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INTRODUCTION 

In the first section ; of this survey after a 

brief mention of statistical problems (Section 1.1), 

I would like to note down some of the quasi-theore­

tical notions which as an experimentalist I have 

picked up along the way and have found useful to 

have at the back of my mind (Sections 1.2 and 1.3). 

Theorists should jump these. The second section will 

be an attempt to show up what things have changed in 

the more well-established mesons, referring mainly 

for orientation to the 

This essentially means masses less than 1600 MeV. 

In the third section, I will discuss the data in 

what has become known as the R region [1600 MeV -

1880 MeV (- 2 M

n u c l e o n ) ] > and the fourth part will 

concern those data relevant to the mass region 

> 2M -, . The last section will be a mixed bag 
nucléon & 

of things. 

I shall often refer to the Particle Data Group 

tables1) as most people by now keep these in their 

pockets. 

*) Those who wish to follow the line of the talk at Vienna 
should read the last section first. Those who are interes­
ted only in a survey of the experimental situation should 
read Sections 2 and 3. 

1, GENERALITIES 

1.1 Statistics 

One month before the Conference, Professor 

Rosenfeld sent me his paper on "Far-out mesons and 

baryons"2) in which he states that at the present 

rate of measurement of two million events/year we 

can expect to see "several 4a and hundreds of 3a 

fluctuation/year". After having passed away seve­

ral sunny evenings reading the papers submitted to 

this Conference and trying to sort out the fluctua­

tions from the real effects, I was in the right state 

to feel that my saviour had come, in that only papers 

with >. 5a effects need be taken seriously (how many 

of those are there?!). However, two lines further on 

he tells us that for the theoreticians the moral is 

simple — wait for 5a effects. The poor old experi­

mentalists on the other hand, even with a 4a peak, 

have nowadays to await confirmation from another ex­

periment before they can say the effect is real. I 

think all of us should be aware of this problem as 

it should influence, in a sense, the way we undertake 

our experiments. For example should a small labora­

tory concentrate on one large statistics experiment 

or dabble in several? 

In more detail we have: 

i) world measurement of bubble chamber events 

^ 2 x 10 6 events/year (estimated 1967 figure; may be 

low) ; 

ii) each event contributes v!5 mass combinations/ 

event ; 

iii) each histogram contains ̂ 3000 combinations/ 

histogram. 

? x i n 6 x i ç 
.\ No. of histograms ̂  — — = 10^000/year, 

3 x 10 3 
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iv) No. of bins/histogram MO 

• ' • No1_o£_bins/year ̂  4_x_10f/year. 

However the probability of various fluctuations is 

the No. of fluctuations we can expect/year is 

The significance is clear that we can be in 

trouble if we are not careful. Furthermore, for the 

future it would seem that it would be a wise move to 

ensure that the expected growth in measurements of a 

factor of 2 in two years should be channelled into 

the same total number of experiments if possible and 

not into increasing this number. 

A further small point which I feel could be help­

ful is a recommendation that mass [not (mass)2 histo­

grams] be plotted in 20 MeV bins starting from a mul­

tiple of 20 MeV. This would make the task of compil­

ing world data much easier. "When one considers the 

time, money, and effort being put into this field it 

seems to me that we should make some effort so that 

world compilation of data is made easier. Of course 

this does not exclude the plotting of histograms in 

10 or 5 MeV bins if the data and resolution warrant 

it. 

In order not to discourage the experimentalists 

too much, Fig. 1 shows one of the more beautiful re­

sults presented to the Conference3). Clearly >. 5a 

peaks are possibleI (Note the > 5000 events/histo­

gram. ) I do not think many people will question the 

fact that peaks in the T T + Ï Ï + Ï Ï and ÏÏ+ÏÏ+ÏÏ TT° systems 

are present around 1700 MeV, and one does not need 

selections to see them! To prove convincingly that 

these peaks have decay modes f 0 i r + and U ) 0 TT +, respec­

tively, is another matter and probably requires a 

factor > 3 more in statistics. 

Of course, it is to be hoped that this discussion 

will not incite people to find ways of increasing the 

apparent significance of their results by calculating 

TABLE 1 

Fi g « 1 a) ïï ÏÏ ïï effective mass spectrum, and b) IT IT TT TT° 

effective mass spectrum from the reactions ïï+p p(3ïï)+ and 
ÏÏ+P P(4TT)+, respectively, at 7 and 8.5 GeV/c 
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the probability that a fluctuation in a "smooth hand-

drawn background curve" could produce the observed 

peak. To my mind this is incorrect and can, in the 

case of low background, give very optimistic results. 

More realistic is an estimate based on the probabi­

lity for the number of events in the peak to fluctu­

ate down to the phase-space background as this esti­

mate compensates for the fact that the phase-space 

curve itself has an uncertainty on its position. 

As a last comment on statistics, Table 1 lists 

the number of papers contributed on various subjects 

and serves to give a rough idea in which sections of 

meson physics effort is being directed. 

1.2 The quark model 

Since I am an experimentalist I shall make no 

excuse for frequently referring to the quark mo­

del 4" 7). For me this model is a convenient mnemon­

ic and is an aid for remembering the possible quan­

tum numbers of the various bumps we see and call re­

sonances. By using the quark model as a means of 

classifying meson states, we can hope to bring out 

more clearly which states appear to be unfilled, 

which established meson states seem not to find a 

place in the scheme, and thus also get some idea of 

how successful the model is. For the student (not 

to say the experimentalist) the quark model is a 

good demonstration of how important it is to estab­

lish in a systematic and unbiased fashion the mes-

onic states of matter and their properties if pro­

gress in this field is to be facilitated. 

A meson is supposedly composed of a quark and 

an antiquark: qq. Since the quarks are fermions, 

we have for a qq system of angular momentum L and 

total spin S (= 0 or 1) 

NL + I 

The quarks having spin 1/2 allow a value of S = 0 

and 1, the singlet and triplet states, for each va­

lue of orbital angular momentum L between the quarks. 

Since the product q ® q + ( § ) + Q , w e will expect to 

find an SU(3) octet and an unitary singlet (9 meson 

states) associated with each value of L and S. Each 

octet is composed of an I = 0, S = 0 isosinglet (n), 

an I = 1, S = 0 isovector triplet (ÏÏ), and an I = 1/2, 

S = ±1 doublet (K), which can be represented as shown 

in Fig. 2. 

F i g . 2 The three well-known nonets 0 

Using the Eqs. (l)-(3) it is not too difficult 

to arrive at Table 2, which lists the quantum numbers 

one can expect for the various states in each nonet. 

Possible assignments of the meson states already 

found experimentally are also shown8). 

1,3 Mass formulae - SU(3) branching ratios - Regge 
trajectories 

What helps us to feel that the assignment of a 
G P 

meson state (of known I , J, and mass) to a given 

nonet is reasonable? 
1.3,1 Mass formulae 

First there are the mass formulae. For members 

of a given octet there is the Gell-Mann-Okubo (GMO) 

mass formula 

Although this works not too badly for the (T^So) 

octet, it is not satisfied for the l"(3Si) octet. So 

we introduce the idea that the singlet (<(>) and the 

octet (GO) 1 = 0 members can mix 

where now u>i and <J>8 are the (masses)
2 required to 

satisfy the octet GMO formula (4), and OJ and § are the 

(masses)2 of the physical particles. From formulae 

(4) and (5) we solve for a mixing angle 0, which can 

be used in branching ratio calculations. 
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The vector mesons are expected to obey the 
Schwinger mass formula 

The l" ( 3 Si) nonet, with 6i ̂  40°, satisfies formula 
(6) fairly well. 

Outstanding states E°, FI, Ai^, K*(1280)?, of mass 
< 1600 MeV not obviously finding a place in Table 2. 
The H meson is discussed in the text and seems to have 
died. Not listed in the Particle Data Group tables as 
well established mesons are e%o, <59 6 2 , KTT(IIOO). 

Throughout our discussion we shall often refer, for 
orientation, to this table. 

1.3.2 SU(3) branching ratios 

Up to now we have made some progress in our at­
tempts to give ourselves confidence that the assign­
ments we have made are correct. However, if we now 
study the branching ratios of the decay modes of the 
mesons within a given nonet we find that these are 
functions of 0i and that, given sufficiently accurate 
data on these branching ratios, they overdetermine 
the situation to such an extent that we begin to feel 
if the mesons are correctly assigned or not9-'. Hence 
the interest in the accurate deteimination of branch­
ing ratios. 

In order to make this comparison between the pre­
dicted width ( r ç n m ) and the measured width (r ) SU(3) 
one may use the formula9^ 

N = reduced matrix element squared 
C = SU(3) Clebsch-Gordan coefficient 
p = momentum of decay product 
M = mass of decaying particle 
X = inverse interaction radius, usually put 

equal to °°. 

Table 3 shows the predicted rates for the 1 (3Si) 
and 2 +( 3P 2) nonets and Tables 4 and 5 the results of 
a x 2 fit to the data at that time (July 1967)9). 
Clearly the fits are not too bad but the errors on 
the r g xp should be reduced before one can be satis­
fied. However, at the present time one can say that 
for the 1 and 2 + nonets the mesons assigned to these 
nonets appear to have branching ratios compatible 
with SU(3). 

1.3.3 Regge trajectories or L-excited mesonic 
states 

We have two different points of view from which 
we can see how the masses of mesons of given I-spin 
depend on J, P, and G. There is the Regge trajectory 
picture in which meson states of a given I, G, P, and 
differing in J by multiples of two, are expected to 
lie on a trajectory when their spin J is plotted 
against their (mass)2. However, it seems that the 
1 = 1 mesons p , A 2, R, S, T, U, where admittedly 

P + only the J of p(=l ) and A2(=2 ) are well estab-
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TABLE 3 

lished, lie very well on a straight line trajectory 
as shown in Fig. 3. The fact that the 2 + meson lies 
on the 1 trajectory has been termed exchange degen­
eracy and apparently can be understood in terms of 
the quark model10-'. If we feel that the slope of 
most Regge trajectories are similar and of the same 
order as that of the p, A 2 trajectory, i.e. dJ/dM2 = 
1 GeV~2, then the mass of a meson together with its 
production mechanism (diffraction or meson exchange) 

p 
may help us to guess its J assignment by looking on 
which Regge trajectory it could lie. For example, 
the L meson (KTTTT at 1790 MeV), which can be produced 
in the reaction K+d dL+ in what appears a diffrac­
tion dissociation (or Pomeron exchange)*-' reaction, 

P + - + 
is expected to have J in the series 1 , 2 , 3 , etc, 
and lies nicely on the Regge trajectory of K(494, 0"), 
K*(1320, 1+) if its J P is taken to be 2". 

Another way to look at mesonic states is the spec­
troscopic one in which we invert the Regge plot, and 
plot (mass)2 — vertical scale — against the spin J. 
This is more in line with the L-excitation model 
of Dalitz6), Zweig5) and Goldhaber7). Figures 4 and 
5 show how the mesonic states may be displayed1^. 
*) See Section 1.3.4 

In this model the mesonic states are seen as the ro­
tational and vibrational excitations of a three-di­
mensional harmonic oscillator, the linear dependence 
of the (mass)2 on L (or J) being a "natural" conse­
quence of the quantization of the harmonic oscilla­
tor states. Most of the mesons seen to date are ex­
pected to be the lowest-lying states with radial 
quantum number n = 0. The higher-lying states, which 

Fig. 3 Excitation diagram of the lowest lying N*'s and 
bosons. The lower thin full line curve is the p trajectory 
passing through A^(1270), g(1640), S, T, and U. The upper 
full line curve passes through A§(1320) and g(1700)? The 
mean of these two lines gives the dotted line which is 
parallel to the N*. trajectory. 
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TABLE 4 
Experimental versus predicted rates 

TABLE 5 
Experimental versus predicted rates 
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F ig . 4 Excitation diagram for boson states after Zweig 1 1). 

1,3*4 Dependence of cross-sections on energy probably have larger widths and are probably more 
difficult to excite (at least in irp or Kp collisions), 
may be more difficult to discover. Phase-shift anal­
yses which have been successful in finding broad 
baryon resonances are difficult to apply to meson 
physics. Possibly the pp boson formation channel 
will prove of interest here for bosons of mass > 
2M nucléon. 

When a meson is produced in a given reaction the 
variation of its production cross-section with the 
momentum of the incident particle can be of use to 
give us some idea as to whether the meson produced 

p + - + has a J value in the natural series 0 , 1 , 2 , . . . 
or in the unnatural series 0 , 1 +, 2 , ... etc. The 
reasoning behind this is as follows: mesons produced 

Fig. 5 Excitation diagram for I = 1/2 and 1 = 1 boson 
angular momentum state. 

states. Thick lines connect states in same qq orbital 
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peripherally are thought to involve either the ex-
P + 

change of the Pomeron (J = 0 ) or of a meson (e.g. 
TT, p, A 2) and Regge pole theory predicts

12) 

Here the assumption is that most of the cross-section 

comes from the region where t * 0. p^ = incident 

particle momentum; a(0) is the intercept of the ex­

changed particles1 trajectory at t = 0 on the angular 

momentum axis of the Chew-Frautschi diagram, Fig. 3. 

Thus since the Pomeron has J 

exchange can only involve a change in the angular mo­

mentum of the incident particle by 0 +, 1 , 2 +, etc, 

and mesons produced from incident pions or kaons 

which have production cross-sections that are nearly 

constant with energy will be expected to have values 
P - + - i2) 

of J in the series 0 , 1 , 2 , etc. J . 

2. MESONS (MASS < 1600 MeV) 

In this section we will discuss the recent data on 

meson states referring, for orientation, to Table 2. 

We first go systematically through the 1 = 0 states, 

then the I = 1, and finally the I = 1/2 states of 

mass < 1600 MeV. 

2.1 1 = 0 mesons 

2A.1 r\°(549) 

It has become customary to discuss the branching 

ratios of the n in the meson session although this 

really involves the electromagnetic interactions0 

Thus the n is to the study of electromagnetic inter­

actions as the K° is to the study of weak interac­

tions. At the Philadelphia Meson Conference, Baltay 

reviewed in detail the n branching ratios arid gave 

the values13) shown in the insert. 

There is little change between these values and 

those reported at the Heidelberg Conference. The 

ratio (n + 3ïï°)/(n T T V Ï Ï 0 ) = 1.25 ± 0.13 is still 

some way off the theoretically-predicted value of 

1.58 1 3 ) . At this Conference, a paper was presented 

by groups working with a heavy-liquid bubble cham­

ber1 ^ in which they observe the 6y's from the 3TT° 

materialize in the liquid. They were thus able in 

one experiment to measure directly the ratio 

n TT 7T TT 

in good agreement with the above value of 1.25. 

As a result of two papers which have appeared 

during the last year15? 1 6) and a bubble chamber col­

laboration result, Baltay13) has arrived at a best 

value for the parameter "a" describing the Dalitz 

plot distribution of the n° •> TT +ÏÏ ÏÏ° decay of 

a(real) = - 0.54 ± 0.017 , 

the decay distribution being described by a linear 

matrix element of the form |f|2 = |l + ay|2 and 

y = 3 To/Q - 1 (T0 = kinetic energy of the TT°, Q = 

M̂ o - 3mïïo). This factor a is important in that it 

enters into the theoretical expression for the 

ratio 1 7) 

n -> 3TT° = 1.15 x 1.5  

n + ÏÏVV (1 + 0.25a2) 

2.1.2 r\'(958) or X° 

There was always the problem of the n ! (958) and 

<5(962) of similar masses and narrow widths (r ^ 4 MeV). 

Are they the same resonance? 6 clearly does not have 

1 = 0 (seen in charged mode). However, is I(r)'°) = 0? 

During the year, experiments on deuterium at LRL18) 

and the SABRE19) collaboration, studying reaction 

K'n + A°X" , (9) 

show no evidence for a signal in X*" at a mass of 960 

MeV. 
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Since the n1 is seen abundantly in the reaction 

K'p + Ar)'0 (10) 

and I-spin conservation would predict twice the cross-

section of reaction (10) for reaction (9) if the I(ri') 

= 1, the evidence for I(n !) = 0 seems strong. (More 

quantitatively the LRL group, for example, give 

a(n'~) < 25 yb with 99% confidence, whereas 220 ± 18 ub 

is expected if I = 1.) 

^(958) yy: Although the Dalitz plot distribu­

tion for the ri 7T IT decay of nl(958) favours J = 0 
P + 

for 1 = 0, the possibility of J =1 has always exis­

ted if I = 1. The foregoing result, therefore, in a 

sense establishes = 0". However, observation of 
the Y Y decay of the nT (958) would unambiguously es-

P 

tablish J = 0 . At this Conference a result was 

presented2°) by a CERN-Bologna group studying the 

reaction 

at 1.93 GeV/c with a spark chamber technique. Figure 

6 shows the Y Y m a s s spectrum with and without charged 

particles accompanying the two Y ? s « An excess of 

five events occurs in the bin 945-980 MeV. Bubble 

chamber people should not laugh at the small statis­

tics, as it is clearly not the easiest of experiments. 

If we associate this excess as being due to the Y Y 
P 

decay of the n 1, then J (n 1) = 0 within the limita­

tions imposed by the small statistics. 
2A.3 H meson (1°/ = o"l+) 

During the year, work has been published by groups 

at LRL21-' and the UCLA22-' which, I think most experi­

mentalists agree, kills or at least severely maims 

Fig. 6 YY effective mass distribution from reaction 

ïï~p -> n + MM 2 ° ) , a) without accompanying charged 

particles, b) with accompanying charged particles. 

the H meson as a meson candidate. The reasons for 

this are primarily: 

a) the effect, i.e. the bump in the P°TT° mass spec­

trum at ̂  990 MeV in the reactions Tr+p + N 3 3 ÏÏ+ÏÏ~TT° 

and ïï+n + PTT+TF TT° was statistically small and was 

seen by only a few groups ; thus one could be subject 

to fluctuation problems in choosing a few experiments 

that see an effect out of many that do not; 

b) enhancements in this region of phase space can be 

produced by making a p selection on a statistically 

produced 3TT phase space 22) , 

H is dead? 

• Statistics, small P V effect. 

• Partially reproduced by P cut 

on 3TT phase space. 

• Partially explained by Y faking 

TT° in ïï p + p ÏÏ A 

ïï ïï Y 

IT n + p X 
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c) a spurious peak can be produced by mis identifying 

a y from the ÏÏ+ÏÏ y decay of the nf (958) as a IT 0 in 

the reactions 

From considerations of all these effects the LRL 

group concludes that no significant evidence for the 

existence of the H meson remains. 

This leaves us with two unfilled states in the 

I = Y = 0, xPi states of Table 2. 

2.L4 e°(700) + ÏÏÏÏ? 

The possibility of a resonance in the 1 = 0 

ÏÏÏÏ system has been around for some time. Such a state 

is clearly of interest to the quark model enthusiasts. 

To my mind the situation has hardened a little in 

favour of a broad state (r I 200) at about 700 MeV. 

The variation of the I = 0, J = 0 phase shift ôjj 

as deduced from the reaction TTN NÏ Ï Ï Ï is shown in 

Fig. 7 2 3 ) . The main problem is to decide between 

solutions I and III, solutions I and II being essen­

tially the same but 180° out of phase. Set I goes 

through 90° in the region of 700 MeV, whereas set III 

goes through 90° around 900 MeV but very slowly 

[cf. K Ï Ï ( I I O O ) in Section 2.3.1]. Clearly this is 

£°(700) 

• Single ÏÏ production in TTN -> NÏÏTT . 

• Does 6g go through 90° around 700 MeV? 

• Decision to be made between set I and 

III phase-shift solutions. Mass spectra 

favour set I, i.e. 90° at 700 MeV. 

16CM 

Fig. 7 Results of seven experiments on 6§ 2 3 \ 



where the phase-shift analysis technique, which has 

been so successful in the search for baryon resonan­

ces, should be more successful than the search for 

bumps in the TTTT effective mass. However, at this 

Conference and during the year there have been papers 

on the Tr°7r° effective mass spectrum2 ̂ 2 6 ) . These 

three groups interpret their data as giving support 

to a broad ÏÏ°ÏÏ0 resonance around 700 MeV. Moreover, 

their cross-sections appear to agree in magnitude 

with that predicted by the phase shifters27\ which 

was not the case in earlier work 2 8). Figures 8 and 

9 show the TT0TT° effective mass spectra from two ex­

periments along with the prediction from Malamud and 

Schlein27). The agreement is good and solution I 

seems favoured. 

Fi g o 8 7r°ïï° effective mass distribution calculated as the 
missing mass (MM) from the reaction ir+d •> pp s MM (MM -> ÏÏ°ÏÏ°) 
at 2.15 GeV/c Dashed curve prediction of Malamud and 

Schlein 2 7). 

S*(1070) 

•S-wave scattering length, resonance, or mixture 

of both? No clear-cut decision. 

• ÏÏ+ÏÏ decay? p°, f° complications. 

• NEW: M ( Ï Ï V ) bump at 1050 MeV - requires D-wave? 

KjKjdecay: As regards the KjKj decay of the S* 

nothing has drastically changedo New data presented 

to the Conference29) using the optical spark chamber 

technique served to demonstrate how difficult it is 

to determine in if p interactions whether this enhance­

ment is due to 

a) an S-wave complex scattering length, 

Fig, 9 (Solid histogram) Neutrals mass spectrum from the 

reaction ir+n p + neutrals 2 5 ) ; cos 6 c # m < (neutrals) > 0,8. 

(Solid points) ÏÏ°ÏÏ° effective mass spectrum, after subtraction 

of 3ÏÏ° and N* background from the solid histogram,, (Open 

points) Data of Corbett et al. 2 8 ) multiplied by factor 2.96. 
The curve represents the prediction of Malamud and Schlein 2 7). 

Fig» 10 Weighted KiKx invariant mass distribution:a) at 

4 GeV/c',b) at 5 GeV/c from the reaction iTp KjKJn 2 9 ) ; c) and 

d) scattering length fit (solid curve) and resonance fit 

(dashed curved) to the data at 4 GeV/c and 5 GeV/c. 
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Fig. 11 Distribution of the effective mass squared of the 
K?KJsystem for the reaction pp -*• K ? K Î Ï Ï + Ï Ï " at 0.7 GeV/c 3<>). 
The solid curve represents the fit with a Breit-Wigner for 
the S* with M = (1030 ± 7) MeV, T = (50 ± 15) MeV. Dashed 
curveScattering length fit of (1.50 ± 0.5) fermi. 

b) an S-wave resonance near threshold, or 

c) a mixture of the two, as can be seen in Fig. 10. 

In contrast, Fig. 11 shows the KjKj mass spectrum 

produced in pp annihilations at 0.7 GeV/c 3 0 ) . Here 

the resonance interpretation seems to explain the 

data better. They report a value of M(S*) = 

(1030 ± 7) MeV and r(S*) = (50 ± 15) MeV. 

might expect to see a TT+TT decay manifest itself in 

the reaction 

This IT IT signal will depend on the effective coup­

ling ( a ) of the S* to the TT+TT system. Since the 

S* -> KÎKî is produced peripherally in the IT p reac­

tion it would seem reasonable that the entrance chan­

nel to the S* is ÏÏ+ÏÏ (see Fig. 12a). If a were 

near 1 we could expect to see a ÏÏ+TT signal (propor-

Fig. 12 Peripheral diagrams relevant to S* production. 

tional to or, Table 6) TABLE 6 

since we see a signal 

in K°Ki [proportional to 

a(l-a)]. That a ÏÏ+TT 

signal exists in this re­

gion was indicated already 

at the Heidelberg Con-
3 n 

ference J and has been consolidated a little more 

at this Conference32)33^, see Figs. 13 and 14. Figure 

13 shows the ÏÏ+TT mass spectrum from the reaction 

ïï p NIT +TR at 6 GeV/c for those ÏÏ+TT systems with a 

IT emitted into the backward hemisphere in the TT+ÏÏ 

c.m.s. A signal seems to exist in the S* region,and 

along with the K?Kj signal observed in the same ex­

periment (shown in Fig. 15) yields a ratio of (S* •> 

TTY / S * + KiKjj) = l.o!S;63 (2.5 would be expected from 

phase-space considerations alone). Figure 14 shows 

the ÏÏ+ÏÏ mass spectrum from a Purdue-Notre Dame-SLAC 

Collaboration with 8000 ifp TT+ÏÏ n events 3 3) • A 

clear bump is seen at M(TT +TT") = 1.05 ± 0.01 GeV; 

r £ 40 MeV especially when the IT is selected to have 

cos 6 * < - 0.75 (Fig. 14d). The problem here,however, 

is that the angular distribution of the TT" in the 

c.m.s. of the dip ion system is more compatible with 

D-wave decay than S-wave, as can be seen in Fig. 14b. 

This is in agreement with an observation made by a 

counter experiment at the Rutherford laboratory3^ 

which also favoured spin > 0. The variation of the 

coefficients of a Legendre polynomial fit to the 

ÏÏ+ÏÏ decay angular distribution as a function of TT+TT 

Fig, 13 ÏÏÏÏ effective mass spectrum where ïï is emitted 
into backward hemisphere in ÏÏ+ÏÏ" c.m.s. 3 2 ) . 



Resonances-Experimental 1 (6 = 0) 103 

F i g . 14 a) IT IT effective mass spectrum from reaction ÏÏ p •> 

nïï+ïï" at 4 GeV/c 3 3 ) plotted against the cosine of the scat­

tering angle in the dipion rest frame, and the decay angular 

distribution for 1.00 < M < 1.10 and A 2 to the TTTT system 

< 0.1 GeV 2; b) M ( Ï Ï + Ï Ï") for COS 6 < -0.75; c) M ( T T + T T) for 

cos 6 < -0.75 and A 2 to ÏÏÏÏ system < 0.1 GeV*. 

mass is shown in Fig. 16 3 5 ) . We see a peaking of 

A 2/A 0 near 1.03 GeV which, as the authors state, is 

consistent with constructive interference between a 

rapidly increasing 6°0 (S*?) and an increasing D-wave 

phase shift, 6 ° . 

2.2 I = 1 mesons < 1600 MeV 

20201 B(1220) (2°^ = 

I will not discuss this state in detail except 

to note that during the year, and at this Conference, 

F ig . 15 M ( K ? K ? ) from the reaction ifp K?Kjn at 6 GeV/c 3 2 ^ . 

L E G E N D R E COEFFICIENTS FOR ts .2(GeV/Q 2 
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Fig. 17 a) M ( Ï Ï + Ï Ï ÏÏ°) spectrum from ÏÏ p -»• pïï ÏÏ ÏÏ+ÏÏ° 3 6 ) > * 

b) M(w°ïï~) spectrum and unnormalized moment distributions. 

the Illinois group36-' working with ÏÏ at 5 GeV/c see 

a nice COV signal at ̂  1240 MeV, r ^ 200 MeV (see 

Fig. 17) in the reaction 

K p -> A°ÏÏ IT M: Two experiments study the reac-

ThiS' experiment gives much needed confirmation for a 

urn state at this mass. From a moment analysis of 
P + 

the angular distributions they conclude that J = 1 

+ P 

or 2 , 3 ... is favoured. J = 3 , 5 ... is un­

likely because of the non-observation of a ÏÏÏÏ decay, 

although we should remember that, for instance, 

£* (1515) f ÏÏÏÏ has nice explanations coming from SU(3). 
They also state that the fact that their data require 

P + 
|JJ - ±J for J = 2 , 3 together with the rather 
peripheral production of the B, makes it difficult to 

P + 

believe in the possible J = 2 , 3 ... assignments 

given by the moment analysis. 
2.202 6(962) 

Now we come to the 6 problem. Seemingly only the 

CERN-MMS data remains. In all the other experiments, 

repeat experiments have not substantiated the origi­

nal claims. Why do we not have more CERN-MMS-type 
G P - + 

experiments? If ô has I J = 1 0 an expected decay 

mode is ô" •> n 0 ^"; possible evidence for this decay 

mode has been reported in three experiments. 

tion 

where M is the unfitted missing mass. Both groups 

agree that when a region of M around the n° mass 

( M n ° M ) is taken a peak is obtained in the ÏÏ M effec­

tive mass spectrum in the region of 975 MeV with a 

T ^ 80 MeV which is claimed to be similar to their 

mass resolution in this region, see Figs. 18 and 19. 

The main problem comes when one asks how much of this 

ÏÏ M signal is really due to ri0^ • BNL feel not more 

than 30% and ANL-NW a large fraction. Justification 

of the ANL-NW claim is given in Fig. 20, which shows 

that selecting events in which the A ° Ï Ï + mass lies in 

the Y*(1385)+ region a signal is seen in ÏÏ"M at ̂  975 

MeV only when 500 < M < 600 MeV. BNL on the other 

hand, arrive at their estimate by using the reaction 

iCp a V Ï Ï V 

+ - o ÏÏ ÏÏ ÏÏ . 
They have few events with an n° and can estimate how 

much n° •* neutrals are left in the M spectrum after 

those contributing to X° (-> n°ïïV) production have 

been removed. After that the further details do not 

seem to agree too well. Thus BNL find little associ-
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Mass h r M ) , MeV 

F ig . 18 TT M m a s s d i s t r i b u t i o n f r o m r e a c t i o n K p -> A°ïï+Tr M a t 

4 . 6 G e V / c 3 ? ) w i t h M 2 > 0 . 0 5 G e V 2 . 

H i s t o g r a m A - 2 7 3 6 e v e n t s , n o n ' (960) + 

H i s t o g r a m B - 1 2 9 5 e v e n t s , n o n ' ( 9 6 0 ) , ATT a n d ATT > 1 4 3 0 M e V 

H i s t o g r a m C - 6 4 8 e v e n t s , n o n ' ( 9 6 0 ) , ATT+ a n d ATT" > 1 4 3 0 M e V 

M 2 < 0 . 9 5 G e V 2 , E . , ( T T + ) < 1 G e V . 
l a b 

F ig . 19 IT M m a s s d i s t r i b u t i o n f r o m t h e r e a c t i o n 

K " p -> A0TT+TT~M 3 8 ) w h e r e M = [M(n) ± 5 0 ] M e V . 

H a t c h e d h i s t o g r a m : A 2 ( T T M ) £ 1 . 5 G e V 2 . 

ation of the peak to Y* , ANL-NW do, see Fig. 20. 

BNL find no evidence for peripheral production where­

as ANL-NW do. 

pp -> 5TT+3TT"TT0: The third experiment3 9 ) concerns 

the reaction 

M A S S * 7lA-(stv)1 

F i g « 20 ïï M m a s s d i s t r i b u t i o n o p p o s i t e Y ^ ( 1 3 8 5 ) f r o m t h e r e ­

a c t i o n K ~ p •> A°TT+TT"M 3 8 ) f o r M o n a n d o f f t h e ri° m a s s . 

pp -> 3ÏÏ 3ÏÏ"ÏÏ° (3500 evts) 

•No n° evident in (3ÏÏ)° but "n°"ïïV shows X°, 

and "n 0 f f cut of (548 ± 20) MeV consistent with 

100n°. 

•"n0l,ïï+ + 3a peak at 970 MeV. 

• nÔ ± , !ïïT + peak at 1300 MeV (D0?). 

The ir+7T TT° mass distribution shown in Fig. 21a shows 

no clear n° signal although with the large number of 

combinations 100 n° can easily be accommodated. That 

n 0 ,s are present is indicated by the , !TI 0 MTT +7T mass 

distribution (Fig. 21c) which shows an X° signal and 

also a signal at ̂  1300 MeV. [Here "n 0" means TT+TT TT° 

masses in region (548 ± 20) MeV.] When they look at 

the f ,n 0 NTT" mass distribution they find evidence (y3o) 

for a peak at about 970 MeV (r ̂  25 MeV consistent 

with their resolution). Taking then the "n 0"^ masses 

with (970 ± 20) MeV ("ôM, say) and forming the " Ô ± , , T T +  

mass distribution they get back the 1300 MeV peak 

(Fig. 2Id) suggestive of the D° meson. Their tenta­

tive interpretation, which to my mind has a certain 

beauty about it, is that they are observing the cas­

cade decay chain shown in the insert. The reaction 
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branch to the right, viz. pp ->• KJK~TT IT IT , has al­

ready been published4 °). Evidence was presented for 

the possible reaction 

P P ->• TT ïï D 

where threshold KK behaviour is interpreted as the 

effect of a virtual bound state below threshold at 

the 6 mass. Here, if the interpretation is true, we 

have a nice example of the decay of the original pp 

excited state down to the ground state via emission 

of TT quanta (Rutherford would be proudl). Oh, for a 

bubble chamber type technique with 100 times the 

statistics for the same amount of work! 

Conclusion: The evidence is consistent with a 

state of mass ̂  970 MeV, r £ 80 MeV K 2 5 M e V i n 

pp experiment) which decays partially into ri°TT± and 

partially into KK. However, to prove this is another 

matter. It is tempting to associate this state to 

the 6(962). 

Ai (1070) 

• Is Ai seen in irp -> p(3ir)? 

- take away A 2 

- understand background? 

- select np!fïï 

- N* cuts? 

Most claims for the Ai come through study of the re­

actions 

ÏÏ±P P ( T T ± Ï Ï + T T ~ ) . 

> w ' 

A,? 

Looking through the data, and how the Ai developed, I 

was not convinced that it really existed from an ex­

perimental point of view. (The trouble is one always 

has the quark model asking for it in the background.) 

Figure 22 shows some of the problems'*1). Deduction 

that something exists in the Ai region depends on 

a) taking away the A 2 ~ that is all right, most 

people agree that the A 2 exists; 

b) a true appreciation of the background under the 

Ai. Here one usually uses Deck type calculations — 

none of which (to date) can explain the accumulation 

of 3TT masses in the 1.1 GeV region. 

The question is: is this really enough evidence 

to say the kx exists? At 16 GeV/c
 1+1 ) they need not 

only an Ai (1070) but also A1#5(1190) to obtain a 

reasonable fit to the data. 

Tip -> P(3TT) : My- feeling concerning the Ai is 

that we still have problems here: What are they? 

Fig. 22 TT TT TT mass distribution from the reaction TT p •> 

p(3ïï)~ at 16 GeV/c k l ) when events for which the ( p T T + ) system 

has effective mass in the N * + + band have been excludedo 
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1.5 2.0 2.5 3.0 

M (p°7r +) GeV 

F ig 0 23 Compilation of p°ïï+ effective mass spectra0 Fi g « 25 Compilation of p i t effective mass spectra. 

M ( P ° T T~): In order to convince ourselves more 

that the Ai exists we can add up all the available 

data — at least we are not then so subject to fluc­

tuations. (I am aware that this procedure also has 

its dangers in that interference of an Ai with back­

ground can move the central value around.) Figures 

2 3 and 2 4 show the P°TT + and P°TT "world" mass spec-

tra0 The A 2 peak around 1 . 3 GeV stands out clearly. 

In the P°TT one does not see much evidence for an 

Ai ( 1 0 7 0 ) and if we want to be difficult we could say 

we do not understand the background problem and just 

make a conventional hand-drawn background curve. [Of 

course the "in" word at this Conference seems to be 

"Duality'"*2), the fact that we observe a large cross-

section for M(3TT) in the Ai mass region being taken 

Fig . 26 ÏÏ 7T TT mass distribution from the reaction 

ïï"p •> pïï+7T+ïï"ïï"ïï" at 16 GeV/c h ^ , 

as an indication that resonances probably exist in 

this region.] In the P°TT + mass spectrum (Fig. 2 3 ) 

we see more evidence for a peak in the Ai region, 

but then why is the P°TT + different from P°TT ? Is 

there a problem associated with the N * ( 1 2 3 8 ) + + ? 

M ( P ± T T +)°: Having, I feel, not had too much suc­

cess with the p 0 ^ spectra,we can turn to the (P~TT + )° 

as shown in Fig. 2 5 . Here meson exchange processes 

are necessary to produce the Ai and the problem of 

diffraction Deck type background should be absent. 

Fig„ 24 Compilation of p°ïï effective mass spectra. Diffraction Meson exchange 



108 Resonances-Experimental 1 (B = 0) 

There may be some indication for a small signal at 

1.06 GeV in Fig. 25 but it is marginal. 

Other reactions: At this Conference, however, 

we have had two contributions which seem to provide 

some evidence for Ai as well as an Ai, 5, this time 

in reaction channels other than the well-known Tip -> 

p3ir. Figure 26 shows the TT+TT TT mass spectrum from 

the reaction TT p + PTT+ÏÏ+TT TT TT at 16 GeV/c **3 ). 

Three peaks are seen above the background at 1.06, 

1.19, and 1.30 GeV of M.5, 2, and 3.5 standard devia­

tion significance, respectively. At a lower momen­

tum 5.0 GeV/c the Illinois group combining the 

P°TT mass spectra from the reactions 

ïï~p -> P(3TT)~ A 2 > 0.1 

PTT°(3TT)" 

nïï+(3ïï) 

as shown in Fig. 27, find evidence for three peaks 

at 1.06, 1.17, and 1.30 GeV of ^2.7, 3, and 6 standard 

deviations significance, respectively. My feeling 

about these peaks (see Section 5) is that they may 

arise from the decay of either 

a) higher mass N*'s, for example: 

TT"p N*° 

l N*+ A-
or 

b) higher mass bosons, for example: 

TT-p-pX" 

U A 1~TT +TT~ 

U x 0 Ï Ï " ^ ( A 7 Ï Ï + ] Ï Ï - . 

If this is the case we may be in a better situation 

as regards the background to observe peaks in the Ai 

region. 

Tentative conclusion: It seems to me we have 

not only the 

Ai M = 1.06 MeV, r - 40 MeV 

but also 

• Ai.s M = 1.18 MeV, r - 40 MeV. 

Suggestion: more experiments on the higher multipli­

city events may be more rewarding than the hard work­

ed TRP •> p3ïï channel. 

2.2*4 A2(1300) i V - 1~2+ 

Counters : Passing onto the A2,the main new re­

sult comes from the recent run of the CERN Boson 

Spectrometer (CBS) studying the reaction TT~p -> pX~ 

at 2.65 GeV/c at minimum A 2 k 5 \ The dynamical situa­

tion is somewhat different in the CBS set-up from the 

original MMS: 

a) the proton recoils with minimum A 2 ; 

b) the error on the missing mass is essentially de­

pendent on the accuracy with which the recoil proton 

momentum is measured, BM̂ /BÔ  - 0; 

c) the incident momentum is near threshold for A 2 

production. 
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It is probably worth while to note that the height 

of the two peaks is similar both in the 6 to 7 GeV/c 

W E and the 2.65 GeV/c CBS experiments. 

Bubble chambers: Now let us see if the bubble 

chamber technique can shed any light on the subject. 

Figure 28 compares the results from the CBS experi­

ment with that of the MMS and the splitting of the 

A 2 is continued. However, they are now able to say 

that a fit of the data with two incoherent Breit-

Wigners can essentially be ruled out [P(x 2) = 0.2%]. 

Either a dipole of the form 

- l 2 

or two coherent Breit-Wigner functions give quite 

acceptable fits as shown in Fig. 29 and the insert. 

A 2 (1500) 

reproduce exp. cond. of CERN-MMS 

r ^ 10 MeV resolution 

2 peaks better fit than 1 

(40% versus 10%) 

• H^-t^iJiJÎL_KSK£M - K? K 2 mass 

similar to upper peak in TT M 

M(K?Kj) % 1311 MeV T ̂  21 MeV 

not in agreement with the world 

average r ^ 120 MeV. No K?Kpeak? 

Fig 0 28 Compilation of the total A2 data from the CERN Boson 

Spectrometer (0° method) 1968, and CERN Missing-Mass Spectro­

meter (Jacobian peak method) 1965-1967 0 
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Fig* 29 Fits to the combined MMS and CBS data** 5). 

A BNL group submitted a paper on the reaction ÏÏ p 

pïï'M at 6 GeV/c (10,000 events)h*\ Selecting pro­

ton momenta in a region corresponding to that of the 

MMS experiment the ÏÏ M mass distribution shown in 

Fig. 30a is obtained. Their stated resolution is 

^exp ~ 1 0 M e ^ > ^ u 1 1 ™^th a t h a l f height, so they are 

in a position to see a dip if it exists (this applies 

to most bubble chamber work if the same selection on 

the proton is made). A dip in the A 2 signal exists, 

but, as they state, the fit with two Breit-Wigner 

curves is not significantly better than with one 

Breit-Wigner (40°* versus 10%). Their K?K? mass spec­

trum from the reactions 7T~p nK?Ki and K?KÎM (Fig. 

30b) shows a peak centred at 1311 MeV and coincident 

with the upper peak in the ÏÏ M mass distribution and 

has a width of r ^ 21 MeV. No peak is seen in the 

1TKÎ mass spectrum (Fig. 30c). Before one draws the 

obvious conclusion that two resonant states exist, one 

of which decays to KK, perhaps we should be aware of 

what the !ïworld" K?KÎ and KÎK1 mass spectra look like. 

These are shown in Figs. 31 and 32 where it is clear 

that not only a signal in the A 2 region exists in the 

KÎKj spectrum but also in the 1TKÎ spectrum*). Both 

* ) T h e s m a l l s i g n a l a t 1.58 G e V , r ^ 40 M e V , i n t h e w o r l d KSK 1 

m a s s s p e c t r u m o f F i g . 32 (y 3a) a n d r e p e a t e d i n t h e K ? K i 
s p e c t r u m d e m o n s t r a t e s , i f s u b s t a n t i a t e d i n f u t u r e d a t a , t h e 
u s e f u l n e s s o f p r e s e n t i n g b u b b l e c h a m b e r d a t a i n a c o m p i l a b l e 
f o r m . 

Fi g o 30 a) Effective mass distributions of X from the re­

action ïï"p •> pX~ at 6 GeV/c 4 6 ) , the recoil proton being 

selected in a similar way to the MMS experiment 0 b) Effec­

tive mass distribution of K°Kx from the reaction ïï~p -*• nK°Ki 

and KiKi + neutrals.c) Effective mass distribution of K?K~ 

from the reaction ïï"p •»• pKÎK~. 

peaks seem to be situated 20 MeV higher in mass (viz. 

1320 MeV) than the p 0 ^ peaks as has been known for 

some time. The widths of the KK peaks are ̂  100 MeV 

F ig . 31 Compilation of K?Ki effective mass spectra 0 
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F i g 0 32 Compilation of K?K~ effective mass spectra 0 

Fi g o 33 Compilation of ri°TT~ effective spectra 0 

and so considerably wider than the K?K? peak of the 

BNL group. Although some of this 100 MeV width could 

be due to adding different experiments, a factor of 4 

would seem rather too large to accommodate. 

To complete the picture, Fig. 33 shows the Tlworld" 

T ^ T T mass spectrum from i\% •> pn 0^. The mass and 

width of the A 2 n 0 ^ seem to agree with the P S 1 

spectra (is there also an enhancement around 1.02 

GeV?). 

A2(1300) 

Conclusions: 

• Split of A 2 (neutrals)" O.K. 

• Coherent B.W. or dipole necessary for fit. 

• Apparent shift in KK mass relative to P I T , 

but pïï must be better understood. 

P + 

• PIR Dalitz plot favours J = 2 -

• niT seems broad and centred at 1,30 GeV. 

Wanted - 1 MMS with decay products measurable. 

Finally, two other observations bearing on the 

split A 2 problem: 

a) Two papers studying irp P(3TT) ± at 8 GeV/c 

and 4 GeV/c ̂  have looked at the ( 3 7 1 ) * mass when 

the recoil proton has momentum in the region 0.5 to 

0.8 GeV/c, i.e. similar to the MMS experiment. The 

sum of the data, shown in Fig. 34, shows a narrow 

peak r * 20 MeV ( r r e s o l u t i o n ^ 10 MeV) centred at 

1298 MeV (the dip in the split A 2I) of about 4a signi­

ficance. Can this be a clue to the splitting of the 

A 2? We should remember that the MIS, CBS,and BNL 

work looks at final states involving unseen neutrals 

and therefore could have different properties to the 

Tip -> p3ir channel. 

b) In the reaction pp K I K V " (1563 events) at 

0.70 GeV/c t t 8^ the KÎIT mass spectrum, after Kir mass 

combinations < 0.95 GeV have been removed, i.e. the 

K*'s, is shown in Fig. 35. A splitting of the A 2 

region compatible with the BNL PIR splitting (not 

F ig . 34 TT TT~TT mass distribution from the reaction 

T r"p p T r + T T ~ T T ~ at 4 and ïï+p PTT+TT+TT~ at 8 GeV/c where 

the recoil proton is selected to have a momentum in 

the region 0.5-0.8 GeV/c and 0.48-0.66 GeV/c,respec­

tively. 
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K?K?) and the CBS + MMS data is evident. They quote 

M L = (1274 ± 16) MeV, r L = (29 ± 10) MeV 

M H = (1320 ± 16) MeV, r H - (35 ± 10) MeV . 

The interplay of the missing-mass counter tech­

nique and the bubble chamber technique is nicely de­

monstrated by the A 2 problem. Much more data is 

needed, and maybe here we are entering the fine struc­

ture side of meson spectroscopy. 

Conclusions: 

a) The A 2 -> (neutrals) is split and requires two 

coherent Breit-Wigners or a dipole for a good fit. 

b) "World" K 0 i r peaks ̂  20 MeV higher in mass than 

pu" and r\°i\~. 

c) BNL K?Kj peak narrower than world K?Kj — central 

values agree and are similar to "world" K°K". 

d) Narrow peak in P ° T T , under missing-mass proton 

selection, falls where dip of MMS-CBS occurs — must 

be verified as only two experiments. 

e) compilation of cross-sections k^, shown in Fig. 

36, suggests that G ( A 2 + K
0^) fall off faster with 

momentum than a(A 2 -> p 0 ^ or n 0 ^ ) . However, the 

K°IC data rely heavily on the 16 GeV/c point, and 

some slight modification to a(A 2 + pir) may be neces­

sary if we make a hand-drawn background curve instead 

of Deck type.- More data is needed. 

202.5 Fi(l560) 

To finish the non-strange bosons below 1600 MeV 

we have a new object submitted for scrutiny. The 

effect concerns a bump of > 4a observed in the KKTT 

FI(1560) 

• NEW KKTT peak observed in pp KKTTTT at 0.7 GeV/c 

Signal > 4a in KjKgir*. 

Decay rates F x + kJkJJTT* / kJkV / kJkJTT* com­

patible with > 80% of F x + K*K. 

• Properties 

M ̂  1560 MeV, r ^ 70 MeV. 

1 = 1 , Decay F i -> KKTT (mostly K*K> 

spectra from the reactions49) at 0.7 GeV/c 

M a s s s q . [ K , V ) G e v 2 

Fi g o 35 K | K ~ mass spectrum from the reaction pp KJFTÏÏ at 

0 O 7 GeV/c "s) after removal of events with M 2 ( K T T ) < 0 . 9 GeV 2. 

Fig. 36 Variation of the A 2 ** p°ïï+, n°ïï+, KjlT cross-sections 
with primary momentum41). 
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PROJECTION OF CONTROL REGION 
DALITZ PLOT. 

F i g . 37 a) Projections of the Fi + KKTT decay Dalitz plot 
where Fi region-is defined by 2.32 < M 2(Fi KKTT) < 2.56 GeV 2. 

b) Projection of central region Dalitz plot where 2.64 < 

M 2(KKTT) < 2.88 GeV 2 4 9 ) . 

Evidence for K* production can be seen, in Fig. 3 7 . 

Figure 38c shows a respectable signal in the K Î K ^ Ï Ï * 

mass spectrum. Evidence for a K*K decay are shown 

in Fig. 3 8 , which shows the KKTT mass spectra when K * 

is selected. The main observations are set out in 

the insert. No obvious place in the quark excita­

tion model exists for this state unless it is a 

radially excited state. 

2.2o6 Exotic states 

No evidence for resonant states in either S = 2 , 

I = 2 >or I = 3 / 2 systems has been reported either 

during the past year or at this Conference. 

2 . 3 I = 1 / 2 (K*'s) < 1 6 0 0 MeV 

2o3ol Kn(UOO)? 

A UCLA group presented a paper5 ̂  suggesting the 
P + 

existence of a broad Kir resonance (I = 1 / 2 , J = 0 ) 

of mass ̂  1 1 0 0 MeV. This would then correspond nice­

ly to the broad ÏÏÏÏ resonance e° from the 3P 0 octet 

of the quark model. The first piece of evidence 

comes from studying the variation of the m=0 spheri­

cal hamonic moments of the outgoing K as a function 

of K Ï Ï mass at the Kir vertex. These are shown in Fig. 

39; the essential feature is that Y ° goes to zero 

in the region of 0.95 GeV where one expects the P-

wave phase shift due to the K*(890) to be 6 ^ 150°. 

The authors argue, therefore, that the S-wave phase 

shift must be ô g/
2 ^60°. Then, since Y ? increa­

ses after 1.0 GeV, whereas & is decreasing, the <$s 

must be increasing and reaches 90° in the region 

1.1 - 1 .2 GeV of the K Ï Ï mass. The second piece of 

• Variation of K Ï Ï scattering angle as f[M(Krr)] 

suggest 6 ^ 90° at 1.1 GeV. 

• Variation of a versus M(KTT) suggests broad 
P + 

KÏ Ï resonance at 1.1 GeV J = 0 , I = 1 / 2 . 
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F i g . 3 9 a) One-pion exchange diagram for the reaction 
K + P (pïï+) (KIT) 0 . b) Spherical harmonic moments of the ïï p 

angular distribution, c) Spherical harmonic moments of the 

K TT angular distribution 5 0). 

evidence is obtained when they fit to their K p ex­

perimental data at 7.3 GeV/c the O.P.E. model with 

Durr-Pilkuhn off the mass shell factors to extract 

the S-wave Kir cross-section (o<p. The variation of 

Og, shown in Fig. 40b, reaches the S-wave unitary 

limit around 1.1 GeV. The success with which this 

model fits the data can be seen from the full line 

curves of Figs. 40a and c-g» 

F i g . 40 a) OPE fit to experimental data, b) Variation of the 

S-wave Kir cross-section with mass of the KIT system, c-g) Fits 

to the d c / d t distributions for various intervals of KIT m a s s 5 0 ) . 

Thus the evidence for a broad S-wave KTT resonance 

in the 1.1 GeV region seems strongly suggested by the 

data; hopefully more statistics at different K p 

momenta will support this conclusion, 

203<,2 K*
rs in the Q region 

JTp -> PCKTTTT) 1: The problem of the K*fs in what 

has become known as the Q-region, 1.1 < M(K Ï ÏTT) < 

1.4 GeV, is demonstrated in Figs. 41, 42, and 43, 

which are ,Tworld" compilations of K * Ï Ï from the reac­

tion ITp -> pfK^ïï)1. The situation is reminiscent of 

the A x, as one might expect, since the production 

F i g . 4 1 Compilation of (K*ïï)+ effective mass spectra from 

K + p reactions < 6 GeV/c. 

K*(1230, 1320) 

• Difficulties of the Q-region: 

± ± 
K p + p(KTrir) 

- Deck type background? (cf.Ai) 

- Possibility two 1 + interfering resonances 

- Presence of K*(1400) 

• pp -* KKTTTT ->• Cĵ , necessary for fit 

K*TT Kp 

- problem of possible 1320 MeV state C ! 

M(C) = (1242 ± 10) MeV, 

r = (127 +

 7h MeV 
p + 
J = 1 favoured 

• K+p + P (KTTTT) + at 9 and 10 GeV/c 

4a peak in K*TT at 1250 MeV 

T - 40 MeV 
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F ig . 42 Compilation of ( K * Ï Ï) effective mass spectra from 

K +p reactions > 6 GeV/c. 

mechanism appears again to be of the diffraction 

type with the associated background problems. How­

ever, in the K Ï Ï Ï Ï case we have the additional compli-
p + 

cation that the two K*fs of J =1 expected in this 

mass region from the quark model may interfere not 

only with the background but also between themselves. 

No obvious peak exists in these compilations [the 

best at 1.30 GeV disagrees with present valuesx)] al­

though with all the possible interference phenomena, 

addition of different momenta may wash out any pos­

sible existing effect, should it exist. On the 

other hand, it is not obvious that we have at our 

disposal sufficient statistics at any one momentum 

to establish a peak unambiguously; this is demon­

strated in Fig. 44 where the data at 5.0 GeV/c 5 1) 

are compared to those at 5.5 GeV/c 5 2^. The corres-

F ig . 43 Compilation of (K*ïï)~ effective mass spectra from 

K~p reactions of all momenta. 

F ig . 44 Comparison of the K Ï Ï Ï Ï mass spectra from the 

reaction K + p p(K+ïï+ïï~) at 5 and 5.5 GeV/c. 

F ig , 45 Sum of the (KÏÏÏÏ) mass spectra from the reactions 

K+p + pK-ïïV - at 9 and 10 GeV/c 5 3 » 5 0 . 

pondence of the various peaks is remarkably poor and 

to say that interference effects can change the 

character of a distribution so drastically over such 

a narrow momentum interval is pushing things rather 

hard. All these problems are probably the reason 
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why most groups have a tendency to call this region 

the "Q-region" nowadays and, although one cannot 

help feeling that there is structure in this region, 

I think it is difficult to state of what this struc­

ture consists. Maybe, as with the Ai, we should try 

the higher multiplicity events. However, after this 

rather pessimistic note let us look at the data at 

9 GeV/c 5 3) and 10 GeV/c 5 ^ presented to the Confer­

ence which show KÏÏTT mass spectra with similar struc­

ture; when they are added, see Fig. 45, a > 4a peak 

appears around 1250 MeV with a rather narrow width 

(r ^ 40 MeV). If we accept this peak then we have 

to accept another at a higher mass ̂  1370 MeV which 

is in disagreement with a state at a mass ̂  1320 MeV 

proposed in the literature in the past1). 

pp •> KKTTÏÏ: Evidence for a structure in the KÏÏTT 

system at ̂  1240 MeV and known as the C meson has 

been known for some time. At this Conference more 

up to date results have been presented5 5) on the re­

actions 

pp + K ? K ? Ï Ï V 1143 events 

K Î k V Ï Ï 0 3308 events I p's at rest 
K ? K | ! Ï Ï V 1608 events J 

In order to fit their experimental K Ï Ï Ï Ï mass distri­

butions they find they need a state of mass ̂  1242 

MeV and width 127 MeV. The fits to the data with 
p 

this hypothesis are shown in Fig. 46. A J assign­

ment of 1 + is favoured over other possible assign­

ments and the introduction of another K Ï Ï Ï Ï resonance 

at 1320 MeV does not improve the fits. As one can 

see, the width of the 'KÏ Ï Ï Ï state proposed here does 

not agree with that just mentioned above found in 

K +p interactions. 

2.3.3 KÏÏ (1260)? 

F ig , 46 Recent data relevant to the C meson 5 5). KÏÏÏÏ mass 

squared spectra from the reactions pp + KKÏÏÏÏ at rest. 

A compilation56^ of data from the reaction K +p ->• 

K°ïï+p at 3 and 3.5 GeV/c has provided evidence for a 

new KÏ Ï resonance with a mass M = 1260 MeV. The bump 

in the region of 1260 MeV in the KÏ Ï mass spectrum, 

as can be seen from Fig. 47, is a five standard de­

viation effect and therefore cannot be dismissed 

lightly. Its observation in the KÏ Ï mode limits its 
P + 
J to the series 0 , 1 , . . . 

One also notices, in passing, an enhancement 

around 1.1 GeV which may be associated to the K Ï Ï (1100) 

proposed in Section 2.3.1. 

203.4 Some comments and impressions on the 
bosons < 1600 MeV 

a) The finding of states to satisfy the L = 0 and 

L = 1 octets has not met with amazing success since 

the Berkeley Conference two years ago. 

b) Two 1 = 0 states are missing in the *Pi nonet, 

one 1 = 0 state in the 3Pi nonet. 

c) The situation concerning the existence of the 

Ai has not really improved either, since if we take 
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Fi g o 47 Compilation of K°TT + effective mass spectra 5 6) from 
the reaction K +p •> pK°7T + at 3 and 3.5 GeV/c 

the Ai we have to take the A x 1 5 for which no niche 
exists in the simple quark model (except perhaps in 
the new ideas of Gell-Mann and Zweig presented at 
this Conference). 

P + 
d) The J =1 K*!s, expected on the quark model, 
are also difficult states to establish from an ex­
perimenter's point of view. 
e) No place exists either for the E°, Fi(1560),or 
the K*(1260), although maybe these could be radially 
excited states. 
f) The A 2 splitting seems with us. No convincing 
evidence for the splitting of the other members of 
this nonet has yet appeared. Is a time-of-flight 
neutron counter experiment possible on the f°, TT p -> 
nf°;(f° TT+TT") to detect any £° splitting? The neu­
tron picked up in the forward direction has M^/ 
a6neutron = 0 # ^ s P l i t t i n g o f ^ K*( 1 40°) w o u l d 

probably be more difficult without an intense K beam 
and a long-burst radio-frequency separator. 

3. MESONS (1.6 GeV < MASS < 1.88 GeV) - "R" REGION 

We now turn our attention to what has become 
known as the R-region, that is the mass region be­
tween 1.6 and 1.88 GeV (- 2 M

n u c l e o n ) • We first dis­
cuss the S = 0 bosons then the S = -1. 

3.1 S = 0, I = 0,1 

The insert shows the charged states found by the 
CERN-MMS group57). Much steady work with the bubble 
chamber technique since the Berkeley Conference has 
gradually shown how complex this region really is. 
This could be predicted from the quark model where, 
as can be seen in Table 7 and Fig. 5, the L = 2 qq 

TABLE 7 
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Fi g o 48 a) and b) Compilation of ÏÏ+ÏÏ~ mass spectra. 

system predicts eight 1 = 0 states and four 1 = 1 

states in this mass region if the Regge trajectories 

all nave similar slopes of dJ/dM2 °o 1 GeV"2. 

Taking the point of view that bumps in different 

mass combinations have to be considered as separate 

states until they are shown to be the same, one can 

construct a list of states which are indicated by the 

present experimental data. Other more dubious peaks 

will be mentioned at the end, more because of their 

interest than their statistical significance. 

F ig , 49 a) and b) Compilation of ÏÏ TT° mass spectra0 
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3.1. 1 •> 2i\y alias a meson 

+ _ + 5 8 - 6 6 ) 

Compilations of the rr TT and ÏÏ"ÏÏ° mass spectra 

observed in the reactions iTp mr+Tr and i^p + pifSr0, 
respectively, are shown in Figs. 48 and 49. Fits to 

the summed data of Figs. 48b and 49b give widths 

which are very much dependent on how one estimates 

the background, especially true for the TT+ÏÏ due to 

the nearby f°. The values of the masses and widths 

given in the insert are best values estimated from 

the fits we have made*) and those of Ferbel67). The 

higher mass of the g°, although not significant, to­

gether with its larger width compared to the g± has 

led to the speculation that there may be an I = 0 

state in the TT+TT system around 1750 MeV. 

The BNL group61) in an attempt to determine the 

spin of the g have calculated the Legendre polynomial 

coefficients, A , from a fit to the ÏÏ+TT~ and ÏÏ~TT° 

decay angular distributions; The peaks inA 2, Â , and 

A 6 in the g mass region, shown in Fig. 50, are in-
P 

terpreted in favour of a J =3 assignment for the 

g. The same group also presented evidence, shown in 

Fig. 51, for a KÎK1 enhancement at a mass of ̂  1640 

MeV (which could be a new decay mode of the g"). No 

corresponding peak is seen in the KÎK? mass spectrum, 

which suggests G = +1, P = -1 for the K?IT state. 

Thus possible quantum numbers for this state are 

G P + - - P -

I J = 1 3 . If the g does have J = 3 and also 

corresponds to the Ri peak seen in the MMS experiment, 

an elegant interpretation of the mass of the R peaks 

in terms of spin-orbit splitting57) is lost since, as 
P 

shown in the insert, the J = 3 state is expected to 

have the highest mass. 

The compiled évidence3»62> 6 8~ 7°) for the charged 

state is shown in Figs. 52a and b, the reaction con­

cerned being î p •> PTT±TT+TT TT° . The shape of the peak 

F ig 0 50 a ) , e) ÏÏÏÏ and ïï ir° mass spectra from the reaction 
ïï"p nïï+ïï" and pïï'ïï0 at 6 GeV/c ei). b-d), f-h) Legendre co­

efficients from a fit to the ÏÏÏÏ scattering angular distribu­
tion. 

BNL DATA 

*) I thank Dr. E. Quercigh for his collaboration in fitting 
the summed distributions with various background curves. 

F ig , 51 K°K effective mass distribution from the reaction 
ïïfp -> K ^ S p at 6 GeV/c 6 0 . 

in Fig. 52b does not look too good (maybe there are 

two nearby states here, R 2 and R 3 for example?) but 

the enhancement is clear. An important question is 

whether this peak is another decay mode of the g" 
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V 
Fig . 52 a) and b) Compilation of (4ïï) mass spectra. 

state discussed above. The fitted mass values of 

(1700 ± 15) MeV for the p(4ir) and (1640 ± 20) MeV for 

the g~ are not sufficiently different yet to exclude 

this possibility. At the present level of statistics 

determination of the decay modes is difficult. The 

CRRY collaboration3^ give evidence for an (JO°ÏÏ+ and 

A 2 Ï Ï + decay, but the A2 Ï Ï + mode is not seen by the 

Illinois44-' group or the Toronto-Wisconsin collabora­

tion62 }. In the (4TT)° combination from the reaction 

7T"P + nïï+ïï+ïï TT 6 2 > 6 8 ) no signal in the mass region 

1700 MeV is evident as can be seen in Fig. 53. It 

has been suggested62^ that a predominant p ° p ± decay 

mode of the P(4TT) could explain this observation 

since p°p° decay of the P(4TT)° would then be forbid­

den if I[P(4TT)] = 1. 

There seems to be little doubt about the produc­

tion of a resonant state in the reaction î p P(3TT)~ 

F ig 0 53 a) and b) Compilation of (4ïï) a mass spectra. 

in the (3TT)~ mass system at a mass of (1648 ± 10) 

MeV 3 >6 6 >6 9 > 7 1" 7 3 ) . The evidence for this state is 

shown in Fig. 54. Most groups agree that it decays 

partially to f 0^, therefore 1 = 1, and that the sig­

nal almost disappears when a p° is selected. A spin 

parity analysis by one group74) gave preference for 

P - + -

J values in the abnormal series, 0 1 2 , etc. 

A paper presented to the Conference63^ concerning 

the reaction TR+d -> PP STT
+TT TT° at 8 GeV/c gave added 

support to the existence of a new 3TT state at a mass 

(1651 ± 10) MeV (see Fig. 55) already proposed during 

the year by another experiment at 5.1 GeV/c 7 5^. That 

this enhancement is different from the A 3 is indica­

ted by the fact that it does not disappear when a p° 

selection is made. The P°TT° decay is not as firmly 

established as one would like, but suggests 1 = 0 for 

this G = -1 state. Further evidence for a state at 

1.65 GeV with a pu decay came from a group studying 

the reaction pp •> 2TT+2TT"TT° at 2.5 GeV/c 76-'. Figure 
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F i g , 54 a) and b) Compilation of (3ïï) mass spectra,, 54 a) and b) Compilation of (3ïï) mass spectra,, Fi go 55 a) and b) Compilation of (3ïï)° mass spectra. 

56 shows their P + T T mass distribution; a 4a peak at 

1.65 GeV is visible. 

3.1.5 R (1670) + U ) ° Ï Ï V 

Another candidate for a negative parity resonance 

at a mass of (1670 ± 18) MeV was • submitted to the Con­

ference 7 7 \ A 3a peak is observed in the mass spec­

trum of O)° Ï Ï + Ï Ï produced in the reaction K p -> A ° U ) 0 Ï Ï + Ï Ï 

at 4.25 GeV/c, as shown in Fig. 57. Both the mass 

and the width of (50 ± 15) MeV agree with a previous 

observation78^ by a group studying annihilations of 

antiprotons. Whether this state represents another 

decay mode of the A 3 or A 3 is difficult to say at the 

present time. 
F i g . 56 p~ïï+ effective mass distribution from the reaction 

pp + 2ÏÏ+2ÏÏ"ÏÏ° at 2.5 GeV/c 7 6 ) . 
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F ig . 57 (JL)0TT+ÏÏ effective mass distribution from the reaction 

K~p + A V Ï Ï V " at 4 . 2 5 GeV/c 77), 

3.1.6 Other emerging states? 

TT(1840) : Figure 58 shows the TT+TT TT mass spec­

trum from the reaction TT p -> P(3TT) at 13 and 20 

GeV/c 7 3J. A peak of about 4a at a mass 1840 MeV and 

with a width ̂  80 MeV can be seen and may correspond 

to the peak seen in O)°TT+TT at a similar mass78) in 

pp annihilations at 3 GeV/c 

p(1840) 0 4TT: Figure 59 shows the TT+TT+TT TT mass 

spectra coming from an investigation of the reaction 

pp 2TT +2TTV at 1.2 GeV/c 7 9 ) . The full-line curve 

indicates a fit to the data which is bad in the re­

gion above 1.7 GeV. A ckunney of 3.5a exists above 

the dotted line at a mass of 1840 MeV and is interest­

ing to notice in view of a similar peak seen in pp •> 

3TT+3TT 8°) at 3 GeV/c incident momentum. 

p(1630)~ + a)°TT : The possibility of a resonance 

in the OÛ°ÏÏ" system at 1630 MeV with r ^ 60 MeV has 

been suggested by a collaboration studying TT p -> 

pTT +7T TT TT° at 11 GeV/c 8 1 ) . The evidence is presented 

in Fig. 60 where a > 3a peak is seen above the dotted 

line. The central mass seems to be lower than the 

usual broad peak centred at 1.7 GeV seen in the (4TT)~ 

Fig . 58 ïï ïï ïï mass distribution from the reaction 
TT"P + PTT+TTTT at 1 3 and 2 0 GeV/c 7 3 ^ . 

F ig . 59 ÏÏ ÏÏ ÏÏ IT mass distribution from the reaction 

pp + 2 Ï Ï + 2TT"ÏÏ° at 1 . 2 GeV/c 79). 

mass distribution and may be an indication that the 

broad (4TT) peak consists of two or more resonances, 

one of which decays preferentially to a)°Tr~. Clearly 

more data is needed. 

3.1.7 Widths and cross-sections, 
MMS versus HBO 
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3.2 S = -1 bosons (L region) 

0.9 13 1.7 2.1 2.5 2,9 33 3.7 

M U 0 7 T ) GeV/c* 

F i g 0 60 ïï+ïï IT ÏÏ°, n0ïï", and O)°ÏÏ mass distributions from the 

reaction ir"p + pïï+ïï"ïï"ïï° at 11 GeV/c 8 1 ) , 

A clear discrepancy exists in the widths of the 

bosons seen in the R region by the MMS and hydrogen 

bubble chamber (HBC) techniques — typically < 30 MeV 

versus ̂  100 MeV, respectively. It is difficult to 

imagine where we have gone wrong in the HBC technique, 

typical errors being r < 20 MeV for four constraint 

(4C) fits of the type irTp + P Ï Ï V Ï Ï " and r < 40 MeV 

for 1C fits of the type Ti^p •> p ï ï W TT° . Consider, 

for example, the 4C fit reaction TT p •> p A 3 (1630) + 

pïï+ir+ïï, for which most people find cross-sections of 

the order 50 ub. If we add in the A^ -> 7T +TT 0TT 0 decay 

mode a cross-section of 70 yb is obtained7^. The 

differential cross-section can be expressed in the 

form da/dt = A e~ B t with B = (5.5 ± 0.6) GeV"2, and 

predicts a Ac = 6 ub in the t range, 0.23 < t < 0.28 

GeV2. This should be compared to the value of Aa = 

= (35 ± 12) yb given for the Rx(1630)
 8 2 ) . As the 

MMS does not distinguish between final states at the 

same mass [for example p(1630) -> a)0rr and g -> IT T T ° ] 

it is satisfactory that the Aa of the MMS is larger, 

by a factor six, than that of the HBC. If the MMS 

detects all resonances one would think that it would 

be easier for the superposition of two or three reso­

nances to give a broad enhancement with this tech­

nique than the HBC which detects one resonance. May­

be one should study the resonance production with the 

MMS technique as a function of t to make sure that Y 

is independent of t. This is difficult to do for the 

HBC in view of the statistics required. 

The presence of a KTTTT resonance at 1.79 GeV has 

been known for some time. More recent data83-' shown 

in Fig. 61 show a large peak centred at (1785 ± 12) 

MeV with a r of (127 ± 13) MeV. A peak seen in the 

(Ko)) system at the same mass suggests I = 1/2 for 

this state. A detailed spin parity analysis favours 
P + - + 

a solution for J in the series 1 , 2 , 3 , . . . Is 

this mass region more complicated, however? On the 

quark model we can expect four K* resonances in this 

region. A sum of all the KTTTT data from Fp experi-

( K r m ) E F F . M A S S , GeV 

F i g . 61 KTTTT effective mass distribution from the reaction 

K~p -> p K ~ T T + T f at 10 GeV/c 8 3 > , 
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F i g . 62 Compilation of ( K Ï Ï Ï Ï ) + mass spectra from the reaction 

^ p -> (KÏÏÏÏ)±p greater than 7 GeV/c. 

F ig . 63 Momentum transfer distribution to the target for all 

events fitting the reaction K~d K~ïï+ïï~pn at 12.6 GeV/c. 

Shaded area corresponds to events fitting K~d + K"ïï+ïï"d 8 0 , 

ments with incident momenta > 7 GeV/c is shown in 

Fig. 62. The enhancement in the L-region is rather 

broad and spans 240 MeV. Reference to Figs. 41, 42, 

and 43 indeed suggest structure in this region: the 

optimistic observer could put his finger on three 

peaks in the region of 1660, 1720, and 1810 MeV. 

Clearly more data, as always, is required. 

3.2.1 Kd + d(Km)~ 

A paper was presented to the Conference8 ̂  on the 

coherent production of (KTTTT) systems off deuterium at 

12.6 GeV/c Absence of a peak in the (KTT)~ system at 

890 MeV in the reaction K d •* d(Kïï) is taken as evi­

dence that only states with unnatural parity (0 , 1 +, 

2 , etc.) are produced in these reactions. The mo­

mentum transfer to the deuteron, shown in Fig. 63, is 

confined to a region < 0.1 GeV2, as is expected of 

coherent production. The K TT+TT mass spectrum is 

shown in Fig. 64d, and peaks in the Q- and L-regions 

are evident. In Fig. 64a the K TT + mass spectrum shows 

that K*(890) and K*(1400) are produced as daughters of 

the decay of the Q- and L-states. The peak at 1.28 

GeV could either be a fluctuation or correspond to 

the K T T ( 1 2 6 0 ) already mentioned in Section 2. The 

lack of background under the resonant states produced 

seems to be a nice feature of these coherent reactions 

and is particularly evident when the decay properties 

F i g . 64 Invariant mass distributions from the reaction 

K"d -> K""ïï+ïï"d at 12.6 GeV/c. 

a) K~ïï+ mass 

b) K"ïï+ïï" mass where 0,85 < M(K"ïï +) < 0.94 GeV 

c) K " Ï Ï + Ï Ï " mass where 1.33 < M(K"ïï +) < 1.55 GeV 

d) K~ïï+ïï~ mass. 

F ig . 65 Distribution of cos X ( s e e t e x t f ° r definition of x) 

in the K"d + Qd (Q + KÏÏÏÏ) events at 12.6 GeV/c. 
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of the Q-region are studied, as can be seen in Fig. 

65. The angular distribution of the outgoing TT + rela­

tive to the incoming K~ in the K*(890) cm.s. (cos x ) 

in the Q-region goes to zero at cos x = 0 and makes 

P 
it possible to rule out J = 2 for the Q region. 
P + 
J = 1 is left as the only possibility. More sta-

p 

tistics are necessary before J of the L-region can 

be determined but the outlook is promising. 
3.2.2 K*(1660) 
At this Conference additional evidence for the 

8 5 l 

1660 MeV state, already suggested earlier J > was 

presented by the same group studying the reaction 

K+p + K°PTT +TTV (987 events) 

at 5 GeV/c. In Fig. 66, showing the K 0TT +TT TT mass dis­

tribution, a 4a peak at 1660 MeV with a width ̂  60 MeV 

can be seen. Study of the K 0TT +TT mass spectrum for 

K° (3TT) mass in and near the 1660 MeV peak suggests 

a possible decay mode of this state is 

K*(l660) •> K * ( Q ) TT + 

\ vo + -
K ÏÏ TT . 

4. MESONS (MASS > 1.88 GeV) 

The baryon-antibaryon system is clearly an inte­

resting system from the point of view of bosons. At 

this Conference and during the past year, results 

suggest that the study of this system has and will 

yield interesting results in the future. 

4.1 S = 0 bosons 

An interesting paper presented to the Conference 

by a Wisconsin group86) serves to demonstrate how the 

study of backward elastic pp scattering can be a 

powerful tool in the study of bosons which are coupled 

F i g . 66 Effective mass distribution of K ° Ï Ï + Ï Ï + T T from the 

reaction K + p ->• pK°TT+7T+ïï" at 5 GeV/c 0 

to the pp system. The technique is both simple and 

elegant. They scan for heavily ionizing negative 

tracks in the hydrogen bubble chamber and thus elimi­

nate most of the forward elastic scattering. Any bo­

son formed will decay symmetrically forward and back­

ward in the cm.s. (ignoring interference effects). 

Their results are shown in Figs. 67 and 68. The 

change in the structure of the backward peak as a 

function of the p momentum is evident in Fig. 67. 

The variation of the differential cross-section do/ 

d(cos 0) with p momentum provides (Fig. 68) evidence 

for three boson resonances at ̂  1925, 1945, and 1975 

MeV with widths of ̂  10, 20 and > 20 MeV, respectively. 

Observation of the 1945 and 1975 MeV bumps in the 

region of cos 0 near zero indicates that these states 

have even spin and that the 1925 MeV bump has odd 

spin. The faster fall-off in cos 6 of the 1925 and 

1945 MeV bumps than the 1975 MeV bump suggests that 

the latter have lower spin than the former. Although 

the I-spin cannot be determined, the narrow peak at 
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F i g . 67 Differential cross-sections for backward hemisphere 
pp elastic scattering below 700 MeV/c 8 0 , 

F i g . 69 Variation of the total, elastic,and inelastic pd 
cross-sections with antiproton momentum 8 7). 

pp Backward Hemisphere Scattering 
at Low E n e r g y 

F i g , 68 Energy dependence of the differential cross-section for various cos 0 cuts 8 6 ) , 
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1925 MeV may correspond to the peak at the same mass 
seen in the CERN-M4S experiment. 

Evidence for a narrow (r < 30 MeV) pn state was 
presented by a group 8 7) studying the elastic, inelas­
tic and total cross-sections of pd interactions in the 
momentum range 0 to 630 MeV/c. The cross-sections 
are shown in Fig. 69 where a peak can be seen at an 
incident momentum of 450 MeV/c corresponding to a 
mass 1927 MeV in the (I = 1) pn system. 

4.1.1 M = 2220 MeV state? 

Figure 70 shows the variation of the backward 
elastic scattering cross-section for p!s in the mo­
mentum region 1.5 to 2.0 GeV/c 8 8 ) . A peak seems to 
exist at a mass of 2220 MeV. No corresponding peak 
is seen in the one-pion production channel. 

4.1.2 rr~p + KKn 

Data were presented at the Conference89-' by a group 
using a magnetic spark chamber system to study the 
rare reaction ( a - 0.3 yb) 

TT~p + A°A°n at 7 and 12 GeV/c (100 events) . 

The A°A° system has the nice feature that 1 = 0 and 

F i g . 70 a) Backward pp and pn elastic cross-sections versus 
the over-all c m . energy,, b) Variation in the one-pion pro­
duction cross-section of pp collisions with c m . energy 8 8). 

J analysis of any boson would be helped by observing 
the A and A polarizations through their weak decay. 
However, as Fig. 71 shows, no evidence for a peak in 
the A 0A 0 mass spectrum exists. 

e v e n t s 

AO MeV 

Fig 0 71 A°A° invariant mass distributions from the reaction 
TTp + nAÂ 8 0 . a) 7 GeV/c; b) 12 GeV/c, t(p + n) > -2.5 GeV 2; 
c) a and b combined; d) nA mass for t(p + A) > -1 GeV 2. 

Fi g o 72 Compilation of AN effective mass spectra. 
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4.2 |S| = 1 bosons 

During the year we have had evidence presented 

for a possible Âp state at a mass of 2.24 GeV 9°). 

Of the three contributions submitted to the Confer­

ence concerning the reactions 

K p ppÂ 

PpÂîT0 

P N À T R * 

at 8.25 9 l ) , 10.0 9 2 } and 12.7 GeV/c 9 3 ) one of the 

groups sees the enhancement. Figure 72 shows the 

compiled data. The existence of this state is still 

an open question. 

5. DISCUSSION 

In this last part I would like to discuss some 

aspects and ideas on meson physics which I find in­

teresting. 

5.1 MMS experiment 

If we refer back to the meson excited state dia­

gram of Fig. 5 we see that the states which are pro­

duced in the MMS experiment, using the Jacobian peak 

method, are those which lie at the lowest excitation 

for a given L-value. Except for the 6 , only states 

on the p trajectory seem to be excited. The B and 

Fig. 73 Diagrams relevant to the MMS experiment showing 

production and decay mechanisms. 

Ai are not excited. The dynamics of the MMS experi­

ment might be described by Fig. 73 where the produc­

tion of a state on the p trajectory is formed by the 

exchange of the next lowest state on the same trajec-
P + 

tory together with an angular momentum of J = 2 

relative to the incoming TT". This would then be com­

patible with the decay channel of the resonant state 

being identical to the formation channel at the upper 

pion vertex, viz. 

p~ TT +ÏÏ" with orbital L p = 1" 

A; - P ° TT" = 2 + 

P(4ïï)"-> A 2 V - 2 + 

etc. 

It will be interesting to see what states the CERN 

boson spectrometer produces working at minimum t. 

Also it would be interesting to see the W\S technique 

exploring meson production as a function of t. Can 

there be something special in the production of meson 

states as a function of t which results in the R, S, 

T, and U being observed with narrow widths in the 

special configuration of the MMS? It would also be 

nice to have a separated beam for counters so that 

the MMS technique could be used with ¥r and p pri­

maries. 

Fig. 74 Diagrams relevant to diffraction mechanism of 

resonance production and decays of the produced states. 
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5.2 Diffraction trajectory 

Another trajectory upon which it seems possible 

to excite states by choosing a special dynamical con­

figuration is the "diffraction" trajectory. Figure 

74 shows how one might visualize the production of 

the A1 and A 3 by Pomeron exchange [i^(Pom) = 0
+0 +]. 

In this case it is known experimentally that such 

states are excited at small momentum transfers. These 

states seem to decay down to lower states via emis­

sion of a pion quantum in a state of relative orbital 

angular momentum 0 + — for example, A Ï + P°TT , A 3 + 

f °TT . It is a pity that counter experiments on deu­

terium, of the type undertaken by the Johns Hopkins 

group in their K d experiment, viz. K~d -> Q"d or 

K d L d (see Fig. 75), do not yet seem technically 

feasible due to the low energy of the deuterium re­

coil. As can be seen in Fig. 75, the Q and L mesons 

are formed via diffraction production and then decay 

via other open channels to K*(890) and K*(1400), res­

pectively. The K*(1400) then decays down to either 

K*(890) or a K via TT emission. 

5.3 pp annihilation 

Here my feeling is that we can enter into a boson 

state at a fixed mass and then cascade down to other 

bosons lying lower in mass. At this high energy of 

F ig , 75 The K*'s lying on the K* diffraction trajectory 

and their decay. 

the boson system we can hope to have a reasonable 

cross-section for pp •> bosons due to the many states 

available in the higher mass region since, with M 2 L 

on any given trajectory, the states crowd together at 

high masses. Furthermore, since the decay width r 

for two-particle decay is given by a [(kR)V(&2!)]2 

for kR « 1 (where k is the cm.s. particle momentum, 

R the effective radius of interaction, and I the rela­

tive orbital momentum), and 

a(pp-B°J = a£r£(pp - B°)/r, , 

where o0 = TTA2(2£ +1), we see that with decreasing 

£, can become larger and becomes smaller \ We 

could then have, for example, the situation shown in 

pp ANNIHILATION 

Fi g « 76 Excitation diagram showing boson states, which may 

be available as entrance channels for pp annihilation, and 

an example of the subsequent decay. 

Fig. 76 where an antiproton of 740 MeV/c finds many 

channels available for the formation of boson states. 

(The higher mass states on Fig. 76 can either be looked 

upon as radially excited states or daughter trajec­

tories.) Thus once the pp has entered into a boson 

state with a broad width, a K or TT can be emitted al-

*) It is possible that the broad bumps in the total cross-
sections seen by Cool et al . 9 l 0 result from the compromise 
of requiring a large r(pp -*• B°) and not too small a%\ the 
rapid decrease in 1 ^ outweighing the slow increase in 
precludes the observation of narrow states with reasonable 
cross-sections. 
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lowing the system to drop to a narrower state which 

may be detected via effective mass plots. Indeed one 

could go even further and say that if low L, high 

mass bosons exist, pp is a place to look for them. 

Possible examples of boson formation by antiprotons 

on protons and their subsequent cascade decay are 

shown in Fig. 7 7 . Clearly if such a model of annihi­

lation is true we should not be surprised to find 

rapid changes in the properties of pp systems as we 

ANT I PROTON ANNIH ILAT ION -

F ig . 77 Examples of the cascade decay of the initial pp 

state via emission of ïï or K quanta. 

F ig . 78 M mass spectra from the reaction pp ÏÏ M at 

5.7 GeV/c where M + (ppïïïï) , p V x 0 , A?X° as). 

change the incident energy. As another example, Fig, 

7 8 shows what happens when we look at what is left 

in the reactions 

pp 2TT + 2ÏÏ~(ÏÏ°] 

2TT + 2TT~(X°) M ( X ° ] < 2 M N 

2TT + 2ÏÏ~(X° ) M ( X ° ] > 2 M N 

PP ïï+ïï~ (ïï°] 

after one TT has been emitted — essentially the miss­

ing mass opposite one pion9 5). Evidence for three 

high mass boson states is seen at masses of 2 . 8 2 , 

3 . 0 8 , and 3 . 2 4 GeV. 

5*4 IRP + P(MIR) 

We can also look at what one might hope to see in 

Tip p(mir) if this "statistical hadron model" for the 

decay of highly excited N*fs is valid. In this case 

either a pion or a proton can be emitted leaving 

the remaining state to drop down into a lower N* or 

boson, respectively as shown in Fig. 7 9 . Figure 8 0 

shows the P""ÏÏ+TT mass spectrum opposite the proton 

from the reaction TT~ p pïïV T T Ï Ï 0 at 11 GeV/c 8 ̂ . 

N* FORMATION 

F ig 0 79 Diagrams relevant to N* formation by ïï p and its 

subsequent cascade decay. 

Fi g « 80 p TT TT mass spectrum from the reaction 

TT"P * P(P"TT +TT") and 11 GeV/c 8 1 ) , 
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In addition to peaks at 1.70, 1.98, 2.20, 2.42 and 

2,66 GeV two other peaks at 3.26 and 3.46 GeV are 

present, the lower of which corresponds in mass to 

the peak at 3.24 GeV seen in Fig. 77. As a possible 

example of a high mass N* we might take that of the 

Jtesaw. group who, studying the reaction TT p -> P(8TT) 

or n(8ïï), obtained evidence for a high mass N*° * 

P(7TT) or n(7ïï) at 3.69 GeV 9 6} as shown in Fig. 81. 

5.5 The p trajectory 

Another interesting feature of the p trajectory, 

as indicated from the MMS experiment and shown on 

Fig.3,is that if the trajectory continues in a linear 

fashion (M2 « L) up to high L values, then at L = 14 , 

which corresponds to a boson mass of ̂  4 GeV, one 

finds the mass difference between adjacent states on 

the p trajectory is equal to a pion mass. Therefore, 

P + P + 

the decay B ( J = 14 ) + B ( J = 13 ) via 2 pion emis­

sion will be prohibited. The next most likely decay 

is 

P + P + 
B ( J = 14 ) B ( J = 12 ) via 3 pion emission. 

Since the decay has a low Q-value the angular momen­

tum barrier will be high and we can expect such states 

to become very narrow9 ̂ . The problem will be to 

produce these states with observable cross-sections0 

The MMS technique involving small momentum transfer 

to the proton, and hence favouring peripheral col­

lisions, may not favour their production. If, how­

ever, we search for these states as the decay pro­

ducts of high mass isobars [ in which case the MMS 

technique must be made sensitive to the detection of 

evaporation protons in the c.m.s. of the N*),then 

maybe we will have some success. 

One last remark is relevant to Fig. 3 . Is it a 

coincidence that the lowest-lying N*Ts, when plotted 

in terms of their orbital angular momentum, lie on a 

trajectory almost parallel to the lowest-lying boson 

trajectory (the p trajectory) and separated from it 

by about the nucléon mass squared? 
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DISCUSSION 

SELOVE: Regarding the TTTT system near a mass of 700 

MeV there is a later result than the one you report­

ed by Gutay et al. from Purdue. A Chew-Low extra­

polation analysis has been made for the first time 

for the TT~TT+ system, using a large collection of data. 

The results, which are subscribed to by Gutay and 

Miller of Purdue, along with authors from other lab­

oratories included in the collaboration, are repor­

ted in a late contribution to this meeting. They 

give rather convincing evidence that the T = 0 S-wave 

phase shift does in fact rise through 90° near 750 

MeV more or less rapidly. The effective width is 

about 100 MeV, although the behaviour is not symmet­

rical. An additional aspect of the results is that 

the ambiguity allowing the possible set III solution 

you showed is removed, and that solution is excluded. 

FRENCH: If the width is 100 MeV it is surprising, 

that it is not seen in the ÏÏ°ÏÏ° mass spectrum. To 

my mind, that is evidence against it having a narrow 

width. 

WALKER: Concerning the S-wave I = 0 phase shift: if 

a relatively narrow resonance exists with mass ̂  700-

750 MeV, then one expects a shoulder in the ÏÏ°ÏÏ0 spec­

trum slightly above 750 MeV. Two experiments have 

been done at Wisconsin, on the ÏÏ°ÏÏ° system. We find 

no such shoulder. Thus we feel there is evidence 

against the upper family of phase shifts (up-up fami-

iy). 

ZICHICHI: In connection with the five unambiguously 

identified yy events in the X°-mass region, I would 

like to point out that this result is also relevant 

in order to discriminate between linear or quadratic 

mass formulae for mesons. 

If we use a current-algebra calculation of 

Baracca and Bramon, our result implies that the quad­

ratic mass formula is favoured with respect to the 

linear one by a factor of about fifteen to one. 

I thought this point was worth mentioning, as 

this is the first evidence in favour of the validity 

of quadratic mass formula for mesons. 

RATTI: I have two comments: one on the A i , the other 

on the 1.7 GeV region in 4TT. 

Although I agree that the A1 has not yet a com­

pelling world-wide evidence at 11 GeV/c, the A1 has 

been seen in 

î f p pTT +TT TT 

pTT~ (MM)0 

n 2TT+ 2TT 

at the same position, 1.08 MeV, and with a reasonable 

width. I would like to stress the danger of compila­

tions. The same washing-out effect could arise in 

the high-multiplicity events. 

The comment on the 4TT mass region around 1.7 is 

the following: from the TT data of the Genova-Hamburg-

Milano-Saclay Collaboration at 11 GeV/c, it is very 

unlikely that the am and the PTTTT enhancements are 

the same. The ayrr enhancement is fairly narrow at 

1630 MeV with r = 60 MeV, while the PTTTT is broad and 

centred at 1700 MeV. 

CHEW: The concept of "Deck background" should prob­

ably not be used in resonance analysis. There exists 

here exactly the same question of duality that was 

discussed in the report of Chan. Part of the reson­

ance effect is included in the Deck formula. It 

would be better for experiments to forget the Deck 

effect in analysing spectra and to estimate background 

by old-fashioned methods. 

VAN DER VELDE: I would like to take slight exception 

to your pronouncement that the H meson is "dead" and 

file a minority report. 

First of all, let me point out that there have 

been no new experiments to look for the H in the reac­

tion in which we saw it, namely, iT+d at 3.5 GeV/c 

(Phys. Rev. Letters, June 1966). 



136 Resonances-Experimental 1 (B = 0) 

Secondly, as regards bumps in spectra produced by 
p cuts, we properly took this effect into account in 
our paper, and found it was not able to explain the 
data. In doing this we multiplied the independently- 
estimated 3TT phase space by the Dalitz plot fraction 
curves. It is incorrect to multiply the DPF curves 
times the observed 3TT spectrum, as the California-
Riverside Group has done (Phys. Rev. Letters, June-
July 1968), since we can "explain" any resonance this 
way, provided only that its Dalitz plot is approxi­
mately uniform. One could in fact cast serious doubt 
on the existence of the o)° by their method. 

Thirdly, it is true that the X° -* TT+TT~Y branching 
fraction has increased somewhat since our data were 
published, so that the possible confusion in our data 
with this mode is more serious. This has been point­
ed out by Barbaro-Galtieri and Sôding (Philadelphia 
Meson Conference, April 1968). However, I would 
point out that in the X° •> TT IT y decay the events 
tend to be near the top of the Dalitz plot, and there 
was no evidence for such a concentration in our data. 

Fourthly, one still has the problem of the mass 
shift if one wants to attribute the H effect to the 

X° -> TT+TT y. The H mass we saw was 1000 MeV, whereas 
the X° is 960. A part of this may be due to the in­
correct fitting of a TT° in place of the y, as 
Galtieri and Soding have pointed out. However, the 
main mass shift in their data came from the fact that 
they did not measure the spectator for % 2/3 of their 
events, whereas in our data only events with measur­
able spectators were used. 

Thus, I beg your pemission for the opinion that 
the H is not dead, although it is admittedly quite 
dormant, awaiting, I would hope, further experimental 
investigation. 

FRENCH: I would just like to make one comment. 
These experiments are chosen because you see an en­
hancement; this enhances the probability that you 
could be subject to fluctuations. For example, if 
you take all the experiments that see a A U 5 and add 
them together, you do in fact have an enhancement. 
But if you are not biased and take the total data, 
you get the curves I have shown. 
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NUCLEON RESONANCES 

A. Donnachie 

University of Glasgow, Glasgow 

On the basis of the pion-nucleon phase-shift ana­
lyses of groups at Berkeley1), C E R N 2 ) and Saclay3), 
it was possible a year ago to conclude1*'5) that there 
was evidence for the existence of 19 or possibly 20 
resonance states of mass less than 2.2 GeV in the 
pion-nucleon system. The general procedure used to 
infer the existence of resonance states is to study 
the Argand diagram of the function 2qf^, where is 
the usual partial wave amplitude 

q being the cm. momentum. If a resonance exists, 
then this function will describe a counter-clockwise 
circle, or an appreciable part thereof, in the Argand 
diagram. This is easily seen by considering the am­
plitude to be represented by a Breit-Wigner resonance, 
or as a Breit-Wigner resonance plus background. Some 
typical situations are shown in Fig. 1. When there 
is background present, the resonance circle may be 
distorted considerably and displaced appreciably from 
the symmetric position, but the amplitude still re­
tains the general resonance features. The same situa­
tion occurs in the case of a partial-wave amplitude 
in an inelastic process, say, TT + N - > K + A . If there 
is a resonance present, then the amplitude will de­
scribe an appreciable part of a counter-clockwise 
circle, more or less distorted according to the back­
ground. One difference to be noted in the case of an 
inelastic amplitude is that the imaginary part of the 
amplitude is no longer restricted to be positive, as 
it is in the elastic case, and in general there is an 
arbitrary phase factor involved. 

This general feature of a resonance implying a 
counter-clockwise circle has led to the inference 
that a counter-clockwise circle automatically implies 
a resonance, and this is the criterion which has been 

used in the phase-shift analyses. It was known, how­
ever, that this reversal is not necessarily true; for 
example it is not difficult to show in multi-channel 
potential scattering that it is possible to produce 

Fig. 1 Typical resonance configurations 
a) pure Breit-Wigner, Te]_ > 1/2 r t o t 

b) pure Breit-Wigner, Yei < 1/2 r t o t 

c) Breit-Wigner with attractive background 
d) Breit-Wigner with repulsive background. 

resonance-type circles in any given channel without 
requiring that there be a resonance. In this con­
text, it is important to recall that "resonance" is 
synonymous with "a pair of second sheet poles". This 
point has been given considerable prominence recently, 
following Schmid's6) comment that the partial wave 
projections of Regge-pole amplitudes freely exhibit 
resonance-type circles, and give at least a qualita­
tive representation of the structure observed in the 
phase-shift analyses, but explicitly do not have any 
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second sheet poles. There is now a variety of opin-
7 — 9*) 

ion on this topic , but its significance, or lack 

of it, is still unclear. However, one point is am­

biguous. The Regge-pole amplitude is a priori a 

smooth function of energy and cannot give rise to any 

peaks in total cross-sections, the various partial-

wave peaks combining in just such a way as to produce 

this smooth result. Now both the T = 3/2 and T = 1/2 

total cross-sections show considerable structure. In 

the former, peaks are associated with P33(1236), 

F37(1950) and the S3i(1640), P33(1690), D33(1690) 

complex which appears as a shoulder on the lower side 

of the F 3 7 peak. In the T = 1/2 case, peaks are as­

sociated with Di 3(1520), Pu (1470) which appears as 

a shoulder on the lower side of the D x 3 peak, the 

Di5(1680), Fi5(1690) pair and Gi7(2190). It is very 

difficult not to associate a resonance with the ob­

served structure in these partial waves. Further, it 

is my conviction that all the structure observed in 

pion-nucleon scattering should be associated with re­

sonances, and it is from this viewpoint that this re­

port is written. 

1 , TT + N •» IT + N 

The results of two new phase-shift analyses, one 

from Glasgow10-^ and one from CERN11-' confirm most of 

the structure claimed by CERN I J. 

Phase-shift analysis is conventionally tackled in 

one of two ways. Either an energy-dependent analysis 

is performed parametrizing the partial-wave amplitudes 

as functions of energy and fitting to all the data 

simultaneously, or an energy independent analysis is 

performed, searching extensively at each energy for 

different solutions and then using continuity between 

adjacent energies to select among the solutions found. 

The former approach is a practical one if the number 

of partial waves is not too great, and if the energy 

range is sufficiently limited, and it was applied 

with considerable success in the early days of pion-

nucleon phase-shift analysis when these conditions 

were reasonably well satisfied. In the latter case, 

imposing continuity is a very serious problem, and 

sophisticated techniques have been developed to handle 

it. In the CERN I analysis, a complicated iterative 

procedure was evolved, making use of partial-wave dis­

persion relations12-'. In the Berkeley analysis the 

"shortest-path" technique was developed and used suc­

cessfully13^. This is to find the smallest value of 

the quantity 

*) To avoid confusion, we shall denote the 1967 CERN analysis 
by CERN I and the 1968 CERN analysis11) by CERN II. 

2) 

where f̂ -(J&,j,T) is the k**1 solution at the i ^ energy 

for the partial-wave amplitude with orbital angular 

momentum £, total angular momentum j and isospin T. 

This technique can be considered as a "resonance 

eraser", naturally preferring not to go round reso­

nance loops if they can be possibly avoided, i.e. 

it gives a lower bound on the possible structure. 

In the CERN II analysis, this technique has been 

applied to T T + P scattering, and the results are shown 

in Fig. 2. The T T + P shortest path is unique up to 

1821 MeV (solid line) and qualitatively unique to 

^1950 MeV, the main ambiguity being in the position 

of the F 3 7 resonance. There are still only five bran­

ches at 2025 MeV and the dashed continuation shown is 

the shortest of all. The dotted line in these figures 

is the dispersion relation fit of CERN I, and is clear­

ly very similar to the shortest path, i.e. the purely 

experimental lower bound on the amount of structure, 

as given by the shortest path, is very close to the 

previous theoretically-favoured dispersion relation 

fit for ïï+p. As in the CERN I analysis, the only 

structure which appears at all dubious is the D 3 5 

(M.950). However, it should be noted that the exis­

tence of the P33(1688) structure depends on the ex­

periments at a single energy. It is present if only 

good solutions are accepted at 1688 MeV (double dot-

dashed line), but is absent if the shortest path is 

allowed to pass through a solution with P (x 2 ) < 0.001 

(solid line). More T T + P experiments in this region 

would be valuable. In some solutions there is some 

evidence for a possible P33(^2030), but it is not con­

clusive. 
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The method of search used in the Glasgow analy­
sis was a hybrid one, in which the energy range was 
broken down into intervals of about 100 MeV and a 

Fig. 2 T! = 3/2 pion-nucleon amplitudes. Comparison of 
CERN I 2) dispersion fit (smooth dot-dash line) with CERN II 1 1J 
shortest path. 

quadratic energy dependence assumed for the phases 
and elasticities in each range. The fits were over­
lapped from range to range, each successive solution, 
being tied to the last, or the second last point of 
the previous one. The energy ranges chosen are suf­
ficiently small for the restriction to a quadratic 
approximation not to be a serious handicap. The am­
plitudes so obtained, which still contain some awkward 
corners, were then smoothed further by fitting energy 
dependent forms to them, the choice being a multi­
channel Breit-Wigner resonance1^ superimposed on a 
smooth background. Two results were obtained by this 
procedure, which are qualitatively very similar not 
only to each other but also to CERN I. The main dif­
ferences are that the Glasgow results do not have the 
D35(>1950), D13(>1700), D13(^2030) and Fi7(>1980). 
In fact they change the parity of this last one, and 
make it Gi7(1906). CERN I also found some structure 
in G17 at about this mass, but put it down to bad 
charge-exchange data. This appears to be the most 
probable explanation and this ambiguous F 1 7/Gi 7 struc­
ture should not be considered seriously for the pres­
ent. The evidence of structure obtained in the va­
rious phase-shift analyses is summarized in Table 1. 
From this, it is clear that D35(1950), Di3(1730), 
Fi7(1900) and Di3(2030) are in a precarious state, 
at least as far as the phase-shift analyses are con­
cerned. Of these four, there is no real evidence 
elsewhere for D35(1950) and F17(1980), and conse­
quently these two should be rejected, at least for 
the present. There is some evidence elsewhere for 
both D13(1730) and D13(2030), particularly the for­
mer, so we shall retain both. 

The proposed structure for this year is shown in 
Table 2, with the masses, widths and elasticities 
taken from CERN I and Glasgow (A) and (B) solutions. 
The variation in the resonance parameters quoted 
gives some indication of the uncertainties inherent 
in extracting these parameters from Argand diagrams. 
This point seems little known, and it is worth stress­
ing. There are three basic causes of these varia­
tions. Firstly, different methods of analysis pro­
duce somewhat different sets of phase shifts. Second­
ly, the amplitudes obtained are not smooth with 
energy, and some smoothing procedure must be applied 
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before extracting the resonance parameters. There 
is no "correct" way of doing this, and different 
choices of smoothing functions will produce somewhat 
different smoothed results, even starting with the 
same set of experimental amplitudes. Thirdly, having 
obtained a smooth plot it is necessary to specify 
some criterion to separate resonance from background, 
and different criteria produce, once again, somewhat 
different results. It is notable that the Argand 
diagrams of the three solutions quoted differ by 
much less than would be expected from the differences 
of their resonance parameters. 

All the phase-shift analyses reported above sup­
port, to a greater or lesser extent, the structure 
proposed by CERN I. However, there is the possi­
bility that a qualitatively different solution has 
been found at Berkeley15) which contains very little 
of this structure. This result is still highly pro­
visional and there are some serious objections to it, 
particularly with respect to the renormalization of 
some of the experiments (which is allowed in the fit), 
which in some cases appears to be excessive and with 
respect to the structure in the solution, which in 
some amplitudes is extremely rapid, being of the 

TABLE 1 

Conjectured pion-nucleon resonance assignments below 2.2 GeV mass, with the status of 
the corresponding structure observed in the five most recent phase-shift analyses. 

Possible 
resonances Berkeley1^ CERN I2) Saclay3) Glasgow10^ CERN II 1 1) 

P33(1236) We will not argue about this one 

S3i(1640) Definite Definite Definite Definite Definite 

D33(1690) Possible Possible Ambiguous Definite Definite 

P33(1690) Probable Probable Ambiguous Possible Definite 

F35(1910) Probable Probable Ambiguous Definite Definite 

P3i(1930) Probable Probable Ambiguous Definite Definite 

F37(1950) Definite Definite Definite Definite Definite 

D35(1950) Doubtful Doubtful Ambiguous No Possible 

Pii(1470) Definite Definite Definite Definite -
Di3(1520) Definite Definite Definite Definite -
Si i(1550) Definite Definite Definite Definite -
Dis(1680) Definite Definite Definite Definite -
F x 5 (1690) Definite Definite Definite Definite -
Si i(1710) Definite Definite Definite Definite -
Di 3 CVL730) No Use imagination No No -
Pi i(1750) No Possible No Definite -
Pi 3 (1860) No Possible No Definite -
F17(1980) No Doubtful No Transferred to Gi 7 -
Di3(^2030) No Probable No No -
G17(2190) Ambiguous Definite - - -
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"hairpin" variety. It has to be studied in much more 
detail before it can be entertained as a serious al­
ternative. 

Experimentally there has been little to offer in 
elastic pion-nucleon scattering, the only results 
presented at the Conference being 12 different i T p 
cross-sections in the mass range 1500 to 1770 MeV. 

There are still some serious experimental shortages 
in the mass range being considered, i.e. below 2.2 
GeV. i T +p and TT p differential cross-sections are 
adequate almost everywhere, except in the 1690 MeV 
region as noted above, and so is i f p polarization. 
T T + P polarization data are rather thinly spread and 
it would be desirable to have more. The infoimation 

TABLE 2 

Resonances observed in pion-nucleon scattering with a mass of less than 
2 . 2 GeV. The masses, widths and elasticities conjectured in the CERN I 2) 
analysis and the two results of the Glasgow 1 0) analysis are shown, to­
gether with the "average". In forming this "average", the two Glasgow 
results were first combined together, and then taken with the CERN I 
analysis. The differences in the resonance parameters give some guide 
to the uncertainty in extracting these numbers from Argand diagrams. 

Partial 
wave 

CERN I Glasgow (A) Glasgow (B) Composite Partial 
wave Mass r 

tot 
rel / Ftot Mass rtot rel / rtot Mass rtot rel//Ftot Mass Ftot rel / rtot 

P 3 3 1236 125 1.00 1238 120 1,00 1238 120 1.00 1237 122.5 1.00 

S31 1640 177 0.28 1617 141 0.28 1623 140 0.25 1630 160 0.27 

D 3 3 1690 269 0.14 1649 188 0.12 1650 174 0.13 1670 225 0.13 

P 3 3 1690 281 0.10 - - - - - - 1690 280 0.10 

F 3 5 1910 350 0.16 1841 136 0.20 1852 150 0.19 1880 250 0.18 

P 3 1 1930 339 0.30 1914 290 0.18 1843 231 0.24 1905 300 0.25 

F 3 7 1950 221 0.39 1935 196 0.51 1935 212 0.39 1940 210 0.42 

Pu 1470 211 0.66 1462 391 0.49 1436 2.24 0.46 1460 260 0.57 

D13 1520 114 0.57 1512 106 0.45 1512 125 0.49 1515 115 0.52 

Su 1550 116 0.33 1502 36 0.36 1499 53 0.35 1525 80 0.34 

D15 1680 173 0.39 1669 115 0.50 1667 115 0.43 1675 145 0.43 

Fis 1690 132 0.68 1685 104 0.54 1684 123 0.54 1690 125 0.61 

Su 1710 300 0.79 1766 404 0.56 1671 121 0.51 1715 280 0.66 

D13 1730? - - - - - - 1730? ? ? 

Pu 1750 327 0.32 1770 445 0.43 1867 525 0.30 1785 405 0.34 

P l 3 1860 296 0.21 1844 449 0.40 1854 307 0.26 1855 335 0.27 

D13 2030? 290 0.26 - - - - - - 2030? 290? 0.26? 

G l 7 2190 300 0.35 - - - - - - 2190 300 0.35 
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available on ÏÏ p charge exchange is poor, and very 

scarce above 1900 MeV, and the information on ÏÏ p 

charge-exchange polarization is nil. This latter 

process will be the most important one in the immedi­

ate future, since it is a very sensitive function of 

the partial-wave amplitudes. The most important test 

would be provided by the Wolfenstein parameters R and 

A, which explicitly contain extra information, al­

though presumably this will remain a theoretician's 

dream for some years to come. Finally, it would be 

nice to have two measurements of total cross-sections 

which agree with each other. 

2. ïï + N + n + N 

The important role which inelastic channels can 

play in helping to elucidate the pion-nucleon reso­

nance structure is clearly evinced by the analyses 

of the reaction ÏÏ" + p n + n which gave the first 

tangible proof that the structure observed in the Su 

pion-nucleon amplitude in the vicinity of the n pro­

duction threshold is indeed due to a resonance, and 

is not merely a threshold effect. There have been 

several such analyses, and they are typified by that 

of Davies and Moorhouse16), where earlier references 

may be found. The experimental angular distributions 

show considerable anisotropy not far above threshold 

and the nearness of the Di 3 (1515) resonance posed the 

question of whether the n production proceeds mainly 

through this resonance, the large S-wave being a scat­

tering length effect only, or whether an S-wave reso­

nance really exists. Davies and Moorhouse, using a 

rather general multichannel effective range formalism, 

showed that the latter situation was indeed the case, 

demonstrating explicitly that their solution has sec­

ond sheet poles. They also found that the S-wave term 

is so large that the anisotropy can easily be explain­

ed by this interfering with a very small D-wave, the 

Di3 (1515) having a partial decay width to nN of less 

than 1 MeV. 

An interesting energy-dependent analysis of all 

n-production data below 1900 MeV has been carried out 

by Deans, Holladay and Rush17). They assume the exis­

tence of all CERN I T - 1/2 resonances and represent 

the background by the direct and crossed nucléon pole 

terms. The resonance and pole couplings are varied 

to fit the data, but no attempt is made to vary the 

resonance positions or widths, the level of data not 

justifying it. Their results are in accord with those 

of Davies and Moorhouse, with a strong Su (1525) and 

a small,* but non-zero contribution from Di 3 (1515), 

which cannot seriously be separated from background. 

They also find non-negligible contributions from 

Si 1(1785), which of course, do not contribute close 

to threshold. All other resonance couplings are 

consistent with zero. 

Some measurements of the reaction ÏÏ+ + n n + p 

are now available18) near threshold. The variation 

in cross-section and the production angular distri­

butions are quite in accord with the charge symmetric 

reaction ÏÏ" + p -> n + n. 

3. TT" + p + K° + A0 

17) 

Deans, Holladay and Rush } have also analysed 

this reaction in terms of the CERN I T = 1/2 reson­

ances. In this case the background was represented 

by the direct channel nucléon pole, :he crossed chan­

nel I pole and a t-channel K* pole, with vector and 

tensor coupling. Their analysis takes in all data be­

low 1850 MeV mass, and shows clearly the dominance of 

the Su (1710) and the Du partial wave, this being 

shared out between Pu(1460) and Pn(1785). There are 

also possible contributions from Pi 3(1855) and the 

D13 partial wave. 

Lovelace, Wagner and Iliopoulos19) have also 

looked at this process, applying the random search 

plus shortest path technique to all data below 2025 

MeV. Some use was made of the pion-nucleon phase-

shift analysis, but only in two respects. Firstly, 

it was used to determine which partial waves were 

elastic and could be neglected in this analysis. 

This turned out to be G i 9 and the H-waves up to 2025 

MeV, and F i 7 and G i 7 below 1800 MeV. Because of the 

waves were retained in the analysis at 1617 MeV, and 

only S-, P- and D-waves below 1640 MeV. Secondly, the 

phase-shift analysis was used to find the phase of 

phase-shift analysis was used to find the phase of 

those waves containing a Breit-Wigner resonance, i.e. 

D 1 5 , Fi5. As was mentioned in the Introduction, all 

partial waves in an inelastic channel can be multi­

plied by an arbitrary phase factor. However, for a 

pure Breit-Wigner resonance, the amplitude in any 

inelastic channel is a real multiple of the ampli-
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tude and, since both D15(1675) and Fi5(1685) have a 
very regular Breit-Wigner shape in the elastic analy­
sis, it was assumed that the KA amplitudes for these 
two waves would be real multiples of the Tip up to 
1800 MeV. The same assumption was made for Gi7 at 
higher energies. The real proportionality factors 
involved were varied in the fit independently at each 
energy. This is quite different from the analysis of 
Deans et al. 1 7), where for each Breit-Wigner the same 
constant of proportionality was used at all energies. 
In the case of Lovelace et al. 1 9), the effect is to 

reduce the phase ambiguity to a sign ambiguity only. 
This sign ambiguity was not resolved, and a complete 
change of sign is possible in one of their solutions. 
The same is true of the results of Deans et al. 1 7). 

Lovelace et al.19) find four acceptable solu­
tions, which are shown in Fig. 3. Clearly, the main 
effect is dominance by Su and Pu resonances. There 
is also some evidence for a smaller resonant contri­
bution from Pi3 or D i 3 , but this is much less clear-
cut. In all solutions, the contributions from the 
D 1 5 and Fi5 resonances is very small. 

F i g . 3 T h e f o u r b e s t r e s u l t s o f t h e C E R N K A a n a l y s i s . T h e r a d i u s o f t h e c i r c l e i s h a l f t h e r a d i u s o f t h e u n i t a r y c i r c l e . 
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The Su resonance should clearly be identified 
with the Su(1715), and the P n with the Pu(1785). 
It is also tempting to identify the D i 3, which ap­
pears to have a mass of about 1750 MeV, with the 
Di 3 (1730), but there is no natural partner for the 
possible Pi3, which in KA, if it exists, has a mass 
of about 1750 MeV, but in irp it has a mass of about 
1860 MeV. 

The results of Deans et al. 1 7) and Lovelace et 
al. 1 9) are qualitatively very similar, i.e. dominance 
by the Su and Pu partial waves, with some contri­
bution from Di 3, but there is one apparent difference 
which should be noted. Deans et al. 1 7) associate the 
Su amplitude more with Su (1525) than Su (1715) and 
the Pu amplitude more with Pu (1460) than with 
Pu (1785), although both the lower mass resonances 
are well below the KA threshold. This can be ex­
plained by the fact that, for the resonances, they 
used a standard Breit-Wigner form, which has a notori­
ously long tail — much longer than observed reso­
nances appear to have. The KA threshold is suffi­
ciently far above the Pu (1460) and Sn(1525) for 
this tail to look just like part of the background, 
which is arbitrary, and to say that they make a large 
contribution is synonymous with saying that there is 
a lot of background in KA in the vicinity of the 
Su(1715) and Pu(1785) resonances. It is obvious 
by looking at Fig. 3 that there is considerable back­
ground. If there were none, the Su and Pu reso­
nance circles would be symmetric about the vertical, 
and they clearly are not. This is yet another ex­
ample of the resonance/background problem discussed 
in connection with elastic scattering, and illustrates 
again the necessity for displaying amplitudes as the 
result of phase-shift analysis, rather than resonance 
parameters. 

4. TT + p K + E 

Lovelace et al. 1 9) have also studied the pre-
conference data on TF+ + p -> K + + E + up to 1859 MeV, 
and concluded that the data were not good enough to 
prove anything. 

A measurement of polarization effects in the re­
action TT~P E~ K + at 1742 MeV has been made by 
Edginton et al. 2 0) who have also attempted an analy-

+ + + — sis of the three channels TT + p + E + K , T T + p + 
E~ + K +, TT"* + p + E° + K° up to 1763 MeV. Like' 
Lovelace et al. 1 9) they found that the data are not 
good enough to resolve any structure, and the simple 
parametrization 

(T) 

for the partial wave amplitudes is adequate to fit 
the data. 

New data are also available2 

at 1856, 1901 and 2016 MeV, and a preliminary analy­
sis has been made at these energies. The angular dis­
tributions show no evidence for partial wave higher 
than F. Since there is a known TT+P resonance, the 
F 3 7, in this region and the total cross-section 
(shown in Fig. 4), peaks just in this region, a natural 
inference is that this will be an important amplitude. 
With this assumption, a study of the Legendre poly­
nomial coefficients leads Borreani and Kalmus to try 
the combinations 

a) S 3i, D 3 3, F 3 7 

b) S 3 i, P 3 i, D 3 5, F 3 7 

c) S 3i, P 3 3, D 3 5, F 3 7 
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parametrizing background amplitudes by the simple 

form 

T = (A + Bk) exp {i(c + Dk)} 

and using a Breit-Wigner for the resonant amplitudes. 

The results of the analysis are as yet inconclusive, 

except to confirm the presence of a strong F 3 7. 

5, ÏÏ+N + TT + T T + N 

Since this is the dominant inelastic channel 

throughout most of the resonance region, it is clear 

that a proper understanding of the resonances will 

not be attained without the inclusion of the three-

body channels. This poses a serious problem of ana­

lysis. Exactly how should three-body states be treat­

ed and how should the results be related to what is 

known about the elastic amplitudes? The answer has 

always been to use the isobar model, sometimes bla­

tantly, sometimes discreetly disguised, and until 

recently inelastic data have not been available in 

sufficient quantity to warrant anything more sophis­

ticated. This was evident in the analysis of 

Morgan22^, who applied a generalized version of the 

isobar model to a study of the T = 1/2 single pion 

production processes in the range 1450 to 1575 MeV 

and found that, with the data then available, it was 

quite unnecessary to go beyond the confines of the 

isobar model. Morgan1 s analysis also gave some in­

dication of the value of the information which could 

be hidden in the three-body data; in particular he 

suggested that this data required the existence of 

a second P u resonance, decaying strongly via pN or 

TTA with a mass very roughly between 1500 and 1700 MeV. 

This suggestion was made simultaneously with, and 

independently of, the phase-shift analyses of the 

elastic data finding a second P u , the P u (1785). 

New data are now becoming available which will 

compare favourably in statistical quality with the 

elastic data, and the time is rapidly approaching 

when the isobar model will need an appreciable over­

haul. In each of the three analyses on which I shall 

report one of two simplifying assumptions has been 

made to the isobar model: either that all the three-

body events are quasi two-body with negligible back­

ground; or there is background but it is incoherent, 

is given by phase space, and can be removed to leave 

the "genuine" quasi two-body events. The two assump­

tions are mutually exclusive and neither is strictly 

correct. It is unlikely that they will affect the 

dominant qualitative features obtained in the ana­

lyses, since the background is generally estimated 

to be of the order of 201-30% at most, but the less 

dominant features and detailed quantitative features 

are certainly more in doubt. 

A partial wave analysis of the reactions 

+ I + . i 0 
TT H - p ^ T T l p ~i TT 

+ , I + 
TT i n l TT 

is being carried out at Saclay, and preliminary re­

sults are reported23) at 1510, 1580, 1640 and 1690 

MeV, using the isobar model, with the first of the 

above two assumptions, in the manner proposed by 

Deler and Valladas2l+^ and assuming also that only 

A(1236) is produced. Only the inelastic angular dis­

tributions are used in the fit, and the results are 

then compared with the three possible invariant mass 

distributions and with the results of the elastic 

phase-shift analyses. Agreement is acceptable in 

the former case, and typical fits are shown in Fig. 5, 

along with the fitted angular distributions. 

The comparison with the elastic data is shown in 

Fig. 6, where the quantity / T - n 2 is plotted. In 

computing the values from the fitted three-body data, 

it is necessary to neglect overlap terms, which do 

not vanish, although generally they appear to be 

small. The dashed and heavy lines are the values 

obtained from the CERN I 2) and Saclay3^ analyses. 

The agreement is acceptable except in the S 3 i ampli­

tude, where it is poor, and it is apparent that the 

isobar model is breaking down in the simple form in 

which it has been applied, and that there is back­

ground of some kind present. No significant change 

in the solutions has been found as a result of in­

cluding production of P u (1460) or the Su attractive 

interaction in the analysis, and the effect of p pro­

duction is now being investigated. 

The same approach has been applied23) to the re­

actions 
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Fig. 5 C o m p a r i s o n o f t h e S a c l a y 2 3 ^ f i t s t o iT + p T I + + Tf° + p w i t h t h e e x p e r i m e n t a l h i s t o g r a m s a t 720 M e V ( B r u s s e l s ) , 

810 M e V ( S a c l a y ) a n d 900 M e V ( R o c h e s t e r ) . T h e v a r i a b l e s a r e a s f o l l o w s : 
w l i s t h e s q u a r e o f t h e i n v a r i a n t m a s s o f t h e ( ï ï p ) s u b - s y s t e m , 

Wl i s t h e s q u a r e o f t h e i n v a r i a n t m a s s o f t h e ( ï ï ° p ) s u b - s y s t e m , 

W§ i s t h e s q u a r e o f t h e i n v a r i a n t m a s s o f t h e ( Ï Ï + Ï Ï ° ) s u b - s y s t e m , 

6 i s t h e p o l a r a n g l e o f t h e i n c o m i n g TT+ i n t h e c 0 m 0 w i t h r e s p e c t t o t h e t h r e e - b o d y p l a n e , 

(j) i s t h e a z i m u t h a l a n g l e o f t h e i n c o m i n g ïï+ i n t h e c , m . s y s t e m w i t h r e s p e c t t o t h e t h r e e - b o d y p l a n e , 

a i s t h e p r o d u c t i o n a n g l e o f t h e n u c l é o n i n t h e c 0 m 0 s y s t e m . 
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Fig. 6 Comparison of /l - r)2 from the Saclay 2 3^ fits to ine­

lastic ïï+p data and the values obtained from phase-shift analy­

sis. The dotted line is from the CERN I 2) analysis and the so­

lid line from the Saclay analysis 3). 

at 1390, 1440, 1485 and 1525 MeV, assuming that the 

TT°TT"P final state arises primarily through the 

{A(1236) + TT} channel while the TT+ïï"n state involves 

in addition the {"a" + n} channel, and the T = 3/2 

inelastic channel can be neglected. The results are 

again in fair agreement with the elastic analyses ex­

cept for the Sn amplitude. The most significant 

conclusion that they reach is that the partial decay 

of the Pi i (1460) into TT + A(1236) is well established, 

this resonance decaying in approximately equal parts 

into TTN, C N , TTA. In common with earlier analyses in 

this region they find that Di 3 (1515) decays into TTA 

with a large branching ratio. 

The alternative approach to the isobar model, 

namely that of making a specific separation of events 

into quasi two-body and background, has been applied 

by Brody et al.25) and Sun Yiu Fung et al. 2 6). 

Brody et al. have studied ïï"p interactions at 

12 energies between 1500 and 1770 MeV. Their elastic 

events were used to obtain absolute normalization, 

normalizing their data with the counter data in the 

region -0.8 < cos 0 < 0.7, where the elastic cross-

sections are rather flat, and checking the result by 

using the (normalised) forward point. Agreement 

with the counter data is good. The angular distri­

butions also agree well, and should be a useful piece 

of extra information for the phase-shift analyses. 

The reaction TT p TT Tr+n was chosen for detailed ana­

lysis since it is dominated by strong A"(1236)TT+. 

This latter channel was separated out explicitly by 

assuming an incoherent superposition of phase space, 

together with the channels TT + a", TT"a + and p°n. The 

best fits to the mass spectra are shown in Fig. 7, 

which have contributions of 57.6% TT + a" , 7.21 if A + , 

0.3% p°n and the rest three-body phase space. The 

total cross-section for the TF + a" channel is shown in 

Fig. 8, and it clearly shows an enhancement in the 

Fig. 7 Maximum likelihood fits to the ïï p •+ nïï ÏÏ data at 1685 MeV. 
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Fig. 8 Total cross-section for ÏÏ p T TV(1236). 

region of 1680 MeV, which is presumably associated 

with Di5(1675) and Fi5(1690). The production angular 

distributions of the T T + A~ channel are shown in Fig. 9 

and the corresponding Legendre polynomial expansion 

coefficients in Fig. 10. The behaviour of the co­

efficients between 1600 and 1700 is consistent with 

the presence of the two spin 5/2 resonances, the ab-

sense of any dramatic variation of Ai and A 3 suggest­

ing that the phase difference between these two am­

plitudes changes very slowly, as is indeed the case 

in the elastic-scattering data. The behaviour of 

Ai and A 2 between 1500 and 1600 MeV, strongly nega­

tive but going to zero as the energy increases, im­

plies that the Dx 3(1515) couples in with a negative 

relative sign to Di 5 and Fi5. With this as input 

information, Brody et al. found it possible to ob­

tain a good fit to the data, using the three resonan­

ces D13(1515), Di5(1675) and F15(1690), parametrized 

by Breit-Wigner forms, with the addition of a simple 

Fig. 9 Centre-of-mass angular distributions for ir"p + TT+A"(1236). 
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Fig. 10 
the c m . 

Coefficients of Legendre polynomial expansion of 
angular distributions of Fig. 9. 

linear S-, P-, D- and F-wave background. Using the 
elasticities of CERN I 2), they obtain the branching 
fractions 

D13(l520) + TTA O D15(1680]+TTA 
~ 12%, ~ 15%, 

All All 

F15(1680)+TTA 

Alternative parametrizations are being studied 
and the fits should not be considered final in any 
sense. They are, however, a very good guide as to 
what one may ultimately hope to obtain from these 
channels. 

Sun Yin Fung et al.26) have adopted a similar 
approach to the study of the reaction 

at 1850, 1890, 2010 MeV, and to isolate the channel 

TT + + p + A++(1236) + TT0 

using an incoherent superposition of the channel with 
p° + p, A + + TT+ and three-body phase space. The an­
gular distributions for the T T ° A + + channel are shown 
in Fig. 11 and the corresponding Legendre polynomial 

Fig. 11 Centre-of-mass angular distributions 
for T f + p + T T ° A + +(1236). 
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TABLE 3 

Coefficients A^/A0 obtained by fitting the angular distributions in Fig. 11 with the expansion 

expansion coefficients are given in Table 3. The 

large negative A 6 indicates, not surprisingly, that 

F37(1940) is contributing strongly at all energies. 

At the present it is difficult to say what other par­

tial waves are contributing appreciably, although 

D 3 5 appears the most likely candidate. 

6. Y + N + TT + N 

The information on pion-nucleon resonances in 

photoproduction comes almost entirely from detailed 

multipole analysis. To date there have been five 

such analyses, by Schmidt, Schwiderski and Wunder27), 

by Chan, Dombey and Moorhouse28), by Engels, Schmidt 

and Schwiderski29), by Walker30^ and by Berends and 

Donnachie31-). Analysis of pion-photoproduction is a 

less objective and a less exact exercise than analy­

sis of elastic scattering, since the data are both 

less precise and less varied, polarization data in 

particular being very scarce, and in addition there 

are many more multipoles than there are partial waves. 

Consequently, it is not possible to determine weak 

structural effects, which simply get lost in the back­

ground terms, and quantitative precision is lacking. 

The situation in fact is much the same as in the in­

elastic channels in irp interactions, and only domi­

nant structure can be seen unambiguously. Resonan­

ces in this category are the P 3 3 (1236), Su (1525), 

D13(1515), F15(1690) and F37(1940). The Su (1525) 

also shows clearly in n-photoproduction32>33). The 

situation with respect to one of the more interesting 

ones, the Pn(1460), is ambiguous. There is some evi­

dence for it, although it is not clear cut and is 

certainly background-dependent. For example, Berends 

and Donnachie31) find two possible solutions, in one 

of which the transition amplitude to Pu is very 

small and barely distinguishable from zero, and in 

the other it is quite strong, comparable in magnitude 

to that of Chan et al.28-', but with the opposite sign. 

Even at best the production of Pu is rather weak, 

the amplitude, at resonance, for production of Pu 

being not more than one-eighth of the amplitude, at 

resonance, for production of P33(1236). There is 

some additional evidence for photoproduction of 

Pu (1460) in a preliminary analysis of y + P + P + 

7T + + IT below 1650 MeV by Diambrini Palazzi et al. 3 10, 

who conclude that some Pu contribution is essential 

to explain the data. 

7. PRODUCTION EXPERIMENTS 

Since production experiments are being treated 

fully in a supplementary report by Rushbrooke35-', 

only two points which are of special relevance to the 

N* story will be selected. 

The first of these is the continuing accummulation 

of evidence for the TTA decay mode of the Pu (1460). 

This is reported in K + p K +ÏÏ +TT"P at 5.5 GeV/c by 

Antich et al. 3 6), in ïï+p + /piT-n* at 16 GeV/c by 

Ballam et al. 3 7), in pp -* pp/if at 25 GeV/c by 

Ehrlich et al. 3 8), in pp -* ppïïV" at 22 GeV/c by 
Jespersen et al. 3 9) and in pp -> pp7T+ïï" at 16 GeV/c 

by Rushbrooke et al. 1 1 0). The second point is further 

evidence for an enhancement in the vicinity of 1.73 

GeV, being seen in the TTA mode by Rushbrooke et al.1"0) 

and by Ballam et al. 3 7). Both of these points are 

conveniently illustrated in the analysis of Rushbrooke 

et al. 4 0), and their (TT"a++) mass plot is shown in 

Fig, 12. The cuts in A 2 remove Deck background and 
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F i g . 1 2 a ) T h e m ( A + + ï ï ) s p e c t r u m f o r v a r i o u s A 2 c u t s i n 

p p •> pp7T+TT~ a t 1 6 G e V / c . 

b ) D i a g r a m f o r p p ppiT ïï . 

show up the peaks at 1.73 and 2.03 GeV even more 

clearly. The apparent shoulder on the lower side of 

the 1.73 enhancement could be associated with the 

1.69 D 1 5 / F 1 5 pair, encouraging the belief that the 

1.73 GeV enhancement is indeed something quite dif­

ferent. The peak observed between 1450 and 1500 MeV 

should be associated with Pi 1(1460), since it is nar­

rower and lower than that indicated by a Deck calcu­

lation. The angular distributions in the three peak 

regions are shown in Fig. 13. That in the Pi 1 (1460) 

region is consistent with isotropy, and the apparent 

forward peak in the 1.73 GeV enhancement (dotted line) 

is removed by the cut A 2 > 0.1> i.e. by removing the 

Deck background, leaving a distribution which is sym­

metrical (and non-isotropic). Thus it is very tempt­

ing to associate this peak with Di 3 (1730). A pos­

sible candidate for the enhancement at 2.03 GeV is 

the Di3(2030). 

The evidence for the pion-nucleon resonances, 

apart from the phase-shift analyses, is shown in 

Table 4*> None of it by itself is conclusive, but the 

over-all effect is quite impressive. All the inelas­

tic data are consistent with the resonance assignments 

of the elastic phase-shift analyses, and in some cases, 

for example rrp + KA , yp ^P* many of the resonances 

are required by the data. The experimental situation 

is still far from satisfactory, and since it is evi­

dent that much information on the pion-nucleon reso­

nances can be gleaned from the inelastic channels, 

particularly since most of these channels appear to 

be dominated by small subsets of the isobars, it is 

to be hoped that the required experimental effort 

will be forthcoming. 

From this, three points stand out. These are the 

near definite evidence for a strong TTA decay mode of 

Pi 1 (1460), the accumulating evidence for Pu (1785) 

and, to a somewhat lesser extent, the accumulating 

evidence for Di3(1730). 

F i g . 1 3 A n g u l a r d i s t r i b u t i o n s f o r t h e d e c a y o f 3 - b o d y r e s o ­

n a n c e s i n t o a A + + a n d TT". 

a ) 1 . 4 2 5 G e V / c 2 < m ( A + + ï ï ~ ) < 1 . 5 2 5 G e V / c 2 . 

b ) 1 . 7 0 G e V / c 2 < T U ( A + + Ï Ï - ) < 1 . 8 0 G e V / c 2 , 

c ) 1 . 8 0 G e V / c 2 < m ( A + + ï ï - ) < 1 . 9 0 G e V / c 2 . 
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Finally, it is impossible to resist commenting 

on the remarkable success attained by the symmetric 

quark model in classifying the resonances, a point 

which is discussed in detail by H a r a r e 1 ) . The situa­

tion with respect to the nucléon resonances is shown 

in Table 5. The only resonance missing in the lowest 

status is a third P33, and this may well be the pos­

sible P 3 S(2030) indicated in the CERN II analysis 1 lh 

TABLE 4 

The status of the decay modes of the pion-nucleon resonances 
observed, other than into pion-nucleon, and the evidence from 
production experiments. The Pu(1460) has a strong ON mode also. 

nN K°A° K Y ÏÏA pN yN Production 

P33 (1237) Definite Definite 

Ssi (1630) Possible ) 

D33 

P33 

(1670) 

(1690) 

Possible 

Possible 
[Possible 

F35 (1880) 

P31 (1905) 

F37 (1940) Probable Definite Definite Definite 

P 1 1 (1460) Definite Probable Definite 

D l 3 (1515) Definite Definite 

S n (1525) Definite Definite 

Dis 

Fis 

(1675) 

(1690) 

Probable 

Probable Definite 
IProbable 

S u (1715) Possible Probable 

Dis (1730) Possible Possible 

P u (1785) Possible Probable Probable 

Pis (1855) 

Dis (2030) Possible 

G17 (2190) Possible 
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TABLE 5 

Classification of pion-nucleon resonances in the ^-excitation quark model 
with paraferai statistics. The empirical rule that only 56, L = (2n)+ and 
70, L = (2n + 1)" supermultiplets are required is obvious. A possible 
classification of the three resonances in higher levels is: 

and the unobserved P33 may be filled by the possible P 3 3(2030) reported by 
the CERN II 1 1) analysis. 
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D I S C U S S I O N 

GREENBERG: I would like to make some remarks about 
Donnachie's classification of the nucleonic resonan­
ces using the parafermi quark model. It is hard to 
understand why the N(1470), which Donnachie places 
in a two-quantum excitation, should be lower than 
the one-quantum excitations. Nelson and I showed 

p 
that the 3-triplet model can account for all the J = 
= l/2+ and 3/2+ states, except for the P33(1690) 
about which doubt has been raised. Our mass formula 
gives agreement to within 15 MeV. 
SCHLEIN: I would like to comment on a dynamical mat­
ter that is of serious concern to those analyses in 
which one attempts to extract information on the 
existence of resonances in diffraction dissociation 
produced systems. In a UCLA-LRL Collaboration result 
reported to this Conference, we show in a detailed 

++ — 
analysis of pp + A pir at 6.6 GeV/c (Colton et al.) 
that, for low momentum transfers to A + + and for high 
prr mass (that is in the diffraction scattering re­
gion) , both the shape and absolute magnitude of the 
piT spectrum are in quantitative agreement with one-
pion-exchange expectations, despite the fact that 
the TTA spectrum displays the now well-known features 
of the TTA interaction, namely strong N*(1470) produc­
tion. Our predictions of the prr mass spectrum are 
also in agreement with the BNL data on pp p-RR A + + 

at 28.5 GeV/c One can thus conclude that it seems 
incorrect to think in terms of the ATT spectrum as 
containing contributions from two separate processes, 
namely diffraction dissociation production of 

N*(1470) and a "Deck background". The entire ATT 
cross-section is in agreement with OPE (or, if you 
like, the Deck cross-section), although the shape of 
the ATT spectrum reflects the details of the ATT inter­
action. The correspondence between the ATT interac­
tion and the observed ATT mass spectrum is expected 
to depend, of course, on the s and t . values of 

P,A 
the sample considered. These experimental remarks 
support, therefore, the point of view taken by Chew 
and Pignotti in their discussion of the Dolen-Horn-
Schmidt duality. Corresponding tests of Ai and Q-
bump production in the final states pirp and K*Trp 

can also be made. 
LEFRANÇOIS: You have stated that the P n resonance 
has now been seen in photoproduction. At one time 
the story was that it could not be seen in photopro­
duction on protons but should be seen in photoproduc­
tion on neutrons. Could you comment on the present 
status? 
DONNACHIE: The particular statement originally made 
was based in fact on theoretical calculations which 
were not entirely certain. In fact, the statement 
that the Pn is seen only very weakly from photopro­
duction on protons has been confirmed, but the mech­
anism of the production is quite different from the 
one assumed in the early calculation. While the 
statement concerning photoproduction on protons is 
certainly correct, the statement on neutrons is now 
open to question. Experimentally it is seen weakly, 
if at all. 
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LEITH: You have mentioned the existence of a Dn 

(1730) in ATT. H O W sure are you of this assignment? 

In the TT p -> A tr+ formation experiment, we see evi­

dence of ATT excitation at 1730 MeV in Pu. Also in 

16 GeV/c TT +P we find a ATT enhancement at 1730 MeV, 

which is compatible with Pu assignment. 

DONNACHIE: The assignment of the quantum numbers to 

the Di3 and Pu in the TTN system are quite definite. 

The assignments deduced from other channels are 

doubtful. One cannot make any serious comment about 

this. It is quite possible to have one or the other, 

or a mixture of both. 

KAM/VL; There was a contribution by Tokyo University 

to this Conference on polarized yn •* TT p around Pu-

They find no evidence of Px 1 contribution in this 

channel. 

APPENDIX 

NUCLEON RESONANCES IN PRODUCTION PROCESSES 

J.G. Rushbrooke 

Cavendish Laboratory, Cambridge 

1. INTRODUCTION 

As the subject of nucléon resonances in formation 

experiments is discussed in Dr. Donnachie!s talk1-', I 

shall be dealing with these resonances in relation to 

production experiments. The dozen or so papers on the 

subject? submitted to this Conference, make it clear 

that it is still too early to pull the results to­

gether, and look for patterns and trends in cross-

sections and production mechanisms. Rather I shall be 

reporting on some promising methods of analysis like­

ly to be useful for the high statistics experiments 

which, need it be said, are required in the future. 

The A(1236) is produced very strongly at high 

energies: for example, 50-701 of events in the re­

action pp + ppïï+ïï involve A + + production though the 

exact fraction is difficult to determine, since the 

production of low-mass PTT+TT resonances would gener­

ate kinematically a low-mass peak in the pïï+ system 

even if they never decayed into A TT . I shall re­

turn to this problem in discussing inelastic decay 

modes of resonances. I shall be discussing the 

A(1236) only in this connection. Most papers focus 

attention on the Pu Roper resonance in a context 

where Deck background is possible, and I shall begin 

here. 

2. KINEMATIC EFFECTS 

Previously we had the problem of Deck background; 

now we have duality to contend with instead. Chew 

and Pignotti2) have extended to multiperipheral pro­

cesses a suggestion made by Dolen, Horn and Schmid3) 

that direct channel resonances are already contained, 

in the sense of a local average, in the cross-channel 

Regge amplitudes. Thus in a multi-particle produc­

tion process, say pp + pA++ïï , any A + + T T enhancement 

(a Deck peak) predicted by a t-channel model is, there­

fore* a prediction of resonance(s), and to attempt a 
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detailed fit to a peaked structure by adding some 

A TT resonant amplitude is to risk double counting. 

Figure 1 shows an experimental m(A + +Tr ) histogram 

from pp ~> pA++ïï" at 16 GeV/c k \ compared with theo­

retical predictions of several t-channel models in­

corporating one-pion-exchange both Reggeized and un-

Reggeized. Though these models give quite good cross-

section agreement, discrepancies clearly exist be­

tween the histogram and the theoretical curves. At 

this stage it is not clear whether further refine­

ment of any t-channel model will eliminate this dis­

crepancy completely, or whether pp •> pN* reactions as 

well are responsible for the detailed structure. This 

structure shows more clearly in Fig. 2 5) after in­

troducing A 2 cuts to remove diffractive background, 

which sharpens the peaks at 1470, 1750, and 2030 MeV 

(though the 1470 starts to be sheared off for phase-

space reasons) and make it fairly certain that reso­

nances in the vicinity of these masses are being ob­

served. 

The histogram of Fig. 1 is typical of experiments 

in the range 5-28.5 GeV/c from which data is now 

available. Colton et al.6) have analysed the above 

reaction pp -> pA++ir" in terms of a one-pion-exchange 

model, using the off-mass-shell modifications propos-

Fig> 1 Experimental low-mass (A ïï ) spectrum from a 
Cambridge-Imperial College (London) 16 GeV/c study of pp •+ 
pA++ïï~. The dashed curve is predicted by a single one-pion-
exchange model, and the solid and dot-dashed curves by two 
Reggeized one-pion-exchange models1*). The selection A 2 < 1.0 
(GeV/c)2 has been made for model calculations. 

++ -
pp 

++ ++ ++ 
A A , pp •> A n, 

body reactions ÏÏ p -> p°A 

and if p p°n over a large range of beam momenta. In 

Fig. 3 the resulting theoretical cross-section for 

events with |t| < 0.3 (GeV/c)2, m(pïï") > 1.6 GeV and 

m(A ÏÏ") < 1 . 5 GeV (i.e. the vicinity of the P n re­

sonance) is shown (labelled 0^) as a function of 

beam-momentum and the experimental points at 6.6 

GeV/c 6 ) , 16 GeV/c ^ and 28.5 GeV/c 8) are in fair 

(a) 

F ig . 2 a) The m(A ïï ) spectrum of Fig. 1 with various other 
A 2 cuts, b) Diagram for pp -»- ppïï+ïï~ with various momentum trans­
fers defined. 

Fi g0 3 The curve labelled 0^ calculated from a one-pion* 
change model6) compared with data at 6, 16 and 28.5 GeV/c. 

ed by Kirr and Pilkuhn J. For events with m(pïï ) > 

1.6 GeV, from which most of the low-mass A + \ peak 

comes, all the parameters of the model are determined 

from fitting da/dt distributions of the quasi-two-
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agreement with theory. Note that the theory has the 

appealing feature of predicting a roughly constant 

cross-section, as expected with diffraction dissocia­

tion. The actual A + + T T mass-spectrum at 6.6 GeV/c 5) 

(Fig. 4) is again only approximately described by 

this t-channel model, though the model itself could 

be made to reproduce the P u peak by ad hoc adjust­

ment of the off-shell TT"p elastic-scattering distri­

bution in ( 6 , < | ) ) . The model is highly constrained 

and why simple one-pion-exchange works is itself a 

mystery; presumably with detailed form-factors it 

makes an effective parametrization. 

Fig, 4 Experimental m(A TT ) spectrum from pp pA TT at 6 

GeV/c with the selection 1,6 < m ( p T f " ) < 2,0 GeV. Theoretical 

curves are from the one-pion-exchange model with Durr-Pilkuhn 

form-factors 6). 

In conclusion, it appears that the procedure of 

subtracting Deck background is incorrect as one is 

at the same time removing genuinely resonant events. 

Therefore in such cases a very good understanding of 

t-channel dynamics is needed before a quantitative 

assessment of resonance production can be made. Per­

haps double-counting could then be avoided by analy­

sing the t-channel amplitude into partial-waves of 

the A + + T T system (in this example) and subtracting 

the resonant partial-waves from the full Deck ampli­

tude before adding in resonant amplitudes. 

3 . NIT M O D E S 

The Pi i Roper resonance has been clearly identi­

fied in a 7 GeV/c study9) of the reaction pd p s pp iT 

by the Weizmann Institute group. The proton specta­

tor behaves in accordance with the Hulthén wave func­

tion for the deuteron so that events of the type 

pn -> ppiT may be studied. In Fig. 5a the momentum 

Fig. 5 a) t(p P £ n c ) versus t(p + n) from 7.0 GeV/c pn -> 

ppïï" from Weizmann group 9), b) Plot of c.m.s. angles of out­

going protons, c) Diagrams for pn -> ppïï"". 

transfer t(p P^ n c) of each final state proton with 

respect to the incoming proton is plotted versus 

t(p -> n) the momentum transfer of the same proton 

with respect to the neutron target. The events clus­

ter into two groups. In Fig. 5b cos 0* is plotted 

versus cos 6|,where 8* and 62 are the c.m.s. angles 

of the first and second final state proton with re­

spect to the incoming nucléon. Figures 5a and b de­

monstrate the peripheral nature of the reaction and 

strongly suggest the diagrams of Fig. 5c where each 

final state proton is labelled according to its as­

sociation with one of the initial nucléons. Figures 

6a and c are sections of the two Chew-Low plots per­

taining to Fig. 5c. Figures 6b and d are the cor­

responding pu mass projections which display a clear 

difference in shape. The peak at 1.44 is seen in 
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Fig . 6 a ) , c ) S e c t i o n s o f C h e w - L o w p l o t f o r m ( p p ï ï ) v e r s u s 

t ( p p i T ~ -> p ) a n d m ( p n ï ï " ) v e r s u s t ( p n ï ï ~ -> n ) i n p n -> p p ï ï " a t 7 . 0 

G e V / c . b ) , d ) I n v a r i a n t m a s s d i s t r i b u t i o n s f o r t h e Ppï ï " " a n d 

p n ï ï ~ c o m b i n a t i o n s i n t h e s a m e r e a c t i o n . 

the m(pnTr ) distribution, but is absent in the mfp^TT ) 

distribution, and events in the peak are produced 

with small momentum transfers. Values of the ratio 

R = a(l)/a(2) between the cross-sections for diagrams 

(1) and (2) for various I-spin values of the exchang­

ed particle I(x), and of the pir system I (pir ), as­

sumed to exist in a pure I-state, are given below. 

The absence of the 1.44 peak in the mfp̂ Tr ) distribu­

tion indicates R « 1 (consistent with R = 0) ; hence 

the peak corresponds to an I = 1/2 state and the pro­

duction mechanism of the peak is dominated by I = 0 

exchange. Taken with the fact that the N*(1470) ac­

quires the same quantum numbers as the nucléon (see 

Section 5) this is indicative of Pomeranchuk exchange. 

By fitting Fig. 6d to Breit-Wigner ' s for the A(1236), 

N*(1690) and variable N*(1470) plus invariant phase 

space, they get M = 1446 ± 11 MeV and r = 198 ± 40 MeV 

for mass and width of the Pn state, to be compared 

with 1460 ± 10 and 259 ± 48 MeV when derived from 

phase-shift analyses1). 

The reaction pp -> piT+ (ptt ) also permits observa­

tion of pïï decay modes (now with 1 = 0 exchange dis­

allowed) and data1*) from Cambridge - Imperial College 

at 16 GeV/c illustrates the crucial role played by 

momentum transfers in selecting resonant events ac­

cording to production mechanism. In Fig. 7 we show 

m(p̂ rr ) when p^Ti* forms a A + + . There is some evi­

dence for double isobar production with final states 

A + + A ° , A++N*(1470) and A++N*(1700). Examination of 

the Dalitz plot (PATT against A + +TT ) shows these are 
++ -

not reflections of the A TT resonances already men­

tioned. We may exclude the possibility of A++(1236) 

A0(1690) as no evidence for the charge-symmetric 

final state A0(1236) A++(1690) is seen, which would 

be present in equal strength. The 1700 peak must 

therefore contain one or more of the I = 1/2 states, 

as many as five having been reported in this region 

by phase-shift analysis1). For events with no A + + 

combination, pir resonances were detected by choos­

ing the less diffractive proton as being the more 

Fig . 7 p^TT i n v a r i a n t m a s s d i s t r i b u t i o n f o r t h e 7 5 2 e v e n t s 

f o r m i n g a A + + w i t h p r o t o n p B f r o m 1 6 G e V / c p p •> p p ï ï + ï ï ~ , 

C a m b r i d g e - I m p e r i a l C o l l e g e e x p e r i m e n t . 

likely to form a resonance. If this proton is label­

led p^ [i.e. t 2 < t'2 in Fig. 2b], m(p^ir ) is as 

given in Fig. 8. The A 0 , N*(1470) and N*(1700) re­

sonances are apparent, and the lack of any such struc­

ture in the m(pgïï ) distribution (Fig. 9) lends support 

to the selection according to t2/t'2. Considering 

pir resonances irrespective of their mode of produc­

tion, the data of Fig. 7 and Fig. 8 have been com-
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F i g . 8 p A T T i n v a r i a n t m a s s d i s t r i b u t i o n f o r t h e 6 1 8 e v e n t s 

c o n t a i n i n g n o A + + . p A i s c h o s e n s u c h t h a t t 2 < t 1 2 i n F i g . 2 b . 

F i g . 9 p g ï ï " m a s s d i s t r i b u t i o n w h e n p ^ i s d e f i n e d a s i n F i g . 

8 ( a l s o 6 1 8 e v e n t s ) . 

bined in Fig. 10 with the additional requirement 

t l 2 > 0.5 (GeV/c)2. This is intended to limit the 

effects of background processes diffractive in t f 2, 

and results in very distinctive resonant structure, 

F i g . 10 T h e s u m o f t h e p^rr i n v a r i a n t m a s s d i s t r i b u t i o n s o f 

F i g s . 7 a n d 8 , w i t h t h e a d d i t i o n a l r e q u i r e m e n t t h a t t f 2 ( p , p ^ ) 

> 0 . 5 ( G e V / c ) 2 . T h e p l o t c o n t a i n s 5 4 1 e v e n t s . C a m b r i d g e -

I m p e r i a l C o l l e g e ( L o n d o n ) C o l l a b o r a t i o n . 

perhaps consistent with 1001 resonances (note that 

some events on the low-mass side of the A 0 are re­

moved for reasons of phase space). Note the narrow 

widths in these production reactions, much less than 

phase-shift analysis widths. 

Similar structure has been seen in piT distribu­

tions at other beam momenta, though the N*(1470) peak 

often appears centred at a mass near 1.48 - 1.50 GeV, 

and is probably a composite structure containing 

N*(1518) as well, particularly at the lowest momenta 

and except at very low momentum transfers. 

The Wisconsin group reported10) seeing structures 

at 1480 and 1700 in the final states TT p + TT ( T t + n ) , 

if (ïï°p) and TT" (TT+TT p) in experiments at 7 and 25 

GeV/c, the 1480 resonance having a width of only 

40 ± 10 MeV. Figure 11 shows the momentum transfer 

dependence a(M*) as a function of M* for two of these 
Oit 

reactions fitted to the form e . In each case they 

are looking at the momentum transfer from incident to 

outgoing (non-resonant) TT . The 1480 resonance re­
li­

gion does show a simple e dependence, which is taken 

as a perfect example of diffraction dissociation, a 

l/2+ + l/2+ transition. 

Various authors have tried to account for the 

earlier counter measurements of cross-sections for 

a i n C A S A F U N C T I O N O F M A S S 

F i q . 11 F o u r - m o m e n t u m t r a n s f e r d e p e n d e n c e p a r a m e t r i z e d a s 

e a ( M ) t f r o m r e a c t i o n s ïï~p 7 T ~ i T + n , ïï~p -> îr~ïï+7r~p a t 7 a n d 2 5 

G e V / c 1 0 ) . 
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the production of various resonances including the 

Pi i resonance. The Weizmann group estimated9) 

a cross-section of 0.5 mb for the reaction pn + 

pN*° (1470) p(pO and therefore 1.5 mb for pn + 

pN*°(1470) P ( NTT); since they have proved 1 = 0 

exchange this also means 1.5 mb for pp •> pN*(1470) + 

p(Nïï), appreciably higher than the 0.5 ± 0.2 mb 

found in a missing-mass counter experiment by Blair 

et al.11) at adjacent momenta. This would certainly 

imply that the 1400 enhancement observed in missing-

mass experiments is dominantly in the NTT mode, in 

conflict with other results (see Section 4). However, 

both experiments are subject to considerable back­

ground uncertainties. Also the Weizmann result is 

obtained in deuterium; an indication that the spec­

tator proton may be affecting the reaction comes from 

the value a = 9.1 ± 2.1 (GeV/c)"2 found from a maxi­

mum likelihood fit of the form Ae a t to N*(1470) 

events, whereas counter experiments11) and bubble 

chamber studies12) of pp •> pN*(1470) obtained a ̂  20 

(GeV/c)"2 at nearby momenta. In fact a large slope 

parameter a seems to be an agreed hallmark of the 

Roper resonance. 

Comparable data on the reaction channel pp + 

pN*(1470) -> P(NTT) is available at nearby beam momen­

ta. At 5.5 GeV/c a cross-section of 1.16 mb was ob­

tained, based on the final state pnir only, falling to 
only 0.27 mb at 10 GeV/c 1 2 ) . This particular chan-

++ + 
nel also gives evidence for the A (1920) in pir over 

this beam momentum range. At higher beam momenta 1C 

fits become increasingly unreliable, so a recent at­

tempt at Brookhaven to work with missing neutrals at 

28.5 GeV/c is of interest. 

The Brookhaven group have studied J a wide vari­

ety of final states including neutrals in pp inter­

actions at a beam momentum of 28.5 GeV/c, using mis­

sing-mass techniques. By measuring low-momentum 

(recoil) protons p R in two- and four-prong events 

they isolate 

p + p * P R + M M X CO 

where elastic events, i.e. MMX incorporates a proton 

mass, have been eliminated by 4C-fitting. They also 

isolate 

P + P * P R + ÏÏ+ + M M N ( 2 ) 

where events with MMn. within the neutron peak are now 

selected, most of which also gave reliable lC-fits to 

the final state pïï+n. The authors point out that a 

loss of events with |t| £ 0.06 (GeV/c)2 between tar­

get and recoil protons occurs due to a scanning bias 

against short recoil-proton tracks (there would also 

appear to be events lost where neither proton is slow 

enough to be identifiable though these correspond to 

events having large |t|), but apart from this due to 

beam-target symmetry, one-half of the events remain, 

corresponding to production of "forward isobars". The 

upper histogram of Fig. 12 represents the cross-sec­

tion for producing MMX in two-prong events of reac­

tion (1), i.e. the particle combinations nir+, p i T 0 , 

nïï+ïï° and pïï°ïï0. The lower histogram refers to re­

action (2), i.e. to the final state (MMn + TT+) = (mr+) 

only. Both plots are restricted to events with |t| < 

< 0.12 (GeV/c)2, and a broad enhancement at about 

1400 MeV is present in this data which is found to 

Fig. 12 Distribution of (MMn + IT ) = nïï+ (dashed) and MMX in 

two-prong events with |t| < 0.12 from 28.5 GeV/c pp interac­

tions 8) . 
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disappear when the selection |t| > 0.12 (GeV/c)2 is 

made, indicative of an experimental slope in t rough­

ly equal to twice the elastic slope [i.e. a ̂  16-20 

(GeV/c)"2]. The final state ppïïV was also studied 

after making 4C fits to four-prong events and select­

ing only p T T + T T ~ combinations in the backward hemi­

sphere, and the effective mass of pir+Tr is shown in 

E F F E C T I V E M A S S ( G e V ) 

F ig . 13 Distribution of pïï+ïï effective mass from pp -> 

ppïï+ïï" (solid line) compared with n T T + in pp •+ p T f + n , both for 

|t| < 0.12 from 28.5 GeV/c pp interactions 8). 

Fig. 13, again for |t| < 0.12 (GeV/c)2, with the mr 

mass distribution of Fig. 12 shown again for compari­

son. Considering events in the interval 1250 to 1550 

MeV, there are 235 events in MMK (two-prong) and 142 

events in nrr+. Then assuming the 1400 enhancement is 

I-spin 1/2, which gives a ratio (nïï+)/(pïï°) = 2, they 

obtain 

+ 0 j _ 0 0 0 0 

mr ÏÏ T pïï ÏÏ 22 

~ 213 

= 0.1 
nir prr 

They are unable to quote a figure for NÏÏÏÏ/NÏÏ because 

of the unknown effect of low |t| losses for two-prong 

events. 

In this experiment an enhancement in the 1600-

1700 MeV region was also found for |t| > 0.12 with a 

small slope in t (y 1/2 the elastic slope), consist­

ent with counter data1 3). 

The authors observe that comparing the mr+ and 

PTT+TT" spectra in Fig. 13, the nïï+ spectrum spreads to 

lower masses and is broader. Their mass resolution 

is about ±100 MeV. They go on to suggest that the 

inelastic decay mode A + + Ï Ï could cause a shift of the 

position of the pïï+ïï peak to higher mass, due to the 

higher threshold for production. However, experiments 

at lower beam momenta and better mass resolution do 

not appear to see any significant shift, allowing for 

the fact that the A+(1236) is probably contributing 

to the lower part of the nu+ enhancement in this |t| 

range. 

Although there would seem to be foimidable event-

selection difficulties, and great care is needed to 

interpret results in the presence of biases, this 

technique looks promising. 

4. NTTÏÏ (INCLUDING AÏÏ, N O ...) M O D E S 

The first question here is do A (1236) IT decay modes 

of the observed N* !s exist or not? There are two im­

portant experimental difficulties in deciding the 

issue: i) as mentioned above a low-mass NÏÏTT reso­

nance automatically means a large proportion of Nir 

combinations within the A-mass region for kinematic 

reasons; ii) a concentration of pïï+ mass combina­

tions near the A + + in a sub-Dalitz plot for fixed 

PÏÏ+ÏÏ mass does not imply a genuine A + + Ï Ï ~ decay mode, 

as there are many background A !s around from com­

peting channels. Several authors5* 1 2> 1 1 +) have at­

tempted maximum likelihood analyses to deteimine the 

branching ratios of pïï"V enhancements into A + " V , 

A°ÏÏ and non-resonant pïï"V in the final state 

ppïï ÏÏ . Figure 14 shows the fraction of events in 

which a A + + is produced (the A 0 contribution may be 

neglected on I-spin grounds) as a function of pïï\~ 

mass in an analysis1^ at 24.8 GeV/c. The most sig­

nificant feature is a dip near the mass of the 1700 

MeV enhancement, indicating a substantial decay into 
++ + -

non-A pïï ÏÏ . They therefore estimate that the bran­

ching ratio 
N*(l700) + A + V 

N*(l700) 
+ -

pïï ÏÏ 
< 0.17 
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F i g . 14 T h e f r a c t i o n o f A i n e a c h piTT TT m a s s i n t e r v a l a s 

d e t e r m i n e d f r o m a m a x i m u m l i k e l i h o o d f i t a t 2 4 . 8 G e V / c 1 * * ) . 

P i i s t h e p r o t o n i n t h e p i P 2 i ï + ï ï " f i n a l s t a t e w h i c h c o m b i n e d 

w i t h t h e TT+ g i v e s a n e f f e c t i v e m a s s c l o s e r t o t h e A + + t h a n 

t h e o t h e r p r o t o n P 2 . 

15 m ( A TT + ) d i s t r i b u t i o n f r o m r e a c t i o n p p A + + A TT+ a t Fig . . . „ 
1 9 G e V / c s t u d i e d b y t h e S c a n d i n a v i a n C o l l a b o r a t i o n 1 5 ' . 

An earlier analysis at 10 GeV/c 1 2) obtained the 

value 0.31 ± 0o17, .and higher values have been ob­

tained. A fit such as that of Fig. 14 can probably 

give a positive indication that the Air decay mode 

exists only in the foim of a sharp discontinuity, 

peak or dip, since background events would be a priori 

less likely to produce such an effect. Taking all 

the evidence together some ATT decay of the N*(1450) 

probably exists, but one cannot yet give quantitative 

estimates of the branching ratio from production ex­

periments . 

The Wisconsin TT p data 1 0) mentioned above is im­

portant because of the relative absence of A + + ( p i T + ) 

background combinations. They conclude that the 

dominant decay of their 1480 MeV PTT+TT state is into 

P(TTTT) 0 on the basis of p T r + , p i r and TT+TT mass distri­

butions (all phase-space-like) and decay angular 

distributions. The 1700 enhancement indicates only 

a small amount of A + + T T decay. 

A Scandinavian group observe15) the reaction 

p p -> A + + A TT + in the final state (PTT+) (mr TT+) at 

19 GeV/c. This reaction is interesting because 

placing the pion other than in the diagram 

1 = 1 I 

would involve double charge exchange. The mass 

distribution of A TT + is shown in Fig. 15 and is 

characterized by peaks which they associate with 

N°(1470), N°(1690) and A0(1920). Note once again 

that the histogram is perhaps consistent with 100% 

resonances. Note also that 1 = 1 exchange is re­

quired and that the position of the middle resonance 

is below 1700 MeV, as was the case with the PTT en­

hancement shown in Figs. 7, 8 and 9 where 1 = 1 ex­

change is also demanded. On the other hand where 

1 = 0 exchange is allowed this peak appears to move 

to higher mass, e.g. in the A + + T T spectrum (Fig. 2), 

from 16 GeV/c pp interactions, it occurs at 1750 MeV. 

A SLAC 16 GeV/c TT +P experiment16) sees a clear sig­

nal for TT +P + TT+N*(1720) -> TT + (pTT + TT ) also allowed by 

1 = 0 exchange. In view of the many resonances in 

this region it is interesting to observe that the 

proposed1) Pii(1750) is a likely candidate for pro­

duction by diffraction dissociation at high energy. 

The Scandinavian group also observe the N°(1470) 

and N°(1690) in the ( p i T + ) (ïïïï TT +) final state when 

mr TT + systems are chosen having low |t|, as shown in 

Fig. 16. However they see little or no sign of the 

N*(1470) and N°(1690) in the final state (p/) (PTTTT 0), 

which suggests that there is non-negligible No decay 

mode present (where a means anI = 0,J = 0TTTT system) 

since No f pu TT° but No -> nir TT +; alternatively, a ATT 

decay mode gives (N IT TT +)/(PTT TT°) = 5/2 in qualitative 

agreement with the observed behaviour of both reso­

nances . 
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F i g . 16 m(nïïTïï ) in pp -* npïïVïï when |t| < 0.3 (GeV/c) 2 

and when |t| < 0.2 (GeV/c) 2 (cross-hatched histogram) at 19 

GeV/c 1 5 ) . 

As the final state ( P F T + ) (nir i r + ) is free from Deck 

effect complications, it is interesting to make a rough 

comparison of two- and three-body decay modes of the 

N * ( 1 4 7 0 ) . In the same Scandinavian 1 9 GeV/c experi­

ment they find a cross-section of 0 . 1 4 ± 0 . 0 3 mb for 

the reaction pp + (pïï+)N*°(1470) + (pïï+) ( P I R " ) , which 

gives 3 / 2 ( 0 . 1 4 ) = 0 . 2 1 mb for pp -> (pïï+)N*°(1470) -> 

( P Ï Ï + ) ( N Ï Ï ) allowing for the unseen decay mode nrr°. The 

cross-section for pp -> (PTT + ) N * ° ( 1 4 7 0 ) (pïï+)(mr+ïï ) 

was about 0 . 0 6 ± 0 . 0 2 mb; allowing for unseen decay 

modes means multiplying by a factor 9 / 5 assuming ATT 

decay, or 3 / 2 if No decay, so in either case pp 

( P T F + ) N * ° ( 1 4 7 0 ) -> (pïï+) (NTTTT) has a cross-section of 

about 0 . 1 0 mb. Hence 

This is consistent with the phase-shift result1) of 

about 0.75. 

In the case of the 1700 MeV resonance, 10 GeV/c 

data12) is available for the same final states. This 

can only give the result 

N*(l700) + nïïV 0.16 2 

N*(l700) + NTT 0.24 3 

since the assumption of dominant ATT decay is almost 

certainly unjustified for N*'s in this region1). 

This may be compared with the result from an earlier 

5.7 GeV/c pp experiment17) that the NÏÏÏÏ/NÏÏ ratio has 

a value £ 0.8. This same experiment also concluded 

there was no evidence for a ATT decay mode. 

5. J P ASSIGNMENTS 

The distributions of polar and azimuthal angles, 

defining the TT in the pNTR system for events with 

1.36 < m(p TT") < 1.52 GeV from the Weizmann pd ex­

periment9), are shown in Figs. 17a and b. The cos 6 * 

distribution is consistent with isotropy and hence 

with J = 1/2 for the N*(1470). 

F ig . 17 Distributions in cos 0* and $ describing the IT di­

rection in the pNTT~ system for events pn -* pp ïï" when 1.36 < 

m ( p n O < L 5 2 GeV.
 n 

The 7 and 25 GeV/c ÏÏ p data of the Wisconsin 

group10) have been used to examine the angular dis­

tribution between target and the normal to the decay 

plane [see definitions of Figs. 18a and b] and are 
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F i g . 18 a) Feynman diagram of the diffraction dissociation 

process for Tr~"p -> TR""TR+ïï~p, b) Coordinate system used to de­

fine angles. 

shown in Fig. 19 for the 1470 and 1700 MeV regions 

of m(ïï"ïï p). At both energies the results for the 

1470 are consistent with isotropy and hence l/2+ for 
p 

J . They also claim that the results for the 1700 

MeV state are consistent with J = 5/2. If J = 1/2 

and the decay were N* -> Air, then the A would have to 

be produced in helicity states X = ±1/2. This would 

result in a (1 + 3 cos2 9) decay angular distribution 

(in the A rest frame) with respect to its direction 

of flight in the N* rest frame. For the 1470 the ob­

served distribution is isotropic, consistent with 

little ATT decay. 

D E C A Y N O R M A L T O T A R G E T D I S T R I B U T I O N F O R 

M ( 7 T +7r"p) E V E N T S A T 7.0 ̂  25.0 G e V / c 

2 5 G e V / c 

F i g . 19 Distribution of cosine of normal to the decay plane 

dotted into the target in the PIR+ïï~ rest frame for ïï~p -»• 

ïï""(ïï+ïï"p) at 7 and 25 GeV/c 1 0 ) , 

On the other hand a Maryland group18) observe 

the reaction K+p + K+N*(1450) + K +(pirV) at 5.5 

GeV/c. They considered the distribution in the co­

sine of the angle between the ÏÏ+ and the target pro­

ton in the p i r + rest frame and find that (1 + 3 cos2 0) 

fits very well, as shown in Fig. 20. This is charac­

teristic of m = ±1/2 alignment with respect to the 

target proton direction, but this may be just an indi­

cation of pion-exchange (0 is here the Jackson angle) 

F i g . 20 Cosine distribution of the angle between TT and tar­

get proton in the pïï+ c.m.s. for events K + p K+pïï+7R"" at 5.5 

GeV/c when pïï+iT lies in the mass interval 1350 to 1550 MeV 1 8 \ 

The curve shown is 1 + 3 cos 2 9 . 

rather than of a ATT decay mode. They also find strik­

ing differences in the angular distributions of TT + 

and IT with respect to target proton direction as 

viewed in the N*(1450) rest frame, which argues 

against any dominant pa decay mode. This result is 

significant in the absence of background A + + events, 

although they find that the 1450 enhancement is cor­

related with low K +TT" masses and is not purely a re­

sonant effect. 

Finally, we note a Legendre polynomial analysis 

of the distribution in cos 0, defined as the angle 

between an incident proton and the outgoing A + + in 

the pïï+ïï~" rest system in the reaction pp ppir+TT~ at 

24.8 GeV/c l l + ) . The Legendre coefficient a 8 is plot­

ted in Fig. 21 as a function of piT+ïï mass. For 

m(pïï"V") > 1900 MeV they claim that all coefficients 

differ significantly from zero, owing to a sharply 

forward peaked cos 0 distribution. In the lower mass 

region a 8 exhibits a fluctuation from a smooth vari­

ation at 1650-1750 MeV. The authors claim that the 

presence of a component of cos8 0 implies that the 
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Fig. 21 The Legendre polynomial coefficient as for an ex­

pansion to the cos 6 distribution for each pïï+TT~ interval in 

pp -+ ppïï+7T~ at 24.8 GeV/c Cos 0 is the angle between 

an incoming proton and the outgoing pïï+ system in the pïï+ïï~" 

rest system. 

orbital angular momentum in the decay N*(1700) -> 

A + + T F " is at least 4 [though in the same experiment 

the authors say they see little ATT decay of the 

N*(1700) — see Section 4 above], which implies 

J > 5/2. If J = 5/2, then J P = 5/2", and this en­

hancement may be at least partly attributed to the 

Dis N*(1680). 

6. SUMMARY 

We conclude by attempting in Table 1 to identify 

— highly tentatively — with phase-shift analysis 

resonances some of the enhancements with their widths 

and decay modes as seen in production experiments. 

The additional references given in the table refer 

only to recent work not mentioned in the text above. 

The values quoted for widths are highly dependent on 

assumptions made about background, resonance position, 

presence of other resonances, etc. 

TABLE 1 

a) Often unresolved from Pn resonance. 
b) Not always distinguishable from the 1700 enhancement. 
c) The exotic decay modes Ap, ATTTT and Y*(1385)K have all been observed19) 

in 6 GeV/c pp interactions. 
d) See Ref. 20. 
e) See Ref. 21. 
f) See Ref. 22. 
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1. INTRODUCTION 

During the past few years there has been a con­

siderable increase in our knowledge of Y* resonances, 

and a number of papers have been submitted to the 

Conference concerning the detailed examination of 

Y*'s of inteimediate mass. Some much-welcomed news 

has come in concerning 5*fs which adds to our frag­

mentary knowledge of S = -2 baryon states, whilst the 

interesting problem of the existence of Z*'s (S = +1) 

has changed little during the past year. Finally, 

several papers have been presented concerning reso­

nances in the Ap dibaryon system. In this review I 

shall discuss the above topics in the reverse order 

from that mentioned above, and shall finish by sum­

marizing the most substantial information on baryonic 

resonances within the framework of SU(3). 

2. STRANGE DIBARYON STATES 

Several experiments have been reported which sug­

gest resonances in the Ap system. From Wisconsin1 ) 

comes a report of a resonance at a mass of 2126 MeV 

and a width of less than 10 MeV. This mass lies just 

below the E N threshold at 2130 MeV. The evidence is 

extracted from a low-energy K d bubble chamber ex­

periment where the presumed reaction sequence is 

K p ->• E +TF~, followed inside the same nucleus by E + n •> 

Ap. By making a selection on IT going forward, one 

has events in which the E + is produced backwards in 

the centre of mass, and thus is nearly at rest with 

respect to the spectator neutron. Since the second 

reaction is quite exothermic, one would naturally 

expect a strong E + n •> Ap conversion, as has been pre­

viously observed for K d at rest2). Figure 1 shows 

the statistically significant enhancement in the Ap 

mass spectrum which seems to peak slightly below the 

E N threshold and is interpreted by the authors as a 

resonance. The question naturally arises as to how 

much of this peaking can be explained away as due to 

a large absorptive E N scattering length coupled with 

a calculation of the apparent E N flux within the di­

baryon system after the initial K~ interaction. 

O 

F i g . 1 a ) A p i n v a r i a n t m a s s s p e c t r u m f r o m t h e W i s c o n s i n e x ­

p e r i m e n t 1 ^ f o r t w o c o s 0 £ ï ï c u t s , w h e r e 0 K 7 T i s t h e a n g l e b e t w e e n 

t h e i n c i d e n t K a n d t h e o u t g o i n g TT i n t h e K ~ d c e n t r e o f m a s s , 

b ) T h e m a s s r e g i o n o f 2 1 2 0 - 2 1 3 5 M e V i s s h o w n w i t h 2 . 5 M e V 

b i n s . 

These effects are difficult to evaluate, and have not 

been considered by the authors who present further 

arguments suggesting that the presumed resonance is 

in the 3Si-state. 

A much cleaner, but experimentally more difficult 

approach, is to study Ap scattering directly in a hy­

drogen bubble chamber. This has been pursued over 

the years with the painstaking accumulation of seve­

ral hundred scatterings. [For a review, see Alexan­

der and Karshon3).] Figure 2 shows what is known up 

to 1 GeV/c, which covers the Ap threshold region in 

question. The solid curve is an effective range fit 

to the low-energy region where most of the data lie1*), 

whilst the dashed curve shows the expected Breit-

Wigner resonance cross-section with the above para­

meters1), reaching a maximum of 3TTX2. On the basis 
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F i g . 2 T h e A p e l a s t i c s c a t t e r i n g c r o s s - s e c t i o n v e r s u s A l a b 

m o m e n t u m ' * ) . T h e s o l i d l i n e i s a n e f f e c t i v e r a n g e f i t t o t h e 

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

c r o s s - s e c t i o n f o r a 3 S i r e s o n a n c e a t 2 1 2 6 M e V w i t h a w i d t h o f 

1 0 M e V . L i n e s o n t h e . p . a x i s i n d i c a t e e v e n t s . 

of very poor statistics, there is no indication of a 
resonant behaviour. However, the experiment in this 
momentum region is seven years old5-'. By now there 
should be enough lambda path-length in bubble cham­
bers to give a definitive judgement on this sugges­
tion of a Ap resonance. 

Two papers from Dubna6^ have also been presented 
on Ap enhancements found in a propane bubble chamber 
exposed to a 7-8 GeV/c neutron beam. One of the en­
hancements is near the Ap threshold, and presumably 
explainable as arising simply from the Ap scattering 
length, whereas the others at masses of 2200 and 2573 
MeV are hardly significant, being based on extremely 
limited statistics. 

3. BARYON RESONANCES WITH S = +1 

At the time of the Heidelberg Conference in 1967, 
there were several interesting anomalies in the KN 
system, both in I = 0 and I = 1 7-'. These can be ac­
commodated in SU(3) only in at least {TO} and {27} 
representations, respectively, which in the quark mo­
del cannot be constructed from a simple three-quark 
system. These representations, in turn, imply the 
existence of 5*'s with I = 3/2 and Y*'s with 1 = 2, 

neither of which has been observed. One therefore 
approaches such indications with considerable a priori 
scepticism. One of the anomalies, involving the K 
spectrum in the reaction TT p -> K (MM) + , now appears 
to be spurious since, when the incident TT energy was 
varied, the peak at a mass of about 1600 MeV corres­
ponding to a presumed Z* moved around8-'. 

The other anomalies were discovered in precise 
total cross-section measurements at Brookhaven9-' on 
K+p and K+d. Subsequently, these structures were con­
firmed at Nimrod10-', and a Berkeley bubble chamber 
experiment in this energy region has been reported1 ̂  
for the pure 1 = 1 K+p state. Figure 3 reminds you 
of the data as they existed for the 1966 Internation­
al Conference, and little on this figure has changed 
since then. There appears to be no anomalous struc­
ture either in the K+p elastic, single-pion, or dou-
ble-pion production cross-sections at the mass cor­
responding to the bump in the total cross-section. 
This bump appears to be generated in the following 
manner11): the rise in the total cross-section is as­
sociated with the rapid increase of above the N* 
threshold, the flattening and fall-off with the satu­
ration of o m , and the monotonie fall of am; finally 

F i g . 3 T o t a l a n d p a r t i a l K + p c r o s s - s e c t i o n s . T h e p a r t i a l 

c r o s s - s e c t i o n c u r v e s a r e i n t e n d e d o n l y t o g u i d e t h e e y e . 
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the drop is arrested with the onset of aT~T . Accord-
ing to this superficial analysis there is no need to 
invoke a resonance. 

For this Conference, the same Berkeley group12) 
has also made a partial wave analysis of the K+p 
elastic scattering angular distribution below 1 GeV/c 
which is well below the bump in I = 1 at 1.25 GeV/c 
Since inelastic channels are clearly important, and 
since polarization data are unavailable, the problem 
is underdetermined. Nevertheless, from information 
derived from the inelastic processes it can be in­
ferred that the dominant absorption occurs in the 
Pi/- and P3/-states. Thus the Sh -, D3/-, and D 5 / -
li li /i ii fi 

states are assumed to be purely elastic. To restrict 
the problem further, a certain continuity was assumed 
between the solutions at the three fitted momenta. 
Figure 4 shows the Argand plot for the elastic ampli­
tudes. They find two solutions related through a 

F ig . 4 T h e A r g a n d d i a g r a m s f o r t h e K p e l a s t i c a m p l i t u d e s f o r 

t w o s o l u t i o n s , a s f o u n d i n t h e B e r k e l e y a n a l y s i s 1 2 ) . F r o m t h e 

s i z e o f t h e t o t a l c r o s s - s e c t i o n bump o n e c a n c o n c l u d e t h a t i f , 

f o r e x a m p l e , t h e r e s o n a n c e w e r e i n J = 3 / 2 , t h e d i a m e t e r o f t h e 

r e s o n a n t c i r c l e w o u l d b e o n l y 10% a s l a r g e a s t h e u n i t a r i t y 

c i r c l e , a s i n d i c a t e d b y t h e s m a l l c i r c l e . 

F ig . 5 P r e d i c t e d p o l a r i z a t i o n s f o r t h e two s o l u t i o n s o f 

F i g . 4 a n d t h e m e a s u r e d p o l a r i z a t i o n 1 3 ) a t 7 8 0 M e V / c . 

Fermi-Yang transformation. K p polarization data at 
780 MeV/c 1 3) give a 2.5 standard deviation preference 
for solution Aj as seen in Fig. 5. The three fitted 
momenta are shown on Fig. 4 as well as some lower 
energy data. There is no evidence of a resonant 
structure in any partial wave for solution Ap but it 
must be emphasized that the highest momentum point 
is more than a half-width below the conjectured reso­
nance, so that little structure would be apparent up 
to this energy anyway. Also, from the size of the 
total cross-section bump one can conclude that if, 
for example, the resonance were in J = 3/2, the dia­
meter of the resonant circle would be only 10% as 
large as the unitarity circle and therefore quite 
difficult to establish conclusively without precise 
experiments. 

In contrast to this analysis, a recent AGS ex­
periment14) on backward K+p scattering (Fig. 6) has 
been phase-shift analysed in an energy-dependent para-
metrization. The analysis seems not to have included 
the 780 MeV/c polarization point, since the Argand 
diagram shown in Fig. 7 resembles solution A-^ ex­
tended to higher energy. I do not know whether an 
Aj type solution would also fit the new data as well 
as satisfy the polarization point. A resonant-like 
behaviour is seen in Fig. 7 at 1.45 GeV/c (2 GeV 
mass) which is well above the total cross-section 
bump at 1.25 GeV/c. 
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F i g . 6 T h e 1 8 0 ° d i f f e r e n t i a l c r o s s - s e c t i o n f o r K p e l a s t i c 

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

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

s i s o f a l l K + p d a t a u p t o 2 . 0 G e V / c 1 ^ . 

The 1 = 0 bump in the KN system occurs 100 MeV/c 

below the 1 = 1 bump, and is nearly twice as large 

and perhaps slightly narrower. One is thus even more 

tempted to associate this structure with a resonance. 

However, since this cross-section must be extracted 

from the K+d cross-section after subtraction of an 

appropriate amount of K+p cross-section, the question 

becomes more delicate. First there is the eclipsing 

effect, namely the Glauber-Wilkins correction. Then 

there is the effect of the deuteron internal momentum 

which results in a cross-section averaged over a con­

siderable energy region. That the latter, in particu­

lar, has not been given sufficient attention in the 

region of rapidly varying cross-sections has been 

shown recently by a group working at Nimrod15-' who 

have studied these effects in the overdetermined TTp 

and ïï±d systems. In addition to small (y 11) unex­

plained charge-dependent effects, they observe ano­

malous fluctuations in the resonance region. Mien 

F i g . 7 A r g a n d d i a g r a m f o r K + p e l a s t i c s c a t t e r i n g , a s p r e s e n ­

t e d b y C a r r o l l e t a l . 1 ^ . 

this anomaly is expressed in terms of the effective 

inverse mean squared radius of the deuteron required 

to calculate the difference [!,a(ïï+p)n + Ma(ïï p)11] -

a(ïïd) (where quotation marks refer to the folded 

cross-section), one finds large excursions (Fig. 8) 

which coincide with the variations in the cross-sec­

tions associated with the TTN resonances. In particu­

lar, (r~2) appears to go negative at about 800 

MeV/c Since the variations coincide with those of 

the TTN cross-section, it is suggestive that some ad­

ditional effects have not been properly accounted 

for in the folding procedure. 

Some alternative suggestions to account for the 

negative excursion in Fig. 7 have been put forward 

at this Conference16-'. One suggestion is that it 

could be due to the production of an "excited deu-

F i g . 8 T h e d e u t e r o n p a r a m e t e r ( r - 2 ) a s a f u n c t i o n o f m o ­

m e n t u m a s m e a s u r e d a t N i m r o d 1 5 ) w i t h ^ ± p a n d ïï±d. T h e d a s h e d 

l i n e s i n d i c a t e e s t i m a t e d l i m i t s o f e x p e r i m e n t a l e r r o r . 
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teron" (d*) with I - 0 or 1, thereby making the Trd 
cross-section appear larger than the sum of the neu­
tron and proton cross-sections. For the anomaly to 
occur just above the d* production threshold would 
require that M^* = + ^ 500 MeV. Now if the same 
effect occurred in the K+d system, its threshold 
would occur, interestingly enough, quite near the 
1 = 0 bump found in the KN total cross-section. A 
rough estimate shows that the bump could be removed 
by this mechanism, as shown in Fig. 9. (Note also 
on this figure that the two experimental determina­
tions of the 1 = 0 cross-sections do not within them­
selves agree very well.) There seems to be little 
concrete evidence from other reactions either in sup­
port of or in contradiction to this proposal. 

The Berkeley K + group17) has also reported an in­
vestigation of various reaction channels in a K+d 
bubble chamber exposure in the region of the I = 0 
bump. Despite the fact that not all charge states 
are identifiable, with some ingenuity they have sepa­
rated out the I = 0 elastic and single-pion cross-

Fig. 9, T h e K d a n d K + p t o t a l c r o s s - s e c t i o n s . T h e s o l i d 
c u r v e s a r e t h e 1 = 0 p a r t o f t h e K N c r o s s - s e c t i o n a s m e a s u r e d 
b y C o o l e t al. a n d B u g g e t a l . , w h i l s t t h e d a s h e d c u r v e s h o w s 
t h e p o s s i b l e e f f e c t o n t h e 1 = 0 bump d u e t o a n e x c i t e d d e u t e -
r o n s u g g e s t e d b y A l e x a n d e r e t a l . 1 6 ^ . 

K* beam momentum (GeV/c) 
Fig. 10 I s o s p i n 0 a n d 1 c r o s s - s e c t i o n s f r o m t h e p a p e r o f 

H i r a t a e t a l . 1 7 ) . 

sections using charge independence. Figure 10 shows 
the cross-sections. There appears to be no structure, 
but again no detailed partial wave analysis has yet 
been attempted. 

In conclusion, apart from the original evidence 
for Z* which came from the KN total cross-section 
bumps, none of the subsequent work has required or 
even suggested resonance interpretations. However, 
a definitive statement will have to await a partial 
wave analysis, which in turn will require detailed 
polarization measurements. These will be done in 
the near future at Argonne and at Brookhaven. 

4. BARY0N STATES WITH S = -2 

Because it is impossible to do formation experi­
ments for S = -2 baryons, they have for a long time 
been the weak point of classification schemes. Frag-
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T A B L E 1 

branching fractions 

* ) N o s i g n a l d e t e c t e d 

mentary data on 5*fs have accumulated slowly over 
the years, but H(1530) is still the only well-under­
stood object. Table 1 shows the 5* situation before 
the Conference. Now a BNL-Syracuse collaboration18) 
reports a confirmation of 5(1815) and of 5(1933). In 
addition they report the existence of a new resonance 
5(2030). This work was done in a K p bubble cham­
ber experiment at 3.9, 4.6, and 5.0 GeV/c. Figure 11 
shows the effective mass distribution for the 5(1530)TT, 
Z K°, Z°K , and AK distributions for reactions also 
containing a K +. At 1830 MeV all channels have small 
signals, which together produce a 4 standard devia­
tion enhancement at (1830 ± 10) MeV with a width of 
(60îlo) MeV. It should be noted that this experi­
ment yields a prominent ZK branching fraction of 
about 30% in contrast to the complete absence of this 
mode in the experiment which first found 5(1815). 
Either one of the experiments is wrong (the experi­
ment reported here has not inspected the Z+K decay 
mode which provided the strongest evidence against 
ZK in the first experiment) or there are two objects 
here. The masses are shifted by 15 MeV and the 
widths are not in good agreement, the latest wallet 
card giving r = (16 ± 8) MeV for 5(1815). Since SU(3) 
calls for a 5* for every N* and A, such a possibility 
should not be unwelcome. 

Figure 11 also shows a new 5(2030), again a 4 
standard deviation effect, decaying about equally in­
to AK and ZK with no detectable signal in 5(1530)TT 
or 5TT. Its mass and width are quoted as M = (2030 ± 
10) MeV and r = (50^1 §) MeV. Table 1 lists the 
branching fractions for 5(1830) and 5(2030) as given 
by the above experiment. 

F i g . 11 T h e m a s s d i s t r i b u t i o n s m e a s u r e d b y t h e B r o o k h a v e n -
S y r a c u s e g r o u p 1 8 ) f o r : a ) A K ~ ; b ) Z ° K ~ ; c ) Z"K° ; d ) 5 ( 1 5 3 0 ) r r " ; 
e ) s u m o f a l l c h a n n e l s f o r t h e r e a c t i o n s K ~ p ( a b o v e c o m b i n a ­
t i o n s ) + K + . 

Figure 12 shows the effective 5TT mass observed 
for a number of other topologies done in the same 
experiment18) at several different K~ energies. A 
convincing peak is seen at a mass of (1930 ± 20) MeV 
with a width of (80 ± 40) MeV. Other decay modes 
such as AK and ZK are not seen, but upper limits can 
be placed on these decay rates which are consistent 

p 
with SU(3) if this resonance has J =5/2 (for which 
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F i g . 12 T h e (H TT ) a n d (S TT°) m a s s d i s t r i b u t i o n s m e a s u r e d b y 

t h e B r o o k h a v e n - S y r a c u s e g r o u p 1 8 ) f r o m t h r e e - a n d f o u r - b o d y 

r e a c t i o n s a t i n c i d e n t K ~ m o m e n t a o f a ) 4 . 6 a n d 5 . 0 G e V / c , a n d 

b ) 3 . 9 G e V / c . 

there is no direct evidence). Up to now only the 

Z°K° decay mode and not E+K has been studied by this 

group. The latter mode should be nine times more 

copious when one includes factors of visibility, and 

could therefore place much more stringent limits on 

the IK decay rate. 

5. BARYON STATES WITH S = -1 

The Y*'s are quite well explored, both because 

of the availability of K p formation experiments and 

because of the variety of easily analysed two-body 

decay modes. 

Somewhat out of the main stream of hyperon re­

search but of considerable intrinsic interest, comes 

the first good evidence for the radiative decay mode 

of a known baryon resonance. This has been presented 

in preliminary form at the Conference by a Berkeley 

group working with low-energy K in a hydrogen bubble 

chamber J. The reaction studied is K p -> A(1520) 

•> Ay, where only the A decay is observed in the final 

state. Figure 13 shows the missing-mass spectrum for 

F i g . 13 E v e n t s v e r s u s ( m i s s i n g m a s s ) 2 a s m e a s u r e d b y t h e 

B e r k e l e y g r o u p 1 9 ) f o r t h e r e a c t i o n K ~ p + A + n e u t r a l s i n w h i c h 

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

t a n g l e i s t h e e s t i m a t e d n u m b e r o f Z ° Y e v e n t s . 

those A events where the decay proton stops in the 

chamber, so that a precise momentum measurement of 

the A is achieved. In this way a peak at zero miss­

ing-mass is clearly separated from the more copious 

AIT 0, £°ÏÏ°, and A T T V reactions. As the K beam mo­

mentum is varied through the 1520 MeV mass region, an 

enhancement is observed in the Ay cross-section, as 

seen in Fig. 14. The fitted curve corresponds to a 

radiative decay width of (0.15 ± 0.03) MeV, i.e. down 

by nearly a from the strong decay modes (Y^ = 16 MeV). 

F i g . 14 C r o s s - s e c t i o n f o r K p A y i n m i l l i b a r n s . T h e 

u p p e r c u r v e i s t h e f i t t o a B r e i t - W i g n e r + c o n s t a n t b a c k g r o u n d . 

T h e d a s h e d c u r v e i s t h e b a c k g r o u n d . 
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The angular distribution for this mode of A(1520) de­

cay, corrected for various experimental cuts, i s shown 

in Fig. 15. I t i s seen to be consistent with e lec­

t r i c dipole and inconsistent with magnetic quadru-

pole decay. The observed radiative width is compar­

able to the part ial widths of photoproduced N* fs, 

but since A(1520) i s a unitary singlet , no currently 

meaningful comparisons can be made. 

Another study of a radiative hyperon decay has 

been reported at this Conference 2 0^. This experi­

ment, done at Dubna with a 5.1 GeV/c TT" beam incident 

on a 1 metre propane bubble chamber, suggests the 

possibi l i ty of a new Y* at a mass of 1327 MeV. Both 

the A and y were detected and an effort was made to 

separate the production on protons from the produc­

tion on carbon. Figure 16 shows the proton events 

versus the (Ay) mass. In addition to the 2° peak, 

there appears to be a peaking at 1327 MeV with a 

s t a t i s t i c a l significance of about 3.5 standard de­

viations. The experimental width of the enhancement 

is comparable to that of the E°, so presumably i t 

arises mainly from the experimental resolution. Sur­

prisingly enough, in a somewhat larger sample of car­

bon events, although the 1° peak i s clearly present, 

there i s l i t t l e i f any evidence for an enhancement at 

C o s 0 

Fig. 15 Weighted events versus production cosine of the 

Y 9 ) . The solid curve, normalized to the total number of 

events, is 5-3 cos 2 0, corresponding to electric dipole decay. 

The dashed curve is 1 + cos 2 0 expected for magnetic quadru-

pole decay. 

Mass Ay ( M e V ) 
Fig. 16 Events versus (Ay) effective mass for ÏÏ p reactions, 

as measured by the Dubna group 2 0) for 5.1 GeV/c TT~ incident on 

propane. No A or y detection effeciencies have been intro­

duced. The solid curve is a Monte Carlo calculation which in­

cludes known cross-sections for Y*(1385), Y*(1405), and 

Y*(1520). 

1327 MeV. A previous experiment at Dubna21-' using a 

smaller chamber had seen this effect but had ascribed 

i t to the reaction YJ (1670) + An, where one y from the 

n decay was detected. With a larger chamber they are 

able to materialize both y 's with sufficient e f f i c i ­

ency to explore this alternative. No events were 

found corresponding to this hypothesis when five 

would be expected. With this alternative explanation 

eliminated, they conclude that there i s evidence for 

a new hyperon resonance at 1327 MeV. The width i s 

consistent with a purely electromagnetic decay which 

suggests that the isospin is zero, thereby suppress­

ing the Air decay mode. (The mass coincides with the 

E° Ï Ï° threshold.) I t i s di f f icul t to fault the experi­

ment in any specific way. However, i t i s surprising 

that such a hyperon, produced in this instance with 

about 10% of the £° cross-section, would have gone un­

detected for so long. As an example of experimental 

situations which should have revealed such a reso­

nance, one may c i t e the reaction IT" + p K°(+ ÏÏ+TT") + 

+ MM 2 2 \ where A, L°, Y?(1385), and Yj(1520) are 

clearly seen a t pion energies somewhat below the Dubna 

experiment, but there i s no evidence for an enhance­

ment at 1327 MeV. 

The next two figures (Figs. 17 and 18) give a 

panoramic view of the Y* resonance region as seen 

from the K~p system. The f i r s t shows A0 = a / 4 T r â 2 for 

e l a s t i c scattering and charge exchange. The points 

from 450 to 1200 MeV/c are those from the extensive 

CERN-Heidelberg-Saclay (CHS) Collaboration. The very 

prominent structure in the 1 GeV/c region for charge 
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M g . 1/ T h e A 0 c o e f f i c i e n t f o r K p e l a s t i c a n d c h a r g e e x ­

c h a n g e s c a t t e r i n g f r o m 0-2 G e V / c . 

exchange is due to the highly elastic E (1765) and 

A(1815). Near 620 MeV/c, A 0 goes through a minimum. 

Here is the region of £(1660) where confusion conti­

nues to reign for lack of sizeable coupling to the K p 

channel. The next figure shows the ITT and AIT A 0-co­

efficients. The latter, in particular, shows the 

prominent contribution of 1(1765). 

The CHS analysis of differential cross-sections 

and polarizations (when measurable) in most channels 

has been completed from 800-1200 MeV/c 2 3^. Now, the 

analysis has been extended down to 600 MeV/c l k \ 

and I shall go through the results of their partial 

wave analysis for the eight low partial waves which 

are dominant in this region. These are listed in 

F ig . 18 T h e A 0 c o e f f i c i e n t f o r Air a n d ( Z + ï ï + E ÏÏ+) f r o m 

0-2 G e V / c . 

TABLE 2 

Summary of evidence for Y*'s of J £ 3/2 

in the 1600-1900 MeV mass region 

* ) A s t a n d s f o r " w e l l e s t a b l i s h e d " ; B f o r " g o o d e v i d e n c e b u t i n 
n e e d o f c o n f i r m a t i o n " ; C f o r " s h a k y e v i d e n c e " . 

Table 2 along with their old and new status as well 

as evidence coming from other experiments as noted. 

In the table I classify the resonances A, B, or C 

according to my judgement of their quality. Cate­

gory A stands for well-established resonances which 

any symmetry scheme must accommodate. In this region 

there are three old ones and no new ones. Category 

B contains three probable resonances. Category C 

covers four possible resonances emerging from the 

data; one may accept or reject these as he chooses. 

I believe Harari in his Rapporteur's talk has bought 

them all. 

Some of the data and partial wave analyses from 

which the new conclusions of CHS are derived are 

shown in Fig. 19 for the KN channels, Fig. 20 for the 

STTT* channels, and Figs. 21 and 22 for the AIT channel. 

The Argand diagrams of Fig. 19 show the behaviour of 

the non-resonant KN amplitudes which are parametrized 
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K N — K N 

R E A L PART 
Fig. 19 The Argand diagrams for the S- and P-waves for the 
reactions K"p + K"p and K"p + K°n versus K~ laboratory momen­
tum from the CHS Collaboration experiment. 

as l inear functions of the laboratory momentum over 

the range 600-800 MeV/c and over the range 800-1200 

MeV/c. For the case o f the S 0 i amplitude, a known 

resonance was also introduced in a way which pre­

serves uni tar i ty by multiplication of non-resonant 

and resonant S-matrices. The Argand diagrams for the 

In channels shown in Fig. 20 were obtained in a simi­

la r way, except that here the upper momentum range 

covered was from 800-1000 MeV/c. The ATT channel was, 

however, treated differently. Since this i s a pure 

1 = 1 s ta te and since both angular distributions and 

polarizations are available, an energy-independent 

analysis was deemed feasible . In order to circum­

vent the problem of severe s t a t i s t i c a l sca t ter of 

data points, smoothed (in momentum) curves of the 

polynomial coefficients were obtained and these were 

then analysed in terms of amplitudes. Only the 

REAL PART 

Fig. 20 The Argand diagrams for the S- and P-waves for the 
reaction K"p -> Z 1 ^ from the CHS Collaboration experiment. 

energy dependence of the dominant D 1 5 amplitude was 

fixed as a Breit-Wigner resonance with the accepted 

value for the mass and width of E (1765). Figure 21 

shows the Argand diagrams for the two main dis t inc t 

solutions found by CHS. With some imagination one 

can read resonant structures into these amplitudes, 

and the parameters of the resonances noted in Table 

2 are based on the rates of change of the phase 

angles and the radii of the inferred c i r c l e s . Figure 

22 guides the eye for those who lack imagination. 

Despite the absence o f any large structure [apart 

from E(1765)] in the Air polynomial coeff icients in 

the 600-800 peak region, there i s , according to this 

analysis, some evidence for several new resonances. 

Let us now discuss each par t ic le wave of Table 2 

in turn. The S 0 i - s ta te (notation i s L T 9 T ) was known 

from a Brookhaven experiment2 5-' of several years ago 
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to have a resonance coupled to An near threshold. 
Now CHS has identified its branching fraction into 
KN and into ZTT, as shown in Table 2. A Chicago-

26") 

Heidelberg preliminary study J of the same 800-1200 
MeV/c K p, K°n data also suggests a possible resonance 
at 1750 MeV. The CHS analysis, which uses the Legendre 
polynomial expansion coefficients rather than fitting 
the angular distributions directly but is otherwise 
the same as the Chicago-Heidelberg analysis, neither 
confirms nor excludes this possibility. 

KN — A i r 

REAL PART 
F i g . 21 Amplitudes of the two main solutions of the energy-
independent partial wave analysis of K"N Air by the CHS Col­
laboration. The points shown every 20 MeV/c describe the mo­
mentum dependence of the amplitudes. The continuous line 
traces the general pattern of this dependence. The errors, 
shown only every 100 MeV/c, indicate the statistical uncertain­
ty given by the minimizing program. The unitary circles are 
centred at the origin of each graph and have a radius of 0.5. 
The Dis amplitude, not shown, corresponds to £(1765) and is 
taken at resonance as purely imaginary and positive*. 

F i g . 22 Amplitudes S u , P i 3 , and D i 3 of solution A in the 
resonance region. Segments of circles describe possible 
resonances with arrows indicating the position of the resonant 
mass. 

For the Sn-state, a reasonably good circular 
behaviour has been found on the Argand diagram for 
ATT production by CHS. Since it is seen only in the 
ATT channel, one is tempted to associate this with the 
bump found only in ATT at 1680 MeV by the high-energy 
production experiment done at Argonne 2 7) and later 
confiimed 2 8). Also in S u there is a suggestion of 
a separate En. resonance near 1750 MeV to partner with 
Nn and An 7 ) . Now the Chicago-Heidelberg analysis 
reveals a broad KN structure in this region which may 
be associated with the elastic channel of this reso­
nance. 

The P 0i-state displays a large amplitude in the 
KN channel which, when parametrized as non-resonant, 
does suggest a resonant behaviour (see Fig. 19). A 
Breit-Wigner form makes some improvement in the fit, 
but the evidence is only weak for this resonance. 

The Pu-state gives some weak indication for 
resonant structure in ATT near 1610 MeV but only in 
solution B of Fig. 21. This could be associated with 
better evidence for a 1616 MeV bump from a Brookhaven 
production experiment reported at this meeting 2 9-' 
which I shall discuss later. A Berkeley formation 
experiment 3 0) also sees structure at 1882 MeV, but 
this is not seen in the CHS formation experiment. 

For P 0 3 there are no candidates at the present 
time, while for P 1 3 there is a rather large amplitude 
in ATT which could be resonant at about 1660 MeV. 

P + 
Note that this is the same state (J = 3/2 ) and 
channel which gave the first 3 ̂  and much-disputed 
evidence 3 2^ for the parity of 1(1660). Thus it may 
be that both parities of £(1660) are correct! 
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Perhaps the most prominent feature of foimation 

experiments comes from the good evidence for the well-

known resonance in D 0 3 at 1690 MeV appearing clearly 

in KN and in ZTT with some evidence for decay into 

EÏÏTT. The discrepancy between the mass and especially 

the width of D 0 3 as measured in the KN and in the ETT 

channels remains unresolved and probably reflects the 

inadequacy of the parametrization. 

Finally we come to the perennial sick man of Y*Ts, 
P 

the £(1660) of J = 3/2 which may now consist of 

several resonances. CHS provides new information on 

the branching fractions in the Di3-state as noted in 

Table 2. Only in the ETT channel is the signal really 

prominent. Much of this comes from spectacular in­

terference effects brought about by the presence of 

the nearby ETT amplitude in the D03-state. These 

branching fractions are in disagreement with informa­

tion derived from a Berkeley production experiment 

presented at the Conference33-'. In this latter ex­

periment done with 2.6 GeV/c K on protons, a very 

peculiar phenomenon is noted: the branching fractions 

appear to vary markedly with momentum transfer. This 

is seen in Fig. 23. A strong 1660 signal is seen in 

the decay channel A(1405)TT for small momentum trans­

fer. In fact this is the channel in which the £(1660) 

found in production experiments was shown to have 

J P = 3/2 3 k \ At larger momentum transfer the ETT 

mode begins to dominate, more in keeping with the CHS 

branching fractions. The Berkeley authors suggest a 

possible explanation for this peculiarity: there are 
two E(1660) essentially degenerate in mass and width 

p 

and with the same J and I, one made at low momentum 

transfer (perhaps coupled strongly to the K* exchange 

diagram) whilst the other is made at large momentum 

transfer. The formation experiment could be seeing 

some linear combination of these two states, but pre­

dominantly the latter. It is not a pretty picture, 

but it is perhaps the most economical one which can 

accommodate the presently observed branching frac­

tions as given by the Berkeley group. This model 

could possibly do away with the Argonne Z(1680) 27-', 

since the most compelling evidence for its difference 

from 1(1660) comes not from its 20 MeV mass displace­

ment but from its different branching fractions. Of 

course, since the production mechanism is not under­

stood, an alternative possibility of explaining the 

F i g . 23 T h e e f f e c t i v e m a s s d i s t r i b u t i o n s , a s m e a s u r e d a t 

B e r k e l e y b y E b e r h a r d e t a l . 3 3 ) f o r a ) (Z ±TT TTT + ) a n d b ) ( I °TT +) 

f o r t w o d i f f e r e n t c o s 6 i n t e r v a l s , w h e r e 6 i s t h e a n g l e b e ­

t w e e n t h e i n c i d e n t K ~ a n d t h e o u t g o i n g TT" i n t h e r e a c t i o n 

K " p -> (ZÏÏTT)+TT" a n d (ZTT)+TT~. T h e c u r v e s r e p r e s e n t t h e b e s t 

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

£(1660) p r o d u c t i o n o n m o m e n t u m t r a n s f e r : e ~ 8 t f o r ITTTT a n d 

e ~ 2 t f o r £TT. 

Berkeley branching fractions of £(1660) is that 

through some complicated production mechanism the 

branching fractions could be distorted by the presence 

of the other pion or by interference with non-reso­

nant background. 

Another piece of evidence for a new Y* resonance 

in this mass region comes from a BNL-CCNY experi­

ment29-', as mentioned previously. Using K~ of 3.9 

GeV/c incident on deuterium, they have studied the 

reaction K n ATT IT TT + and observe a significant en-
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hancement in the AiT mass at (1616 ± 8) MeV with a 

width of (66 ± 16) MeV, shown in Fig. 24. A corres­

ponding enhancement is not observed in the three-body 

reaction K n -> ATT TT° in which p appears to be the 

dominant structure. Particular care was taken to 

avoid contamination from mis identified 1° events. 

They report the following ratios of decay rates for 

this 1 = 1 state: 

ATT 1 : [£(1385)7^ : K°p = 

= (1.0 ± 0.16) : (0.2 ± 0.1) : (0.0 ± 0.1). 

The Air.Kh branching fraction is inconsistent with 

an assignment of this object to a decuplet. Placed 

in an octet, the above branching fraction would re­

quire a SIT decay mode comparable in strength to ATT. 

This decay mode, however, was not reported to have 

been studied. 

A K p polarization experiment done at CERN and 

reported last year at Heidelberg7'35) has confirmed 

the quantum number assignments of 1(2030) and A(2100) 

to be 7/2+ and 7/2 3 6 ) . Their experiment also ex­

tends upwards into the region of E(2250) and A(2350). 

Having lower elasticities, these resonances do not 

M ( A i r s ) IN GeV 

F i g . 2 4 T h e A T T - e f f e c t i v e m a s s i n t h e r e a c t i o n K n -* ATT + TT TT 

a t a n i n c i d e n t K m o m e n t u m o f 3 . 9 G e V / c , a s m e a s u r e d b y C r e n n e l l 

e t a l . 2 9 ) 

yield their spin parities as conclusively. They have 

fitted K p elastic differential cross-sections and 

polarizations and total cross-sections using Breit-

Wigner resonances in various spin-parity states and 

background amplitudes parametrized in three different 
p + 

ways. They conclude that J =9/2 is the preferred 
assignment for A(2350); this would fit well as the 

second Regge recurrence of A . Their fits show no 
p 

clear J preference for A(2250). 

6. BARYON RESONANCES IN SU(3) 

Most of the well-established baryon resonances 

can be accommodated with considerable success within 

the framework of SU(3). Not only can the resonances 

be arranged into singlets, octets, and decuplets in 

reasonable agreement with mass formulae, but also the 

partial decay rates are generally in good agreement 

with currently accepted multiplet assignments. In 

addition, a particularly striking success of SU(3) 

is the complete agreement between the observed and 

predicted relative signs of Y* resonant amplitudes, 

as measured through interference between different Y* 

resonances made in foimation experiments. There are 

now at least a dozen measured signs which are found 

to be in good agreement. The situation was reviewed 

last year 3 7), and I shall close by presenting an up­

dated version of the status of decay rates and rela­

tive phases of baryon resonance decays into stable 

baryons and mesons. 

Two formulae are needed. For singlets and decup­

lets one can write the partial width as: 

r = c 2

g

2B>)(Sj) P» 

where c = the SU(3) Clebsch-Gordan coefficient for 

each decay mode, g = effective coupling constant, 

B^(p) = centrifugal barrier factor for an angular mo­

mentum l9 p = c.m.s. decay momentum, M^ = resonant 

mass, and = nucléon mass (introduced to make g di-

mensionless). For each decay mode one can then 

solve for g 2, and each member of the decuplet should 

yield the same value. Table 3 lists the partial 

widths employed for this and subsequent SU(3) com­

parisons. Masses, widths, and branching fractions 

come generally from UCRL 8030 (August 1968). 
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TABLE 3 
Branching fractions and partial widths 

References can be found in Ref. 37 except as noted: 
a) Ref. 38; b) Ref. 24; c) Ref. 18. 

Figure 25 is colour-coded according to the 
strangeness of the resonance, and shows g 2 evaluated 
from the decay rates for the famous 3/2+ decuplet. 
Contrary to statements frequently found in the liter­
ature, the agreement is not perfect; the A(1236) and 
S(1530) rates differ by about a factor of two from 
that expected. Since the decuplet is considered to 
be the best established multiplet among the resonan­
ces, this disparity can be considered as setting the 
scale for expected disagreements with SU (3) among 
decay rates of less well-established multiplets. 
Also shown in Fig. 25 is a plot of g 2 for a possible 
7/2+ decuplet, the presumed recurrence of the 3/2 
decuplet. Here again agreement is good to a factor 
of 2. For unitary singlets there are three good 
candidates: A(1405) of 1/2"; the 3/2" A(1520); and 
its presumed recurrence A(2100) of J = 7/2 . For 
these resonances, g 2 evaluated for various decay 
modes are also shown on the figure. At this point 
it is interesting to note that the sign of the inter­
ference between £(2030) and A(2100) in the EK decay 
mode has recently been observed38-' to be in agreement 
with their assignments in a decuplet and a singlet. 
It is also worth while to point out that in spite of 
the fact that SU(3) makes no connection between the 
coupling constants of different SU(3) multiplets, the 
values found are all about the same. In fact, they 
agree as well between multiplets as they do between 
different decay modes within a multiplet, despite p very different J and centrifugal barriers. 

The decay rates of members of octets are compli­
cated by the presence of two coupling constants: the 
symmetrical g^ and antisymmetrical g^ couplings. One 
therefore writes 

r = (cdgd+ W b £(p) ( ^ ) P 

which can be solved for each measured partial decay 
rate 

yielding a linear relation between g^ and g£. Thus 
each decay amplitude appears as a straight line plot­
ted on a ĝ -g£ plane with the distance from the ori­
gin proportional to the square root of the partial 
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F i g . 25 Display of the relative coupling constants for 
various decay modes of the 3/2 + decuplet and its presumed 7/2 + 

recurrence, and the 1/2", 3/2", and 7/2" states presumed to be 
unitary singlets. The SU(3) coefficients and corrections for 
mass differences have been introduced so that within each mul­
tiplet all decay modes should have the same value of g 2. 

187 
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decay rate. The choice of sign is determined by the 
measured interference between the various Y* reso­
nances. Exact SU(3) would require that all lines 
intersect at a common point. Plotted in this way, one 
obtains a global picture showing the consistency of 
all decay rates and phases; a considerable improve­
ment over methods usually employed in which certain 
decay rates are arbitrarily fixed in order to predict 
all the others. At present there are four possible 
octets for which there is a sufficient number of 
members to make a meaningful comparison of decay 
rates. 

P 
Figure 26 shows the g^"g£ plot for the J =1/2 

S-wave baryon-ri octet currently containing just two 
good members: N(1570) and A(1670). The partial 
widths for the somewhat shaky E (1750) 7) are too 
questionable to display. On these plots the thick­
ness of the line is intended to convey the approxi­
mate precision of the experimental partial width: the 
thicker the line, the better the rate is fixed. Thick 
lines are known to better than 25%, whilst thin lines 
can be off by a factor of 2 or more. Dashed lines 
represent upper limits. The new rate shown on this 
plot is for A (1670) + ETT, presented at this Confer­
ence 2 4). It disagrees with the other known rates by 
a factor of 20. It has been suggested39) that SU(3) 
impurity should occur most conspicuously in the S-
state. Perhaps this is a manifestation. 

For the 3/2 octet there is a complete set of 
candidates, and there is generally good agreement 
among the decay rates as seen in Fig. 27. Mixing is 
introduced between A(1690) and the singlet A(1520), 
altering the decay rates as shown by the wavy lines 
and thereby improving the agreement. A good inter­
section of lines occurs for g^ = 0.34 and g^ = 0.54 
yielding a, the ratio of D to D + F coupling, of 
a = 1/(1 + i/5 gi/3gf) = 0.46. Black lines labelled 

(CHS) and (K&S)40) indicate the acceptable regions of 
the plane imposed by the measured relative signs of 
coupling as detemined by two groups of experiments. 
The plot has been updated by contributions of the CHS 
Collaboration24) to this Conference, but they have 
produced no major change. The outstanding discrep­
ancy associated with the absence of a 5(1815) + £K 
decay mode can be resolved by using the new decay 
rates for 5(1830) presented at this Conference. 

Figure 28 shows the 5/2~ octet. The only change 
here is the confirmation of 5(1933) with better-es­
tablished upper limits on the rates. This octet has 
no major discrepancy at the present time. The best 
value of a is 1016, 

Finally, Fig. 29 shows the 5/2+ octet. Apart 
from the complete absence of E(1910) -> Eir, good agree­
ment is found with a = 0.46. (This is not far from 
a = 2/3 for the l/2+ baryon octet, of which it is the 
presumed recurrence.) The spin-parity assignment of 
£(1910) remains unconfirmed, so that the disagree­
ment here should not, for the moment, be taken se-

P 
riously. The newly discovered 5(2030), whose J is 
unknown, could complete this octet. Its observed 
decay rates are in reasonable agreement with the 
above value of a. 

p + 
Apart from the J =1/2 TTN resonance (the Roper 

resonance), this SU(3) summary of decay rates and 
phases contains all the major baryon resonances and 
a number of the minor ones as well. We have not at­
tempted similar SU(3) exercises for the multitude of 
squirms and wiggles recently found on Argand plots 
for N* and for Y* 2 k \ Neither have we con­
sidered the mounting information on decay modes of 
baryon resonances into baryons and vector mesons, or 
into baryon resonances and pseudoscalar mesons. Such 
exercises will probably be done and will deserve 
scrutiny at future meetings. 

Figs. 26-29 P l o t s o f g<j v e r s u s g f f o r t h e k n o w n d e c a y r a t e s o f t h e p r e s u m e d o c t e t s o f J = l/2~, 3/2", 5/2", a n d 5/2 +. 
C o l o u r c o d i n g a c c o r d i n g t o s t r a n g e n e s s a n d i s o s p i n o f t h e r e s o n a n t s t a t e i s a s s h o w n o n t h e r i g h t . D e c a y r a t e s i n ­

d i c a t e d b y h e a v y l i n e s a r e k n o w n t o a b o u t 25%, m e d i u m l i n e s a r e s o m e w h a t l e s s w e l l - k n o w n , w h i l s t l i g h t l i n e s m a y b e u n ­

c e r t a i n t o a f a c t o r o f 2 o r m o r e . E r r o r b a r s o n t h e . h e a v y a n d m e d i u m l i n e s c o r r e s p o n d t o 25% a n d 50% u n c e r t a i n t y i n 

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

f i g u r e s a l l o w e d b y t h e m e a s u r e m e n t s o f t h e r e l a t i v e s i g n s o f r e a c t i o n a m p l i t u d e s b y K e r n a n a n d S m a r t a n d b y t h e C H S C o l ­

l a b o r a t i o n . T h e c i r c l e i n e a c h f i g u r e i n d i c a t e s t h e a p p r o x i m a t e v a l u e s o f g ^ a n d g £ t h a t s e e m t o a g r e e b e s t w i t h e x ­

p e r i m e n t . T h e w a v y l i n e s _ i n F i g . 27 ( a n d i n F i g . 25) e x h i b i t t h e d i s p l a c e m e n t f r o m t h e p u r e o c t e t ( a n d p u r e s i n g l e t ) 

d e c a y r a t e s i n t o ZTT a n d N K d u e t o a m i x i n g a n g l e o f -16°, w h i c h i s t h e m a g n i t u d e s u g g e s t e d b y t h e m a s s f o r m u l a . 
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DISCUSSION 

TUAN: You mentioned about the difficulty of obtain­

ing satisfactory agreement (up to a factor of two to 

four) between SU(3) predictions and decays of 1/2 

baryon states, suggesting impurity of SU(3) assign­

ments for S-wave baryon states. There is a recent 

preprint of Dobson (University of Hawaii) which uses 

a specific form of SU(3) breaking consistent with the 

Gell-Mann-Okubo type of symmetry breaking; the sum 

rules obtained are consistent with presently known 

decays of 1/2" baryon states. Hence this work sug­

gests that even the 1/2 baryon states can be essen­

tially SU(3) pure (with no strong mixing needed), but 

with a judicious choice of SU(3) symmetry breaking 

such as is known to be needed to get the Gell-Mann-

Okubo mass formula.for the mass spectrum. 

SNOW: i) Can you comment on the uniqueness of the 

phase-shift analyses that went into the determination 

of the branching ratios that you have been discuss­

ing? ii) Can you tell whether any comparison of the 

fits with dispersion relation have been made? 

TRIPP: In the phase-shift analysis many different 

spin-parity assignments for resonances with differing 

backgrounds have been tried. The results represent 

the best fits they obtained and are usually signifi­

cantly better than the nearest alternatives. I 

believe that the CHS Collaboration feels that when 

the waves are dominant, such as some of the rates of 

resonances in category A, there is very little like­

lihood of finding alternative possibilities. For the 

weaker amplitudes where x 2 différencies are not large, 

they make no claims of uniqueness. As far as I know, 

no comparison with dispersion relations have been 

made for the 600-800 MeV/c data. 

BARUT: How sensitive are your results to the choice 

of the barrier penetration factor B^(p), and what 

foim of this factor have you used? 

TRIPP: The barrier penetration factor adopted is the 

one found in Blatt and Weisskopf with a radius of 

interaction of one fermi. Other expressions used in 

the literature differ from this one for £ > 2, but 
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lead to essentially the same result. The choice of 
radius of interaction is important only when the c m . 
momentum in various decay modes is very different. 
For example in the 3/2 + decuplet it will hardly alter 
the discrepancy between A(1236) -» Nir and H(1530) •» Sir. 
However, it will affect the low Q-decay Z(1385) Zir. 

LEVI-SETTI: To answer the question by Snow concern­
ing a comparison of the KN energy-dependent partial 
wave analysis of the CHS and Chicago-Heidelberg work 
with dispersion relation calculations, I wish to show 
a figure taken from a late contribution by 
Chicago-Heidelberg to this Conference 1). This shows 

the ratio JRe f(0)|/Im f(0) as a function of incident 
K momentum, as obtained a) from a comparison of 

da/dfl | Qo for K~p + K~p with the optical points from 
a t Q t ( K p) (experimental points), and b) from a typical 
fit of all K p -> K"p, K°n,and a t Q t ( K " p ) data (dashed 
curve). The zero observed at % 1.08 GeV/c corres­
ponds to Re f(0) becoming negative beyond this momen­
tum. This feature and the over-all behaviour of the 
curve agree qualitatively with the predictions of 
Lusignoli et al. 2) based on dispersion relation cal­
culations. In the latter, however, |Re £(0)j/lm f(0) 
is smaller than observed in the region ^ 0 . 8 GeV/c by 
almost a factor of two. In contrast, in a similar 
calculation by Z o v k o 3 ) , Re f(0) never becomes nega­
tive although between 0.8 and 1.2 GeV/c the shape of 
the predicted curve is still in rough agreement with 
our fit. A possible cause of discrepancy in these 
predictions may have been the use of different KNY 
coupling constants. It would be desirable that a 
comparison be made of our partial wave analysis with 
dispersion relation calculations based on the most 
recent detenninations of c ^ f l f p ) and KNY coupling 
constants. 
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