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INTRODUCTION

With the discovery of the neutron (CHaADWICK [1932]) and the
positon (ANDERsoOX [1932]), all nucleons and leptons that we
now know had been observed (the existence of the neutrino was
assumed from [~ -radioactivity). The first successful quantum
mechanical description of a non-electromagnetic interaction
between elementary particles was given by Fermr [1934] for
B~ -radioactivity; Wick [1934] in the same year showed the direct
extension to the newly discovered f*-radioactivity. However, this
interaction was much too small to explain nuclear forces. The
meson hypothesis of Yurawa [1935] removed this difficulty, and
suggested the coupling scheme between elementary particles
according to Figure 1; it was then natural to classify particles as
nucleons, mesons and leptons.

Fig. 1. Coupling scheme before 1947

The theory predicted (Tomonaca and ARrAxr [1940]) the
absorption of negative mesons by nuclei, and this was verified in
experiments with lead and iron, but CoNVERSI ef al. [1945, 47]
showed, unexpectedly, that most negative mesons stopped in
carbon decay. The validity of the scheme was then doubtful, and
the discovery of the m-meson (LATTES et al. [1947]) destroyed it
completely.

More recently, numerous schemes have been proposed (see for
instance, surveys of the question in different years: ROSENFELD
[1948b] and Yukawa [1949]). Even the problem of nuclear forces
has not yet been solved in terms of meson fields, and several new
reactions, some involving new particles (z°-mesons, heavy mesons),
have been discovered in 1950.

1. THE PHYSICS OF PARTICLES

Any physical result is based on experimental data and theor-
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ctical hypothesiscand it is necessary to know fully its bases in
order to appreciate its value and the limits of its validity, In the
present state of physiesowith the obvious specialization of physicists,
ittix often very difficult for experimental and theoretionl people to
know the exact significance and implications of their mutual
discoveries. Tt is necessary for experimental cosmic ray workers
to have right and precise ideas of the theoretical concepts they
have to use to make qualitative deductions. (quantitative cal-
culations are left to the theoreticians. and. morcover, form the
weakest part of the theory !)o In this paper it seems useful, after
ao<hort summary of experimental data on particles, to give a
review of the framework of the theory as it is currently in use.,
and to show what is the basis of the main laws and theorems
(conservation laws: Furry's theorem ete.) useful for the qualitative
study of reactions and couplings hetween clementary particles.
This, together with the trite, but essential. specification of units.

i+ the aim of the present section.

1.1 Experimental data

[ixperimentally, particles are at once classitied into charged and
neutral  particles.  Neutral quanta  (photons, 7 -mesons)  have
strictly: no charge, while within experimental accuracy (a few
per cent.) charged particles have all the same amount of electric
charge, with both signs of charge for electrons and mesons. This
amount is supposed to be strictly the same for all charged particles,
and this implies that neutrons and neutrinos have strictly no
charge. Only for electrons has each charge conj ugate state been
named — negaton and positon. Particles are further experimentally
characterized by their rest-mass. Table I gives the list of mas<
values and the notation used in this paper. and numerical resalts
given by authors will be corrected by taking into account these
values if necessary. Latest references of experimental data arc
indicated: see also PoweLLs [1950] review on mesons.

There are mesons heavier than a-mesons: the existence of these
particles ix certain, hut their masses are not vet known with anyv
accuracy. The properties of these particles will be studied in
§ 200 and § 206 under the titles: “Neutral Veomesons' and “Charged
Vomesons and r-meson<”. We shall not. howevor, consider her
varitrons (see Davois [TO50] for a eritieal survey) nor the photo-
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graphic plate evidence of decays attributed to them (ALIKHANIYAN
et al. [1949]). S

Other characteristic properties of free particles: mean life,
magnetic moment and spin, will be reviewed separately for each
of them.

TABLE 1
X Mass Mass .
Particle notation value Experimental data
¢ electron m unit
v neutrino v 0 < 0.002 CURRAN et al. [1949]
U pu-meson u 213 210 + 4 SMITH et al. [1950]
215 + 4 RETALLACK, BRODE [1949]
212 4+ 4 PEYROU, LAGARRIGUE [1950]
{ 7% -meson % 271 271.4 + 2.5 g
n? 7°-meson o 261 261 1 4 Mover Harwell Conf. [1950]
n, p nucleon M 1837
Difference M, — M, 2.53 2.53 4- 0.025 RossoxN [1951]
2.535 4 0.012 HoORNYAXK et al. [1950]

1.2 Theoretical methods

Many authors have attempted to develop fundamental theories
giving the number of elementary particles, their rest-masses, and
so on .... Others have tried to describe some particles as con-
stituted of several other “‘elementary” particles (generally a pair
of fermions). However, up to now the only far reaching attempt
for the description of the properties of particles is the field theory:
the wave function of a field satisfies equations defined for a given
value of the spin, and which contain the mass of the particle as a
parameter. Essays have been made for describing particles with
several states of mass, but until now only particles with one mass
and one value of spin have been widely used for explaining or
forecasting éxperimental data, the values of spin being restricted
to 0, 4 and 1. An excellent report on non-interacting field theory
has been given by Paurr [1941], since when no essential progress
has been made on the subject. For fields in interaction, formal and
substantial progress has been made since 1948 (see papers of
ToMoNAGA, SCHWINGER, FEVNMANN, Dyson and so on), but
it is more or less restricted to electrodynamics.

The only relativistic equation for spin } particles that has been

9
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widely used is the Dirac equation. There are two possibilities for
deseribing spin 0 particles: the wave function can be eithar a
scalar, S, or a pseudosecalar, £: this is also true for spin 1 particles,
the wave function being cither a vector, V. or a pseudovector, A.
In the following we shall indicate these four possibilities for hosons
by the letters 8, V, 4, P.

Charged particles are deseribed by imaginary wave functions
satisfying gauge invariant equations: imaginary wave funections
are also necessary to deseribe neutral particles with a magnetic
moment: their wave functions are directly coupled with the
clectromagnetic field, and not with the potential, and therefore
gauge invariance is not imposed. In both cases there are two states
of the particle, with opposite charge (for charged particles) and
opposite magnetic moments (for spin £ 0 particles). Most physicists
believe in the existence of negative protons and antineutrons, but
this question can ultimately only be solved by experiment 1.

Photons and z°-mesons are described by real wave functions:
it is not yet known whether neutrinos must be described with two
states (called in the following “neutrino’ and “antineutrino’) or
only one state (see § 3.1 for discussion) as is possible with the
Dirac equation (MasoraNA [1937]); in this case the wave function
is real if a convenient representation of Dirac’s matrices is used :

~

a = a* = q, ﬁN:x p* = —p. In the following, we shall refer to
fermions with only one state as “Majorana particles™.

It must be emphasized that there is actually no theoretical
distinction between “‘kinds” of particles; the isotopic spin formalism
allows one to speak of protons and neutrons as the same particle,
the nucleon: electrons and neutrinos as the same particle, the
lepton: but this is only a more condensed way of writing, and it
does not correspond to a deeper theoretical concept 2.

! Searches for negative protons have up to now led to negative results.
However, they have mainly been based on the study of f--radioactive
nuclei emitting delayed neutrons (since M, + m > M), BRODA et al.[1947]
Sun [1949], Scorr and TrrreErTON [1950], and in this case the theory
forbids the spontaneous emission of negative protons, as was pointed out
by the last authors (see also Micuprn [1950b]). We would expect the main
source of antinucleons to be pair production of nueleon-antinucleon in the
very energetic events of cosmie rays; they will disappear by annihilation.

* It seems possible, for fermions, to distinguish between “kinds” of

articles by the anticommutation of the wave funetions of the “same” kind
] A
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For the study of coupling properties between particles we shall
study “reactions’ between these particles; a reaction is defined
by the nature and the ‘“‘charge conjugate state” of the involved
particles and by the set M of the values of the dichotomic variable
M for each particle: M = —1 when the particle is absorbed, and
M = 1 if the particle is emitted. In the following we shall also use
the dichotomic variables L and K : if Ce is the charge of the particle,
for a charged particle L = C, for a neutral particle with a magnetic
moment L is a function of its sign (here it will be chosen as the
opposite of this sign because of the neutron), and for a neutral
particle without magnetic moment (photons, probably z°-mesons
and perhaps neutrinos) L is arbitrary. K is defined by K = LM.
A given reaction can be characterized by L and M, these notations
representing the two sets of values of L and M for each involved
“particle.

1.3 The canservation laws

The conservation laws summarised below, with the exception
of the last, apply also in classical theory. They are expressed by
group invariance, this condition restricting the number of possible
terms in the Lagrangian. The information given by the application
of thess laws is absolutely independent of the particular hypothesis
for the interactions between particles and even of the imperfect
state of the theory. All physicists apply them in the same order
for excluding impossible cases, but the selection rules due to the two
last laws have not been well known.

Conservation of charge: *invariance under gauge group. This can

be expressed for a reaction between n particles by
(1) ZMC; = 0= 2'K,
X indicating summation over the charged particles only.

Conservation of momentum and energy: invariance under Lorentz
displacement group. If k; is the four vector momentum-energy of
the ™ particle, the law is: Mk, = 0.

of particles and the commutation of the wave functions of particles of
“different” kind: see, for instance, Nisuisima [1950] who deduces certain
selection rules for decay from such a distinction. But it can easily be shown
that these two ways of writing are equivalent.
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Conscrvation of angular momentwn. This law requires that the
number of fermions involved in a reaction must be even. For
a given systemof particles we shall call ./ its total angular
momentum: it is the sum of the angular momenta and the spins.

A system of two hosons with opposite momenta cannot have all
possible values of ./ in the following three cases:

() For two photons, JJ == 1: Laxpac [TO48 ], Yaxa [1950a],
Prasten [1950] and  Sreingercer  [1949b] quotes also
WiaNeERr for this result.

(h) For two identical spin 0 bosons, .J cannot be odd (see for
instance Praspier [ 1950]).

(¢c) For one photon and one spin 0 boson, J 0.

Conscreation of parity. This law has no classical correspondence,
its importance was shown by WiaNer [1927].

We can decompose the Lorentz group £ of transformations into
Lo (1+ 1)1+ R (see, for instance, BHaBHA [1949]) where 7'
changes v, », =, ¢t into @, 9,2z, —t and R changes v, v, 2, t into —u,
—y, =z b Invariance under the group £ gives the conservation
of angular momentum. Time has an absolute orientation for us,
therefore all physical laws cannot be invariant under 7', the reversal
of the time direction (however, this non-invariance under 7’ may be
limited to statistical mechanics). But, outside biology, we cannot
i nature make any distinction between right-handed and left-
handed frames of reference: therefore no physical law allows us
to distinguish between the two kinds of ‘frame, and they must
all be invariant under transformations RG5! exchanging two frames
of different kind, i.e. they must be invariant under the group 1 + R.
However, wave functions do not need to be invariant for R.
thence the possible distinction between S and 2 mesons, V and A
Mesons,

Here we shall give the results of parity conservation only in the
case of the spontancous decay of a particle into integral spin
particles: there is no need to specify which is the initial particle
and which particles are secondaries. Decay is forbidden for the

fellowing sets:

NNPPPP SNA PP A SPV, SSNP.SPP P
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(see PEASLEE [1950] for the decay into two spin 0 mesons; MICHEL
[1951] for all cases) 3.

These results are very fundamental, and the only hypothesis
made for their validity is that there are only scalar coupling
constants (no pseudoscalar coupling constants: see § 1. 6 and § 3. 6).

1.4 Coupling between fields

The field equations mentioned in § 1. 2 are deduced by a vari-
ational principle from a Lagrangian which contains quadratically
the field variables or, bilinearly, these variables and their first
derivatives 4. This Lagrange function must be a scalar. The field
variables y of non-interacting fields can, by quantization, be
decomposed into plane waves which describe creation and annihil-
ation of particles when they are applied to a state vector. There
are interactions between the fields when there are, in the Lagrang-
ian, terms formed with the y’s (or the first derivatives of one of
them) of different fields. Field equations are deduced in the same
way, but they cannot be solved exactly; an approximate method
must be used, generally the perturbation theory where the coupling
terms are considered as small and their presence perturbing only
the y’s of free fields. This is why we can still speak in terms of
particles, of their creation and their annihilation 5,

We use the notation yti=y, if K;=—1, and =y if K,=1;
we can define a coupling between fields by K, the set of values of
the K, in the interaction terms of the Lagrangian ; this coupling can

8 The list of these sets has been given by Furupa et al. [1950a] who
found for them no Lorentz invariant terms of the S-matrix in particular
lowest order perturbation calculations; see also papers of ONEDA, OzAKI
and SASAKI quoted in § 2. 5.

¢ It is not impossible, indeed, to have a Lagrangian containing higher
derivatives of the field variables, and the equations would then be partial
differential equations of higher order, but the physical solutions taken are
still restricted to plane waves for non-interacting fields.

8 All the theoretical numerical results we shall use are obtained with this
weak coupling method; there are other methods: strong coupling theory,
more or less phenomenological methods for multiple meson production
(Heisenberg, Fermi) etc., but they are not applied to the whole problem
of coupling between particles. The first question to be answered is: can the
usual theory give an acceptable solution to this problem? We restrict this
‘paper to the ordinary weak coupling theory.
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contain several terms it it is possible to form several independent
sealars with the involved ¢ or the fivst derivatives of one of these
pr. The coefticient of each term is a coupling constant. The
Lagrangian must also contain for any term which is not self
conjugate. its hermitian conjugate: these conjugate terms cor-
respond to the setx ~K of the values of K. With the Majorana
representation of - Dirac matrices (see § 1.2) and appropriate
notations, the IO defined here are identical with the K defined in
§ 120 therefore the possible “first order™ reactions L M for a given

coupling satisfy

(2) LM K o LM, K
We shall call a “elass™ the set of all possible first order reactions
of a coupling - K.

Now the operator which transtorms the function representing
the initial state into that representing the final state, ie. the
S-matrix or the perturbation Hamiltonian, is developed in in-
creasing powers of the coupling constants, and a very intuitive and
usetul graphical representation of the perturbation theory has been
mtroduced by Feynmann and Dysox [1949]. The physical reaction
can be considered as the result of a sequence of “first order”
reactions (cach represented by a vertex of the graph): these inter-
mediary reactions are virtual, and the particles absorbed in these
reactions have been emitted by a previous one, if they are not the
initial particles themselves. In the graph, virtual particles ave
represented by lines joining two vertices, real particles by lines
touching only one vertex.

Baample 1. We consider the two couplings [ and ¢ responsible for
the first order reactions:

fop =ptdaltoe,ptosp by

}Y

VA VA VA VA VAW
P
Tt
AAM P
f \

P Y

I SV VIV VIV



THE PHYSICS OF PARTICLES 135

The three successive virtual reactions z° —p* +p~, p~—=p~ + 7,
p* + p~—>y, give the real reaction n° — 2y, and the graph of the
processes is given in Fig. 2; an alternative for the second virtual
reaction is p* — p* + » and gives the same graph.

Example 2. A graph can be composed of disconnected parts;

here is an example. The atomic masses of A}y, Ki, Caj are respect-

ively 39.9755, 39.9756, 39.9751 (RosSENFELD [1948a]), therefore
the f--decay of Aj) is not possible, but the virtual reaction:

n (of A:g) —p*t (of K§) + e + v
followed by the reaction:

n (of Kig) — p* (of Cay) + &= + v
gives a real reaction:

2n (of Af)) — 2p* ’(of Cay) + 26~ + 2v.

The graph of this reaction is given in Fig. 3. If the neutrino is a
“Majorana’ particle (see § 1. 2), one can have either the graph of
Fig. 3 or the graph of Fig. 4, corresponding to the reaction

20

2n (of A%)) — 2p* (of Cal)) + 2e~;

but if the neutrino has two states (‘“neutrino” and ‘‘antineutrino’)
only the graph of Fig. 3 is possible, as is easily seen.

\" ¥
/AN o/ \
‘\‘z:' \\t”
\‘ \
\
Fig. 3. Graph of Fig. 4. Graph of
2n (of 44°) — 2p* (of Ca%) +2e~ +2v 2n (of A%) — 2pt (of Ca%) 4 2~

The number of vertices in a graph gives the “order” n of the
phenomenon ; this means that its probability_is proportional to a
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homogencous polynomial of degree 2, in the coupling constants
involved S,

It follows from the principles of perturbation theory that the
graphs of ‘minimum » for a process give the main contribution,
and the graphs with larger n give only higher order (sometimes
called “radiative’™) corrections.

From this formal study of coupling we deduce casily that the
existence of a reaction ML implies the existence of reactions

-M. L (reversibility in microphysies), M. L (charge conjugation) 7
and all the reactions (virtual or real) which have the same or
opposite K (K LM from the observed one.

1.5 Couplings commonly used

All possible couplings of the theory are not used for caleulations:;
nearly all authors avoid the use of derivatives of Dirne wive
functions and of imaginary and pseudoscalar coupling constants.
A rapid review of the other (used and unused) possibilities is given
here.

It is possible to form five invariants with two Dirac wave
functions i and . With the Majorana representation (see § 1. 2)
of the matrices, these invariants can he written P F e -
vields a sealar ', ¢~ 2 the four components of a vector »'", 7 3
the six independent components of a skew tensor 1", i = 4 the four
components of a pseudovector 2, i - 5 a pseudoscalar P Among
the 16 matrices F, 10 are symmetrical and 6 antisymmetrical ; in
the Majorana representation they are distributed so that

(3) B, —0.F, with 0, =1, —1, ~1.1.1.

[

° Particle lines can only join at a vertex, therefore it is not coherent

with the theory to use such a graph, for

. . . . P £
mstance, for the coupling responsible for the T e -
reaction o e o b (0 and pare

the two states of the neatrino), as was SUg- v Py

gested By Ocawa and Kaverceur [ 1950a ] '

for making possible the reaction poe e (i T

the presence of other particles mtervening in the rest. of the araph and

AsSISting energy-momentum conservation),
T There isoa complete symmetey between charge conjugate states of a

particle: a correet use of Dirac’s hole theory cannot give different resulis

when one permutes the role of the holes and {he particles,
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If the two ¢* are identical, from the anticommutation relations
we immediately deduce:

(4)  YEF g = 395(F — F)y® = 3(1 + 0)y"F ¥ ie. v/ = 1" = 0.

There is an arbitrary factor in the F,’s; it can be removed in the
coupling constants and it is then possible to have all the F
hermitian : |

(5) Fi = F,

‘With the wave functions s, v,a,p of S, V, A, P bosons (see
§ 1. 2) and with the vector d, = d/dx, d/dy, d/dz, d/3t, it is possible
to form four other invariants v/, ¢/, ., a.

Case 1. Coupling between one boson field and one fermion field.
(a) charged fermion field: the boson field must be neutral, and we
suppose that it is described by a real function. The only possible
form of the coupling terms (see § 1. 4) is

(6) C = fi‘Pz""/’KFHP_K + h.c.

X3
.

where indicates a scalar product, ¢ either the boson wave
function or its first derivatives and “h.c.” the hermitian conjugate.
Using equation (5), equation (6) can be written:

(7) C = (f + [*)p-y*Fyp7X,

and we are left with only the real part of the coupling constant;
in other words, in this case the coupling constant must be real.
C is also charge conjugate, since (see equation (3)),

(8) C = %%“(fWKFﬂ/’_K““fi'/)“KFﬂPK) =
= %‘Pi'(fi'PKFW_K + Bifi'l’-KFin%

on account of the Majorana representation of matrices 8, the

8 The Majorana representation of Dirac’s matrices does not restrict
the validity of the formalism; if it is not used, one has to introduce for
charge conjugation a matrix C (see Pauri [1941]), the wave function of the
Majorana particle is no longer real but there is imposed a more complicated
condition, .... everything is, of course, equivalent, but written in a more
complicated way. The Majorana representation is more convenient for all
covariant calculations. Nevertheless the Dirac representation is much more
used : historically it was the first, and it is more convenient for non-relativistic
calculations (separation into large and small components).
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second termis deduced from the first by changing K into K (this
changes Linto L.xee § 1.2 and § 1. 4) which is the charge con-
Jugation. but we note that the coupling constants are multiplied
by 0, This important vesult will be used in § 1. 9.

We can now list all possible terms. There are cight. For scealar
s and /f: Sy y” Ey

N »

R - N ~ s/ 4 "y
mesons: f oy z/'l\ Iy NN t‘h(»sv

N4 1

will be noted Ssoand Secfor veetor mesons: froeev and 2] I e
4 it

l }

noted Peand 172 for preadovector mesons Foaveaand 27717
noted Ao and A7 for pseudosealar mesons: [ropp and 2fala,
noted Ppoand Pas We have multiplied the coupling constants /'
(of the coupling terms containing derivatives of the meson wave
function) by 2 /i xe. the wave length of the meson: then f
and /= have the same dimensions since 3 has the dimension of
the reciprocal of a length. |

FEthe boson field were deseribed by an imaginary wave function,
only the veal part would be significant (as for / in cquation (7)):
for this reason neutral mesons are deseribed by neutal wave
functions. From these theoretical considerations they must have
no - magnetic moment.,
(b) meutral fermion field. If this is represented by an imaginary
wave function, we can form exactly the same couplings as in (a):
this is done for the neutron. There is another possibility with f
imaginary as well as the wave function; hecause of equation (4),
this is only possible for s, a, and p couplings. If the fermion is a
Majorana particle. there is only one possibility which can be
deduced from any of the previous cases by omitting the useless I;
cquation (4) shows that there are no S, e, 1t At couplings, and
thus a Majorana particle cannot be coupled with vector mesons
or with photons.

(ase 2. Coupling between one boson field and two fermion fields.
It would be significant here to use imaginary coupling constants,
but it is possible by means of the isotopie spin formalism  (sce
Y 18) to write the coupling terms in a form identical to (‘ase I(a),
and it we vestrict ourselves to this form we obtain the same limit-
ations as for Case I(a).

Case 30 Coupling befween four fermion ficlds, Five invariants

"

can - be formed with the first two fields: 7, Poo e ay o and

five other invariants with the remaining two fields: &0 el 1000 fh
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by scalar products 1t is then possible to form five scalars J; where
Jy = s s, + he.; J, = o0, + h.c. ete.. .. For this kind of coupling
we shall use the notation g for the coupling constants, and the
most general coupling is a linear combination of five terms:

(9) O = EgiJi‘

It is possible here to take the g imaginary, and this possibility is
discussed in § 1. 6, but in this paper the g will be taken as real.

One can show the following properties for the J (M1cHEL 1950a):
if the order of the ¢* in the J, is changed, the new J, are linear
combinations of the old ones (see Frerz 1937); if two (or more)
y* are identical, there are only three (or one) independent J,: this
result will be used in § 3. 2.

1.6 Couplings not commonly used

(a) Couplings with derivatives of the fermion fields. Such
a coupling was used for p-decay by KonNoriNskl and
UHLENBECK [1935]; it .was a direct coupling between n, p, ¢, »
and it contained the first derivative of the neutrino wave function.
It was put forward to fit experimental data, but it has since been
rejected in the light of better experiments. No study has been
made of meson-nucleon coupling involving derivatives of the
nucleon wave functions. Some cases would be identical with the
usual couplings, but most of them would give quite different
results. Such couplings, with derivatives of nucleon wave functions,
have probably not been used for the historical reason of cor-
respondence with electrodynamics.

(b) Use of pseudoscalar coupling constants is allowed for the same
reason as the use of pseudoscalar or pseudovector wave functions:
the observable results are even functions only of coupling constants
and of wave functions. Then, the coupling constants are formally
written in the same way but their meaning is different. The first
use of a pseudoscalar coupling constant was made (although not
of intent) by FErmI [1934] in his paper on f-decay (direct coupling
between four fermions); Koxopinski and UHLENBECK [1935]
using scalar coupling constants found the same result as Fermi
except for the terms containing the neutrino mass (which cor-
respond to a change of sign of the neutrino mass), a discrepancy
which has been explained by Racam [1937]: this result can be
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shown to be quite general. There are no essentially new results if
scalar g and pseudoscalar § coupling constants are used in the
same coupling, but their interference will give terms of the form
g A4, where A is the only pseudoscalar which can be formed with
four particles: it is the determinant of the four components of the
four k fourvector momentum-energy of the particles; for four free
particles 4 — 0 on account of energy-momentum conservation
(ZM;k; = 0); for bound particles, inside a nucleus, for instance,:
these terms may give important results. Modifications to the
transformation law for Dirac wave functions under space
reflexions have been proposed by Jarkov [1950] and Yawna
and Tromyo [1950]; these can be shown to be strictly equivalent
to the possibility of using pseudoscalar ocupling constants.
Such a use has been proposed practically by ScHOENBERG [1941];
there is no longer any distinction between scalar and pseudo-
scalar meson, vector and pseudovector meson. A spin 0 meson
can have -four coupling terms with nucleons: those already
labelled Ss, Sv, Pa, Pp, while a spin 1 meson can have the four
coupling terms Vv, Vt, At, Aa. In other words, spin 0 mesons can
have properties of both § and P mesons, spin 1 mesons those of
both V' and A mesons (see calculations from Exatsu [1950]), but
no other new physical effects occur when 4 = 0. As we pointed
out in § 1.3, the use of pseudoscalar coupling constants would
modify the form of results due to parity conservation.
(c) Imaginary coupling constants. We have seen in which cases
coupling constants can be imaginary. It is easy to show that diff-
erent observable results are obtained only for the terms containing
the product of different coupling constants of the same coupling
(as defined in § 1. 2, for instance Ss and Sv, or the five ¢,7,).
One can for instance have instead of the expression ¢,9,H,. for
real g, the expression [g;|-|g;|- Z;; cos 0, 6 being the phase differ-
ence between ¢, and g; in the complex plane. Thus, the use
of imaginary coupling constants. when it is allowed, would in-
~ troduce more arbitrary constants (phase differences) which would
eventually decrease the importance of interference between the
different terms of the same coupling; moreover, the domain of
validity of Furry’s theorem (see § 1. 9) would be modified.

In the following we shall use for the purposes of our discussion
only the commonly used couplings of § 1.5 and neglect the
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possible couplings described in the present subsection. Theory
might be saved by the introduction of more arbitrary constants,
but one has first to try the simplest hypotheses for fitting experi-
mental data. We therefore explicitly make the following simpli-
fying hypotheses for coupling: coupling constants scalar and real,
derivatives of fermion wave functions excluded.

1.7 Units

The best system of units for theoretical studies of coupling
becomes apparent during computations. The method of intro-
ducing coupling constants f and ' in § 1. 5 is formally similar to the
use of Heavyside units in electrodynamics, where e2/4nfic = 1/137.
It is now usual to use the natural system of units where # = ¢ = 1,
in which the product of a mass by a length 1s a pure number. Since
filme = 3.85 107" cm in c.g.s. units, (electron mass, m) (1 cm) =
1/(3.85 10™"). If « is the mass of a nuclear (integral spin) meson,
(1/¢)3, is dimensionless (see § 1. 5, here 2 = 1/x) and f' as well as f
and e is dimensionless. In this system, the values of f2, {2 and e?
are the values of the pure numbers f2/fic, f’%/fic and 4/137.

Now we can express the dimensions of every quantity by a
power of length or of mass by multiplying it by the requisite
powers of % and c¢; here we choose mass, and, for instance, time
has the dimensions (mass)~!. We have already chosen (§ 1. 1 table
1) the mass of the electron as our mass unit, and it is also the
unit of energy and momentum. In the system where % = ¢ = m = 1,
the unit of length is 3.85 107" cm (the Compton wavelength of
the electron) and the unit of time 1.28 10™* sec. (i.e. fi/mc?) ; thus
we multiply the values of time expressed in this system of units
by '1.28 107" to bring them to seconds.

In the c.g.s system the g constants are expressed in ergs.cm®. The
pure number, (g/mc?)(fi/mc)”®, used by many physicists (see for
instance BETHE [1947, p. 99]), is evidently their value in the

system £ =¢ =m = 1.

1. 8 Isotopic variable

This name, proposed by ROSENFELD [1948a, p. 51], is better
than the more usual “isotopic spin”. As we pointed out in § 1. 3
this formalism is only a more condensed way of writing, which
allows one formally to write the coupling of a charged and/or a
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neutral boson with two fermion fields (generally two nucleons or
~ two leptons) in the same form as the interaction of one boson
field with one fermion field (§ 1. 5).

(a) charged meson field ¢, proton field y,, neutron field p,;
coupling,

(10) C = fl¢* (w, Fy,) + ¢- (W} Fy,)).

Let us write ¢ = ¢, + i, with ¢, and ¢, real, and p = (i"), and
P
let us define the four hermi_t_ian matrices:

T (/R L i L

Equation (10) can then be written (with- f, = f, — f, and o = 1,2):
(12) O =3f (w5, Fy).

(b) neutral meson coupled with the proton and neutron fields by
the coupling constants f, and f,. Let us define f; — %(f,, —f,) and
fo = %(f. + f,). The coupling term : |

(13) 0" = f,$-( *F%+f¢ (v, Fy,),

can be written as in equation (12) with ¢ takmg the values 0 and 3.
With ¢ taking the values 1, 2, 3, 0 all these coupling terms can be
condensed into the form of equation (12) with the condition f, = f
~only. The extension to the f is obvious.

1.9 Furry’s theorem

This theorem applies to the graphs containing closed loops of
fermions. For instance, let us take the graph of Fig. 2. It represents
elements of the S-matrix proportional to f 2. We have seen (§ 1. 4,
example 1), that this graph represents two possible alternatives
obtained from each other by exchange of p~ and p*. Because of
the charge conjugation of the formalism, this shows that the
values of the corresponding terms of the S-matrix are obtained
from each other by the exchange of e, f and e, 0.,f, (0, = —1, see
equations (3), (8)), therefore if f is the constant of one of the coup-
lings Sv, Vv, Vi, At, the sum of the terms represented by this
graph is equal to 0 (since 1 + 6, = 0).

Now it is easy to show for a reaction between real bosons through
intermédiary fermion fields, that when these real bosons introduce
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an odd number of couplings of given kinds, any graph contains
at least one closed loop of fermion lines with an odd number of

these couplings (because virtual particles introduce only an even

number of couplings of any kind, and any partition of an odd
integer contains at least one odd integer). Thence Furry’s theorem :

T'1. A reaction between neutral bosons through one intermediary
fermion field is forbidden if the total number of v and ¢
couplings is odd.

However, we must emphasize the following restriction: only .one
coupling term is allowed for § and 4 bosons; V and P bosons can
have both their coupling terms (Vv and V¢, Pp and Pa) since they
are equivalent for this theorem, evidently Vv and V¢ or Pp and Pa
of the same meson are only counted as one. This theorem was
proved by Furry [1937] for electrodynamics, and its evident
extension to neutral fields was indicated. ;

The isotopic variable formalism suggests an extension. The
coupling f; (see § 1. 8) will be equivalent for this theorem to the
v and ¢ couplings, when one exchanges protons and neutrons in
the graph considered, since f, = —/f, for neutral mesons with a

‘pure f; coupling (f, = 0). Therefore, with the supplementary

restriction that, for neutral mesons, either f, or f, are equal to 0,
we transform 7'1 into 7'2:

T2. A reaction between charged and neutral mesons through the
nucleon field is forbidden if the number of f,, v, ¢ couplings
is odd.

This extension of 71 was first enunciated by Fukrupa and
Mivamoro [1949c] (see also van Wyck [1950b]); they pointed out
that 7'2 cannot be applied to photons (as 7'1) since for photons
f. = 0,ie. —f; = f, = 0. They also extend 7'1 to the case of neutral
mesons interacting with nucleons, but we disagree with their result:
it is true that charge conjugation gives 7T'1; moreover, to each
closed loop of protons we have to add the same closed loop of
neutrons, this contribution being deduced from the first by multi-
plication by (—1)%, = being the number of fs couplings.

T'3. A reaction between neutral mesons through the nucleon field
is forbidden if either, the number of f, couplings is odd, or,
the total number of v and ¢ couplings is odd.
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We must emphasize that the selection rules due to Furry’s
theorem are valid to any order of the perturbation calculation.

It is of course possible to extend the theorem to ¢ couplings: for
instance, if we consider the direct coupling leptons-nucleons or
#s ¥, 1, p, we can still apply 72, replacing ‘“charged mesons” by
“charged mesons, electron-neutrino pairs and u-meson-neutrino
pairs”. The coupling constants ¢ do not change by charge con-
jugation, but the proof of 72 is based on the exchange, for the
isotopic variable, of n and p, and the exchange of n and p change
g; into 6,9;. Therefore the extension of 7'2 is:

T4. A reaction between charged and/or neutral mesons and
pairs of one charged and one neutral fermion through
the nucleon field is forbidden if the total number of
v, t, f3, g5 g3 couplings is odd.

For example, the decay of the z-meson can be represented by the
graph Fig. 5 from two classes of reactions:

7" +n—>p*, n-—>pt+4e 4o

There are selection rules for this decay (valid to all orders) arising
from T4, see § 4. 1.

-
Norp -

pPorn

Fig. 5. Graph of % — pu* +

1.10 Equivalence theorem, radiative corrections, renormalization
and regularization

It can be shown (NELson [1941], Dyson [1948], LE COUTEUR
and ROSENFELD [1949], CasE [1949b]) that in most calculations
to the second order in nucleon-meson coupling, the coupling Pa,
with a coupling constant fz:, can formally be replaced by a coupling
Pp with a coupling constant f, = f; (M, + M )[»; and the coupling
Sv (with constant f)) replaced by the coupling Ss with coupling
constant f = f (M, — M )/x. This property is generally called
the “equivalence theorem”. It is reasonable to put M, = M, = M,
and then the Sv coupling gives no contribution when the equi-
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valence theorem applies (for instance for second order nuclear
forces). )

In recent years, developments of electrodynamics have been
completely successful in explaining the Lamb shift and the anomal-
ous magnetic moment of the electron (ScHWINGER [1948]); these
results were obtained with the ideas of charge and mass renor-
malization which enable one to separate small physical effects from
the divergences inherent in the present state of the quantum field
theory. This handling of infinite quantities is quite delicate, and
it is only successful in electrodynamics and neutral Vv meson
theory. Pavrr and ViLLars [1949] have proposed a “‘safer” and
more powerful, but more arbitrary, way of handling these math-
ematically meaningless quantities : regularization. For many decay
processes, the results we shall quote have been obtained with the
regularization procedure, but this will always be specified.

One of the simplest radiative corrections in meson theory leads
to the magnetic moments of nucleons: for pseudoscalar meson
theory, calculations have been carried out (in the lowest order)
both with old and recent methods, all give the same result

 (LUTTINGER [1949a], SLoTNICK and HEITLER [1949], CasE [1948,

1949a], Borowrrz and Koun [1949]), but this result does not fit
with experimental data. LurTiNgER [1949b] however showed that
the values of the magnetic moments of n and p can be found for
a mixture of Vv and P mesons, but with very large values of the
coupling constants. In any case, these results cannot be a test for
meson theories. ,

On the other hand, results obtained by regularization must
not be too firmly “believed” (see §§ 2.2, 2.5, 2. 6 and 4. 1): they
can be quite different from those obtained by older methods (when
these work) and they are sometimes ambiguous. Broadly, regul-
arization has failed in its aim : there is at present no a priori method
able to handle all divergence difficulties which can be encountered
in calculations. As we shall see, many conclusions can be drawn

from much safer theoretical grounds.

2. 7-MESONS AND HEAVIER MESONS

2.1 Nuclear forces
7-mesons can safely be identified with the particles of Yukawa’s

10
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hypothesis for explaining nuclear forees, but the best experimental
confirmation of the theory does not come from nuclear forces.
Up to now, meson theovies have failed to explain high energy
nucleon-nucleon scattering. They are not even completely successful
for low encrgy xeattering or for the consideration of the constitution
of nuclei. but in these cases the particle aspect of the meson is not
so important, and these phenomena do not allow one to choose
between  the various meson  theories. Successful attempts to
explain “magic numbers™ of protons and neutrons in nuclei have
used ashell model involving strong spin-orbit coupling. Now only
vecetor mesons can give large spin-orbit interaction between two
nucleons, and they would therefore lead to a strong spin-orbit
coupling between an “external™ nucleon and the core of the nucleus.
But the converse argument is not true: the existence of strong
spin-orbit coupling (not yet accounted for) in the shell model of
nuclei does not necessarily imply the existence of such an inter-
action between two nucleons: it is actually very doubtful it such
a direct relation exists (see notes, added in proof, of ('ase and
Pars [1950]).

The most important bearing of nuclear forces on meson theories
comes from the equality of n—n, p—p, n—p forces observed for
low energy (S wave) scattering and from the study of mirror nuelei.
This leads to only two possibilities for the meson theory:

pure  meutral theory: couplings given by equation (12) with
fi = fs — [3 = 0: there are only neutral mesons, coupled to protons
and neutrons with the same strength (f, = f, = f,);

symmetrical meson theory: in equation (12) put f, = f, = £ [, and
fo = 0: there are charged and neutral mesons, the coupling con-
stants (“mesic’’ charge of the nucleons) of the neutral meson and
of the charged meson have the same absolute value, but for the
neutral meson f, - —f, .

[t is not possible to have a mixture of symmetrical and neutral
theory with the same neutral meson, since then f, and [, are diff-
erent, ie. n—n and p—p forces are different (see ROSENFELD
[T948h ] p. 137). Of course one cannot exciude « priori a mixture
of charged and neutral mesons of different kinds, with coupling
constants such that the charge independence of nuclear forees is
satistied inits experimental domain of validity. on the ground
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that such an hypothesis is unaesthetic! But as we shall see § 2.4),
experimental data on z* and 2° mesons (without excluding the
possible existence of heavier nuclear mesons), outside the field of
nuclear forces, are strongly in favour of charged and neutral
pseudoscalar mesons. ‘
Pseudoscalar meson theory has particular features, not shared
to the same extent by the other theories: relativistic effects and,
notably, higher order effects are very important. For the second
order interaction between nucleons, the equivalersce theorem is
valid. However, the numerical values of the coupling constants
for the second order still depend on the method of calculation ;
even the exact solution of the relativistic equations of the
deuteron for the second order potential (see Vaxn Hove [1949]
for this potential) gives a logarithmic divergence (LEvy [ 1951]).

- The value of fz: (Pa coupling) necessary to explain low. energy

scattering and the binding energy of the deuteron is about
1,2 = 0.15, and this coupling is formally equivalent to Pp coupling
with f, = (2M/x)f,, which gives for {2 about 40. Now the fourth
order interaction between nucleons gives rise to divergences for Pa
coupling, but it has been calculated for Pp coupling by BeTHE
[1949] and by Warson and LerorE [1949], and these authors

~have shown the importance of the fourth order terms (and terms

of still higher order), which decrease the value of f2 to about 4
when they are taken into account.

2.2 The nature of the x°-meson

The neutral a%meson has been observed through its decay
products (two photons) since the end of 1949, both in cosmic rays
(Powerr, Edinburgh Conf. Nov. 1949) and produced at Berkeley
(CraANDALL, MovER and York, American Phys. Soc. meeting,
Stanford Dec. 1949); under both conditions it was produced in
nucleon-nucleon collisions. The mass has been measured (Table 1)
and the mean life evaluated to be between 1 and 5 x 10~ second
(CARLSON ef al. [1950]). Production by photons on nuclei has also
been observed (STEINBERGER ef al. [1950]). The existence of this
particle had been assumed from observations (FRETTER [1948,
1949], Crao [1949] and others) and from theoretical studies (for
example HerrLer and Power [1947], GREISEN [1948]) of the
cosmic ray soft component and of extensive and mixed showers ;
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see also Kavrnox of al. [1949] and MarsHak [1949¢] for the obser-
vation and study of a very large star (in a photographic emulsion)
produced by an energetic a-particle and containing a narrow
shower of about 23 charged mesons and 35 y-rayvs,

The discovery of the neutral 7% meson is an important success
for the meson theory which had long predicted its existence and
its decay into photons. In § 1. 3 we have seen that the conservation
of angular momentum forbids the decay of a spin I particle into
two photons. therefore we conclude that the z%meson has spin o,
But the quantitative theoretical results, based on the graph Fig. 2,
are not so attractive. Caleulations were first made by FINKBLSTEIN
[1947] for Pp mesons, who found a lifetime of 107" see. TaNIKAWA
[1947] using damping theory found 107 % sec. and Furupa ef «al.
[1949b] showed that some terms were not gauge invariant, and
proposed to suppress them. The use of the regularvization procedure
is very necessary in this case, but the results are ambiguous.
Frkupa and Mivayoro [1949a] and STEINBERGER [1949b] have
made independent caleulations: both give alternative values and
they are not completely comparable. Steinberger’s results, with
the values of M and »' given in Table 1, give for Ss and Pp mesons:
T, [P0 see, 1, o %4 107Y sec.; in both 7 is pro-
portional to »'~*. For the pseudoscalar meson 7 is too small: how-
ever it is not known if the equivalence theorem applies in this case,
and the author gives another alternative for Pa coupling, where 7
is proportional to "7 and 7. (2Mf'|%')? = 2 107" sec. One dare
not argue from these results concerning the nature of the z%-meson,
(except that Sv cannot decay into two photons, being forbidden
by Furry’s theorem).

There is a possibility of deciding the nature of z%mesons which
is based only on fundamental laws (parity conservation): for a
scalar meson, the two secondary photons will always be polarized
in parallel planes, while for a pseudoscalar meson the planes of
polarization of the two secondary photons will always be perpen-
dicular. This can be tested by experiment, and Yaxa [1950b] has
proposed to study the angular distribution of pairs produced by
these two photons in order to determine the parity (even for S,
odd for P) of the a"meson.

We shall resume this discussion in § 2, 4, after examining evidence
about the naturve of the 7" -meson.



O i = om <

- .

D e ST g

o P e DS

-

T-MESONS AND HEAVIER MESONS 149

2.3 The nature of the mx*-meson

The reaction #~ + p* —n+ y shows that the z~-meson is a
boson. It was pointed out by WeNTzZEL [1949] that #™-mesons
produced in the Berkeley cyclotron might show a polarization
effect for star production or for decay into p-mesons if they have
spin 1. Theoretical calculations by Frer [1949b] have been made
on the polarization of mesons produced by photons at the energy
threshold; here too polarization effects would give information
on the nature of the coupling m-meson to nucleon. Anisotropic
effects do not seem to have been observed either for artificially
produced mesons or for cosmic ray mesons (the latter, however,
are probably irrelevant, since polarization effects decrease as
energy increases).

An interesting phenomenon for deciding the spin of z-mesons
seems to be their production by photons on nucleons. Experiments
were first reported by McMiLLAN et al. [1949a, b]: in the laboratory
system, meson production by a dE/E photon energy spectrum
(Bremsstrahlung photons) is nearly isotropic between 45° and
135°, and the total cross-section decreases slightly with increasing
meson energy. BRUECKNER [1950a] showed from semi-classical
arguments as well as from perturbation theory (lowest order) that
the experimental distribution is in agreement with calculation
for 4 or P mesons; furthermore a very characteristic feature of
spin 1 mesons is the rapid increase of their production cross-section
with energy, and thus the properties of a spin 1 #*-meson seem to
be incompatible with the experimental data. The ratio of z~ /n*
production (about 1.7 in the reported experiments) is also more
in favour of a P meson than an § meson (see also ARAKT [1950] and
BENOIST-GUEUTAL ef al. [1950] for this last point). FERRETTI and
GALLONE [1950] have proposed the study of the low energy scatter-
ing of m-mesons by deuterium as compared with scattering by
hydrogen in order to decide the parity of spin 0 mesons. A more
decisive experiment, however, is possible. WicaTMAN [1950] has
shown that z~-mesons moderated in hydrogen or deuterium fall
into the K-orbit before decaying or being captured, and this has
been verified by experiment. Then the capture of a meson by
deuterium giving two neutrons:

(14) a4+ Dt —-n+n
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will he very different for S and 2 mesons, becanse of the parity
conservation law. If pis the parity of the meson at rest. the parity
of the system D 77 (in the K-orbit) is p. since D is even and 7,
the orbital momentum 01 the total angular momentum is there-
fore ./ 1 (deuteron spin), and the final state which is formed of
two neutrons must also have ./ 1. According to the exclusion
principle this state is odd, and the initial state must therefore also
be odd il pis odd, and the meson cannot be scalar it (14) takes
place.

The absorption of 77 by deuterium has heen observed at Berkeley
(Aayopr ef al. [1950]): among the three possible reactions (14),

(15). (16):

(15) T DT e ey

/

(16) a DY e a0

(16) does not occur to the limits of experimental aceu acy, (15)
has been observed divectly while (14) has not heen observed
divectly. However, the existence of (14) can be deduced by sub-
traction, and the branching ratio (14)/(15) calculated in this way
is about 2. The most extensive theoretical comparative study of
these reactions has been made by Tasor and MARSHAK [1950];
vesults depend chiefly on the parity and spin of the meson, and not
on-more subtle points of meson theories. For & and 77 mesons the
vatio (14)/(15) is respectively 0 and 55, and these two possibilities
can be confidently excluded. Only in the case when 7- has spin 0
and the same parity as 2% is (16) very improbable ((16)/(14) about
107"), in the other cases: 7= spin 1, or 7~ spin 0 while 77 and 9
ol opposite parities, the occurrence of (16) ix comparable to that
of (15). Therefore, although the existence of an 4 7 -meson is not
strictly impossible, these experiments are strongly in favour of
a” and 2% both pseudoscalar. Moreover, in this case the equivalence
theorem: does not apply. and pure P4 and pure [2p coupling give
respectively for the vatio (14)/(15), the values 2. 1 and &, [; the
second of these seems therefore to he vuled out,

PN similar argument shows that the existence of the reaction piolpto-

- 1) Tosee PrrErsoN [1O9530]),0f it is confirmed at the threshold of
eneray cowould bhe unfay omrable (o the hypothesis of o scalar o7 -meson. On
the other hand, the observation of the anculae disteibution of (he prociets

would give an indication of (he spin of the meson, Presoesn 1951,
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According to recent calculations by CHESTON [1951] the absorp-
tion of a #*-meson by deuterium at sufficiently high energy (25
MeV.) will give z* + D* — 2p* with a not too small cross-section
(of the order 107* c¢m?2), and the observation of the ratio of the
intensities of secondary protons at 90° and 180° (centre of mass
system) would lead to a definite conclusion for the spin of the
meson, and, in the case of spin 0, for its parity.

2.4 Are @* and @° mesons symmetrical pseudoscalar mesons?

The existence of the reaction: p* + #~ (in K-orbit) —n + z0
also shows that if #~ has spin 0, z~ and n° have the same parity
(application of parity conservation only).

Summing up the discussion, we have seen that:

n® has spin 0 (decay into two photons),

7~ cannot be S or V or, very probably, 4 (absorption by
deuterium),

m* cannot have spin 1 (slightly decreasing cross-section of
meson production by photons with energy).

We therefore conclude that n* is probably pseudoscalar, and it is
then implied that #° is also pseudoscalar. (Several other arguments
support the same conclusion.) Then, as we have seen in § 2. 1, the
charge independence of nuclear forces requires a symmetrical set
of n*, 7° mesons. :

The comparable production of charged and neutral mesons by
nucleon-nucleon collisions in accelerators (CRANDALL ef al. [1950])
and in cosmic rays (CARLSON et al. [1950] give for the production
ratio in large stars N(n°)/N(n*) = 0.45 + 0.10) shows that the
coupling strengths of charged and neutral mesons are comparable.
However, there is one case in which this ratio of production would
be expected to be small (about x'2/M2) according to the theory:
this is meson production by photons on nuclei. But the ratio has
been found experimentally to be about 1 for Bremsstrahlung
photons from the 320 MeV. accelerator (STEINBERGER ef al. [1950],
STELLER and Panorsky [1951]). This experimental result has
been discussed by BrRUECKNER and Watsox [1950b]. We have
already seen how important the contribution of higher terms in
symmetrical pseudoscalar meson theory can be for nuclear forces
(§ 2. 1); by a consideration of higher order effects for meson pro-
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duction by photons, Brueckner and Watson have shown that
pseudoscalar theory (and this theory only, among symmetrical
theories) is not necessarily incompatible with experiments.

There is an experiment which, besides a precise determination
of the mass »' of the neutral z-meson, can give more information
on its coupling constants; this is the capture of 7z~ -mesons in
hydrogen, which has been examined by PANOFSKY et al. [1950a, b]
at Berkeley. The following reactions have been observed :

(17) 7T+ pten+y
(18) 7T+ pt—>n+a (and 20— 2y).

From equation (18), it has been found that » — %' — 10.6 + 2.0.
The study of these reactions has been carried out by MARSHAK
and WIGHTMAN [1949b] (there are several errors, however), Ocawa
and Yamapa [1950b] (for spin 0 mesons only), and more exten-
sively by MARSHAK et al. [1950]. The branching ratio (18)/(17),
observed to be 0.96 + 0.20, is a function of either f30r f, (see § 1. 8)
of the neutral meson. However the authors have not made cal-
culations for the case of pseudoscalar symmetrical theory. The
more refined calculations of Arpzu et al. [1950] give for pure Pp
coupling (symmetrical theory) f;f = 2.8 (we have seen in § 2. 1 that
nuclear forces give f; = about 4). The equivalence theorem does
not hold in this case. A promising way for deciding between Pa
and Pp coupling is to study the dependence of the cross-section
of the 7z-meson reactions in hydrogen with energy ; this was proposed
by ASHKIN et al. [1950].

What is the value of pseudoscalar symmetrical theory for
explaining nuclear forces? For n — p and p — p scattering above
50 MeV., meson theories have not yet explained the experimental
data, and this is not surprising if z-mesons are pseudoscalar. In
pseudoscalar theory, as we have already stated (§§ 2. 1 and 2. 4),
higher order corrections are very large, and it is probably illusory
to expect more detailed quantitative results from the weak coupling
perturbation method; it is necessary to look for more appropriate
methods in meson field theories for relativistic calculations. One
may hope that the great importance of the higher order terms of
the perturbation theory is directly related to “multiple” meson
production in nucleon-nucleon collisions, which received strong
experimental support in 1950 from particular stars observed in
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photographic emulsions, and which can be studied by more pheno-
menological methods (LEwis et al. [1948], HEISENBERG, FERMI).

2.5 Neutral V-mesons

The existence of a neutral particle heavier than the z-meson was
first reported by RocHESTER and BUTLER [1947]. Now its existence
is well established : the particles are observed, chiefly in cosmic ray
penetrating showers, by recognition of the two charged products
of decay, which appear as V-shaped tracks in the cloud chamber.
For a survey of the status of experimental investigations on these
particles and their decay products, we refer to the article by
BuTLER in this volume. We observe, however, that it is probably
not at present possible to identify the meson secondaries certainly
as z-mesons or as p-mesons. On account of the origin of the V-
particles in nuclear events, and their relatively great abundance,
it is unlikely (and probably incompatible with the observed
smallness of the interaction between u-mesons and nucleons),
however, that u-mesons are a product of decay of these particles.
V0. We shall label V' the particle which would decay according to:

(19) VO pt +a-.

V' would have half integral spin, and can be considered as an
unstable state of the neutron comparable to those predicted in strong
coupling theories (see, for instance, RoseNnreLD [1948a] p. 19),
or in a theory of particles of several possible rest-masses.

V0. We similarly denote by V the particle which would decay
according to:

(20) VO s n* 4 7-.

The most likely hypothesis is to consider V° as a nuclear meson
decaying through its nuclear coupling. To explain such a reaction
in a coherent way, we must show that other likely reactions due
to the same hypothetical coupling are not more probable: these
reactions could, very probably, only be decays into two particles:

(21) VO 5 24
(22) VO _» 270
(23) VO gy 4 70

(24) and even V0 - g~ 4 gt
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The conservation laws (§ 1. 3) and Furry’s theorem (§ 1.9) can
then give very interesting results: these results are independent
of the nature of z* and of a spin 0 #%-meson, since (with the restrict-
ion only that they do not have both Ss and S», 4a and At or f3and f,
couplings, see § 1.9) z* + 2~ or 220 introduce an even number
of v, ¢, and f; couplings. Furry’s theorem (T2) does not give any
selection rules for equation (20) but gives the nature of the coupling
of V® (fyor fy); then T3 gives selection rules for equation (22). A
summary of the results is given in Table 2.

TABLE 2
Nature of Vo Ss Sv Vo Vi At Aa Pa Pp
(21) VO — 29 . T A A A A . .
(22) VO — 270 . TS A A A A P P
(23) VO 9y L 70 A A . . . TT A A
(24) VO — g+ | ¢ TL ¢ . . . TL T1 T1
B . ? .. P P P P (spin 0 7z %)
(20) VO >zt + 7 3 . 7. . . . . . (sI;in 1 7%)
Coupling of V© fo i fs 1 fs fo fo fo (by T2)
A forbidden by angular momentum conservation
P ’s ,» parity conservation
T v »» Furry’s theorem T1, T2, or T3
? v in lowest order if equivalence theorem is valid

Order of application: A, P, T and ?.

We see in Table 2 that if #* had spin 1 and V° were an Aa meson,
only reaction (20) would be allowed and all the others would be
forbidden. However, we have concluded in § 2.4 that a* is
probably pseudoscalar. We are then left with two possibilities: V°
is either S or V.

V? scalar. The coupling Sv forbids (21), (22), (23) and is acceptable.
(This coupling is never very attractive to theoretical physicists,
because it does not contribute to nuclear forces in the lowest order).
The coupling Ss allows decay into 2y or 2z°. The second decay
gives no difficulty, the lifetime for the processes (20) and (22) being
roughly equal and twice the apparent lifetime of V?, but we know
from the observations on the 7°-meson that the decay of a neutral
nuclear meson into two photons is very rapid. Even if all charged
particles in penetrating showers were 7 -mesons, the relative
abundance V°/z° is > 0.06: hence, if F is the nuclear coupling
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constant of V°, neglecting the difference of mass of V° and =n° (the
heavier mesons would be relatively more difficult to produce), we
have F2/f? > 0.06. On the other hand, a heavy meson decays
more easily into two photons than a lighter meson with the same
coupling (in § 2. 2 we have seen that for an Ss meson 7 is pro-
portional to »'?); even neglecting this, we find for the two photon
decays 7, < 7,(1/0.06) = 16 7_, thus there is a difficulty with this
hypothesis, since experimentally 7, is already about 10* times
larger than 7 _.

V® wector. The reaction (23) is also very rapid. We are obliged,
for studying this question to rely on quantitative predictions of
the theory, but it seems better to draw no conclusions! With the
new methods, extensive calculations for all reactions have been
made by FuruDA et al. [1950a, b, d] and by ONEDA, OZAKI, SASAKI
(see OzAKI ef al. [1949], ONEDA et al. [1950], SASAKI et al. [1950]
and Ozaxkr [1950]). The reaction (23) has also been studied by
FINKELSTEIN [1947], who gives a lifetime 10-18 sec., and by
VAN Wyck [1949] for charged mesons (his result corresponds,
for' neutral mesons, to a lifetime 4. 107/ F2f2 sec.). We can
say from these calculations that (20) is more probable than (23),
at least for V V°-mesons and Pp n°-mesons, but its calculated
mean life is too small. The best conclusions from the very
interesting and extensive calculations of the Japanese physicists
are to be drawn on the value of regularization; many results
were divergent and they applied regularization, in some cases
the divergence is reduced to zero instead of a finite result
and the reaction is forbidden (in this order), in other cases the
procedure gives ambiguous results. Moreover, if the regularization
procedure is applied to all cases (divergent or finite) it also modifies
finite results and leads to more ambiguity. Reaction (24) has been
studied by Furupa and MivamoTo [1949d] and by STEINBERGER
[1949b]; it is relatively slower.

Summing up, if reaction (20) is observed with the lifetime
107" gec., it favours V° being Sv, f; or V(t or even v), f, or even,
but much less likely, Ss, f,.

2.6 Heavier charged mesons, V and 7

The existence of heavier charged mesons has been reported for
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several years, the first by LepriNcE-RiNcUeT and L'HERITIER
[1944] who measured a meson mass about 1000. Now there is
considerable experimental evidence: however these particles
appear in three different kinds of phenomena, and for each the
experimental data is very scarce. Here is a summary of the data,
(for details, see the paper by BuTLER in this volume).

Lst lkind of events: one charged secondary of decay, observed in the
same conditions as V°. We have still less knowledge of V*
than of V°. The lifetime of the charged particle is probably
rather shorter than that of the neutral particle (SERIFF ef al.
[1950]): the charged secondary is probably a z-meson, and
mass of about 1000 or 1200 would be copsistent with two
particle decay.

2nd kind of events: a charged meson at low energy produces a
star in a photographic emulsion, among the prongs is a
7-meson. The mass of the initial meson is accordingly inter-
mediate between M and x, and is estimated by the authors
reporting the three recorded examples (LEPRINCE-RINGUET
[1949], WaenER and Cooper [1949], ForsTER [1950]) to
be greater than 700.

3rd kind of events: decay into three charged particles. One case
reported by BrRowN et al. [1949], two by HARDING [1950].
Among the secondaries there is certainly one x~-meson,
and the other two particles are probably mz-mesons also. If
this is so, the kinetic energies of secondaries are measurable
in two cases, and an accurate value of mass of the primary
follows: about 940 (using » = 271). From the energy and
range of the initial particle (3 mm in the event observed
at Bristol), the mean life cannot be shorter than about
107 sec.

The heavy mesons responsible for the second and third kind of
events are usually described as 7 mesons. The similarity of the
first kind of events with the observations on neutral V'-mesons of
course suggest the reaction

(25) V'* —n 4 at,

V’* being an excited state of the proton: since there are some

R ——
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negative V' particles antinucleons must also be introduced. How-
ever, this hypothesis is unable to explain events in the other two
categories, while all three kinds of events suggest that V* may be
a nuclear meson. Is it possible to explain these different events
in a single scheme? The hypothesis of the reaction

(26) VE > 7% + a°
would lead to difficulties, since then the reaction
(27) V* s>a* 4+ a2t +a”

involving one more meson would be less probable and not observed.
The existence of (27) implies the existence also of

(28) V* = a* + 27°

which can be used to explain events of the first kind. Since it is
understandable that decays with only one charged particle may
be missed or not identified in photographic emulsions (and some
observations have been reported which could be interpreted as
(28)), it would be noteworthy if events (28) had been identified in

- the cloud chamber without the detection of reaction (27), which

would be equally probable.

However, the Manchester group (ARMENTEROS et al., reported
by BLACKETT at the Harwell conference 1950) has obtained one
cloud chamber picture suggesting

(29) VE > V° 4+ n*

while BropE stated at the same conference that he also had
obtained evidence supporting this reaction. It is then conceivable
to identify the three kinds of V* decay as due ot the same particle,
if (26) is forbidden while (27), (28) and (29) are allowed. Furry’s
theorem gives this result with the restriction only that z* and
n° form a symmetrical theory (see § 1. 8).

Table 3 is drawn up with the supplementary hypothesis that
n-mesons are pseudoscalar (§ 2. 4). It shows that if we accept (27)
for V*, this meson cannot decay into two particles according to
(26) but only according to (29). It shows that the V¥ meson must
be either a P (pseudoscalar) or an Aa meson. If it is"P, the reaction

(30) V¥ > a* +y



