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INTRODUCTION

J.HE 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 (T ~ 1O~22—1O~23 sec) . From the point
of view of the experimental possibilities of modern r e -
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 d i s -
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 articlesL1"13J on this topic.

The problem of strong and resonance interactions
of bosons began to be intensively discussed after the
discovery of the maximum in the ir'p cross section
curve at a IT -meson kinetic energy of T « 900 MeV
[H-16]^ j n 2955 it was suggested that this maximum is
due to a resonance in the TTTT system and not in the irN
system, since in the latter case the spin of the reso-
nance would be very great (J a u / 2 ) , and this is not
very probable T15-16],

In the proposed model the KIT resonance had a mass
M « 430 MeV and a width T ~ 100 MeV. As later in-
vestigations of the 7rN 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 vn interaction which led
to the discovery of a series of resonant n-meson sys-
tems.

In 1960 the first experimental results were commu-
nicated on the investigation of the K7r 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 e s -
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 n mesons in the reac-
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Table I. Boson resonances*

Designa-
tion

Jt

#

n

Q
CO

cp

Strange-
ness

0

+ 1

0

0
1)

0

K* -|-1
/ o
X

A

B

1
0
0
0

0

1 (0—)

1

0 (0-+)

1 (1-+)
0(1 — )

0(1—)

1/2(1")

CP ***

<->

( - )

( r )

( • ! - )

0(>2++) I (4-)
1/2 (?)

0 (0-+)

M2+-)

1(?) ( ? )

M a s s , M e V

n o — 1 3 5

n * — 1 4 0

# 0 — 4 9 8

# + — 4 9 4

5 i 8 ± l

7 5 0 ± 5

7 8 1 ± 1

1 0 1 8 . 6 - ^ 0 , 5

8 < J 0 ± l

1 2 5 0 ± 2 5

7 2 5 ± 3

9 5 7 . 5 ± 1 , 5

1 3 1 0 ± 1 5

1 2 1 5 ± 1 8

W i d t h ( M e V ) o r T ( s e c )

J l ° — 1 . 1 0 - 1 6 s e c

J l ± — 2 . 5 - 1 0 ~ 8 s e c

A - J — I O - I O s e c

A ' 8 — 6 - 1 0 - 8 s e c

# + — 1 . 2 2 - 1 0 - 8 s e c

< 7

1 0 0 ^ 1 0

9 . 5 j - 2 , l

3 . 1 ^ 1 , 0

5 1 ± 2

1 5 O ± 5 0

1 0 0

9 0

1 2 2 ^ 1 7

•In this table the properties of the n 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.

P r i n c i p a l

d e c a y

m o d e s

J t » - ^ 2 V

i t + j i - j i o

Y Y

i t + n -

Q J t

K i t

- t J C

T | 2 n

Q J t

Q . 1

# #

J I T ]

C O J t

R e l a t i v e

p r o b a b i l i t y

o f d e c a y , %

1 0 0

1 0 0

6 6

6 4

3 0 - 1 - 8

2 2 ± 9

4 0 4 - 1 7

1 0 0

8 5

1 0 - 1 - 3

< T T , 8

9 0

1 0 0

1 0 0

1 0 0

8 0

2 0

1 0 0

6 0

2 0

2 0

1 0 0

tions

jt+ -i • p —± n+ + Jt+ + n,

n~ -\- p —> n~ -\- JX+ -)- n,

n~ - r P ~> n~ + n° + P

(1)

(2)

(3)

(4)

and i n t h e i n v e s t i g a t i o n of t h e p r o c e s s e s of a n t i p r o t o n

a n n i h i l a t i o n . The e x i s t e n c e of t he p m e s o n w a s a l s o

d i s c o v e r e d i n t he p r o c e s s e s of p h o t o p r o d u c t i o n of p i o n s

a n d i n p r o t o n - p r o t o n c o l l i s i o n s ' 1 ^ .

A p a r t i c u l a r l y l a r g e n u m b e r of p a p e r s h a s b e e n d e -

v o t e d t o t he s t u d y of t h e r e a c t i o n s (1) —(4) a t E ^

~ 1 G e V . A l r e a d y i n t h e e a r l i e s t work'-1 8"2 0- ' c a r r i e d

ou t w i t h t h e a i d of h y d r o g e n b u b b l e c h a m b e r s i t w a s

n o t e d t h a t t h e r e w a s an i n d i c a t i o n of t h e e x i s t e n c e of

a r e s o n a n t KIT i n t e r a c t i o n w i t h M ~ 600 M e V . H o w -

e v e r , t h e s t a t i s t i c s i n t h e s e p a p e r s w e r e p o o r [ a p p r o x -

i m a t e l y 100 e v e n t s of t y p e (4)] a n d , t h e r e f o r e , i t w a s

not p o s s i b l e t o d r a w d e f i n i t e c o n c l u s i o n s w i t h r e s p e c t

to r e s o n a n c e i n t he vn s y s t e m . A f u r t h e r i m p r o v e -

m e n t of s t a t i s t i c s t o s e v e r a l t h o u s a n d e v e n t s of t h e

t y p e (1) —(4) e n a b l e d t he m a s s and the w i d t h of t h e p

m e s o n to be d e t e r m i n e d .

F o r e x a m p l e , i n ' 2 I ^ the p r o d u c t i o n of m e s o n s i n

7r+p c o l l i s i o n s w a s i n v e s t i g a t e d a t T = 910 , 1090 a n d

1260 M e V . F i g u r e 1 s h o w s the d i s t r i b u t i o n s w i t h r e -

s p e c t t o t h e e f f e c t i v e m a s s e s of t he ir+ir a n d w^ir*

m e s o n s y s t e m s t h a t w e r e o b t a i n e d . T h e f i g u r e a l s o

s h o w s t h e e x p e c t e d d i s t r i b u t i o n s c a l c u l a t e d o n t h e

b a s i s of s t a t i s t i c a l c o n s i d e r a t i o n s .

W e s h a l l m a k e a s m a l l d i g r e s s i o n i n o r d e r t o e x -

p l a i n b r i e f l y w h a t t h e s e d i s t r i b u t i o n s w i t h r e s p e c t

to e f f e c t i v e m a s s e s r e p r e s e n t , a n d a l s o on w h a t a s -

s u m p t i o n s t h e t h e o r e t i c a l c u r v e s h a v e b e e n o b t a i n e d ,

s i n c e a n a l o g o u s g r a p h s a r e w i d e l y e m p l o y e d i n t h e

s t u d y of r e s o n a n c e s .

JOO

400 600 300 JOOO 400 600 600 MeV

FIG. 1. Distributions with respect to the effective masses of
n+n" and n+n+ systems obtained in the investigation of reactions
(1) and (3).
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The effective mass of v particles is defined by the
expression

V V

where Ei and pi are the total energy and the momen-
tum of the corresponding particle, c = 1.* If these
particles are products of the decay of another unstable
particle-resonance, then from the general results of
quantum mechanics it can be shown that the distribu-
tion with respect to the effective masses of the v-
particles will have the

W (Mv (6)

where Mo is the mass of the unstable particle and F
is related to its lifetime T by the energy-time uncer-
tainty relation

Pr = l. (7)

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

Jl+ + p —> Q+ + p p, (8)

i.e., through the production of a p meson, the distribu-
tion W(M(7r+7r0)) 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(7T7T)) 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 Mo of the 7r7rN system, t Then
we have

dM(nn) 2EN
V

(9)

Here it is assumed that the matrix element of the 7rN
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 dis tr i -

*Expression (5) is a telativistic scalar, and therefore M̂  can
be calculated from the available values of Ej and pi in any arbi-
trary system of coordinates. In future it is assumed in all formu-
las that "h = c = 1.

tin 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).

bution (9) as the statistical background of the reso-
nance states E24^. 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

JI + N-^N*s-\-n—^n + n + TV, (10)

where N*3 is the isobar with M = 1230 MeV and iso-
topic spin I = 3/2.

As can be seen from the figure, there exists a well
defined peak above the statistical background, part ic-
ularly at T = 1260 MeV with M ss 750 MeV and F
ss 100 MeV in the distribution with respect to the ef-
fective masses of the 7r+7r° systems (p* meson). The
absence of a corresponding peak in 7r+7r+ systems
having 1 = 2 enables us to conclude that I(p) = 1,
since I(7r+7r°) 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 7rN in-
teraction in the energy range for TT mesons from 1 to
17 Gev'-25"43-'. The cross section for the production
of p mesons has the value of ~ 3.5 mb in reactions
(3) and

(11)

at E * , K 2 GeV and falls to a few tenths of a millibarn
at E,,- ss 10 GeVt39~41^. It is of interest to note that in
the energy range E^ ss 2—4 GeV reaction (11) pro-
ceeds mainly in accordance with

n+ + P->N*+++Q°-^n+ + p + x+ + n- (12)

with a cross section of approximately 1 mb'-40'41^.
The properties and the characteristics of p mesons

were also studied in annihilation processes'-44"48-'. In
the investigation of the reactions

p + p —> 2n+ (ra=l, 2, (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 7r°-meson peak (7r+7r~ system )^44J.

2. Decay Properties

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

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

<>->'in (14)

it has been found C45>46>49] 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

o—>n : n (15)

occurs at all, the probability of its occurrence is less
than 6 x 1CT3 of the probability of the principal de-
cay-45 '50".
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Some experimental data are also available on the
decays

and

In the latter

e°—> neutral particles.

(16)

(17)

W(Q- neutral particles )
W(Q- - ^ ± 4 0 ) % . (17')

T h u s , i t c a n b e s t a t e d t h a t e x p e r i m e n t a l i n v e s t i g a -

t i o n o f n e w m o d e s o f t h e d e c a y o f t h e p m e s o n i s o n l y

b e g i n n i n g .

A t t h e s a m e t i m e t h e r e e x i s t a n u m b e r o f t h e o r e t i -

c a l m o d e l s w h i c h e n a b l e u s t o e s t i m a t e t h e p r o b a b i l i -

t i e s o f c e r t a i n m o d e s o f d e c a y o f p m e s o n s ' - 5 3 " 5 8 ^ .

F o r e x a m p l e , t h e f o l l o w i n g r e s u l t s w e r e o b t a i n e d ' - 5 4 " 5 7 ^

„ _ R ' ( p o - » - n O y )

\V ( Q ° -

W (go -

W(QO-

• 1 % ,

- 1 % ,

( 1 8 )

( 1 9 )

( 2 0 )
W (Q ->• J iy)

e t c . A s t u d y o f p r o c e s s e s ( 1 4 ) , ( 1 6 ) — ( 1 8 ) a n d o t h e r s

c a n p r o v i d e e s s e n t i a l a i d i n t h e d e t e r m i n a t i o n o f t h e

q u a n t u m n u m b e r s a n d t h e p r o p e r t i e s o f t h e p m e s o n .

3 . Q u a n t u m N u m b e r s

I n t h e f i r s t s e c t i o n o f t h i s p a r t i t w a s s h o w n t h a t

I ( p ) = 1 . F r o m t h i s i t f o l l o w s t h a t i f t h e o b s e r v e d

d e c a y p — - 2TT i s d u e t o t h e s t r o n g i n t e r a c t i o n ( a n d t h i s

i s i n d i c a t e d b y t h e l a r g e w i d t h o f t h e r e s o n a n c e ) , t h e n

a s a r e s u l t o f i s o t o p i c i n v a r i a n c e t h e s p i n o f t h e p

m e s o n m u s t b e e q u a l t o a n o d d i n t e g e r , i . e . , i t s p a r i t y

i s n e g a t i v e * . T h e G - p a r i t y o f t h e p m e s o n i s p o s i t i v e

s i n c e i t d e c a y s a c c o r d i n g t o t h e s t r o n g i n t e r a c t i o n

i n t o t w o it m e s o n s ( c f . , T a b l e I ) t . H o w e v e r , i t i s n e c -

e s s a r y t o r e m e m b e r t h a t t h e c o n c l u s i o n a b o u t t h e i s o -

t o p i c s p i n o f t h e p m e s o n o n t h e b a s i s o f w h i c h p r a c -

t i c a l l y a l l i t s q u a n t u m n u m b e r s w e r e d e t e r m i n e d i s o f

a q u a l i t a t i v e c h a r a c t e r ( c f . , S e c . 1 ) .

T h e r e f o r e , o t h e r a v a i l a b l e d a t a o n t h e q u a n t u m

n u m b e r s o f t h e p m e s o n a r e a l s o o f p a r t i c u l a r i m p o r -

t a n c e . I n t h i s s e c t i o n w e s h a l l c o n s i d e r t h e a n a l y s i s

o f t h e a n g u l a r d i s t r i b u t i o n s o f t h e p r o d u c t s o f d e c a y o f

* T h e c o m p l e t e w a v e f u n c t i o n fo r a s y s t e m of t w o m e s o n s m u s t

b e s y m m e t r i c w i t h r e s p e c t t o a s i m u l t a n e o u s i n t e r c h a n g e of i s o -

t o p i c a n d s p a c e v a r i a b l e s i n v i e w of t h e i d e n t i t y o f t h e p a r t i c l e s

( b o s o n s ) . T h e i s o t o p i c p a r t o f t h e w a v e f u n c t i o n o f t w o n m e s o n s

w i t h I = 1 i s a n t i s y m m e t r i c w i t h r e s p e c t t o a n i n t e r c h a n g e of t h e

i s o t o p i c v a r i a b l e s . T h e r e f o r e , t h e s p a c e p a r t m u s t a l s o b e a n t i s y m -

m e t r i c w i t h r e s p e c t t o a n i n t e r c h a n g e o f t h e s p a t i a l v a r i a b l e s , i . e . ,

t h e p a r i t y o f t h e s y s t e m i s n e g a t i v e :

1"The G - p a r i t y o f t h e n m e s o n i s n e g a t i v e , t h e G - p a r i t y of a

s y s t e m of n m e s o n s i s e q u a l t o t h e p r o d u c t of t h e G - p a r i t i e s of a l l

t h e n m e s o n s c o m p o s i n g t h e s y s t e m L s 9 ' 6 0 J .

t h e p m e s o n , a n d i n t h e n e x t s e c t i o n w e s h a l l c o n s i d e r

d a t a o n t h e c r o s s s e c t i o n o f t h e irn i n t e r a c t i o n w h i c h

l a r g e l y s u p p o r t t h e c o n c l u s i o n s r e a c h e d a b o v e .

F i g u r e 2 s h o w s t h e a n g u l a r d i s t r i b u t i o n o f n~ m e -

s o n s p r o d u c e d i n t h e d e c a y o f p~ m e s o n s . T h e d i s t r i -

b u t i o n i s g i v e n i n t h e r e s t s y s t e m o f t h e p m e s o n s

w i t h r e s p e c t t o t h e d i r e c t i o n o f t h e i n c i d e n t b e a m .

T h e s e d a t a w e r e o b t a i n e d i n t h e i n v e s t i g a t i o n o f r e a c -

t i o n ( 4 ) w i t h t h e a i d o f a 5 0 - c m h y d r o g e n b u b b l e c h a m -

b e r i r r a d i a t e d i n a b e a m o f n~ m e s o n s o f m o m e n t u m

1 . 6 G e V / c ^ 4 9 ^ . O n l y t h o s e c a s e s o f p r o d u c t i o n o f n

m e s o n s w e r e s e l e c t e d i n w h i c h t h e y e m e r g e i n a d i r e c -

t i o n c l o s e t o t h e d i r e c t i o n o f t h e i n c i d e n t b e a m o f TT~

m e s o n s . A s c a n b e s e e n f r o m F i g . 2 , i n t h e d i s t r i b u t i o n

o f 7r~ m e s o n s r e s u l t i n g f r o m t h e d e c a y t h e t e r m

~ c o s 2 <p i s t h e d o m i n a n t o n e . T h i s f a c t i n d i c a t e s t h a t

J (Q) - 1 .

A m o r e d e t a i l e d a n a l y s i s s h o w s t h a t i n t h i s d i s t r i b u -

t i o n t h e r e e x i s t s a l s o a n S - w a v e ( t h e i s o t r o p i c p a r t o f

t h e d i s t r i b u t i o n ) w h i c h i n d i c a t e s t h e p r e s e n c e o f KIT

i n t e r a c t i o n w i t h 1 = 2 a n d J = 0 .

T h i s c i r c u m s t a n c e c o n s i d e r a b l y c o m p l i c a t e s t h e

s t u d y o f t h e r e s o n a n t TTIT i n t e r a c t i o n s i n c e p r o b l e m s

a r i s e a s s o c i a t e d w i t h t h e i n t e r f e r e n c e o f t h e i n t e r a c -

t i o n s o f 7r m e s o n s i n s t a t e s w i t h 1 = 1 a n d 1 = 2 , w i t h

i s o l a t i n g t h e i n t e r a c t i o n w i t h I = 1 i n p u r e f o r m , e t c .

A d e t a i l e d i n v e s t i g a t i o n o f t h i s p r o b l e m i n ^ 6 1 - h a s

s h o w n t h a t t h e a v a i l a b l e e x p e r i m e n t a l d a t a o n p r o c -

e s s e s ( 1 ) — ( 4 ) a d m i t u n d e r c e r t a i n a s s u m p t i o n s a l a r g e

c o n t r i b u t i o n o f t h e KIT i n t e r a c t i o n w i t h I = 2 i n t h e r e -

g i o n o f t h e p m e s o n . A s t i l l m o r e c o m p l i c a t e d s i t u a -

t i o n o c c u r s i n t h e c a s e o f p ° m e s o n s .

I n t h e i n v e s t i g a t i o n o f p e r i p h e r a l i n t e r a c t i o n s o f n~

m e s o n s o f m o m e n t u m 3 G e V / c w i t h p r o t o n s i n r e a c -

t i o n s ( 2 ) i t w a s f o u n d t h a t i n t h e d i s t r i b u t i o n o f t h e

-0.8 -0.4 O 0.4 a.S
COS (Z>

F I G . 2 . A n g u l a r d i s t r i b u t i o n of n~ m e s o n s p r o d u c e d i n t h e d e -

c a y of p~ m e s o n s .
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type shown in Fig. 2 there exists a considerable
"forward-backward" asymmetryE72>62]. Interpreta-
tion of this distribution in terms of irn scattering has
shown that there exists a strong, or even a resonance
type, interaction of IT mesons with 1 = 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 IT mesons are produced in a singlet
isotopic state. As an example we can quote the r e -
action

d-\-d—> He* + n+ + it". (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 TTTT Interaction and the
p Meson

The existence of a resonance decaying into two
IT mesons (p meson), must lead to the appearance of
a maximum in the energy dependence of the cross sec-
tion of the 7T7T 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 IT mesons, and, therefore, only indirect
conclusions about the TTTT interaction are possible.

The greater part of the known data on the TTTT inter-
action was obtained from experiments on the single
production of pions in 7rN collisions with the aid of
a method proposed by Chew and Low'-63^. They noted
that one-meson diagrams (Fig. 3 and 4) have a pole
when the square of the momentum transferred to the
nucleon is A2 = - va\. In this case the cross section
for 7T7T scattering is given by the expression

/r*

rz*

= — 4JI/-2F(CO2, — m?,) p2 [co2 (co2 — (22)

where f is the constant of the TN interaction
(f2 w 0.08), p is the momentum of the incident IT
mesons in the laboratory coordinate system, co is the
total energy of the secondary mesons in their center-
of-mass system and the value of the quantity

^ ^ - ( A 2 + m*)2 (23)

is taken for A2 = -m\. In this case we need not take
into account contributions from processes described by

it*

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 CT7r7r(w) can be obtained only by
means of an extrapolation of the experimental values
of

</2cr (niV ->. jijt/V)

in the domain A2 > 0 to the point A2 = -m\. This ex-
trapolation will turn out to be most reliable if one uti-
lizes data in the domain A2 < raj, i.e., those closest
to the pole. However, selection of 7rN interactions in
the domain A2 £ 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 u>2 and A2, 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 A2 < (nm^)2, 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 ir
meson with the primary pion depends only on w (in
the general case a = f(w2, A2)).* We then have

--)(A2 + m?[)
2=- -Vco2(co2 —'

FIG. 3

^ (co). (24)

After expression (24) has been integrated over A2 one
can compare with experiment the theoretically calcu-
lated cross section da/do;2. 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 referenced"! a method is proposed 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
n 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 r e -
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 7r 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 ir
mesons with respect to the angle between them in the
TTN 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*3 -isobar [65^.

In 1962 Treiman and Yang proposed general criteria
which must be satisfied by all processes described by
the diagrams of Figs. 3 and 4^66^. 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 (ir 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 [KjxK2] and
[Pi XP2 ]• Here K4 and K2 are the momenta of the
secondary mesons, pj and p2 are the momenta of the
nucleons in the 7rN systemt. Moreover, in virtue of
isotopic invariance all the characteristics of reactions
(3) and (4) described by one-meson diagrams must
be identical1-67^.

A detailed check of the applicability of the one-
meson approximation for T = 1.25 GeV was made
in '-68-'. The observed events of type (2) with A2

& 16 m^. were divided into two groups with respect
to the angle a (a is the angle between the directions
[ K ^ K j ] and [Pi><p2]). The coefficients of the
"forward-backward" asymmetry in the distribution
of the 7T~ mesons in the rest system of the secondary
mesons turned out to be equal to 0.40 ± 0.09 for the
cases with a £ 90° and 0.08 ± 0.09 for a > 90°. t

*A detailed summary of the data on the cross section of the
elastic rm interaction is available in reference^13].

Tit 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 n- mesons emerging into the forward
and the backward hemispheres to the total number of it- mesons.

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

Results of the investigations of reactions (3) and (4)
with incident ir mesons of momentum 1.25 GeV/c lead
to a similar conclusion'-69-'. It has turned out that the
ratio of the cross sections of these processes for A2

£ 9 m|- is equal to

Q.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 il lustra-
tion we reproduce data on the cross sections of reac-
tions

ji+-i.jto_>,t+_i.jloi (26)
jr-fji0—s-jr + jf, (27)

obtained in '-69^ 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 M r e s = 725 ± 25 MeV which can be
identified with the p+ meson. On the other hand in the
7r~7r° 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

400 500
CO, MeV

700 800

W 34 40IS 22 28

FIG. 5. Total cross sections for mr scattering (&>2(/rJ) is the
square of the total energy of the n mesons in units of m2

no).



R E S O N A N C E I N T E R A C T I O N S OF E L E M E N T A R Y P A R T I C L E S 385

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 r e -
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 p r i -
mary IT mesons is increased the situation becomes
somewhat more clear. For example, reactions (1)
and (2) with A2 & 5m.\ were studied at pc = 1.75 GeV
with the aid of the scintillation counter method'-70^.

rr-
rr"

FIG. 6.

In this case the use of the "physical-region-plot
method" made possible the discovery of the p° meson
with M ~ 750 MeV and T = 190 MeV.

On the other hand, in L49>71] , 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

A 2 ^ ^ . (28)

In these papers there exists a clear indication of the
existence of p° and p* mesons obtained by means of
the "physical region plot method" taking into account
the nucleon form-factor ^ (Fig. 7).

The maximum value of the cross section for TT+TT~

scattering is in this case equal to

: 16) mb. (29)

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

and for the case J(p) = 1

= 120 mb

(30)

(31)

(here 7t is the de Broglie wavelength of the TT meson).
Thus, the good agreement between the values (29) and
(31) of the cross section is evidence in favor of J(p)

0 40

FIG. 7. Cross section for TT+TT~ scattering. &>//* is the total en-
ergy of the dipion in units of mn. The theoretical curve represents
the cross section for the resonance mi~ scattering with J = 1. O _
Chew and Low formula; x — Selleri formula.

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

= (56 ± 8)mb (32)

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

An investigation of single production of IT mesons
in 7r~p collisions at pc ~ 3 GeV has shown that events
with A2 4 l 0 m 2 satisfy the Treiman-Yang cr i te-
rion!-62'72-. 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 TTTT 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
quantum 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

QO-».-IO--Y (18')

would provide evidence that J(p) * 0.

II. f-MESON

A resonance in the nir interaction with M
= 1250 MeV and 1 = 0 was found almost simultane-
ously by two different groups in the investigation of the

*It should be noted here that ffmax = 120 mb for 77 + 77- 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 -> 4n, p ~> -qn etc.) constitute a small frac-
tion of the decay p -* 2n (cf., Sec. 2 of this chapter), and, there-
fore, the phase of "n 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 if n" and n~ n+ systems.

200 400 000 800 7000720074007000 MeV 200 400 000 300 70007200740070m MeV

a) b)

interaction of 7r~ mesons with protons (the f meson)
[73,74] T n e g r e a t 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, 1 = 0 and a mass in the range
1.0—1.4 GeV^75^. 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 : « : .

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 7r+7r~ systems corresponding to p° and
f mesons (Fig. 8)l-73^. The absence of a peak in the
M(7r~7r°) distribution at M ss 1250 MeV provides a
basis for the assumption that I(f) = 0 (cf. also
An analysis of the distribution with respect to M.(ir*ir~ )
shows that M(f) = (1250 ± 25) MeV and F(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

/-*4it (33)

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

/->2rt. (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 7r mesons in process (34) has a strongly pro-
nounced anisotropic character (cf., Ch. I, Sec.
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 (CF3Br) and propane

(C3H8) agree with the previously quoted results'-74^.
The chamber was placed in a magnetic field of 17.1 kG
and was irradiated by rr~ 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
r ( f ) < 200 MeV. An analysis of the angular distribu-
tion of the 7r 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 7r~ mesons
with protons (A2 < 15 m\) at pc = 4 GeV also con-
firmed the existence of the f meson'-78j (cf., also
[72,32,78]) rp^g c r o s s s e c t ion for the reaction

n~ + p —> n + / —> n -f- JI+ -;- it" (35)

turned out to be equal to 0.42 + 0.06 mb, while the
ratio of the probabilities of the decays was given by

\V (f T! + jT—TT + .TT~̂
W .08 ±0.00. (36)

The angular distribution of the 7r~-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+ir~ 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

f (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 n mesons produced in the
decay of the f° meson. The theoretical curves have been calculated
for J = 2 and 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 7r 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

JV+P—>jt+ + p + /—> JI+ + p + it + it (38)

at pc « 3.5 GeV gave a negative result'-41-'. 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 n mesons amounts
to 1.5 mb. Such a difference in the cross sections for

i
roo-

\Sff-

0 20 \40 SO 80
p» i

b)
J=O

r—r*T"

c)
J=2

fzO/tA*

. *•«

d)

\
4

3SrzA\50

{25

SO 80 700 SO 80 WO SO 80 WO0,2

FIG. 10. Cross section for nn scattering obtained from an anal-
ysis of the reactions n- p-*n+n-n: a) in the region of the p reso-
nance; b) in the region of 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. tu/fi is the total energy of the dipion in units of mn.

the production of f and p° mesons can be explained,
for example, in the case when the processes (11) and
(38) can be described'-79-' by corresponding one-meson
diagrams and

r(e°) = 2.5r(/).

Some problems related to the associated production
of f mesons and nucleon isobars are discussed in ^80^.

III. INVESTIGATION OF THE 7T7T INTERACTION AT
LOW ENERGIES (ABC ANOMALY)

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

p + d —> He;! (39)

has shown that there exists a narrow peak in the mo-
mentum spectrum of the recoil nuclei (Fig. 11) L81^.
At first this anomaly was interpreted as a proof of
the existence of a new resonance with M = 310 MeV
and F = 10 ± 6 MeV. From the names of the authors
of this paper^-81^ it has received the name of the ABC
resonance. Later it was reported that it had been ob-
served in processes of annihilation in wN collisions
and in meson photoproduction reactions'-44 '82 '83-.

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]_ jj. w a s n o t e c i that the experimental data on
the decay of K mesons are in contradiction with the
existence of the ABC resonance [86»883.

An analysis of the observed anomaly in pd colli-
sions given in C90>91J has shown that it does not have
a resonance character and can be explained by the in-
teraction of 7r mesons in the final state with I(7T7r) = 0.
A more detailed experimental investigation of this
problem confirms this conclusion. Thus, in [92-99]
where the in: interaction was investigated at low en-
ergies, the ABC meson was not found. As an illus-
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FIG. 11. The momentum spectrum of the Hê  nuclei produced
in tbe reaction (39) obtained after subtraction of the statistical
background (cf., reference^*]).
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750

280 360 440 520 SOO 680

FIG. 12. Distributions with respect to the effective masses of
the 7T+77~ 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
7r mesons of 360—780 MeV^98J. The distributions ob-
tained for M(7r+7r~ ) 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 TT*TT~ 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 IT mesons
in the final state with 1 = 0 and a scattering length of
(2 ± D/m,,- satisfactorily explains the experimental
data[ioo-i03]_

A similar explanation of the ABC anomaly was pro-
posed in C104]_ i n this case it was noted that if the r e -
action (39) proceeds according to the scheme

p + tf-^Hef + jt,, (40)

(41)

-i-n2, (42)

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

FIG 13

then in the distribution with respect to M(7rj7r2) there
will appear a peak with M « 310 MeV at a proton
kinetic energy of 740 MeV (here Hef* 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(7rj7r2) is associated with the p res -
ence of a logarithmic singularity in the diagram of
Fig. 13. Calculations show that for a range for TTTT

scattering ~ 1/11% 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 TTTT SYSTEMS

At present there exist approximately another twenty
observed peaks in the distributions with respect to the
effective masses of two IT 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, C933).

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

p -(- p —> d -f- jt° + n+. (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 v
mesons (cf., also Cios-iiiD).

V. 0) 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 1= 0 and J p = 1" (a> meson) t H 6J .
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Table II

389

M, MeV* F, MeV

310—3'>0 10
330
330
330
400 50
520 71)
570
580
580
600
600 75

0
0
1
2

0 or 1
\
0

\
2

Refer-
ences

81, 83, 41
82
82
82

36, 112
36

105
82

82, 106
112, 113
114, 112

M, MeV*

050
760

880
920
990
990
990

1200
1200
1400

*In the table are given approximate values
resonances.

I", MeV I

1 or 2

Refer-
ences

109
0 : 82, 106
2

150
—
—
0
1
2
1
2

82, 10(i
38

115
82
82

82, 106
106
106
27

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- (44)

by means of a 72-inch hydrogen bubble chamber at
pc = 1.61 Gev'-117'118 . A narrow peak was found in the
distribution with respect to effective masses of the

r e s
7r+7r~7r° system with M(co) = 787 MeV and T < r
= 24 MeV ( r r e s is the experimental resolving power
of the apparatus). The absence of a corresponding peak
in the distributions with respect to M(7r±7T±7r0) and
M(7r±7r±7r=F) provides grounds for assuming that I(w)
= 0.

By now the OJ meson has been observed in many r e -
actions, for ^ 1 9 1 3 3 4 0 4 ! ? ! ]

P
Jl +

Jl±
K~

P

P

-rP
-,d
-rP
~p
+ P

+ P

—>3it+ + 3ji -pJi0,
->p + p-f to,
->Jl±+p + CG,
-^.A-f co,
-»p-!-p- rm,
_^A' -l-Jt-i-a

(45)
(46)
(47)
(48)
(49)

(50)

etc.
Figure 14 shows a characteristic peak correspond-

ing to the u> meson obtained in reaction (46); here also
one can see a small peak with M ~ 550 MeV (rj meson).

The width of the u> 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^34-

In this experiment it was possible to obtain r r e s

w 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 (51).
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 energies
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

M (52)

5OO 700 SOO 800 WOO
Mass of the 377 system, MeV

FIG. 14. The spectrum of the effective masses of the n+r7' ;
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
[cf., formula (5)]*.

Altogether 119 events (51) were found when both K
mesons were stopped in the chamber. The magnitude
of the e r ro r in the determination of M(7r+7r~7r°) 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(7r*7r~7r°). 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).

FIG. 15. Spectrum of the effective masses of the /r+j7~ n° systems
produced in the reaction (51).

Figure 16 gives a picture of this distribution. From
an analysis of these data the following results were
obtained: M(co) = 784.0 ± 0.9 MeV and F = 9.5
±2 .1 MeV, which corresponds to T(W)
= (0.69 ± 0.15) x 1O~22 sec. Interesting proposals for
the measurement of F(co) by other methods are d is-
cussed in [135-140] _

The cross section for the production of to mesons
in 7rN 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

A'* —> n* + n* + n*

and is widely used at present'-141~144j.

(53)

*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.

FIG. 16. Distribution of cases represented in Fig. 15.
experiment; — . — curve of best fit — — resolution.

Its e s sence cons is t s of the following. The general
express ion for the probabil i ty of decay of any par t ic le
of m a s s Mo into three other pa r t i c l e s has the

t, m2, m3)

( 5 4 )

Here | M |2 i s the square of the modulus of the mat r ix
element . If the decaying par t ic le has no spin or i s un-
polar ized, then the mat r ix e lement depends only on two
var i ab le s . Indeed, of the nine poss ible va r i ab le s ,
Pli» P2i> P3i (i = 1 .2 ,3) the energy-momentum c o n s e r -
vation law leaves only five independent. Fur the r , if the
par t ic le Mo i s unpolarized, i .e . , if in i t s r e s t sys tem
there a r e no privi leged d i rec t ions in space , then the
probabil i ty of i t s decay i s independent of the o r i en t a -
tion of the plane of decay.* Thus, of the five var iab les
only two remain on which the ma t r ix e lement depends.

If for these two var iab les one chooses the total en -
e rg i e s of the two pa r t i c l e s Et and E2 in the c e n t e r -
o f -mass sys tem for the th ree pa r t i c l e s , then a p p r o -
pr ia te t rans format ions bring formula (54) into the
form

W (Mo - ^ mim2in3) = =- M (£•», E2) "- dE, dE2 (55)

From this express ion it can be seen that if the
available exper imenta l ma te r i a l on the decay Mo

— mi, m2, m3 i s plotted on a d iagram in which Ej
and E2 a r e chosen as the va r i ab les , then the density
of points in this d iagram will be proport ional to the
square of the modulus of the ma t r ix e lement . Thus,
with the aid of such a d iagram we immediate ly have
a visual impress ion of the behavior of the ma t r ix e l e -
ment, and this considerably simplif ies the d e t e r m i n a -
tion of the quantum numbers of the decaying pa r t i c l e .

It i s evident that th is p roper ty of the Dalitz plot r e -
mains unchanged if instead of the var iab les Ej and E2

we choose the va r iab les Ti and T2 o r Tlt T 2 - T 3 . t

*In the case that the particles are initially polarized we must
replace |M(E1E2)|

2 in expression (55) by [M(E1E2)|
2 where the

horizontal bar denotes avaraging over the initial polarization.
tlndeed, E = T + m and dE,dE2 = dT^T.,.



R E S O N A N C E I N T E R A C T I O N S OF E L E M E N T A R Y P A R T I C L E S 391

Sometimes Dalitz plots are constructed also in terms
of the variables M2

i>2 and M2)3 (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

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

-E3,

From this we have

(56)
(57)

(58)

and

l , = — 2 (Mo - E3) dE3 - 1E3 dE3 = - 2M0 dE3, (59)

i.e., dMj)2 depends linearly on dE3. Therefore we
have

' 2, 3 ' (60)

The use of the variables Mj^ 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 r\ mesons.

3. The Quantum Numbers of the w Meson

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

co —» n++ ; r - f n°. (61)

We assume that this process is due to the strong in-
teraction; then G(w) = — i*C69>6°]. 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: 0+, 0", 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 G, 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 I2 axis by 180°, i.e.,

G = Cei77k (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 =C(-1)1.

Here C is the charge parity of the system.

(63)

FIG. 17. Simplest matrix elements for 1+, 0~ and 1" mesons.
T_ - T» . To= —-,=r̂ - and y=-ff-

The fact that the latter combination is forbidden can
be easily seen if one considers the products of the de-
cay u> —• 37r in terms of a single IT meson and a dipion
(for example, a 7r° meson and a TT+7T~ dipion). We de-
note by L the orbital angular momentum of the TT me -
sons of the dipion in their c.m.s., and by 1 the angular
momentum of the third IT meson with respect to the
dipion in the c.m.s. of the u> meson. If the spin of the
u> 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 37r-system*

• = i — 1 v; L+3 = i — (64)

will be negative ( P = - 1 ) . Thus, the combination 0+

and I = 0 is impossible for an u-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 nit118^.

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 TT mesons which is negative.
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Table HI. Simplest matrix elements for the decay OJ -* 3TT

jP

1-

o-

1+

I

1

land 3

0 and 2

L

1

1 and 3

i

*Here the subscripts on

Simplest matrix
elements*

(Po X p+) + (p+ X p_) + (p_ X p0)

(E--Ea)(E0-E+) (£+-£_)

E_ (Po — P+)+Eo IP+ — P-)
+ £+(p_-Po)

Matrix element equal
to zero

At the boundary of
the Dalitz plot.

Along straight lines
when E — En, Eo

When Po = P+, P+==P-,
P- = Po

E and p denote the sign of the charge of the n mesons.

ables of the simplest matrix elements in arbitrary
units

.-,• ^ T~--£±- and y = -'°- (Q = 7+ -j-T_ •;-To).

In Fig. 18 the Dalitz plot shows the exper imenta l
data on the decay cc — 3v obtained in E131]_ A visual
compar i son of the theore t ica l and the exper imenta l
dis t r ibut ions (Fig. 18) shows that the combinations 1+

and 0 ' a r e in contradict ion with exper iments since
they give a density of points equal to z e ro at the c e n -
t e r of the plot and increas ing towards the boundary.

FIG. 18. Dalitz plot for the decays oi^n+n~ n" (1100 events).
To, T_, T+ are the kinetic energies of the 77 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
conclusion[118].

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 = 1~ ). 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 p re -
served which were utilized for the determination of
the spin and parity of the resonant state.

FIG. 19. Theoretical and experimental dependence of the den-
sity of points on the distance to the centre of the Dalitz plot["8].

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 n i * ) [ U 6 ] . Thus, the ab-
sence of experimental points on the boundaries of a
Dalitz plot and their presence in the res t of the dia-
gram for the decay a> —• 3v is a strong argument in
favor of J-P(w) = 1~, with this assertion not being r e -
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 referencest""-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(co) = - 1 ) . In con-
nection with the small width of the resonance
T « 9 MeV it was suggested that the decay co —- 3TT is
an electromagnetic process, i.e., G(co) = +1^ 48^ . How-
ever, subsequent investigations have excluded this ver-
sion. Thus, the study of the decay'-45-'

• 4n, (65)

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

(66)

and

(67)

O n t h e o t h e r h a n d , i n t h e c a s e G ( c o ) = - 1 t h e r a t i o

W(a>- neutral particles )
W (co

(a = Vi37 is the fine structure constant).
Indeed, the decay

(68)

(69)

i s f o r b i d d e n b o t h a c c o r d i n g t o t h e s t r o n g a n d t h e e l e c -

t r o m a g n e t i c i n t e r a c t i o n s , s i n c e t h e c h a r g e p a r i t y o f

t h e O J - m e s o n i s n e g a t i v e , w h i l e t h a t o f t h r e e TT° m e s o n s

i s p o s i t i v e . * T h e r e f o r e , t h e p r o c e s s (69) c a n o c c u r

o n l y a s a r e s u l t o f t h e w e a k i n t e r a c t i o n . T h e p r o b a b i l -

i t y o f t h i s d e c a y i s c o n s i d e r a b l y l o w e r t h a n t h a t o f e l e c -

t r o m a g n e t i c p r o c e s s e s of t h e f i r s t o r d e r

it0 + y, (70)
(71)

which are the ones determining the order of magnitude
of the value of the ratio (68) C130, lsi, 125: _

For all the combinations of quantum numbers with
G(co) = +1 the probability of the decay of co 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

W(b>- neutral particles )
W (co 1 ' = 0.10 ±0.03. (72)

The estimates of the magnitude of this ratio made by
other groups agree with (72) [l31>125>13°]. Thus, the low
probability of the radioactive decay of the co-meson
also confirms the correctness of the assumption
G(co) = - 1 .

*If the bosons have I = 0, then G = C(-l)1 = C, i.e., C ( » = - 1.
The C-parity of a n° meson is positive.

Table IV. Data on the possible quantum numbers
of the co -meson (I(cu) = 0)

P o s s i b l e v a l u e s of

J P G ( J < D

0—

o-

Excluded by the following arguments

Dal i t z p lot ; the decay w -> it°y

Conse rva t ion of par i ty ; the decay at -> n'y

Dal i t z p lo t

Dal i tz plot ; the sma l l v a l u e of t h e ra t io cu -»

neu t r a l p a r t i c l e s / a ) -»n+n~ 77°; t h e d e c a y

Conse rva t ion of par i ty ; t h e decay 6)->77°y

T h e smal l va lue of t h e rat io ^ ~ ; t he

decay a> -> iroy

D a l i t z p lot ; t h e smal l va lue of t h e r a t i o s
ai -* Av j a>-» neut ra l pa r t i c l e s lt ,

and _ 0 ; the decay
co -» 3TT o) -> n n n

*A more detailed justification for this table may be found
in references!/15!1''8].

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 zeroE153J.*

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 jP<^(a)) = i~~

4. Electromagnetic Decays of w Particles

As was shown in the preceding section the decay
of the co meson (J^G = 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 (C3H8) and xenon the decay (70)
in the reaction ^ ^

it -[-- p —> n -•- co —> n \-y (72 ' )

w a s s t u d i e d . E x p e r i m e n t s w e r e c a r r i e d o u t f o r TT -

m e s o n m o m e n t a o f 1 . 2 5 , 1 . 5 5 a n d 2 . 8 G e V / c . T h o s e

c a s e s w e r e m e a s u r e d w h e n t h r e e o r m o r e e + e ~ p a i r s

p r o d u c e d b y y q u a n t a i n t h e c h a m b e r w e r e d i r e c t e d

t o w a r d s t h e p o i n t a t w h i c h t h e TT~ m e s o n w a s s t o p p e d ,

o n t h e c o n d i t i o n t h a t t h e s t o p p a g e of t h e m e s o n w a s n o t

a c c o m p a n i e d b y a n y t r a c e s o f n u c l e a r i n t e r a c t i o n

( p r o n g l e s s s t a r s ) . T h e b a c k g r o u n d i s p r i m a r i l y d u e

t o t h e m u l t i p l e p r o d u c t i o n o f 7r° m e s o n s . F o r t h e

s e l e c t i o n o f t h e c a s e s o f d e c a y co —• 7r°y —• 3 y a k i n e -

m a t i c m e t h o d w a s u s e d s i n c e t h e e n e r g y o f t h e c o n -

v e r s i o n p a i r s w a s n o t m e a s u r e d a n d , t h e r e f o r e , i t w a s

* T h e C-pari ty of a y quantum i s n e g a t i v e .
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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 UJ — 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 (/Jmin) which depends on the mass of the
u meson and on its energy in the (7rp) system:

Pmln
'2~~

(73)

Figure 20 shows the distributions with respect to the
angle /3 of events corresponding to the reaction

-f- p (74)

after the background has been subtracted. Arrows in-
dicate the values of the angles of aperture (/3mjn) of
the decay cone for the u> 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 Pmin,

 a s * s

expected for the decay (70). A small number of cases
with P < Praia c a n o e explained by statistical fluctua-
tions, by the background from the reaction

-\- p - (75)

or by systematic e r r o r s not taken into account. Un-
doubtedly an improvement in the statistics of events

a) » fO -

(3, deg

60

SO

to

b) S 30

120
.a

h o

f$2 events

T

I

0S0rO0WM0№7g0
/3, deg

FIG. 20. Distribution of cases corresponding to the reaction

77~p->n+3y with respect to the angle /3. a) pc = 1.55 Gev; b)

pc = 2.8 Gev.

(74) a n d a s t u d y of t h e d e c a y s (70) b y o t h e r m e t h o d s

a r e r e q u i r e d f o r a f ina l c o n c l u s i o n a b o u t i t s e x i s t e n c e .

A c o m p a r i s o n of t h e p r o b a b i l i t i e s of t h e d e c a y s (70)

a n d t h e d e c a y s

u> —» n e u t r a l p a r t i c l e s (76)

s h o w s t h a t t h e d e c a y (70) i s t h e p r i n c i p a l one a m o n g

t h e n e u t r a l t y p e s of d e c a y .

In t h e s a m e a r t i c l e a n e s t i m a t e w a s g i v e n of t h e

v a l u e of t h e r a t i o

U'Jw •-
IV (0)- - -t°Y)

(77)

T h i s r e s u l t i s i n a g r e e m e n t w i t h t h e t h e o r e t i c a l e s t i -

m a t e w h i c h w a s o b t a i n e d on t h e a s s u m p t i o n t h a t t h e

r a d i a t i v e d e c a y s of t h e OJ m e s o n (71) p r o c e e d i n a c -

c o r d a n c e w i t h

• Jl° -f- 3 (78)

A s t u d y of t h e d i s t r i b u t i o n w i t h r e s p e c t t o t h e e f f e c -

t i v e m a s s e s of 7r+7r~y s y s t e m s ' - 5 1 ^ f o r m e d i n 7rN i n -

t e r a c t i o n s a t E ~ 7 G e V h a s s h o w n t h a t t h e r e e x i s t s

a p e a k a t M ~ 760 M e V w h i c h c a n b e a s s o c i a t e d w i t h

t h e d e c a y

•-JI--Y- (79)

In C 1 2 4 ' 1 5 5 ] a n e s t i m a t e w a s o b t a i n e d of t h e v a l u e of

t h e r a t i o

W (co - * e+e-
W (co

0.01, (80)

w h i c h a g r e e s w i t h t h e c o r r e s p o n d i n g t h e o r e t i c a l c a l -

C 1 ]

T h u s , t h e i n v e s t i g a t i o n of t h e e l e c t r o m a g n e t i c d e -

c a y s of t h e w - m e s o n h a s o n l y b e g u n . T h e r e e x i s t s a

n u m b e r of t h e o r e t i c a l m o d e l s w h i c h p r e d i c t t h e p r o b a -

b i l i t i e s of t h e s e d e c a y s C 1 S 4 . 1 5 6 - 1 6 ( O . A c o m p a r i s o n of

t h e s e m o d e l s w i t h e x p e r i m e n t a l r e s u l t s p r e s e n t s a

p o s s i b i l i t y of d e t e r m i n i n g t h e " s t r e n g t h " of t h e i n t e r -

a c t i o n of t h e OJ m e s o n w i t h t h e p m e s o n a n d w i t h o t h e r

p a r t i c l e s (cf., f o r e x a m p l e , ' - 1 5 4 - ' ) .

5. p-oj T r a n s i t i o n s

T h e q u a n t u m n u m b e r s f o r t h e p a n d t h e w m e s o n s

a r e t h e s a m e w i t h t h e e x c e p t i o n of t h e i s o t o p i c s p i n ,

a n d , t h e r e f o r e , a s t h e r e s u l t of e l e c t r o m a g n e t i c i n t e r -

a c t i o n s e a c h of t h e m wi l l c o n t a i n a n a d m i x t u r e of t h e

s t a t e w i t h t h e o t h e r i s o t o p i c s p i n . T h e w a v e f u n c t i o n s

f o r t h e s e m i x e d s t a t e s c a n be w r i t t e n i n t h e

a n d

(81)

(82)

H e r e 6 i s t h e m a t r i x e l e m e n t f o r t h e e l e c t r o m a g n e t i c

t r a n s i t i o n w ^ p , R e ( A m ) « 35 M e V ( t h e d i f f e r e n c e

i n t h e m a s s e s of t h e p a n d u m e s o n s ) , I m ( A m )
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= r (p ) - r (w ) = 100 MeV, p, a; are the wave functions
of the states with a definite isotopic spin (I(p) = 1 and
I(w) = 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
p mesons the decay

will amount to several percent of the principal decay
(61)[160,162,i64]_ T h e process

Q O ^ M - ^ K (84)

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

The decay u> —- 2ir was discovered in the investiga-
tion of the TT"P and K~p interactions C124,165,1663 ^ [124]
the value of the ratio

= 0 Q 4 5 ±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(ir+7r~ ) 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(ir+7r~ )
» M(p°) = 750 MeV (393 events between 750 and
800 MeV and 298 events between 750 and 700 MeV). If
we assume that the p° 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 u> peak (780 MeV)
as a result of the decays u> — 2ir. For a more clearcut
separation of the w peak a distribution of events was
constructed which have a value of A2 in the range
0.25—0.70 (GeV/c)2 (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)2) these processes are
not significant and, therefore, the decay w —- 2v 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 —- 2TT has shown that the value of the ratio (85)
does not exceed 0.8%. [ 1 6 6 ] .

Undoubtedly new experiments are needed for a more
exact determination of the probability of the decays
w — 27T.

a) Z 54 -

25 Y

20

| 10

BOO 800
M(!Z!Z), MeV

7S0

7200

n nnl.
ZOO 400 OOO 0OO 7OOO 7200

Mfrtrz), MeV
FIG. 21. a) Distribution with respect to the effective masses

of the n+n~ systems produced in the reaction (2); b) distribution
with respect to the effective masses of the n+n~ systems pro-
duced in the reaction (2). 0.25 (GeV/c)2 £ A2 < 0.70 (GeV/c):.

VI. v MESON

An investigation of the resonance interactions of
elementary particles has led to the discovery of r]
mesons which on the basis of their properties must
be placed among elementary particles and not among
resonances.* Indeed, the lifetime of 17 mesons exceeds
by several orders of magnitude the lifetime of the
resonances (T(T)) - 10~17—10~18 sec); they are pro-
duced in strong interaction processes and decay in
accordance with the electromagnetic interaction, as
do the 7T° mesons. However, 77 mesons are usually
discussed among the group of resonances due to the
common methods used in detecting them.

1. Quantum Numbers

The production of r\ mesons was observed in many
reactions, for ^ t i m m m m m

*The properties of the rj meson are discussed in detail in the
review article!167!.
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A-ft],
.p + p

with the subsequent decay

r] —> it+ + n~ + it0.

(86)
(87)
(88)
(89)
(90)

(91)

It has also been reliably established that there ex-
ist no charged analogues of the TJ°
TJ~ decaying in accordance with

meson, i.e., rj+ and

(92)

From this it follows that the isotopic spin is If 77) = 0.
The mass of the TJ 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 e r -
ror.

The cross section for the production of 77 mesons
in 7rN 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 " m i s s -
ing mass" spectrum) has a sharp peak at the mass of
the TJ meson (cf., for example, Fig. 22). From this
it was obtained'-175^ that

neutral particles
W (

. ^ " - ' = 2.7 ± 0 . 6 .
- Jl+Jl-y)

(93)

Since TJ 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 TJ meson are negative
(cf. oi meson) and decays into an even number of IT

80

60-

I 40 -

20

Tt++d-*-p+p+ neutrals
3/& events
• / event

o 200 400 ffOO 800 MeV
FIG. 22. Distribution with respect to the effective masses of

the neutral particles produced in the reaction n-+d -»pp + neutral
particles.

mesons are forbidden. Decay into five mesons is en-
ergetically impossible (5 01^ < m^), and the only pos-
sible remaining decay is TJ — 3TT. The last conclusion
also refers to neutral decays and this ruins the whole
scheme since the decay

•n- (94)

i s i m p o s s i b l e b o t h i n a c c o r d a n c e w i t h t h e s t r o n g a n d

t h e e l e c t r o m a g n e t i c i n t e r a c t i o n s d u e t o t h e l a w of c o n -

s e r v a t i o n of C - p a r i t y ( c f . , C h . V , S e c . 3 ) . E x p e r i m e n t

g i v e s t h e o p p o s i t e r e s u l t s . T h e r e f o r e , i t i s n e c e s s a r y

t o c o n c l u d e t h a t e l e c t r o m a g n e t i c a n d n o t s t r o n g i n t e r -

a c t i o n s a r e r e s p o n s i b l e f o r d e c a y s o f t h e t y p e

T| —*. n e u t r a l p a r t i c l e s . (95)

A f u r t h e r e s s e n t i a l s t e p i n t h e s o l u t i o n o f t h e p r o b -

l e m of t h e q u a n t u m n u m b e r s o f t h e TJ m e s o n i s a s s o -

c i a t e d w i t h t h e a n a l y s i s o f t h e c o r r e s p o n d i n g D a l i t z

p l o t .

If w e a s s u m e t h a t t h e d e c a y (91) i s b r o u g h t a b o u t b y

s t r o n g i n t e r a c t i o n s ( G ( r j ) = C ( T J ) = - 1 ) , t h e n f o r J ( T J )

s 2 t h e f o l l o w i n g s e t s o f q u a n t u m n u m b e r s a r e p o s -

s i b l e : 0 + , 0 " , 1 + , 1 " , 2 + a n d 2'. T h e s e t 0 + i s f o r b i d -

d e n b y t h e l a w o f c o n s e r v a t i o n o f p a r i t y ( c f . C h . V ,

S e c . 3 ) . F o r e a c h o f t h e o t h e r s e t s t h e r e e x i s t r e g i o n s

i n t h e D a l i t z p l o t f o r w h i c h t h e d e n s i t y o f p h a s e p o i n t s

i s e q u a l t o z e r o ' - 1 4 6 ^ . F i g u r e 2 3 s h o w s t h e e x p e r i m e n -

t a l d i s t r i b u t i o n £ 1 3 1 3 . I t c a n b e s e e n t h a t t h e p h a s e

p o i n t s a r e d i s t r i b u t e d q u i t e u n i f o r m l y , i . e . , t h e a s -

s u m p t i o n G ( T J ) = - 1 d o e s n o t a g r e e w i t h e x p e r i m e n t

a n d s h o u l d b e r e p l a c e d b y G ( T J ) = + 1 . T h i s m e a n s

t h a t a l l t h e d e c a y s o f t h e TJ m e s o n s a r e e l e c t r o m a g -

n e t i c d e c a y s .

I n p a r t i c u l a r , t h e d e c a y (91) i s a s s o c i a t e d w i t h a n

e l e c t r o m a g n e t i c p r o c e s s o f t h e s e c o n d o r d e r , w h i c h

i n v o l v e s t h e v i r t u a l e m i s s i o n a n d a b s o r p t i o n o f a y

q u a n t u m C 1 4 8 ] . I n t h i s c a s e t h e G - p a r i t y c h a n g e s s i g n ,

w h i l e t h e i s o t o p i c s p i n i s a l t e r e d b y u n i t y , i . e . , I ( 3 7 r )

= 1 . W e n o w p r o v e t h i s a s s e r t i o n . W h e n a y q u a n t u m

i s e m i t t e d t h e i s o t o p i c s p i n i s e i t h e r n o t a l t e r e d , o r

c h a n g e s b y u n i t y ; t h e s a m e a p p l i e s i n t h e c a s e o f a b -

73 S3 7! 74
Radius -

b)

FIG. 23. a) Dalitz plot for the decays rj •+i7+n~ n°; b) radial
density of the phase points for the decays rj -»n+n~ n°.
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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 ) J 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(TJ) = 0, and, therefore, the final
isospin is I(37r) = 1. This point is discussed in greater
detail in [ 1 7 6 ] .

We now return to Dalitz plots. For the case I(37r)
= 1 they already have a different form, and for the sets
1+ and 1", 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(T?) < l^146].)

As a result it appears reasonable to assume that
jPG = o~ + . 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 r\ meson (0~+ ) 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

C = + l ) ,

C = - l ) ,

(95')

(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
r\ meson^177]. However, on the basis of the results
obtained it was not possible to choose between the r e -
actions (95) and (96) [178]. Similar results were also
obtained in the investigation of the photoproduction of
T) mesonsC1""132]

In [183] the reaction

-\- p -\- r\

(97)

(98)

was investigated at pc = 1.15 GeV with the aid of a
bubble chamber filled with a mixture of C3H8 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

80
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M, MeV
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 7T° meson (the average value of the mass
is 138.5 ± 3.7 MeV), the second peak corresponds to
the Tj meson (the average value of the mass is 573
x 26 MeV). After subtracting the background associ-
ated with the reaction

nr + p—>it° -[- jt° + rc, (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 E175i184].

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 i\ meson cannot be equal
to unity (the situation is completely analogous to the
case of the decay 7r° —• 2y). It is generally assumed
that i{r\) = 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] i g 0£ 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 r] 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 reference^172! it is shown that the angular distribution of the
n" mesons in the ij-meson system is isotropic, and this agrees with
the assumption J(T/) = 0.
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determining J(rj) consists of the application of stand-
ard methods associated with angular distributions of
77 mesons, and of IT mesons resulting from the decay.

The existence of the decay (95) shows that G(TJ)
= C(TJ) = +1, since the y quantum has negative C-
parity. The decay

•n- > n + -f- n ( 1 0 0 )

i s an allowed one from the point of view of spin, G-

par i ty and charge par i ty . Under these conditions the

fact that i t does not occur can only denote that the

spat ial par i ty of the 77 meson i s negative ( P ( 2 T T ) = + 1 ,

if I(2TT) = 0 ) .

Some other poss ib i l i t ies of de termining the quantum

numbers a r e d iscussed in ^186,187]

Thus, the totality of available data shows that the

mos t probable se t of quantum numbers of the 77 meson

is 0~+ and 1(77) = 0.* In conclusion we display

Table V which s u m m a r i z e s the a rguments for the

poss ible choices of the quantum numbers of the 77

meson .

2. The Decay P r o p e r t i e s of 77 Mesons

The pseudosca la r 77 meson with 1 = 0 can decay

only as a r e su l t of e lec t romagnet ic or weak i n t e r a c -

t ions (ch. VI, Sec. 1 ) . In pa r t i cu l a r , poss ib le modes

of decay of the f i rs t and of the second o r d e r with r e -

spect to the e lec t romagnet ic in terac t ion a r e given by

T ) _^ n +- j - J l - + Y, (1 0 1)

(102)

(91')

(94')

(103)

(104)

(105)

(106)

•n -

•n -

Ti-

n-

0 + J I ° + J I ° ,

D + Y + Y.

» + j t ° - i - " H- Y-

a n d

•n- •Y + Y- (95")

E x p e r i m e n t a l i n v e s t i g a t i o n of t h e s e p r o c e s s e s e n -

c o u n t e r s e s s e n t i a l m e t h o d o l o g i c a l d i f f i c u l t i e s d u e t o

t h e n e c e s s i t y f o r r e c o r d i n g n e u t r a l p a r t i c l e s o r of

m e a s u r i n g t h e e n e r g y of t h e c h a r g e d p a r t i c l e s v e r y

a c c u r a t e l y . H o w e v e r , a t p r e s e n t t h e f i r s t r e s u l t s on

the r a d i a t i v e d e c a y s of t h e 77 m e s o n a r e a l r e a d y

a v a i l a b l e .

Of p a r t i c u l a r i n t e r e s t a r e t h e d a t a on t he r e l a t i v e

p a r t i a l w i d t h s of p r o c e s s e s of t he f i r s t o r d e r i n t he

e l e c t r o m a g n e t i c i n t e r a c t i o n (101) and (102).

*It i s of interest to note that long before the discovery of the
77 meson properties of a particle with the same quantum numbers
were discussed in referencesL1"'18 ']. 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 m a s s . "

Table V. D a t a on t h e p o s s i b l e q u a n t u m n u m b e r s

of t h e 77-meson (1(77) = 0 )

Possible values of

J P G ( J < 1)

0—

o+-

1—

1+-

0++

0-+

1-+

1++

Excluded by the following arguments

Dalitz plot, the decays 77 ->yy, 77 ->3n-°

Conservation of parity, the decays 77 -» yy,
77-3*7°

Dalitz plot, the decays 77->yy, r)^3n°

Dalitz plot, the decays 77->yy, TJ->3rr"

Conservation of parity, absence of the de-
cay 77->n-+n-~

Dalitz plot, the decay 77-yy

Dalitz plot, the decay 77-»yy

In !-190^ i n w h i c h a 7 2 - i n c h h y d r o g e n b u b b l e c h a m -

b e r w a s u s e d a t p c = 1170 M e V t h e r e a c t i o n

ji+ + p - > J i + + p + j r + i t * + X ° , (107)

w a s s t u d i e d i n g r e a t d e t a i l , w h e r e t h e s y m b o l X° r e p -

r e s e n t s s o m e n e u t r a l p a r t i c l e s ( o n e o r s e v e r a l TT°

m e s o n s , y q u a n t a e t c . ) . 76 s u c h c a s e s w e r e s e l e c t e d ,

a n d t h e y a l l t u r n e d ou t to b e a s s o c i a t e d w i t h the p r o -

d u c t i o n of a n 77 m e s o n . C a l c u l a t i o n s of t h e e f f e c t i v e

m a s s of t h e n e u t r a l p a r t i c l e s ( X ° ) s h o w e d t h a t a l l t he

e v e n t s s a t i s f i e d t h e a s s u m p t i o n of e i t h e r X° = 7r°, o r

X ° = y . N o o t h e r t y p e s o f d e c a y o f t h e 77

f o u n d ( i n c l u d i n g t h e d e c a y 77 — n*n~n°y).

o f t h e p r o b a b i l i t i e s f o r d e c a y i s

w (n -* j t + n - y ) = 0 26 ± 0 0 8

m e s o n w e r e

The r a t i o

(108)

In t h i s c a s e v e r y a c c u r a t e m e a s u r e m e n t s of t he e n -

e r g y of t h e c h a r g e d p a r t i c l e s (~ 1%) in r e a c t i o n (107)

m a d e i t p o s s i b l e t o d e t e r m i n e t h e r a t i o (108) w i t h o u t

r e c o r d i n g t h e y q u a n t a . T h e s m a l l v a l u e of t h e r a t i o

t h a t w a s o b t a i n e d i s u n e x p e c t e d . I n d e e d , t he d e c a y

(101) a s a n e l e c t r o m a g n e t i c p r o c e s s of t h e f i r s t o r d e r

i n a m u s t h a v e a h i g h e r p r o b a b i l i t y t h a n t he d e c a y

(91) .* A d i s c u s s i o n of t h i s p r o b l e m wi l l b e g i v e n b e l o w .

E s t i m a t e s of t he p r o b a b i l i t i e s f o r o t h e r c h a n n e l s

fo r t he d e c a y of t h e 77 m e s o n w e r e o b t a i n e d ^175^ u s i n g

t h e s a m e e x p e r i m e n t a l a r r a n g e m e n t a s in L 1 9 ° 3 . i n

t h i s c a s e t he r e a c t i o n s

n* -L p —> ;t+ -i- p + r\ •

it* + p - » n+ + p + r] •

(109)

(110)

were invest igated. In reac t ion (110) only those events

were selected in which the y quantum was converted

*An analogous situation also exists in the case of the ratio of
the probabilities of the decays 77 -» 3i7y and 17 -> 3n which is even
smaller than (108)["°l However, in this case the decay 77 -> 3?7y
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 pa i r in the hydrogen bubble chamber :

^ e * + e- + H (111)

(the convers ion probabil i ty is ~ 2.5%).
Calculations of the effective m a s s of X° made it

poss ible to pick out the c a s e s of the decay 77 — 27
(M(X°) = 0) and 77 — 3TT° (M(X°) l ies between a p p r o -
p r i a t e kinematic l i m i t s ) . It turned out in th is case that
in the domain of M(X°) where kinematics allows only
decays into two TT0 mesons not a single case i s o b -
se rved . F r o m this the authors conclude that the back-
ground from the reac t ion

n* + p->n* + p + 7to + n° (112)

has a very smal l value in the neighborhood of the 77
peak.

As a r e s u l t the following e s t ima te s were obtained:
W (T) -> 3JI°)

W (I)
and

; = 0.83±0.32

:= 1.24 ±0.56.

(113)

W In — TT + -r — Mtt *-"i -J- u.ou. (114)

For the r a t io (113) the re exis t definite theore t ica l p r e -
dict ions . As has been noted above (cf., ch. VI, Sec. 1)
in the decay 77 — 3v the isotopic spin of the t h r ee TT
mesons i s I = 1. In this case , s tar t ing with the i s o -
topic s t ruc tu re of the wave function for three TT me -
sons , it can be shown^191^ that

W (t) -> 3̂ 0) (115)

which a g r e e s with (113).
In the course of the investigation of the photopro-

duction of 77 mesons the value of the ra t io

• J I ° Y Y )

= 0 . 8 0 ± 0 . 2 5 (116)
W ( r \

w a s d e t e r m i n e d C
1 8 1

^ .

I n t h e s e r e s u l t s t h e f a c t i s n o t e w o r t h y t h a t t h e p r o b -

a b i l i t i e s o f t h e d e c a y s 7 7 — 2 7 a n d 7 7 — 3 7 r a r e o f t h e

s a m e o r d e r o f m a g n i t u d e . A c c o r d i n g t o t h e o r e t i c a l

e s t i m a t e s w h i c h b a s i c a l l y t a k e i n t o a c c o u n t o n l y t h e

d i f f e r e n c e i n t h e v o l u m e s i n p h a s e s p a c e f o r t h e s e

p r o c e s s e s t h e p r o b a b i l i t y f o r t h e d e c a y 7 7 — 2 - / i s

m a n y t i m e s g r e a t e r t h a n t h e p r o b a b i l i t y f o r t h e d e c a y

7 7 — * 3 T T ( t h e v a l u e o f t h e r a t i o ( 1 1 4 ) i s a p p r o x i m a t e l y

1 0 0 ) .

O n e o f t h e p o s s i b l e e x p l a n a t i o n s o f t h e a n o m a l o u s l y

s m a l l v a l u e s o f t h e r a t i o s ( 1 0 8 ) a n d ( 1 1 4 ) c o n s i s t s o f

a s s u m i n g t h e e x i s t e n c e o f a s t r o n g T T T T i n t e r a c t i o n

( o r r e s o n a n c e ) w i t h 1 = 0 w h i c h i s r e s p o n s i b l e f o r

i n c r e a s i n g t h e p r o b a b i l i t y o f t h e d e c a y 7 7 — - 3 T T . I n d e e d ,

i n t h e d e c a y 7 7 — 3 - i r s u c h a s t a t e c a n b e r e a l i z e d

( I ( 3 7 T ) = 1 a n d I ( 7 r + 7 T ~ ) = 0 o r 2 ) , w h i l e i n t h e d e c a y

7 7 — - 7 r
+

7 r ' y t h e i s o t o p i c s p i n o f t h e t w o n m e s o n s c a n -

n o t b e e q u a l t o z e r o , I ( 7 T + T T ~ ) = 1 . *

' I n t h e d e c a y 7 7 ^ n + n ~ y t h e C - p a r i t y i s c o n s e r v e d , i . e . ,

C ( n
+

n ~ y ) = + 1 . O n t h e o t h e r h a n d C ( >
+

7 7 " y ) = C ( n
+

n ~ ) C ( y ) a n d

C ( y ) = - 1 , i . e . , C ( i r V ) = - 1 . S i n c e C ( T T V ) = ( _ ! ) ' = ( - 1 ) 1 .

C a l c u l a t i o n s m a d e o n t h e a s s u m p t i o n t h a t t h e r e e x -

i s t s a r e s o n a n c e w i t h M = 3 7 0 M e V a n d F = 5 0 M e V

h a v e s h o w n [ 1 9 2 ] t h a t

W ( 2 y )

W ( \ \ - + 3 . 1 )

= 3 . 3 . ( 1 1 7 )

O n t h e o t h e r h a n d i f t h e d e c a y 7 7 — 7 T
+

7 r " y p r o c e e d s

a c c o r d i n g t o t h e s c h e m e ' -
1 9 3

^

t h e n

( 1 1 8 )

( 1 1 9 )

A s c a n b e s e e n , t h e s e e s t i m a t e s a g r e e w i t h t h e e x -

p e r i m e n t a l d a t a . A n i n v e s t i g a t i o n o f t h e e n e r g y s p e c -

t r u m o f 7 r ° m e s o n s p r o d u c e d i n t h e d e c a y 7 7 — - 7 T + 7 T ~ ? T 0 ,

a l s o p o i n t s t o t h e p o s s i b l e e x i s t e n c e o f a s t r o n g i r i r

i n t e r a c t i o n ( F i g . 2 5 )
[ 1 9 4 : !

.

2 0 4 0

T B , M e V

6 0 8 0

F I G . 2 5 . E n e r g y s p e c t r u m o f 7 7 0 m e s o n s p r o d u c e d i n t h e d e c a y

T i - > n
+

n ~ n " . F o r t h e m e a n i n g o f t h e t h e o r e t i c a l c u r v e s c f . r e f e r -

e n c e [ " " ] a n d C h . V I , S e c . 2 .

The theore t ica l curve (Brown and Singer) which
gives the bes t agreement with the exper imenta l data
was calculated on the assumption of the exis tence of
a 7T7T resonance with M = 381 ± 5 MeV and F = 48
± 8 MeV^ 1 9 2 ] .* A further investigation of this p roblem
is of considerable in te res t .

Some information on the nature of the decays
77 — 37T can be obtained from the analogy of the p r o c -
e s s e s

[ 1 9 5 - 2 0 4 , 2 0 6 ]

• 1 1 "

( 1 2 0 )

( 1 2 1 )

I t t u r n s o u t t h a t t h e t h r e e T T m e s o n s p r o d u c e d i n t h e

decays K° —*• 3TT and 77 —- 3TT can have the same quan-
tum n u m b e r s . Indeed, in the case of the decay 77 —* 37T
J P ( 3 T T ) = 0" and I(3TT) = 1 (Ch. VI, Sec. 1 ) . In the

decay K% — 3TT, since J ( K ) = 0, then L(7r+7r~ ) = Z(TT0)
(in t e r m s of a dipion and a single TT° meson for the

then I(TTV) = 1.

*An indication of the existence of a strong nTt interaction with
I(OT7) = 0 and M ~ 3 mn was also obtained in the study of the re-
actions 77N -. mrN["].
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reaction (121)). From this we have

P(3n) = ( - S+L+3= (_!)" '+*= _ 1 . (122)

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

C7>(3JI) = ( - 1 ) ( — l ) ' 0 1 * " " ^ — 1 , (123)

since CP(K°>) = - 1 . Consequently, the isotopic spin
I(7r+7r" ) = 0 or 2. The total spin of the three IT mesons
can be equal to 1, 2 and 3. If one uses the rule AI = l/2>
then only one possibility remains: I(37r) = 1 (I(K) = V2).

Thus, the parity, isospin and spin of 37r-systems
produced in the processes K;[ — Sir and rj —- 3v coin-
cide. It is true that these systems may differ with r e -
spect to other quantum numbers [I, L and I(7r*7r~ )].
However, the fact that there is not much difference in
the masses of the K and the r\ 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° — 37r and 77 —̂  37r depends only on the interaction of
the 7T mesons in the final state, the meson spectra in
these decays should be similar'-196-'. The experimental
data does not contradict this assumptionH196-198I1 A
simultaneous study of these processes will enable one
to obtain new information on the mechanism of the de-
cay of the 77 meson.

In conclusion of this section we note that the decay
77 — 3ir 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 a2 ~ 10~4. Naturally, we
are here not so much making a final assertion, but
rather indicating the direction of future investiga-
tions^205^. Some conclusions drawn from the non-
occurrence of the decay r\ —- K+V~ associated with the
conservation of P - and CP-parities in strong inter-
actions are discussed in ^ ]

3. Lifetime of the r\ Meson

The electromagnetic nature of the decays of the TJ
meson determines its relatively long lifetime. Accord-
ing to various theoretical estimates T(TJ) ~ 10~17—
10"18 sec, i.e., the expected width of the r\ peak is
~ 10~4—10~3 MeV. With the present experimental ac-
curacy when the resolving power of the apparatus is
no better than several MeV the determination of r(rj)
by direct methods is not possible. Observation of gaps
between the points of production and of decay of r\ me-
sons [determination of T(TJ)] requires very high spa-
tial resolution, since the magnitude of these gaps is
~ 0.01— 0.001 n (this situation is analogous to the de-
termination of the lifetime of the 7r° me son )C2"5,209,2io]_

Therefore, indirect methods of the determination of
F(rj) acquire great significance. For example, inves-
tigating the photoproduction of 77 mesons in the Cou-
lomb field of a heavy nucleus, i.e., utilizing a process

inverse to the decay rj — 2y, it is possible to make an
estimate of the magnitude of T(r\). In this case the
value of the effective cross section is proportional to
the width of the rj meson and at Z ~ 100 and Ey
~ 4 GeV attains a value of 3 x 10~28 cm 2 /sr if
r (TJ — yy) ^ 150 evC2U'212H . In order to separate
this process from the nuclear production of 77 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(CT ~ Z2).

VII. MULTIPION RESONANT SYSTEMS

In connection with the discovery of two- and three -
pion resonant systems (p, f, w, and 77 mesons) the
question naturally arises of the existence of such r e s -
onances which might decay primarily into four, five
and greater number of w 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 TT mesons'-123'214'215^
(cf. the Appendix).

A study of processes of the type

n--<rp->A~-K (n=l, 2, 3,4, . . . ) (124)

has shown that in the distribution with respect to the
effective masses of the IT* ir~ ir+w~ system there exists
a peak with M = 1340 GeV and T RJ 140 MeV[123:i.
An indication of the existence of a resonance in the
4TT system with M = 1.4 GeV was obtained in C214»215H.
However, further investigations are needed in order
to elucidate the nature of these anomalies.

1. The B Meson (TTW Resonance)

A study of the reactions

Jt± + p —> Jl± + p + (0, (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(7rT7T+7T~7r0) (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+ -* rt+n+n-jxO) ^ . .

W (B+
(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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t.O 7.2 7.4 7.6 18 20
M(rt*oj), GeV

FIG. 26. Distribution of effective masses of n^co systems pro-
duced in reaction (127).

£ T — x o - r i t ^ (127)

i n v o l v i n g a n a l r e a d y known r e s o n a n c e .

T h e p o s s i b l e q u a n t u m n u m b e r s and t h e p r o p e r t i e s

of t he n e w r e s o n a n c e a r e d i s c u s s e d i n C216>2173 H o w -

e v e r , a n i m p r o v e m e n t i n t h e s t a t i s t i c s and f u r t h e r

s t u d y of t h e n a t u r e of t h e a n o m a l y u n d e r d i s c u s s i o n

a r e n e e d e d b e f o r e a c o n c l u s i o n t h a t t h e B m e s o n e x -

i s t s c a n be d r a w n .

VIII. RESONANT K-MESON SYSTEMS

At p r e s e n t e x p e r i m e n t a l d a t a a r e g r a d u a l l y b e i n g

a c c u m u l a t e d on t h e p r o d u c t i o n and d e c a y of p a i r s of

K a n d K m e s o n s and a s t u d y of t h e c o r r e s p o n d i n g

r e s o n a n c e s i s b e g i n n i n g . In t h i s c o n n e c t i o n w e s h a l l

f i r s t m e n t i o n a v e r y i n t e r e s t i n g p r o p e r t y of t he K°K°

s y s t e m s w h i c h h a s t u r n e d o u t t o b e u s e f u l for t h e d e -

t e r m i n a t i o n of t h e q u a n t u m n u m b e r s of t he r e s o n a n c e s ,

and w e s h a l l t h e n go on to the a v a i l a b l e e x p e r i m e n t a l

r e s u l t s .

1. K°K° D e c a y M o d e a s a D e t e c t o r of t h e P a r i t y of t h e

S y s t e m

We s h a l l c o n s i d e r s o m e d e c a y p r o p e r t i e s of p a i r s

of K° and _K° m e s o n s [ 2 1 8 ) 2 2 1 ] .

T h e K°K° s y s t e m , j u s t a s any o t h e r b o s o n - a n t i b o s o n

s y s t e m , h a s a v e r y i m p o r t a n t p a r t i c u l a r f e a t u r e : i t s

c o m b i n e d p a r i t y i s a l w a y s p o s i t i v e ( C P = + 1 ) . I n d e e d ,

f o r any a r b i t r a r y o r b i t a l a n g u l a r m o m e n t u m I of t h e

s y s t e m c h a r g e c o n j u g a t i o n y i e l d s a p h a s e f a c t o r ( - 1 ) ' ;

s p a t i a l r e f l e c t i o n P y i e l d s e x a c t l y t he s a m e f a c t o r , s o

t h a t a f t e r a C P - t r a n s f o r m a t i o n t h e c o m b i n e d p h a s e

f a c t o r i s e q u a l t o ( - 1 ) " = + 1 .

On t h e o t h e r h a n d , d e c a y s of t h e t y p e

A°A« -

A"A'"

(128)
(129)
(130)

m e s o n s h a v i n g C P = + 1 and KJ> a r e l o n g l i v e d m e s o n s

w i t h C P = - 1.

T h e p a i r s K°Kj a n d K°>KP>, s i n c e t h e p a r t i c l e s of

w h i c h t h e y a r e c o m p o s e d a r e i d e n t i c a l , a r e a l w a y s in

s t a t e s w i t h e v e n a n g u l a r m o m e n t a a n d h a v e a c o m b i n e d

p a r i t y C P = + 1 .

T h e c o m b i n e d p a r i t y of t he p a i r s K°iK[! d e p e n d s on

t h e o r b i t a l a n g u l a r m o m e n t u m of t he s y s t e m and i s

e q u a l t o ( - 1 ) z + 1 . T h e r e f o r e , if t h i s p a i r i s p r o d u c e d

f r o m a K°K° p a i r w h i c h , a s h a s b e e n s h o w n a b o v e , h a s

C P = + 1 , t h e n i t c a n h a v e on ly odd a n g u l a r m o m e n t a .

T h u s , fo r e v e n o r b i t a l a n g u l a r m o m e n t a t h e K°K° p a i r

c a n d e c a y on ly in a c c o r d a n c e w i t h (128) and (129) , w h i l e

fo r a n odd a n g u l a r m o m e n t u m i t c a n d e c a y on ly i n a c -

c o r d a n c e w i t h (130) .

T h u s , t h e d e c a y s c h e m e i s i n t h i s c a s e a d e t e c t o r

of t he p a r i t y of t he o r b i t a l a n g u l a r m o m e n t u m of t h e

s y s t e m . S ince t h e p a r i t y of t h e s y s t e m i s d e f i n e d by

t h e f a c t o r ( —1)^ , t h e d e c a y s c h e m e i s a l s o a d e t e c t o r

of t h e p a r i t y of t h e s y s t e m .

If t h e r e e x i s t s a r e s o n a n c e i n t e r a c t i o n b e t w e e n K

and K m e s o n s i n a s t a t e w i t h a d e f i n i t e o r b i t a l a n g u l a r

m o m e n t u m , t h e n the c o r r e s p o n d i n g n e u t r a l s y s t e m

K°K° w i l l d e c a y on ly i n a c c o r d a n c e w i t h (128) a n d (129)

o r (130) d e p e n d i n g on t h e p a r i t y of t he r e s o n a n c e , w i t h

t h e d e c a y s i n a c c o r d a n c e w i t h (128) and (129) b e i n g of

e q u a l p r o b a b i l i t y ' - 2 1 8 ' 2 2 0 - ' . T h i s i m p o r t a n t p r o p e r t y of

p a i r s of K° and K° m e s o n s w a s u t i l i z e d f o r t h e d e t e r -

m i n a t i o n of the q u a n t u m n u m b e r s of the <p m e s o n .

2 . T h e cp M e s o n

I n v e s t i g a t i o n s of t h e i n t e r a c t i o n s of K~ m e s o n s in

t h e m o m e n t u m r a n g e 1.8—2.2 G e V / c w i t h p r o t o n s c a r -

r i e d ou t w i t h t h e a i d of h y d r o g e n b u b b l e c h a m b e r s l ed

to t he d i s c o v e r y of a r e s o n a n c e d e c a y i n g i n t o KK p a i r s ,

w h i c h h a s b e e n c a l l e d t he <p m e s o n ^ 2 2 2 ~ 2 2 4 3 .

In t h e s e p a p e r s t he r e a c t i o n s s t u d i e d w e r e

A - - ; - p — > A - : - A ' + - ^ A - , (131)

K- + p->A--K°+Ku. (132)

A l t o g e t h e r 46 e v e n t s of t ype (131) and 52 e v e n t s of

t y p e (132) w e r e found. In t he d i s t r i b u t i o n w i t h r e s p e c t

to t h e e f f e c t i v e m a s s e s of t h e KK s y s t e m s t h e r e e x -

i s t s a s h a r p r e s o n a n c e p e a k w i t h M ( K K ) « 1019 M e V

and r < 3 - 5 M e V (F ig . 27 of C223]). T h e c r o s s s e c -

t i o n f o r t he p r o d u c t i o n of t h e (p m e s o n in t h e s e r e a c -

t i o n s i s e q u a l t o 50 ± 6 ^ b .

T h e w i d t h of t h e r e s o n a n c e p e a k of t he ip m e s o n

w a s d e t e r m i n e d i n t h e s t u d y of t h e a n n i h i l a t i o n of a n t i -

p r o t o n s s t o p p e d i n a 3 0 - i n c h h y d r o g e n b u b b l e c h a m b e r

(cf . , Ch . V, S e c . l ) . ' - 2 2 5 ^ T h e r e a c t i o n i n v e s t i g a t e d w a s

p-r P —*• K+ -'•-- K~ -j n* -\- n~. (133)

a r e o b s e r v e d e x p e r i m e n t a l l y w h e r e Kj a r e s h o r t l i v e d

Only t h o s e e v e n t s w e r e s e l e c t e d i n w h i c h b o t h K m e -

s o n s w e r e s t o p p e d in t h e c h a m b e r . T h e e r r o r in t h e

d e t e r m i n a t i o n of M ( K + K ~ ) w a s e q u a l to ± 0 . 6 M e V .

F i g u r e 28 g i v e s a p i c t u r e of t h e o b s e r v e d e v e n t s w i t h
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Number of events
4 8 72

FIG

experiment 1
experiment 2

7.0 7.78 7.30 142

27. Dalitz plot for the reaction K" p ->AKK.

respect to M(K+K ) and the corresponding resolving
and best agreement curvest2 2 5].* it was found that

M{<?) = 1018.6 ±0.5 MeV and r = 3.1 ± l.OMeV. (134)

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

(p—>A A . l̂oO/

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

<p —»A°A»—>AJA;, (136)

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

This fact was established in the study of the r e -
action

K~ + p —> A- q> -± A - r A
0 -f A"

K"~KT>-* K'Kl

(137)

(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

A A —>A.A., UiO /

W25 Ms!

FIG. 28. Distribution with respect to the effective masses of
K+K~ systems produced in the reaction pp~-»K+K" n+n~ [22S].

experiment; resolution; - . — curve of best fit, T = 3.1

in spite of the high efficiency of recording K° decays.
Appropriate calculations show that the hypothesis that
the <p -meson decays in accordance with (128) and (129)
yields results which differ by 12 standard deviations
from the experimental results C2233.

Some conclusions regarding the value of the spin of
the q> -meson can also be drawn from the value of the
ratio

W (tp - K\Kl) (138)

An essential dependence a ( J ) on the spin of the
resonance appears in connection with the small release
of energy in the decay <p — 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
barr iers (J * 0).*

Appropriate calculations ^223>229'230^ show that

a ( / = l ) = 0.39 and a (J = 3) = 0.26. (139)

In E223^ the value a = 0.45 ± 0.10 was obtained, i.e.,
the value J(<p ) = 1 is favored.

The angular distributions of the decay K-mesons
(tp — KK) also agree better with J(<p ) = l^222^. How-
ever, the statistics of the events is insufficient for
final conclusions.

A search for the decays E223J

cp —> it -- it

has shown that

(140)

(141)
W (<p -* KK)

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 <p
meson give values ~ 100122 ']. Such a strong suppres-
sion of the decay (140) can be explained by the differ-
ence in the G-parity of the y meson and the system

*Some questions associated with the representation of ex-
perimental distributions in such a form are discussed in refer-
encesP6-"'].

*If 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 IT mesons (we recall that G(7T7T)

= +1). Consequently, G(<p) = -1.
From this it follows that since the G-parity of the

KK system is determined by the expression*

( -1 ) ' + I , (142)

and the spin of the <p meson is equal to an odd integer,
then l{<p ) = 0. Thus, the q> meson has the following
quantum numbers: I ( J P G ) = 0(1"" ) , i.e., the same
ones as for the w meson. In this connection a "mix-
ing" of the <p and w mesons is possible as a result
of strong interactions (cf. also Ch. V, Sec. 5)11231-232]

The results of the investigations of the production
of <p mesons in 7rp collisions and of the search for the
decay

9—>Q ; JT (143)

have turned out to be unexpected. It was found^233'223'41^
that

~/>rp)
a (n~p ->• n~po>)

< 0.012 (144)

at pc = 3.7 GeV and

J2LW^CT ^o.35 ±0.2. (145)
- 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
as l/2mw , 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 <p mesons in
7rp 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

— 5)% (146)

(here g are the corresponding coupling constants)
[233,230] _ T n e w e a k coupling of the q> meson to the p
and 7r mesons can be explained to a certain extent
within the framework of the unitary symmetry model
(nonconservation of unitary parity in the decays
(143) tW).

3. KK Interaction at Low Energies. KKTT Resonance

A study of the interaction of K mesons produced in
7T-collisions has demonstrated the existence of a broad
maximum of resonance type with M(KK) as 1.02 GeV
and T as 100 MeV[235~239]. In this case a study was
made of the reaction

(m = 0, 1, 2, .. .) (147)

with the subsequent decays

'0 MM l-\ OQ'\
—^AJAJ. l̂ZB )

Thus, the system K°K° has an even orbital angular
momentum and positive parity (Ch. VIII, Sec. 1). The
angular distribution of the KJ mesons has an aniso-
tropic character, i.e., J(K°K°) > 2 [ 2 3 5 ] . However,
the statistics of the obtained events (147) is insuffi-
cient for a final conclusion (37 events). Other pos-
sible quantum numbers of the K°K° resonances are
discussed in [ 2 4 0"2 4".

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^104^.

A further investigation of this phenomenon is of
considerable interest. _

Data on a possible resonance in the KK7T system
were obtained in study of the reaction'-244^

p-:-p-> K° -f A'T 4 n± - r n+ + JI- . (148)

It has turned out that Mres(K°K±ir :F) as 1410 MeV and
F ~ 60 MeV. In C244>2453 an indication was obtained of
the existence of a resonance in KJK* systems with
M as 1.02 GeV.

New experiments are needed in order to elucidate
the nature of these anomalies t2*6].

IX. THE K* MESON

The existence of the K* meson was first discovered
in the study of the K~p interaction in the reaction^247^

K-:<rP-^K° + n- + p. (149)

By now the K* meson has been observed in the proc-
esses of interaction of K* mesons C126,247-257] a n d o j
ir~ mesons'-258"267-' with nucleons, and also in annihila-
tion processes'-268^.

A characteristic distribution of the effective masses
of the K°7r~ system in reaction (149) is shown in Fig. 29
(M(K*) = 890.4 MeV and F = 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

*Indeed, since C(KK)=(-1)% then
(cf. Ch. VIII, Sec. 1).

62O 6SO 700 740 730 S2O SSO 300 340 380
Mass of the (K°7T~) system, MeV

FIG. 29. Distribution of effective masses of K"u~
produced in the reaction (149).

systems
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in the simultaneous study of processes (149) and

(150)

It was that

W {K*~ -' = 0.75 ±0.35. (151)
W (K*- -* K<>n-)

From the isotopic invariance it follows that the value
of this ratio for I(K*) = V2 is equal to 0.5, while for
I(K*) = % it is equal to 2. From this one can assume
that I(K*) = V2. This conclusion is also supported by
a special investigation of the possible resonance states
of the KTT~ system with I = 3/2 at pc = 1.51 GeV in the
reac t ion *•

K~ (152)

It has been shown that a resonance in the K TT~ sys tem
in the m a s s range 0.6—1.0 GeV is not produced with a
c r o s s sect ion g r e a t e r than 0.01 mb . At the s a m e t ime
and at the same momenta of the p r i m a r y K~ mesons
the c r o s s sect ion for the production of a K* meson in
reac t ion (149) i s equal to 1.6 mb'-251^. A s imi l a r r e -
sult was a lso obtained in the study of the K°7r~ i n t e r -
action in TTN coll is ions E158J.

The f i r s t conclusions with r e spec t to the poss ible
value of the spin of the K* meson were obtained
in £247] i n this case a study was made of the p r o d u c -
tion of new mesons near the threshold of the react ion

A ~\-p—>A \P- \l-do)

Exper iments were ca r r i ed out at a K~-meson m o m e n -
tum of 1150 MeV/c ; the threshold momentum is
1080 MeV/c . The angular d is t r ibut ion of the K* m e -
sons in a K"p sys tem i s of i so t ropic cha rac t e r . In
this connection it i s possible to a s sume that the K*
mesons a r e born in an S-state and the analys is a c -
cording to Adair can be ca r r i ed out for a r b i t r a r y
angles of emiss ion of the meson [ 2 6 9 " 2 7 0 ] . If J (K*) > 1,
then the angular dis t r ibut ion of the decay mesons in
the r e s t sys tem of the K* meson mus t be anisot ropic .
Fo r J ( K * ) = 0 or 1 i so t ropic d is t r ibut ions a r e a l so
poss ib le . It was shown that the values J (K*) > 1 d i s -
agree with exper imenta l data.

A study of the reac t ion

K*+ + p -> A'*0 + Ntt+ -> K*+ + i r + p + it* (154)

has made it possible to obtain additional information
on the spin of the K* meson t255"25^. 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 mb^257^ Figure 30 shows distribu-
tions with respect to the effective masses of K*w~ and
pir+ 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

7JOO

i
7400

£ 7300

7200

7700

is
£.5

ja o 2O

O

Number of events
per 10 MeV interval

7/OO6OO 700 SOO SOO 7OHX7
M/t+n-' MeV

FIG. 30. Dalitz plot for the reaction K+p -»(K+;T) H

range
1.0>cosdK .>0.8. (155)

Figure 31 gives the obtained angular distributions of
the K+ mesons. The sharp anisotropy of this dis tr i -
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*( IK*(OO) and N 3̂

+ +

(Ij^*++ (j3)) 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 Ha)
= cos2 a for the decays of K* mesons and do not con-
tradict I(/3) = 1 + 3 cos2/3 for the decays of the N3*3

+ + -
isobar. This circumstance is an additional argument
in favor of J(K*) = 1.

An investigation of the reaction'-267-'

for momenta of incident T~ 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 S 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

since the component of the orbital angular momentum along the
direction of the primary K+ meson is equal to zero.
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lK* (

1/2 sin
2 a

cos2 alh sin2 a
1—SC
1-3C
3 sin2

A very interesting method of determining the spin
of the K* meson was proposed in ^271H _ it j S based on
the properties of pairs of K°
in the reaction

and Ku mesons produced

fit0. (158)

Experimental data on the annihilation of antiprotons
stopped in hydrogen show that it occurs in the S-
state [272] In this case the processes

p + p-»A"°-rA*°, (159)

P + P->

with the subsequent decays

K°K* or (161)

are forbidden if J(K*) = 0, i.e., again, as in the case
of the (p 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 C269J_ The reaction studied was

P + p ^ A J + neutral particles. (162)

The momentum distribution of the Kj-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

(Off eventsJ

\20-\

i

O
-70

-

I
1

T
1

r-

-as-02 0.2 as t.o
cos a

a)

Z30

nt
er

v

Z 20
M

ve
n

o

mb
e

Z

i i i m~t~
I

cos2 a

/

/

/

-

T

0.2 O.4 Off OS 70
|cos ar\

FIG. 31. Angular distributions of K+ mesons produced in the
decays K*°^K+i7" (in the rest system of the K* meson).
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FIG. 32. Momentum distribution of K° mesons in the reaction
pp -» K°+ neutral particles. corrected for the probability of

(160) 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 Kv 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*) t273~2783. For example, if
J(K*) = 0, then the reactions

_^>\\vi + K\ (163)

A'*-^A'-f-Y, (164)

A*-^A- f . t ^ i t (165)

are forbidden. However, in the ease of the vector
meson the reactions (164) and (165) are of low proba-
bility. Theoretical estimates have shownC277"278]

I!H£L^Av) ~ o 8 0 150' (166)

and

IV (K*

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. K MESON (K*(725))

The extensive experimental material on the inter-
action of elementary particles obtained up to the p res -
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 [258,259,266]

no + K\ (168)

in the momentum range from 1.51 to 2.36 GeV/c. In
the distribution with respect to M(K+7r°) and M(K°7r+)
there are resonance peaks with M « 8.85 MeV
(K* meson) and M » 725 MeV (K meson, Fig. 33).
The width of the K peak is T < 20 MeV. The authors
estimate the probability of the appearance of the peak
at M s« 725 MeV as a result of statistical fluctuations
as being ~ 0.2%. The cross section for the production
of the K 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
(a » 30;ub).

Some indirect data on the isotopic spin of the K
meson were obtained in the study of the process ̂

n- + p->Z* + n- + K°. (170)

In this case no resonance peaks are observed in the
region of the K meson (I (n~K°) = %). An analogous
conclusion is also obtained in t 2 5 0 ] . Therefore, one
can suppose that I (K) = %.

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

X--[~p—>K° + n- + p (171)

in the momentum range for K" mesons from 1.0 to
1.7 GeV/cC249^. The cross section for the production
of K mesons in this reaction is ~ 40/ib, while the
cross section for the production of the K* meson is

TOO £~/t*/f°
f/2S7 events.)

'a* inas as f.o
M*Ka, GeV2

FIG. 33. Distribution with respect to M2(Kn-) obtained in the
study of the reactions (168) and (169).

~ 1000/Lib. It was found that M(/c) = 723 ± 3 MeV and
T < 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]^

(169) 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^290"293]. For example, in the mod-
els of Gell-Mann and Ne'eman'-292"291^ the bosons and
hyperons (N, A, 2 , H) are combined into multiplets
of 8 particles, i.e., 8 mesons with J p = 0~(ir, K, TJ),
8 mesons with J p = 1" (p, K*. <p 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

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'-294-
et al. On the other hand, Ogievetskii 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'-295^ 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 r e -
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view, in this case two additions can be made concern-
ing f° and K mesons.

I. The f° Meson

An investigation of the angular characteristics of
the decays

/o —> „+ + „- (172)

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'-288^.
In C29J-298] t h e d e c a y

(173)

was discovered.
The value of the ra t io^ 2 9 9 ' 2 ^

/ —>
f —>

-. 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 K Meson

In a study was made of the reaction

(175)

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

K*

In the distribution with respect to M(7r+7r+7r" ) when
the combination of TT~ and one of the 7r+ mesons gave
M(7r+7r- ) = M(p°), resonance pions with M(Aj)
= 1080 MeV and M(A2) = 1310 MeV were discovered.

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

(181)

(176)

III. New Mesons

1. T?2TT resonance. In the study of the reactions'-301'302-'
of the type

(177)

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

Xo

(178)

(179)

An analysis of the experimental data has shown that
the most probable quantum numbers of the Tj27r meson
are 0(0~+ ), i.e., it is a "heavy" analog of the r) meson.

2. At and A2 mesons. In H303"304] A t and A2 r eso-
nances were observed. In this case processes of the
type

3i++p —> p + n+ + ji+ + jt- (180)
where investigated.

For the preferred quantum numbers of the A2 meson
given in work reported at the XII Conference on High
Energy Physics refer to Table I.

3. K7T7T resonances. A study of the distributions with
respect to the effective masses of the KTTTT systems
produced in 7rN and pp collisions has demonstrated
the existence of peaks of resonance type with M
= 1175 MeV, 1215 MeV, and 1270 MeVC305]. Also a
resonance peak was observed in the Kinnr system with
M = 1630 MeV^305^. However, in all these cases a
further study of the nature of these anomalies is
necessary.
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