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Production processes of V~ -particles and heavy mesons are considered from a 
phenomenological point of view. A mechanism for associated production of V-particles and 
heavy mesons is discu~sed. The possibility is estimated for relatively stable systems to 
exist, composed of nucleons and V-particles. Detailed consideration is given to the diffi
culties connected with the existence of particles which are produced in abundance but have 
a long lifetime. 

The conclusions which are reached may help in forming working hypotheses for the in
terpretation of experimental data and for the design of experiments on the production of the 
new particles. 

I. NUCLEONIC CHARGE 

J N considering the problem of the production of 
v~ -particles and heavy mesons, it is convenient 

to use the concept of ''nucleonic charge". Ac
cording to Zel 'dovich 3, a nucleon has nucleonic 
charge + y, an antinucleon- y, and the pion, 
muon, electron, photon and neutrino have nucleonic 
charge zero. The total nucleonic charge is con
served in nuclear reactions. This principle ex
presses the fact that nuclear matter is stable. In 
particular, it states that a nucleon cannot trans
form into an antinucleon, nor decay into exclusively 
light particles. The concept of nucleonic charge 
is especially useful for describing the V~-particle 
which decays .into a proton and a pion. The V~
particle, and in general all "heavy nucleons", 
must have nucleonic charge + y. 

2. NOTATION 

We mention the question of notation, because the 
literature discussing the single and associated 
production of particles contains many ambiguous 

* This paper is based on the results of work com
pleted in 1951-1953 and already published in reports of 
the Institute of Nuclear Prob~ems 1 • 2 • The exposition 
will follow the second report , and the nomenclature 
for the various particles which was current at that time 
will be retained. 

1 B. M. Pontecorvo, Report Inst. Nuclear Prob., Acad. 
Sci., USSR (1951) 

2 B. M. Pontecorvo, Report Inst. Nuclear Prob., Acad. 
Sci., USSR (1953) 

3 Ia. B. Zel'dovich, Dokl. Akad. Nauk SSSR 86, 505 
(1952) 
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expressions. Any virtual transformation of a 
nucleon, occurring as a first-order process in per
turbation theory, we shall represent by the follow
ing general scheme: 

A B 
(nucleon) 4 (one particle with 

nucleonic charge 
+ y) 

c 
+ ( one or more 

particles with 
total nucleonic 
charge zero ) 

(l) 

The order of magnitude of the admixture of the 
state ( B +C) in the state of the nucleon defines 
the development-parameter of the perturbation 
theory. In the case when the sys tern C consists of 
a single particle, the development-parameter may 
he written in the form g 2 /fi c, where g has the di
mension of charge. In this terminology the ex
pressions "single production", "double produc
tiun", etc., will refer only to the term C of 
scheme (l). 

It should he emphasized that the scheme (l) 
describes only reactions which have non-vani:;;h
ing matrix elements in the first approximation. 
For example, the Yukawa process 

(N) 4 (N} + (rr} (N =nucleon) 

describes "single production" of pions. 

3. LIFETIME OF HEAVY MESONS 

We shall begin with the question of the neutral 
pion decay. The neutral pion decay is generally 
considered as a 3-step process. The first step, 
the creation of a virtual proton-antiproton pair, 
follows directly from the possibility of the Yukawa 
process. In third-order perturbation theory the 
meson decay is described as follows: 
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The probability (l/ t) 17o of process (2) occurring 
per unit time must involve the product (g 2

17 /1t c) 
x (e 2!1ic) 2 The interaction of the neutral pion 
with the electromagnetic field, which is .mani
fested in the two-photon decay, arises from its 
coupling to the "proton vacuum". In a similar 
way we shall later use the idea of the coupling 
of other mesons to the "nucleon vacuum" in 
order to draw conclusions about the production 
mechanism of these mesons. 

A very interesting fact to which we must give 
our attention is the following: there exist several 
types of mesons which are produced with high 
probabil}ft and have. a relati velr long. lifetime 
( t » 10 sec)· agamst decay mto pwns. We 

denote such particles* by the letter T and call 
them mesons of the class T. As we shall now 
show, it follows from the definition that mesons of 
the class T cannot be created singly in virtual 
processes in which a nucleon remains a nucleon. 
In other words, the fundamental reaction of the 
mucleon in which mesons of class T are created 
cannot arise from the scheme 

(3) 

In fact, if mesons of the class r( for example, r+
mesons) were produced by the process (3), we 
could write 

Here the last three steps go with the parameter 
(g 2

17 /1rc), and the first goes with the parameter 

( g 2
7 /frc) which describes the strength of the 

coupling between the class Tmeson and the 

* The following~ are mesons of the class T: T- meson 
(m7 =980 me), V2 -meson (m~ "-'800 me), x-meson 

( mX""' 1500 me ), (-meson ( m (= 540 me ). It is proba

ble that the mesons with mass 500-600 me observed by 

Alikhanian et al 5 also belong to the class T. But this 
cannot be stated with certainty, since it is not known 
whether these mesons decay into pions. 

4 See, for example, R. Daniel et al, Phil. Mag. 43, 
753 (1952) 

5 A. I. Alikhanian, J. Exper. Theoret. Phys. USSR 21, 
1062 (1951) 

nucleon .. Assuming scheme (3) to hold, the para
meter ( g 27 /1t c) can be roughly estimated from the 
known ratio of the production probabilities of 
pions and mesons of class T. This gives (g 2

7 / g 2
17) 

~ O.Ol. A comparison of Frocesses (2) and (4) then 
shows that the lifetime of class Tmesons should 
be shorter than that of the neutral pion ( w- 14 

sec), in sharp contradiction with experiment. 
Therefore, process (3) is not responsible for the 
production of class Tmesons, unless the produc
tion cross section of class T mesons has such an 
extreme dependence on energy that the use of the 
principle of detailed balance is unjustified. 

Moreover, the long lifetime of the charged pion 
itself ( t 17 _ ±""' 2 x 10"8 sec) shows that there 
does not exist a particle f., with mass less than 
say 0.3 m17, strongly coupled to the nucleon by the 
scheme 

(N)~(N) +(e). 

4. INADEQUACY OF A PROPOSAL FOR INDIRECT 
PRODUCTION OF CLASS TMESONS 

At first glance, the contradiction between the 
abundant production and long lifetime of class T 

mesons might seem to be resolved by postulating 
a heavier meson e, which would decay with emis
sion of a class Tmeson and would be produced 
according to the scheme 

(N) ~ (N) + (fJ). (5) 

However, on this hypothesis, an argument similar 
to the one which led to the earlier paradox shows 
that the rate of decay of the O.meson into pions 
must be very large. This decay rate must in turn 
be comparable with the rate of the 0-meson decay 
which emits a class T meson, in order that the 
latter particle be observed. Then, through the 
intermediate creation of a virtual 0- meson, the 
class T meson would decay rapidly -into pions, in 
contradiction with experiment. Hence, the process 
(5) cannot describe the (indirect) production of 
class T mesons. 

5. POSSIBLE EXPLANATIONS OF THE LONG 
LIFETIME OF CLASS TMESONS 

To resolve the contradiction between the abun-
dant production and the long lifetime of class 
T mesons, we consider two possibilities for the 
production process: 

a) The class r meson is produced in pairs with 
another particle; for example, 
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(N)---o-(N) + ('t + ?), 

however, this possibility, production of integer
spin particles in pairs, seems very artificial. 

(6) 

b) Mesons of class 7 are produced singly, but 
the associated particles with nucleonic charge +y 
are not ordinary nucleons : 

( N) -+ (heavy nucleon) + ( 7). (7) 

In this case, the mesons can clearly be produced 
abundantly and yet have a long lifetime. This 
scheme seems logically the most satisfactory. We 
will return to it after ~onsidering the origin of v~
particles. 

6. LIFETIME OF V~- PARTICLES 

Just as for class 7mesons, there is a contradiction 
between the abundant production and hmg lifetime 
of V~-particles. The probability of the process 

~ ---'7 p + 'It- (8) 

is only 3 X 10 9 sec-l: It is obvious that the V~
particle cannot originate in the same reaction 
which produces pions. In other words, a reaction 
of the type 

(Al) ---o- ( ~) + (1r) (9) 

is not responsible for the production of v~ -parti
cles. This conclusion is made with the same 
reservation, about the applicability of the principle 
of detailed balance, as the similar conclusion in 

Sec. 3 about the production of class 7 mesons. 
The proposal that the v~ -particle is produced 

together with a pair of pions 

(N)->(~) + (1t + 1t). 

is equally unsatisfactory. It would be difficult to 
imagine a mechanism which would allowproduction 
of pions in pairs and forbid single production. 

We discuss next the case in which two particles 
are created with opposite nucleonic charge. There 
are the following possibilities* 

a) 

b) 

c) 

A B C 

(N) ---o- (N) + c v~ + t!~). 
(N) ---'7 (N) +· ( ~ + N), 
(N) --7( V~) + (~ + N). 

* For simplicity, we do not here envisage the exist
ence of heavy charged V- particles. 

Reaction (b) cannot be responsible for the pro· 
duction of V~ -particles. By an arf:!;ument similar to 
that used earlier, it can be shown that (b) implies 
a lifetime of the v~ -particle much shorter than is 
observed. Reaction (a) implies an equally abun
dant production of v~ and anti- v~- particles. If 
anti·V~ -particles were actually produced, it should 
not he especially difficult to observe them. The 
fact that they have not yet been observed speaks 
against reaction (a). 

According to experiment 6 , two V~- particles are 

not commonly produced in a single act. Hence, 
reaction (c) also cannot be responsible for the 
production of v~ -particles. 

Therefore, it is reasonable to postulate that in 
the production of v~. particles according to scheme 
(l) there appears a second particle, different from 
the pion, having integer spin and zero nucleonic 
charge: 

A 
(N) 

B 
~ ( V~) + 

c (10) 
(Charged meson differ
ent from the pion, with 
nucleonic charge zero). 

It is interesting to notice that in Sec. 5 we arrived 
at a similar scheme (7) in order to explain the 
lon,:!; lifetime of the class 7meson. 

7. CONNECTION BETWEEN CLASS 7 MESONS AND 
V ·PARTICLES 

It is natural to identify the "heavy nucleon" in 
Eq. (7) with the V~ -particle and the "charged 
integer-spin meson" in Eq. (10) with the class T 

meson. Then we obtain the following reaction 
scheme. 

(ll) 

This removes simultaneously the contradiction be
tween abundant production and long lifetime, both 
for particles of class V and class 7. Our argument 
assumes a moderate! y large value for the develop· 
ment parameter corresponding to reaction (ll). 
Nucleonic reactions in which pions are produced 
together with V-particles, and reactions in which 
class 7 mesons are produced without V-particles, 
are expected to be extremely improbable. Schemati
cally, 

6 R. Leighton et al, Phys. Rev. 89, 148 (1953) 
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yes 
(N)~(~) + ('t), (12) 

no 
(N)~(~) + (1t), 

110 

(N)~(N) + ('t). 
It must be mentioned that in photographs 6 of the 

v~- decay, tracks of decaying charged mesons of 
class T have not been seen. If scheme (12) is cor
rect, this probably means that the class Tmeson 
is either neutral, or is charged and has a lifetime 
longer than 10"9 sec (the length of track before de
cay must be longer than the size of the Wilson 
chamber). In this connection, the observation 5 • 7 

of charged mesons with mass greater than 500 me, 
and with a lifetime 10" 8 - 10"9 sec, is of interest. 

The symbol v~ in (ll) and (12) denotes the 
well-known neutral particle which decays into 
proton and pion. By "heavy nucleons of the class 
V" we shall mean any long:lived particles which 
have nucleons among their decay-products. Then 
we may postulate the more g.eneral reaction 
scheme* 

A 
(N) ~ 

B C 
(V) + ('t) 

(13) 

It would be premature to consider the precise iden· 
tification of particles B and C in (13). 

The scheme (13) is in some respects similar to 
the scheme of Yukawa. The class T meson will 
cause interaction between nucleons and V-particles, 
just as the pion causes interaction between 
ordinary nucleons. This idea is interesting in 
connection with the possible existence of meta
stable systems composed of nucleons and V
particles, which will be discussed in the next 
Section. 

8. METASTABLE SYSTEMS COMPOSED OF ORDINARY 
AND HEAVY NUCLEONS 

In the recent literature 9 there have appeared re
ports of a ve_ry interesting phenomenon in high
energy nuclear interactions. In photographic 

• Similar schemes have been proposed independently 
by several other authors. See, for example, Pais 8• 

7 0 J, Astbury et al, Phd. Mag. 44, 242 (1953} 
8 A. Pais, Phys. Rev. 86, 663 (1952) 
9 

M. Danysz and J, Pniewski, Phil, Mag. 44, 348 
(1953);D. Tidman et al, Phil. Mag. 44, 350 (1953}; J. 
Crussard and D; Morellet, Comptes Rendus 236, 64 (1953} 

emulsions three cases have been observed of stars 
which contained, in addition to normal tracks, a 
single track of a particle which came to rest in the 
emulsion and gave rise to a secondary star at the 
point where it stopped. Such a track, in the opinion 
of the authors, is caused by a "nucleus containing 
a v~- particle", and the secondary star is caused 
by the decayofthe particle within the nucleus. 
This proposal deserves attention. As we shall 
see, the existence of metastable systems composed 
of nucleons and V-particles is definitely to be 
expected, if the scheme (13) is correct. 

We consider the interaction between a particle of 
the class V (for simplicity, we shall speak about 
the v~ -particle) and a nucleon, assuming that the 
rules (12) apply. Since in (12) a class Tmeson is 
responsible for a strong interaction between 
nucleons and v~- particles, the collision cross 

section between a v~ -particle and a nucleon must 
be relatively large. When the relative energy of 
a y 0 -particle and nucleon is small, only elastic 

1 
collisions are possible *, while at sufficiently 
higb energies there will also be inelastic collisions 
accompanied by the creation of a class Tmeson. 
If the forces between nucleon and v~ -particle are 
attractive, then the v~ parJ;i.cle under favorable 
conditions may be bound with nucleons into a 
quasi-nuclear system. 

We now estimate the degree of stability of such 
a quasi-nuclear system. The mean energy of a 
particle bound within the sytem is determined by 
the temperature of the quasi-nucleus, and is there
fore small in comparison with the energy required 
according to (12) for an inelastic collision of a 
nucleon and a v~ -particle, i.e., a collision in 
which a class Tmeson is produced. Thus, a v~
particle in the quasi-nucleus does not lose its in
dividuality, and decays essentially as if it were 
free. 9 

We consider now the observed events in more 
detail. In our scheme a V~ -particle is produced 
together with a class Tmeson. The track of the 
meson is probably one of the relativistic tracks in 
the shower. The v~ -particle is rapidly slowed 
down by multiple elastic scattering in nuclear 
matter until further inelastic processes are impos
sible. This phase of the phenomenon is similar to 

* The long lifetime of the V~- particle implies that it 
cannot decay into a nucleon and a class T meson. If 
(12} is correct, this decay is forbidden only by energy 
conservation. In other words, the mass of a class T 

meson occurring in (12) must be greater than (m yO 
• • ) 0 400 1 - mp , 1.e., m 7 > me. · 
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the well-known process of the nucleonic cascade in 
nuclear matter. Afterwards, a light quasi:.nucleus 
is emitted containing the V~ -particle. At this 
stage the phenomenon is similar to the emission of 
nuclear fragments (He, Li, B, etc.) from excited 
nuclei. Next, the quasi-nucleus is slowed down 
by ionimtion energy-loss. The slowing-down time 
is short compared with the lifetime of the v~
particle, which therefore decays within a station· 
ary quasi-nucleus. 

It is worth noting that process of the type ( N) 
-+ ( V~) +(IT) cannot be consistent with the 
stability of systems composed of nucleons and v~
particles. We already found that the existence of 
such a process would lead to difficulties in ex· 
plaining the long lifetime of the free v~ -particle. 
If we admit such a process, it seems completely 
impossible to imagine a mechanism which would 
allow the v~ -particle to survive for a long time 
in nuclear matter. 

Consequently, if the existence of metastable 
systems composed of nucleons and V -particles is 
confirmed, it provides a powerful argument in sup
port of the scheme (13). 

CONCLUSIONS 

1) Starting from the fact that in high-energy col
lisions there is abundant production of mesons (of 
the class T) which have a long lifetime and decay 
into pions, one can deduce that the production of 
these mesons cannot proceed by the scheme 

(N)- (N) + (r) (N =::_nucleon). 

2. Similarly, starting from the fact that in high
energy collisions there is abundant production of 
heavy nucleons of the class V which have a long 
lifetime and decay into nucleons and pions, one can 
deduce that the production process for these 
particles is not 

( N) - ( V) + (7";). 

3. It is proposed that class T mesons and 
heavy nucleons of the class V are produced to
gether by the scheme 

(N)-(V) + (-r). 
Then the difficulties arising from the long lifetimes 
of V-particles and of class Tmesons are simul-· 
taneously resolved. In addition, this scheme pre

dicts a strong interaction, mediated by class T 

mesons, between nucleons and V-particles. 
4. If the scheme ( N) -+ ( V) +( T) is correct, one 

must expect under favorable conditions the forma
tion of metastable systems composed of nucleons 
and V-particles. 

In conclusion, I wish to thank I. Ia. Pomeran
chuk for several valuable discussions. 

Translated by F. J. Dyson 
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