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MESONS 

A. H. Rosenfeld 

Physics Department and Lawrence Radiation Laboratory 
University of California, Berkeley, California 

\ 

September 1965 

I. RESONANCES vs OTHER EFFECTS 

In this talk I intend. to go through the entire list of certified plus 

uncertified resonances. Before starting through this list we had better 

agree on what a resonanc-e is, and decide whether there are any other 

phenomena (such as the now discredited Peierls mechanism) which can 

cause misleading bumps in mass spectra. 

s = 

A. True Resonance 

Theoreticians will tell you that a resonance X is a pole at 

{m - ir/2)
2 

in a partial-wave amplitude. If we are to distinguish 
X 

· real from fake bumps we must bear in mind that a true resonant state 

has perfectly definite quantum numbers, B, I, Y, J, P, and perhaps 

G and C. Here B stands for baryon number (i;. e., atomitc weight), I 

for I spin (isotopic spin), Y for hypercharge, etc. 

B. Final-State Effects 

1. Overlapping Bands 

Consider three pions, + 0 
1T ,1T ,1T, as a ~ystem with total mass m

3
• 

If m 3 is high enough, one or more of the three dipions can resonate as a 

p. Thus in F1g. 1, we have drawn the 1T + 1T- dipion with relative angular 

momentum L = 1 resonating as p 
0

• In Fig. 2 we show three p bands, 

' 
which generctlly are highly populated compared with the rest of the Dalitz 



Fig. 1. 

Fig. 2. 
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Three-pion system described as a diparticle with angular 
momentum L, and a third particle with angular momentum 
£. 

+ + -Dalitz plot for rr 1T 1T • Three 11 p 11 bands are shown. Since 
this happens to be a plot for the A2+ meson, one of the p 
bands is doubly charged and there cannot actually be an 
enhancement there; but the neutral A2 would have all three 
bands showing enhanced population. 



-3- UCRL-16462 

1 3 

A 

2 

~ 
1. 2 !S ( i1+ i1+rr) MASS ~ 1.4 GeV 

> 
<lJ 
~ 
'-" 

EACH EVENT PLOTTED TWICE .. 
0 1.5 
UJ 
0:: 170 EVENTS ~ 
:::> 
~ • 

1./) 1. 
A2 1./) 

~ 
~ 

LL.: 
0,5"5-J,:h. 1 

u.. 0.58> : ~0 

UJ . o.>'o; -rl'h.. j 

-I 
~ • + 
~ • 
'-" 

1n ·•{rr-+n-) 
0 

0 0.5 
"('ff" 

1.0 1.5 

,_ 
,.; 

MU B- 8803 



Overlapping Bands 

-4- UCRL-16462 

plot. These bands overlap, in general, at three areas, at each of which 

we expect the amplitudes to add constructively. 

What happens when we adjust the 3 'TT' mass m
3 

so .that all three 

overlap areas coincide? 

There is a handy formula for calculating m
3 

in terms of the masses 

m.. of the three simultaneous diparticles, 
lJ 

If we fix all three diparticles to have m .. = m we find lJ p, 

m
3

:::::: 1300 MeV. 

( 1) 

(2} 

(3) 

I used to think something sinister would happen here, but after 

talking with Christoph Schmid at MIT, I now think not. Let us write 

m = m - ir/2; (m, rare real), m 2 ~ m 2 - irm. The population of the 
p . p 

three bands in the Dalitz plot will then be described by an amplitude 

+A' + B, (4) 

where A' stands for additional complicated terms like the triangle-

· diagram singularity discussed below, and B stands for background 

(e. g., -dipions with L /= 1, . etc. ) 

If we want to consider the s dependence of A(s) to see whether 

to expect a bump at s = 3m
2

, we drop the terms A' and B, because we 
p 

carft predict them, and integrate I Al 2 over the Dalitz plot, 
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jA(s) 12 = J d(area) {1 ~r 12 
+more "band" terms 

mp- s12 

+ 2Re 
2 
(mi/

2 

2 >:C +2 more "overlap area" termsl. 

(mp -s12)(mp- s23) J 
Said in words, the first three terms descrfbe the three individual 

bands, the interference terms describe the overlap of pairs of bands. No 

interference term contains information that a third band exists. Hence we 

expect nothing to happen to the integral A(s) when three bands happen to 

overlap simultaneously. We do expect A(s) to rise as bands enter the Dalit:t 

plot, and as band overl9-ps become allowed, but A(s) doesn't care about 

simultaneous overlaps. The interesting effects come when the bands and 

overlaps are at the edges of the Dalitz plot, as discussed below (P.ara. B2). 

It is interesting to compare the 3'11' bump of Fig. 1 at 1300 MeV with 

the real resonance w(782, 1 ) - 3'11'. Both are composed of dipions with 

the quantum numbers of the p. By glancing at Fig. 1 we see that the 

simplest amplitude for 3'11' (1300) would tend to have quantum numbers 

0(1-), i.e., I= 0, Jp= 1-, just like w(although there could be some I= 2, and 

p - -J = 0 and 2 ). Perhaps the w is part of the 1300-MeV 3'11' state, but 

bound by 500 MeV. 

~.Triangle Singularities (The Generalized Peierls Effect) 
possible· 

Our next; faker of bumps is the generalized Peierls effect. The 

t7 original Peierls diagram was Fig. 3, where M
1 

is a real resonance and 

vertiCes A and: B represent real decays, and it was thought that the whole 

system might be enhanced at a mass given in Appendix I. For the simple 

case m 1 = rri~ this becomes 

= 2M~+ 2m~ -
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Fig. 3. Peierls diagram. Both resonances {shown as double lines) 
have the same mass M 1• 

Fig. 4. Triangle diagram. The double lines represent diparticles 
but M

2 
need not be a resonance. 

Fig. 5. Dalitz plot with population enhanced by triangle singularity. 

Fig. 6. Triangle diagram for A1- p rr. 

Fig. 7. 

Fig. 8. 

Fig. 9. 

+ Triangle diagram for E- K rr. 

Dalitz plot for the reaction rr+p = prr+rrO at 8 GeV/c, showing 
enhancement of low rrrr masses. From Deutschman et al., 
Phys. Letters 18, 351 (1965). 

Dalitz plot for rr + p-par + p 0 - prr + rr + rr- at 8 GeV /c, showing 
enhancement at large rrp mass, including the A1 and A?. bands; 
1279 events out of 1710. From Deutschman et al. (Aachen-
Berlin-CERN), Oxford paper 174/154. --
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Goebel has shown that no such enhancement occurs, 
1 

but Month 

and others very soon pointed out
2 

that there may be an enhancement 

from the triangle diagram of Fig. 4 . This is a generC~:lization of Fig. 3, 

in that M
1 

is still a real resonance, but M 2 < M
1 

is not necessarily a 

resonance. In fact M 2 can cover only a relatively narrow range above 

m 1 + mx threshold, -i.e., 

2 · 2 2 2 m1 2 
{ ) M <Mx + m 1 + m1+mx < 2 M

1 
fJ. ' (5) 

where 

This means that on a Da.1itz plot {Fig. 5 ) a~.banQ. of M~ near threshold 

will be highly populated. 

Th d . '' d '' . h. z f th e correspon 1ng . angerous range 1n t e mass s o e 

three- body final state (M2 + m
2

) covers the small range around m 1 + M
1 

threshold, i.e., 

This condition on s, in terms of the Dalitz plot Fig. 5, puts the Mi 

band on top of the shaded (i.e., enhanced} band near M2 threshold, 
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I have derived Eqs. {5) and (6) in Appendix I. 

Let us now look at the following possible cases: 

Candidate M1 m1 m M2 m2 X 

A1 p 'TT 'TT 'TT'TT 'TT Fig. b 
l!< 

E K K K KK 'TT Fig. t7 

For case A1, Eq. (6) gives 

2 2 .2 2 2 
(p + 'TT) < s < p + 11' + p :::; 2p • 

i. e. , · 

900 < .JS < 1080 MeV, ( 6') 

and (5) gives 

i. e. , 

i. e •. , 

i. e. , 

2 2 2 2 'TT 2 
('TT + 'TT) < M2 + < 'TT + 'TT + P ( P ), 

280 < M < 380 MeV. 
'TT'TT 

( 5') 

This rrtay indeed have something to do with the observed A1~ 

Case E is the most interesting. Equation (6) gives 

1386 < .JS < 1436 MeV, a range of only 50 MeV; (6' 1 ) 

990 < M _ < 1030 MeV. 
KK 

(~I) 
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This KK range (threshold to 1030 MeV} is precisely where there seems to 

be a RK resonance which could enhance the importance of the triangle 

d1agram. Further, the latest date> on the KKrr peak called E give a 

mass of 1400 and a width of 70 MeV, which is in remarkable agreement 

with Eq. {6"). Turn forward to the E Dalitz plot (Fig. 18 } for a striking 

manifestation of this behaviour. 

Other cases are discussed by Month, 
2 

but none seems to fit very 

well. At this instant I would guess that the triangle diagram will contribute 

to mesons, but will not explain them unless there happens to be a resonance 

in M
2 

near threshold. In this case you can think of the triangle enhance

ment in turn being enhanced by a final-state enhancement. So we have 

come to ar~ amusing full circle. We started off by ridding ourselves of the 

Peierls dragon, which was ·a triangle-like diagram involving two resonances, 

or more often the same one twice. Now we have created another dragon, a 

triangle diagram, again with two mesons, but with the new condition that 

the two mesons must be different, and the final one must be near t!nre-shold. 

Another case in which the triangle diagram must be important is the deuteron, 

discussed in the Appendix. According to this point of view, there will be 

- . . * * another KK1r bump E
2 

where M 1 is K (1400) instead of K (891), and 

M 2 is still RK ( 1000 ). . p - "}- -This bump w1th J = 0 , ,. , 4 , has a mass 

1900 < m{E 2 j < 2220 MeV. 

'J 
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C. The Deck Effect 
discussion of this 

I think discussion of the Deds.effect was stimulated by the dis-

covery of the A1 meson as a peak in the 'Tl"p spectrum near 'Tl"p threshold. 

Consider a very peripheral reaction 

'Tl"p = p' A, 

where A is some meson. By peripheral, I mean, of course, that the 

squa'l!.e of the four-momentum transfer t = (p' -p)
2 

is very small. If it 

were zero, then of course, A would necessarily have the mass of the in-

coming pion. Since t is small, then rnA must also be small. I am now 

going to show you two Dalitz plots to illustrate this effect: One of them 

really does illustrate it, the other may or may not- -the question is interesting, 

but complicated by a problem of even identification. To make 'the game more 

fun I won't tell you which is which. Figure 8 is the Dalitz plot for 8-GeV /c 

+ + 0 
'T1" p ... p 1 'T1" 'T1" • If we were dealing with a decay this plot would be a priori 

evenly populated (unit phase space proportional to unit •aJrea). But this is 

instead a reaction favoring very small t, and therefore favoring the min

imum value of m 2
(mr), i.e., favoring the very bottom of the plot. We see 

that the bottom is in fact overpopulated even below the p band, which ex-

2 tends only frorrt 0. 5 to 0. 7 (GeV) • It is interesting that one can extend the 

idea of small momentum transfers even further to explain why the highest 

population o£ the Dalitz plot occurs not only at the bottom, but at the bottom 

right-hand corner. Since we are dealing with a very soft collision, which 

cannot support large momentum transfers, not only does the proton hardly 

move, but the 'T1" + tends to retain its original momentum, so that the mass 

of the 'T1" + p system hardly changes. As we said, this condition, low + 0 
'T1" 'T1" 

mass, high '11'+1> mass, describes the lower right-hand corner of the plot. 
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But, as I warned you, attractive as. the argument above may be, it is 

probably irrelevant, since (as the authors point out) there is an even sim-

pler explanation for the population of events in the lower right hand-corner, 

namely that they are simply elastic diffrcction scatterings which are on the 

tail of the x2 
distribution or are slightly mismeasured, so that they fit with 

0 
an extra 'If • For these diffraction scattering, the proton takes very little 

energy, and can be very well measured; so, as we have just said, tlie mass 

of the recoiling mesons must be as low as possible, which describes the 

bottom of the Dalitz plot. And since the pion momentum barely changes, 

it is the right-hand side of the bottom in which these misassigned events 

appear. In summary, an excess of low-mass mesons may indicate mis-

measurements; if it does not, it may still simply be explained as the result, 

of peripheral collisions. Only if it has overcome these two obstacles does 

it sugge:st some new physics. 

We introduced the Deck effect because we needed it before we could 

discuss the A1, so let us get back to business and consider the Dalitz plot 

f + 0 + h . F" 9 or rr p - p p rr s own 1n 1g. • We see again that points seem to have 

"settled to the bottom11 of the plot, and it is hard to tell whether this is 

mainly due to the horizontal A1 and A2 bands, or simply to peripheral en-

3 4 hancement. Now the actual calculations by Deck, Maor and 0 1 Halloran, 

5 Wolf, etc., have all concerned themselves with the particular case in which 

the final meson A was a three-body state (because they wanted to explain 

the Ai), and have been fairly complicated calculations based on a specific 

model. But I think the discussion I have given above, applying to any number 

of final partic:les, describes the general Deck peripheral effect. To further 

complicate matters I should point out that independent of the Deck effect, 

the bottom of tHe Dalitz plot is available only to s -wave p 'If states, i.e., 

v 
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Jp = 1+, (£>0 is suppressed by angular momentum barriers), and finally 

that the whole edge of the plot is forbidden to about half of all production 

states, namely those in which the reaction has J p = 1-, 2 +, 3-. 
6 

Figure I-10a shows the result of a calculation of 'IT'p peripheral en-

hancement by Maor and O'Halloran. The' dashed curve is just phase space; 

the solid curve allows for peripheral enhancement. It is calculated assuming 

the one-pion-exchange (OPE) model sketched at the top of Fig. 10 and first 

used by Deck to try to explain the A1. The difference between phase space 

and the calculation is striking. The dot-dash curve is my quick-and-

approximate modification of phase space so as to make it at least consistent 

with small momentum transfers. 

It does not quite give the striking calculated peak, but it does show how 

much of this peaking is inevitable. (See Appendix II). Since it is so easy, I 

think it is time we experimentalists started plotting such "t-consistent" phase 

space along with our histograms. 

~( 

Figure I-10b shows how peripheralism can also enhance the K 'Tf system 

near K* 'Tf threshold, as seen in K+ p- K+ p 'IT+ 'IT-. It nicely predicts the K'Tf'Tf 

histograms of Fig. 57. 

We shall return to the Deck effect when we take up the Ai. 

Thi~ completes our discussion of mechanisms that could fake resonances 

(but do not seem to). I have already said that I feel that the triangle diagram 

will contribute to a resonance but will not explain it. And the Deck effect 

certainly beclouds the Ai and perhaps the B, but it has not yet explained 

them away. 



Fig. 10a. 

Fig. 10b. 

Fig. 11. 

Fig. 12. 
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Solid line is calculation of "Deck effec~" by M~or and 
0 1 Halloran (Ref. 4) for 3. 65-GeV /c rr p-+ pp Tr • 

Dashed line is phase space for comparison. Dot-dash 
line is phase space modified to be consistent with small 
momentum transfers, as described in Appendix II. 

Solid line is c-flculati~n by Maor and 0 1 Halloran for 
3.0-GeV /c K p-+ pK rr. Dashed curve is phase space. 

Scatter plots showing angular distribution of TrTr breakup 
as the TrTr mass rises through m . Left diagram is 
neutral TrTr combination (note the Panisotropy at the p ). 
Right diagram is charged. From Hagopian et al. (Ref. 12}. 

p Peak, events with equatorial decays are shaded. From 
Hagopian et al. (Ref;, 12). 

' 
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rr. ACCEPTANCE CRITERIA 

In general P 11 take a bump seriously if it behaves reliably, i.e., 

has shown up in two or more experiments, with consistent properties, and 

has a good enough signal-to-noise ratio to give us a chance to establish all 

its quantum numbers. 

Exception 1. I'll accept the new fl(1500- KK and R):cK, even though 

it has been seen in only one experiment. My excuse is that it so nicely 

+ completes the 2 nonet. 

Exception 2. We'll be particularly attentive to the unconfirmed 

... + + 
K·;

12
(1270 and K K (1280) states, because they are so interesting as 

possible heralds of unitary~ or E!.. multiplets. 

J 
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III. OU.AN'l'UM NUMBERS G, C, and A 

I'll need to use the following relations. 

Nonstrange neutral mesons are even or odd under charge conjugation 

C, so C = +1 or -1. To.save space on figures or tables we call these 

+ - 7 mesons C or C • Such neutral mesons have a G parity 
. 

I G=C{-1). 

If they decay into 2'1T or RK in a state of angular momentum 

so 

(7) 

L L, C = (-1) , 

(8) 

Even charged Y = 0 mesons in the same !-spin multiplet are in an 

eigenstate of G which is the same as that of their neutral member, and 

is given by Eq. (8). Multiplets in the same SU(3) supermultiplet do not 

have the same G; rather, their neutral members must share the same C. 

+ Again, to save space, please permit me to use C 01 C to refer to a whole 

multiplet instead of just its neutral member. 

The symbol A stands for ~.ne approximate quantum number of 

8 
Bronzan and Low, Peaslee, and Barton. Although it may ultimately turn 

out to be useless, it is currently a handy mnemonic for remembering why 

some decays appear to be suppressed. Even if it works, it should hold only 

for fairly low masses. Unlike G, A applies to all members of an octet; 

and is postulated to be as follows: 

A= + 1 

* <j>, p, K , also y 

f 

A= - 1 

1 
fl, 'TT', k, Tl 

w 

* f', A2, K ( 1400) 

D(E, A1, K ) c 
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The only glaring discrepancies today are for the two newest and 

+ heaviest members of the 2 nonet: f' is said to go to RK (A= +1) four 

_:;c * 
times as frequently as K K, and K (1400} seems to decay to Krr at 

least half the time. 
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IV. ISOTOPIC SINGLETS 

(These are 11, w, • • •, discussed in order of increasing mass.) 

I shall now start discussing each of the states listed in Table I. 

This is essentially the same table as will appear in the October 1965 

Review of Modern Physics, 9 and detailed references can be found there. 

I have no comment on this well-established state. 

0 ++ 0 S (720?, 0 ), also called e: 

Although my colleagues and I were not yet convinced enough to add 

s0 
to the Oct. 1 65 Tables and wallet cards, I should discuss it here. 

Evidence for s0(72.0) came both from bubble chambers and from a 

counters spark chamber experiment. 

1. + + + + In the reaction 'IT p _.. p p , the p _.. 2'TT decay, described in the p 

rest frame, 
2 

is found to be proportional cos 8, as we expect. But in 

the p 0 decay is asymmetric, and the easiest explanation is that - 0 TTp-np, 

p 0 is interfering with some s- or d-wave (I=O} 'TT'TT amplitude. But the inter-

ference does not change sign as the p passes through resonance, so the s-

or d-wave amplitude must be nearly in phase with the p at m = 750 MeV. 

Hence maybe the s- or d wave, too, resonates. This conjecture has been 

studied by Pati1
10 

and by Durand and Chiu 
11 

who find an s -wave resonance 

plausible. 
± 0 

Figure 11 shows the angular distributions of p and p as a 

function of m as pubYi.shed by Hagopian et al. (the Pennsylvania-Saclay-'TT'TT 
12 

Bologna Bubble Chamber Groups). 
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Table I. Mesons from Reference 9. 

Important decays 

Mass I(JPG)CA Symbol 
----~(~M~e~V~)--~·~=estab, 

r 
(MeV) 

(J14ass ,Z 
fiM

2
) 

(BeV) 2 
Partial 
modes 

Frac-
tion 
(%) 

0 pp~:x 
(MeV) (MeV/c) 

'1 548.9 0(0-+)C+A- '1!3 
±0,5 1---1 

w 782.8 0(1--)C_A_ 'l'V 
±0,5 1---l 

Xscale=1.9 

x• or 958,6 
i ±1,6 

<10 0,301 
4 0.01 

12,0 0.613 
±1. 7 0,019 

Xscale=1.2 

<4 o. 920 
<0,008 

See Table S 

+ - 0 
tr+rr_tr 
1T 1T 
neutral(1r0'V) 
T]tneutral 
Trt'IT:'V 
e+e-
fl fl 

'lfr-
1T 1T 'V 

88 369 
seen t 504 

9.6± 1 648 
<1, 7 234 
<5 504 
:=0,01 782 
<0,10 572 

76± 4 131 
24±4 680 
Xscale-1,2 

May be just large RK scattering length, see listings of data cards. 

1019;5 0(1--)C-A+ '1 
±0.3 1---1 'V 

Xscale=1. 7 

1253 
± 20 

D 1286 
±6 

E 1420 
(a) ±10 

f' 1500 

,.± 139.6 
,• 135,0 

765 
±3 

Xscale=1.3 

0(1 )CA- '1 

3.3 1,039 
±0.6 0,007 

118 
±16 

1, 571 
0.294 

40 1,65 
±10 0,105 

60 2,02 
± 10 0,17 

80 2,25 
0,24 

0,019 
0,018 

124 o. 585 
±4 0,173 
Xscale=2,8 

~~~~ 
"P +3rr 

,•.., 
11+neutral 
fltfl: 
e e 

1T1T 
41T 
KK 

KK 
KK*(890) 

See Table S 

41T 
"'I 
e+e-

38± 3} 23 
30± 3 32 
32± 8 117 
Xscale=1. 4 

<12 
<0.5 
<0,4 

large 
<4 
<4 

large 

885 
471 
808 

1018 

974 
695 
265 

154 

35 
293 

505 
111 

100 486 
<5 207 
<2 626 
:=0,0065 764 

327 
366 
380 
199 
366 
391 
377 

232 
459 

109 
126 
188 

501 
362 
499 
510 

611 
547 
386 

303 

151 
430 

561 
274 

357 
243 
370 
382 

KK 1003 1(0+-)c+ A+ " 57 1,006 K±K large 11 75 
~(_a2l __________ ~~~--~--nr-----"------------~10~4~--~'1-" __ 

0 
____ ~s~e~e~te2x2Ct. 315 333 

A1 1072 1(1+-)c,:-A- rr 125 1,150 £." :=100 167 231 
± 8 1-1 ,....._.... 0,27 KK <5 C forbidden for 

(b) Xscale-1.6 odd J 

B 1220 1(:;.:~.7+lc;;A + , ~25 1,488 "'" :=1oo 298 339 
H 1---1 ±17 0,31 1T1T <30 {Permitted only for 

xscale=2,2 KK <10 assignment, if J<3 
(b) 

A2 1324 
±9 

xscale=2,5 

K± 493.8 
K 0 497.8 

725 
(b) ±2 

K 891,4 
±0,8 

c 1215 
(a) ±15 

K 1405 
±8 

I 
"a 

K 

K 
'V 

.,;3/2( )A- K 
r--l ? ? 

90 1, 753 
±10 0,24 

0,244 
0.248 

<12 0,526 
<0,017 

49 o. 794 
± 2 0,087 
Xscale=1,1 

60 1,476 
±10 0,145 

95 1,988 
±11 0,27 

41T <50 662 528 

-=91 419 426 
5.5±1,5 333 439 ,, 3.6±3,0 636 537 
Xscale=1.3 

See Table S 

Krr "'100 258 
Krrrr <0,2 118 
"" <0,2 27 

Kp -44 
K*rr 184 

154 

288 
215 

82 

<0 
253 

610 

tReported values range between <0.5 and 11o/o, and depend on assumptions onp -winterferencc. 
(a) It has not been shown that this entry corresponds to a state with well defined quantum 

numbers. 
(b) It has not been shown that this entry corresponds to a state with well defined quantum 

numbers. See text for references suggesting alternate mechanism. 

A. H. Rosenfeld, A. Barbaro-Galtieri, W. H. Barkas, P. L. 'Bastien, J. Kirz, and 
M. Roos, 
UCRL-8030 - Part I, August 1965, 

MUB-3409 
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(720) 
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2 
An s wave decays isotropically, whereas p decay (cos 0) favors 

the north and south poles. Henr-e Hagopian et al. reasoned that they could 

improve the ratio of s waves to p by selecting equatorial decays. l'"1gure 12 

shows that with such a selection, the "p peak" seems to move down from 

760 MeV to 720 MeV, if one selects on small momentum transfer. 

This is whc:ore matters stood until I heard from Laurance D. Jacobs, 

of the Alvarez Group, who has analyzed about 2.25 times as many ,.-p re

actions as Hagopian et al., and at comparable momenta. 13 His data do not 

confirm the earlier result. In the smallest momentum-transfer group there 

is no trace of a shift of the p peak to low mass, although there is a slight 

suggestion of it in the range 4 m 
2 < t < 10m

2
• Jacobs has combined his data ,. ,. 

with Pennsylvania-Bologna-Saclay, 
12 

and the result is presented in Fig. 13. 

Let me emphasize that although Fig. 13 shows no net effect, there are 

suggestive unpublished data and there is no doubt about the forward peaking 

0 . ± 
of the p compared with the p , and hence that the qualitative argument 

for an s- or d-wave resonance, and the quantitative argument of Durand and 

14 
Chiu, still stands. Derado et al. have also fitted their data to the Durand-

Chiu model. 

2. The only real experimental evidence for a peak comes from the 

Pennsylvania spark chamber group, who measure ,.-p- n x0, x0- ,.0 ,.0 • 

(The p, of course, cannot decay into ,.0,.0 ). They see a nice peak at 700 

MeV, shown in Fig. 14. It is slightly bothersome that they see it well only 

at a 'Tl'p center-of-mass energy of 1920 MeV [at the peak of the A(1920) res-

onance] and do not see it above or below. 

Luckily they plan to run again within a month, with more sophisticated 

apparatus, so we should know the answer soon. 

0 ++ Very tentatively, I have put S in the 0 column. 
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Fig. 13. Same as Fig. 12, but left-hand peak (small momentum 
transfer) contains the 689 events from Fig. 12, plus 
902 events from Jacobs et al. (Ref. 13). Right-hand 
peak contains 489 events from Fig. 12, plus 645 from 
Jacobs et al. The lower solid curves are simply copies 
of the higher curves, scaled down so as to agree in area 
with the lower histograms. The low-momentum com
bined data no longer peak above the smooth curve, as did 
thP. n;:~t;::t for FiP. 12 alone. 



'· ;, 

Singlets w(783) 

- '23- UCRL-16462 

w(783, 1 

No comment. 

0 When first published, this meson was called X by the Brookhaven 

15 National Laboratory-Syracuse Group. But since it is now accredited as 

a heavy version of the T'l (the T'l 1 is mainly unitary singlet, the T'l mainly octet), 

let us call it T'l~· 

I would say no more, except that when we take '\lP triplets I must men-

tion that Maglic1 s mass spectrometer groups at CERN report a narrow bump 

in the negatively charged (X-) mass spectr.um at 960 MeV. This raises the 

question of whether Tl' really has I = 0. I think it does. The published 

references are already convincing. Further I remind you that T'l 1 was seen 

15 16 
J.n both Brookhaven National Laboratory-Syracuse and Berkeley exper-

iments, each involving 

(9) 

The Berkeley group also used deuterium, and have looked for 

(10) 

If 1)1 were really x0
1 (i.e., with I = 1), then X~ would necessarily 

be present in Reaction (10). With 24 000 pictures (1/5 the sample) processed, 

Lina Barbaro-Galtieri and Alan Rittenberg inform me that the I = 1 hypothesis 

- - 0 calls for 7± 1 events, and they find none that looks liRe X (959) - T'l rr rr • 

So I think T'l' is well understood. 

++ K
1
K 1(1000, 0 '>) 

The wal1et cards contain an entry K 1K 1(1000) classified as an I= 0, 

s-wave enhancement. You may remember several 1962 publications 17 based 

on 



Fig. 14. 

Fig. 15. 
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Neutron and 4"{ yield vs neutron time of flight or invariant 
mass. From Feldman et al., Phys. Rev. Letters 14, 869 
{1965). 

Dalitz plots for 'TT-p- KKN for beam momenta from 1.5 to 
2. 25 GeV /c. Note the threshold peaking in K 1K 1• From 
Alexander et al. {Ref. 15). 
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14 

p• > 1.95 BeV/c 1.8 

'Qzq. P,.>I.95BeV!c 

" 

Dalitzplotfor11'-+p-x0+1\+p. Phase
Rpaca curves arc normalized to the total number of 
t'V<>nls. Events for incident pion momenta, p", less 
than 1. fl5 BcV /c are projected separately. The shaded 
an•ns correspond top

11 
<1.78 BcV/c. See text for de

lnils. 

12 

·-·Ao·~G.O•i 0.4 1 

P.,<L95 ---A0·~4.0•o 0.4 f 

BeV/c -A0•!2.0•i 0.<~ t 

UCRL-16462 

1.8 

K 1 K 1 o4 
( I< 1 \(?.. \cu ctf<"-

-Ns<Jt.) 

Dalitz plot for 1r- +P- K1 + K1 + n. Each event 
yieldn lwo points on the plot. Phase-space curves (dot
ter!) are normalized to the total number of events with 
Prr>1.9~ BcV/c. T!':e effect of strongl=O, S-wave 
1\"R sc:1tterin~ is inCicated for several values of the 
complex ~c:-~ttr.ring length Ao=a0+ibo• See text for de
tails. 

MUB-8807 
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and 

0 -
- pK K • 

( 11) 

( 12) 

The neutral, but not the charged, KK spectrum showed a peak at 

KK threshold [see Fig. 15], so we guessed that the bump had I= 0. Unfor-

tunately there is no report on 

+ -0 ··: + 
1r p=pK K 

( 13) 

at the same beam momentum. If there were, we could look for c1. (KK)+ 

bump. Also we could hypothesize I(KK) = 1 and see if a triangle inequality 

is satisfied, as one did years ago when studying pion-nuclear physics. 

When we take up triplets you will see 1965 evidence for a charged 

K K bump at KR threshold. Is the guess of I = 0 for the older RK bump 

correct-are there really two independent RK threshold resonances? I thihk. 

so for the following reason. 

18 
Hess et al. of the Alvarez Group have new data on Reactions (11) 

and (12), this time at a beam momentum of 3.2 GeV /c, with statistics com

parable to their earlier work. 
17 

Again K 1K1 peaks at threshold, and K 1K 

does not. Moreover the K 1 K1 peak is very peripheral, suggesting 1T ex

change. This is consistent with the original guess of 0(0++). The other 

hypothesis, 1(0+-), is not coupled to two pions, so there could be no exchange 

of a pion (an TJ would work), and there remains the original difficulty of why, 

at two momenta, one sees neutral but not charged RK pairs. 

<!>(1020, 1--, 

Seems w~ll understood; no further comment, 

£( 1zso, z++) 

Seems well understood; no further comment till Section VII 
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A KK 1T peak at 1400 MeV called E was reported as early as the 

1963 Sienna Conference, but in the summer of 1965 two independent exper-

. 19 20 
iments, one by M11ler et al. {at Berkeley), one by d1 Andlau et al. 

(Paris, CERN, Liverpool), discovered that there were actually two adjacent 

such peaks, a narrow one at about 1280 MeV, r = 40, named D, and the 

slightly wider older E at 1420. This is shown in Figs. 16 and 17. That no 

charged D has been seen in either experiment strongly suggests I = 0. 

Figure 18 shows the D Dalitz plot. (The Berkeley data are in com-

!orting agreement.) Thert: are three ways to explain the enhancement. of low 

(KK) mass. (Aside to the hurried reader: I favor No. 2.) 

1. Assume that the Dalitz plot is a priori flat, i.e., that the D has the 

-+ -quantum number 0(0 . ), and then invoke the charged KK( 1000) state, which 

+- -probably has quantum numbers 1(0 ), to enhance tne low-energy KK band. 

Note that the D would then be a third Tl -like me son. 

2. Allow, but do not rely on, the charged RK(1000) tate with probable 

+-quantum numbers 1(0 ). Invoke p as the matrix element of the D, i.e., 
-'IT 

invoke an angular momentum £ = 1. With LKK- = 0, the D then becomes 
. 1T 

0(1++}. This assignment allows this KK1r resonance to take some advantage 

of l)oth the -KR ( 1000) and K ~(891} resonance, although it is 100 MeV below 

threshold, and seems to me to be the most likely situation. 

3. It is not possible to rule out a D-matrix element whose leading term 

is just p
2

. The D would then be 0(2-+). However, this seems artificial. 
1T 

w(1300?) 

Next we cHscuss a bump which is not on the Table of Mesons (Table I). 

In the reaction 

8 G V/. + A++ + - 0 
- e c 1T p - ~ 1T 1T 'IT. , 



Fig. 16. 

Fig. 17. 
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Codiscove.ry of the D meson. The pion beam momentum 
varied from 10 7 to 4.2 GeV /c. From Miller et al. (Rd. 19}. 

Codiscovery of the D meson; 1.2-GeV /c pp- KKmr. 
From D' Andlau et al. (Ref. 20}. 
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,.- + p -K~+K~+ ,.-+p 
-Kf+K-+,.o+p 

(BeY} 

it5~· 
~ 10 ' I 

t.. ll 22 26 Gev2 ° 

pp ... K~K!ii+il•n
t-- .. _ _J 

(BeY} 

(a), (b) and (c): Effective mass squared spectra for the DB..Itra.I, singly and doubly charged KRtr 
systems, i-especttvely, available from reactionB (1), (2} and (3). _ 
(d), (e) and (f) :Effective mass squared spectra for the neutral KKrrsystems from reactioos (1), 
(2) and (3) respectively. 
(g): Missing mass squared spectrum for the KfM system for reaction (4). 

MUB-8808 

UCRL-16462 



Fig. 18. 

Fig. 19. 

Fig. 20. 

Fig. 21. 
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D-meson Dalitz plot, from D' Andlau et al. (Ref. 20). 

N.rutral spectrum of three pions from 8-GeV /c 
1T p = .6.++1T+1T-1r0 , showing possible peak at 1300 MeV. 
This peak does not' show p structure. 

Neutral spectrum of three pions, showing possible peak 
at 1300 MeV. From Forino et al. {Ref. 22). 

Addition of the neutral spectra of Figs. 21 and 22. 
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Dalltz plot for the even~ in the D band 
(1.64< M2(K!(K±rr~ <1.72 GeV ). All kinetic energies 
are evaluaiect in the KK 1T rest frame. The contour~ to 
a high de!iee of accuracy independent of the mass of 
the KK1J system) bas been evaluated for M(KR'IT) = 

1290 MeV. 
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the Aachen-Berlin-CERN collaboration (ABC)
21 

mass 1300. See Fig. 19. 

In the reaction (Fig. 20) 

I + + - 0 
!4. 5- Be V c 1T d - pp 1T 1T 1T , 

UCRL-16462 

. + - 0 sees a peak 1n 1T 1T 1T at 

The Saclay-Orsay-Bologna collaboration (SOB)
22 

sees a similar peak. One 

would expect to find such a peak from the decay ,of A2( 1324)- p 1r, but the 

reported peaks show no p structure. Moreover ABC assume that the peak 

is AZ
0

, calculate how much A2+ they should see in 

1T + p - A+ A2 + , 

and find too little A2 +. 

I have added the ABC 
21 

and SOB22 data in Fig. 21. I. am not 

yet convinced that the combined peak could not be a statistical fluctuation. 

I admit that if the peak is real, it is not all AZ 0 • (ABC say its Dalitz plot 

suggests 1 or 3-. It is amusing that 1300 MeV is just the energy at 

which I proved in Section I that there is no need for a 1- bump. ) I would. say 

that the existence of w(1300) is still an open question. Moreover, it is hard 

for the casual reader to compile data, since he must first decide if the 

+ - 0 
1T 1T 1T bump is just A2. This is a question on which the individual claimants 

will have to cooperate.. Meanwhile I shall forget the w(1300). 

E(1400, 1++?) 

We have already mentioned pp captures leading to a three- body final 

state 

- 0 ± + pp- K K 1r , 

which yields evidence for the charged resonance RK(1000), to be discussed 

under 11 Triplets, 11 
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A study of five-body final states in the sa:ine film, 

- ± + + -PP- K1 K '11' '11' '11' , ( 14) 

0 ± + 23 shows the neutral K K '11' peak of Fig. 22, called the E Meson. It does 

not show up in the charged KK'Tl' distributions in annihilations leading to 

+ - + - 0 f h K K '!1' '!1' '11' , although these "no V" events are harder to ind, and t e sta-

tistics are still skimpy. If you will e:lance back at Figs. 16 and 17 you will 

see further evidence that the E exists and indeed has I = 0. 

Let us return to the E peak of Fig. 2.2. Its Dalitz plot is shown in 
):c 

Fig. 23, along with the relevant bands for K (891) and for the 

I= 1 RK (1000, o++?) state. About 100 of the 321 dots fall in the RK band, 

which occupies only about 1/10 the area of the plot; so RK (1000) is much 
):c . 

favored. By contrast the K bands appear unenhanced. Since we have 

guessed (see the next section) that RK ( 1000) is an s -wave KK state, we 

expect that the KK band should be evenly populated, Instead we find the RK 

angular distribution of Fig. 24, showing a considerable enhancement of 

equatorial decays. This effect can even be seen directly on the Dalitz plot 

as a clustering of dots where the RK (1000) band crosses the 45-deg line, 

i.e., the KK bteaks up as if trying to favor the simultaneous formation of 

* * . . two K 1 s. It is possible to invoke enough K amphtude to explam the RK 

* anisotropy without showing a noticeable enhancement in the K band? 

Remember from Section I that E is the meson most likely to be complicated 

by just this triangle diagram. Armenteros et al. have not yet produced a 

quantitative explanation, but my personal guess is that the orbital angular 

momenta can be as signed as in Fig. 2 5, yielding J p = 1 +. Then C and G 

are as follows: 
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Figs. 22 through 27. Various displays of the E meson. From 
Armenteros et al. (Ref. 23 and private communication). 
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1(0+) KK state alone: C = +1, G = -1 (see Eq. 8), 

0(1+) KK1r meson: C = +1, G = +1. 

Armenteros et al. quote mE= 1401± 10, r = 70± 10. There is 

actually some indepe.hdent experimental evidence fo:n.· C = +1, which I shall 

now discuss. (The reader who is not vitally interested in the E can skip 

- + - 0 to the next section, on the f' meson. ) Consider the sequence pp - 1T 1T E , 

EO- K°K
0 

1T 
0

• The two K 01 s produce the double-V events of Fig. 26 or the 

single V' s of Fig. 27. In Fig. 22 in the five bins in the E peak there are 

. ± + 0 
above background about 200 E' s seen to decay into K

1 
K 1T • Since K are' 

seen 1/3 of the time, 600 K°K± 1T t must have been produced. Since we 

postulate I(E) = 0, the RK pair must have I = 1, so our 6UO events can be 

± - + 0 -· 0 
written 1T (KK)I= 1, and must have been accompanied by 300 1T (KK)I= 1 

events. How many of these will yield double or single V' s? 

Hypothesis I: C(E) = C(KK) = +1; RK will then appear as K 1 K 1
: K

2
K

2
: 

KTK- in the ratio of i, i, 1. Of the K
1 

K 1 pairs, 4/9 will produce double 

V 1 s, and another 4/9 single V' s. So we expect 300X i X 4/9 = 33 double 

plus 33 single V' s. Figure 26 shows that it is difficult but not impossible 

to find 30 double V' s in the E region. Figure 2 7 shows that it is also hard 

but not impossible to find 30 single V' s. 

Hypothesis II: C(E) = -1. + - . RK will appear as K
1 

K
2

: K K m the ratio 

i: i, and 2/3 of the K 1 K 2 
will yield single V' s, i.e., we expect 

300 Xi X3/2 = 1GO single V' s. Figure 27 is really incompatible with 100 

events in the E band. 

We con<tlude that neither hypothesis fits satisfactorily (maybe E is 

not a meson!) but if we have to choose one, we 111 choose C = +1. 
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f'(1500, 2++) 

.Next we come to a meson whose discovery is even more recent than 

that of the E. It was just published by Barnes et al. 
24 

on August 16, 1965. 

They studied 4.6- and 5.0-GeV /c K-p- A KK{1T'), and found evidence for 

- ):c 
f1 - K 1K

1 
(see shaded area in Fig. 28) and f1 

- K K (see Fig. 29). The 

lowest Jp consistent with both these modes is 2 +, which assignment is borne 

out by their RK angular distribution (Fig. 30}. 

* - . Barnes et al. report a branching ratio K 1 K 1 : K K of about unity. 

Since K
1 

K
1 

is only -;} of a C = +1 RK decay, this must mean that RK: KK:.:~ 

is about 4:1. 

* Barnes et al. called their meson f , but since it really seems to have 

the same quantum number as f, I shall refer to it as fl, in analogy with 

"1 and ., 1• 

The fl is exciting because it seems to complete the 2+ nonet (see 

Section VII). Hence we shall put it on our list of states even though it has 

been seen in only one experiment. 

1T1T(1670?) 

There is one last possible I = 0 meson to discuss, namely a bump 

. + -in the 1t 1t mass spectrum at about 1670 MeV, which has been reported b~ 

three groups. Recently such a bump has also been reported in 1t + 1TO and 

- 0 perhaps in 1t 1t , so I think I should postpone discus s10n of it until we take 

up I = 1 mesons in the next section. 



Fig. 28. 

Fig. 29. 
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* Discovery of the KK decay mode of K (1400} by 
Barnes et al. (Ref. 24}. 

UCRL-16462 

-* * Discovery of the K K decay mode of K (1400} by 
Barnes et al. (Ref. 24}. 

Figo 30. Evidence for anisotropy (hence for Jp~2+} in K*(1400} 
decay. From Barnes et al. (Ref. 24}. 

.. 



29 

28 

tOS 8 

NUMBER 
OF 

EVENTS 

-39-

10 20 

Y0K"K" Dalitz plot for 162 events plotted 
twice. The dots are for events with only one K decay 
visible, i.e., K1-1r+ + 1r-. The crosses are for events 
with two visible K 1 decays. ln the M 2(KK) projection, 
each event is plotted once. The shaded area is for 
those events with two visible K 1 decays. 1n the M 2(Y0.h:") 
projection, outside the <P region, each combination is 
plotted as ~ an event. 
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The distribution of the angle between the in
cident r and one of the decay particles in the reso
nance rest frame. The coordinate system is shown in 
the inset. 

The M2(KK*) histogram for the 41 events in 
the AKKrr final state. The K* is defined to be between 
840 and 940 MeV/c2. 

MU B-8811 
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V. ISOTOPIC TRIPLETS 

(11', p, etc., discussea. 1n order of increas1ng mass.) 

Before s1:artmg through the list of mesons, I would like to present 

Fig. 31 prepared by the Maglic group at CERN, which nicely summarizes 

several papers that they presented here on results with their spectrometer 

for negatively charged mesons. 

Their p peak is uneventful. They see a narrow peak at 960 MeV, 

which suggests either the ,'(960, I = 0)( !) or the KK(1000) state discussed 

below. But as I mentioned when we discussed the ,, , it now seems to be 

firmly established that it does have I = 0. Their peak looks too narrow to 

be KR ( 1000). Perhaps more data will clear it up or clean it up, 

They see little A1 but a good signal for AZ. However, A1 is charac-

teristically produced at smaller momentum transfer than A2 (that is one of 

the reasons why people fear that A1 is just a kinematic effect). So perhaps 

the lack of A1 should not bother its proponents. 

They point out another peak near 1700 MeV, which suggests the 

11'11'(1670) which we are going to try to murder at the end of this section. 

My impression is that the Maglic spectrometer is a valuable tool, 

and will produce many interesting results, 

11'(137, 0 

No comments. 

-+ p(765, 1 ) 

The quantum numbers of p are well established, but reported values 

of its mass and width vary considerably, as Hlustrated in Fig. 32. Not yet 

on the figure is a. recent result of the Cambridge Bubble Chamber group26 
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for photoproduced p 1 s, namely m = 729± 5 MeV, r = 150± 15 .MeV. 
p p 

And at this meeting the DESY groups also reported a similar low p mass, 

although on more limited statistics. 

How much she>tild m wobble as t.he p interferes with background? 
p 

To answer this question, let us write a nonrelativistic resonant amplitude 

Ap = 1At:-i), where € = (E-mJ/rp/ 2• Then invoke a p-wave background, 

a + i b, so the total amplitude is 

1 
A = --. + .a + i b, 

€-1 

I 1
2 1 . a+ib 

A = --y- + 2 Re 7IT + constant 
€ +1 € l 

- -
1
- (1-2b+2a€) +constant. 

- €2+ 1 

We see that b only loWe:tiSJ the resonant peak, but a skews it to the right 

or left. If we neglect b and solve fox the maximum of the peak we find 

so if a is small the solution is € = (E-m }/r/2 = a, 
p 

i. e. , E-m =Th/2+···. 
p 

Thus if a= 1/3, so that Ia 1
2 

is 1/9 (nearly unobservable), we expect 

a shift in E of 1/6 r , or 20 MeV. Such a background seems a plausible 
p 

explanation for most of the reported masses. But the photoproduction result 

is about 35 MeV low, and would require Ia I to be about 0. 7, which seems in-

consistent with the experimentally small background. 

KK(1ooo, o++ 1 > 

When we discussed the singlets, we mentioned that since 1962 there 

has been known a large K 1K 1 interaction at about 1000 MeV, but that now the 

same enhancement is showing up in charged RK states coming from p 
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Fig. 31. Summary of negatively charged peaks seen with 
Jacobian peak spectrometer, in reaction lT-p- p x-. 

Fig. 32. Ideogram to illustrate the degree of statistical compat
ibility between experiments reporting the mass and the 
width of the p meson. From Rosenfeld et al., UCRL-8030 
Rev., March 1965 (unpublished). --

Fig. 33. Dalitz plot of 1145 events from to pp annihilation at rest, 
pp - K

1 
K± n+: From Armenteros et al. (Ref. 2 7). The 

KK spectrum of Fig. 34 is selected fromJhe lower left 
sector of the plot, thus eliminating the K' bands. 
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capture, 

:.-; 
The reaction is dominated by K production (see Fig. 3 3 }, but in 

27 - ± 
July 1965 Armenteros et al. published the (KK} mass spectrum of 291 

events with EK < 760 MeV. They saw one peak near KK threshold, and 

28 
another at 1250 MeV. A May 1965 Nevis report gives a spectrum of 

roughly the same shape, with 214 similarly selected pairs. 

The original data came from about 3/4 million p captures of the 

CERN-College de France collaboration, plus 3/4 million from Columbia. 

Since then the CERN-College de France group have doubled their data, and 

tre grand total from 2i million annihilations is presented in Fig. 34. 
29 

The 

sector-shaped "phase space" can be understood by noting that it is only 

events in the lower sector of Fig. 33 that are used. The two KK peaks are 

now quite convincing. The CERN-College de France groups fit the two bumps 

as Breit-Wigner resonances multiplied by phase space, and report 

Lower peak, KK(1003 ± 7 +systematic errors}, r = 57± 13, 

Upper peak, KK(1280 ± 6 + systematic errors), r = 130± 30. 

The upper peak (presumably the A2) actually appears in the histogram 

at 1250 MeV, and I must say I don't quite see how they correct it up to 1280, 

but this is the value that Astiex reported here at the Oxford meeting. 

The lower peak has a flat angular distribution, but since it call be 

1 3 
fed by both the s0 and s1 pp states, isotropy merely constitutes evidence 

for spin less than 2. 

The upper peak is anisotropic, but it is near the K* interference 

bands, and intel"pretation is difficult. 
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Next they try to gain more information on the spins from pp 

annihilations into K
1 

K
1

1T'0 . The trouble is that there are only 109 such 

events, compared with 516 with a charged KR pairs (partly because only 

3/4 of the double-V sample has been processed to date). We can assume 

p + + 
that the lower peak has C =·hi (J = 0 or 2 ) and calculate that in the same 

sample the ratio of K
1 

K
1 

to (KK)± should be 1/ o. Correcting for the 3/4 

ratio of samples, 1/6 decreases to 1/8. Thus corresponding to 143 (KK)± 
in the European sample 

pairs,/we should find 18 K 1 K.
1

' s, which is exactly what we see in Fig. 35. 

The statistics are so poor that this is only mild evidence for 0+ or 2+. I 

am inclined to classify the bump as o+ on the basis of prejudice however: 

a KK mass of 1003 is only 10 MeV above threshold, so that each K has 

only 70 MeV /c in the KK center of mass, and that seems a little small for 

a p- or d-wave resonance. We have also excluded 21T' and 31T' decay 

+- ~+ modes by chosing 1(0 ) rather than 1(1 ). Decay to 1T'TJ is, of course, 

allowed for 1(0+-), and would explain the TJ1T' "peak" summarized by Alitti et a1.30 

The Yale group54 also see evidence for a 1(0+-) enhancement. 

In summary we seem to have two KK(1001) s-wave enhancements. one 

in I = 0, one in I = 1, very reminiscent of the strong s -wave np attraction 

1 
in both the deuteron and the 1( s

0
) state. 

In addition to the difficulty that its mass seems a little bit low, there 

remains the question of whether the upper peak is consistent with the known 

branching ratio of A2 . t RK B tt· · t 1 31 · - "h"l t" 'ln o • e 1m~. have studied pp anm 1 a 10ns 

into four prongs; they report that 5.4o/o of captures lead to 1T'+1T'-1T'+1T'-, of which 

± + ± + 
about 60o/o seem. to be (A2) 1T' • Thus about 3.25o/o of captures lead to A2 'II' • 

Armenteros ~- found that 0. 56o/o of captures lead to (KK)± 1T' +, and Fig. ~4 

shows that a third of their sample seems to be A2. They then calculate a 

branching ratio 
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Fig. 34. (upper} Charged KK spectrum from pp capture; 219 
events f:ltom the lower right sector of Fig. 33, plus 297 
events more from new data of Armenteros et al., plus 
214 events from Barash et al. (Ref. 28}. --

Fig. 35. (lower} K
1

K
1 

spectrum corresponding to the 516 events 
of Armenteros et al., in Fig, 34 (private communication}. 

Fig. 36. About 2500 events showing A1 and A2 peaks, compilation 
made by S. Goldhaber (Ref. 33 }. 

Fig. 37. p rr+ S_pectrum of about 350 p captures at rest leading to 
p rr rr (four -prong} final states. From Bettini et al. 
(Ref. 31}. 
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+5 
= (5 _)%. 

This ratio has not yet been included in Table I, but it agrees nicely with 

the ratio of 6o/o reported there. 
\ 

A1{1080?, 1+-) 
A1, B, Kc 

Next we come to the first of three frustrating bumps /none of which 

I know how to interpret, and yet none of which can be explained away as 

statistical fluctuations. 

The first of these is the near -threshold p 'TT' bump called A1, and the 

question of whether it can be explained by Deck effect, as I discussed in 

Section I. I $hall discuss the data in three groups: 1. All the events pro

duced below 8 GeV /c. 2. The 8-GeV /c 'TT' + p events of the Aachen-Berlin-

CERN collaboration, whose Dalitz plot you have already seen in Fig. 8. 

3. The 16-GeV /c 'TT' +heavy-liquid diffraction experiment of the Orsay-Ecole 

Polytechnique -Milano -Saclay- University of California (Berkeley) collaboration. 

1. The "low energy" data have been discussed and summarized in 

two very nice reviews, one by Gerson Goldhaber, 32 one by Sulamith Gold-

33 ± 
haber. I have taken Fig. 36 from the latter. With 2500 'TT' p events, 

there is a distinct A1 bump, but it is sitting on top of so much background 

plus A2 that I do not know how to distinguish it from the Deck effect. One 

then hopes to get around the Deck problem by looking at pp captures. 

Figure 37 shows the equally discouraging results of Bettini et al. 
31 

in whidh 

they studied 5000 events with four outgoing prongs, and find that 60% of them 

seem to be AZ. and almost.none A1. 

As to sp;.n and parity: If the A1 is just a threshold p 'TT' peak resulting 

from tiny momentum transfers, the relative p 'TT' angular momentum will be 
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and s wave, and Jp will be 1 +. The actual Dalitz plot is perfectly consistent 

with s -wave decay. 

J""anos Kirz has suggested that we can trv to distinguish an A1 meson from 

a bump produced by one-pion exchange (OPE) by noticing that A1, if a meson, 

is !spin-forbidden to decay into p 
0

1!'
0

• 

0 - 0 We can produce A1 by 'TT' p- A1 n or its charge symmetric reaction 

+ 0 
'II' n- A1 p. The former is not useiul for bubble chambers because the sub-

sequent A1 decay into p O'TT'O would yield a second neutral particle in addition 

to the n; but the latter reaction is easily studied as 

+ 0 
'TT' d- pp A1 (A1-1) 

where roughly half the A1 ° should decay via P' 'TT' + 
. 0 0 

+ -half via p 'TT' , and none 

v1a p 'TT' • 

Reaction A1-1 can be further compared with 

:1: :1: 
'TT' p- p A1 

which (as shown in Fig. 38. 1a) should have half the cross section, with the A 

in turn decaying half the time via the visible mode p O'TT'±. 

So, if A1 is a true resonance, and there is not too much interference 

in its decay, we expect to ~ 

as 

i.e. 

+ -+ +- 00 + 0+- 0-
'TT' n - pp p , 'TT' : p 'II' : p 'TT' : 'TT' p - p p 'TT' 'TT' p - p p 'TT' 

1 z 1 z 0 

0 

.!. 
4 

1 

1 
4 

1 

By contrast, if the Ai bump results from the OPE diagram of Fig. 38.1 b 

(which is the Model used by Deck and the others), then we expect 

where u1, O'z; u3 are the experimentally known 1r N scattering cross sectl'bns 
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Fig. 38. Spectrum of 543 f>p 1T events showing the A1 and A2 peaks. 
From Deutschman et al. {Aachen..:Berlin-CERN). Private 
communication from D. R. 0. Morrison. Dot-dash curve 
phase-space modified to be consistent with the momentum 
transfer distribution, as described in Appendix II. The 
value '2,f the coefficient A, in e-At, was taken to be 10 per 
GeV /c • 

Fig. 38.1 Feymann diagrams used to predict different branching 
ratios for A1 decay (a) if A1 is a resonance, and (b) if it is 
a bump caused by one -pion exchange. 

ab In both (a) and ((3) top ve.rtices are the same if _we assume 
S {Pomeranchuk) exchange 1s small. Bottom vertlces: 

(a) n =Vi- p -p {f3) p Vi- p 
0p, So a{p +11'-): a(p -1T+): f3 as 

1:1: 1/2. 

b) Top vertices are again the same if we neglect s0 
exchange. 

Bottom vertices are known 1TN elastic cross sections. 
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+ 0 + + - -o-
1
(mr- p'TT ), o--

2
(p'TT _.·p'!T ), u3 ~p'TT - p'TT ). For example at m('TTn) = 1740 

MeV (T'TT= 1 BeV), u1= 4mb, u2 = 10, u3 = 21. 

Unfortunately there are not yet enough lata to test these contradictory 

predictions. 

2. In the 8 GeV/c"TT+P experiment of the ABC collaboration, 
21 

shown in 

Fig. 38 the A1 signal to noise seems to be a little better. Thus in Fig. 36 I 

count about 400 events in the A1 region, of which I would guess that 300 are 

background. In Fig. 38 I count about 80 events, of which about 50 are background. 

But the ABC group say that they have used Wolf's very careful version of the 

peripheral correction to phase space, taking into account various refinements 

involving particles off the mass shell, and they believe that background is the 

low dashed line of Fig. 38. If the calculation is right, then the A1 is real. It 

. seems reasonable to believe them until someone carefully studies the calculation 

and objects to it. 

3. An impressive sample of A1 events is shown in Fig. 39. It comes 

from the heavy-liquid bubble chamber experiment with 15- and 16-GeV /c'TT -. 

The experimenters look only at events with tiny momentum transfer, in which 

the heavy-liquid target holds together. One can regard such a collision as one 

in which no quantum numbers are exchanged except for angular momentum as if 

0 
a Pomeranchuk or S meson were exchanged; thus if the beam particle is a pion 

with Jp = 0-, then what comes off must be a member of the same pseudotensor 

series, i.e., - + -0 , 1 , 2 ,• ••• Hence the A2 cannot be produced but A1 stands 

out well. But, intriguing as it may be, peripheralism still raises its ugly head, 

and the whole beautiful peak may be only the result of tiny momentum transfers. 

At least this experiment reports a reasonable branching ratio, 
- 0 -A1-'TT p 

= 0 65 +. 25 
- - 0 • -.15 • 

A1-'TT p 
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Now there is no strong reason why this branching ratio should be 

exactly unity, even if A1 is a pure resonance with I = 1. Thus if there is 

some amplitude for 

+ A1-- :r so 
'T1' ' 

h S
o 1 d. . o + - 1 o o . w en is an isosca ar 1p1on enhancement, then S - 'T1' 'T1' : 'T1' 'T1' 1n the 

ratio of 2:1, so there can be an interference which moves A1- '11'±'11' +'11' j'A1-'Tl'±TTO'Tl'O 

away from unity. Nevertheless, since the Dalitz plot tells us that the decay 

is mainly into p plus '11', we still expect a ratio not too far from unity. 

So I shall leave the A1 in its tentative status in Table L 

B{1220?) 

I think that Nguyen Xuong named this 'Tl'W bump the B, and that in his 

mind B stands for Buddha. In my mind, at this instant, it stands for B~te 

Noire. Note that it is seen as a bump in charged 'Tl'W systems (Fig. 40), so 

I = 1, G = +1, and C{for its neutral member} is -1, the only such state known 

outside the vector nonet. Just as the A1 looks like an s -wave p 'T1' system 

p + 
(J = 1 } 100 to 200 MeV above threshold, the B looks like an s -wave W'Tl' 

system (Jp again 1 +) 250 to 300 MeV above threshold. Th J p 1+. e guess = 1s 

the easiest way to explain the absence of B- KK or '11''11'. The B has be en 

bothersome since the beginning, because its signal-to-noise ratio has been 

unsatisfactory, and experimentalists have worried about fake bumps introduced 

by selection criteria. 32 In an attempt to "purify" the sample, the Goldhabers 

et al. 
32

• 34 took advantage of the fact that the w Dalitz plot is peaked in the 

center (Fig. 41aand b). To their shock, the purified sample contained no B 

mesons (Fig. 42}! Conversely, the Dalit.z plot of w' s associated with B1 s 

was depopulated at the center (Fig. 41 c and d}. Although the depopulation 

is only about a two-standard-deviation effect, the Goldhabers arc making a 

survey of other data, and inform me that other experiments show the same 



Fig. 39. Spectrum of 
heavy liquid. 
Saclay- U. C. 
1965; 

-54- UCRL-16462 

+ - o I 1T 1T 1T made by 15- to 16-GeV c 1T on 
From the Orday-Ecole Polytechnique-Milan

(Berkeley) collaboration. Preprint, October 

Fig. 40. Mass distribution for wt1T. From Goldhaber et al. (Ref. 34). 

Fig. 41. a. Normalized Dalitz plot for all mass triplets with M(1r + 1T- 1r
0

) 
between 760 and 820 MeV. 
b. Radial density distribution for the data in Fig. 1a. The 
radius quoted refers to radius measured along the y axis. 
The areas are delineated by a curve of equal probablity for 
the w-decay matrix element. The dashed line represents 
the background estimate considered as isotropic over the 
Dalitz plot. · 
c. Same as (a) with the additional condition that 
1160 ~ M(41T) ~ 1300 MeV. 
d. Same as (b) with the additional condition given in (c). 
From Goldhaber et al. (Ref. 34). , 
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Fig. 42. Same as in Fig. 41 with the two regions of the Dalitz plot 
given separately. 
a. Pion triplets in the central region of the Dalitz plot. 
b. Pion triplets in the peripheral region ofthe Dalitz plot. 
From Goldhaber et al. (Ref. 34). 

Fig. 43. KK spectrum showing RK decay mode of A2. From 
Chung et al. , Proceedings of the 1964 Dubna Conference. 

Figs. 44, 45. Neutral dipion spectra showing possible peak at 1670 
MeV. Fig. 44 from Goldberg et al. (Ref. 36). Fig. 45 
from Allard et al. (Ref. 36). --
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trend, though perhaps not quite so strongly. So I would like to admit that 

the B is for me an enigma, and leave its resolution to the people who are 

in possession of the data. I shall let the old guess stand until then, but With 

the understanding that the B may turn out to be complicated--i.e., not to 

be a meson at all, or perhaps more than one. 

A2( 1324, 2 ++) 

This is a much simpler topic. 

The A2 peak dominates all the figures that I have presented while dis

cussing the charged KK(1000) and the A1 (with the exception of A1 produced 

by diffraction in the heavy liquid chamber, where there is a good reason for 

its nonappearance). I add only one r.pore figure (Fig. 43), taken from the ex

_periment of Chung et al., jS showing that A2- K
1

K
1

, and hence that its spin 

in + + 0 or 2 • + f' + . Its 'TT'p mode rules out 0 , ·1ts 2 nicely. 

The Al mass may come down considerably below the value of 1324± 9 

listed on Table I, since at this meeting the ABC group (Abstract 174) said 

that for their large, clean sample they found a mass m(A2) = 1280 ± ~O MeV, 

and a slightly' decreased width, namely r = 74± 23 MeV. The branching ratio 

into p 'TT', ,KK, and 11 'IT will be taken up whe~ we discuss the 2+ nonet, of which 

A2 seems to be: the triplet member. 

'!T'!T( 16 70?) 

The last Y = 0 meson candidate to discuss is one which, like w{1300}, 

will have to wait for more data before we put it on :rable I. 

I think the people who started the 'TT'+'IT-(1670) activity were Goldberg 

36 
et al. (CERN -Ecole Polytechnique collaboration}, who measured 

6 I + + --GeV c 'IT d - pp 'TT' 'TT' , 

d 11 d . 1·. 3 6 (0 '1 ). d an A ar et,,a ·~ rsay-M1 an;..Saclay , who measure 
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using the Ecole Polytechnique heavy-liquid bubble chamber. Having observed 

. + - . 
comparable features at Tr Tr (1670), they published together. The CERN-

Ecole Polytechnique spectrum is shown in Fig. 44, the Orsay-Mi lan-Saclay 

spectrum in Fig. 45. 

The Saclay-Orsay-Bologna collaboration studied 

+ + -
4. 5 Ge V / c Tr d - pp Tr Tr 

and recently gave further evidence for a Tr + Tr- (1670) object, 37 (Fig. 4·6.) 

All three groups point out that their Tr'TT' angular distributions are forwar.d

peaked (i.e., the beam pion tends to go forward) for most Tr + Tr- masses, but 

seem to become symmetric near the p, the f, and at about 1670 MeV. The 

p and f mesons seem to be produced by one-pion exchange with little back-

ground, and hence their angular distributions are symmetric. It was sug-

gested that the symmetry near 1670 stemmed from the same phenomenon. 

I decided to combine all these data. Since one of the groups (OMS} 

who reported the bump used 6-GeV/c Tr+n- pTr+Tr-, it seemed appropriate to 

ask the Penn,;..Sacla:y-Bolog1;1a1'o.r their preliminary results on the charge-sy.tr;me.t:r.ic 

reaction - + -'TT' p- nTr Tr • Selove kindly supplied the spectrum and angular dis-

tribution of 850 Tr + Tr- pairs. 

The combined data are shown in Fig. 47a. Apparently all the individual 

peaks did not occur at exactly the same mass value, because the 1670 peak 

seems to have s·moothed out. Nor does selecting on sm-all momentum transfer 

revive it~ 1 dd not think that the smoothing can be blamed on systematic m~ss 

errors, since the f(12.50) peak survives. Figure 48 dis:plays the individua~ 

asymmetry paf!meters, each with its dip near 1670. and the sum, which il!l 

quite smooth! Again, the sum behaves properly near the £. 
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Neutral dipion spectra showing possible peak at 1670 Mev. 
Fig. 46 from Forino et al. (Ref. 3 7). -

Fig. 47(a). COmpilation of the neutral spectra of Figs. 44, 45, and 46, 
plus 850 events from Pennsylvania-Saclay-Bolegna {private 
communication). 

{b) Addition of Fig. 46a plus charged dipion spectra of Fig. 49. 

Fig. 48. Asymmetry parameter {Forward-Backward/Total) for the 
data <;>f Figs. 44, 45, 46. 

Fig. 49. Charged dipion spectrum, showing possible peak at 1620 and 
1910 MeV. From Deutschman et al. {Ref. 38). 
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The next report on the '1T'1T{1670) bump comes from Deutschmann 

36 et al. (A-achen-Berlin-CERN), who·report two charged 'IT'!T bumps (one at 

1620, one at 1910 MeV) produced in the reaction 

I + + 0 8-GeV c 'IT p- p'IT 'IT • 

They::sa.y: t~at the effects are respectively 3.5 and 5 standard deviations {Fig. 

49), but they do not report dips in the forward-backward asymmetry. In Fig. 

47b I have added their charged data to the neutral 'IT'!T distribution of Fig. 47a. 

I find the result rather unimpressive, but I admit that one can question the 

addition of neutral and charged events. I hope the ABC group will combine 

other 'IT+ 'ITO data such as those of the Pennyslvania-Saclay-Bologna experiments. 

Note that the x- spectrum of the Maglic Group (Fig. 31) also shows a 

"bump" at about 1670. Finally, my theoretician friends tell me that the re-

currence of the p should show up at about this mass. To conclude the d1s -. 

cussion of the compilation of data on the '1T'!T(1670), I would like to make two 

general comments a bout com binin!! data. 

1. We should combine only "experiments" which are advertised to show an 

effect. We can dilute even the p or f mesons by adding experiments in which 

they happen not to be produced. But· by the word "experiment" I mean not only 

the sample of data reported in a given claim, but also all other :data gathered 

under equivalent conditions: the same conditions of beam momenta, event 

selection, etc. 

2. The actual task of combining can be simplified by using the Ideogram 

Block of the well-known program SUMX. Thus the data of Figs. 44 and 45 

we,re reported ih 50-MeV bins, those of the Fig. 46 in ZO-MeV bins. One can 

key-punch these, (events/bin, bin central value, bin width) and let SUMX 

eombine the i1'1p* into reasoRable -si~ed bins for output. Strictly speaking, one 
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should combine the data as square {not Gaussian) distributions, but that would 

involve writing a special block, and there is very little error introduced by 

just using the existing Gaussian ideogram block. If an experimental group 

"confirms" a previously published effect, I would urge them to combine their 

data with older results. 
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VI. ISOTOPIC OOUBLETS 

(K1 s discussed in order of increasing mass) 

No comment. 

You will remember that K is at best shy, at worst, deceitful. It 

has shown up decently in only four experiments, of which the latest is a 

I + 39 3.0-GeV c K run of Ferro-Luzzi et al. at CERN. Even in that run the K 

was seen only in five ~)body final states, 

I + 3.0-GeV c K p- pKrrmr. 

The K disappears if one increases the 0 value either (a) by looking 

at four-body instead of five-body final stat'e:s or (b) by raising the energy to 

3.5 GeV /c. In the older experiment it also disappeared quickly as the beam 

momentum varied. '!'he K peak in the 3 -GeV / c K -r data of Ferro-Luzzi et al., 

and the no-peak at 3.5 GeV /c, were each based on about 400 events. At this 

meeting, Erwin and Walker (Abstract 156) commented that they have now 

analyzed 3000 such events as· 3.5 GeV /c and continue to find no ~e. 

Month, the triangle-singularity enthusiast, has suggested that the K 

in the 3.0-GeV /c K+ experiment could be explained as in Fig. 50.
40 If so, 

>',c 
then by Eq. ( 6) the whole K 'TT'TT'TT system should peak up at ::::::: mK + m'TT, and by 

Eq. (5} the two non-~e pions should peak near threshold. The CERN group 

have not yet made these tests. To my mind a serious objection against Fig. 

* 50 is that we know (see, e. g., Table I) that the branching ratio for K - Krr'TT 

is less than O.Zo/o, so I cannot see how this triangle term can be important 1n 

the overall process. (Note added in proof: Bob Jongejans of the CERN group 

reports that these tests have now been made; neither of the predicted peakings 

is observed). 
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I really have no idea whether or not the K bump is a resonance; 

its tiny production cross section makes it hard to confirm or to deny. But 

I would like to plot it as a possible square on Fig. 61, so I should guess a 

most likely' Jp if it is a resonance. 

the easiest guess is Jp= o+. 

K*(1170?) 

"'c 
Since K" (891} does not decay into K'IT', 

Here we come to a bump which seems to be wearing out. It was first 

seen by Wangler et· al., 
41 

who had studied 

3.0-GeV/c '11'-p- {A or L:} K'IT''IT', 

and in a sample of 164 events found a peak at 1170 MeV (Fig •. 51}. There did 
•'c 

not seem to be a corresponding K'IT' peak, and there see~ed to be no K., struc-

ture in the K'IT''IT' peak. 

42 I Hardy et al. soon reported 96 events at 2.8 GeV c and 141 events 
, .. 

at 3.0 GeV/c that did not show the K"(1170}. In addition they had 1100 events 

at 3.2 GeV /c that showed nothing (Fig. 52}, so the K*{1170} looked as if it 

would never get off the ground. Recently it has received a boost from Miller 

et al. 
43 

(Purdue}, who analyzed 242 events at 2. 7 GeV / c (see Fig. 53). 

I have plotted tlie sum of all these data as Fig. 54. The dashed line is phase 

space uncorrected for peripheralism, which we now know may be an important 

mistake, so I have made a correction as a crude guess. I cannot work up the 

enthusiasm to do much more than guess, because I can't convince myself that 

~( 

it is very likely that the K (1170} has very long to live. 

* Kc(1215?\ 

This i!S the name I would like to use for the "C meson" of Armentel'os 

et al. 
44 

(then all K mesons will have the name K}. You will remember that 

it seems to show up in neutral K'IT''IT' spectra from pp annihilations at rest, 
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Fig. 50. Triangle diagra:rr sugges~ed by Month (Ref. 40) to explain 
production in K p- p K ,.,.,._ 

Figs. 51, 52, 53. K1T spectra giving evidence for and against a bump 
at 1170 MeV; Fig. 51 from Wangler et al. (Ref. 41 ), Fig. 
52 from Hardy et al. (Ref. 42), Fig. 53Trom Miller et al. 
(Ref. 43). -
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KTT spectra giving evidence for and against a bump at 
1170 MeV. Fig. 54 is the sum. 

Fig. 55. KTTTT spectra from pp capture at rest. From Armenteros 
et al. (Ref. 44). 

Fig. 56. 

Fig. 57. 

Fig. 58. 

* Original announcement for K (1320), from Alnieida et al. 
(Ref. 46). 

N~gative result on K*(1320), with 10 times as many: events. 
K TT mass spectra from Jongejans et al. (Oxford, Abstract 
127). --

Comparison of 5-GeV /c K data of Jongejans et q.l. and of 
Almeida et al. 
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(see Fig. 55). It has also been seen by Barash et al. 45 in the same reaction. 

The neutral and charge¢1 Kmr spectra differ more than can be accounted for 

by statistics, but there is not yet one favored explanation, and so I shall not 

talk about it very much. The owners of the bump say that they are still 

quite confused. The difference between charged and neutral spectr.a may be 

a property ofthe neutral K;r,. system, or it may be an interference with 

bumps in the 'charged K;r,. system. 
)'C 

Further, if the K~/ 2(1270) bump of 

Section VII turns out to be real, it will complicate the situation. Armenteros 

et al. have new data equal in number of events to those in their first publi-

cation, already on data-summary tapes and ready to be analyzed, and this 

may help clarify up the situation, even though ibis already clear that the 

bump is not just a statistical fluctuation. However for my summary Fig. 63 

I want to make a best guess· for spin and parity for the Kc. The mass of 

K is 44 MeV below the threshold for decay in to K plus p, nevertheless 
c 

the Dalitz plot shows that the decay seems to be mainly Kp, presumably 

S-wave. Hence I shall make my standard guess for a meson which decays 

p + 
into three pseudoscalars, namely J = 1 • 

Here is a claim we can just bury and forget. For those who happen 

to remember a Physics Letter by Almeida et al. 
46 

(Fig. 56}, the history is 

as follows: There was a series of K+ runsat CERN at 3.0, 3.5, and 5.0 GeV/c, 

of which Almeida et al. analyzed about 10o/o of the film. At this meeting 

(Abstract 127) 1ongejans et al. reported on the remaining 90% (Fig. 57). 

There is indeed a tendency for K),'c,. to peak up at low mass, but the peak 

moves around a!> the beam momentum varies. Figure 58 is an explicit com-

parison of the 5-GeV data consisting of 197 events of Jongejans et al. and 41 

events of Almeida et al., selected according to the same criteria. 

The Goldhabers remarked that they have also about 400 events, which 
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behave in the same way as those of Jongejans et al. 

~c + 
K (1405, 2 ) 

This higher K'TT bump was first published by Haque et al. 
47 

{British CQllaboration), produced by-3.5-GeV lc K- on protons; see Fig 59. 

They published in February 196 5. They could not determine its I spin, ·but 

saw decay anisotropies which ruled out a scalar state, and mildly favored 

* They saw some indication of a K 'IT decay mode. 

A'month later Hardy. et al. 48 (LRL) published further evidence of 

K~c( 1405) p_roduced by· 3.9- and 4.2-GeV I c 'IT-, as shown in Fig. 60. They 

gave good evidence that the I spin was i, .. but again were unable to rule out 

a spin of 1. 

In J-une Focardi et al. 49 (Bologna, Saclay) showed that it was also 
.... 

produced by 3-GeVIc K-, but although they had as many· K'''(1405) events 

as the previous two experiments combined, the background was worse, so 

they were not able to contribute new information. 

50 
In August Chung et al. published additional careful work on the 

branching fractions 

·l· I ~c I I KT)<-a.~·Kw< 1 3, K 'IT< 2 3, Kp < 1 12, 

and then at this meeting there were many reports: 

Segar (Abstract 150) reported on the continuing work of the British 

p + ~c 
collaboration. Their data again mildly favor J = 2 • They see K (1405) 

production by 6 -GeV I c K-. They report 7u evidence against I = 312, 

m = 1402 ± 0. 008 MeV, r = 140± 20 MeV 

and the branching ratios 

* K'TT 
1<1T = (30± 10) o/o; ~ < 10o/o. 

K'TT 
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Fig. 59. KTT spectra, showing K*(1400). Fr oin. Haque et al. 
(Ref. 47). 

60. * Fig. KTT spectra, showing K (1400). From Hardy et al. 
(Ref. 48). 
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The Goldhabers (Abstract 160) stq.died 4.6-GeV / c K+ and see K~c( 1400) 

with a good signal-to-noise ratio. Their data also favor Jp= 2+. 

The Brussels-CERN collaboration (Abstract 1?7-29), working on 3.0-, 

3.6-, and 5.0-GeV /c K+p data, report a branching ratio 

':C 
K rr/Krr = (70 ± 15)o/o, Kp /Krr < 10o/o. 

The Aachen-Berlin-CERN 8-GeV /c rr +collaboration see both K:::Tr and 

some Kp decay modes, but do not quote quantitative results. 

+ We shall see in Section VII, where we discuss the 2 nonet, that 

t.c 
Glashow and Socolow want r (Krr) = 42 MeV, r {K rr) = 26, r (Kp) = 8, in 

general agreement with the available data. 
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VII. THE Jp = 2+ NONET 

At this point in our methodical trip down the list of mesons we arrive 

at unfamiliar multiplets which cannot belong to unitary singlets or octets. 

Accordingly we have an excuse first to stop and try to classify what we have 

discussed so far into possible nonets. 

When 1 started thinking about this talk it rseemed that at this point I 

would come to the most important part, the discussion of the 2+ nonet, but 

fortunately this has been beautifully done by three articles which appeared 

simultaneously in the August 16 issue of Physical Review Letters. 

Let me remind you of the situation before August 16, 1965. In order 

of decreasing mass, we had the following Jp = 2 + candidates: 

* Jp 2+ K (1405) - Krr = ' 

A2(1320) ?RK, 3
PG +- c = +1., - p ll', = 2 ' 

f (1250) - 'TTl!' J 3
PG 

= 2++ c = +1. 
' 

From the top two we could use the Gell-Mann-Okubo mass -'squared 

formula for an octet, 

K = 3m8 + A2, 

to calculate that if the f completed the octet its mass would have to be 1435 

MeV [1 have used the notation of Glashow and Socolow 51 that A2 means the 

square of the A2 mass, K means the square of the rrias s of the appropriate 
)'• 

K, i.e., K ··(1405, etc.]. 

Hardy et al. 
48

, and .others,5 ~ad already pointed out that to form a 

nonet we badly needed another 2++ isosinglet f 1 with a mass m ~1435 MeV. 

There ~as also a worrisome discrepancy (indicated in the list above 

by the ? before the KK decay mode of A2). In a preliminary paper on the 
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AZ given at Dubna, Chung et al. 50 had reported (A2-KK)/(A2-+1Tp) = (3U± 7)o/o, 

whereas data from the 8-GeV / c 1T + run at CERN showed almost no RK decay 

mode of A2 (At this meeting the Aachen-.oerlin-CERN groups reported the 

branching ratio of (2 ± 2)o/o- Abstract 117). 

S( now we come to the August 16 Physical Review Letters~ 

24 . 
(aJ Barnes et al. announced the discovery of the badly needed f'. This 

we have already discus sed near the end of the Section IV on singlets. 

(b) Chung et al. 50 announced that they had found a mistake and that the KK 

branching ratio of A2 seems to be (6± 2)o/o. They then gave the r.esults of a 

thorough study of all the branching ratios of the 2+ mesons. Incidentally, you 

will remember from our discussion of.the KK peaks at 1000 and 1280 MeV 

seen in pp captures, that the higher peak corresponds to an A2 branching ratio 

into KK of about (5±4)o/o, so that all these ratios now seem reconcilable. I 

should also point out that the old 30o/o branching ratio of A2-+ KK was the most 

glaring contradiction to the Bronzon-Low approximate quantum number A, 

which now has a new chance of success. 

(c) Glashow and Socolow
51 

point out that the 15 known two-body decays of 

the proposed z+ nonet can be described with only three coupling constants. 

Using three of the decay rates as input, they find that they can fit the remaining 

12 to within a factor of two--see Table II, which is taken from their article. 

The reason that there are only three coupling constants is as follows: 

The observed decays are either of the form 

or -+ 0 1 

where the symbols z+:· 1- stand for unitary nonets, Glashow and Socolow write 

the octets parts of these nonets as T 
8

, V 
8 

[T.for Tensor, V for Vector]. The 

symbol 0- stands for a pure unitary pseudo scalar octet, P 
8

, i.e., they neg• 

lect 1111' coupling mixing. 

The only octet -+ octet + octet interactions (invai'iant under unitary 
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symmetry) could be written as the two independent traces Tr (TPV) or 

Tr (TVP), but it is more conventional to write them in the pure symmetric 

and antisymmetric forms: 

D - type: Tr (T(PV + VP]) 

F - type: Tr (T(PV - VP]) 

The singlet- octet + octet interaction is just Tr (VP). 

Then it would appear at first that we have to consider three couplings 

for decays into P+V, and three more for decay into P+P. But, of course, the 

antisymmetric coupling vanishes for P+P. Further, notice that Tr(TPV+ TVP) 

is odd under charge conjugation, so only the anti symmetric term can ente1, 

leaving us three terms in all, which is what we set out to explain. 

The "Observed Rate'' column of Glashow and Socolow (Table II) includes 

the new ratios of Chung etal., butthereareafewnewer facts. Barnes et al. give 

* r(£ 1 ) = 80 but can quote no error, and say f'-RK: f-R K=4:1, and if the nonet 

is really described by Table II, then £ 1 -+'Tf'Tf is indeed small. So in the line 

£ 1-RK we can replace "seen" by 4/5 of:::: 80-MeV or:::: 64 MeV (fair agreement), 

and for f'_.. :K':cK we can insert 1/5 of:=::80 MeV or:=:: 16 MeV (good agreement) • 
.... ,~( 

For K-·· it looks as if the new world average r will be about 100 MeV, and 
.......... "'!t ........... '"''c: 

K,. .. ,._(K-·'TT) :K·--··-(K'TT)=1:2. So r(K,'TT) becomes ::::33 MeV, again in good agree-

ment with the prediction. 

My general conclusion about the new 2 + nonet, after having read all three of 

the papers just enumerated, is that I would be willing to bet 50-to-1 odds that these 

2+ assignments are correct. 

Glashow and &:lcolow point out considerable similarities between the 1- and 

2+ nonets: (a) FQr both, the heavier ofthe two isotopic singlets (!j> and £1) seem to be 

mainly unitary s'i'nglet and to decay mainly into KK pairs rather tnan nonstrange 

mesons. (b) 'I'be relative masses oftheir other members are similarly arranged, as 

illustrated in Fig. 61. (c) The degree of mixing between unitary singlet and octet 

is nearly the same in each nonet. 
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Table JI:. Decays· of the JP = 2+ nonet, fro""' CJ..\a:. how 4 .S u c: o \ o 'IV 

Decay 
mode a 

Rate divided by phase space 
Form in 

General formb 
terms of 

F 2,H2 onlyc 
Phase 
spaced 

Predicted 
rate 

(MeV)e 

2 IV\p~.<~ ~ J-rr+rr 3(2FsinB+GcosB) 35.7F2 53.6 100 
J-K+K 4(FsinB-GcosB)2 15.2F2 5.3 2.4 
f-TI +Tj (2F sinB-G cos8)2 2.1F2 1.5 0.2 

A 2 -JT+Tj 8F2 8F2 25.2 11 

Observed 
rate 

(Mev)f 

100 
<5 

N.l. 
5±2 
f:± 2 

15 
A 2-K+K 12F2 12F2 9.2 I""r~ ~ 

K**-K+JT 18F2 18F2 45.1 42 -
K**- K +T) 2F2 2F2 13.7 1.4 <38 

f'-rr+JT 3(2FcosB-GsinB)2 o.3o.F2 101.8 1.7g N.l. 
f' -K+K 4(FcosB+GsinB)2 20.8F2 28.4 31 seen 
j'-Tj+1J (2FcosB+GsinB)2 9.9F2 17.9 9 N.I. 

Tot.,; 
f;..;t'Jilr 

T' 

ll '3 

~0 

<lJS' 

'60 

IU!+S! __ oro A2- p + 1r 4H2 4H2 13.2 ---;:> 70 ~---
K**-K*+JT 1.5H2 1.5H2 13.3 26 
K**-p+K 1.5H2 1.5H2 3.9 ~ 
K**-w+K 1.5sin2cp~ 0.62H2 3.1 2.5 

J'-(K*+K+K*+K) 6cos2BH2 4.51i2 2.8 17 

aAll charge states are included. K** is called K*(1430) in the text. 
bo and <P are called 82 and B1 in the text. 
ewe have set B = 30°, <P = 40°, and G = 212F (see text). 

I 

;I!)± 25 
<6 

<25 
seen 

dOur phase space is p 5/M 2 (in units of 10-3 BeV3). for the two-pseudoscalar-meson decays and p 5 (in units of lo-3 

BeV5) for the other decl!-ys. 1 a.-~. i.Mc.littc.hd 6-.t ~, . 
elnput values are underlined~ Two distinct solutions for F and G will fit the input data; the one with F /G < 0 is 

totally unacceptable and has not been displayed~ 
fwe assume total widths off and K** are 100 MeV, and A 2 is 80 MeV. The branching fractions were provided by 

Janos Kirz, private communication. The quoted errors donot include uncertainties in the total widths. N.I. means 
no information is· available. 
gTh~ degree of suppression off' -1T + 1r is extremely sensitive to the input. 

Dt> 

'60 

I 
-.J 
Oo 
I 

c::: 
() 

~ 
L< 
I ...,.. 
0' 
~ 
0' 
N 



-7'9- UCRL-16462 

VIII. THREE NONETS AND THE LEFTOVERS 

Figure 61 is my attempt to summarize our discussion on singlets, 

triplets, and doublets. As you can see I have divided mesons into two groups, 

those with CP = +1, and those with CP = -1. The motivation for this is a 

model, which probably contains quite a lot of truth. Let us construct mesons 

out of fermion-antifermion pairs, which I'll call pp for short. (In his 

Oxford paper Dalitz calls them quark + antiquark, and makes quantitative use 

52 -of such a model, and others have done the same. The two s -wave pp 

states are 1s
0

,which has the quantum numbers of the 11 or 1T (depending on 

whether you chose I = 0 or 1), and 
3s

1
, which has the quantum numbers of 

w or p. This is illustrated in the · 
1sb and 3s1 lines of Table Ill. For pp 

pairs, C is given by the relation C = (-1)L+S, and for s-wave pp pairs, 

L = 0. 
. 1 3 

Note then that s
0 

has CP = -1, s
1 

has CP = +1. People have 

been pointing out for years that there could be another "abnormal" set of 

pseudoscalar and vector mesons, with their C eigenvalues reversed, i.e., 

0-, C = -1, and 1-, C = +1, which could not be formed from pp pairs. 

But since nobody has yet produced such abnormal mesons, the model actually 

has some content. I am making such a fuss about C, because it is C, and 

not G which is common to nonstrange mesons in the same supermultiplet. 

We can now go to construct scalar, axial, and higher mesons by 

introducing orbital angular momentum, as illustrated in Table Ill. There is 

no point in going beyond D waves, because by that time we are simply 

generating stat$s which either are redundant, or are Regge recurrences of 

lower states. Note that as we go from S to P to D, the parity and 

C-eigenvalue both change sign, so that the product CP is invar1am. 
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Table III. pp model !or CP= -1 and CP=+i mesons. 
New, repeat, 

pp 
Jp 

or Regge 
Series State c CP recurrence Example 

Singlet is 0 +1 New ,, 'IT 

(CP = -1} 
0 

ip 
1 

1+ -1 New 

1D 
2 2 +1 Regge (0-) 

Triplet 3s 1 -1 + New w, p 
(CP=+i) 

1 

3p 
0+ 1+ 2+ +1 New, New, Regge 0, 1, 2 , , + 

(0 +) 

3D 1-,2-,3 -1 + Repeat, New, 
1, 2, 3 Regge (1 -) 



"Triplet Series"~ CP=+I 
0 
~ 

+ 
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"Singlet Series" CP=-1 

+ 

3.0 
o I= 0, singlet 

lJ. I= I , triplet 

2.5 c I= 1/2, doublet+ anti-doublet 

m8 Mass2 calculated from 
" " " 4K=3m 8 +rr 

~ 1 Mass2 of unitary singlet 

1.5 

1.0 

0.5 

MU 8-8630 
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Let me illustrate the meaning of the symbols as I discuss each 

possible nonet in sequence, starting with 1-. 

For 1 I think there is 
.p 

no doubt about the J assignm.ehts. I 

have drawn the two singlets w and <j> as circles, the triplet as a triangle, 

0 +,...,..() --and the K's (K , K K , K ) as a square. From the Gell-Mann..;..Okubo mass-

squared formula for the octet one can calculate m
8

, the mass of the iso

singlet that belongs to the iiDitary octet. The observed mesons, w and <1>, 

then come from solving the eigenvalue equation 

~8 - A 
... 
m18 

= 0, ... m.- A m18 1 

where m1 is the mass
2 

of the unitary singlet and m18 is the mixing term. 

The solution is 

so 

& 1+ m.
8 
±\( & 1+ m.8 -4{m1m.8 -m.~8 ) 

2 
( 15) 

i.e., the pattern is symmetric about m, both for A+' A and m1, &
8

, so 

and m
1 

can be plotted by inspection. Figure 61 shows that the mixing is in 

fact. quite large• for 1-. 

Next lE!t us consider the Jp = 2+ nonet of Settion VII. We mentionetl 

there that the distribution of masses in the 1- and z+ nonets was very 

similar. So t ):ind that I can join the two corresponding· K states and the two 
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corresponding 'TT states with parallel lines. (Actually it will probably turn 

out that the new 8-GeV / c 'TT + p data on A2, and its KK decay seen in pp annihila-

tions, will lower to A2 mass to about 1300 MeV. That will make the lines no 

longer exactly parallel}. The octet mass m
8 

is just a linear combination of 

triangle and square, so naturally they also are related by the same slope. 

Next comes the question of where to plot all the 1+ mesons and bumps. 

Remember that really only the Dis in good repute, and it can of course, be a 

unitary singlet, quite unrelated to any octet. But with all this uncertified 

{and probably unsafe) building material lying in the 1 + bin, let us try to con-

struct an octet or nonet. I have no way oftelling whether K belongs to the 
c 

CP = +1 or -1 groups, but I cannot build a nonent with D, E, and A1 without 

- 58. 
a K, so I choose CP = +1. As yet I have no idea where on the figure to draw 

the vertical line labelled 1 +, but I notice that the A1 and K will lie nearly on 

the 'parallel sloping lines if I choose a place halfway between 1- and 2+. 

Here I try to erect a shaky structure, but it fails to fit together because m
8 

seems to be slightly below D whereas Eq. (15) shows that the observed 

mesons are repelled, i.e., that m 1 and m
8 

must lie inside of A.+ = E and A._= D. 

However, the discrepancy is only one standard deviation, and as Glashow and 

Socolow remark, with all this building material, it still seems likely that a 

nonet will eventually emerge. 
I . 

Stanley Flatte has calculated the equivalent of 

Table II (i.e., has used the prescriptions of Glashow and Socolow to calculate 

the branching ratios for the decay of a 1 + nonet into a vector nonet plus a 

pseudoscalar octet. He finds that the decay rates are as consistent with the 

octet assignment (A1, K , D) as would be expected when one realizes that the c . 

effects- of final-state interactions and virtual vector mesons have not been 

aken into account. 
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He points out that if m
8 

falls just at mD' then there is almost no 

mixing, hence the E will be almost pure singlet and will be C- forbidden to 

- - - + . decay into 1 (C ) plus 0 (C ), for the same reasons we mentioned 1n our 

discussion of the 2+ nonet. Hence E decay must be· considered as E- (KK) TT, 

... 
with K'"R enhancement attributed only to final state interaction. Flatte 

discusses this further in Alvarez Memo 579 (unpublished). 

Next come the leftovers with Jp = 0+, and again the difficulty is the 

same as for 1-: there are enough building blocks, but m
8 

falls outside the 

observed singlets. We need another singlet with m~ 600 MeV, and although 

there has been much speculation (ABC meson, u meson, etc. ) there are as 

yet no impressive candidates. 

This completes the CP = +1 survey. For CP = -1 the situation is 

simple: the 0 nonet is well established, and the B (if real) looks lonely. 

Note that the B may really be accompanied by K , which we arbitrarily put c 

over in CP = +1. For the moment the simplest situation would be for the B 

to disappear (explained by the Deck effect or some other mechanism); on the 

other hand I am sure that other states will show up. 
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IX. K;/2 AND K+K+ MESONS 

All the bumps that we have discussed so far can, if they survive, 

probably be accomnrodated in unitary single,ts, octets, or nonets. H it 

possible that only these supermiil~ple.ts and their recurrences will appear 

and that:the number of resonances will stay small enough that the individual 

members can be resolved from their neighbors and carefully studied? Or 

are we headed for a meson population explosion like the human one, with 

individuals hopelessly piled on top of one another? 

Since theoreticians and experimenters both have such an extreme 

(morbid) interest in this question, I shall conclude this talk with a discussior 

of two unestablished bumps which I would otherwise leave out. 

* K 3/ 2(1270) 

This bump was noticed by Bock et al. 53 in a study of six- body 

annihilations, 

± + + - 0 3.6-GeV/c pp- K1K 'TI' 'TI' 'TI' 'TI' 183 events. 

1 Tk :!C 
Their T = z n''TI' mass distribution followed phase.,space calculations, but z 

there is an impt'essive bump in their T z = 3/2 ideogram, which is shown in 

Fig. 62b. 
o',c 

Figur-e 62a shows the T = 3/2 Kp ideogram, shaded, while the z 

sum of K 'TI' and Kp is plotted unshaded. 

Since Bock et al. published in September 1964 they have added 67 

events at 3.6 GeV /c, and 18 events at 4.0 GeV /c. But at higher beam mo-

menta it becomes hard to identify the K by ionization, and Bernard Fench 

told me that th~ p group believe it will be best to work at 3.5 GeV /c or 

lower to 'get enough more high-quality data to confirm or deny the bump. 



Fig. 62 •. 

Fig. 63. 1 

Fig. 63. 2 

Fig. 64. 
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First ev~d~_nce for K~ 12 ; 182 events produced by 
3-GeV /c p. From '"Bock et al. (Ref. 53). 

Counter-evid~nce for K
3

/ 2, from Yale-BNL (Ref. 54). 

Compilation of K* lT spectra from Figs. 63 and 63.1. 

* + Kif spectrumfrom 3.0-GeV/c K p exp-eri-Fent. 
From David Leith (Oxford, Abstract 69). K p-.6.(1238) 
+ K*(891) + 1r, Ferro-Luzzi et al., CERN, Oxford A69 • 

.6.++ K*O - 160 Events --

.6.+ K*0 70 Events 

.6.° K*++ 90 Events 

320 Events 



62 

63.2 

-87-

63.1 

MASS {GeV) 

(a) Mass distributions for (K•TT) and (K p) oom
blnatloris with T z = ± i. The shaded histogram shows 
(K fl combinations only. (b) Ideogram of masses for 
(K Tl) combinations with T z = ± i. The curve indicates 
phase space :modified with a Breit-Wigner resonance 

cUJ'Ve with mass 1270 MeV and width 60 MeV. 

io 1 

i. iopo 

sel>cf,,f 
d~ 1(11 

:cd/tf· · !ev~~~t" · , .. 
·3-~.- mT ,: : 
. 3.' frv:..: Fty, 41 

··• '/.(/ : /8, . . ., . 

i7 3~~] ' .. ' . 63;/ 

,:.:. 
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FROM P.P-K,.•K'.rtin!'";rr"' AT 3.7 BeV/c 

360 EVENTS. 

(4 COMBINATIONS/EVENT) 

50 

~0 

• II. 1r COMIINATIONS) 113 c.u&oJJ 
.,o,u.y.ae•o .... v 

M~trrrr<MeV) 

Mass (KTTTT )I•J.Iz (GeV) 

MU B· 8821 

Fig. 61. Three nonets and the leftovers. 
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Compilation of 267 events giving evidence for K?>12 
including data of Fig. 62. From Bock et al. Pn~ate 
communication). --

._ 
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Figure 63 is an ideogram of all their data to data, and the peak still look 

impressive. 

Meanwhile the Yale-BNL group54 have processed 360 such events 

made by 3. 7 GeV /c p 1 s, and see only a small bump near 1270 MeV, shown 

in Fig. 63.1. 
~~ 

Figure 63.2 is the sum of the K TT distributions of Figs. 63 

and 63.1. The cOmbh1ed bump is unimpressive, but I· have many reservations 

about combining these events, most of which are produced 700 MeV /c apart 

·'· in beam momentum. It is quite pos~ible that production of K·;/Z may 

* have decreased. Further, the fraction of K these KK3TT events seems 

to have dropped from 3 to 3. 7 GeV /c •. (In Fig. 63.1, there are 360 3. 7 
. ):c . 

GeV /c events, among which the cross hatched K area adds to 

* 133 ± 12 K , or (37 ± 3 )% ; the equivalent distribution of 183 events at 
•'c 

3.0 GeV / c shows 81 ± 9 K", or · (45 ± 5 )o/o. Further the Yale -BNL group 

used a small bubble chamber (20 inch vs . 81 em), hence their measure-

ments were not so good, and, of course at the higher beam momentum far 

less ambiguous events can pe resolved ·by ionization estimation. Because of 

these two difficulties there were, ··along with the 360 events of Fig. 63.1, 

another 346 ambiguous events of the same topology, about 2/3 of which 

probably belong 6n the Figure, but which were not used. (At 3.0 GeV /c 

only 17% of the events were ambiguous). The Yale -BNL group feel that 

their procedure of not using ambiguous events is safe, and so do I. 

Nevertheless I have put in all this discussion to try to show that the exper-

iments combined are really quite different. 

In qoth e.kperiments, if one looks at events of the same topology, 

but with the extra TT(J missing, their is no hint of a bump which again is 

disconserting. 
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Now the 3.0-GeV /c K+ run at CERN has come to the support 

of * K3/2' as shown in Fig. 64, which David Leith showed here 

{Abstract A 69). 

The reaction involves five-body final states, 

3.0-GeV / c K+ p - prr K 'TT'IT, 

... 
where Krr have been selected for K ... , d f A++. an prr or j.j. They have 

320 events~ 
' ):: +0-

distributed among (K rr) ' · iJ?. such a way as to 

strongly favor I = 3/2. The 1270-MeV Krr'TT peak does not show up 

among four-body final states in the same experiment--i.e., it shows 

up only if in association with D.; I do not understand why. 

I have not bothered to combine Figs. 63 or 63.2 and 64 because 

it is already clear that they will add to give a strong peak. On the 

other hand l am still worried that the peak disappears so suddenly if 

one changes the topology or the beam momentum. Bock et al. have 

applied for a run at 3.6 GeV /c which will yield 1000 events of the right 

topology, and l think we can afford to wait until that time before accept-
)'C 

ing the K '
3

/ 2 as the first member of a 10 + ro or a 27-member super-

multiplet. 



-92- UCRL-16462 

Fig. 65. Evidence for K+K+(1280) from Ferro-Luzzi et al. 
(Ref. 55). 

Fig. 66. Counter-evidence for K+K+(1280) from Wisconsin. The 
histogram bins are chosen to as toFaximize the 1280-MeV 
bump, There is no selection on A • (Private communication 
from W. D. Walker. ) 

Fig. 67. Compilation of K+K+ spectra of Figs. 65 and 66. These 
events have not been selected for small momentum transfer, 
i.e., they correspond to the ¥.nshaded events of Fig. 65. 

p(K) 
Events (GeV /c) 

67 
69 
25 
90 

3.0 
. 3. 5 

5.0 
3.6 

CERN 
CERN 
CERN 
Wisconsin. 
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55 . + + Ferro-Luzzi et al. have looked at the KK (1. e., K K and 

K+KO) spectrum in three- and four-body final states produced by 3.0 , 3.6 -, 

and 5.0-GeV /c + K mesons: 

The c.ombined data from all three momenta are shown in Fig. 65. 

There is a bump ·at 1280 MeV and perhaps another at threshold. Figure 66 

was prepared for me by Professor W. D. Walker of the Wisconsin Group. 

They have 120 events of the same topology, all taken at 3. 5 GeV /c,. showing 

a distribution which looks like phase space. Walker has combined his data 
in Fig. 67 

with those of Ferro-Luzzi et al.,/and you will have to decide for yourselves 

whether you think there is a peak there. It may certainly turn out to be a 

fluctuation, or to move around with energy. However, I am less skeptical 

of a bump in K+K+ (which is a relatively unexplored spectrum) than of a 

bump in a channel like RK, or 'rt"rr, where so many selections of events have 

been studied that some striking fluctuations and correlations are bound to be 

observed. 

No other experiment has yet process.ed enough events to settle the 

Luckily m·any more big runs are scheduled, both at CERN 

and BNL, and I think they will provide some of the most significant result~ 

of the next year. 

The smallest supermultiplet that can accommodate K+K+ is a 27-plet. 
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X. CONCLUSIONS 

We are making slow but sure progress: on my summary Fig. 61 

there are i3 I-spin multiplets [three nonets and D(1286)] whose quantum 

numbers seem to be well established vs only eight unclassified peaks. The 

eight are made up as follows: 

Four two- body threshold effects: R.K in I = 0 and 1 (and perhaps also 

KK in I= 2), s0
, and K. They are probably s-wave resonances or large 

scattering lengths. 

Three three- body "axial" 
p + 

J = 1 bumps: A1, E, and Kc. 

The B, the only C = -1 meson outside of the 1 nonet. 

Let me repeat some of the comments I have already made about these 

eight. 

We can probably decide whether the RK threshold effect is both in 

I = 0 and I = 1 - + -if some body will look at KK produced by both i1' p and i1' p 

at some place where the signal is large enough to test triangle inequalities. 

The question of whether there i.s a narrow s0 
at ::::: 700 MeV can be solved 

soon with an improved counter experiment. The K just needs more data. 

I doubt that the E can be explained until we understand the RK 

threshold phenomena. I will not be really happy with the Ai until It is• seen 

in pp annihilations, where there is no Deck effect, or until it is seen with 

large momentum transfers. But pp captures' alone have their problems, 

too, and so I won1 t feel confident about (RK)± (1000) and K until they are 
c 

. - 54 
seen 1n some reaction other than pp capture at rest. (The Yale-BNL data 

KK(iOOO} are reassuring but still not quite satisfactory). 

It is interesting to note how often phase space peaks up at threshold: 

all s -wave intei"actions plus the Ai and the B. As I said earlier, we 

experimentalists therefore have an obligation to pay attention to the effects 
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of small momentum transfers, i.e., to listen to Deck, 0 1 Halloran, etc., 

and to do more than to compare our data with phase-space calculations. 

Finally I urge experimentalists who "confirm" a previously 

announced effect to combine the old and new data and use all the badly 

needed events to try to establish quantum numbers. 

It is a pleasure to acknowledge helpful discussions with many of my 

friends who were willing to spend hours explaining to me their data and 

their ideas. 

This work was done under auspices of the U. S. Atomic Energy 

Commission. 
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APPENDIX I. KINEMATICS OF TRIANGLE SINGULARITIES 

56 Let me reproduce here a simple argument due to Kaeser and others 

which tells at what energies triangle singularities (generalized Peierls 

singularities) occur. 

Let us use the notatioE. of Fig. 68. A singularity occurs for tnose 

values of the invariant mass ~ which fulfill these two conditions: 

(a) All the intermediate particles (M1, M 1, and mx) must be simultane

ously on the mass shell. 

(b) The velocities of the particles mus.t be such that the Feynrnan diagram 

can be interpreted as a "space -time" diagram (note that Fig. 68 has axes 

labeled t and x). This means that m can catch up with and scatter off 
X 

m 1 ; it means further that the whole reaction must be collinear, and finally 

it means that the original Peierls picture, where M 1 and M 2 were the 

same, does not satisfy the conditions. 

These conditions insure that the singularity is just below the physical 

region and not on some other Riemann sheet. 

Because of condition (a) s . must be at M
1

+ m 1 threshold (see Fig. 
r.n1n · 

69a), where M 1 and m 1 are of necessity drawn as if they are moving slowly, 

but are really at rest. We can see that this condition gives a maximum value 

of M 2, namely 

and since w 
X 

i~ just the energy of a decay product of M
1

, 

well-known expression 

w 
X 

is given by the 
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Fig. 68. The triangle diagram as a space -time diagram. In space 
alone this is a collinear process: M 1 moves away from 
m 1 .. M 1 then decays into m 2 and mx, and mx catches 
up w1th and scatters on m 1• 

Fig. 69. Velocity diagrams corresponding to the kinematic limits 
of the triangle diagram of Fig. 68. 

(a) Case in which s 
1 

is at threshold and M
2 

is a 
maximum. Velocities of M and m 1 on the top line 
are really zero, but this is fiard to draw and label. 
(b) Case in which s 

2 
is a maximum and M

2 
is at thres

hold. 

Fig. 70. M
1 

decay in the rest frame of one of its decay products. 

I + + 0 Fig. 71. Chew-Low plot for the reaction 3.65--GeV c 'IT p- p'IT p • 
From Goldhaber et al. (Ref. 59) •. 
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71 

Ml,ml in center of moss 

Ml 

Ml 

Ml 

Decoy into m2 + mx 
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M1 decoy products m2 
and mx 

MUB-8824 
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w = 
X 

-100-

2 
J::_ 

-2M ' 
1 
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{16} 

0. E. D. {5} 

Next let us calculate smax' which corresponds to the threshold value 

of M 2, 

M
2 

. = m 1 + m • m1n ,x 

This limit is drawn in Fig. 69b. To evaluate 

let us choose the m
1 

rest frame; then 

( 17) 

To get an expression for W 
1 

in this m
1 

rest frame, note that it is also the 

mx rest frame, in which we can draw the M 1 decay as in Fig. 70; so M 1 

and m
2 

have the same momentum p. 

We can then proceed exactly as if we were goind to rederive ( 16 }, i.e., we 

write 

Multiply these to give 
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Since the two particles on the left-hand side have the same momentum 

p, we can rewrite it as 

2 
- 1..1. 
- Zm • ( 18) 

X 

Substituting (18) into (17), we have 

·w 
2 = MZ + m2 + 1 t•z. 

s 1max 1 1 m r-
0. E. D. (6) 

x 



-102·- UCRL-16462 

APPENDIX II. THE DECK MECHANISMS PERIPHERAL PHASE SPACE 

Henry J. Lubatti and I want to suggest here a simple recipe for 

modifying phase- space calculations to give a result which is at least consistent 

with the tendency of high-energy interactions to support only small momentum 

transfers. 

Consider a general reaction such as 'Tl'p - p 1 + nil'. Define the four-

momentum transfer to the proton by 

where p' = (p', p') is the four-momentum of the recoil, etc. Denote the 
J..l. 0 -

mass of the n pions by M. The Chew-Low plot for such a reaction is shown 

in Fig. 71 for the specific case of 3.65-GeV I c it'+- p' p 
0 it'+. Note that oo/ dt 

falls off rapidly with t, particularly for small M. These sharp do/dt dis

tributions are conventionally fitted to the exponential e -A(M)t, where A(M} 

is a slowly decreasing function of M, starting at ::::10 per (GeV /c)
2 

at the 

threshold value of M. (Fo;r example, see the Aachen-Berlin-Birmingham-

Bonn-Hamburg-London-Munchen Collaboration, Phys. Rev. 138B, 897 (1965)). 

First let us suggest a recipe, then justity 1t. 

1. Calculate phase space dN/dM, and the boundaries (t . and t ) m1n max 

of the Chew-Low plot in the ordinary way. 

2. Plot do/ dt, and estimate the maximum value A of A. max 

3. Correct phase space by multiplying it by exp( -A t . ). max m1n 

These are the steps that were taken to get the dot-dash curve of Figs. 10a 

and 38. They are not meant to replace the proper calculations of Maor and 

O'Halloran, which are based on a specific model. Rather we would say that 

it is a tribute to the OPE model (and to the earlier ideas of Chew and Low) that 

it gives results quite consistent with this simple weighting of phase space. 
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Now let us state the rationale for the recipe. First let us remind you 

that if the reaction were not one which favored small momentum transfers, 

but were inst~ad like the isotropic decay of a state,. 

X- p' ~ mr, 

then dCT/ dt would be flat, i.e., A would be zero. The proof of this statemerot 

is as follows. h-om (II-1): 

. 2 2 
t = p' +P - 2p' p 

1-1 1-1 1-1 1-1 
= 2(m 

2 
- p' p ). 

p IJ. 1-1 

In the center of mass, we can write p = (w p 0 0) p' - (w1 , p' cos(), 
IJ. ' ''' IJ.-

p' sine, 0), so 

2 
t = 2(m - ww' + pp1 cos8] 

p 
= const + pp1 cos e. 

For each value of p 1 [which in turn determines M(mr)], we expect isotrdpy, 

i. e-. , each element of M should be flat in t. 

This model of isotropic decay also generates conventional phase space 

(e. g. a flat population on a Dalitz plot). But is is, of course, unrealistic ior 

high-energy collisions, whose tendency to support only small momentum 

transfer corresponds to a favoring of p' large and pointed backwards, i.e., 

cos() nearly -1. 

The isotopic decay model would yield a number of events in the band 

corresponding to M [ or (p' )] , 

dn 
Cirri" dt .6M. 

Small momentum transfer modifies this to 

I dn -At 
-:r:':'":'" e dt ~m z ~n0 exp(-At . } urn m1n (ll-2) 

Hence our recipe. We take A to be A by arguing that if it were not for 
max 
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the kinematic constraint of the boundary of the Chew-Low plot, the whole 

reaction would "like" to fall·off as exp{ -A t). max 

Equation {II-2) is not exact, because we said above that small t both ,. 

favors large p 1 , and pulls cose towards -1. The large p' indeed favors 

small M, i.e., modifies dn/dM, but the modification of cose away from 

isotropy does not affect dn/dM at all. But we don1t known an easy way to 

correct dn/ dM (other than to do a Monte Carlo or Maor -O'Halloran 

calculation), so we settle for my naive correction. It seems to fit the data 

quite well. 

• 



.. 

-lOS

REFERENCES AND FOOTNOTES 

1. C. Geobel, Phys. Rev. Letters 13, ·143 (1964}. 

UCRL-16462 

2. M. Month, Phys. Letters~. 357 (1%5). This contains earlier references. 

3. R. T. Deck, Physics Letters g. 169 ( 1964). 

4. U. Maor and T. A. O'Halloran, Jr., Phys. Rev. Letters~ 281 (1965). 

5. G. Wolf et al., Phys. Rev. 138, B879 (1965) and private communication. 

6.. J. F. Allard (Ors·ay-Ecole Polytechnique-Milan-Saclay-Berkeley 

Collaboration), Coherent Production of Multipion Final States in 6 to 

18 GeV /c ,.-Interactions with Nuclei, preprint, September 8, 1965. 

7. A. H. Rosenfeld, in Proceedings of the Varenna Summer School, Course 

26, 1962 (Academic Press, New York, 1963). 

8. J. B. Bronzan and F. E. Low, Phys. Rev. Letters g. 522 (1964). 

9. A. H. Rosenfeld, A. Barbaro-Galtieri, W. H. Barkas, P. L. Bastien, 

J. Kirz, and Matts Roes, Rev. Mod. Phys. 37, Oct. 1965. 

10. S. H. Patil, Phys. Rev. Letters 13, 261 (1964). 

11. L. Durand and Y. T. Chiu, Phys. Rev. Letters _!i, 329 (1965). 

12. V. Hagopian, W. Selove (University of Pennsylvania), J. Alitti, J. P. 

Baton, M. Neveu-Rene, R. Gessarolli, and A. R.amano (Bologna), Phys. Rev. 

Letters 14, 1077 (1965). 

13. L. D. Jacobs, Search for a T=O, z,. Resonance in 2.:.3 GeVjc. ,.·-p-n,.\r-, 

Lawrence Radiation Laboratory Report UCRL-16461, October 1965 

(unpublished). 

14. I. Derado, V. P. Kenney, J. A. Poirer, and W. D. Shephard, Phys. ltev. 

Letters 14j 87~ (1965). 



UCRL-16462 

15. M. Goldberg, M. Gundzik, S. Lichtman, J. Leitner, M. Primer, 

P. L. Connolly, E. L. Hart, K. W. Lai, G. London, N. P. Samios, 
' 

and S. S. Yamamoto, Phys. Rev. Letters g. 546 (1964). 

16. G. R. Kalbfleisch, L. W. Alvarez, A. Barbaro-Galtieri, 0. I. Dahl, 

P. Eberhard, W. E. Humphrey, J. S. Lindsey, D. W. Merrill, J. J. 

Murray, A. Rittenberg, R. R. Ross, J. B. Shafer, F. T. Shively, 

D. M. Siegel, G. A. Smith, and R. D. Tripp, Phys. Rev. Letters 12, 

527 (1964}. 

17. G. Alexander, 0. Dahl, L. Jacobs, G. Kalbfleisch, D. Miller, 

J. Schwa!i, and G. Smith (Talk presented by G. Smith} Proceedings 

of the Athens Topical Conference on Recently Discovered Resonant. 

Particles (Ohio University, Athens, Ohio 1963 ). 

18. R. I. Hess, S. U. Chung, 0. L. Dahl, L. M. Hardy, J. Kir z, and 

Donald H. Miller (Lawrence Radiation Laboratory), private communications, 

1965. 

19. D. H. Miller, S. U. Chung, 0. I. Dahl, R. I. Hess, L. M. Hardy, 

J. Kirz, and W. Koellner, Phys. Rev. Letters 14, 1074 (1965). 

20. Ch • .DlAndlau, A. Astier, M. Della Negra, L. Dobrzynski, S. Wojcicki, 

J. Barlow, T. Jacobsen, L. Montanet, L. Tallone, M. Tomas, A-M. 

Adamson, M. Baubillier, J. Duboc, M. Goldberg, E., Levy, D. N. 

Edwards, and J. E. A. Lys (College de France-CERN-Paris-Liverpool 

Collaboration) Phys. Letters g, 347 (1965}. 

21. M. Deutschmann, et al. (Aachen-Berlin-CERN) Collaboration (private 

communic(l.tion), 1965. 

22. A. Forirlbi R. Gessarcrli, L. Lendinara, G. Quareni, A. Cuareni-V,ignudelli, 

N. Armenise, B. Ghidini, V. Picciarelli, A. Romano, A. Cartacci, M.G. 

Dagliana, M. Della Corte, G. Di.caporiaco, J. Labcrrigue- Frolow, Nguyen 

Huu Khanh, J. Quinquart, M. Sene, W. Fickinger, 0. Goussu (S.aclay-

Orsay-Bologna}, Phys. Letters 19, 68 (1965). 



• 

-107- UCRL-16462 

23. R. Armenteros, D. N. Edwards, T. Jacobsen, L. Montanet, J. 

24 • 

25. 

Vandermeulen, C. D' Andlau, A. Astier, P. Baillon, J. Cohen-Ganouna, 

C. Defox, J •. Siaud,. anP. P. Rivet, CERN Preprint ( 196 5 ). 

V. E. Barnes et al.,. (BNL-Syracuse) Phys. Rev. Letters .!2_, 322 (1965). 

B. Maglic and G. Costa, Phys. Letters~ 185 (1965). 

2·6. Can; bridge -Bubble Chamber group, private communication, Sept. ,1965. 

27. R. Armenteros, D. N. Edwards, T. Jacobsen, L. Montanet, 

J. Vandermeulen, Ch. D'Andlau, A. Astier, P. Baillon, J. Cohen

Ganouna, C. Defoix, J-. Siaud, and P. Rivet (CERN-College de France 

Collaboration) Phys. Letters~. 344 (15 July 1965). 

28. N. Barash, P. Franzini, L. Kirsch, D. Miller, J. Steinberger, T. H. 

Tan, R. Plano, and P. Yaeger, Antiproton Annihilation in Hydrogen at 

Rest. I. Reaction p +p-K+K+1r (Nevis Labor~tories Report CU -1932.-239 

Nevis 133, May .1965), Phys. Rev. 139B, 1659 (1965). 

29. R. Armente.ros et al. (CERN) private communication, 1965·. 

30. J.· Alitti, J. P. Baton, B. Deler, M. Neveu-Rene, J. Crussard, J. 

Ginestet, A. H. Tran, R. Gessaroli, A. Romano (Saclay-Orsay-Bari

Bologna), Phys. Letters _!2, 69 (1965) .. · 

31. A •. Bettini, M. Cresti, A. Grigoletto, S. Limentani, A. Loria, 

L. Peruzzo, and R. Santangelo (Padova), submitted .to Nuovo Cimento. 

33,. S. Goldhaber, A Review of Recent Boson Resonances, Lecture. presented. 

atfifth Session of the Spring School of Experimental and Theoretical 

Physics, Nor -Ham?ert, Erevan, Armenia, May 18-2 7, 196 5. 

32,. G. Goldhaber, in Coral Gables Conference on Symmetry Principles at 

High En~rgy (W. H. Freeman and Company, San Francisco 1965), pages 

. 34-126. 



·108- UCRL-16462 

34. G. Goldhaber, S. Goldhaber, J. A. Kadyk, and B. C. Shen (LRL), 

Phys. Rev. Letters~. 118b (1965). 

35. Suh Urk Chung, Orin. I. Dahl, L. M. Hardy, R .. I. Hess, G. R. 

Kalbfleisch, J. Kirz, D. H. Miller, and G. A .. Smith (LRL), Phys. Rev. 

Letters g, 621 (1964). 

36. M. Goldb~rg, F. Judd, G. Vegni, H. Winzeler, P. Fleury, J. Hue, 

. .. 

R. Lestienne, G. De Rosny, R. Vanderhagher (CERN-Ecole Polytechnique), 

Phys. Letters 17, 354 (1965). 

37. A. Forino, R. Gessaroli, L. Lendinara, G. Quareni, A. Quareni-

V:ignudelli, A. Romano, J. Laberrigue -Frolow, J. Quinquart, M. Sene, 

W. Fickinger, 0. Goussu, A. Rogozinski {Saclay, Orsay, Bologna) 

Phys. Letters i.2_, 65 (1965). 

38. M. Deutschmann, R. Schulte, R. Steinberg, H. Weber, W. Woischnig, 

C. Grote, J. Klugow, A. Meyer, S. Nowak, S. Brandt, V. T. Cecconi, 

0. Czy:z.ewski, P. F. Dalpiaz, E. Flaminio, G. Kellner, D. R. 0. 

Morrison (Aachen, Berlin, CERN), Phys. Letters~ 351 (1965). 

39. M. Ferre-Luzzi, R. George, Y. Goldschmidt-Clermont, V. P. Henri, 

B. Jongejans, D. W. G. Leith, G. R. Lynch, F. Muller, J. -M. Perreau, 

Phys. Letters 12, 255 (1964). 

40. M. Month, Phys. Rev. 139B, 1093 (1965). 

41. T. P. Wangler, A. R. Erwin, W. D. Walker (Wisconsin) Phys.~ Letters _2, 

71 (1964). 

42. L. M. Hardy, S. U. Chung, 0. L. Dahl, R. I. Hess, J. Kirz, and 

D. H. Miller, Production of Strange-Particle Resonant States in 'IT +p 

Interactions at 3.2 and 4.2 GeV /c, UCRL-·11442, July 3, 1964. 

43. D. H. Miller, A. Z. Kovacs, R. L. Mcilwain, .Phys. Letters 15, 74 ( 1965). . --



r> 

\~ 

44. 

45. 

46. 

-109- UCRL-16462 

R. Armenteros, D. N. Edwards, T. Jacobsen, L. Montanet, A. Shapiro, 

J. Vandermeulen, Ch. D' Andlaw, A. Astier, P. Baillon, J. Cohen

Ganouna, C. Defoix, J. Siaud, C. Ghesquiere, and P. Rivet, Phys. 

Letters 9, 207 (1964). 

N. Barash, J. Steinberger, T. H. Tan, L. Kirsch, P. Franzini, Paper 

presented by R. Plano at the 1964 Dubna Conference. 

S. P. Almeida, H. W. Atherton, T. A. Byer, P. J. Dornan, A. G. 

Forson, J. H. Scharenguivel, D. M. Sendall, and B. A. Westwood 

(Cambridge University}, Phys. Letters~ 184 (1965). 

47. N. Haque, D. Scotter, B. Musgrave, W. M. Blair, A. L. Grant, I. S. 

Hughes, P. J. Negus, R. H. Turnbull, A. A. Z. Ahmad, S. Baker, L. 

Ceinikier, S. Misbahuddin, H. J. Sherman, I. 0. Skillicorn, A. R. 

Atherton, G. B. Chadwick, W. T. Davies, J. H. Field, P. M.D. Gray, 

D. E. Lawrence, J. G. Loken, L. Lyons, J. H. Mulvey, A. Oxley, C. A. 

WHkenson, C. M. Fisher, E. Pickup, L. K. Rangan, J. M. Scarr, and 

A. M. Segar (British Collaboration) Phys. Letters 14, 338 ( 196 5 ). 

48. L. Hardy et al., (LRL) Phys. Rev. Letters 14, 401 (1965). 

49. S. Focardi, A. Minguzzi-Ranzi, L. Monari, P. Serra, S. Hcrrier, and 

A. Verglas (Bologna, Modena, Saclay) Phys. Letters~ 351 (1965). 

50. S. U. Chung, 0. I. Dahl, L. M. Hardy, R. I. Hess, L. D. Jacobs, 

J. Kirz, and D. H. Miller (LRL), Phys. Rev. Letters 15, 325 (1965). 

c; 1. 

52. 

53. 

S. L. Glashow and R. H. Socolow, Phys. Rev. Letters ..!2_, 329 (1965). 

See, for example, Richard C. Arnold, Phys. Rev. Letters ~ 657 (1965). 

I cannot agree with Arnold's assignment of A1 as an Isotopic Scalar. 

R. Bock, B. R. French, J. B. Kinson, V. Simak, J. Badier, M. Bazin, 

B. Equer, A. Rouge, and P. Grieve (CERN-Ecole Polytechniquc-Impcrial 

College) Phys. Letters 12, 65 (1964). 



-110- UCRL-16462 

54. C. Baltay, J. Lack, J. Sandweiss, H. D. Taft and N. Yeh (Yale Univ. ), 

Submitted to Phys. Rev. (1965). 

55. M. Ferro-Luzzi, R. George, Y. Goldschmidt-Clermont, V. P. Henri, 

B. Jongejans, D. W. G. Leith, G. R. Lynch, F. Muller, and J. M. 

Perreau, Phys. Letters g 155 (1965). 

56. C. Kaeser, Phys. Letters g, 287 (1965). 

57. B. C. Shen, G. Goldhaber, Sulamith Goldhaber, J. A. Kadyk, Phys. 

58. 

Rev. Letters~ 731 (1965). 

Of course s1nce I have guessed that K is an s -wave Kp resonance, c 

it is natural to assign it to the same nonet as the A1 (s-wave rrp ), 
... 

and the D and E (both partly s -wave K"'1T). 

59. G. Goldhaber et al., Phys. Rev. Letters S 336 (1965). 

This is the paper which first announced the ''A+" meson. 



This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






