Free Muons and Muonium - Some Achievements and Possibilities in Low

Energy Muon Physics

Klaus P. Jungmann

Kernfysisch Versneller Instituut,

Rijksuniversiteit Groningen, Zernikelaan 25,

NL 9747 AA Groningen, The Netherlands

Introduction

T he Standard Model (SM) is a theoryframework, which allows an accurate description of all confirmed measurements in particle physics up to turn of the century. However, manyobservations are left without deeper explanations. Among those are the fundamental fermion ma ss spectrum, the origins of parityand CP violation, the fact of exactlythree particle generations and manymore. A varietyof speculative models has been invented, in order to suggest physical interpretations of such yet not understood features contained in the SM.

Muons ( m - ) and their antiparticles ( m + ), the charged leptons in the second generation of fundamental fermions, have no internal structure down to dimensions of 10 - 18 m as shown in high energylepton scattering experiments.

T heymaytherefore be regarded as point - like objects. T he behaviour of muons can be described within standard theorywith sufficient accuracyfor all high precision experiments that have been carried out on them.

Muons are therefore important and central tools in a varietyof research programs : T he dominant m + decayinto a positron (e + ), muon anti - neutrino and electron neutrino

( e e

) yields the best value for the weak

interaction Fermi coupling constant G

F

. T he insensitivity

of muons to strong interactions makes muons important

probes of n ucleon properties in deep inelastic high - energy

scattering. Muonic atomspectroscopyhas given very

reliable values for nuclear parameters, in particular

nuclear charge radii. Searches for yet unobserved lepton

number violating decays have yielded numerous bounds

on crucial parameters in speculative models. High

precision measurements of the electromagnetic

interactions of free muons and such bound in the

muoniumatom(M = m + e - ) ˘ the hydrogen - like bound

state of a positive muon and an electron (e - ) ˘ have

established stringent tests of standard theory, which

includes in particular QuantumElectrodynamics (QED).

T he excellent agreements between measurements and this

underlyi ng theoryhas contributed significantlyto today´s

viewupon QED as the best available field theory. T his

solid confidence allows in return to extract most accurate

values of fundamental constants such as the muon mass

m m , muon magnetic moment m

m and magn etic anomaly

a m , and the electromagnetic fine structure constant a.

In manymuon experiments a limitation has been

reached bynow which is determined bythe available

particle fluxes at todays sources. For newaccelerator

facilities, such as the recent lyapproved Japanese Hadron

Project (JHP), a next generation of experiments has

alreadybeen proposed. In addition to the exploitation of

higher fluxes with established approaches novel

techniques will be introduced to the field. T his promises

an expansion into newregions and can be expected to

result in significant progress in exploring fundamental

interactions and symmetries in physics (T able 1)[1].

In this article we will focus mainlyon measurements

of electromagnetic properties of the free muon and on

spectroscopyof the muoniumatom.

M uonium

T he close confinement of the bound state in the

muoniumatomoffers excellent opportunities to explore

preciselyfundamental electron - muon interactions. Since

the effect of all known fundamental forces in this system

are verywell calculable within bound state QED, it

renders both the possibilityto extract precise constants as

well as the possibilityto search verysensitivelyfor yet

unknown interactions between these leptons. In contrast

to natural atoms and ions as well as to artificial atomic

systems, which contain hadrons, muoniumhas the

advantage of being free of complications arising fromthe

finite size and the internal structure of anyof its

constituents. T herefore, the systemis particularlysuited

f or searching newand yet unknown forces in nature.

In the muoniumatom(Fig. 1) the most precise

spectroscopymeasurements can be performed on the

ground state hyperfine structure splitting [2] and the 1s -

2s energyinterval [3]. Such experiments have bee n

completed veryrecentlyafter reaching limitations given

bythe quantities of available muons at the late Los

Alamos Meson Physics Facility(LAMPF), in Los

Alamos, USA, and at the Rutherford Appleton Laboratory

(RAL) in Chilton, United Kingdom. T hese two transitions

are experimentallyfavoured because theyinvolve the 1s

ground state in which the atoms can be produced with the

highest yields. For accurate measurements the atoms need

to be at low, ideallythermal velocities in the laboratory.

T he efficien t conversion of an energetic m + beaminto M

is a keyelement in all experiments.

Muonium Production

T he best - known mechanismto produce muoniumis e -

capture after stopping m + in a suitable noble gas, where

yields of 80(10)% can be achieved for krypton. Muons at

accelerator facilities are born in weak pion decays and parityviolation in this process causes the muon beams to

be polarized. T he moderation processes involve

dominantlythe electric interaction and there is no muon

depolarization. In strong axi al magnetic fields (B >> 0.16

T ) M is formed with a well defined ensemble average of

the muon spin direction.

arXiv:nucl-ex/0210022 16 Oct 2002 �

Figure 1 . Muonium energy levels for principal quantum numbesr n=1 and n=2.

Muoniumatoms at thermal velocities in vacuumcan be obtained by stopping m + close to the surface of a target consisting of fine SiO

2

powder. T he atoms are formed through e - capture and a fraction of a fewpercent of them diffuses through the target surface into the surrounding vacuum. Additional cooling with, e.g., la ser techniques would not provide anysignificant advantages. Due to the t m

= 2.2 m s muon lifetime the natural line width of all transitions has a lower limit at Dn nat

= ( p · t m

) - 1

=145kHz and cooling could not provide a much more advantageous line width. T he described thermal M production technique has become an essential prerequisite for Doppler - free two - photon laser spectroscopyof the 1 2 S

1/2

˘ 2 2 S

1/2 interval Dn

1s2s

at KEK in T sukuba, Japan, and with significantlyhigher precision at RAL. It was also the k ey to a sensitive search for a conversion of M into its anti - atom M at the Paul Scherrer Institut (PSI) in Villigen,

Switzerland.

Ground State Hyperfine Structure

T he most recent experiment at LAMPF had a Kr gas target inside of a mi crowave cavityat typically atmospheric densityand in a homogeneous magnetic field of 1.7 T . Microwave transitions between the two energeticallyhighest respectivelytwo lowest Zeeman sublevels of the n=1 state at the frequencies n

12

and n

34

(Fig. 2) involve a muon spin flip. Due to parityviolation in the weak interaction muon decayprocess the e + from m + decays are preferentiallyemitted in the m + spin direction. T his allows a detection of the spin flips through a change in the s patial distribution of the decaye + . As a consequence of the Breit - Rabi equation, which describes the behaviour of the M ground - state Zeeman levels in a magnetic field B, the sumof n

12

and n

34

equals at any strength of B the zero field splitting Dn

HFS

. For sufficientlywell known B the difference of these two frequencies yields the magnetic moment m m .

T he latest LAMPF experiment [2] has utilized the technique of ^Old Muonium~, which allowed to reduce the line width of the signals belowhalf of the "natur al"

line width Dn nat

(Fig. 3). For this purpose an essentially continuous muon beamwas chopped byan electrostatic kicking device into 4 m s long pulses with 14 m s separation. Onlydecays of atoms which had been interacting coherentlywith the microwave f ield for periods longer than several muon lifetimes were detected.

T he magnetic moment was measured to be m m = 3.183

345 24(37) (120 ppb) which translates into a muon - electron mass ratio m m /m e

= 206.768 277(24) (120 ppb).

T he zero - field hyperfine splitting is determined to

Dn

HFS

(exp) = 4 463 302 765(53) Hz (12 ppb) which agrees well with the theoretical prediction of Dn

HFS

(theo)

= 4 463 302 563(520)(34)(<100) Hz (120 ppb). Here, the first quoted uncertaintyis due to the accuracyto which m m

/m e

is known, the second error is fromthe knowledge of a as extracted fromPenning trap measurements of the electron magnetic anomaly, and the third uncertainty corresponds to estimates of uncalculated higher order terms. Among the non QED contributions is the strong interaction through vacuumpolarization loops with hadrons which adds 250 Hz and a parityconserving axial vector ˘ axial vector weak interaction which is - 65 Hz.

For the muoniumhyperfine structure the comparison between theoryand experiment is possible with almost two orders of magnitude higher precision than for natural hydrogen because of the not sufficientlyknown proton charge and magnetismdistributions. For hydrogen the achieved some six orders of magnitude higher experimental precision (in hydroge n maser experiments) can therefore unfortunatelynot be exploited for a better understanding of fundamental interactions.

Among the possible exotic interactions, which could contribute to Dn

HFS

, is muonium - antimuonium conversion [4] (see below). Here, an upper limit of 9 Hz could be set froman independent experiment described below. Recently, generic extensions of the SM, in which both Lorentz invariance and CPT invariance are not assumed , have attracted widespread attention in physics.

Diurnal variations of the ratio ( n

12

- n

34

)/( n

12

+ n

34

) are predicted. An upper limit could be set froma reanalysis of the LAMPF data at 2 ´ 10 - 23

GeV for the Lorentz and the particle mass. In this framewo rk Dn

HFS

provides a

Figure 2 . Muonium ground state hyperfine structure

Zeeman splitting.

Figure 3 . Samples of conventional and ^old muonium~ resonances at frequency n

12

. The narrow

^old~ lines exhibit a larger signal amplitude. The signals were obta ined with magnetic field sweep (left column, magnetic field in units of proton NMR frequencies) and by microwave frequency scans (right column)

CPT violating parameter. In a specific model by

Kostelckyand co - workers a dimensionless figure of merit for C PT tests is sought bynormalizing this parameter to

[2] . significantlybetter test of CPT invariance than electron g - 2 and the neutral Kaon oscillations [5].

T he hyperfine splitting is proportional to a 2 · R ¥ with the verypreciselyknown Rydberg constant R

¥

.

Comparing experiment and theory yields a - 1

= 137.035

996 3(80) (58ppb). If R ¥ is decomposed into even more fundamental constants, one finds Dn

HFS

μ a 4 · m e

/h. With h/m e

as determined in measurements of the neutron de

Broglie wavelength we have a - 1

= 137.036 004 7(48) (35 ppb). In the near future a small improvement in this figure can be expected fromongoing determinations of h/m e

in measurements of the photon recoil in Cs. A better determination of th e muon mass, e.g. will result in a further improvement and maycontribute to resolving the situation of various poorlyagreeing determinations of the fine structure constant, which is important in many different fields of physics.

It should be mentioned th at the present agreement between a as determined fromM hyperfine structure and fromthe electron magnetic anomalyis generally considered the best test of internal consistencyof QED, as one case involves bound state QED and the other one

QED of free particles.

T he results fromthe LAMP F experiment are mainly statistics limited and improve the knowledge of both

Dn

HFS

and m m

bya factor of three over previous measurements. T his gain could be significantlysurpassed at a future high flux muon source.

The 1s - 2s interval in m uonium

In muoni umthe 1s - 2s energydifference is essentially given bythe relevant quantumnumbers, R

¥

and a reduced mass correction. T herefore, this transition maybe regarded as ideal for a determination of the muon - electron

Figure 4. Muo nium 1s - 2s signal. The frequency scale corresponds to the offset of the laser system base frequency from a molecular iodine reference line. The open circles are the observed signal, the solid squares represent the theoretical expectation based on pulse - b y - pulse measured laser beam param eters (phase and intensity) and a line - shape model [3,6] .

mass ratio. QED corrections are well known for the needs of presentlypossible precision experiments and do not playan important role here. Doppler - free excitatio n of the

1s - 2s transition has been achieved in pioneering experiments at KEK and at RAL. In all these experiments two counter - propagating pulsed laser beams at 244 nm wavelength were employed to excite the n=2 state. T he successful transitions were t hen detected byphoto - ionization with a third photon fromthe same laser field. T he released m + was then registered on a microchannel plate detector.

T he accuracyof the earlymeasurements was limited bythe ac - Stark effect and rapid phase fluctua tions

(frequencychirps), which were inherent properties of the necessarypulsed high power laser systems. T he key feature for the latest high accuracymeasurement at RAL was a shot byshot measurement of the spatial laser intensityprofile as well as the time dependences of the laser light intensityand phase. T his together with a newly developed theoryof resonant photo - ionization [6] allowed a shot - by - shot prediction of the transition probabilityas a basis for the theoretical line shape (Fig. 4).

T he la test RAL experiment [3] yields Dn

1s2s

(exp)= 2

455 528 941.0(9.8) MHz in good agreement with a theoretical value Dn

1s2s

(theo)=2 455 528 935.4(1.4) MHz.

T he muon - electron mass ratio is found to be m m +/m e

- =

206.768 38(17). Alternatively, with m m

+/m e

- as ext racted fromthe M hyperfine structure, a comparison of experimental and theoretical values can be interpreted in terms of a m + - e - charge ratio, which results as q m

+/q e

-

+1= - 1.1(2.1) ´ 10 - 9 . T his is the best verification of charge equalityin the firs t two generations of particles.

T he existence of one single universal quantised unit of charge is solelyan experimental fact and no underlying symmetrycould yet be revealed. T he interest in such a viewpoint arises because gauge invariance assures charge quantization onlywithin one generation of particles.

Major progress in the laser spectroscopyof M can be expected froma continous wave laser experiment, where

Figure 6. The muon g - 2 storage ring experiment at BNL frequencymeasurement accuracydo es not present any problembecause light phase fluctuations are absent. For this an intense source of muons will be indispensable.

Muon Magnetic Anom aly

T he spectroscopyexperiments on muoniumand a measurement of the muon magnetic anomalya m

= (g m

- 2)/2 a re closelyrelated through m m

=g m

e

«