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THERE is a large amount of experimental material
concerning the interactions of various elementary par-
ticles with one another. The values of total interaction
cross sections, cross sections for elastic and exchange
scattering and of inelastic interactions of nucleons with
nucleons and of m mesons with nucleons have been and
are being studied over a very wide range of energies

of the interacting particles (cf. the survey in I:‘J). After
the discovery of the series of the new ‘‘strange’’ par-
ticles, the hyperons and K mesons, in addition to in-
vestigating the properties of the free particles (their
masses, lifetimes, spins, parities, types of decay, etc),
attempts were made to study the interactions of these
particles with the previously known particles, the 7
meson and nucleon. By now data have been accumulated
on the scattering of K mesons by nucleons, as well as
on other reactions produced by them. Investigations of
hyperon-nucleon interactions have begun. But it is also
important to know the characteristics of the interactions
of the unstable particles with one another, for example
the interaction of 7 mesons with hyperons, or of 7
mesons with K mesons, or, finally, of K mesons with
hyperons. The difficulty with such experiments is that
these particles are extremely shortlived and it is im-
possible at present to produce the ‘‘classical’’ condi-
tions for experiments to observe the interactions of
beams and targets of particles like hyperons or K
mesons. Nevertheless, recently many new experimen-
tal results have been obtained which shed light on some
of the characteristic features of pion-hyperon and
pion-K meson interactions. These are experimental
studies of resonances in 7-X hyperon and m-A’ hy-
peron interactions, and also in the interaction of =

and K mesons.

In this survey the attempt is made to systematize
the very interesting experimental data on these two
questions and on some of the properties of these in-
teractions. Since, however, the experimental inves-
tigations of these phenomena are not completed, we
shall not deal with possible theoretical aspects of the
question.

1. MASS OF THE RESONANT 7A’ INTERACTION

In treating the experimental material obtained with
the 15-inch liquid hydrogen bubble chamber irradiated
with a beam of K mesons of momentum 1.15 BeV/c,
in addition to other reactions there were also 141 cases
of the reaction[%]
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The lower part of Fig. 1 shows the spectrum of kinetic
energies, T,, of positive m mesons in the center-of-
mass system of reaction (1). A strikipg feature is the
strong peaking of the spectrum around the value T,
= 300 MeV. At this point the spectrum differs mark-
edly from that expected on statistical grounds, which
is given by the phase curves shown in the same figure.
This result can be explained if we assume that re-
action (1) proceeds in two stages, the first of which is
a two-particle reaction in which a 7" A? system and a
T+ meson are produced according to the reaction

K 4 p—s> (A% +

and then the 7~ A system dissociates, giving reaction
(1). Since a system consisting of a negative 7 meson
and a A’ hyperon is produced, it is of interest to know
whether there is formation of a similar system con-
taining a positive m meson. For this purpose we ex-
amine the spectrum of negative m mesons. It is shown
in the left part of Fig. 1 and exhibits two peaks: in the
region of values of T. around 100 MeV and, as in the
case of the m* mesons, at T_ = 300 MeV. This means
that a 7*A? system is formed with the same mass as
the m~ A" system. In this case it is easily shown from
energy and momentum conservation that if the reaction
proceeds via a primary formation of the 7~ A’ system
with a mass around 1380 MeV, this will lead to the ap-
pearance of 2 maximum in the spectrum of kinetic en-
ergies of 7~ mesons in the range of values between 35
and 170 MeV. If we subtract from the n* spectrum the
part due to the statistical mechanism of the three-par-
ticle channel of reaction (1), the remaining 7* mesons
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with T, around 300 MeV account for ¥; of the yield of
7~ mesons in the spectrum interval 35—170 MeV. One
can draw similar conclusions about the contribution of
the 7*A’ system from a comparison of the yield of 7~
mesons at T_ = 300 MeV and of 7* mesons in the en-
ergy interval 35—170 MeV. Thus an analysis of the
spectra of 7 mesons produced in reaction (1) leads
most naturally to the assumption that the quasi-two-
particle channel gives a sizable contribution to this
reaction. This quasi-two-particle character is a con-
sequence of the existence of a resonant mA? interaction
during the process of development of reaction (1), so
that we may consider this reaction to occur in two
stages: first, as a result of K™-p interaction, we
“‘create’’ a m meson and a tightly bound A’ system,
which we shall call a Y* particle, and then the Y*
(excited hyperon) decays into a A’ and a 7 meson.

It appears that in approximately 75% of the cases re-
action (1) proceeds via formation and subsequent de-
cay of the Y*, i.e., in two successive stages, in ac-
cordance with the scheme

K 4 p—Y'* 4 n%, @)
I——>A°+ni.

Figure 2 shows the distribution of Y* masses ob-
tained from these experimental data. The data shown
in the histogram were approximated using a resonance
expression of the form

o~— @)
(E—Ep)+ 41"
where
ey
T =2 1\_*>_
+(a/ip

and a is the interaction radius in units of H/mjc?,
b is the reduced width in MeV, and E; is the reso-
nance energy. Comparison with experiment gives the

159
Table I. Parameters of the mA? and pion-
nucleon resonances when the experimental
data are approximated by the formula
o~ *21;2 . [cf. (3)]
(E-Ey)%+ Y, 12
. AL,
Parameters nﬁlc(izon h7)r'peron
Radius of interaction, a (in units of fi/myc) 0.88 -1
Reduced width, b (MeV) 58 33.4
Resonance energy, E, (Mev) 159 129.3
Full width at half maximum (MeV) 100 64

following values of these quantities: the mass of the
Y* is 1384.3 MeV with a half-width of 64 MeV. The
energy release in the Y* decay is Q = 129.3 MeV. The
relative momentum of the emerging A’ hyperon and =
meson is of order 200 MeV/c, which is extremely
close to the analogous quantity for the nucleon and w
meson in the familiar (%, %,) resonance in pion-
nucleon scattering. For comparison, the curve for
the resonant state in pion-nucleon scattering is shown
by the dashed line in Fig. 2. If we interpret the mA
system in the same way, this means that there is a
resonance in the 7A’ system, and Q is the kinetic
energy for resonance in mA? scattering in the rest
frame of the 7A? system. A comparison of data for
the 7A’ resonance and the pion-nucleon (3/2, 3/2) reso-
nance is given in Table L.

Later on,[3] an analysis from this point of view
was made of 500 cases of reaction (1), obtained with
beams of K™ mesons with momenta ranging from the
threshold for this reaction, p%gb =405 MeV/c up to
850 MeV/c. If the reaction occurs in two stages,
through the two-particle reaction,

K +p—Y*+n,
followed by the decay,

Y*—> A+,

then in the primary reaction the m mesons will be
produced with a fixed energy and an energy spread
due to the half-width I'/2 in the distribution of masses
of the Y*. Figure 3 shows the distribution of events
of reaction (1) for p%(ab = 850 MeV/c over the kinetic
energies T, and T_ of the #* and 7~ mesons, re-
spectively. If, for example, all cases of this reaction
occurred through the channel

K +p—>Y' +at,

the points would be distributed around the vertical line
labelled Y* . If the reaction proceeded via the channel
with formation of the Y**, the points would be located
around the horizontal line Y**. The ellipse shows the
region of allowed values of kinetic energies of the w
mesons in the three-particle reaction n*n~ A, As we
see from this picture, it is by no means evident that
reaction (1) occurs in two stages, through formation
and rapid decay of the Y*. There are a large number

[T "
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of cases of this reaction which are not fitted by such a
model. The reason for this discrepancy will be con-
sidered later. In Fig. 4 we show the mass distribution
for 226 Y* particles found in these experiments. The
accuracy of the mass measurement in each individual
case was from 3 to 5 MeV. Using the resonance for-
mula (3) for describing the experimental histogram
shows that the half-width of this distribution is between
15 and 20 MeV. Thus these facts also show that there
is a baryon state Y* with mass of order Myx = 1380
MeV, which decays via strong interactions into a A?
hyperon and a 7* meson.

We arrive at similar conclusions from the analysis
of experimental data on the interaction of K3 mesons
with protons in the 14-inch liquid hydrogen chamber. [4]
In this experiment, 60 cases of the reaction

K4 p—s A"+t 4 ao, @)

were studied, produced in a beam of KJ mesons with
momentum (975 + 100) MeV/c. The distribution found
for the Q values of the decay Y* — A + 7 is shown in
Fig. 5. As a supplement to the experiments with nega-
tive K mesons, observation of reaction (4) made it pos-
sible to show that in addition to the charged systems
Y*=, there also exists a neutral y*0 particle, which
decays according to the scheme

Y‘°—>A°+n°. (4’)

Forty of the 60 cases of reaction (4) were found at the
maximum, of which 22 correspond to the reaction with
formation of the Y** and 18 with Y*’. The overall
result for Q was the value 129 MeV with a half-width
of 29 MeV, which corresponds to a Y* mass of 1384
MeV.

The half-width of the Q-distribution is determined
by the square root of the sum of the squares of the
natural width of this distribution and of the experimen-
tal resolution used in determining it. An analysis of
the accuracy of the experiment shows that the instru-
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mental half-width cannot be less than 20 MeV and is
more likely close to 30 MeV. This means that the
natural width of the Q-distribution in the Y* decay
lies in the range 0 <T' = 20 MeV.

Since reaction (2) is a threshold reaction for cap-
ture of stopped K~ mesons in hydrogen, it cannot be
observed. But in the capture of slow K™ mesons by a
multinucleon system like a nucleus, reactions for pro-
ducing the Y* are still possible via the scheme

K +2N—>Y*N.

Investigations of the capture reaction[5a] for stopping
K~ mesons in deuterium, which occurs according to the
scheme

K™+ D*—> A"+ p+a7,

have shown that the observed experimental facts for
this reaction can be explained only by assuming that
approximately one third of the cases occur through
the channel

K=4D* > Y* +p.

Spectra calculated on this basis for the protons pro-
duced in the reaction are in good agreement with the
experimental measurements. This is evidence in
favor of the hypothesis, and shows the important role
of the effects of resonant mA? interactions (Y* par-
ticles) in reactions of capture of K~ mesons by nuclei
with formation of A’ hyperons together with = mesons.
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Finally, information concerning the Y* particles
can also be obtained by studying the reaction

K~ -+He*—> A+ -+ He3, (5)

which was identified by studying stoppings of K™ me-
sons in a helium bubble chamber. [?] Figure 6 shows
the momentum spectrum of He® recoil nuclei in re-

action (5), while Fig. 7 gives the spectrum of H? re-
coils from the reaction

K 4+ Het— 2% 4 1™ 4+ H3, (5a)

Comparison of these spectra with calculations in the
impulse approximation (%] shows a considerable differ-
ence between the computed and experimental spectra
for He®. This difference is interpreted as a conse-
quence of the fact that reaction (5) proceeds in 65% of
the cases via formation of the Y*”, i.e., according to
the scheme

K~ He*—Y"* | Hed, ©)

[—> A,

The observed peak in the He® momentum distribution
at pPyes = 250 MeV/c corresponds to a Y*~ mass of
1385 MeV, with a half-width of order 35 MeV. Since
the energy resolution in these experiments was around
3 MeV, this means that the observed half-width corre-
sponds to the natural half-width of the mass distribu-
tion of the Y*~ particles.

Thus a perusal of all this experimental material
gives a strong indication that a resonant mA? interac-
tion exists, which can be interpreted as the existence
of an unstable Y* particle with mass 1385 MeV and
half-width of order 20 MeV. There exist three charge
states of the Y*, which decay via strong interaction
according to the schemes

+
*0 0
Y > A'+4an”

with Q = (130 £ 20) MeV. Since strangeness and iso-
topic spin are conserved in such a decay, the Y* is
characterized by isotopic spin 1 and strangeness —1.
In the future we shall refer to the isotopic triplet of
Y* particles with the above decay scheme as the Y¥,
where the subscript 1 gives the total isotopic spin.
We shall consider other internal properties of the Y¥
in Sec. 4.
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If we take the mass of the Y} to be 1385 MeV, then
other channels for strong decay are possible, for ex-
ample,

Yi—>Z+4n

with appropriate Q values depending on the type of
the final £ and 7. But the probability of Y’f decays
via channels involving £ hyperons is much smaller
than for channels with A’ hyperons. From data on
absorption of K~ mesons in the helium bubble cham-
ber, (5] the contribution to the effect from the decay
channel Y’1"° — 2 + 7 is no more than 20%. In experi-
ments with K~ mesons having a momentum of 760
MeV/c, an upper limit of 3% was found for the ratio
of yields of = and A’ hyperons in Y’f decay, and 5%
for a K~ meson momentum of 850 MeV/c. The ‘“‘max-
imum possible’’ limiting values of these ratios were
estimated to be 20 and 10%, respectively. [3]

In reaction (1), for K~ mesons with momentum
1.15 BeV/c, it was found[™] that the ratio of the yields
of £ and A’ hyperons in Yi“ decays does not exceed
8% and is consistent with a value of zero.

2. RESONANCES IN 7Z INTERACTIONS

In studying correlation effects in reactions of pro-
duction of £ hyperons along with three or four =
mesons in K™-p interactions, and comparing them
with A°—hyperon reactions at momentum 1.15 BeV/e,
i.e., reactions of the type

+ -
o 0
K tp—o| Z7+at 4ot 0
A nt o,
and
K 4+ p—Z9 A%+ a4+ a0+ no,

an indication was found of the existence of resonant
interactions of T mesons with Z hyperons.["] Reso-
nant states are found only in the neutral n*Z~, 7°Z*,
and 7020 systems. No resonant states are found in
the singly and doubly charged 7= systems. The mass
of the 7*Z™ and 7 Z* resonant states is 1405 MeV

s
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with a half-width of 20 MeV, The mass of the reso-
nant 73% state is found to be 19 + 6 MeV lower, i.e.,
1386 MeV. To explain this triplet of 72 systems
from the point of view of a single resonant state in
the 7Z interaction is somewhat difficult because of
this mass difference, which cannot be explained by
electromagnetic interactions. Possibly the inclusion
of the effects of the identity of the ™ mesons on the
emergence of the particles in the final states of the
various reactions may give an explanation of the ob-
served difference. .
A study has been made @] of the production of the
neutral 7*ZX gystems in the capture of K~ mesons
(with kinetic energy around 50 MeV) by nuclei in an
emulsion. They looked for reactions leading to simul-
taneous production of charged Z hyperons and 7 me-
sons. The mass

M =[(Ez+ Ex)?*— (Pz+ P

was determined for each case of appearance of one of
the neutral pairs. The error in the individual mass
measurements was +6 MeV. Analysis of the experi-
mental data shows that the M-distribution is a com-
bination of two effects. First there is a broad M-
distribution caused by production of Z + 7 pairs in
the three-particle reactions

K 42N -2 +4+a+N
on bound nucleons in nuclei. Secondly, about 1/3 of the
reactions in which Z + 7 pairs are produced proceed
via production of resonant 7*Z* states. However the
mass of the 73Z7 systems found by this procedure was
10—15 MeV greater than the mass of the charged Y§
particles which decay into a A’ + 7 pair. With a reso-
nance energy around 1400 MeV for the mZ7F states,
the energy width was found to be of order 40 MeV, in-
cluding instrumental error. The result found here
thus confirms the information on the existence of neu-
tral resonant 7¥Z7 states which was found in hydrogen
bubble chambers in irradiations with beams of K~ me-
sons.

If we assume that all three neutral resonant 72
states are the manifestation of a single resonant 7=
interaction, we find, from the ratio

noxe

b= e
of the yields of 7%2% and (7*%¥) decays, the value of
the total isotopic spin I of this state; the value of 8
should be 2, 0, or 0.5, depending on whether I is 2,
1, or 0. It was found experimentally["J that g = 0.6
+ 0.2; this favors the value I = 0. Thus the resonant
72 interaction occurs in an isotopic singlet state. By
analogy with the 7% resonance, we can also identify
this 72 interaction with some particle, which we de-
note by the symbol Y§. The nZ resonance does not
occur in K™-p reactions for production of = hyperons
accompanied by only two 7 mesons. This can be un-
derstood by assuming that the reaction

V. CHUVILO

K +p—2Z+4n+n

occurs only in the channel with total isospin zero. One
can check this argument by studying the reaction

I?°+p—>2+n+n,

which should not be observed, since we have here only
a state with isotopic spin unity. At the very least, its
yield should be noticeably less than that of the reaction
induced by K~ mesons.

The possible existence of resonant 7Z interactions
with a mass of 1500—1540 MeV, with total isotopic
spin 2, i.e., a Y;, is indicated (%] from the study of
the reaction

K 4+p—>2*4at4n
using K~ mesons with momenta of 760 and 850 MeV/c.

The experimental material is, however, not sufficient
for drawing any definite conclusions.

8. SOME PROPERTIES OF REACTIONS CREATING
THE Y{
For those channels of the reaction type
K+N—>A+ata,

in which the resonant 7A? interaction appears and re-
sults in a two-particle type of reaction, we can write
the following schemes:

Y4 aF S Aot o, (7a)
K'+p—=> w0 04 0
Y*O4a'— A%+ o4 n°, (7b)
o + ¢
Bo4psy* 4+at 5 A+ a4 al (7c)

a) Excitation functions and angular distributions.
Figure 8 shows the data 03 on excitation functions for

the m*7~ A% reaction, where we also give results sep-
arately for Y{* and Y§~ as a function of the momen-
tum of the initial K~ meson in the laboratory system.
The graph also shows two possible dependences of the
cross section on the momentum of the Y} in the c.m.s.
of the reaction, with shapes proportional to the first
power of the momentum and the cube of the momentum
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pys The curve mx?%/2 shows the maximum value of
the cross section for creating YT particles for a
single isotopic spin partial wave with total angular
momentum of the reaction equal to j = %,. This is
done on the basis of arguments that the angular dis-
tributions of these reactions are isotropic within sta-
tistical accuracy for K~ meson momenta of 850 MeV/c,
which favors the value j = ¥,. But the fact that the
m*n~ A’ cross section is very close to T™x%/2 seems

to indicate that there is also a contribution from other
partial waves. That this is possible can be seen from
the angular distributions for reactions producing Y;"
particles by using K~ mesons of momentum 1.15 BeV/c,
which are shown in Fig. 9. The possible anisotropy of
these angular distributions is caused by the contribu-
tion from partial waves with I > 0, since at these en-
ergies of the K~ mesons, hik/mzc ~ 3. The difference
in the shapes of the angular distributions for produc-
tion of Y§* and Y}~ particles may be related to the
different superpositions of isotopic amplitudes for
isospins 1 and 0 for these two reaction channels.

b) Final state interaction of reaction products.
Although the two-particle nature of reaction (7) ap-
pears quite clearly, for example in the energy spec-
trum of the # mesons, the extent to which such a two-
particle picture of reactions of the type of (1) can be
used in treating other properties is still an important
question. We shall therefore discuss it briefly. From
the estimates of the half-width of the Q-distribution
for Y§ particles, with a value of 20—30 MeV, it fol-
lows that the lifetime of the Y{ is approximately an
order of magnitude greater than the lifetime of the
(%, %,) isobar in pion-nucleon scattering. There is
therefore some hope of getting information about some
of its properties by assuming that it decays in the free
state, i.e., the products of the Y{ decay do not inter-
act with the ™ mesons that are formed along with the
Yf particle. Some results of such an analysis will be
given below. Although the lifetime of the 7A’ reso-
nance is greater than that of the pion-nucleon isobar,
it is still of the order of the duration of processes

OF = MESONS WITH STRANGE PARTICLES
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caused by strong interactions. Thus for a rigorous
treatment we should take into account interactions in
the final state of the A’ system. That this is the
case can be seen from an analysis of the angular dis-
tributions of Yi" decays. In fact, if we represent the
angular distribution of the products of the decay of the
Y{ as a polynomial in cos :

dn

F§~1+a1cosﬂ+a2cos2ﬂ+..., (8)

then, because of conservation of spatial parity, the Yi"
decay via strong interaction should have no fore-aft
asymmetry in the emerging decay products, i.e., the
coefficients of odd powers of cos+# in the expansion
should be equal to zero. But the experimental data [3]
indicate that the coefficient a; of cos# is different
from zero, since the A’ hyperons from Y} decays
emerge preferentially forward (cf. the histogram in
Fig. 11).[13 This shows that one must include the
effects of interaction of the three particles in the final
state of this interaction. The presence of such an in-
teraction requires us to consider interference effects
which arise from the requirements of Bose-Einstein
statistics for the two T mesons in the final state.[?]
Only then do we get rigorous conditions for determin-
ing the internal properties of the Y*,

c) Isotopic spin. Reaction (7¢) induced by K’ me-
sons is characterized by total isotopic spin 1, whereas
in reaction (7a) with K~ mesons both total isotopic
spin 1 and 0 are present. Since reaction (7c) has a
large cross section, this means that the state with
isotopic spin 1 must necessarily participate in these
reactions. Whether there is a contribution from the
isospin 0 state must be determined from further anal-
ysis of the experimental data.

' The isotopic spin of the Yf is 1, which follows from
the fact that it decays intothe isotopic singlet A’-hyperon
and ™ meson; it is a component of an isotopic triplet,
characterized by total isospin 1.

Both Y¥* and Y{ are formed in K™ -p reactions,
but the ratio of the yields is different from 1 and is
equal to[3] Y¥*/Y}~ = 59/82. The deviation of this
ratio from unity is of course not well founded statis-
tically, but if this is actually the case it means that
the ratio of the isotopic amplitudes and their phases
in these reactions are different from unity.

In reactions like (7c), where the total isotopic spin
is 1, the unit of isospin is transferred to the two =
mesons since the A’ is an isotopic singlet. Thus the
spatial wave function merely changes sign when the 7
mesons are interchanged. If the interaction is charge-
independent, any description of the distribution of the
reaction products must be independent of the charge
of the m meson. Conversely, the observation of a
symmetry of this sort is evidence for the charge in-
dependence of interactions involving strange particles.
The mass spectrum data for Y{ particles from I~(°-p
reactions (] shown in Fig. 5 have similar shapes for
both the A’ and n*A’ combinations. The smaller of
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the two Q values found in this way gave a curve with

a single maximum around Q = 129 MeV. The fact that
the Q value is independent of any detailed assumptions
about the origin of the peaks near Q = 130 MeV, and
the similarity of the Q-distributions for the 7*A" and
%A’ combinations is evidence for charge independence
of the interaction which gives rise to these reactions
for creating Y{ particles.

Further information concerning the isotopic prop-
erties of reaction (7) can be obtained by studying the
consequences of including the interaction of the A° and
the two 7 mesons in the final state of the reaction.

Since the Y§ during its lifetime travels a distance
greater than 4 Fermis, one might think that the proc-
esses of successive emission of the first and second
7 mesons do not interfere dynamically to any great
extent. We can write the amplitude M(1, 2) for such
a reaction in the form [%J

M(1,2y=®(o, q, Py P2) 4(Pa) (9)

where q and p; are the momenta of the K™ meson and
the first 7 meson in the center-of-mass system of the
reaction, while p, is the momentum of the ™ meson
from the Y{ decay, in the rest system of the Y}. The
argument ¢ contains the dependence of ¢ on angular
momenta and spins which are important for the reac-
tion. The effect of the resonant state is given by the
second factor

A (p) . Xp [i8 (p)] sin & (p)

’ 10
g (10)

where L is the orbital angular momentum of the 7A
system, and determines the spin and parity of the Yj.
In the final m;m,A configuration, it is still important
to know the value [ of the orbital angular momentum
of the first # meson. Thus, for a given total angular
momentum j of the reaction, the function & is deter-
mined by the angular momentum L of the m,A’ sys-
tem, by the relative parity of K and A%, and by the
centrifugal barrier which depends on 1.

The amplitudes for reactions involving the Y{* and
Y’f' should add coherently, and their sum should cor-
respond to a final state with the correct symmetry
with respect to interchange of the positions of the two
7 mesons. We can write the following equations for
the amplitudes M, and M, with total isospin 0 and 1,
respectively:

M,=M (1,2)+M'(2,1),
M, =M"(1,2)—M"(2,1).

For comparison with experiment, it is convenient to
treat the probability distribution P(T,, T_) in the
phase space of the kinetic energies of the ™ mesons
(T,, T_). Since this distribution is summed over all
orientations of the A’ system, the contributions to
it from initial states with different angular momenta
and parity add incoherently. Since

V. CHUVILO

1
P(T, T)=5| Mo+ M,

1
P(T.,T,)=%|M,— M,

the symmetrized probability distribution {P(T,, T_)
+P(T_, T,)} is simply the superposition of the in-
dividual distributions I =0 and I= 1, without any
interference between them.

Now let us look at the corresponding representation
of the data given in Fig. 3. We see that the distribu-
tions P(T,, T_) and P(T., T,) are not essentially
different. This indicates that the reaction probably
proceeds mainly through a single isospin channel.

It is especially interesting to treat the two limiting
cases, with T, = T_, where the A’ either receives
the maximum recoil momentum or is left at rest. In
the first situation, M(1,2) = M(2,1), since the mo-
menta of the m mesons are equal and are in the same
direction. In this case, at point A of the diagram in
Fig. 3, we can expect considerable interference be-
tween these two states. The interference will be con-
structive in the state with I = 0 and destructive in
the state with I = 1. Since there is no concentration
of the distribution at point A, this is evidence that
the reaction proceeds via the I =1 channel. In the
second case, where the A? ig at rest, the nature of
the interference between M(1,2) and M(2,1) in the
various isospin states depends on whether the sum
of the angular momenta L + ! is even or odd. In a
state with I=1 (I = 0), the interference will be con-
structive if the sum I, +I is odd (even) and destruc-
tive if it is even (odd). The experimental data pre-
sented in Fig. 3 show a concentration of points around
the point B, corresponding to this case, i.e., they are
evidence for a large constructive interence between
M(1,2) and M(2,1). An examination of the reaction
mechanism shows that in this case the state with total
isospin I =1 should be preferred. This means that
the sum L +! is odd. From a comparison with the
experimental data, we can then draw conclusions about
the possible values of the Y{ spin and parity. These
will be discussed in the next section.

4. SPIN AND PARITY OF THE Y}

Before going on to present the facts concerning the
determination of the spin and parity of the Yf, we
make a few general remarks. Since we are consider-
ing the process of Y{ decay caused by strong interac-
tions, spatial parity is conserved, so we are dealing
with the determination of the relative parity of the Y{
and the A’. If we start from the decay scheme

Y{—A'+=
and remember that the 7 meson is a pseudoscalar
particle, for the case of the A" system with even

orbital angular momentum of the relative motion of
the components of the system (L =0,2,...), the rela-
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tive Y{A' parity is negative, while odd values of L
would mean positive relative Y}A? parity. Since the
relative momentum of the particles at the resonance
is of order 200 MeV/c, this means that the D state
(L =2) of the 7A’ system can hardly give any con-
tribution to the effect. So in our further analysis of
the experimental material we shall proceed on the
assumption that the states which dominate the A
resonance scattering are either L = 0 (S states) or
L =1 (P states). Since the spin of the A’ is ¥, for
the case of an S state of the 7A’ system the spin of
the Y{ is J =Y, (Sy state). Inthe P state of the
A system, the two possible combinations of the spin
J =Y, of the A’ and the relative angular momentum
L = 1 give two possible values for the spin of the Y:
J="Y (Py, state) and J=%, (P, state).

It is now completely clear that the interaction of the
three product particles of reactions like (1) in the final
state has a significant effect on the final outcome of the
reaction. A rigorous treatment of the observed effects
should therefore include this interaction.

The possibility of getting information about the spin
and parity of the Y{ on the assumption that it decays
in the free state is very attractive. Let us see what
one gets from proceeding on this assumption.

Information about the spin of a free noninteracting
unstable particle can be obtained by analyzing the an-
gular distributions of its decay products. If we repre-
sent the angular distribution of the decay products of
such a particle around some arbitrary direction as a
polynomial in the cosine of the decay angle ¢, the ex-
pansion will contain only even powers of cos 4. The
highest power will be 2a, where a is the spin of the
particle, in the case of a boson, or the spin minus 1/2,
in the case of a fermion. Thus one immediately gets
a lower limit on the spin of the decaying particle.

Let us assume that the Y§ is formed in the reaction

K+4+p—>Yi+nmn

and leaves the region of interaction, so that its decay
products, the ANoand 7 meson, do not interact with the
7 meson initially formed in this reaction. It is easy to
show [19] that if we select those cases where the Y§
emerges at an angle close to 0° to 180° to the direction
of the initial particle, expression (8) for the angular
distribution of the decay products in the rest frame of
the Y{ will have the following forms, as a function of
the spin J of the Yf:

1 dn
I=3r@~b

3 d 1 3
]=E,d—%~—2—+§cos2ﬁ. (11)

One can also write the forms of the angular distribu-
tions for higher spin values, but the two cases given
above are sufficient.

In [4], 17 cases of Yi" particles were selected for
analysis, for which the angle ¢ between the initial Kg

meson and the Y] satisfied the condition |cos ¢| = 0.7.
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Of these, (50 = 15)% decayed so that the decay angle &
satisfied the condition [cos ¢| = 0.5. It follows from
the angular distributions that the expected fraction of
decays satisfying this condition on the decay angle ¢
is 0.5 for the case of spin Y, for the Y}, and 0.69 for
spin 3/2. The result agrees with that expected for spin
1, of the Y, but it is only 1.3 standard deviations
away from that expected for J =%,. Thus one cannot
draw a statistically definite conclusion about the spin
of the Y{ from the experimental material. Other
methods of analysis of this same experimental data
also give no basis for a definite conclusion. A similar
analysis of 29 events, obtained in another experiment,
(3] gave the same indefinite conclusion about the spin
of the Y{.

An attempt was also made to determine J by meas-
uring the anisotropy of the Y§ decays relative to the
normal to the production plane of the Y}.[2] For spin
J =¥, the angular distribution of the Y} decays
should have the form A + B£2, and not depend on the
parity of the Y}.[!!) The quantity ¢ is

(Px X PYT) PAo

where P, is the momentum of a particle of type a in
the center of mass of the K™+ p reaction. Since the
coefficient B is a function of the production angle for
the Y§, one must limit oneself to the region where the
anisotropy will be a maximum relative to the normal
to the production plane. Events were selected with
creation angles ¢ for the Y{ satisfying the condition
| sin ¢| = 0.866. Of the 62 cases of production in this
angular interval, 35.5% had | £| > 0.5. If the distribu-
tion were isotropic, as it should be for J = 1/2, we
would expect a yield of (50 = 6.3) % of cases with such
values of £. Thus the result obtained is 2.3 standard
deviations away from that expected for an isotropic
distribution, which is evidence in favor of a larger
value of Sy than Y.

One can also try to determine the spin of the Y§
from experimental data obtained using a helium bubble
chamber.[?] If we assume that the K~ meson is ab-
sorbed by the He?! nucleus in an S state, the total an-
gular momentum of the particles produced in the re-
action

K~ 4 He*— YT+ He? (6)

will be 0. If we now choose our axis along the direction
of motion of the Y*~, the angular distribution of the
decay products in the center-of-mass system will be
determined by (11) as a function of J. The correspond-
ing experimental data on angular distributions of Y§
decays are given in Fig. 10. The distribution shown
describes 30 cases of Y{ decay in which the He® mo-
mentum exceeded 200 MeV/c. Clearly the experimen-
tal material is very sparse but the distribution does
favor isotropy. The y? test gives 4.0 for an isotropic
distribution and 17.2 for a distribution of the form
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Y, + %, cos? 8, while the expected value from these
data is 4 + 2. Thus the experimental data on absorp-
tion of K~ mesons in He! with formation of the Y§
favor J = 1.

If we take this value for the spin of the Yi" , We can
draw some conclusions about its parity. We again use
L for the relative orbital angular momentum of the A’
and the 7 meson in the Y{ decay, and [ for the orbital
angular momentum of the relative motion of the Y{
and the He® nucleus in reaction (6). If we assume that
J =Y, and that the K~ is pseudoscalar, only two com-
binations are possible:

either 7,=0, =0,
or L=1,1=1.

The second combination corresponds to a flipping of
the spin of the absorbing nucleon, and should be dimin-
ished because of considerations about the centrifugal
barrier. Since 65% of the reactions we are considering
go via the Yi", the second combination of values of L
and [ is improbable. Thus from the fact that the re-
action via the channel with formation of the Y{ domi-
nates, and that the K~ absorption by He! occurs in

an S state, we arrive at the choice of the combination
L =0, I=0. Thus, according to these data, the Yi"
system is in an Sy, state.

Information about the parity of the Yf can be gotten
by assuming that it is produced polarized in reaction
(2). Assuming J = 1/2, we can in that case obtain the
following expression for the unit vector P along the

direction of polarization of the A? in the decay of the
i [12]

P=(pn)p+y(PXm)XP, (12)

where n is the unit vector normal to the plane of pro-
duction of the Y{, and p is a unit vector along the
momentum of the A’ in the rest system of the Y§, and
v =+1, where the sign is determined by whether the
Y{ decays into an S;, or a Py, state of the A’ sys-
tem. For decay into an S;p state, we have y=+1 and

(13)

P=n,
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i.e., the hyperons are polarized along the normal to the
plane of production of the Y{.

For the decay of the Y{ into the Py, state of the
A’ system, we find, setting y = —1 in (12), the ex-
pression

(14)

for the polarization vector of the A’. The angular dis-
tribution of the A’ decays will have the form

~ —n+2(op) p=m

(15)

where Py’l" is the degree of polarization of the Yi" y
o is the asymmetry parameter for A decays (a = 1),
and @ is the angle between the direction of the A? de-
cay and the direction of the polarization vector P of
the A?, which is given by either formula (13) or (14).
The vector m lies in the plane defined by the normal
to the production plane of the Y{ and the direction of
its decay. The angle this vector makes with the nor-
mal n is twice the angle between the direction of the
Y{ decay and the normal n.

Information about the polarization of Y{ particles
produced in K™-p interactions was obtained in [*1,
The polarizations had the following values:

1+PY‘I“ cos 6,

Pylt- =(+11 4+ 21)% and Py:a— =(—16 4 21)%
for a momentum of 760 MeV/c for the K~ meson, and
Pyy-=(—56 £ 20)% and Pys. =(+12 4 28)%

for a K~ meson momentum of 850 MeV/c. Assuming
that the value of the polarization found for the Y{ par-
ticles is not a statistical fluctuation, on the assumption
that J = %, one can attempt to determine whether the
Y{ decays into the Sy, or Py, state of the mA’ sys-
tem. We denote by P, the measured polarization of
the A’ from Y{ decays in the direction of the vector
n, and by Py, the same quantity in the direction of

the vector m. Then for the case of Y| decay into an
Sy, state of the 7A’ system,

1 Py _ 1
Pn=PYf1 Pm=—"3—PY1‘ and ‘[‘,:‘—_‘go

For the case of Y{ decay into the Py, state, the roles
of the vectors n and m are interchanged and we get
P,= — 3 Py, Pp="Pys and =3
Experimentally it was found [3] that Pp=(-56 £ 20)%
and Py, = (+33 £25)%, i.e., | Py /Pp| =0.6. The
large statistical uncertainties in the determination of
the necessary quantities makes it impossible to draw
any definite conclusions about our problem. Use of
the x? test gave the following result. The average
value of x% should be 1.0. For the hypothesis of decay
into the S, N2 state, they found x% = 0.3, which indicates
a high probability, while for the hypothesis of decay
into the Pys state the value was xp = 4.5, which indi-
cates a probability around 3%. An analysis of the
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datal*] gave the result that P = (—0.38 + 0.25) and
Pm = 0.19 + 0.25, which gives x4 =0 and x} = 1. Thus
these data do not enable us to arrive at a definite con-
clusion concerning these properties of the Y.

The presence of a cos? ¢ term in expression (8)
for the angular distribution of Y{ decays would be
evidence in favor of J > Y. Within the limits of sta-
tistical error, the experimental data[3] indicate that
ay, = 0. An analysis of the same experimental material
by Adair’s method[1%] [cf. formula (11) and the accom-
panying text] was done for cases where the production
angle ¢ of the Y] satisfied the condition |cos ¢]|
= 0.80. The angular distribution of the 62 Y{* decays
selected in this way is shown in Fig. 11. It does not
correspond to the shape Y, + %, cos® ¢ which holds for
J =Y, and is rather closer to linear in cos #. Thus
from these data too we can draw no conclusion about
the spin of the YF.

Summarizing the attempts to determine the spin
and parity of the Y§ on the assumption that it decays
when free, it must be admitted that they give no defi-
nite conclusion about these properties. Obviously, in
addition to the paucity of experimental data, there is
also a deeper reason for the difficulties in making a
consistent analysis. The main reason for these diffi-
culties is that the interaction of the three particles in
the final state gives rise to serious changes in the re-
sults. )

Now let us see what one gets when this interaction
is included.[®*] We also take into account the require-
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ments of Bose statistics, since we have two bosons,
the m mesons, in the final state of reaction (1). In
Sec. 3 it was shown that reactions of this type, in which
there is a resonant A’ interaction, proceed mainly
through the channel with total isotopic spin unity. It
then followed that the sum of the orbital angular mo-
mentum L of the m,A’ system and the orbital angular
momentum [ of the m,Y{ system must be odd. This
means that for an S state of the m,A® system (L = 0)
the m, Y} system emerges in a P state (I =1), while
for a P state of the m,A" system, the m,Y{ system is
formed in an S state.

Table II. Expected density of events of reaction (1) near point A
of Fig. 3, assuming various combinations of isospins, spins and
angular momenta, and comparing them with the experimentally
determined density (Ty, is the maximum kinetic energy
of the 7 mesons)

Expected number of events in the configuration (IL_,)IS
Observed
number
(SSI/2)?/2 (PP3s)?,, (DP3/2)3/2 (psllz)ll/.‘, (5P3/2)31/2 of events
Py =850 Mev/c
T,=10Mev . . ... 35.8 26.0 8.5 12.3 11.0 11/262
Pp =760 MeV/c
Tp=125MevV . . . .. 29.8 32.8 8.6 9.7 10.5 18/252
T,o=120Mev . . . .. 17.4 211 4.2 3.1 2.2 8/252

)b e
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Figure 12 shows a comparison with the experimen-
tal histograms of mass distributions of the Y§ com-
puted taking account of the identity of the m mesons
and making various assumptions about the isotopic
spin of reaction (1) and about the spin and parity of
the Y{. In Table II we give the computed density dis-
tributions in the phase plane of the kinetic energies of
the # mesons (T,, T.) at point A of Fig. 3, and also
the experimental data for this quantity. We see that
the results obtained for the state with I =1 give better
agreement with the experimental data than do those for
the various combinations of L and  in the state with
I=0. Itis still impossible to distinguish between
pSys; and sPy,, states. Earlier we mentioned the ani-
sotropy of the angular distribution of Y{ decays, which
should not occur for free Y’l" decay via strong interac-
tion. In the state with I=1 and odd L + [, there is
constructive interference in the configuration when the
second ™ meson emerges forward. Then the A’ will
be emitted preferentially in the backward direction.
The computationa.l results for sP3p and pS; s States
at a K~ meson momentum of 850 MeV/c correspond
to such an angular distribution. The corresponding
results are shown in Fig. 13 together with the experi-
mental data. For comparison, we also give the results
of computations for (pPjs);s/, states. From these data
we see that it is not possible by this method to draw
any conclusions about the spin and parity of the Yi" ,
since the angular distributions in the pS;,, and sP;;,
states are practically indistinguishable.

Taking into account the identity of the m mesons [*]
also modifies the results of the Adair analysis. A com-
parison of the results for the modified computations
for two K~ energies are shown in Fig. 14. As we see
from these graphs, for a K~ meson momentum of 850
MeV/c, it is impossible to obtain any information about
the spin and parity. Moreover, even a significant im-
provement in the statistical accuracy of the experiments
at this momentum gives no prospect of getting conclu-
sions, since the computed distributions differ only in-

V. CHUVILO

15 T - - r
(SP; ) 850 MeV /c
1
v5;)

5 -

g -+ + +

6k 1150 MeV /c ]
5 \<Spi) /‘
or (rs;)

3 \ / .
.k \_—/

r

I s — . .

-lg 05 42 62 W

[/
€05 8,

FIG. 14.

significantly. But with increasing energy of the primary
K™ mesons, the effect of identity of the # mesons de~
creases. The reason for this is that, during the course
of the reaction, the presence of the resonant 7A’ inter-
action leads to a more pronounced two~particle char-
acter for the reaction. The first m meson gets more
energy and leaves the range of interaction, so it has
less probability of interacting with the decay products
of the Yi" . Results of computations by Adair’s method
are less affected by this interaction, and their features
are similar to those for the free decay of the Y. The
resuits for a K~ momentum of 1.15 BeV/c are already
significantly different, as shown in the lower part of
Fig. 14. Although it is clear from these data that one
still cannot draw any conclusion about the spin and
parity of the Y7, there is still hope that by increasing
the statistical accuracy of the experiments one may
reach some definite conclusion. The prospects of ob-
taining the necessary information are even better if
one does experiments with K™ mesons of somewhat
higher momentum. An analysis of data from the he-
lium bubble chamber would already, it seems, satisfy
our requirements.

Finally we point out that[*J from a comparison of
the geometrical limit for the reaction, (2j+1)mA%/4,
which is equal to 2.85 mb for K~ mesons with 850
MeV/c, with the experimental value of 3.2 + 0.3 mb,
we can conclude that the reaction occurs in a state
with total angular momentum j = 1/2. In the case of
I =1 this is evidence that the reaction occurs in the
sPy, state, and excludes the sPy/, state. But the
possibility of having a (pSy/;)3/, state with some ad-
mixture of (pSys,) 32 also satisfies the experimental
conditions. The isotropic distribution of the Yi" pro-
duced at 760 and 850 MeV/c is definitely in favor of
the sP3s, state. If the reaction proceeded through
the (pS, /2)3 s state, including the identical nature of
the m mesons would lead to considerable anisotropy
of the reaction. This difference might be reduced by
an admixed (pSyp)q /,2 State with the appropriate phase.
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The large value of the cross section for K™+ p — A’
+ 7 + ¥ makes it most likely that this reaction has
mixed character. Apparently several partial waves
and configurations contribute to it, and only the main
terms have the symmetry properties which we have
just discussed.

5. RESONANT 7K INTERACTION

At the 9th Annual Conference on High Energy Phys-
ics at Kiev, [1¥] Wang Kang-ch’ang reported on the ob-
servation in a propane bubble chamber of an event
which allowed two interpretations. First, it might have
been a case of the reaction

K*4+n—>K'+a*+n (16)

produced by a K* meson with momentum 1.2 BeV/c,
where the recoil neutron received a negligibly small
recoil momentum, since the initial K* meson and the
K’ and 7 meson were almost coplanar and there was
a complete compensation of transverse and longitudi-
nal momenta of the particles identified in this reaction.

A second possibility arose from the fact that the
tracks were coplanar and that there was compensation
of the momenta. The conclusion was that one might
have found a case of the decay of a new unstable par-
ticle according to the scheme

D* - K%} n*
with a mass of order 720 MeV.
Further investigations [ showed that the first way
of treating this event is preferable, since several

cases of noncoplanar events were found, and cases
were observed of the analogous reaction on hydrogen

K'+p—>K+ta+p (17)

with low recoil momentum of the proton. The interest-
ing point was the strong correlation of the K™ and «
mesons. Calculations of the mass of the 7K system
gave values in the range 800—900 MeV/c. The group-
ing of the masses in such a narrow range was evidence
for a strong 7K interaction. The investigation of the
properties of such a 7K interaction can be done only
under specially prepared conditions.

Recently the hypothesis of strong 7K interaction,
which first made in the papers cited above has been
confirmed in more careful experiments [1%] in sepa-
rated beams of K™ mesons with a momentum of 1.15
BeV/c. Forty-eight cases of the reaction

K+p—Kin+p (18)

were found, and the cross section for this K~ energy
was 2.0 = 0.3 mb. An attempt to find an influence of
the (%, %,) resonance in np scattering gave no posi-
tive result. But it appeared that in this reaction there
is preferential emission of protons with energies in
the range 15—25 MeV, i.e., as if the reaction given
above occurs in two stages, the first of which is a two-
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particle reaction in which a K*~ is produced, which
then decays into a 7~ meson and a K® meson:

K +p—>K"+p,

— K4, (19)
Since the (%,, %,) resonance of the 7"p system has no
influence on the final result of reaction (18), this means
that the reaction occurs in the state with total isotopic
spin I equal to 0. Moreover, even in the I =1 state,
the (3/2, 3/2) resonance preferentially produces the sys-
tem (n + 7%) + K% and not (p + =) + K°, which is still
more reduced in this reaction.

Thus in complete analogy to the treatment of the

A’ resonance in the reaction

K +p—A'+a*4a”

in the first part of this survey, in the course of reac-
tion (18) there is a strong resonant mK interaction,
which can be interpreted as some very shortlived K*~
particle. The distribution of masses of the K* par-
ticles is shown in Fig. 15. The average value of this
quantity was found to be 885 = 3 MeV. After subtract-
ing the statistically distributed cases of reaction (18),
from the remaining 22 cases a width at half maximum
equal to 16 MeV was found. The error in the determi-
nation of individual mass values for the K*~ was of
order 3—4 MeV.

The angular distribution of reaction (18) was iso-
tropic. Starting from the assumption that the reaction
occurs in an S state, one can attempt to set an upper
limit for the spin SKg* of the particle. It turns out that
SK* = 1.

Now let us make a few remarks about the isospin
of the K*~. Depending on its value, one finds for the
ratio of the probabilities for decay through the two
possible channels

_K* K 4nt

T K > KOLn’
the values R=Y, for I1=Y, or R=2 for =Y, This
follows from the fact that the isotopic spin is conserved
in a decay which is so fast and is caused by strong in-
teraction, and from the fact that the K mesons form
an isotopic doublet and the 7 mesons a triplet. Com-
parison of experimental data on the reactions

K+p—>K4+a+p, K +p—>K ta4n @1)

and (18) gives R = 0.75 = 0.35. This means that the
isotopic spin of the K*~ is Y,

(20)

6. CONCLUSION

Thus the experimental material supports the con-
clusion that 7% and 7A? interactions, like the 7K in-
teraction for relative energies of the order of 100—300
MeV, have a resonance character. The mass of the
resonant A’ system (the YJ) is 1385 MeV with a

[ L 1
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half-width of about 20 MeV. For the mass of the reso-
nant neutral 7% system (the Y;) the mass was 1405
MeV with a half-width also equal to 20 MeV. The mass
of the resonant 7K system (the K*) was 885 MeV with
a half-width of order 16 MeV. Such widths for the mass
distributions of these particles indicate that their life-
times are of order 4 x 1072 gec. Although these life-
times are an order of magnitude greater than that of
the (3/2, 3/2) resonance in the pion-nucleon interaction,
they are still comparable to the duration of processes
caused by strong interactions. This means that in in-
vestigating the properties of the Y* as well as the K*,
one cannot strictly speaking neglect the interaction of
the decay products with other strongly interacting par-
ticles which take part in the production reactions for
the Y* and K* particles.

As is obvious from the decay scheme Yi" — A+,
the isotopic spin of the Yi" is 1. The isotopic spin of
the neutral resonant 7% interaction which has been ob-
served is equal to 0. The isotopic spin of the K* is ¥,.

Attempts to analyze the experimental data from the
point of view of decay of free Y; and K* particles
give the following results. Possibly the Y* is an S,
state of the A’ system. But a more stringent analy-
sis does not support this conclusion, and rather favors
a Py, state. But this result is also not conclusive.
There is still no possibility of deciding in favor of any
particular variant, since the available experimental
material is insufficient. There are still no data on
the spin and parity of the resonant 7% interactions.
The spin of the K* is 0 or 1.

Since the experimental study of the new phenomena
is still incomplete, we have deliberately not discussed
the theoretical aspects of the problem in this summary.
We mention only briefly that the existence of pion-
hyperon resonances was expected both as a conse-
quence of certain models of elementary particles and
their interactions (the ‘‘global’’ symmetry model[16]),
and from the analysis of data on K™ -nucleon interac-
tions at low energies.[1718] ¢Global’’ symmetry, for
example, predicts a resonance in the Pgp state for
the nA system. From the second argument, one ex-
pects such a resonance in the Sy, state. From this it
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is clear how important it is to determine the spin and
parity of the Y. Although the properties of the newly
discovered resonance states which involve the strange
particles £ and A" and the K meson have still not
been fixed, the fact of their discovery is of fundamen-
tal importance for understanding the properties of ele-
mentary particles, their interactions, and the general
laws of nature.

Note added in proof. The results of recent experiments[**] on
the reactions

) E-+n—oYT4a®, () E-+ p—s¥*¥* 4 ¥

gave a ratio of cross sections oy/o; equal to 1 for a K- meson
momentum of 600 MeV/c, 1.4 + 0.3 for 765 MeV/c, and about 2 for
865 MeV/c. The expected value of these ratios is two, if the re-
actions proceed via the channel with isotopic spin 1, and the ratio

is one if the I = 0 channel dominates. The results show that with
increasing energy of the K- mesons, the contribution from theI =0
channel decreases, and that at 865 MeV/c the I = 1 channel plays the
the main role in the reactions for producing the Y¥.
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