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Abstract

Experiments at low and medium energy
cyclotrons have made in the past, and will
continue to make in the future, important
contributions to Particle Physics which are
often complementary to research work at high-
energy accelerators. We discuss a few exam-
ples, mainly from electromagnetic and weak
interactions, which illustrate this and most
of which concern problems of current interest
in Particle Physics.

7. Introduction

For most physicists Particle Physics
is synonymous with High Energy Physics. In-
deed, new particles, new phenocmena in their
behaviour and their interactions, new syste-
matics in their spectroscopy, symmetries
and symmetry breaking, are usually discovered
at accelerators of high and ultra-high ener-
gies. Progress in the phenomenology of the
particles and their interactions comes in-
deed mostly from the high-energy accelera-
tors; past experience shows, on the other
hand, that progress in the understanding
of Particle Physics caomes often from the
combined experimental information at high
and low energies. This is illustrated very
clearly by the history of the theory of Weak
Interactions, as an example. Here experimen-
tal research covers all available energies,
from nuclear B-decay up to neutrino reactions
at high energies. A satisfactory theory of
Weak Interactions (possibly and gquite likely
combined with electromagnetism) will eventu-
ally be constructed on the basis of the ex-
perimental information at all energies.

Even today, at the beginning of the
era of accelerators in the hundreths of GeV
region and of the various storage rings, cy-
clotrons at low and intermediate energies
can yield important contributions to Particle
Physics. In many cases, results from research
at moderate energies are complementary to
information from high energies. While experi-
mental research at high-energy accelerators
is often rather of an exploratory nature, ex-
periments at low and intermediate energies
are competitive for Particle Physics main-
ly through the precision which can be reached
here. The high intensities of medium-energy
accelerators, in particular, allow for expe-
riments of very high precision and make pos-
sible studies of extremely rare processes.
Below, we give a few examples of both types
of experiments.

In our discussion we have chosen a few
examples which attack rather fundamental
questions of Particle Physics and which are
typical, it seems to us, for research which
can be done at low and medium energies. Our
choice is guided by current interest in
Particle Physics (and by personal taste, of
course). In particular, we do not intend a
complete survey of possible experiments nor
a complete review of what has been done in
the past. There are many more applications
upon which we touch briefly, or which we do
not discuss at all, for lack of time.

2. Particle Properties,
Interactions

Strong

2.1 Particle Masses

While the mass of the positive muon is
determined from its magnetic moment and its
g-factor, the most precise determination of
the pion mass comes from pionic atoms?)2],
The Bohr radius of an atom is inversely pro-
portional to the (reduced) mass of the
trapped particle. Therefore, there are in-
termediate pionic orbits which are hydrogen-
like to a very good approximation: they lie
sufficiently far ocutside the nucleus, so that
the nucleus can still be regarded as a point-
like charge; at the same time, these orbits
fall well inside the electronic shell of the
host atom so that screening effects are small.
The transition energies are then those of the
hydrogen atom and are proportional to the re-
duced mass. The result for the negative pion
mass 1is

(139.568+0.005)MeV (1)
1 and 2)

m =
-
{average of the results from Ref.

It is of greatest theoretical importance
to establish that the masses of the two kinds
of neutrinos vg and v, are exactly zero. In-
deed, it is a basic assumption of the theory
of Weak Interactions that m(ve) = m(vy) = 0
and, therefore, that neutrinos are eigen-
states of helicity. Neutrinos, the particles
ve and v, are left-handed, i.e. their spin
is always directed opposite to their momen-
tum, while their antiparticles vg and v
are right-handed. For this to be true tﬁe
masslessness is essential.

There is a fairly good upper limit for
m(vg), from the Kurie plot for triton de-
cay, of about 60 eV. The limits for mlvy)
are much less impressive. One of them comes
from the so-called K 5 decays, i.e. from
the process H

+ + 0
K~ TV
H H
and its charge conjugate, and gives?)

m(v,) < 850 keV/c? (2)
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Another way of determining m? (v, ) consists
in measuring the momentum of the muon Pu

from the decay

+ +
LI
for pions at rest. This momentum is given in
terms of the muon mass and of an assumed neu-
trino mass by

m2 -m? m?2 (m? -2m2 -2m? )
p = i3 U 1+ AY) V. il U (3)
L 2m (m? -m2 )2
m ™ u

The average experimental value (references
are found in Ref. 1) is

DU= (29.79420.010) MeV/c (4)

If this is inserted into eg. (3), together
with the values obtained for my and m, (eg.
(13), it is found that

mz(vu) = (-0.29£0.90) (MeV/c?2)? (5)

This is compatible with zero, but the nega-
tive sign is a little uncomfortable and the
experimental error is still large. Clearly,
this important quantity must be studied fur-
ther. For this, it has been proposed to re-
measure p, more accurately*) and to repeat
the above analysis. Another project underway
at SIN proposes to measure pion decay

m¥ > ufy, in flight®). Specifically, it aims
at a precision measurement of the difference
Iﬁﬂ-§u| for muons emitted in the forward di-
rection and as a function of the pion's mo-
mentum between 200 and 400 MeV/c. A fit of
m2 and m?(v ) to the kinematics of the pro-
cess should yield m; to about 2x107° as well
as an upper limit for the mass of the muon
neutrinag,

m(v,) < 200 keV/c? (6)

2.2 Magnetic Moment of Muons

The muonic (g-2) experiments,which are
of utmost importance for quantum electrody-
namics, were originally carried out at the
CERN-cyclotron®), but for the new high-pre-
cision measurement it was necessary to move
to higher muon energies’) (increased life-
time due to time dilation). The measure-
ments of the magnetic moments of u* and u-,
however, still belongs to the realm of me-
dium-energy machines. We would like to dis-
cuss briefly one interesting project here.
The magnetic moment of the positive muon is
known to about 2.6 ppme), and there is gven
hope to improve this to 1 ppm or better by
means of a stroboscopic method?). The mag -
netic moment of the negative muon, however,
is known to about 100 ppm only!?). There is
now the interesting possibility of obtaining

this magnetic moment, to a similar accuracy

as the one of the positive muon, from the
neutral muonic Helium atom{ap~e” ). The for-
mation of this system in Helium gas with a

2% admixture of Xenon (which is the donor of
the extra electron) has recently been estab-
lished through the observation of its charac-
teristic Larmor precession frequency!!). The
two spin-¥2 particles, the muon which moves
close to the Helium nucleus and the electron
which moves much further outside, form a sys-
tem which behaves very much like muonium u*e”,
the main difference being that here the two
fermions have equal charges whereas in muoni-
um they have opposite charges. As the muon re-
tains some of its initial polarization, it
should be possible to perform precision mea-
surements of the hyperfine structure interval
and of the Zeeman effect in (aue™), very
much like for muonium!!)12), From these one
can extract the mass and the magnetic moment
of the negative muon, hopefully to a precisior
which is comparable to the results for the
positive muaon. This will then allow for an
accurate test of CPT-symmetry (invariance
under the combined operations of charge con-
jugation, parity and time reversal) which

says that the masses should be equal, the
magnetic moments equal and opposite.

2.3 Pion-Nucleon and Nucleon-Nucleon Scat-

tering

There is considerable interest in pre-
cision studies of pion-nucleon scattering
from threshold on up to A(1236 MeV) resonance
with spin and isospin %. We mention a few
points of special importance. The isospin-
symmetric combination of s-wave scattering
lengths

:L
a,= 5(a

+ 2a ) (7)
1 3
2 2

(equal for instance to the average of 71 -
proton and m~ -neutron scattering lengths)
which is expected to be close to zero, on
theoretical grounds, 1s still very poorly
known. There is & lot of interest in the
Coulomb corrections, i.e. the interference
between the strong and the electromagnetic
interactions, in the effects of small vicla-
tions of iscspin symmetry, as well as in
differences between the four charge states
of the A-resonance. First precision data,
obtained at the CERN-SC, are presented and
analyzed in refs. 13 and 14. Also, the de-
termination of the small scattering phases
(i.e. all s-,p- and d-waves except the re-
sonating p-wave with spin 34 and isospin 3%4)
from a complete experiment are needed for
tests of dispersion relations. First impres-
sive results from SIN have recently been
published?s)
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Nucleon-nucleon scattering data below
the threshold for pion production can be
analyzed fairly uniquely in terms of phase
shifts of partial waves. These are important
for the construction of nucleon-nucleon po-
tentials!®) and therefore for a proper un-
derstanding of nucleon-nucleon forces at low
energies. In the past, nucleon-nucleon scat-
tering has often been invoked in Jjustify-
ing the need for new accelerators. It is
surprising, indeed, that still today nucleon-
nucleon scattering in this energy range is
not too well known. While the isospin one
phases are believed to be known up to about
450 MeV, the knowledge of the isospin zero
phases is satisfactory only from 50 up to
about 200 MeV'”). Precision measurements of
neutron-proton cross sections and of the va-
rious polarization parameters thus are of
considerable interest and are in fact planned
at SIN and TRIUMF18)19)20)

3. Electromagnetic Interactions

3.1 Radiative Corrections in Heavy Muonic

Atoms

Besides muonium (u*e”) which has been
studied extensively in the past, current
interest centers on the radiative correc-
tions in heavy muonic atoms, in muonic He-
lium and muonic Hydrogen. In heavy muonic
atoms the situation is still somewhat con-
fused and puzzling. Two precisicn experi-
ments, measuring 5g-4f and 4f-3d muonic tran-
sitions in heavy and medium-weight atoms,
were in disagreement with the calculated
radiative corrections by about three stan-
dard deviations22)23%), These corrections are
dominated by vacuum polarization through
virtual electron-positron pairs and have
been calculated and checked very carefully
by a number of authors. The apparent dis-
crepancy has stimulated considerable theo-
retical activity. In particular, the contri-
bution of virtual Delbrilck scattering (light-
by-light scattering diagram in muon-nucleus
interaction) has been debated for some time.
One rough estimate?*) gave an appreciable
cantribution, of the right magnitude and
with the sign needed to remove the alleged
discrepancy, while another estimate?s) gave
a rather small number, with the opposite
sign. Recent very careful and detailed cal-
culations?%) confirm the estimate by Rinker
and Wilets, finding a negligibly small cor-
rection from this diagram. Recently some
of thesemuonic transitions have been re-
measured and no discrepancy is found any-
more?’’), Clearly, this puzzling situation
must be cleared up by further precision ex-
periments. Should a real discrepancy persist,
then this would imply seriocus trouble in the
theory of electromagnetic interactions of
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muons.

3.2 Lamb Shift in Muonic Helium and Hydrogen

In an ingenious experiment performed
at the CERN-SC, E. Zavattini and collabaora-
tors have measured the level spacing 2ps;, -
2514 in muonic Helium 428), The experi- ’?2

mental result

AE = (1527.4%0.9) meV (8)
(1 meV = 107 3%eV) seemed to be in agreement
with earlier calculations (quoted in ref.
28). Here again, this energy shift is domi-
nated by vacuum polarization due to virtual
(e*e”)-pairs (about 1678 meV), and it is
thus complementary to the corresponding
shift in (electronic) hydrogen where vacuum
polarization is a small correction only. In
Helium, however, there are two sizeable cor-
rections beyond the well-known pure radiative
corrections: The finite size effect and the
polarizability of the nucleus. The finite
size correction is known if the electromag-
netic radius of Helium is known to a suffi-
cient accuracy. The polarizability shift
which is of the order of 10 meV, depends on
the nuclear excitation spectrum and is diffi-
cult to calculate. A recent rather careful
reevaluation of these and the radiative cor-
rections??), using the experimental value
for the r.m.s. radius of “He, <r?>!/2-=
1.650+0.025 fm, points to a discrepancy with
Zavattini's result

=-12 meV (9)

exp._ AEtheor.

with a somewhat debatable thecoretical uncer-
tainty of a few meV. Here, a new determina-
tion of the r.m.s. radius as well as further
studies of muonic 3He and “*He are highly de-
sirable.

Ideally, one should go to muonic hydro-
gen, where the finite size effect is better
known and where the polarizability correc-
tion is much smaller. We know of two experi-
ments which aim at the study of the 2sv
state of muonic hydrogen30)31], 2

There are also many interesting and
important experiments which deal with elec-
tromagnetic interactions of pions, such as
radiative pion capture, (e'e” )-pair produc-
tion in charged pion capture, m° decay into
(e*e”)}-pairs etc., but we do not have time
to go into these.

4. Weak Interactions

As in the past, cyclotrons and other
accelerators at low and intermediate ener-
gies will allow for a variety of experiments
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of great importance for ocur understanding of
Weak Interactions. These range from weak in-
teraction processes involving neutrinos,
muons and pions, to parity violating effects
in proton-proton scattering. In the follow-
ing we discuss a few selected examples, con-
cerning ordinary u-decay, the mystery of the
muonic lepton number and charged pion decays,
which have aroused much interest recently.

4.7 Muon Decay and Muon Radiative Capture

Ordinary muon decay

+ —
+
oo ety e vy (10)
is the only purely leptonic process which
can be studied whith sufficient accuracy,
to date. It is of fundamental importance
for the theory of leptonic interactions. A
close look at the existing data shows that
the interaction governing the process (10)
is not too well determined3?) and a lot
more needs to be done. The measured values
of the Michel parameters are listed in Ta-
ble I.

Table I: y-decay parameters

Parameter Experiment "V-A" coupling

o 0.752+0.003 3/4
n -0.12+0.21 0
8 0.755+0.009 3/4
3 0.972+0.013 1
g’ 1.00%0.13 1

p and n determine the shape of the energy
spectrum of the positron from unpolarized
muons; & is a spectrum parameter in the
corrglation term (muon spin, expectation va-
lue ¢, x positron momentum pg) and is ana-
. >
logous to p. & (magnitude of Lu*Pe corre-
lation and &’ (longitudinal polarization of
positron, essentially) are measures for the
degree of parity violation.

In particular, the spectrum parameter
n and the polarization parameter &' are
poorly known. mn measures admixtures of sca-
lar and pseudoscalar interactions, &' de-
pends on possible tensor and pseudotensaor
interactions. In addition, both are sensi-
tive to deviations from the pure (vector-
axial vector)-combination.

An experiment at SIN aims at a measure-
ment of the longitudinal polarization of the
positron from the decay of polarized muons??®
i.e.

transitions are shown in Fig. 2.

%S'q

Longitudinal and trans-
verse polarizations of

the positron, in the muon’s
rest frame.

Fig. 1:

§ = £ is already

is given by (for Eg >> m
(2x-1)cos®

3-Zx-Ecosb (2x-1)

the quantity Pyp. If p =

known, then Py )

e

F’2 = £ g (11)
where x is the
to its maximal
in Fig. 1, and
bounded by &,

ratio of the positron energy
value (= ™u/5), 8 is defined
o is a new parameter which is
namely?®®

£2-1 <o <1 - g2

(12)

A measurement of Py will yield the parameter
§'sat the same time it should be possible to
test the "V-A" prediction,g = 1, by checking
whether or not Py is independent of x and 6.

It should also be possible to measure
the two transverse components PT; and Py, of
the positron polarization (see Fig. 1). P71,
the transverse polgrization in the plane
spanned by z,, and pg, 1s essentially propor-
tional to nau), without the disturbing fac-
tor me/mu which supresses the n-dependent term
in the spectrum; while Py,, perpendicular to
the same plane, measures the amount to which
invariance under time reversal is violated3?*)
Neither of those has ever been measured.

Muonic semileptonic interactions are a
field which is still wide open and of consi-
derable interest for particle physics. We
mention the possibility of detecting parity
vioclating, neutral Weak Interaction currents
through mixing of muonic atom orbits of oppo-
site parity, which is being explored by seve-
ral groups. Good candidates for such mixing
Muon capture,

(13)

T+ - n + v
H p u

,and muon radiative capture on the proton

W+ p > n o+ vy oty (14)

are still of vital interest for the study of

semi-leptonic weak interactions at non-vanish=
ing momentum transfer. In particular, the in-
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duced pseudoscalar coupling canstant is still
poorly known and should be obtained from the

triplet capture rate in process (13) and from
reaction (14).
3s 3p 3d

E2+mE1

M1+ a E1

Fig. 2

4.2 The Mystery of the Muonic Lepton Number

It has been known for a long time that
the electron and the muon, as well as their
respective neutrinos, carry different kinds
of lepton numbers. The nature of the guan-
tum number which distinguishes the u from
the electron, and v, from v, is not under-
stood. It is currently assumed that beyond
the ordinary lepton number there exists an
additional muonic leptaon number which is
additively conserved. The assignment is
supposed to be as indicated in Table II,
the conservation laws being IL1l = const.

i

and ;Li = const. in any reaction.
i
Table II: Lepton numbers for
electrons and muons
Particles L Lu
e’ Vg 1 0
u XU 1 1
et Vg =1 0
+ 3 - -
u vy 1 1
With this scheme p*-decay proceeds with the

bars on the neutrinos as indicated in eg.

(10). If, on the other hand, muonic lepton
numbers were connected to some kind of con-
served parity, where H(—)Li were conserved,

i
rather than ZL&, then also the decay
ut > et vy 4y
e u

would be allowed. So far there is only a
limit from bubble chamber experiments at

(15)
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high energies which is3%

* Vot V) < 0.25

I (u* » et
rtu*t > all)

There is the interesting possibility of tes-
ting the existence or absence of the decay
mode (15) at intermediate energy accelerators
by identifying the Vg through inverse B-de-
cay

v, ot p > et + n

This is being looked for at LAMPF at present.

What else can we do, at intermediate
energies, to help to understand the nature
of muonic lepton .number? A classical candi-
date for testing the conservation of muonic
lepton number is the decay process

u > e *y (16)
With additive, as well as with multiplicative
canservation of L, this process is forbid-
den. The present experimental limit is 38%)

I'{y » ey)

san-8
T'(y » evv) <210

(17)
On the theoretical side, not much can be
said, as at least one Ly-viclating term

must occur ip the weak interaction Hamilto-
nian®’J). For example, the process could pro-
ceed by the steps sketched in Fig. 2

Fig. 3:

Typical diagram for the
process g > e + Yy

Since nothing is known about vertices which
do not obey conservation of Ly, theoreti-
cal estimates are bound to be uncertain.
The experimental search for this decay will
be taken up again at SIN and the hope is

to push the limit (17) to about 107!'%. This
in turn would limit L,-violating terms very
strongly.

Closely related to this topic is the
search for exotic p-capture processes on
nuclei such as
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u~ o+ (Z,N) = e~ + (Z,N}* (18)

uo o+ (Z,N) + e + (Z2-2,N+2)* (19}
where Z and N are the proton and neutron
numbers of the initial nucleus. Present
limits for the rates of these processes as
compared to ordinary u-capture are also of
the order of 107%. An experiment which is
presently heing prepared at SIN®®) will
push these limits to about 107!° or less -
or find a nonzero rate! The second process,
eq. (19), seems particularly interesting as
it tests still another lepton number scheme
which was proposed by Konopinski and Mahmoud
in 1953%%). In this scheme there is only
one kind of lepton number, but with a dif-
ferent assignement than above, for instance
u~ and e* are assigned the same lepton num-
ber, as well as v, and vg etc. With this
scheme the process (19) would be strangly
suppressed only because it needs a double
charge exchange in a one-step process. Since
it 1s not possible to take two units of
charge out of a nucleon while transforming
it to another nucleon, the process must
take place on mesonic or A-degrees of the
nucleus*!), Figs. 4 illustrate various
possibilities.

P I n
T
I
H | ¢
s
p 1 n
Fig. 4a: p - e conversion on

virtual pions

h et

A+ + AO

p n
n
Fig. 4b: p - e conversion on
A-components in the
nucleus

The small branching ratio for this capture
process would then be due to the smallness
of such virtual pion or A configurations
in normal nuclel - a very interesting pos-
sibility indeed.

4.3 Rare Pion Decays

The predcminant decay mode of the char-
ged pions is the mode

v
LR A
which accounts for practically 100% of the
pion lifetime. A few other decay modes of

special interests are listed in Table III.

Table III: Decay mades of charged pions

Becay Branching ratio Ref
(a)m¥re’vg (1.25:0.03)107* 42
(b)m*+ne*v {1.00£0.08)10"°® 43
(c)m*>efvgy (3.0 +0.5) 10" ® 44

It is an intriguing observation that the
weak and electromagnetic interactions of
electrons and of muons are universal - ex-
cept for the extra selection rule of muonic
lepton number. By this we mean that their
interactions are governed by the same coup-
ling constants and have identical structure
when formulated in terms of Hamiltonians.
The numerical differences in cross sections,
energy levels, decay rates etc. arising on-
ly through the difference in mass of the
two particles. Reaction (a) of Table III

is an important test of pe-universality
which predicts for this branching ratio

_ Tlm»>ev) _

Riheor = T (m>pv)
m2 f1-(Me/p 22\ 2
A (. - = 1.228+107% (20)

=7
mu 1_(m“/mﬂ)2

- in good agregement with the experimental
value*!). Note, in particular, that the
Fermi coupling constant G drops out of the
ratio (20), provided it is indeed the same
for mucns and electrons. Clearly, further
and more precise studies of this decay mode
will be very valuable*®).

The decay mode (b) of Table III is the
analogue of nuclear Fermi-type B-decay. By
reason of the pion's quantum numbers, the
pionic matrix element can depend only on
the vector part of Weak Interactions. The
hypothesis of the conserved vector current
(CVC) relates this vector matrix element
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to the electromagnetic form factor of the
pion. Thus the decay rate (b) is predicted
in absolute magnitude. Except for small and
well-known correction terms it is

1
40 - 2 _ 5
T(nf>ne®v,) = ENCES G (m1T+ mnol (21)
Taking radiative corrections into account,

the branching ratic is found to be

- ~8
Rtheor = (1.035+0.005) 10 (22)
A further improvement of the experimental
result would bear on a number of gquestions:
relation of Gy from semi-leptonic decays to

G,, from u-decay (Cabibbo angle); quality of
CbC and isospin violations; role of radiative

corrections.

The radiative decay (c) in Table III,
finally, is of special interest at present,
as all reliable theoretical models have dif-
ficulties in explaining the data“®). Here
one can measure the positron and the photan
spectra“*). From the spectra one can extract
the transition matrix elements between the
initial pion’s and the emerging photon's
states including their relative signs. These
matrix elements are calculable in certain
quark models, and also in the framework of

current algebra and vector meson dominance®“®}.

A new experiment®*’) should help clarifying
the apparent discrepancies.

5. Conclusion

We have presented a set of selected ex-
periments at intermediate energy accelerators
whose motivation stems primarily from open
problems in Particle Physics. Our list is
far from complete and many more examples of
current interest could be quoted. We hope,
however, that the few samples discussed here
illustrate and demonstrate the claim made in
the Introduction: namely that experimental
research at low and intermediate energy ma-
chines is often complementary to research at
high and ultra-high energies, and is still
competitive in trying to answer fundamental
questions of Particle Physics.
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