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INTRODUCTION

THE intensive accumulation of experimental data on
the interaction between elementary particles brought
about by the construction of giant accelerators and
large bubble chambers has led to the discovery of a
new group of particles—resonances.

A characteristic feature of resonances is their
short lifetime (7 ~ 107%2—10-2 sec). From the point
of view of the experimental possibilities of modern re-
search methods the production and the decay of the new
particles occur practically at the same point. Because
of this their existence was discovered only with the aid
of indirect methods in the study of resonance proper-
ties of the products of their decay. This accounts for
the name of these particles —resonances.

At the present time the number of resonances dis-
covered already considerably exceeds the number of
so-called elementary particles. In this connection a
series of questions of principle arises with respect to
the nature of all particles. For example, it becomes
almost obvious that it makes no more sense to regard
all particles as elementary than it would be to consider
all atomic nuclei as elementary.

During the last few years the study of resonances
has become one of the main problems of high-energy
physics. A large number of experimental and theoret-
ical papers has been devoted to this problem.

In the present review we shall discuss in detail the
quantum numbers and the properties of boson reso-
nances*.

*Consult also review articles[*?*! on this topic.
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The problem of strong and resonance interactions
of bosons began to be intensively discussed after the
discovery of the maximum in the #”p cross section
curve at a m-meson kinetic energy of T ~ 900 MeV
[4-181 15 1955 it was suggested that this maximum is
due to a resonance in the mr system and not in the 7N
system, since in the latter case the spin of the reso-
nance would be very great (J = “/2 ), and this is not
very probable [15-187

In the proposed model the nm resonance had a mass
M = 430 MeV and a width T = 100 MeV. As later in-
vestigations of the 7N interaction have shown this
model does not in fact correspond to reality. However,
these suggestions stimulated the development of ex-
periments on the study of the 7w interaction which led
to the discovery of a series of resonant m-meson sys-
tems.

In 1960 the first experimental results were commu-
nicated on the investigation of the Kr interaction in
which the existence of the K* meson was discovered.
In 1962—1963 the study of the properties of KK pairs
and multipion systems began. The more reliably es-
tablished resonances and their main properties are
shown in Table I. Undoubtedly at present it cannot be
regarded as complete.

I. p MESON
1. Mass and Width

Experimental data on the existence and properties
of the p meson have been obtained principally in the
study of single production of 7 mesons in the reac-
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Table I. Boson resonances™

tions
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and in the investigation of the processes of antiproton
annihilation. The existence of the p meson was also
discovered in the processes of photoproduction of pions
and in proton-proton collisions (1],

A particularly large number of papers has been de-
voted to the study of the reactions (1)—4) at Er
~1 GeV. Already in the earliest work %20 carried
out with the aid of hydrogen bubble chambers it was
noted that there was an indication of the existence of
a resonant 77 interaction with M ~ 600 MeV. How-
ever, the statistics in these papers were poor [approx-
imately 100 events of type (4)] and, therefore, it was
not possible to draw definite conclusions with respect
to resonance in the mn system. A further improve-
ment of statistics to several thousand events of the
type (1)—(4) enabled the mass and the width of the p
meson to be determined.

For example, in [¥'J the production of mesons in
m'p collisions was investigated at T = 910, 1090 and
1260 MeV. Figure 1 shows the distributions with re-
spect to the effective masses of the 7°7% and 7*7*
meson systems that were obtained. The figure also
shows the expected distributions calculated on the
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*In thls table the propertiesof the 7 and K mesons are given for comparison, ‘
**I(J ) are the isotopic spin, the spin, the parity and the G-parity of the resonance. ;
**%¥CP is the combined parity.

basis of statistical considerations.

We shall make a small digression in order to ex-
plain briefly what these distributions with respect
to effective masses represent, and also on what as-
sumptions the theoretical curves have been obtained,
since analogous graphs are widely employed in the
study of resonances.
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FIG. 1. Distribunons with respect to the effective masses of
7° and 7' systems obtained in the investigation of reactions

(1) and (3).
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RESONANCE INTERACTIONS OF ELEMENTARY PARTICLES

The effective mass of v particles is defined by the
expression

<

M=

(3

“Ei)z— (g pi))" (5)

where Ej and pj are the total energy and the momen-
tum of the corresponding particle, ¢ = 1.* If these
particles are products of the decay of another unstable
particle-resonance, then from the general results of
guantum mechanics it can be shown that the distribu-
tion with respect to the effective masses of the v-
particles will have the form {22,233

WMy~ (6)

1
ory— Moy (5 )
where M, is the mass of the unstable particle and I
is related to its lifetime 7 by the energy-time uncer-
tainty relation

IF't=1. (1)

Thus, by studying the distributions W(M, ) one can
find a maximum of the type (6), the position and the
width of which characterize the mass and the lifetime
of the resonance being sought.

We now return to processes (1) and (3) under con-
sideration. In this case if, for example, process (3)
occurs only in accordance with

At p—o'+p—at+n0ip, (8)

i.e., through the production of a p meson, the distribu-
tion W(M(n*7%)) will have the form (6). However,
usually along with reaction (8) reaction (3) is also
taking place without the production of a resonance.
Then resonance peaks will be observed on a certain
background from process (3). Very frequently it is
assumed that the distribution W(M(n7)) for a reaction
of type (1)—(4) is determined only by the volume of
phase space of the states allowed for the given value
of the effective mass M, of the 77N system.T Then
we have

dW (Mg, M () dPg, P, Bpy S
, — % g Ng <‘\- pi— P)
i=3

dM (z) 2E,, 2E., 2Ey

@([(ZE)y=(En) ] mem). o
i=1 i=1

Here it is assumed that the matrix element of the N
interaction does not depend on the energies and the
momenta of the particles produced and is constant.
In subsequent discussion we shall refer to the distri-

*Expression (5) is a relativistic scalar, and therefore M, can
be calculated from the available values of E; and p; in any arbi-
trary system of coordinates. In future it is assumed in all formu-
las that h =c = 1.

1In some cases the problems of the interference between the
background and the resonance channel of the reaction may be
significant (cf., for example, Ch. I, Sec. 3).
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bution (9) as the statistical background of the reso-
nance states!?J, Figure 1 shows curves character-
izing the statistical background of reactions (1) and
(3), and curves in the form of trapezoids characteriz-
ing the statistical background from the reactions

(10)

where NJj is the isobar with M = 1230 MeV and iso-
topic spin I =%,

As can be seen from the figure, there exists a well
defined peak above the statistical background, partic-
ularly at T = 1260 MeV with M ~ 750 MeV and T
~ 100 MeV in the distribution with respect to the ef-
fective masses of the 7'’ systems (p* meson). The
absence of a corresponding peak in 77" systems
having I = 2 enables us to conclude that I(p) = 1,
since I{r*7%) can assume only the two values 1 and 2.

Analogous conclusions about the p meson were ob-
tained also in other papers on the study of the 7N in-
teraction in the energy range for @ mesons from 1 to
17 GevE# ™41 The cross section for the production
of p mesons has the value of ~ 3.5 mb in reactions
(3) and

A+N—Nj+n—ntnat+ N,

atp—nttptatta (11)

at E; ~ 2 GeV and falls to a few tenths of a millibarn
at Ey = 10 GeVLE¥-41 It is of interest to note that in
the energy range Ep =~ 2—4 GeV reaction (11) pro-
ceeds mainly in accordance with

AP N+t f pat A (12)

with a cross section of approximately 1 mb [40,413

The properties and the characteristics of p mesons
were also studied in annihilation processes[“‘“]. In
the investigation of the reactions

(13)

with the aid of a 72-inch hydrogen bubble chamber it
was noted that there is an indication of a doublet
structure of the n’-meson peak (7% 1~ system)["“.

+ p—2a* 20 - nal (n=1, 2, ...)
P+p

2. Decay Properties

At present no other possible decays of the p meson
have been observed apart from the decays p — 2.
Only rough estimates of the probabilities of these de-
cays are available.

Thus, for example, for the probability of the proc-
ess

(14)

o —4m

it has been found [45:46:497 that its upper limit amounts
to a few percent of the principal decay of the p meson.
It was also established that if the decay

(15)

occurs at all, the probability of its occurrence is less

than 6 x 1073 of the probability of the principal de-

cay (45,507

g—>MN o
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Some experimental data are also available on the
decays
g —>mtay (16)
and
¢° — neutral particles. 17
In the latter caseL51,52]

neutral particles
W (e —> ntn—)

7 LA L <(6 £40)%. (177)

Thus, it can be stated that experimental investiga-
tion of new modes of the decay of the p meson is only
beginning.

At the same time there exist a number of theoreti-
cal models which enable us to estimate the probabili-
ties of certain modes of decay of p mesons 53581,

For example, the following results were obtained [s4-57]

_ W(@—a)
B =g arny ~ 1% 8
W (@ — a¥n—y) X
Bo= g (msramy ~ 1% 19)
Ry=2=>3T) g g, (20)

W (g — my)
etc. A study of processes (14), (16)—(18) and others
can provide essential aid in the determination of the
quantum numbers and the properties of the p meson.

3. Quantum Numbers

In the first section of this part it was shown that
I{p) = 1. From this it follows that if the observed
decay p — 27 is due to the strong interaction (and this
is indicated by the large width of the resonance ), then
as a result of isotopic invariance the spin of the p
meson must be equal to an odd integer, i.e., its parity
is negative*. The G-parity of the p meson is positive
since it decays according to the strong interaction
into two 7 mesons (cf., Table 1)f. However, it is nec-
essary to remember that the conclusion about the iso-
topic spin of the p meson on the basis of which prac-
tically all its quantum numbers were determined is of
a qualitative character (cf., Sec. 1).

Therefore, other available data on the quantum
numbers of the p meson are also of particular impor-
tance. In this section we shall consider the analysis
of the angular distributions of the products of decay of

*The complete wave function for a system of two mesons must
be symmetric with respect to a simultaneous interchange of iso-
topic and space variables in view of the identity of the particles
(bosons). The isotopic part of the wave function of two 7 mesons
with I = 1 is antisymmetric with respect to an interchange of the
isotopic variables. Therefore, the space part must also be antisym-
metric with respect to an interchange of the spatial variables, i.e.,
the parity of the system is negative:

P=(—1)=--1.
tThe G-parity of the 7 meson is negative, the G-parity of a

system of 7 mesons is equal to the Froduct of the G-parities of all
the # mesons composing the system 5‘—'v5°]'
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the p meson, and in the next section we shall consider
data on the cross section of the 77 interaction which
largely support the conclusions reached above.

Figure 2 shows the angular distribution of 7~ me-
sons produced in the decay of p~ mesons. The distri-
bution is given in the rest system of the p mesons
with respect to the direction of the incident beam.
These data were obtained in the investigation of reac-
tion (4) with the aid of a 50-cm hydrogen bubble cham-
ber irradiated in a beam of 7~ mesons of momentum
1.6 GeV/ct9], Only those cases of production of
mesons were selected in which they emerge in a direc-
tion close to the direction of the incident beam of 7~
mesons. As can be seen from Fig. 2, in the distribution
of 7~ mesons resulting from the decay the term
~ cos?® ¢ is the dominant one. This fact indicates that

T = L

A more detailed analysis shows that in this distribu-
tion there exists also an S-wave (the isotropic part of
the distribution) which indicates the presence of nr
interaction with I =2 and J = 0.

This circumstance considerably complicates the
study of the resonant #m interaction since problems
arise associated with the interference of the interac-
tions of 7 mesons in states with I =1 and I =2, with
isolating the interaction with I =1 in pure form, etc.

A detailed investigation of this problem in (611 has
shown that the available experimental data on proc-
esses (1)—(4) admit under certain assumptions a large
contribution of the 77 interaction with I = 2 in the re-
gion of the p meson. A still more complicated situa-
tion occurs in the case of p° mesons.

In the investigation of peripheral interactions of 7~
mesons of momentum 3 GeV/c with protons in reac-
tions (2) it was found that in the distribution of the

S S

Number of events

S

FT U R S N N SN T

a8 -a¢ 0 44 448
cos @

FIG. 2. Angular distribution of »~ mesons produced in the de-
cay of p~ mesons.




RESONANCE INTERACTIONS OF ELEMENTARY PARTICLES

type shown in Fig. 2 there exists a considerable
“forward-backward”’ asymmetry[:62] Interpreta-
tion of this distribution in terms of 7w scattering has
shown that there exists a strong, or even a resonance
type, interaction of 7 mesons with I=0 and J = 0.
Thus, in the region of the p® meson one can expect the
existence also of another resonance with I = 0. In this
connection it appears to be of interest to study proc-
esses in which 7 mesons are produced in a singlet
isotopic state. As an example we can quote the re-
action

d+d—Hel4n" Lo (21)

Thus, on the basis of these data, the conclusion that
J(p) = 1 cannot be regarded as final, although it is the
most probable one.

4. Cross Section for the 7w Interaction and the
p Meson

The existence of a resonance decaying into two
T mesons (p meson), must lead to the appearance of
a maximum in the energy dependence of the cross sec-
tion of the 7w interaction. An investigation of this
maximum would allow one to draw more definite con-
clusions with respect to the quantum numbers of p
mesons. At the present time there exist no colliding
beams of ™ mesons, and, therefore, only indirect
conclusions about the 77 interaction are possible.

The greater part of the known data on the n7 inter-
action was obtained from experiments on the single
production of pions in 7N collisions with the aid of
a method proposed by Chew and Low [es], They noted
that one-meson diagrams (Fig. 3 and 4) have a pole
when the square of the momentum transferred to the
nucleon is A? = —m%‘ In this case the cross section
for mm scattering is given by the expression

Oz (0) = —4nf2F (02, —m3%) p? [0 (w2 —4m2)]V:, (22)

where f is the constant of the 7N interaction

(f2 =~ 0.08), p is the momentum of the incident =
mesons in the laboratory coordinate system, w is the
total energy of the secondary mesons in their center-
of-mass system and the value of the quantity

d20 (AN - naN)

2 2y
Flo?, A%) = JATdo?

(A% m3)? (23)

is taken for A? = —m%. In this case we need not take

into account contributions from processes described by

ZF

V24

we

FIG. 3
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FIG. 4

other diagrams since these diagrams have no poles.
However, all these assertions are valid for the unphys-
ical domain of the transferred momenta, and, there-
fore, the cross section ogg(w) can be obtained only by
means of an extrapolation of the experimental values
of

d2g (nN — nnN)
dA2 dw?

in the domain A% = 0 to the point A?= —m%. This ex-

trapolation will turn out to be most reliable if one uti-
lizes data in the domain A? < m%, i.e., those closest

to the pole. However, selection of 7N interactions in
the domain A? £ m% corresponds to measurement of
processes with a cross section of the order of several
tenths of a microbarn superimposed on a background

of substantially more probable processes, and at the
present time this is a complicated experimental prob-
lem. Therefore, in those cases when the statistical
accuracy of the material being analyzed turns out to

be insufficient for dividing it up according to two pa-~
rameters w? and Az, a somewhat different method of
treating the experimental data is utilized. In this
method it is assumed that all cases of reactions (1)—{4)
for A? < (nm,r)z, where n=1,2,3..., are described
by one-meson diagrams (cf., Figs. 3 and 4) and the
cross section for the interaction of the virtual =

meson with the primary pion depends only on w (in

the general case ¢ = f(w?, A?)).* We then have

d2q (AN — naN)

1Az 2y2 1242
dAZ dw? (A +mz) _Zmp?m?z

V 0 (0 —4mE) 05x (0). (24)

After expression (24) has been integrated over A% one
can compare with experiment the theoretically calcu-
lated cross section do/dw?. This circumstance en-
ables us to utilize less accurate data on processes
(1)—(4) than in the case of the extrapolation procedure.
This method has been given the name ‘‘physical -
region-plot method.”’

The two methods considered above yield substan-
tially the same result, if in the physical domain of

*In referencel®) a method is ptoposed for calculating the cross

section of processes described by one-meson diagrams (cf., Figs.
3 and 4) in the physical domain of the transferred momenta, without
assuming that the cross section for the interaction of a virtual

7 meson with an incident pion depends only on @. In this method
data are utilized on the pion form-factors of the nucleon obtained
from an analysis of single production of mesons in nucleon-nucleon
collisions.
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transferred momenta reactions (1)—(4) are described
primarily by one-meson diagrams. In the opposite
case it is hard to say as to which method gives a re-
sult closer to reality. To reach such a conclusion
additional investigations are necessary.

We now proceed to analyze the available experimen-
tal data*. In the energy range of primary 7 mesons
that has been studied the most (E ~ 1 GeV ) data are
available which show that the contribution of processes
(1)—(4) described by diagrams of Figs. 3 and 4 is not
the dominant one.

Thus, for example, a comparison of the experimen-
tal and the theoretical distributions of the secondary =
mesons with respect to the angle between them in the
m™N system at E; ~ 1 GeV has shown that the contri-
bution to the cross section of reaction (2) made by the
process described by the diagram of Fig. 4 does not
exceed 30%. Theoretical calculations were carried
out utilizing formula (24), and also utilizing the sta-
tistical theory taking into account the production of the
N3;-isobar L8]

In 1962 Treiman and Yang proposed general criteria
which must be satisfied by all processes described by
the diagrams of Figs. 3 and 4L%], The point of their
proposal consists of the following. The structure of
the one-meson diagrams of Figs. 3 and 4 leads to an
absence of correlations (apart from the kinematic
ones ) between the particles in the nucleon and pion
vertices. This is associated with the fact that the
virtual particle (7 meson) has a spin equal to zero.

In this case, for example, the differential cross sec~
tions for the reactions (1)—(4) should not depend on
the relative orientation of the vectors [K;xK,] and
[P1xXpy]. Here K, and K, are the momenta of the
secondary mesons, p; and p, are the momenta of the
nucleons in the 7N system?. Moreover, in virtue of
isotopic invariance all the characteristics of reactions
(3) and (4) described by one-meson diagrams must

be identicalt¢?d,

A detailed check of the applicability of the one-
meson approximation for T = 1.25 GeV was made
in [%8]. The observed events of type (2) with AZ
<16 m?r were divided into two groups with respect
to the angle « (o is the angle between the directions
[K{XK,] and [p;*Xp;]). The coefficients of the
““forward-backward’’ asymmetry in the distribution
of the m~ mesons in the rest system of the secondary
mesons turned out to be equal to 0.40 = 0.09 for the
cases with o = 90° and 0.08 + 0.09 for « > 90°.1

*A detailed summary of the data on the cross section of the
elastic 7w interaction is available in referencel®),

It should be emphasized that the fact that the Treiman-Yang
criterion is satisfied is a necessary condition for the possibility
of the description of the processes by means of one-meson dia-
grams, but it is not sufficient.

#The asymmetry coefficients are equal to the ratio of the dif-
ference between the number of 7- mesons emerging into the forward
and the backward hemispheres to the total number of 7- mesons.

V. G. GRISHIN

Thus, there exists a strong dependence of the asym-
metry coefficient on the angle «, i.e., the selected
experimental material does not satisfy the Treiman-
Yang criterion.

Results of the investigations of reactions (3) and (4)
with incident 7 mesons of momentum 1.25 GeV/c lead
to a similar conclusion™®3. It has turned out that the
ratio of the cross sections of these processes for A?
£ 9 m% is equal to

S(Atp TP _ 6y o
TP = pnd) 4.6 & 0.3,

(25)
As has been noted above, in the case when the dominant
contribution comes from processes described by one-
meson diagrams the ratio (25) must be close to unity.
Thus, analysis of experimental data shows that at
an energy of incident mesons in the neighborhood of
1 GeV reactions (1)—(4) cannot be described by one-
meson diagrams only and one must take into account
contributions of other possible diagrams. For illustra-
tion we reproduce data on the cross sections of reac-
tions

(26)
@7)

at 4o —s nt 4 a0,

-+ — -,

obtained in L] by the ¢‘physical-region-plot method’’
(Fig. 5). As can be seen from the diagram, there is a
broad maximum in the curve for the cross section of
reaction (26) with Mpeg = 725 + 25 MeV which can be
identified with the p* meson. On the other hand in the
77 cross-section curve there is no indication at all
of the existence of a p° meson. The extrapolation pro-
cedure applied to the same experimental data gives

&, MeV
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FIG. 5. Total cross sections for 77 scattering (w(#}) is the

square of the total energy of the 7 mesons in units of m?,,).
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the same results for the cross sections of reactions
(26) and (27) in the domain of energies corresponding
to the p meson, and different results outside this re-
gion. The authors conclude that there is a dominant
contribution from the process described by a one-
meson diagram only in reaction (3). But in the case
of reaction (4) a significant role is played by proc-
esses described by other diagrams, for example, by
a diagram in which the interaction in the final state
is taken into account (Fig. 6). Therefore, the results
obtained in this paper from an analysis of events of
type (3) can be regarded as a confirmation of the ex-
istence of the p” meson. As the energy of the pri-
mary 7 mesons is increased the situation becomes
somewhat more clear. For example, reactions (1)
and (2) with A? < Sm% were studied at pc = 1.75 GeV
with the aid of the scintillation counter methodt],

FIG. 6.

In this case the use of the ‘‘physical-region-plot
method’’ made possible the discovery of the 0’ meson
with M =~ 750 MeV and I' = 190 MeV.

On the other hand, in “%™J in which reactions (2)
and (4) were studied at pc = 1.59 GeV, results were
obtained indicating that the dominant contribution is
made by processes described by the diagrams of
Figs. 3 and 4, for

A2 Bmj. (28)

In these papers there exists a clear indication of the
existence of p0 and p* mesons obtained by means of
the “‘physical region plot method’’ taking into account
the nucleon form-factor (8] (Fig. 7).

The maximum value of the cross section for 7' 7~
scattering is in this case equal to

Omax (AT~ —> a¥m) = (108 4= 16) mb. {29)

As is well known, the maximum cross section for
the resonance scattering of # mesons is given by the
expression

Omax <47 (27 + 1) 12 (30)
and for the case J(p) =1
Omax < 120%2 = 120 mb (31)

(here * is the de Broglie wavelength of the 7 meson).
Thus, the good agreement between the values (29) and
(31) of the cross section is evidence in favor of J{(p)
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FIG. 7. Cross section for #'n~ scattering. »/p is the total en-
ergy of the dipion in units of m,. The theoretical curve represents
the cross section for the resonance nn~ scattering with J =1. 0 —
Chew and Low formula; x — Selleri formula.

= 1.* If the nucleon form-factor is not taken into ac-
count we obtain

Opax (W7 — ™) = (56 &+ 8)mb (32)

(cf., Fig. 7), and this does not agree with the expected
value (31).

An investigation of single production of 7 mesons
in 77p collisions at pc = 3 GeV has shown that events
with A% £ 10 m? satisfy the Treiman-Yang crite-
riont®%7], The results of the analysis of these events
are given in Sec. 3 of this chapter. In the main they
confirm the existence of the p meson.

Thus, the data on the cross section of 77 scattering
obtained by the method of Chew and Low are an addi-
tional argument in favor of the existence of the p
meson with I=J = 1.

In summary of the discussion of the problem of the
qguantum numbers of the p meson it should be empha-
sized that for its final solution new experiments are
needed investigating the production and the decay of
p mesons (cf., Ch. IV). In particular, a discovery of

a decay of the type
0% —> 0Ly

(18")

would provide evidence that J(p) = 0.

II. £-MESON

A resonance in the 7n interaction with M
= 1250 MeV and I= 0 was found almost simultane-
ously by two different groups in the investigation of the

*It should be noted here that 0,4, = 120 mb for # * - scatter-

ing in the domain of energies corresponding to the p meson. This
is related to the circumstance that the inelastic channels for the
decay of the p meson (p > 47, p » 7 etc.) constitute a small frac-
tion of the decay p - 27 (cf., Sec. 2 of this chapter), and, there-
fore, the phase of 77 scattering is mainly real and the inequality
(31) can be approximately regarded as an equality.
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FIG. 8. Distribution with respect to the effective
masses of the 7~ #° and 7 7+ systems.
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interaction of 7~ mesons with protons (the f meson)
(13,41 The great interest in this resonance and an ex-
tensive search for it are due to the fact that the re-
cently developed new direction in the theory describ-
ing processes of interaction between particles at high
energies (so called Reggistics) predicts the existence
of a particle with J =2, I = 0 and a mass in the range
1.0—1.4 GeVL™], As will be seen later, the properties
of an f-meson are close to those of this hypothetical
particle. This problem is discussed in greater detail
in L8],

An investigation of processes (2) and (4) at pc
= 3 GeV carried out by means of a 20-inch hydrogen
bubble chamber has demonstrated the existence of two
peaks in the distribution with respect to the effective
masses of the 7*7~ systems corresponding to p° and
f mesons (Fig. 8)L™J, The absence of a peak in the
M(n %%) distribution at M ~ 1250 MeV provides a
basis for the assumption that I(f) = 0 (cf. also [7J).
An analysis of the distribution with respect to M(n* 7" )
shows that M(f) = (1250 £ 25) MeV and T'(f) = 100
+ 50 MeV; the cross section for the production of f
mesons in reaction (2) has a value in the neighborhood
of 1 mb at pc = 3 GeV. A search for possible decays

f— 4w (33)

gave negative results corresponding to probabilities
comparable to the probabilities of the principal decay

f—>2m. (34)

A further study of the reaction (2) and (4) using the
same experimental arrangement made it possible to
show that J(f) = 0, since the angular distribution of
the m mesons in process (34) has a strongly pro-
nounced anisotropic character (c¢f., Ch. I, Sec. 3 )[62].
From this one can draw the conclusion that J(f) = 2.
Indeed, since the isospin of the f meson is equal to
zero, then in virtue of isotopic invariance J(f) can
be equal only to an even integer (cf., Ch. I, Sec. 3).

The results of the work on the study of the f-meson
carried out by means of a 300 liter bubble chamber
filled with a mixture of freon (CF;Br) and propane

(C3Hg) agree with the previously quoted results (3,
The chamber was placed in a magnetic field of 17.1 kG
and was irradiated by 7~ mesons of momentum

6.1 GeV/c. Events of type (2) were selected. The
developed method of measurement and analysis of
these events enable this to be carried out with good
accuracy. In the selected experimental material the
admixture of other events does not exceed 15% and is
of no significance in the study of the properties of the
f-meson. It was found that M(f) = 1260 = 35 MeV and
I'(f) < 200 MeV. An analysis of the angular distribu-
tion of the 7 mesons has shown that with a probabil -
ity of 500:1 the spin of the f meson is different from
Zero.

A study of the peripheral interactions of 7~ mesons
with protons (A% = 15 m%) at pe = 4 GeV also con-
firmed the existence of the f mesont?83 (cf., also
[72,32,78])  The cross section for the reaction

w4 p—ntfontat-ln (35)

turned out to be equal to 0.42 + 0.06 mb, while the
ratio of the probabilities of the decays was given by
W(f = nta—ntn-)

W < 008 £ 0.06,

(36)

The angular distribution of the 7 -mesons produced

in reaction (35) in the rest system of the f-meson is
shown in Fig. 9. In the same figure are also shown
theoretical curves for the case J =2 and 4. Compari-
son with experimental data shows that the value J = 2
turns out to be preferable over J = 4,

An analysis of the data obtained by the Chew-Low
method taking the nucleon form-factor into account
(cf., Ch. I, Sec. 4) has made it possible to determine
the cross section for n'r~ scattering in the region of
f and p mesons (Fig. 10). The same figure also shows
theoretical curves for J= 0, 2 and 4 taking into ac-
count another possible decay channel

0 —s 2700, 37)

As can be seen from Fig. 10 the best agreement with
experiment corresponds to the value J(f) = 2. Thus,
the combined available experimental data show that
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FIG. 9. Angular distribution of the 7~ mesons produced in the
decay of the f® meson. The theoretical curves have been calculated
forJ=2and J =4.

J(f) = 2, and that the preferred value is J(f) = 2.
However, a further increase is necessary in the sta-
tistics of cases with the production of an f meson in
order to make more definite conclusions with respect
to its spin. The G-parity of the f meson is positive,
since it decays into two 7 mesons according to the
strong interaction. The spatial parity is also positive
and is determined by the fact that I(f) = 0 (cf.,Ch. I,
Sec. 3).

In conclusion we note that a search for the f meson
in the reaction

4 p—oattpdfontdptataT 38)

at pc = 3.5 GeV gave a negative resultt4!d, The cross
section for the production of the f meson turned out to
be less than 0.1 mb, while the cross section for the
production of the p’ meson in the analogous process
(11) at the same energy of incident 7 mesons amounts
to 1.5 mb. Such a difference in the cross sections for
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FIG. 10. Cross section for m7 scattering obtained from an anal-
ysis of the reactions #-p-a" m-n: a) in the region of the p reso-
nance; b) in the regionof the f resonance for J = 0; c¢) in the region
of the f resonance for J =2; d) in the region of the f resonance
for J = 4. w/p is the total energy of the dipion in units of mg.
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the production of f and p0 mesons can be explained,
for example, in the case when the processes (11} and
(38) can be described L79] by corresponding one-meson
diagrams and

L (e = 25T ().

Some problems related to the associated production
of £ mesons and nucleon isobars are discussed in (83,

III. INVESTIGATION OF THE nr INTERACTION AT
LOW ENERGIES (ABC ANOMALY)

A study of the production of 7 mesons in proton-
deuteron collisions

p4-d-—Hel 4 nt4-a” (39)

has shown that there exists a narrow peak in the mo-
mentum spectrum of the recoil nuclei (Fig. 11)L81d,
At first this anomaly was interpreted as a proof of
the existence of a new resonance with M = 310 MeV
and I' = 10 + 6 MeV. From the names of the authors
of this paper[“] it has received the name of the ABC
resonance. Later it was reported that it had been ob-
served in processes of annihilation in 7N collisions
and in meson photoproduction reactions 448,831,

The problem of the existence and the properties
of ABC mesons has also been discussed in theoretical
papers, particularly in connection with Regge poles
[84-89] 1t was noted that the experimental data on
the decay of K mesons are in contradiction with the
existence of the ABC resonance L8688

An analysis of the observed anomaly in pd colli-
sions given in (90,913 has shown that it does not have
a resonance character and can be explained by the in-
teraction of m mesons in the final state with I(xw) = 0.
A more detailed experimental investigation of this
problem confirms this conclusion. Thus, in [%7%]
where the 77 interaction was investigated at low en-
ergies, the ABC meson was not found. As an illus-

Area under

2 peak
201 =743 MeV B
AN 4
VA ¢
197
/ +++{++ g\,
~ gt
. —
> =695 MeV 4
o J0r
© R 2
- 0*“‘7 + T Ty [3
» -7 h P S WO S S
a 20 — T —
< gL 7648 MeV ]
< p ] 470
_gg r i I
» peb2dMeV
a78
v . |
IR
79 170 20 1 14 180

Pue3, GeV /e

FIG. 11. The momentum spectrum of the He} nuclei produced

in the reaction (39) obtained after subtraction of the statistical
background (cf., reference[®']).
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FIG. 12. Distributions with respect to the effective masses of
the 7'~ systems produced in reaction (2).

tration we quote the results of an investigation of
reaction (2) carried out with the aid of a 72-inch hy -~
drogen bubble chamber at kinetic energies of incident
7 mesons of 360—780 MeVE®1, The distributions ob-
tained for M(r"7”) are given in Fig. 12. From this
diagram it can be seen that even though there is an ex-
cess of observed points above the phase curve for high
values of the effective mass of the #°7~ system at T
= 360—605 MeV, nevertheless, there is no basis for
concluding that there are resonances with masses in
the range from 280 to 680 MeV.

A more detailed investigation of the interaction be-
tween protons and deuterons carried out by the group
which had discovered the anomaly under discussion
has shown that a nonresonant interaction of 7 mesons
in the final state with I = 0 and a scattering length of
(2 + 1)/m; satisfactorily explains the experimental
data [100-103]

A similar explanation of the ABC anomaly was pro-
posed in L104] ' 1n this case it was noted that if the re-
action (39) proceeds according to the scheme

p+d—He* (40)
Hel* — m, + Hel, (41)
Ty Ty —> Ty - Ty, (42)

which is described by a triangular diagram (Fig. 13),

FIG 13

then in the distribution with respect to M(myr,) there
will appear a peak with M = 310 MeV at a proton
kinetic energy of 740 MeV (here He$* is a helium nu-
cleus in which one of the nucleons is replaced by an
isobar). The appearance of a peak in the distribution
with respect to M(mymy) is associated with the pres-
ence of a logarithmic singularity in the diagram of
Fig. 13. Calculations show that for a range for =nr
scattering ~ 1/my; the ABC anomaly is well described
by a triangular diagram.

Thus, at present there is no convincing evidence to
support the existence of the ABC resonance.

IV. SEARCH FOR NEW RESONANT 7r SYSTEMS

At present there exist approximately another twenty
observed peaks in the distributions with respect to the
effective masses of two 7 mesons (Table II). But, as a
rule, these peaks occur in only one or two papers and
are statistically poorly supported. Therefore, even
the very fact of the existence of an anomaly is not cer-
tain (let alone its resonant nature). Moreover, in
similar work of other groups carried out with high
accuracy these peaks are absent (cf., for example, [%%]),

Of particular interest are indications of the possible
existence of resonances with I= 0 and 2 in the neigh-
borhood of the p® meson (cf., Table II). Results of the
study of the angular distribution of m mesons produced
in the decay of the 0% meson also indicate the exist-
ence of a resonance with M = M(p®) and 1= 0 (ef.,
Ch. I, Sec. 3). Therefore, it appears to be of great
interest to investigate the 7w interaction in the neigh-
borhood of the p-peak in states with definite values of
isotopic spin, for example, in reactions (1), (21) and

ptp—>dia®at, (43)

A simultaneous investigation of such processes will
make it possible to answer questions regarding the
properties of the p meson and regarding other reso-
nances in this range of effective masses of two 7
mesons (cf., also L108-1117y

V. w MESON
1. Mass and Width

In 1957 in connection with the analysis of experi-
mental data on electron-proton scattering a suggestion
was made of the existence of a heavy neutral meson
with I=0 and JP=1- (w meson)l!6],
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*In the table are given approximate values of the masses of the

Experimentally the w meson was observed for the
first time in 1961 in the investigation of the annihila-
tion processes

p-p—atatln 4

(44)

by means of a 72-inch hydrogen bubble chamber at

pc = 1.61 GeV[m’“B]. A narrow peak was found in the
distribution with respect to effective masses of the
7'’ system with M(w) = 787 MeV and I' =T qq

= 24 MeV (T'gg is the experimental resolving power
of the apparatus). The absence of a corresponding peak
in the distributions with respect to M(r*r*7%) and

M (7*n%rF) provides grounds for assuming that I(w)

= 0.

By now the w meson has been observed in many re-
actions, for example [1197133,40,41,713

p--p—s3n+3n o, (45)
A d—>ppto, 46)
nt 4 p—>nE A4 p o, (47)
K +p—A+to, (48)

p+p—p-+pio, (49)

p+p—K+K+o (50)

ete.

Figure 14 shows a characteristic peak correspond-
ing to the w meson obtained in reaction (46); here also
one can see a small peak with M ~ 550 MeV (7 meson).

The width of the w meson was determined with the
aid of a 30-inch hydrogen bubble chamber in the inves-
tigation of the annihilation of stopped antiprotons in the
reaction t34]

ptp—K*+K +atra+al, (51)
In this experiment it was possible to obtain I'peg

~ 2 MeV, which is by an order of magnitude better
than in other experiments. Such a considerable im-
provement in the resolving power of the apparatus was
achieved by a special selection of events of type (61).
In particular, only those events were studied in which
both K mesons were stopped in the chamber. This
circumstance made it possible to measure the encrgies
and the momenta of the K mesons from their range in

hydrogen considerably more accurately than from the
curvature of their track in the magnetic field, as has
been done in other experiments.

The reaction (51) has turned out to be very conven-
ient from this point of view, since with a high degree
of probability it proceeds along channel (50), and in
this case the total kinetic energy of the particles pro-~
duced amounts to only approximately 100 MeV and the
K mesons are generally stopped in the chamber. The
range-energy relation was checked in the same experi-
ment for protons and pions of known energies.

By measuring the angle between the K mesons it is
possible to determine M(7r+7r’7r°) in accordance with
the formula

2 B}

M (i n®) = (M — E_—E. )+ (ps - p)2JYe,  (52)
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FIG. 14. The spectrum of the effective masses of the 7 7~ 7°
systems produced in the reaction (46).
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where M = M(p) + M(p) and the subscripts on E and
p denote the signs of the charge of the K mesons
[ef., formula (5)1*.

Altogether 119 events (51) were found when both K
mesons were stopped in the chamber. The magnitude
of the error in the determination of M(7*71 7%) from
formula (52) for these events lies in the range from
0.6 to 1.2 MeV,

Figure 15 shows the distribution of the cases ob-
tained with respect to M(7 7 n’). The solid curve
which gives the best agreement with the experiment
was calculated by means of a formula of type (6) taking
into account the efficiency of recording the K mesons
in the chamber; the dotted curve gives the correspond-
ing statistical background in reaction (51).
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FIG. 15. Spectrum of the effective masses of the 7"z~ #° systems

produced in the reaction (51).

a
&50 7090

Figure 16 gives a picture of this distribution. From
an analysis of these data the following results were
obtained: M(w) = 784.0+ 0.9 MeV and T = 9.5
+ 2.1 MeV, which corresponds to 7(w)
= (0.69 + 0.15) x 1072 sec, Interesting proposals for
the measurement of I' (w) by other methods are dis-
cussed in [135-1401

The cross section for the production of w mesons
in 7N and KN interactions has a value ~1—2 mb at
E = 2-—4 GeV and does not exceed a few tenths of a
millibarn in annihilation processes at E(p) = 1-3 GeV.

2. Dalitz Plots

Before going on to a discussion of the quantum num-
bers of the w meson we shall consider a general
method of analysis of three-particle states. This
method was proposed by Dalitz in 1953 as applied to
the decay

Ki—>ﬂi—+—ﬂi—'~n:’:

(53)

and is widely used at present 1417141,

*The effective mass of a group of particles calculated from the
characteristics of the other particles participating in the reaction
(in our case p, p, K' and K™ particles) is usually called the resi-
dual or “‘missing’’ mass.
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Its essence consists of the following. The general
expression for the probability of decay of any particle
of mass M, into three other particles has the
form [145]

W (My—my, my, mj)

1 S [ M2 d(Sp)d(M,—ZE) d¥pyd3pad3p; .

@y ) 2, 2F/2E2E 3 (64)

Here | M |? is the square of the modulus of the matrix
element. If the decaying particle has no spin or is un-
polarized, then the matrix element depends only on two
variables. Indeed, of the nine possible variables,
Pii» P2i» P3i (i =1,2,3) the energy-momentum conser-
vation law leaves only five independent. Further, if the
particle M, is unpolarized, i.e., if in its rest system
there are no privileged directions in space, then the
probability of its decay is independent of the orienta-
tion of the plane of decay.* Thus, of the five variables
only two remain on which the matrix element depends.
If for these two variables one chooses the total en-
ergies of the two particles E; and E, in the center-
of-mass system for the three particles, then appro-
priate transformations bring formula (54) into the
form
a2

W 0y = ) = g

S S \M (E,, Ey) 2 dE, dE,. (55)

From this expression it can be seen that if the
available experimental material on the decay M,
— mj, my, my is plotted on a diagram in which E;
and E, are chosen as the variables, then the density
of points in this diagram will be proportional to the
square of the modulus of the matrix element. Thus,
with the aid of such a diagram we immediately have
a visual impression of the behavior of the matrix ele-
ment, and this considerably simplifies the determina-
tion of the quantum numbers of the decaying particle.
It is evident that this property of the Dalitz plot re-
mains unchanged if instead of the variables E; and E,
we choose the variables T; and T, or Ty, T,-T3. ¥

*In the case that the particles are initially polarized we must
replace |M(E,E,)!? in expression (55) by |[M(E,E,)[* where the
horizontal bar denotes avaraging over the initial polarization.

tIndeed, E =T + m and dE,dE, = dT,dT,.




RESONANCE INTERACTIONS OF

Sometimes Dalitz plots are constructed also in terms
of the variables Mf’z and M%’:, (the squares of the ef-
fective masses of two particles). We shall show that

in this case also the density of points will be propor-
tional to the square of the modulus of the matrix ele-
ment. By definition we have

M3, o= (E - Ep)—(p,+ po). ")

The conservation laws give the following equations in
the rest system of the particle My:

E,  Ey=M,—E,, (56)
I Py~ p2i= ps. (67)
From this we have
M3 =(M,— E;*—p? (58)
and
dM3 o= —2(M,—E3)dE;—2E3 dE;= —2M dE;, (59)

ie., dM%’z depends linearly on dE;. Therefore we
have

dM3, 3 dM3 4 ~ dE3dE;. (60)

The use of the variables M%k has certain advan-
tages since they are relativistically invariant and,
therefore, the Dalitz plot does not depend on the coor-
dinate system in which the experimental data were ob-
tained. A practical application of these diagrams will
be shown below in the discussion of the quantum num-
bers of the w and n mesons.

3. The Quantum Numbers of the w Meson

The quantum numbers of the w meson were deter-
mined from the study of the decays

o—at4+a—nd. (61)

We assume that this process is due to the strong in-
teraction; then G(w) = —1 %5801 If we restrict our-
selves to the value of the spin J =< 1, then there exist
four possible combinations for the spin and the spatial
parity of the w meson: 07, 07,1 and 1. The quan-~
tum numbers 0° are forbidden by the law of conser-
vation of parity.

*In the case of boson systems of strangeness equal to zero it
is very convenient to utilize the quantum number é, since the
G-parity of a system is equal to the product of the G-parities of
the particles of which it is composed. The operation G is defined
as a product of two known operations: charge conjugation and rota-
tion in isotopic space about the I, axis by 1809, i.e.,

G = Celmls, 62)

From this it is clear that the parity of the system remains un-
changed in the case of strong interaction and can be altered in the
case of electromagnetic interactions. For neutral systems the fol-

lowing equation holds
G = (=D (63)

Yere C is the charge parity of the system.
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/- meson

FIG. 17. Simplest matrix elements for 1*, 0~ and 1~ mesons.
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The fact that the latter combination is forbidden can
be easily seen if one considers the products of the de-
cay w— 37 in terms of a single 7 meson and a dipion
(for example, a 7° meson and a 7*7~ dipion). We de-
note by L the orbital angular momentum of the 7 me-
sons of the dipion in their ¢.m.s., and by 1 the angular
momentum of the third 7 meson with respect to the
dipion in the c.m.s. of the w meson. If the spin of the
w meson is zero (we are speaking of the possible com-
bination 0%), it is necessary to have I = L, i.e., the
spatial parity of the 37-system*

Pz (— YIS = (— 1)2L43 (64)
will be negative (P = —1). Thus, the combination 0*
and I =0 is impossible for an w-meson.

For the remaining three combinations of the quan-
tum numbers one can write down the matrix elements
for the decay (61) for minimum values of L and I (the
so-called simplest matrix elements). They are shown
in Table mIt187,

Figure 17 shows the dependence on the Dalitz vari-

*The number three in the exponent appears as a result of taking
into account the intrinsic parity of 7 mesons which is negative.
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Table III. Simplest matrix elements for the decay w — 3n

P Simplest matrix Matrix element equal
J ! L elements* to zero
| ‘ l
1= 1 1 (Po>(P+)+ (P+ XP-)-+(P—XPo) | At the boundary of
\ the Dalitz plot.
|
[ [1and 3 |land 3 | (F_— Eo)(E9p—E,)(E,—E_)| Along straight lines
\ when FE_=F, E;
: =E+, E+ = E_.
1 |0and2 1 F_ (Po—p+)+-Eo (P —P-) When Pg= P4, P+ =P-»
| + £+ (p——Po) P—=Ppo
*Here the subscripts on E and p denote the sign of the charge of the 7 mesons.

ables of the simplest matrix elements in arbitrary
units

Lo@=r, 7 .1,

In Fig. 18 the Dalitz plot shows the experimental
data on the decay w — 37 obtained in [31], A visual
comparison of the theoretical and the experimental
distributions (Fig. 18) shows that the combinations 1*
and 0”7 are in contradiction with experiments since
they give a density of points equal to zero at the cen-
ter of the plot and increasing towards the boundary.

FIG. 18. Dalitz plot for the decays w-#"n" #° (1100 events).
T,, T_, T, are the kinetic energies of the 7 mesons.

The combination 1 gives a maximum density of points
at the center of the diagram which then falls off to zero

at the boundary, and this is in agreement with the ex-
perimental data.

Figure 19 shows the theoretical and the experimen-
tal dependence of the density of points on the distance
from the center of the diagram, which support this

conclusionl!18],

It is of interest to note that although the analysis for
J > 1 was not given here, the simplest matrix elements

for the quantum numbers 2° and 2~ give a density of
points equal to zero at the center of the diagram.

Thus, an analysis of experimental data carried out
with the aid of the simplest matrix elements on the
assumption that G(w) = —1 and I =1 shows that the
w meson is a vector particle with negative parity

(JPG =177). However, in this case there is no cer-
tainty that in a matrix element of general form those
properties of the simplest matrix element are pre-
served which were utilized for the determination of
the spin and parity of the resonant state.

T T T

}

- // .

FIG. 19. Theoretical and experimental dependence of the den-
sity of points on the distance to the centre of the Dalitz plot[*'*].

A discussion of the most general properties of the
matrix elements of general form which do not depend
on the dynamics of the process has shown that the fact
that they vanish at definite values of the momenta co-
incides in the case of three-pion systems with selec~
tion rules which follow from the form of the simplest
matrix elements (cf., Table OI*)[146] Thus, the ab-
sence of experimental points on the boundaries of a
Dalitz plot and their presence in the rest of the dia-
gram for the decay w -+ 37 is a strong argument in
favor of JP(w) = 17, with this assertion not being re-
stricted to a specific form of the matrix element. A
search for the forbidden configurations of the mo-
menta of the particles also has the advantage that in
this case the problem of the interference of resonance
processes with the background is solved very simply.

*A number of general properties of multipion systems have
been considered in references[47-152),
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Indeed, since in these domains the matrix element of
the resonance interaction is equal to zero there will
be no interference.

The analysis of the decay (61) given above was made
on the assumption that this decay proceeds in accor-
dance with the strong interaction (G(w) = -1). In con-
nection with the small width of the resonance
I ~ 9 MeV it was suggested that the decay w— 37 is
an electromagnetic process, i.e., G(w) = +10M48])  How-
ever, subsequent investigations have excluded this ver-
sion, Thus, the study of the decay[“]

(65)

w —> 4T,

which must proceed in the case G(w) = +1 in accor-
dance with the strong interaction and with greater prob-
ability than the decay (61), has shown that

W (@ — atn—n0x0)
W (0 - ata—no)

<12% (66)

and

W (o —>ata—ata—) 0/
Wio > o <00

67)
On the other hand, in the case G(w) = -1 the ratio

W (o — neutral particles )

Wio—ntn—ndy ¢ (68)
(a = 1/137 is the fine structure constant ).
Indeed, the decay
®—> 1%+ m® 4+ no (69)

is forbidden both according to the strong and the elec-
tromagnetic interactions, since the charge parity of

the w-meson is negative, while that of three 7% mesons
is positive.* Therefore, the process (69) can occur
only as a result of the weak interaction. The probabil-
ity of this decay is considerably lower than that of elec-

tromagnetic processes of the first order

(70)
(71)

o—nl4y,
0 —> - nl -y,

which are the ones determining the order of magnitude
of the value of the ratio (68)[130:131,1257
For all the combinations of quantum numbers with
G{w) = +1 the probability of the decay of w into neu-
tral particles must be greater than or comparable to
the probability of the decay (61), since this process is
an electromagnetic process of the second order. Ex-
perimental study of the relation (68) has shown that
Wio— - particles
W (0 — ata—no)

neutral particles )

— = 0.10 £ 0.03. (72)

The estimates of the magnitude of this ratio made by
other groups agree with (72)[131’125’1303. Thus, the low
probability of the radioactive decay of the w-meson
also confirms the correctness of the assumption

Glw) = -1.

¥ the bosons have I = 0, then G = C(~1)! = C, i.e., C(w)=—1.
The C-parity of a »° meson is positive.

wile
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Table IV. Data on the possible quantum numbers
of the w-meson (I{w) = 0)

Possible values of
]PG(J <1) Excluded by the following arguments

0-- Dalitz plot; the decay w~a"y

0+ - Conservation of parity; the decay w-7"y

1--

1t - Dalitz plot

-+ Dalitz plot; the small value of the ratio w -
neutral particles/w -7 7~ #’; the decay
w7’y

ot Conservation of parity; the decay w-#"y

1-+ The small value of the ratio 2247 . the

=37

decay w-n'y

1+ Dalitz plot; the small value of the ratios
w4 and (L)—rneutral+ p_artuicles . the decay
w37 >
w-n'y

*A more detailed justification for this table may be found
in references|ss, 18],

Finally, the observation of the decay (70) is a direct
proof of the fact that G({w) = C{w) = — 1, and that its
spin cannot be equal to zero 1537 «

In conclusion of this section we reproduce Table IV
in which a summary is given of the arguments help-
ing to exclude various sets of quantum numbers with
the exception of JPG(w)=1"".

4. Electromagnetic Decays of w Particles

As was shown in the preceding section the decay
of the w meson (JPG = 1--) into neutral particles is
an electromagnetic process. At present a study of
these decays has begun with the aid of bubble chambers
filled with heavy liquids (xenon, freon, propane, mix-
ture of propane with freon etc.)

With the aid of a 17-liter bubble chamber filled with
a mixture of propane (C3Hg) and xenon the decay (70)
in the reactiont!%]

T -tp—snt@—n a1l iy

(72°)

was studied. Experiments were carried out for 7~ -
meson momenta of 1.25, 1.55 and 2.8 GeV/c. Those
cases were measured when three or more e'e” pairs
produced by y quanta in the chamber were directed
towards the point at which the 7~ meson was stopped,
on the condition that the stoppage of the meson was not
accompanied by any traces of nuclear interaction
{prongless stars). The background is primarily due
to the multiple production of 7° mesons. For the
selection of the cases of decay w — 7% ~— 3y a kine-
matic method was used since the energy of the con-
version pairs was not measured and, therefore, it was

*The C-parity of a y quantum is negative.
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not possible to obtain the distribution with respect to
M(yyy). The essence of this method consists of the
following. In the case of the decay w — 3y one can
draw a circular cone through the directions of the
three y quanta. The aperture of this cone has a min-
imum angle (Bmin) which depends on the mass of the
w meson and on its energy in the (7p) system:

o Boin __ M (w)

sin —“é—r‘- = {73)
Figure 20 shows the distributions with respect to the
angle B of events corresponding to the reaction

a4 p—>n-3y, (74)

after the background has been subtracted. Arrows in-
dicate the values of the angles of aperture (8mip) of
the decay cone for the w meson with M = 782 MeV.
As can be seen from Fig. 20 the majority of the events
lies in the range of angles greater than Byip, as is
expected for the decay (70). A small number of cases
with 8 < Bmip can be explained by statistical fluctua-
tions, by the background from the reaction

A 4-p—> KO- 301 50 (75)

or hy systematic errors not taken into account. Un-
doubtedly an improvement in the statistics of events
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s b2 events
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FIG. 20. Distribution of cases corresponding to the reaction
7~ p-n+3y with respect to the angle 8. a) pc =1.55 Gev; b)
pc=2.8 Gev,
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(74) and a study of the decays (70) by other methods
are required for a final conclusion about its existence.

A comparison of the probabilities of the decays (70)
and the decays

o — neutral particles (76)

shows that the decay (70) is the principal one among
the neutral types of decay.
In the same article an estimate was given of the
value of the ratio
W (o> 220y
”’(-‘J’:’W \\0.1. (77)
This result is in agreement with the theoretical esti-
mate which was obtained on the assumption that the
radiative decays of the w meson (71) proceed in ac-
cordance with

0—>0° [0 —>m0 -0y, (78)

A study of the distribution with respect to the effec-
tive masses of 771y systems[m:| formed in 7N in-
teractions at E ~ 7 GeV has shown that there exists
a peak at M ~ 760 MeV which can be associated with
the decay

©—>at-a Sy, 79)

In [124,155] gp estimate was obtained of the value of
the ratio
_W(o—eter)
W (o — ntn—ao0)

< 0.01, (80)

which agrees with the corresponding theoretical cal-
culation[156-1581

Thus, the investigation of the electromagnetic de-
cays of the w-meson has only begun. There exists a
number of theoretical models which predict the proba-~
bilities of these decays[154’156_1603. A comparison of
these models with experimental results presents a
possibility of determining the ‘‘strength’’ of the inter-
action of the w meson with the p meson and with other
particles (cf., for example,[134]y,

5. p-w Transitions

The quantum numbers for the p and the « mesons
are the same with the exception of the isotopic spin,
and, therefore, as the result of electromagnetic inter-
actions each of them will contain an admixture of the
state with the other isotopic spin. The wave functions
for these mixed states can be written in the form [161]

~ 6
Qof QO"j‘mﬁ) (81)
and
—o— 2 g (82)
D=0 Am 0

Here 6 is the matrix element for the electromagnetic
transition w =p, Re (Am) =~ 35 MeV (the difference
in the masses of the p and «w mesons), Im (Am)
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=T(p) ~ T (w) = 100 MeV, p, w are the wave functions
of the states with a definite isotopic spin (I(p) =1 and
Hw)=0).

As can be seen from formulas (81) and (82) the ad-
mixture of the state with the other isotopic spin due
to the electromagnetic interaction (6 ~ 5 MeV) will
be considerable if the difference in the masses of the
mesons is small.

Specific calculations show that in the case of w and
¢ mesons the decay

(83)

®—>Q®—nt o

will amount to several percent of the principal decay
(61)£160,162,164]  The process

(84)

¢®—w—3n

will not be significant due to the short lifetime of the
p° meson.

The decay w — 27 was discovered in the investiga-
tion of the 7p and K'p interactions[124,165,168] p [124]
the value of the ratio

W (0 — 27)

Wi any = 0045 £ 0.016=4.5 + 1.6%

(85)
was determined.

Reaction (2) was studied at a momentum of
1.7 GeV/c¢ in a hydrogen bubble chamber. Approxi-
mately 2137 events were recorded with M(7"7") in
the neighborhood of the p-peak. Figure 21a shows the
distribution of the effective masses. The distribution
has a broad peak in the neighborhood of 650—850 MeV
which is asymmetric with respect to the value M(r*7™)
~ M(p®) = 750 MeV (393 events between 750 and
800 MeV and 298 events between 750 and 700 MeV). If
we assume that the p0 meson has the same mass and a
symmetrically shaped peak, as do the p* mesons, the
asymmetry may be brought about by the concentration
of events in the neighborhood of the w peak (780 MeV)
as a result of the decays w — 27. For a more clearcut
separation of the w peak a distribution of events was
constructed which have a value of A? in the range
0.25—0.70 (GeV/c)? (Fig. 21b). In this case a sharp
peak is observed corresponding to the w meson. The
authors explain this fact by the circumstance that in
events involving small momentum transfer those proc-
esses predominate which are described by one-meson
diagrams in which the production of the w meson is
forbidden by G-parity and p mesons are produced with
high intensity (cf., Ch. I, Sec. 4). At large momentum
transfers (0.25—0.70 (GeV/c)z) these processes are
not significant and, therefore, the decay w — 27 is ob-
served more clearly. The value of the ratio (85) is
~ 0.05. A more careful analysis of all the data on the
decay w — 27 has shown that the value of the ratio (85)
does not exceed 0.8%. 1%,

Undoubtedly new experiments are needed for a more
exact determination of the probability of the decays
w — 2m.
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VI. n MESON

An investigation of the resonance interactions of
elementary particles has led to the discovery of 7
mesons which on the basis of their properties must
be placed among elementary particles and not among
resonances.* Indeed, the lifetime of n mesons exceeds
by several orders of magnitude the lifetime of the
resonances (7(n) ~ 1077—107% sec); they are pro-
duced in strong interaction processes and decay in
accordance with the electromagnetic interaction, as
do the 7° mesons. However, n mesons are usually
discussed among the group of resonances due to the
common methods used in detecting them.

1. Quantum Numbers

The production of 1 mesons was observed in many
reactions, for example [40,41,121,122,124,125,131, 166174 ]

*The properties of the 7 meson are discussed in detail in the

review articlel*7),
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t+d— p+p+m, (86)
K 4+ p— A+, (87)
p+p—.p+p+n, (88)
ot p—a+ptn, (89)
A p—apba (90)

with the subsequent decay
N—>n* -+ n” 4 no, (91)

It has also been reliably established that there ex-
ist no charged analogues of the 17“ meson, i.e., 7 and
1~ decaying in accordance with

NE — bt (92)

From this it follows that the isotopic spin is I{n) = 0.
The mass of the 1 meson is equal to 548 £ 1 MeV, the
width of the corresponding resonance does not exceed
7 MeV and can be wholly ascribed to experimental er-
ror.

The cross section for the production of 1 mesons
in 7N collisions is approximately 1 mb at E
= (1-3) GeV and falls to several tenths of a millibarn
at still higher energies.

In processes of the type (86)—(90) the spectrum of
the effective masses of neutral particles (the ‘‘miss-
ing mass’’ spectrum ) has a sharp peak at the mass of
the 7 meson (cf., for example, Fig. 22). From this
it was obtained[!"®] that

W (n >  neutral particles

) _
Wl e e = 2.7 206,

(93)

Since 1 mesons are produced in strong interac-
tions, it is natural to suppose at first that the decay
(91) also occurs as a result of strong interaction. Then
the G- and C-parities of the n meson are negative
(cf. w meson) and decays into an even number of 7

e - '~ p+p+ neutrals
79 events
N 0 7 event

60
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FIG. 22. Distribution with respect to the effective masses of

the neutral particles produced in the reaction #7d > pp +neutral
particles.
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mesons are forbidden. Decay into five mesons is en-
ergetically impossible (6 my < my), and the only pos-
sible remaining decay is n — 37. The last conclusion
also refers to neutral decays and this ruins the whole
scheme since the decay

N -—> 300 (94)

is impossible both in accordance with the strong and
the electromagnetic interactions due to the law of con-
servation of C-parity (cf., Ch. V, Sec. 3). Experiment
gives the opposite results. Therefore, it is necessary
to conclude that electromagnetic and not strong inter-
actions are responsible for decays of the type

1n— neutral particles. (95)

A further essential step in the solution of the prob-
lem of the gquantum numbers of the n meson is asso-
ciated with the analysis of the corresponding Dalitz
plot.

If we assume that the decay (91) is brought about by
strong interactions (G(n) = C{(n) = ~1), then for J(n)
= 2 the following sets of quantum numbers are pos-
sible: 0%, 07, 17, 17, 2" and 27. The set 0 is forbid-
den by the law of conservation of parity (cf. Ch. V,
Sec. 3). For each of the other sets there exist regions
in the Dalitz plot for which the density of phase points
is equal to zerot8]. Figure 23 shows the experimen-
tal distribution[!3*], It can be seen that the phase
points are distributed quite uniformly, i.e., the as-
sumption G{7n) = —1 does not agree with experiment
and should be replaced by G(n) = +1. This means
that all the decays of the n mesons are electromag-
netic decays.

In particular, the decay (91) is associated with an
electromagnetic process of the second order, which
involves the virtual emission and absorption of a 7y
quantum {487 In this case the G-parity changes sign,
while the isotopic spin is altered by unity, i.e., I(37)
= 1. We now prove this assertion. When a y quantum
is emitted the isotopic spin is either not altered, or
changes by unity; the same applies in the case of ab-

96
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sorption. Therefore, as a result of an electromag-
netic process of the second order associated with the
emission and absorption of a virtual y quantum the
isotopic spin may change by 0, 1, and 2. On the other
hand, the relation

G=(—1'C (63)

establishes a connection between the changes of G-
parity and of isotopic spin, since the charge parity is
conserved in electromagnetic processes. Since after
the decays (91) and (94) the G parity is altered, the
isotopic spin will also change, but only by unity. The
initial isospin is I(n) = 0, and, therefore, the final
isospin is I(37) = 1. This point is discussed in greater
detail in [17€],

We now return to Dalitz plots. For the case I(37)
= 1 they already have a different form, and for the sets
1* and 17, as before, there exist regions with zero
density of points, while for the set 0° there are no
such regions. (Here we have restricted ourselves to
the case J(n) =< 101467 )

As a result it appears reasonable to assume that
JPG = 07*. Here a degree of caution is called for since
the statistics so far are not very good, and ambiguity
is possible in the subtraction of the background. It
should also be emphasized that in the case of strong
interaction the analysis has not been carried out for
J = 3, and for the electromagnetic interactions even
for J=2.

A confirmation of the correctness of the choice of
the quantum numbers for the n meson (07") is given
by the results of the experiments on the observation
of radiative decays.

The first experiments on the detection of the pos-
sible decays

n—y+y (J#1, C=+1), (95°)

M-ty (J£0, C=—1), (96)

carried out with the aid of a bubble chamber which
records y-quanta by their electron-positron conver-
sion pairs, demonstrated the radiative decay of the

7 mesonli7’], However, on the basis of the results
obtained it was not possible to choose between the re-
actions (95) and (96)[1"8]. Similar results were also
obtained in the investigation of the photoproduction of
n mesons (17771827

Y+p—=>p+n (97)

In 18] the reaction

A+ p-—>n-n (98)
was investigated at pc = 1.15 GeV with the aid of a
bubble chamber filled with a mixture of C3Hg and
CF3Br (the radiation length is 22 cm ). The chamber
was placed in a magnetic field H = 17500 Gauss which
enabled the energy of the e*e” pairs to be measured
by the magnetic deflection in spite of the large role
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FIG. 24. Distribution with respect to the effective masses
M(yy) obtained in the study of the reaction (98).

played by multiple Coulomb scattering. The accuracy
of the energy measurements was not great and
amounted to 30%. The authors selected photographs
with two e*e” pairs and, assuming that both y quanta
were produced in the decay of the same particle, eval-
uated its mass. Figure 24 shows the distribution of
the effective masses M(yy). The first peak corre-
sponds to the 7 meson (the average value of the mass
is 138.5 = 3.7 MeV), the second peak corresponds to
the n meson (the average value of the mass is 573

= 26 MeV ). After subtracting the background associ-
ated with the reaction

1"+ p—>n® 4 n°+n, (99)
there remain 21 + 6 events in the neighborhood of the
second maximum {the background consists of seven
events). The decay (95) was also observed in L175,184]
Thus, the totality of available data apparently points
to the existence of the decay (95). From this it follows
first of all that the spin of the 171 meson cannot be equal
to unity (the situation is completely analogous to the
case of the decay 7’ — 2y). It is generally assumed
that J{(7n) = 0, although, as has been noted above, at
present there are as yet no sufficiently convincing
grounds for making such a choice*. In this connection
[185] j5 of interest, in which it is proposed to investi-
gate reaction (86) near its energy threshold. It can be
shown that in this case it is forbidden for a pseudo-
scalar n meson and is allowed for any value of its spin
different from zero. Experimentally this problem has
not been investigated as yet. Another possibility for

In referencelt’?] it is shown that the angular distribution of the

7° mesons in the n-meson system is isotropic, and this agrees with
the assumption J(5) = 0.
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determining J(n) consists of the application of stand-

ard methods associated with angular distributions of

1 mesons, and of 7 mesons resulting from the decay.
The existence of the decay (95) shows that G(n)

= C(7n) = +1, since the y quantum has negative C-

parity. The decay

I, L, (100)

is an allowed one from the point of view of spin, G-
parity and charge parity. Under these conditions the
fact that it does not occur can only denote that the
spatial parity of the n meson is negative (P(27) = +1,
if I(27) = 0).

Some other possibilities of determining the quantum
numbers are discussed in [186,187]

Thus, the totality of available data shows that the
most probable set of quantum numbers of the n meson
is 07% and I(n) = 0.* In conclusion we display
Table V which summarizes the arguments for the
possible choices of the quantum numbers of the 75
meson.

2. The Decay Properties of n Mesons

The pseudoscalar n meson with I = 0 can decay
only as a result of electromagnetic or weak interac-
tions (ch. VI, Sec. 1). In particular, possible modes
of decay of the first and of the second order with re-
spect to the electromagnetic interaction are given by

n—nt4a 4y, (101)
n—at+n 44y, (102)
N— ¥ 45 -, (91")
N —> 704 704 a9, (94")
M— ATy -y, (103)
N—a’+y+y, (104)
n—atal-y4-y, (105)
N-—>n®-fnld a4 yi-y (106)
and
n—y-+v. (95")

Experimental investigation of these processes en-
counters essential methodological difficulties due to
the necessity for recording neutral particles or of
measuring the energy of the charged particles very
accurately. However, at present the first results on
the radiative decays of the u meson are already
available.

Of particular interest are the data on the relative
partial widths of processes of the first order in the
electromagnetic interaction (101) and (102).

*It is of interest to note that long before the discovery of the
n meson properties of a particle with the same quantum numbers
were discussed in references[*® %], The same references also
proposed a method for discovering such a particle which was uti-
lized later, and which is based on finding the value of the so
called “missing mass.”’
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Table V. Data on the possible quantum numbers
of the n-meson (I(n) = 0)

Possible values of
JFSg < 1D Excluded by the following arguments

0-- Dalitz plot, the decays 5 ~yy, 5 -37°

0t~ Conservation of parity, the decays 7 > yy,
7 -3n°

1-- Dalitz plot, the decays 5-yy, 7-3n°

1+- Dalitz plot, the decays 5-yy, 7-37°

o+ Conservation of parity, absence of the de-
cay nontn”

o-+

1-+ Dalitz plot, the decay n-yy

1+ Dalitz plot, the decay 5-yy

In (%] in which a 72-inch hydrogen bubble cham -
ber was used at pc = 1170 MeV the reaction

at+p—at4ptn 4+t 4+ X0, (107)

was studied in great detail, where the symbol X° rep-
resents some neutral particles (one or several =°
mesons, y quanta etc.). 76 such cases were selected,
and they all turned out to be associated with the pro-
duction of an n meson. Calculations of the effective
mass of the neutral particles (X°) showed that all the
events satisfied the assumption of either x0 = 7r°, or
X" = y. No other types of decay of the n meson were
found (including the decay n — r*7 7% ). The ratio
of the probabilities for decay is
W(n - ata—y)
W(n - atn—no)

=0.26 £ 0.08. (108)

In this case very accurate measurements of the en-
ergy of the charged particles (~ 1%) in reaction (107)
made it possible to determine the ratio (108) without
recording the y quanta. The small value of the ratio
that was obtained is unexpected. Indeed, the decay
(101) as an electromagnetic process of the first order
in o must have a higher probability than the decay
(91).* A discussion of this problem will be given below.

Estimates of the probabilities for other channels
for the decay of the n meson were obtained ["%J ysing
the same experimental arrangement as in “%01. In
this case the reactions

+ 1

Lp—atd-pin—ntipfet e X0 (109)

(110)

a
at+p—at4ptn—>at4p+y+X°

were investigated. In reaction (110) only those events
were selected in which the vy quantum was converted

*An analogous situation also exists in the case of the ratio of
the probabilities of the decays # ~» 37y and 5 » 37 which is even
smaller than (108)[‘90]‘ However, in this case the decay 5 - 37y
corresponds to a smaller volume in phase space. Both an experi-
mental and a theoretical investigation of this problem are of con-
siderable interest.
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into an e’e” pair in the hydrogen bubble chamber:

v+H-—se" +e+H (111)

(the conversion probability is ~ 2.5%).

Calculations of the effective mass of X° made it
possible to pick out the cases of the decay n — 2y
(M(X") = 0) and n— 37® (M(X") lies between appro-
priate kinematic limits). It turned out in this case that
in the domain of M(X®) where kinematics allows only
decays into two 7 mesons not a single case is ob-
served. From this the authors conclude that the back-
ground from the reaction

tttp—at+pta®La
has a very small value in the neighborhood of the 5

peak.
As a result the following estimates were obtained:

W31 83 -+ 0.32

W — nFa=a0)

(112)

(113)

and
WM=>2Y) __ 4 04+ 0.56.

W (n - nta—a0)

For the ratio (113) there exist definite theoretical pre-

dictions. As has been noted above (cf., ch. VI, Sec. 1)
in the decay n — 37 the isotopic spin of the three =
mesons is 1= 1. In this case, starting with the iso-
topic structure of the wave function for three = me-
sons, it can be shown[1*1] that

W (n — 3a0 3
w—(n(i—ﬁ%—q<5 ,

(114)

(115)

which agrees with (113).

In the course of the investigation of the photopro-
duction of n mesons the value of the ratio
W (n —~ 2vy)

W= 30T — 70y — 0.80 +0.25
was determined [181],

In these results the fact is noteworthy that the prob-
abilities of the decays n — 2y and n— 37 are of the
same order of magnitude. According to theoretical
estimates which basically take into account only the
difference in the volumes in phase space for these
processes the probability for the decay n — 2y is
many times greater than the probability for the decay
n — 37 (the value of the ratio (114) is approximately
100).

One of the possible explanations of the anomalously
small values of the ratios (108) and (114) consists of
assuming the existence of a strong nw interaction
(or resonance ) with I =0 which is responsible for
increasing the probability of the decay n — 37. Indeed,
in the decay n — 37 such a state can be realized
(I(3r) =1 and I(z*7") = 0 or 2), while in the decay
n— 7' 77y the isotopic spin of the two m mesons can-
not be equal to zero, I{n*7” ) =1.%

(116)

*In the decay 73 »7t7y the C-parity is conserved, i.e.,
C(s*n"y) = +1. On the other hand C(r*7"y)= C(z'n")C(y) and
C(y) = —1, ive., C(r*n) = ~1. Since C(nm)=(-1)" = (1)},
then I(7tn") = 1.
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Calculations made on the assumption that there ex-
ists a resonance with M = 370 MeV and I"' = 50 MeV
have shown!%2] that

W(n—2y)

m = 3.3.

(117)

On the other hand if the decay n — 7" 7 y proceeds
according to the scheme[193]

N—e'ty—n Ly, (118)

then

W (n — atn—y)

oA~ 0.4

(119)
As can be seen, these estimates agree with the ex-
perimental data. An investigation of the energy spec-
trum of 7% mesons produced in the decay n — 77 1°,
also points to the possible existence of a strong 7w

interaction (Fig. 25)[1%],

T T T T T T T
Jor Brown and Singer
3 Linear matrix element ]
@ ]
‘g L
q>’ 20F Phase space T
L) I -
]
e L
@ L
2
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=z 70 b
1 [ L I ' [ o
g 20 40 60 80

73, MeV

FIG. 25. Energy spectrum of 7° mesons produced in the decay
n-n"a~ n°. For the meaning of the theoretical curves cf. refer-
ence[**"] and Ch. VI, Sec. 2.

The theoretical curve (Brown and Singer) which
gives the best agreement with the experimental data
was calculated on the assumption of the existence of
a 77 resonance with M = 381 + 5 MeV and T" =48
+ 8 MeVI!%2) % A further investigation of this problem
is of considerable interest.

Some information on the nature of the decays

17— 37 can be obtained from the analogy of the proc-
esses [195-204,206]

+ _
K& —nxtat+a,

K} —at+ a4 al.

(120)
(121)

It turns out that the three m mesons produced in the
decays K — 37 and 1 — 37 can have the same quan-
tum numbers. Indeed, in the case of the decay n — 37
JP(37) =0~ and I1(37) =1 (Ch. VI, Sec. 1). In the
decay K} — 37, since J(K) =0, then L(r*n" )= I(n°)
(in terms of a dipion and a single 7 meson for the

*An indication of the existence of a strong n# interaction with
I(77) =0 and M ~ 3 m; was also obtained in the study of the re-
actions 7N - maN[*°].
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reaction (121)). From this we have

P(3n)=(— 1) (1" = g, (122)

In weak interaction processes the combined parity
(CP) is conserved, and, therefore,

CP(Bn)=(—1)(— 1" = —1, (123)

since CP(Kg = —1. Consequently, the isotopic spin
I(r*7”) = 0 or 2. The total spin of the three ™ mesons
can be equal to 1, 2 and 3. If one uses the rule Al = 1/2,
then only one possibility remains: 1(37) = 1 (I(K) = ¥%,).

Thus, the parity, isospin and spin of 37-systems
produced in the processes Kg — 37 and n — 37 coin-
cide. It is true that these systems may differ with re-
spect to other quantum numbers [I, L and I{r" 7" )].
However, the fact that there is not much difference in
the masses of the K and the n mesons gives grounds
for assuming that in these quantum numbers there will
also not be any great difference. In this connection, if
one assumes that the matrix element for the processes
K®— 37 and n — 37 depends only on the interaction of
the 7 mesons in the final state, the meson spectra in
these decays should be similar 1], The experimental
data does not contradict this assumption[m'm]. A
simultaneous study of these processes will enable one
to obtain new information on the mechanism of the de-
cay of the 7 meson.

In conclusion of this section we note that the decay
n — 37 occurs as a result of electromagnetic proc-
esses of the second order. This means that in strong
interactions the isotopic spin is conserved with an ac-
curacy up to terms of order a?~ 107%. Naturally, we
are here not so much making a final assertion, but
rather indicating the direction of future investiga-
tionst2%J Some conclusions drawn from the non-
occurrence of the decay n— n'n~ associated with the
conservation of P- and CP-parities in strong inter-
actions are discussed in 2061,

3. Lifetime of the n Meson

The electromagnetic nature of the decays of the 7
meson determines its relatively long lifetime. Accord-
ing to various theoretical estimates 7(7n) ~ 10717~
10718 sec, i.e., the expected width of the n peak is
~ 107*—1073 MeV. With the present experimental ac-
curacy when the resolving power of the apparatus is
no better than several MeV the determination of I'(7n)
by direct methods is not possible. Observation of gaps
between the points of production and of decay of n me-
sons [determination of 7(n)] requires very high spa-
tial resolution, since the magnitude of these gaps is
~ 0.01—0.001 u (this situation is analogous to the de-
termination of the lifetime of the 7° meson )L205,208,210]

Therefore, indirect methods of the determination of
T'(n) acquire great significance. For example, inves-
tigating the photoproduction of n mesons in the Cou-
lomb field of a heavy nucleus, i.e., utilizing a process

V. G. GRISHIN

inverse to the decay n — 2v, it is possible to make an
estimate of the magnitude of I'(n). In this case the
value of the effective cross section is proportional to
the width of the 7 meson and at Z ~ 100 and Ey

~ 4 GeV attains a value of 3 x 10728 cm?/sr if

T (n—vy) ~ 150 eV21L212] | 1y order to separate
this process from the nuclear production of n mesons
one can utilize the very narrow angular distribution
(the most probable angle is 0.5°) and the rapid in-
crease of the cross section with Z (o ~ Z2).

VII. MULTIPION RESONANT SYSTEMS

In connection with the discovery of two- and three-
pion resonant systems (p, f, w, and n mesons) the
question naturally arises of the existence of such res-
onances which might decay primarily into four, five
and greater number of 7 mesons. In the case that a
considerable number of such resonances were to be
discovered the situation concerning them would, pos-
sibly, remind one to a certain extent of the situation
existing in the formation of nuclei from nucleons, and
one might hope to find common regularities in their
properties. In the opposite case there can exist sev-
eral resonances whose properties can be quite differ-
ent. The solution of this problem is of considerable
interest.

At the present time a search has been started for
resonances decaying into four 7 mesons[1%3,214,215]
(cf. the Appendix).

A study of processes of the type

a--p—>A-K-nn (n=1,2,3,4,...) (124)

has shown that in the distribution with respect to the
effective masses of the m*7 71~ system there exists
a peak with M = 1340 GeV and T’ ~ 140 MeV{!23],

An indication of the existence of a resonance in the
41 system with M = 1.4 GeV was obtained in [214,215]
However, further investigations are needed in order
to elucidate the nature of these anomalies.

1. The B Meson (1w Resonance)

A study of the reactions [41:137]

n:l:-i_pﬁnr':j'_p%»m, (125)

carried out by means of hydrogen bubble chambers in
the range of momenta from 3.24 to 4 GeV/c has shown
that there exists a peak in the distribution with respect
to M(777*7 7%) (B meson, Fig. 26). The mass of the
B meson is equal to 1.22 GeV and T' = 0.100
+ 0.020 GeV.

It was also established that

W (B* - atatn—n0)
W(B* - nte — ntatn—no) <

0.5.

(126)

Evidently I(B) = 1. It is of interest to note that the B
meson is the first resonance which decays in accor-
dance with
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FIG. 26. Distribution of effective masses of 77w systems pro-
duced in reaction (127).

78 20

BY 0w a7 (127)
involving an already known resonance.

The possible quantum numbers and the properties
of the new resonance are discussed in 2162171 How-
ever, an improvement in the statistics and further
study of the nature of the anomaly under discussion
are needed before a conclusion that the B meson ex-
ists can be drawn.

VIII. RESONANT K-MESON SYSTEMS

At present experimental data are gradually being
accumulated on the production and decay of pairs of
K and K mesons and a study of the corresponding
resonances is beginning. In this connection we shall
first mention a very interesting property of the K°K?®
systems which has turned out to be useful for the de-
termination of the quantum numbers of the resonances,
and we shall then go on to the available experimental
results.

1. KK° Decay Mode as a Detector of the Parity of the
System

We shall consider some decay properties of pairs
of K® and K° mesonsl218:2213

The K°K° system, just as any other boson-antiboson
system, has a very important particular feature: its
combined parity is always positive (CP = +1). Indeed,
for any arbitrary orbital angular momentum [ of the
system charge conjugation yields a phase factor (-1 s
spatial reflection P yields exactly the same factor, so
that after a CP-transformation the combined phase
factor is equal to (~1)%* = +1.

On the other hand, decays of the type

K°Kv — KRR, (128)
K'KY— ROR", (129)
K°R®— KA, (130)

are observed experimentally where K} are shortlived
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mesons having CP = +1 and K{ are longlived mesons
with CP = —1.

The pairs KJK} and KIKJ, since the particles of
which they are composed are identical, are always in
states with even angular momenta and have a combined
parity CP = +1.

The combined parity of the pairs K?Kg depends on
the orbital angular momentum of the system and is
equal to (—1)+1, Therefore, if this pair is produced
from a K'K° pair which, as has been shown above, has
CP = +1, then it can have only odd angular momenta.
Thus, for even orbital angular momenta the KK® pair
can decay only in accordance with (128) and (129), while
for an odd angular momentum it can decay only in ac-
cordance with (130).

Thus, the decay scheme is in this case a detector
of the parity of the orbital angular momentum of the
system. Since the parity of the system is defined by
the factor (- l)l, the decay scheme is also a detector
of the parity of the system.

If there exists a resonance interaction between K
and K mesons in a state with a definite orbital angular
momentum, then the corresponding neutral system
K%K will decay only in accordance with (128) and (129)
or (130) depending on the parity of the resonance, with
the decays in accordance with (128) and (129) being of
equal probability [218,220]  Thjg important property of
pairs of K’ and K mesons was utilized for the deter-
mination of the quantum numbers of the ¢ meson.

2. The ¢ Meson

Investigations of the interactions of K~ mesons in
the momentum range 1.8—2.2 GeV/c with protons car-
ried out with the aid of hydrogen bubble chambers led
to the discovery of a resonance decaying into KK pairs,
which has been called the ¢ meson[?22-224]

In these papers the reactions studied were

K p—A K"+ K,
K-+ p->A- KL K"

(131)
(132)

Altogether 46 events of type (131) and 52 events of
type (132) were found. In the distribution with respect
to the effective masses of the KK systems there ex-
ists a sharp resonance peak with M(KK) ~ 1019 MeV
and T =3—5 MeV (Fig. 27 of [?23]), The cross sec-
tion for the production of the ¢ meson in these reac-
tions is equal to 50 + 6 ub.

The width of the resonance peak of the ¢ meson
was determined in the study of the annihilation of anti-
protons stopped in a 30-inch hydrogen bubble chamber
(cf., Ch. V, Sec. 1 ).[225] The reaction investigated was

p+p—Kt K- at o, (133)

Only those events were selected in which both K me-
sons were stopped in the chamber. The error in the
determination of M(K'K™ ) was equal to 0.6 MeV.
Figure 28 gives a picture of the observed events with
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FIG, 27. Dalitz plot for the reaction K- p »AKK.

respect to M(K'K™ ) and the corresponding resolving
and best agreement curves (%% * It was found that

M(p)=1018.6 0.5 MeV and =31 + 1.0MeV. (134)

An essential role in the determination of the quan-
tum numbers of the ¢ meson was played by its neu-
tral modes of decay:

¢ — K°K®, (135)

In particular, it was established that the ¢ meson de-
cays in accordance with

¢ —K°K" — KK, (136)

i.e., that its parity is negative, and the value of its
spin is equal to an odd integer (cf. Ch. VII, Sec. 1).

This fact was established in the study of the re-
action

(137)

KK’ — K'K°, (130"
where only the decays of the A and K} particles were
recorded in the chamber. The corresponding kine-
matic program enabled one to separate out events of
the type (137). In [223] there were found 23 such
events, while not a single event of type (137) was ob-
served with the decays

K°K®— KK?, (128")

*Some questions associated with the representation of ex-

perimental distributions in such a form are discussed in refer-

ences[?22%),
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FIG. 28. Distribution with respect to the effective masses of
K+K- systems produced in the reaction pp KK~ #tz~ [**],
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in spite of the high efficiency of recording K} decays.
Appropriate calculations show that the hypothesis that
the ¢ -meson decays in accordance with (128) and (129)
yields results which differ by 12 standard deviations
from the experimental resultst?23],

Some conclusions regarding the value of the spin of
the @-meson can also be drawn from the value of the
ratio
W (g ~ KIKY)

W - KIKLH KPR (138)

a(J)=

An essential dependence «(J) on the spin of the
resonance appears in connection with the small release
of energy in the decay ¢ — KK (Q= 20—30 MeV). In
this case the difference in the masses of the K* and
K® mesons and the Coulomb interaction strongly af-
fect the value of a(J) in the presence of centrifugal
barriers (J = 0).*

Appropriate calculations [223:229,230] show that

a(J=1)=0.39 and «(J =3)=0.26. (139)

In [223] the value @ = 0.45 = 0.10 was obtained, i.e.,
the value J(¢ ) =1 is favored.

The angular distributions of the decay K-mesons
(¢ — KK) also agree better with J(¢) = 1{222], How-
ever, the statistics of the events is insufficient for
final conclusions.

A search for the decays[?%%]

@ —>nt - n” (140)

has shown that

tlg(((:—:%<o'2' (141)
Theoretical estimates of the value of this ratio ob-
tained primarily from a comparison of the volumes in
phase space for the corresponding decays of the ¢
meson give values ~ 100L%). Such a strong suppres-
sion of the decay (140) can be explained by the differ-
ence in the G-parity of the ¢ meson and the system

#f these effects are neglected then the value of a(J) does
not depend on the spin of the resonance and is equal to 0.5 in
virtue of isotopic invariance.
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composed of two 7 mesons (we recall that G(7m)
=+1). Consequently, G(¢) = —1.

From this it follows that since the G-parity of the
KK system is determined by the expression*

G(KK)=(—1)"", (142)

and the spin of the ¢ meson is equal to an odd integer,
then I(¢ ) = 0. Thus, the ¢ meson has the following
quantum numbers: 1(JPG) = 0(177), i.e., the same
ones as for the w meson. In this connection a ‘‘mix-
ing’’ of the ¢ and w mesons is possible as a result
of strong interactions (cf. also Ch. V, Sec. 5)L2317232]
The results of the investigations of the production
of ¢ mesons in mp collisions and of the search for the
decay

(143)
[233,223,41]

@0

have turned out to be unexpected. It was found
that

o (" p —~ a~py)
o iy < 0-012 (144)
at pc = 3.7 GeV and
V@=L 035 +0.2. (145)

W (¢ - KK)

Theoretical estimates of the value of the ratio (145)
obtained from considerations associated with volumes
in phase space and with a range of interaction r
~ 1/2my, yield values greater by an order of magni-
tude than (145). On the other hand, the small value of
the cross section for the production of ¢ mesons in
np collisions, compared with the cross section for the
production of w mesons which have the same quantum
numbers, seems very strange.

Both these experimental results can be explained if
one assumes that

L+
09T < (1 —5)%
8pwn

(146)

(here g are the corresponding coupling constants)
(233,230 The weak coupling of the ¢ meson to the p
and T mesons can be explained to a certain extent
within the framework of the unitary symmetry model

(nonconservation of unitary parity in the decays
(143)L234]),

3. KK Interaction at Low Energies. KK7 Resonance

A study of the interaction of K mesons produced in
mw-collisions has demonstrated the existence of a broad
maximum of resonance type with M(KK) ~ 1.02 GeV
and T ~ 100 MeV[2357239]  Ip this case a study was
made of the reaction

A+ p—K LK Latmn (m=0,1,2,...) (147

with the subsequent decays

*Indeed, since C(KK)=(—1)’, then G(KK)=C(~1)I=(~1)"*1
(cf. Ch. VIII, Sec. 1).
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KK — K°K". (128')

Thus, the system K%K® has an even orbital angular
momentum and positive parity (Ch. VIII, Sec. 1). The
angular distribution of the K} mesons has an aniso-
tropic character, i.e., J(K'K?) = 20231 However,
the statistics of the obtained events (147) is insuffi-
cient for a final conclusion (37 events). Other pos-
sible quantum numbers of the KK’ resonances are
discussed in [240-243]

The anomaly in the distribution M(K°K®) can also
be explained by the interaction of the K mesons in the
final state. In this case the range for K%K® scattering
does not have to be very great, ~1/m,L1%],

A further investigation of this phenomenon is of
considerable interest.

Data on a possible resonance in the KKr system
were obtained in study of the reactionl[?4]

p--p—>K' L KT Lg% Lt -, (148)

It has turned out that Mpeg(K'K*1T) ~ 1410 MeV and
[ ~ 60 MeV. In [24:245] 3 indication was obtained of
the existence of a resonance in K{K* systems with
M = 1.02 GeV.

New experiments are needed in order to elucidate
the nature of these anomalies [246],

IX. THE K* MESON

The existence of the K* meson was first discovered
in the study of the K™p interaction in the reaction(?7]

K tp—>K~n-tp. (149)
By now the K* meson has been observed in the proc-
esses of interaction of K*¥ mesons[126:241725] gnq of
7~ mesons (2982611 with nucleons, and also in annihila-
tion processes[%s] .

A characteristic distribution of the effective masses
of the K7~ system in reaction (149) is shown in Fig. 29
(M(K*) = 890.4 MeV and T’ = 47 MeV). The cross sec-
tion for the production of K* mesons in this reaction
at pc = 1.15 GeV is equal to 1.3 + 0.3 mb.

The isotopic spin of the K* meson was determined

8

rllmﬂ%ﬂ;
o

8y
T

Number of events per 10 MeV interval
S
T

g0t 4
+++'+ o
A +

" h._rl-*h&ﬂ“hk T - o

%’Zﬂ 660 700 740 780 820 860 L00 840 580

Mass of the (Kuﬂ—) system, MeV

FIG. 29. Distribution of effective masses of
produced in the reaction (149).

‘7~ systems



404

in the simultaneous study of processes (149) and

K +4+p—K*+p—K +n°4p. (150)
It was found [%47,248] tha¢
WK™ > K72 __ .75 + 0.35. (151)

W (K*= — Kon—)
From the isotopic invariance it follows that the value
of this ratio for I(K*) = % is equal to 0.5, while for
I(K*) = %, it is equal to 2. From this one can assume
that I(K*) = 1/2 This conclusion is also supported by
a special investigation of the possible resonance states
of the Kr~ system with I=9%, at pc = 1.51 GeV in the
reaction?%%]

K +n—K +a +p. (152)

It has been shown that a resonance in the K™~ system
in the mass range 0.6—1.0 GeV is not produced with a
cross section greater than 0.01 mb. At the same time
and at the same momenta of the primary K~ mesons
the cross section for the production of a K* meson in
reaction (149) is equal to 1.6 mb[?!]. A similar re-
sult was also obtained in the study of the K%~ inter-
action in 7N collisions (%],

The first conclusions with respect to the possible
value of the spin of the K* meson were obtained
in 2471, In this case a study was made of the produc-
tion of new mesons near the threshold of the reaction

K +p—>K~Lp. (153)

Experiments were carried out at a K™'-meson momen-
tum of 1150 MeV/c; the threshold momentum is
1080 MeV/¢c. The angular distribution of the K* me-
sons in a K'p system is of isotropic character. In
this connection it is possible to assume that the K*
mesons are born in an S-state and the analysis ac-
cording to Adair can be carried out for arbitrary
angles of emission of the mesonl269=2101 If J(K*) > 1,
then the angular distribution of the decay mesons in
the rest system of the K* meson must be anisotropic.
For J(K*) =0 or 1 isotropic distributions are also
possible. It was shown that the values J(K*) > 1 dis-
agree with experimental data.

A study of the reaction

K +p— KO N3t > K™ 4 Lpta (154)

has made it possible to obtain additional information
on the spin of the K* meson [255-257]  The reaction
(154) was studied with the aid of a hydrogen bubble
chamber irradiated by a beam of K* mesons with
pc = 1.96 GeV.

The cross section for this process turned out to be
equal to 1.1 + 0.2 mbt?"], Figure 30 shows distribu-
tions with respect to the effective masses of K'n~ and
pr’ systems.

For an analysis utilizing Adair’s method 69 events
were selected in which the cosine of the angle of emis-
sion of the K* meson in the (K*P) c.m.s. was in the
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1.0> cos Ok« >0.8. (155)

Figure 31 gives the obtained angular distributions of
the K* mesons. The sharp anisotropy of this distri-
bution immediately excludes the value J(K*) = 0.
Comparing this result with the one obtained above
(J(K*)’ = 1) we conclude that J(K*) = 1.

On the other hand, conclusions regarding the value
of the spin of the K* meson can also be obtained from
an analysis of the angular distributions of the K* me-
sons. In Table VI the corresponding angular distribu-
tions are given for the decays K*(Ig*(a)) and N3 =
(11\1;;‘3H (8)) for the allowed components of spin of these
particles along the direction of the primary beam of
the K* mesons.*

The distributions obtained agree well with I{«a)
= cos? a for the decays of K* mesons and do not con-
tradict I(B) = 1 + 3 cos?g for the decays of the N¥; *-
isobar. This circumstance is an additional argument
in favor of J(K*) = 1.

An investigation of the reactiont267]

a4 p—>3Z0 - K*0 (157)

for momenta of incident ™ mesons equal to 2.17 and
2.25 GeV/c has also shown the existence of a signifi-
cant anisotropy in the distribution of the decay K me-
sons with respect to the normal to the plane of produc-
tion of the £ hyperon and the K* meson. This fact
excludes the value J(K*) = 0.

*The law of conservation of the component of the total angular
momentum of colliding particles in this case has the form
my (K*¥) - mg (N33 )= £ /s,

since the component of the orbital angular momentum along the
direction of the primary K* meson is equal to zero.
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Table VI

1 my (K*) ’[ my (VA L i@ LINE®) ;
l i | ‘
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| —1 ‘ 1/ss5in2 a 3sin2P ‘
1 i |
i

A very interesting method of determining the spin
of the K* meson was proposed in L2113 1t is based on
the properties of pairs of K and K’ mesons produced
in the reaction

Pt p—> KO+ Ko . (158)

Experimental data on the annihilation of antiprotons
stopped in hydrogen show that it occurs in the S-
state [2'2] . In this case the processes

p+p— K- K*, (159)
p+p—> K0 K* (160)

with the subsequent decays
K°K® or K°K* — KKin® (161)

are forbidden if J(K*) = 0, i.e., again, as in the case
of the ¢ meson, the type of decay of the system is a
detector of its spin and parity.

An experimental investigation of this process was
carried out with the aid of an 81-cm hydrogen bubble
chamber (28 The reaction studied was

P+§—>K§’+ neutral particles. (162)

The momentum distribution of the K!-mesons is
shown in Fig. 32. The maximum occurring in the dis-
tribution at pc = 610 MeV corresponds to reactions
(159) and (160). An analysis of events associated with
the decays of the KK* system along the channel (161)
has shown that the number of such cases is equal to
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FIG. 31. Angular distributions of K™ mesons produced in the
decays K*°~>K*'z~ (in the rest system of the K* meson).
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FIG. 32. Momentum distribution of K} mesons in the reaction
pP - KJ+ neutral particles. corrected for the probability of
decay — — measured distribution.

36.5 + 15. Thus, in this case also there is an indica-
tion that J(K*) = 1.

Thus, the totality of data on the spin of the K*
meson provides grounds for assuming that J(K*) = 0
and that most probably J(K*) = 1. This means that
the Kn system is in a P-state and the K* meson has
positive parity with respect to the K-meson. There-
fore, the parity of the K* meson with respect to the
A-particle will be the same as in the case of the K
meson, i.e., negative (cf., Table I).

We also note that other possible experiments on the
determination of J(K*)[?3=218]  For example, if
J(K*) = 0, then the reactions

K -+ Het — Tlel - K*, (163)
K* > K-y, (164)
K*>K-Llntn (165)

are forbidden. However, in the case of the vector
meson the reactions (164) and (165) are of low proba-
bility. Theoretical estimates have shownl2777278] tpat

W (A* = Ky) y

T 5 = U-8--0.15% (166)
and

W (K%~ Ay ,

R Ay~ 0-3— 3%, (167)

In [279-285] dynamic models of the K* meson and the
role it plays in the processes of interaction of elemen-
tary particles are discussed.

X. kK MESON (K*(725))

The extensive experimental material on the inter-
action of elementary particles obtained up to the pres-
ent time enables one to begin a study of those reso-
nances the cross section for the production of which
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amounts to several microbarns. The k¥ meson
(K*(725)) belongs to just such resonances.

The first results on the k meson were obtained in
the investigation of the reactions L258,259,266]

(168)
(169)

a4 p—2-4a*+K7,
A p—>ELat4-K°

in the momentum range from 1.51 to 2.36 GeV/c. In
the distribution with respect to M(K*7®) and M(K")
there are resonance peaks with M ~ 8.85 MeV
(K* meson) and M ~ 725 MeV (x meson, Fig. 33).
The width of the « peak is I' = 20 MeV. The authors
estimate the probability of the appearance of the peak
at M ~ 725 MeV as a result of statistical fluctuations
as being ~ 0.2%. The cross section for the production
of the ¥ meson amounts to ~ 4 ub, i.e., almost by an
order of magnitude lower than the cross section for
the production of the K* meson in the same reaction
(0 ~ 30ub).

Some indirect data on the isotopic spin of the «
meson were obtained in the study of the process €]

n-Lp—3*+ a4+ K° (170)

In this case no resonance peaks are observed in the
region of the k¥ meson (I(7 K%)= %). An analogous
conclusion is also obtained in 23], Therefore, one
can suppose that I(k) = %,

An indication of the possible existence of the «
meson was also obtained in the study of the reaction

K- +p—K'+n+p (171)

in the momentum range for K~ mesons from 1.0 to
1.7 GeV/c[#3]  The cross section for the production
of k¥ mesons in this reaction is ~40ub, while the
cross section for the production of the K* meson is

P A0 4
L My,
w0 égggv (7267 events)
SO0 oK’
(577 events)
8o
N
3 o
N
% - O 7event
R -

/| TS S T W S
as a5 48 16 2
/"/‘;r,;, GeV?

FIG. 33. Distribution with respect to M*(K#) obtained in the
study of the reactions (168) and (169).

~1000ub. It was found that M(k) =723 + 3 MeV and
I" =12 MeV. Due to the poor statistics

(~ 30 k¥ mesons ) one cannot draw any definite conclu-
sions about the other quantum numbers of this particle
(cf., Appendix and [286-289])

CONCLUSION

The discovery of a large group of new particles-
resonances shows that apparently it makes no more
sense to regard all particles as elementary than it
does to regard atomic nuclei as elementary. At the
present time there exist several attempts of estab-
lishing regularities (symmetries) in the properties
of the particles enabling one to unify a large number
of different particles into a small number of groups
(multiplets ).

The most popular models are those of Sakata, Gell-
Mann and Ne’eman 2307281 For example, in the mod-
els of Gell-Mann and Ne’emant?%27%%1] the bosons and
hyperons (N, A, Z, =) are combined into multiplets
of 8 particles, i.e., 8 mesons with JP = 0 (m, K, 1),
8 mesons with J© =17 (p, K*, ¢ or w) etc.

All the particles belonging to the same multiplet
have the same values of spin and of parity. The for-
mula for the masses of the particles obtained for this
model gives a good description of the experimental
data [293],

We also note the important role played by vector
mesons. Their existence on the basis of the general-
ized gauge invariance was discussed by Sakurai(?%]
et al. On the other hand, Ogievetskil and Polubarinov
have shown that if vector mesons have a spin equal to
unity in an interaction, then in this case isotopic in-
variance and the conservation of baryon and hyperon
charges in strong interactions[?*%7 follows from their
existence. In this case the vector mesons must have
negative parity. As can be seen from Table I all the
vector mesons indeed do have P = -1,

A review of the basic phenomena associated with
resonances shows that they touch upon such funda-
mental problems as the problem of the elementary
nature of particles, problems of the theory of interac
tions etc. Therefore, a further detailed study of the
properties of the known resonances and a search for
new ones are of great interest.

APPENDIX
New Data

In this section are presented the main results of the
investigations of boson resonances which were pub-
lished in physics journals up to April 1965 or reported
at the XII International Conference on High Energy
Physics (Dubna, 1964).

These results refer primarily to new boson reso-
nances discovered recently. As regards resonances
which have been discussed in detail in the present re-
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view, in this case two additions can be made concern-
ing f' and x mesons.

I. The f Meson

An investigation of the angular characteristics of
the decays

(172)

FO — ;o=

has shown that the assumption that J(f°) = 2 agrees
well with the experimental data, while the assumption
that J(f) = 0 or 1 is in disagreement with them (%96,
In [287-2881 the decay

form w0t (173)
was discovered.
The value of the ratio[2%9-238]
f—> m0fn0
NI LT 0.5, (174)

is what is expected in the case I(f') = 0. Thus, the
totality of new data on the f' meson confirms the con-
clusions with respect to its quantum numbers made
earlier (cf. Table I).

II. The ¥« Meson

In £300] 5 study was made of the reaction

K*4p—> prKitmtia4ad (175)

In the distribution with respect to the effective
masses of Kr systems there are well defined reso-
nance pions at M ~ 888 MeV (K* meson) and M
~ 723 MeV (x meson). Thus, the existence of the «
meson can be taken as proven. In the same reference
it was found that

K* — x+-n

N S

(176)

III. New Mesons

1. n27 resonance. In the study of the reactions304:302

of the type
K—+p—> A} X0 @77

in the momentum range from 2.3 to 2.7 GeV/c a new
meson with M = 975.5 was found which decays in ac-
cordance with the channels

(178)
(179)

X0 — n+atta—,
X0 —> m— 4 nt4-y.

An analysis of the experimental data has shown that
the most probable quantum numbers of the n2r meson
are 0(0° "), i.e., it is a ‘*heavy’’ analog of the n meson.

2. Ay and A, mesons. In 3831 A and A, reso-
nances were observed. In this case processes of the

type

nt+p — ptatdatfoa—- (180)

where investigated.

Ao

407

In the distribution with respect to M(7 77" ) when
the combination of 7~ and one of the 7' mesons gave
M(r*r") = M(p®), resonance pions with M(Ay)
= 1080 MeV and M(A,) = 1310 MeV were discovered.

Thus, the principal mode of decay of the A-mesons
is the decay

Ay 7> o+ (181)

For the preferred quantum numbers of the A, meson
given in work reported at the XII Conference on High
Energy Physics refer to Table I.

3. Krm resonances. A study of the distributions with
respect to the effective masses of the Krr systems
produced in 7N and pp collisions has demonstrated
the existence of peaks of resonance type with M
= 1175 MeV, 1215 MeV, and 1270 MeV 3] Also a
resonance peak was observed in the Krmm system with
M = 1630 MeV 3%, However, in all these cases a
further study of the nature of these anomalies is
necessary.
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