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ABSTRACT

A discussion is given of some of the properties of elementary particles
and their interactions. It is pointed out that experiments with high energy,
high intensity accelerators can shed further light on these properties. A list

is given of new hypothetical elementary particles which might be looked for

with these accelerators.
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I. INTRODUCTION

In the following, we shall discuss a number of unsolved problems
concerning the elementary particles and their interactions. Some of these
questions will be answered in the near future; others will have to wait for
experiments with high energy, high intensity accelerators (10-15 Bev, ~v 30ramp
time-averaged current) or with ultra-high eﬁergy accelerators (~ 25 Bev or more
in the center of mass or ~» 300 Bev in the laboratory). * Still other questions
will no longer be interesting or meaningful six to ten years from now, when
high intensity and ultra-high energy accelerators will be available. On the other
hand, a whole spectrum of new questions will undoubtedly arise in the me antime.

In Section II, we consider the conservation laws believed to be satisfied
by the strong interactions, especially the conservation of isospin, ** and discuss
some experiments to test these conservation laws. In Section III, we mention
various field theories of the strong interactions. We shall mention some of the
(approximate) predictions of thése theories to point out that experiments may
decide ;mong them or show that all of them are wrong. Since the current state
of the calculational art is so poor in field theory, in Section IV we give some
examples of limited phenomenological theories which may be useful and which
should be checked by experiment. In Section V, we shall briefly consider some
experiments which will aid in the solution of some still unsolved problems in the
electromagnetic and weak interactions. Finally, in Section VI, we shall

speculate on the possible existence of as yet undiscovered particles.

*See MURA reports 469, 473, 479 for discussions of the experimental utility of
high intensity and ultra-high energy accelerators.

**We use the term isospin for what is often called isotopic or isobaric spin.
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II. CONSERVATION LAWS IN STRONG INTERACTIONS

The known elementary particles which participate in strong interactions
are the mesons and baryons. A large number of symmetry (or invariance)
properties are exhibited in the interactions of these particles. As far as is
known, the laws of conservation of energy, momentum; angular momentum,
charge, and baryon number are exact, being satisfied by the electromagnetic
and weak interactions as well as by the strong ones. However, in addition to
satisfying these conservation laws, the strong interactions appear to be invariant
under space reflections P (conservation of parity), time reversal T, charge
conjugation C, and rotations in isospin space I (charge independence).

Experiments to determine the extent to which P and T hold in strong
interactions can be made by looking for quantities which are pseudoscalar u;lder
these operations. For example, the measurement of a term ?’, -F;) in a
cross section shows that parity is not conserved, and a measurement of a term

? o -P,AE') shows that T invariance is violated. Here -F and% are particle
momenta and ? is a particle spin.

A precise experiment by Haas, Leipuner, and Adair1 indicates that
energy levels in heavy nucleii have a single parity, with the admixture of opposite
parity being less than 2 x 10“9 in intensity (or € 5 x 10_5 in amplitude). To
account for this result, any parity non-conserving part of the interaction of
nucleons and pions would have to be extremely small. There remains, however,
the possibility that P might not hold in the strong interactions of strange particles,
but that unknown selection rules prevent the effects from carrying over into

nuclear physics. It would seem desirable eventually to do experiments to test P
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conservation in nuclear and strange particle interactions to a level of
precision such that P non-conservation shows up because of the weak in-
teraction. * At present, there is no evidence for P non-conservation in any
strong interactions.

With respect to T invariance, the experiments are much less precise.
As far as is known, all interactions, strong electromagnetic and weak, are
invariant under T . The existence of an electric dipole moment in an elemen-
tary particle would show that P and 7 invariance were both violated. Electric
dipole moments have been looked for but not found. ** Current theory assumes
that 1 invariance is strictly valid. However, more precise experimental
information would be desirable, since the "intuitive' reason why | invariance
should hold is not so great as was the intuitive reason for parity conservation
a few years ageo.

All the conservaticn laws menticned previously are shared by the electro-
magnetic interactions, except for the conservation of I. Indeed, the concept of
isospin seems to make sense cnly for the sirorgly interacting particles. It
should be noted, however, that the electromagnetic interaction, when acting
between particles which also participate in strong interactions. conserves the
z-component of 1sospin IZ . This can be seen by noting that the lifetimes for the

decays

*QOr alternatively that there exist other interactions which do not conserve parity.

**See Nelsor Schupp, Pidd and Crane, Phys, Rev. Letters 2, 492 (1959) for the
present experimental upper limiis tc the dipole moments of various elemen-
tary particles. See L. Landau Nuclear Phys. 3, 127 {1957), and T.D. Lee

and C. N. Yang, Brookhaven National Laboratory Report BNL -443 {1957)
for discussions of the theory.
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AN p+T
K> whtaT™

sec, values typical of the weak rather than the electromagnetic

(1)

are ~10~10

interaction. A lifetime typical of an electromagnetic interaction has been
estimated theoretically to be ~v 10"16 sec for the decay of the T\'o, (and perhaps
two orders of magnitude shorter for the decay of the Zo ). An upper limit to
the ‘n'o lifetime has been measured2 by looking at internally converted electron
pairs in the decay mode T\'o—) e+ €+ X. . The fact that there is no
measurable distance between the péint of pfoduction and decay of the T\'o sets
an upper limit to the lifetime ( 10-15 sec. It may be possible to measure
this lifetime with very energetic '\'l"> 's because of the time dilatation effect.
A typical lifetime characterizing a strong interaction is still shorter, about
10723 sec as can be seen from the ~100 Mev widths of the resonances in pion-
nucleon scattering. |

Conservation of IZ 1s equivalent tothe conservation of strangeness S,

since these quantities are related by the equation of Gell-Mann and Nishijima

_ B+ S
Q=1I, + —— , (2)

where Q is the charge of the system and B its baryon number -- both conserved

ke

quantities.
Conservation of I can be expected to hold only to order A where
A = MTT+ - M.“o
Mo

*The baryon number of a system is defined as the number of baryons (i.e.
nucleons plus hyperons) minus the number of antibaryons in the system.

= 0.03 (3)
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Since, thus far, it has not been possible to calculate the masses of elementary
particles, it'is not known whether [\ has an electromagnetic origin. However,
simply because there is no evidence that A is not an electromagnetic effect,

it has usually been assumed that the strong interactions are strictly charge
independent. However, it should be pointed out that charge independence has
been verified (to order A ) only for pion-nucleon phenomena in a limited energy
range. Charge independence has not been verified for many strange particle
interactions, or even for pion-nucleon phenomena at high energy.

In this connection it might be pointed out that experiments to verify charge
symmetry are much easier to find than experiments to verify charge independence.
An interaction is charge symmetric if it is invariant under a rotation of 180°
perpendicular to the IZ axis in isospin space. Most relations among cross
sections which follow from charge independence are in the form of inequalities
rather than equalities. An experiment satisfying one of these inequalities
demonstrates consistency with charge independence, but does not necessarily
prove it. (Of course there are some equalities which follow from charge independ-
ence. )

Note that charge symmetry has already been verified for the I\—\: and

I\- h interactions by the observation that the hyperfragments A Hh' and

I
,\He have the same binding energy to within ~ 0.5 Mev. 3 However, since pions

may be chiefly responsible for binding the A in nuclear matter, this result does
not demonstrate charge symmetry in K interactions.
One important use for a charge symmetry measurement is to aid in

. . 4
determining the relative parity of certain particles. For example, Pais has
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pointed out that the relative parity of the K" and K° has not been determined,
and that it might be odd. * If so, charge independence (and charge symmetry)
could not be expected to hold for K particle phenomena since the form of the
K' and K° interactions would have a different spatial dependence. (However,
charge independence might still approximately hold for pion-nucleon phenomena
in a restricted energy range.) One experimental test to determine the K+, K°
relative parity has been suggested by Sakurai. 0 This is to make a channel by
channel, energy by energy, angle by angle, comparison of the reactions TT+ + d
and T + d. The reactions '\Ti + He_4 will of course also provide a test. Of

particular importance inftheﬂt+ d reaction are the channels
wWirdd KT+ A+ P
(4)
m+d->dK +A+n
If these cross sections are equal over a range of energies and angles, charge
symmetry is established and the K+, K° relative parity is even. (Of course,
the failure of charge symmetry would not prove that the K+, Ko relative parity
is odd, but would be very important to know for other reasons.)
If the parity turns out to be even, and if the cross sections
1T++d9 K++Z+ + n
M +d>K° A S

+ -
are equal, then the relative parity of the Z and z is even, as is generally

(5)

assumed,

The reactions

+
Tr+a & +X +p

- (6)
T +d=> K" +)Y +np

* If the relative KT, K° parity is odd, it is hard to understand the near-equality

of the masses of these particles.
7
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should then also have equal cross section. On the other hand, these reactions
do not seem useful to check charge independence because so many independent
isospin configurations contribute. Even the simpler reactions

LA b— k" 4 Z+

W+ p—> K +Z‘ (7)

m+p— K° +Z°

are restricted only to satisfy the inequality

o@m +loc@ % V2o ®)

where the arguments of the cross sections indicate the charge of the Z which

6

is produced. Recent experimental data do not violate this inequality.

On the other hand K~ + d reactions and K~ + He 4 reactions yield
equalities among cross sections if charge independence holds, as pointed out
by Lee. 7 This is because the deuteron and o -particle have I =0. As an

example, two particular equalities are

- - - Q
(K +d =% +P)=2¢(K +d=% +n)
- - - Q
(K +d3N+ p+W)=20K +dadA +n +T), (9)
Other examples are given in IL.ee's paper.
I[II. THEORIES OF THE STRONG INTERACTIONS AND SOME EXPERIMENTAL
TESTS
There exist at present no theories which can predict the mass spectrum
of the elementary particles. There have been attempts at constructing such
' 8
theories, such as a theory of Heisenberg and his co-workers, but these attempts

have not yet been fruitful. At present, most of the more modest attempts to
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understand the interactions of the elementary particles have been in terms of
ordinary quantum field theory. The reason for this is probably because quantum
electrodynamics has been so successful in giving predictions in agreement with
experiment, No field theory of the strong interaction can at present be regarded
as complete, since a complete theory must of necessity have some prescription
for calculating quantities of interest to any desired accuracy. In quantum
electrodynamics this prescription consists of perturbation theory plus a set of
rules for subtracting infinities. Perturbation theory does not in general work
when applied to the strong interactions and as yet no alternate prescription has
been successfully formulated.

However, a number of procedures have been developed which allow some
calculated quantities to be compared with experiment. For example, dispersion
relations and low energy ''pole' theorems have been derived from field theory
independently of perturbation theory. The application of these theorems yield a
unique value for the pion-nucleon coupling constant, g2 = 15 + 2, from three
different kinds of experiments: pion-nucleon scattering, photo-pion production
from a nucleon, and nucleon-nucleon scattering.

Furthermore, some beautiful theorems have been derived from field

9,10, 11
theory. One of these is the PCT theorem, which says that a local,

causal, Lorentz-invariant theory is invariant under the combined operations of

parity, charge conjugation, and time reversal. Another theorem proves that for

such a field theory, particles of half-odd integer spin must obey Fermi statistics
10,12

and particles of integer spin must obey Bose statistics. ™ If an interaction

is ever observed which does not conserve the product PCT, or if a particle is
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ever observed to obey the "wrong' statistics, then the current forms of field
theory would be proved incorrect.

In ordinary field theory, one accepts the masses, spins, intrinsic
parities (when meaningful), etc. of the elementary particles as given, and
constructs an interaction Hamiltonian incorporating these particle properties.
When not all the necessary properties are known, arguments of symmetry may
be invoked to make the theory unique, Of course, just because a theory has
many symmetry properties, does not mean it is caorrect. The correctness of
a theory is a question that only expefiment can answer.

The question of what constitutes an elementary particle can be answered
within the framework of a particular theory, or by convention. * At present, we
regard the mesons (Tt and K particles), baryons (nucleons and hyperons),
leptons ( 'A mesons, electrons and neutrinos), and photons as comprising the
elementary particles. In field theory, a separate field is needed for each
elementary particle. Therefore, the number of elementary particles seems to
be the number of independent fields it is most useful to have in the theory. Many
authors have treated several of these particles as compounds, but so far, these
treatments have not been particularly fruitful.

Consider interactions which are Lorentz invariant, have the property of
conserving charge and baryon number, and in addition are invariant under
P, C, T, and 1. The simplest such interactions are linear in the fields of the

T or K meson and bilinear in the fields of the baryons. Even if we restrict

ourselves to interactions of this simple form, there remain uncertainties in the

* See M. Gell-Mann, reference 12, for a further discussion of what constitutes an
elementary particle,

10
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form of the interactions.

In order to resolve some of these uncertainties we need answers to a
number of experimental questions, but some of the other amhiguities will not
be resolved without further development of the theory of strong interactions.

1. The first of the uncertainties concerns the spins and parities of the
strange particles, which are not all determined. The spin of the K meson
seems reasonably well established to be zero3 and the spins of the I\ andz

4 —
3,1 The = 1is a fermion, but jts spin is otherwise not

hyperons to be 1/2.
determined. Unless otherwise specified, the spin of the E will be assumed
to be 1/2, as this is simplest, and as most theqries which we shall digcuss
require the spin to be 1/2. However, a meaéurement of the spin of the = by
the same general methods as those used to measure the spins of the A and Z
is necessary. The = is generally assumed to be an isospin doublet ( E_o ,
E"' ) with S = -2. However, thus far only one example of a -:-__:o has been

m—

15
found. . Even though there are a number of theoretical reasons why the —
should be a doublet, one should wait for more events before regarding the Eo
as definitely established. An experiment at Brookhavén is designed to lpok for

any =95 produced in the reaction

K" +p-=° +K° (10)

Additional evidence should be forthcoming soon.

Within the framework of the known interactions there is no way of
experimentally determining the relative parity of the A and nucleon. There-
fore, unless and until the A is found to participate in other interactions which

determine its parity, we can define its parity to be even. The parities of the

11
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_ . . + o
Z , — , and K must then be determined, assuming the K' and K
have the same parity.

. . , . .16 b

There is some evidence from dispersion relations™ ~ that the N and
have the same parity and that the parity of the Kt is odd. Some slight additional
evidence comes from the magnitude and spin dependence of the N\—nucleon
force, but this depends on a number of additional assumptions. Experiments

17 . A . .
have been proposed  to determine the sz relative parity.

2, A second ambiguity to be resolved before the interaction can be
specified concerns the coupling constants. Assuming that all the previously
mentioned conservation laws (including charge independence) hold, and that the
coupling is either direct or involves derivatives of the boson fields, but not
both, then there are eight independent coupling constants to be specified, only one
of which (the pion-nucleon coupling constant) has been determined from experi-
ment.

The simplest assumption about the coupling constants is that all the

pion-baryon couplings are equal

“aup T Cuny T %m3r TCm=z = an
and that all the K baryon couplings are equal
=G (12)

ka= - CSkz=

) is the coupling constant governing the

G =G
KAN KT N
QOur notation is that G (G /
Tge KBS
interaction of the pion (K meson) with the baryons B and B'. Here
2 g ,
G = gz' = 15 for direct coupling; GirNN = (9 Mu‘\ = £2 = 0,08 for
TINN lMu
derivative coupling.

There is a major difficulty with the assumption that (11) and (12) both

12
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are true. This is that Pais!® has shown that if there are no other strong
interactions involving the baryons, and if the baryon and meson mass spectra
are complete, then the following relations among the couplings are incompatible
with experiment:

G (13)

“aar” “mexs %kan T %kzn Seaz T K3z

or
G = -G » G = -G » Gua— =-G -— 14
war - Omry “kan T kN Gkaz T TSkxz 09
&
The proof consists in showing independently of perturbation theory that

the coupling constant relations imply that certain reactions are forbidden in the

limit 8 = 0 where

Me - M
8 = _ X " MN-o0.067. (15)
MA
In particular, the reaction
4
Tit+p K +5 | (16)

is forbidden to order chompared with the reaction
T+p D> KT (17)

a result which is contradicted by experiment. If any "other' interactions were
postulated to break the symmetry, these new interactions would require addi-
tional parameters, so that the complexity of the system needed to describe the
meson-baryon interactions would increase rather than decrease.

Schwinger‘19 and Gell-Mann20 previously came to the conclusion that
(11) and (12) could not hold simultaneously on the basis that otherwise there

is no way for baryon mass differencesto arise, provided all baryons have the

*The effects of the electromagnetic and weak 'interactions are neglected in
the proof. '

13
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same unrenormalized mass.

Pais has further shown21 that if the coupling constant relations (13)
or (14) do not hold, then no general arguments can provide relations among
the amplitudes for the various reactions stronger than the relations given by
charge independence. This being so, dynamical calculations of one kind or
another must be made to obtain relations among the cross sections. Since
perturbation calculations are in general not reliable when applied to strong
interactions, other methuds must be used.

Dispersion relations and '"pole' theorems which relate cross sections
to the behavior of scattering amplitudes in the complex plane will of course
be useful. Note that many of these theorems to be useful require detailed
experimental knowledge of differential scattering crossing cross sections or
of total cross sections over a large energy range. Furthermore it will be
important to have these experimental data not only to determine coupling
constants, etc., but to test the dispersion relations themselves. Even the
pion-nucleon data are not yet sufficiently accurate to provide a precise verifi-
cation of dispersion relations. In order to apply many of these theorems,
knowledge of antiparticle cross sections is also required. And to find infor-
mation about the interactions of strange particles with each other, differential
cross sections will have to be obtained for simultaneous production of more
than one strange particle.

One way to get around Pais's proof is to postulate as yet unknown
particles and interactions which break the symmetry. (Possible new particles

will be discussed in Section VI.) Another way is to assume the relative /\ ,Z

14
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parity or the relative K+, K° parity is odd. A third possibility is that the
coupling constant relations (13) and (14) are broken in some simple way.
For example, it may be that either (11) or (12) is valid, but not both simul-
taneously.

19

Schwinger™~ and Gell-Mann‘?‘0 have suggested that (11) might hold --

19

this is called global symmetry. Schwinger”® and Sakurai%? have suggested

that (12) might hold ~-- this is called cosmic symmetry.
‘ 23,24
The only support ;iven to global symmetry thus far are calculations
which indicate that the /\ is bound in hyperfragments with approximately the
3 a £ z o o o
correct binding energy if G“ AT + G“ AN within 20%. These calculations
suffer from difficulties which beset any explicit dynamical calculation with
strong coupling constants and should not be regarded as conclusive.
The simplest way of breaking the unwanted symmetries is to change the
signs of various terms in the coupling constants. Certain sign changes in the T

5

and/or K couplings have been considered by Pais. 18 Sakurai® suggests specific

changes in magnitude of the ¥t couplings:

G = 2G =2G s G =0, 18
TN TAT NIz TET (18
It may be that both the Tff and K interactions exhibit a high degree of symmetry,
but that these symmetries clash. If so, approximate symmetries may show up.
For example, it has been shown that with the neglect of K meson effects

and baryon mass differences, global symmetry implies that the hyperon-nucleon

&
potentials are simple linear combinations of the nucleon-nucleon potentials in

* Assuming that the concept of potential is meaningful in describing hyperon-
nucleon and nucleon-nucleon scattering.

15
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2 ) .
different iscspin states. 23 D'Espagnat and Prentki 0 have pointed out that

under the same assumptions the cross sections for the reactions

T + N—> N+ = += (19)
T+ N> N+5 +3 (20
W+ N> N+ A +A (21)

are simply related. Also, except for effects of the Pauli exclusion principle,
the cross section (19) would be the same as the cross section

M+ N—> N+ N+ N . (22)
Measurements of these cross sections would probably decide between the
coupling constant schemes (11) and {(12}.

The simplest mechanism leading to the production of antihyperons in
nucleon-antinucleon collisions involves K mesons rather than pions, and there-
fore may test cosmic rather than global symmetry. 26 Other possible tests of
cosmic symmetry have been written down by Sakurai, 5who derives relations
among various cross sections which are valid to the extent that virtual pions are
not important. The interest in all these approximations lies in the fact that they
do not depend on perturbation theory. However, in view of the fact that neither
the TT nor the K couplings are small, approximations neglecting one or the
other (even if only in intermediate states) may break down. Even if the TV and
K interactions are both strong, pion symmetries may be measurable because of
the difference in range of the T and K interactions. The W interaction is

-13

characterized by a length ‘h/r\nc =1.4x10 cm, about 3.5 times the range

13

of the K interaction of ’k/MKC = 0.4 x 10 "° c¢m. Then in interactions in high

angular momentum states, the pion interaction should be dominant,

16
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As an example, consider the neutron-proton scattering at an energy
above 10 Mev where the P-state phase Shifts are measurable with some
accuracy. From these P-state phase shifts, a value of the pion-nucleon
coupling constant can be obtained. This is because the centrifugal barrier makes
the P-state phase shift insensitive to the form of the interaction at small
distances. It is only the assymptotic part of the potential (which in field theory
is of Yukawa form), which contributes. The coefficient of this Yukawa potential
which is necessary to give the observed P-wave phase shift is then a direct
measure of the coupling constant.

In order to carry this over into strange particle phenomena one would
have to measure the angular distributions in hyperon-nucleon scattering at low
energies. Since the hyperons have lifetimes of only ~ 10'=10 sec, the decay
length in a hydrogen bubble chamber will be two orders of magnitude smaller
than the interaction length. Thus, an intense beam is necessary for such an

experiment,

can be measured this way in a straight-

- —
Ll
D

Note that GT\'ZZ and Gy
forward manner, but that G“_ AT cannot. This is because the range of the
N -nucleon interaction could not be greater than't\/znnc without violating
charge symmetry. The interaction A + N—) 2.+ N should have the range
'K/MT,.C , but the presence of elastic scattering A + N ~> A + N
and the Y -\ mass difference will make the results more difficult to interpret.
It would be difficult to get information about the K-baryon coupling constants in

e
-3

this way, since the pion interaction has a longer range than the K interaction.

~

* See, for example, L. B. Okun and I. Y. Pomeranchuk, Nuclear Phys. 10, 492
(1959) for a further discussion of the peripheral interactions of elementary
particles and for additional references.

17
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3. For completerness we mention a third ambiguity in the interactions,
although this one is not easily resolved by experiment because of the difficulty

in making calculations in field thecry. Even if we restrict curselves to inter-

actions which are linear in the boscn field and bilinear in the fermion fields, there

is the question of whether the coupling is direct or derivative (we ignore higher
derivatives than the first)., The chief argument for direct coupling is that this
makes the thecry rencrmalizable, whereas it is rnot renormalizable with deriva-
tive coupling. Another argument is that direct coupling is "simpler' than
derivative coupling.

On the other hand, there exist arguments for derivative coupling. If the
pion-nuclecn coupling must be derivative and if charge independence and invari-
ance under charge conjugation hold, then the pion must be pseudoscalar and the
pion-nucleon interaction must conserve parity. a2 (Use must be made of the fact
that the ,“O is even under charge conjugation. )

As has been shown by Dyson;27

a canonical transformation may be made
which transforms the pion-nucleon direct coupling interaction in the non-relati-
vistic limit to a derivative coupling interaction plus an additional term quadratic
in the pion field. No exact calculations have yet been made even with this non-
relativistic Hamiltonian, but approximate calculations seem toc indicate that the
linear term gives some semiquantitative agreement with experiment, while the

quadratic terms does not. On the other hand, if the coupling is derivative, the

quadratic term is absent in the non-relativistic limit. While extreme care should

be used in drawing conclusions from these approximate calculations, this evidence

seems to favor derivative coupling.

18
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The lack of renormalizability of the derivative coupling theory does not
seem to be a weighty argument against it. The present form of the theory may
after all be only an approximation to é theory with a natural cutoff in energy,
perhaps in connection with a universal length. |

Still another argument in favor of derivative coupling concerns the mag-
nitude of theqT and K coupling constants. In direct coupling the pion-nucleon

coupling constant is g2 = 15, The corresponding derivative coupling constant

%
is f% = (gN‘W\ = 0,08. On the other hand, the K direct coupling constant
Mw

appears to be GK ~¢ 3 and the corresponding derivative coupling constant

£2 - (S's_ﬂs.\’é 0.1
K MN+MA

2
The near equality of £ and f 2

g may be only coincidence or may be the

result of still another symmetry law.

We conclude this section by pointing out that field theory may become
simple at ultra high energies. For examplg it may be possible to show that a
simple Born approximation calculation with unrenormalized coupling constants
will give the correct high energy limit to field theory. 13

This conjecture has not yet been proved. If it is demonstrated the proof
may be valid only for the energy E~» 80 . It is important that an estimate be
made of how high an energy one must go to before the approximation is a good one.
A necessary but not sufficient criterion is that E )»? all masses in problem. In
quantum electrodynamics there is no evidence for any departure from the
renormalized coupling constants, although if the only relevant mass is the

electron mass, then the criterion E )) Me is satisfied in experiments already

performed.

19
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IV. PHENOMENOLOGICAL THEORIES OF THE STRONG INTERACTIONS

Because there are many interesting quantities which cannot at present be
calculated in field theory with any degree of confidence, there is some place for
phenomenological models and for experiments to test them.

As an example, there are the statistical theories of multiple particle
production at high energies proposed by Fermi, 28 Landaué29 Heisenberg30 and
others. Much cosmic ray work has been done to check these theories, 81 and
already a number of details of some of the theories must be modified. However,
really detailed experimental information on the energy and angular distribution of
various types of particles produced in high energy collisions can be obtained only
with high energy and ultra-high energy accelerators.

As another example consider nucleon-nucleon interaction. This inter-
action can be reasonably approximated by a potential (with tensor and spin-orbit
forces) in the energy range below ~ 300 Mev. We mean this in the sense that
the potential gives reasonable agreement with the scattering cross sections. At
still lower energies (below 10 Mev) an effective range theory gives agreement
with experiment. This same type of analysis will carry over into hyperon-
nucleon scattering. It will be interesting to know whether the low energy hyperon-
nucleon scattering can also be described by potentials, and whether these
potentials are similar to those in the nucleon-nucleon case. Clearly angular

distributions as well as total cross sections are needed.,

20
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V. SOME COMMENTS ON THE ELECTROMAGNETIC AND WEAK INTERACTIONS

1. We discuss the electromagnetic interaction only briefly. The internal
consistency of the theory of quantum electrodynamics (QED) has not been proved,
but that is a question for further theoretical work. The main experimental
question is whether QED breaks down at high energies. An ultra-high energy
accelerator of ~ 300 Bev will yield ﬂo's up to an energy of ~¥ 300 Bev. The 300
Bev'llo ’s will in turn yieldx"s half of which will have an energy ?. 150 Bev.
However, from cosmic ray data it can be seen that the yield of such high energy
'\To's will be extremely low even with intense beams, probably too low to be of
much use in testing QED. Experiments to test this can best be done with electron
accelerators such as the linac storage-ring combination being built at Stanford
and the planned two-mile loﬁg electron accelerator.,

2. The V - A theory of the weak interactions has had much success
recently in correlating experiments in 11, ‘L and ? decay. However, the leptonic
decay rates of the strange particles seem too small to agree with the calculated
values assuming a universal Fermi interaction. 32 In particular, the decay

N> P+ @ + Y is seen too small by more than an order of magnitude, 33 and
the decay Z.—) h+e + Y has not been seen at all, although several events
should have been seen according to the predicted decay rate. 34 Thus, experi-
mental evidence is that the strangeness non-conserving current term in the weak
interactions (contributing to the leptonic decay of the K mesons and hyperons) is
smaller than the strangeness conserving term (contributing to F decay and leptonic

decay of the pion and nucleon). Furthermore the preliminary evidence is that
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not all of the terms in the strangeness non-conserving current have the same
magnitude. Thus, the branching ratios of all the decay modes of the strange
particles should be measured to as high an accuracy as possible to give clues

for a modification of the theory.

VI. POSSIBLE NEW PARTICLES

It is essential for our understanding of physical laws to know whether
the present mass spectrum of elementary particles is complete. We shall make
some remarks -- which of necessity will be highly speculative -- on what new
particles one might hope to find.

At the present time, the only particles which have not yet been seen, but
which are confidently expected on theoretical grounds, are the anti- Z and
anti- E_ hyperons. (We are assuming that the existence of the E° hyperon .
and the anti- A hyperon have been verified, although the evidence in each case
is based only on one event, 15, 35)

However, for various reason‘s, it has been suggested that a number of
additional new particles might exist. A list of such hypothetical particles, to-
gether with some of the theoretical arguments for and against their existence,
follows.

1. A charged vector (spin 1) boson.

It has been suggested that a boson field might carry the weak interactions
just as boson fields carry the electromagnetic and strong interactions. The quantum

of this weak field might show up as a heavy boson X. The spin of this boson would

be 1 because the weak interactions have been established to be vector and axial
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vector. The X would be charged to provide a selection rule against the

decays
Y F’t RN e—h N e—\- +e

which could occur in second order only via an intermediate neutral boson and which
have not been seen. The X could be created singly via the weak interaction (al-
though in an abundance of perhaps one in a 107 pions) or it could be created in
pairs via the electromagnetic interaction. The probability for production would
depend on its mass. Its lifetime would also depend on its mass, but might be
expected to be several orders of magnitude shorter than 10.10 sec,

There is no good way of estimating the mass of the X. It could not be
very light or some non-local effects would probably have shown up in the weak
interaction which appears within experimental error to be a point interaction.
Guesses as to the boson's mass have ranged from ~ 500 Mev to many times the
mass of the proton. More than one kind of X might existbecause a different part-
icle might be needed to carry the strangeness conserving and the straﬁgeness non-
conserving currents of the weak interaction.

One argument against the X is the absence of the decay mode

kK>e + ¥

This decay should occur if there is an intermediate boson,

37

36 unless some new

selection rule is invoked to forbid this mode. In first approximation, the decay
rate into the mode ‘.l e -\-8. is independent of the X mass for certain types

of interactions. However, it is by no means clear that the existence of the X is

ruled out by experiment, especially if the X mass is very large.

23



¥

MURA-506

2. A neutral boson of unknown spin.
There might exist a particle ¢ to carry a possible interaction between the
P’ meson and nucleons ( ‘4- N interaction). 19 At present there is no evidence

for a r. -N interaction (dher than the weak and electromagnetic ones), much less
for a new particle to carry it. The reason one might expect the F; to have an
additional interaction is that otherwise the ,J. seems identical to the electron
except for its mass. The postulated particle is to answer the question: Why is
the P, so heavy? If one assumes that the mass of a particle arises from the
self energy caused by its interactions, one can make a very crude estimate of
the strength of a possible additional interaction of the . 'A . This idea tries to
correlate the strength of the interaction with the mass of the source particle (the
H ) and the range of the interaction with the mass of the field particle (the 0~ ).
The strength of the tA-G" interaction in dimensionless units comes to about
unit}; (see Table I). It should be emphasized that the relations given in Table I
should at present be regarded only as conjecture.

The V. -:A.weak interaction considered as.a four fermion point inter-
action does not fit in with this clas sific'ation scheme. This is why the inter-
mediate boson X has been postulated, as mentioned previously. Note that

according to this idea, the neutrino would have a small but finite mass, too
small to have been detected as yet. The estimate of the Y mass given in Table I
is e~ 10 ev; an estimate based on lifetimes for decay in weak interactions would
yield the much smaller mass of 1072 ev.

If the hypothetical v -N interaction is strong enough to account for the rt

mass, why hasn't it been seen? One possibility is that the ¢ is very heavy and
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that the interaction has a ‘correspondingly short range. Calculations have been
rnade38 of the properties of the t& to be expected on the basis of particular
models. The result is that the extra scattering might not have been seen. There
is the difficult experimental problem of distinguishing r{ 's from Tt 's in looking
for H -N scattering. The present evidence is inc’onclusive. 39

TABLE 1

Conjecture Relating the Masses of Particles to the Strengths of Their

Interactions.
Particles participating Strength at Typical mass in
in interaction Coupling Mev
T -N ‘g2=15 M = 939
K-Y Gég’3 M£~MN=250*
T-e e? = Jo= M, = .511
o-p ! GEx 1 M, =106
X-V ? Aeﬁzlo”? M y 10"51?

* This assumes that the K meson interactions split the baryon
mass degeneracies.

Another possibility is that the O interécts with r mesons but not with
nucleons., In this case, the experiments necessary to find the ¢ would be much
more diffi‘cult. One would have to look for inelastic scattering of ,L 's at high
energy.

3. "Heavy' baryons.

Groldhaber40 has suggested that just as the 'L meson seems to be nothing

more than a "heavy'' electron, there might exist heavy nucleons and heavy
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hyperons. Goldhaber does not suggest what the masses of these particles might
be but suggests ways to look for them. If one is postulating heavy fermions,
there seems no reason not to postulate heavy bosons as well,

The principle mode of production of the |A, is via decay of the TT . The
other heavy particles would not have analogous means of production (without
postulating still more particles). Therefore, the principle mode of production
of these particles (the charged ones) might be pair production via energetic X\o rays.
The particles would get rarer as the masses increased. Presumably the ©~
particle discussed previously would interact with these heavy baryons and bosons,
even if it did not interact in ordinary nuclear matter.

4, A hyperon of strangeness -3 and a boson of strangeness +2.

There might exist particles for which there are unfilled positions according
to the Gell-Mann-Nishijima strangeness scheme. Restricting the charge Q to
the values 0, + 1, there is room for a single baryon ﬂ: with § = -3 and for a
single meson ’X,+ with § = + 2. Presumably.o: would have spin 1/2 and 'X,+
would have spin 0. Since for the known baryons, each unit of strangeness adds
about &~ 200 Mev to the mass, one might make a crude guess that oo would be
~s 200 Mev heavier than the = or about 1600 Mev. Assuming that it would be

produced with 3K mesons, the threshold center-of-mass energy would be A 3 Bev.
The production cross section would probably be substantially smaller than cross

section for producing a :_: . If £ had a mass greater than M + MK , 1t

. -2
would be unstable against the rapid decay (with a lifetime awv 10 3 sec)

——

D=7 4K or = + K
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4+

The boson x would presumably be produced together with a =
It would be stable against rapid decay only if M, £2M .

If either the D oor x could decay via the strong interactions, evidence
for these particles would appear only as angular and energy correlations of
particles produced in T -N or N - N collisions. The energies would not appear
as unique masses, but only as broad resonances in final state interactions. It
is doubtful whether such resonances should be called elementary particles.

An event has been seen by Eisenberg‘]:1 which fits the description of
the -Q.. . Other sporadic events have been reported in the neighborhood of 750

+
Mev, which might be the 'XI . This experimental evidence is not nearly suffi-
cient to establish these particles.
- +

Although there is room for the L1 and the ’Xr in the Gell-Mann-Nishijima
scheme, these particles are not expected with any confidence. This is because
present attempts at theories of the strongly interacting particles do not need
them -- in fact are based on the assumption that the present mass spectrum is

Y — )
complete (see Section III). On the other hand, particles such as the z and =

are necessary for most of these theories and were therefore incorporated in the
theories even before the particles were discovered.

The theory of strong interactions is now in a position somewhat comparable
to its position when pions were known but not strange particles. That is, a
number of attempts are being made to understand the strong interactions in terms
of the known particles. Even if new particles should exist, these attempts may be

partially successful in a restricted energy range, just as the theory of T* - N

interactions has been partially successful in the energy range i 300 Mev.
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9. A neutral spin 0 boson. : .
A number of arguments have been given for the existence of a neutral
boson* of spin and isospin 0, the Tro . The new particle is supposed to
explain certain experimental results which cannot be explained with the usual Tl'o“sq
However, the extent of the disagreement between theory and experiment is
probably not so great as has been made out and the evaluations of the theory are not
good enough to say that there is a definite disagreement.
The 1'\'°° might decay in either of two modes:
™o T+ f
™ > ¥

depending on whether it is heavier than the e, One variation of this particle
0
is called the e by Gupta, 43 who postulates it to help explain the anomalous
Q
magnetic moments of nucleons. The e is postulated to be a scalar particle

with mass MK > MQ S 2M These particles have been looked for, but

w
not found. 44
6. A neutral vector boson,
The existence of this particle is postulated by Nambu45 to help explain
(1) the small root mean square charge radius of the neutron and (2) the nucleon

anomalous magnetic moments. Nambu calls it the Q

7. Charged vector bosons.

There is no special theoretical reason for postulating charged vector
bosons, except that if a neutral one exists, charged ones might exist also. These

particles would have to be heavy or rare to have avoided detection. Nambu's

* See reference 42 for a list of authors who have proposed a second neuiral
pion.
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particle is a charge singlet, but a charge doublet or triplet is no harder on
the imagination.

8. Particles of high spin.

These would include bosons of spin 2 or more and fermions of spin 3/2
or more. At present there‘ is no theoretical reason to postulate their existence,
except for a massless spin 2 graviton, so no remarks can be made about their
masses, charges, or abundances beyond the fact that they have not been seen.

9. Particles with new internal degrees of freedom.

There might exist particles with new and as yet unknown quantum numbers.
They might be produced in pairs (or higher multiplets) with selection rules which
slow their decay. Nothing more definite can be said. As with the higher spin
particles, one must simply search for them over a large energy range.

10. Multiply charged particles.

At present no one understands the selection rule that prohibits multiply
charged particles, so there is no compelling reason to expect that this selection
rule is exact or that it applies in more than a limited energy range. Certainly
there exist multiply charged compound particles (e. g., the DL-particle) and
multiply charged scattering resonances (e. g., T|'+— P ). Whether multiply
charged elementary particles exist may be only a matter of how an elementary
particle is defined.

11. A charged particle of mass Av 250 Mev.

This is a particle which Alikhanian et al.46 have claimed to see in cosmic
rays, but it has not been seen in the reported abundance by other investigators. 47

There is no theoretical reason for this particle unless it is one of the particles
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discussed previously (for. example, the X ).

12. A neutral F meson.,

Arguments for and against the existence of a neutral counterpart to
the ’A meson (distinct from the neutrino) have beeh given by Marshak and
Sudarsham, 48 The decay K+A !~4++ro has been looked for but not found. 49

13. A Dirac monopole. |

The existence of a magnetic monopole has been postulated by Diralc5
to explain the fact that electric charge is quantized. If the mass of such a
monopole is less than the proton mass, the cross section for its production in
a nucleon-nucleon collision51 is less than &~ 2 x 10_35 cm?, Thus, if the
monopole exists, either it is very rare or it has a very heavy mass. These

possibilities can be explored with high intensity and ultra-high energy

*
accelerators,

% If the monopole exists, the PCT theorem must be modified. See reference 52.
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