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INTRODUCTION

This report is divided into three sections: the first
deals with production modes and phenomenological characteristics
of the pion resonances; in the second some theoretical considera
tions are made on the pion resonances; the third part deals with
strange isobars.

We do not claim that our list of references is by all
means exaustive and/or complete. In fact, as things go nowadays
we are afraid that it is not even up to date.

*  This work was supported in part by the Conselho Nacional de Pesquisas of
Bragil.

*¥ On leave of absence at the Princeton University, Princeton, N. J., U.S.A.
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Regsonances Characterized by Pion Decay-Experimental Results

W. Vernomn -

This report is essentially a 1listing of production modes
and some of their characteristics for the P w and v} resonances.
Also included are a list of new and uncertain "bumps'" and some
meager Iinformation of the f° and ABC resonances. The main source
of information has been the 1962 CERN conference report, but a
search through Physics Review Letters and Nuovo Cimento has also
been nmade. Recommended reading on the present stage of resonances
is Puppizz for a general summary; Saclay report (to appear in N.

140

Cim.) on the p; Stenvenson et a for quantum numbers of  the

wj Steinberger et a15 for the best statistics on the V] decay.

Various interesting effects are also listed in the com-
ments column of the table and are not necessarily available for
all production modes and authors (see the "Explanation of produc-
tion table™). The pion=-pion scattering cross-section which is
perhaps derivable from the p production is not kept track of;
however an example is given in fig. 11l. No authors seem to have
obtained sufficient statistics to allow an extrapolation to the
non=physical region of momentum-transfer required by the
original Chew-Low formula. The Selleri formulaso for real A
(4-momentum transfer to the nucleon) is currently fashionable.
It seems definitely assured that the p is created in low momentum

~transfer interactions (A% <30 pz) with the exception of one
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caselB. The Treimaanané test51 is found to be favorable for one-
-pion=-exchange for A in the p creation range by the Saclay grousz,
but unfavorable by Pleckup et alZSu Since pion=-pion extrapolated
cross-sections assume the validity of the OPE model, it seems best
to wait a while before accepting o constructed by p generating

brocesses.

Curious aspects of the w and v now seem to center on their
several decay modes. Various branching ratios are indicated when they
are known, but some comment should be made about the ‘possibility
of p-winterference in the case of the forbidden 27 decay of the w.

76 and looked for by Walker3

This has been pointed out by Feinberg
and Pickup28° Such searches are refered to as "splitology". Al-
though the mass difference is not small (as it 1s in the case of the
Ki and Kg), the wide p still allows some interference, the effect of
which 1s to enhance the 2r decay of the w compared to what it wonld
be in the absence of the p. In lower resolutions experiments such
effects might shift the apparent centroid of the P pegk, or the p
might be moving anyway, independent of the resolution and coupled in
some strange way to the two pion w decay. Notice the ranges of mass
values for the p as a function of energy (fig. 12) and mode of pro-

duction. The 1list also shows that the w peak is still moving around,

which leaves the n as the only stationary mass point.

Explanation of the Table
a) o is the cross-section for production and decay into the mode

shown.
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b) [  is the full width at half-maximum of the peak.
¢) w (in the comments for the p) means the number of outgoing
7 emitted forwards minus the number emitted backwards divided
by the total number (for po the outgoing pion is usually the
T )
The reference direction is with respect to the incident =

in the rest frame of the P

d) The Treiman~Yang test of the One-Pion-Exchange model 1is
ligted only for the p where the angle o is defined as  the
angle between the plane of the incident and outgoing pions
(pion production of the p). Basically the test says the
angular distributions of the decay pions should be indepen-

dent of a.-
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Table of llew and/or Lesser Resonances and "Bumps"
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o . : s Numbher .
Mags (MeV)}|Combination Production in peak Width |Reference
990 -1000 | 7 ~7°  |pep=(rer e p 50 |150 MeV 7
T T (THT )+ p 20 150 MoV
TTTT Mp e 27 e ne (nr®) 10 |100 Mev 8
T . 16100 MeV
. + 4+
585 ~600 T T " 10 150 MeV
Tor " 16 150 MeV
T T T AN AT 4D 10 {100 MeV 7
Toor " 4p > 7 opt(r Hr ) 15 85 13
T r4d <= peprr 41T 20 14
560 'rr+ ';ro ptp = 4+ 7r++ e 7 ~30 MeV 41
r TAp AT D 35 tot |50 MeV 22
580 7~ 7° TAp T AT+ 5 40 23
i T +p ~’-1Tm+Tr++N 5 40
520 = T74p =kT+ N 80 70 6
395 ot TT4p >k N 120 50
325 = 350 | w~ w T 4p = 2T AT R A p 14 50 9
O T ep == 3T 43T sk 20 50 8
7T T 4p =~ 2Trm+2'rr4+n+k‘rr0 15 50 8
1250 £° T4p = (7+T) + n 100 32
1260+ 30 T +p *(1#4 T ) +n ~100 i
. 37
T 4T
305 ABC pra > "7 ~30 38
mw +1T

39
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Tabulation of Cross-sections for
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Theoretical-Considerations on the Pion Resonances

s e

F. Demay

The last two years have seen a great success of the
theoreticians, namely the discovery of the so called pion reso-
nances. These had been foreseen and predicted to explain two

important features of the physics of elementary particles.

On the one hand, in 1955 to explain the rise of the total
cross section in the scattering of w by protons at 900 MeV, Dy

son 5z and Clark 53 independently introduced the idea of a

54 tried

strong m~m Iinteraction. Coo0l, Piccioni and Clark
to explain their experimental results with the help of this

rescnant state.

On the other hand the study of the electromagnetic strue-
ture of the nucleon led to some difficulties in explaining
the values of the form factors. To remove these difficulties

Nambu 55

considered the possibility of the existence of a
heavy neutral vector meson, with isospin zero and mass two or

three times that of the ordinary pion, and called it pe

The electromagnetic properties of the nucleon had been
studied by dispersion relation methods. It was successful in
accounting for the isotopic vector properties of the nucleon
but was unnable to explain simultaneously the value of the
magnetic moment distributions. For this reason Frazer and Fule

56

co included a strong mw -7 1interaction in a P-wave state.
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However 1t was not understood why the radius of the isotopie

scalar charge distribution was neérly the same as that of the
1sovector charge. So Chew 2/ tried to explain the situatlon by
the existence of a 37 resonance or bound state. A synthesisof
these ideas was made by Fubini et al 58 who showsd that the
2 resonances {27 and 317 ) were not sufficient to explain com~

pletely the sitructure of the nucleon.

An extensive application of w and p to the calculation of
the form factors of the nucleon is due to Gell-Mann and .acha-

600

riasen

Independently Sakurai 59 in a general theory ui strong
interactions predicted the existence of a T=1 vector meson

(P-wave,27 ) and two T=0 vector mesons (J=1,%7 resonance).

All these resonances and many more have been discovered
and used to explain the facts which where at the origin of their

prediction but they created new problems which we will briefly

review.

The most important of these problems are the calculation
of the mass and width of the resonances and the determination of
the modes ¢ decay and their corresponding branching ratios. One
major part of the problem is the role of the electromagnetic =+
fects in the decay of w. Finally these resonances have bicis

very useful to explain some features of the decay of v and +'.
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Report o on Ba Reson n eg = 5 e Tsobars

..'I"l.c Lo Lo Videira

We intend to summarize the properties of resonant states

with quantum numbers B='O, S# 0, obtained in strong interactions.

Following B. P. Gregory 1 we dlvide this presentation In
two parts: one listing the well established isobars, and the

other listing possible new resonant states.

A
1) The K
The first suggestion of a resonant state in the KX system

(K') was made by Tiomno et al. and Gell-Mann z

on completely dif
ferent grounds. Gell-Mann suspected the existence of the K* from
the theory of weak Interactions. He concluded for the possible
existence of two new scalar mesons: 0 (o) and 07(K'), Tiomno et
al. tried to explain thre backwards peaked angular distribution
(C.M.) of the A in the reaction

p+m- — K2+ A (1)
by assuming that the production was dominated by a graph of the
tpe “
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The possibility of the existence of this K' would avold Pails
explanation 3 of the A angular distribution based on a KKm Intep

action, supposing opposite parities for K+ and Ko, with its
consequences of failure of charge independence of the T inter-
action 4a

Soon afterwards the resonance was found by Alston et al 5,

*
While in (1) a scalar K was suggested, some papers  indi-
7

cated a vector resonance and M. Schwartz proposed a method to

: * ‘ s) *o0
determine J(K ) in p+p — K +K ~ reactions (see below)o

; *
It was observed 8 that the simple picture of a K exchange
term to explain the angular distribution was incomplete, since
it predicted no polarization for the Afs in contrast with the

large polarization found experimentally.
Several authors 6 investigated the reaction
- *
K+p— K +0p (2)

assuming that it is produced mainly through the exchange of a
single pion (OPE)

3
o)

To explain some of the experimental results which disagreed
with the predictions of the OFE model, MacDowell et al ? proposed
L3
a modificatipn, assuming that K production is dominated by the
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Y* at 1815 MeV (p3/2y together with the 7 exchange term and as-
*»

signing spin one to the K . Ball and Frazer 10 and others also
* *

related dynamically this Y (1815 MeV, DB/Z) to the K with spin

cneo.

+
Production: It was produced with K or m and P in hydrogen or

propane bubble chambers, according to the reacticns

* * * ¥
K4 p=X "+8 (or X+ N =K + N ) (3)
- *0 0 *
K +p =K + N (or K+N ) (2)
- * *
7 +p K ° Y° (or K+ Y ) (5)
+

o

*0Q .
Pstoppea * P K T+ K+ (6)

The reactions in parenthesis are competitive modes of
* +
productions the N33 resonance appears abundantly in the K +p

21

reactions 23 (they may play an important role dne to inter-

. *
ference effects). The K +p reactions produce also Y .

Magsg and Width: Table I summarizes the results on mass and

width of various groups. They indicate a value of approximately
89C MeV for the mass and a width of about 50 MeV, in contradis-
tinction to 16 MeV first repported llo

*
Isospine To determine the isospin of the X 1let us consider

the ratio * =

K ==K +7°

R =

P w——

K —=K°+ 5~
assuming the K meson to form an isodoublet. If we assign T(K*)=
= 1/2 we obtain R=1/2; if I(K*) = 3/2 e get R = 2. Alston et

al. 5 measured Rexn = 0,75 + 0.35, strongly suggesting T=1/2;
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Incident

Momentum

GeV Mass |Width|Reference Authors
particle| in o
1.15 885 16 5 M.H.Alston et al
1.22 890 a7 12 (Berkeley)
_ A. Cooper et al CERN
K 1.47 890 60 13 Amsterdam, Glasgow
224 L. Bertanza et al
Siaa |]900 | a0 14 (Berkeley)
2.0%
880 60
2,15 } 16 %a Alexan%er et al
1.556= Berkeley
2,0 898 | 60 17 D. Colley et al
- (Columbia, Rutgers)
217 G.A. Smith et al
2.25 }885 50 18 (Berkeley)
. A.R.Erwin et al
1.89 =875 | >40 19 (Wisconsin Brookhaven)
- - R.H.March et al
2.1 |x880 | =40 20 (Wisconsin, Brookhaven)
1.45 900 60 21 G.B.Chadwick et al
K+ (Oxford, Paduc)
22 W.Chinowsky et al
1.96 850 60 23 (Berkeley)
P 885 55 24 R. Armenteros et al

(CERN, Paris)
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also March et alfgiAlexander et al 15, Chinowsky et al 2 inai-
#
cate that I(K ) =1/2 is most certain <0,

*
Spin: There is some conflicting evidence concerning the K spin 25

A
Evidence for J(K ) = 0:

*
In their paper anouncing the discovery of the K s Alston
et al 5 censidered the reaction
- A=
K+p—=K +p (a)
. Lo KO+ 7™ (1)
fhey found that the angular distribution for (a) is

(7)

consistent with isotropy. Assuming that S-wave production domi-
nates this reaction; which seems reasonable since the energy
studied (incident K™'s of 1.15 BeV/c, B, = 1863 MeV) is very
close to the threshold (Ecomo= 1823 MeV) and the distribution is
isotropicy they could execlude spin assignments higher than one;j
but they could not distinguish between 0 and 1. To investigate
properties of the Kg in more detail these authors studied the
above reaction with K 's of incident momentum 1.22 BeV/e (Ecum°=
= 1895 MeV) 2, The proton C.M. angular distribution for the K
events shows a complicated pattern, indicating that partial

waves higher than S-waves contribute to the reaction, and rul-

ing out the OPE diagram (aparently cos4 terms are necessary to

fit the data).

*
The production and decay of the K can be characterized
by 3 angles: the production angle,s and the polar and azimuthal

decay angles. In practice, it is more convenient to ugse the
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following decay angles: the Adair angle, the angle made by the

e

decay K° with the normal to the production plane, and the angle
5 * *

made by the decay K® with the direction of the X . For J(X )=0
*

all three angular distributions must be isotropic. For J(K )=1

2 to cos2

the distributions ean vary from sin in any of the %
angles above. Thelr results are the following:
a) all the distributions are consistent with isotropy;
b) there is no obvious deviation from the simple two body
production model Kﬁ+-p—wK*m+p9 followed by the decay K*-ﬂhga+
+ 7. ’

The isotropy does give strong supporf t0 the asslgnment
J(K*) = 0, A vector K*, however, is not inconsistent with an
isotrepic distribution, since if higher partial waves contribute
to the effect they could cause the decay distributions to vary

rapiily with the production angle.

%
Evidence for J(K ) = 1:

_ * —
1 24 studied the K looking at pp annihila-

A} Armenteros et a
tions at rest in the reaction

'13’+p—s-K§+K*° (8)
Their angular distribution of the decay products in the K* rest
system is quite consistent with isotropy; and hence they cannot
get any conclusion from there. M. Schwartz has proposed 7 a
method to obtain J(K*) from reaction (8) above, assuming S-wave
p~p capture predominates. If J(K*)=0, P(K*)=1, reaction (8)
cannot be produced in the 3Sl state by P conservation: P of the
initial state is odd, P(pp) = (=1)(1), while that of the final

state is even, P = (“l)£+1g where 29 the relative angular mo-
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mentum between the K and K*, must be 1 (for angular monentunm

conservation). P conservation allows (8) to be produced in the

150 state, which is even under charge conjugation, and hence

the final state must consist either of Kg Ki 7° or Kg Kg 7° (and
T *
also of K+w+), but not of Kg K; 7°. If J(K )} =1, reaction (8)
can proceed both from the 180 and 381 states, and in this case
the final state will be an incoherent mixture of Kg K?_ ™  (or
G L0 _0 0 ,0 O
KZ KZ T ) and Kl KZ T o

They obtain strong evidence that S-wave capture predominates

in the EZFP — K%+ K° reaction, and furthermore that the number

-+

of events corresponding to (8) and leading to a final state

K% Kg 70 is 26,5 * 15, If one extends the S-wave capture argu-
- — %
ment to all inelastic channels, including thus,p+p = K+ K ,

these data are not compatible with spin zero.

*
B) Chinowsky et al. £5, The production of K in

*

33
%
at 1.96 BeV/c permitted them to identify the K as a vector

*
K'+p—~ K +N (9)

meson. Following the Adalr analysis they examined the distribu-

tion in the angle « between the outgoing K in the K* C.M, system
and the incident K direction. They found strong anisotropy

which can be fitted with cos2 o and hence, since Alston et al 5

indicated that J(K*)<,2, they concluded by J(K*)==l and P(KK )=1.
For P(KAN) = =1 this implies J(K*)=1°"o
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C) Smith et ai. *8. They give further evidence for J(K )= 1, based

on a spin-alignment effect as observed in the reaction
- . *
7 +p > 2C+K © (10)

In an ateempt to observe K* spin-alignment effects they plot
ted 3 angles «, @B, ~ which define a set of direction cosines in
the K* rest frame. Fig. 4 shows the experimental distributions in
the angles. They conclude also for xy=1", |
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Crass-Sectlon:

_ *
In the paper where they anounced the K , Alston et al  pre-

seﬁtedfa.teﬁal cross sechion for K on production of {(2.0+ 0.3) nb.

From & total number of 48 K° 77 events, they classified 21 as

'S
coming from the decay cf the K . Hence, the cross section for

Ay

. . *
reaction (7-4), assuming I (K ) = 3/2, was (1.3+£0.3) mwb. In {12}

* -
they indicate instead, a total X p cross section of (1L.8+0.4.mh

Fy

P A5 {am) i
+
e [ N
! .
Fr s 4 ~
K~ mass~squared distribution for
23 b - =7 Zci A° events at incident-

pion momenta of 1.80 =2.94 BeV/c.

o (k) {8er™)

2. Posslhle other strange rssopant states.
Thare have been reports on other "bumps" appearing in as~
soclated producticn reactions. Their existence 1s not well es~

tdablished. however. either because of the poor statistics or bo~
cause its single appearance has not been reproduced in independens

evidences.
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%*
a) The K 730

15, 16 of this resonance, but

:There is only one report
quite‘ strong 3“ "the statistical significance of this_ peak above
the background is estimated to nearly 3 standard deviations" ag
cording to the authors. Many groﬁps have looked for this 730K$,

We list them below together with their findings.

1) Alexander et al 157 16 ey 1o0ked at | |
r T+ Ko+q"
T +p > < ST+ ke O (11)
R

.

with 7" 's of 2.1 BeV/c 15, and in the range 1.55 - 2.35 BeV/e 16-

They give evidence of a sharp peak at 730 MeV, [ = 20 MeV. They
propose the following quantum numbers: I = 1/2, suggested by the

absence of any effect in the Z+1r" K° events; T >1.
(see figure in the preceding page)

ii) March et al. 200 They also studied assoclated pro-

ductions reactions induced by mr's:
#-+p—*Z+K+w > p. = 2.1 BeV/c
(They did not find any evidence that the A is produced in as-

sociation with a K ).

Comparing their data with those of Alexander et al., ob-
tained almost under identlcal conditions, we find the agreement

between the two exper%ments except in two points. Mareh et al.
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%
find a smaller width for the K {(see Table I), and although their
events show a peak at the ideﬁtical mass values, it is not sta-
tistically convincing (their previous data at 1.96 BeV/c presents
19)

also a small bump with the correct mass

111) Alston et al +¢

. Their data show that the K 730 does
not play any significant part in reaction X +p = K°-+ﬂ'-+p. The:
data are consistent with zero cross section for the production of
this resonance; they have, however,a slight excess of events between
720 and 730 MeV. If this is intsrpreted as due to this new reso-

nance, then the cross section has the upper 1limit of 37 pub.
iv) Colley et al 17, They did not see any evidence in
T+ p —— Z(or A+ +K, pﬂ,=2.0 BeV/c,

which are the same reactions, at the same energy where Alexander

et al. found it.

: *
(24) They did 'not find any evidence in p+p—= K%K °

v) Armenteros et al.

vi) Cooper et al 13¢ They did not find any evidence in

= *
K +p —» p+K =

b) KK inte tio

The first report of an enhancement in the number of events

of the KK system was given by Erwin et al. 260 This evidence was

also presented at the CERN Conference (1962) 27. They studied
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O

T +p “*Kl

+-K§ + n
» P = 2.0 BeV/e.,
Ko+ K™ + p
For 7 s of much higher energy (and for Kg Kg modes of
decay) similar evidence was presented at that Conference 285 29’3Q
Bingham et al 28 find that the relative energy, QKK’ of the two

K°'s in KK production tends to be quite small (Quy =

=

=:JiEK1+ EKZ)Z + (pKl+ pKZ)Z - ZmK)o Moreover, their Quy distribu
tlon seems independent of awvailable C.M. energy (i.e. beam mo-
mentum). ‘This apparent independence of QKK from the production
kinematics is evidence of a strong correlation between the K%

of KOKO pairs. It is possible to attribute this correlation to

a low energy KK interaction or to a resonant state of mass

o

~1.1 BeV; which could decay into a K Kg pair.

Bigl et al 29 and Belwakov et al 30 compared the effective
mass distribution to a curve computed by a Monte Carlo method
combining Kt¢s from different events. A significant increase in
the number of Kg Ki events of effective mass below 1200 MeV is
observed although the existence of a peak cannot be definitely
proved.

14, 31

Bertanza et al. looked at the reactions

K- +p = A+ KO + x©
2 pk=2024 and 2.5 BeV/Co
—A+ K + K™
They presented a histogram of 37 events comprising a small number

of observed Kg Kg events (%) and about the same number of
. £
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Kg (Kg or Kg) and K' + K~ events. A strong enhancement is seen in
the Qg value region between O and 100 MeV. After subtracting the
phase space contribution they plot the effective mass *  distribu-
tion, Meff(K'f{"), from which they take my,.xg= 1020 MeV, [ = 20 MeV.

ra

U% 1 : FIG. 5

L~ ]

1
N

Number of events

- t 1 ] 1 ] | ]
1.0 11 1-2 1.3 1.4 1.5 1.6 1.7

W (K ¥) = IOG (nn\ra}
Since the departure from phase space occurs so near to the

threshold there is the possibility that the enhancement effect 1is

due to S=wave final=state interaction between the K and K.

Finally, this effect is not observed for either Kg Kg or
Kt x~ events produced by stepped anti-protons in the reaction §+

+p=> K+K+ «° 3z,
Possible quantum numbers assignment to the KK system:

a) Sakurai 5J: If KK (I=0) is due to S-wave KK pairs, then it
is forbidden to decay into K?_ Kgo In this case it would be the

same thing seen by Erwin et al. inm +p = K°+ k° + n.

* For all possible reaction channels, effective mass distributions are defined

= 2 2i1/2
by Mg = [(ZE)2-@p)? |12
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I=0,3z=0=>0=(1)"" =41,

If KK {(I1=0) is due to P-wave KK pairs, then -itis forbid-
den to decay into Ki + K.i. In this case I=0, J=1 =>G =-1,
~and hence forbidden to decay into two pions. This last possi-
bility allows the interpretation of the effect as the decay of
an w=like I=0, G=~1, vector meson. Fast decay into 3r is

then allowed.

b) Gatto >%: He looks for a, quantum number assigmment for KX
that strietly forbilds decay into 2r and 3w and makes 4 - decay
very slow. For I=0, J<2 we have an unique assignment satis-

fying these requirementss J=0y P=+1, G=<=1, Then

decay Into 2r is strictly forbidden by C

" 11 3." 11 " 1t n P

n " 4w " slowed down " G (goes only electro-mag-
_ netically)

n o gYg", KO K KJ» K K7 is strictly forbladen by C. The only

decay mode is Iqu (through violation-of G).

¢) Minami, Huggett 35, I=:f=1 and I=0, J=1 (same guantum

numbers as the p and ws respectively). They claim both these ag
signments are unlikely because there seems to be no evidence for
the peak due toa strong interaction of J=1 states in 2r or 3w
systems in the neighborhood of 1020 MeV. The only peak observed
in this region is that from the resonance corresponding to the

2w system of mass 1040 MeV (J=27).

I1=3=0 wounld imply fast decay into Zw. Diemigsed in the
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same groung.

Finally, we hav_é the assignment I=1, J=0 =G ==1, which
would suggest fast decay into 3w (forbidden because of P and to=-
tal angular momentum conservation. Thus the possible modes would

" be into 5w and n+w (4f vz 077)),

¢) Multipion Resonances

Belyakov et al 30 studled 2, 3 and 4 partiecle resonances in
7 p reactions with a 24 propane bubble chamber exposed in
7 -8 BeV/e beam at Dubna. Amohg many other combinations they

caleulated the effective masses of the following ones |
Koﬂ’, K°21r, KOBTI'

In the distribution of effective masses for the combina-
tion K° »* 1r-,1ri () they find two maxima, one 1.4 BeV and
the other at 1.63 BeV. They interpret as a resgonance only the
higher -one, claiming that the number of events at 1.4 BeV is too
small. This K*** would possibly decay in the channels

* k% *
K =xK +2r

*
—K +p
—#—K+1r+p

They searched alsc for resonances in K° m 7— (charge 2)
and K° 7 7 (charge 0) as well.. They found a peak in the
% ik
region 1.1- 1.2 BeV in the distribution of K° 7+ r= (K ).

So they have:
*ok %
~ 1650 MeV

**¥
= 1150 MeV
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In the other hand their datas show very poor maxima at an

%*
energy coinciding with that of the K .

* k%
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