertainty arising from the QED calculations for Avllg and the newest
experimental result (Section 5.1.1) fixes an upper limit at [Cg*| < 4 . Significant im-
provements in theory are possible with an improved muon mass and would reduce this
limit further.

Note that the signs of the weak effects in hydrogen and muonium are opposite. This
was discovered only recently by Eides (1996): If both particles in the atomic system
are different components of the same SU(2) doublet, as it is the case for hydrogen, the
signs of the electromagnetic and the weak interaction are the same. Since for the upper
and lower components of weak doublets the weak neutral current has opposite sign and
the neutral current interaction is identical for particles and antiparticles, the levels of
muonium, which consists of the antiparticle u and e~, are shifted with an opposite sign
compared to hydrogen.
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4.3 Exotic Interactions 4.4
Exotic interactions between electron and “nucleus” can contribute to the level energies. Inn
Therefore precise measurements can provide stringent bounds on the strength of such of T

processes. Of particular interest in this connection is for the muonium atom the possibility
of a spontaneous muonium to antimuonium conversion.

Various possibilities have been discussed in theory which could explain muonium-

antimuonium conversion. All proposed mechanisms of interest can be described by an S;) ra
effective V-A Hamiltonian (Halprin 1982, Herczeg and Mohapatra 1992) Blu;
Hyr = G% T (14 97) e (1 + )T, + he, (46)

(Kir
where G 37 is the coupling constant. In a field free environment the probability of a ond
system which starts as pure muonium to decay as antimuonium is due

. , of tl
Py = 2.6x1075 <—GA/;—M) . (47) :EL“
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Figure 22. Possible splitting § of muonium hyperfine levels due to muonium- \ 5.1.
antimuonium conversion.
The
The ground state of the coupled muonium-antimuonium system has eight energy eigen- field
states which are different from the four eigenstates of the uncoupled muonium and an-
timuonium atoms. Their energies have been calculated by Schéfer (Schifer 1988, Matthias
1991), as well as Wong and Hou (1995) and Horrikawa and Sasaki (1996). In the absence of |
external fields the muonium-antimuonium oscillations cause a splitting & of the hyperfine ‘
levels of s-states of whl
oper
— 519 and
Onwt (n5) = (M| Hy37[M) = —x(G\\37/Gr) H. (48) whic
(Gro

The effect is shown qualitatively in Figure 22. For the present experimental upper limit

on G 7 of 3x1073Gp(90%C.L.) (Meyer et al. 1997), this amounts to Oyr(1S) < 1.5Hz
in the ground state.
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4.4 Theoretical values for muonium transition frequencies

In muonium the 1s-2s level separation can be calculated using the fundamental constants
of Table 4 and is

Avy,_as(theory) = 2455528 934.1(1.4)MHz(0.6ppb). (49)

For the hyperfine splitting the latest compilation of all theoretical results (Karshenboim
et al. 1992, Eides 1996, Karhenboim 1996a, Pachucki 1996, Kinoshita and Nio 1997,
Blundell et al. 1997) yields

Avyrs (theory) = 4463 302 649(517)(34)(< 100)Hz (120ppb) (50)

(Kinoshita 1998). The first uncertainty arises from the muon magnetic moment, the sec-
ond one from the fine structure constant (from quantum Hall effect) and the last one is
due to uncalculated higher order terms. For systems with hadronic nuclei the structure
of these particles has to be taken into account. The influence on the hyperfine structure
splitting consists of two components: the effects of the charge distribution and effects of
the dynamics of the charge carrying constituents within the proton. In hydrogen the size
effects together with additional recoil contributions amount to ~ 33(1)ppm (Yennie 1992).
The nuclear polarisation effects are not well known. Their contribution is estimated to be
less than 4ppm (Hughes and Kuti 1983). Since muonium is free of these nuclear complica-
tions, the hyperfine structure splitting of the atom is ideally suited for testing bound state
QED, for investigating contributions from the weak interaction and for searching possi-
ble exotic interactions. With confidence in the theoretical calculations one can extract
accurate values for the fundamental constants that appear in the equations.

5 Microwave spectroscopy of muonium

5.1 Ground state hyperfine structure splitting
5.1.1 Ground State in external magnetic fields

The perturbation Hamiltonian describing the n =1 ground state in an external magnetic
field B is (Hughes and Kinoshita 1977)

m
Hz; = Appsl, - J + ppgsJ - B — m—euBgLIu - B, (51)
m

where Agrs is the ground state hyperfine structure splitting hAvHkg, 1, is the muon spin
operator, J is the electron total angular momentum, yp is the Bohr magnetron, and gy
and g, are the gyromagnetic ratios of the electron and the muon in the muonium atom
which differ from the free particle values g. and g, due to relativistic binding corrections
(Grotch and Hegstrom 1971)

2 a?m a2 o?m ol
RIS S = B
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The behaviour of the magnetic sublevels of the F=1 and F=0 hyperfine states in an
external magnetic field B is expressed by the Breit-Rabi formula (Hughes and Kinoshita
1977)

hA hA
E(n=1,F, My) = —g/,(me/m,)upMpB — % - (—1)F$\/1 +2Mpz + 22, (53)

where

T = (95 + g,(me/my))usB/(h Ayrs) ; T=1< B~0.1585T (54)
is the magnetic field parameter. The Breit-Rabi equation does not incorporate the effect
of higher quantum states. Such corrections of relative order (Avpps/Ro)? = 10712 are
negligible. Off-diagonal elements of the Hamiltonian Equation (51) to higher n states
would cause corrections of the size (upB/Rs)? and can be neglected for any magnetic
field strength of practical interest.

5.1.2 Muonium formation in gases

Muonium atoms can be produced in reasonable quantities only at accelerator sites. The
most efficient way of forming muonium is by stopping positive muons in suitable gases
and by electron capture according to the reaction

pt+G— M+GT, (55)
where G stands for the particular gas atom used. Chemical reactions and depolarisation
effects can be avoided by using noble gases. Muonium can be principally formed in
any quantum state. However, the process is only possible, if it is energetically allowed.
Muonium has in its ground state a binding energy of E;(M) = 13.54eV. For gases
with higher ionisation potentials E;(G) the energy defect has to be brought up from
kinetic energy E;. The energy difference E;(G) — E;(M) in the muonium-gas center of
mass system transforms for room temperature gases with atom masses mg with negligible
kinetic energies into the laboratory frame as a threshold energy of

Ey = (E1(G) — E{(M))(m, + mg)/mg. (56)

For Xe we have Fy(Xe) = —1.41eV and muonium formation is always possible. Experi-
mentally a muonium formation fraction of 100% is found (Stambaugh 1974). Of practical
importance are the cases for Argon (E;(Ar) = 2.22eV) and Krypton (E,(Kr) = 0.46eV)
with formation fractions of 65(5)% (Stambaugh 1974) and 80(10)% (Schwarz and Hughes
1993).

The slowing down of the muons and the electron capture process are mainly due
to Coulomb interaction. Magnetic interactions are of negligible importance. Therefore
the muon polarisation is not destroyed. The formation probabilities fi (1 =1,2,3,4)
of the ground state sublevels have been worked out using the density matrix formalism
(Thompson 1973). The index i refers to the four different states for which the assign-
ment of (F, Mr) quantum numbers at low fields and of (M,, M,) quantum numbers in
strong fields is shown in Figure 23. For a muon polarisation P in the z direction and for
unpolarised electrons in the target material one finds in a magnetic field along the z axis

fi=10+P), =7 (4P - ),

fa= (1*P)> f4:

N

% (14 P(c* - s*), (57)
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Figure 23. Muonium ground state Zeeman levels in an external magnetic field. The two
transitions indicated were measured in the latest experiments.

where ! !
s = sin(garc cotz) and c= cos(iarc cotx) (58)

with the dimensionless field parameter x as defined in Equation (54).

5.1.3 Experiments in magnetic fields

It is a consequence of the Breit-Rabi equation, Equation (53), that wit<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>