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.qUANTUM NUMBERS OF BOSON RESONANCES 

Gers,!.\ Goldhaber 

Lawrence Radiation Laboratory and Departrnent of Physics 
University of California, Be 1'lzeley, California 

Lech.'!'e I: THE ESTABLISHED BOSON NONETS 

During the past six years, three boson nonets have been clearly 

established. These are the pseudoscalar octet and singlet, or nonet 
P - P - P+ (J ::: 0 ), the vector nonet (J' ::: 1 ), and J. = 2 nonet. The general 

features of these have been reviewed at the Berkeley Conference, 1) 

Therefore I will be very brief here. 
~:, ) 

1. THE PSEUDOSCALAR OCTET AND SINGLET 

The first eight pseudosca1ar mesons TI[I::: 1, (21 + 1 ::: 3)), 

rl[I=O, (21+ 1 = 1)], Kandl~, [1= J/2, 2(21+1) =4] fittheGel1-Mann~ 
~ ~ ~ 

Okubo (mas s- squared) forrnula for an octet, MK = (3M + 1\1 )/4, fairly 
~ 2 "'" 1l IT 

well. Here M. = (M.). If we use Ml7 and MTI as inplll \\'e find 
... 1 1 ') "-... 2 

(M) d' t d ::: 0.318 (GeVI'·. comnar(!d with (M) tl:· 0.301 (GeV)--
1) prelc e !" 1) exp. 

only a 5.7% discrepancy (see Fig. 1-1). There are at prebl:lIt two candi-

dates for the JP::: 0- unital'Y bingle(; the XO (960) (or rll) and n~ore 
recently the E(1410) .... KKll llll,.;on. The latter appears to be strongly 

preferrl.:!d as a 0 rather than a 1 + particle. This "ernbarras de 

richesse" of unitary singlets can be understood. On the quark mode]. 

for exalnple. we would have to aSSUlne that one of these two is the 1)' 

with very little m.ixing between the 1l and 1)'. The other one can be the 

singlet corresponding to the next radial excitation state, with principal 

quantum number n ::: 2. We still have to learn, of course, how reliable 

the spin determination for the E meson is! 

*) In these lectures I concentrate on new data obtained since the 1966 
Berkeley Conference. However, the selection is entirely on the basis 
of data available to Ine, and no atten1.pt at cornpleteness has been made. 
Much of the new data was presented at the April 1967 Washington Meet
ing of the American PhYSical Society. 
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Fig. 1-1. The energy-level diagram for the pseudoscalar nonet, tJ' 
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Again on the quark model, the unitary singlet is the completely 

sym.metric·state: 

" =: I 
I 

.f3 
.... 

On removing this state we can expres s the ideal octet as the traceles s 

tensor, 

"8 1T
0 + K+ +-- 1T 

~ ..J2 

P~=: 1 1 i k "8 1T
0 

KO a a. -3 o. a ak 
=: 1T ---

J J J ,.,f6 .J2 

K - 1(0 

\, 
where "8 =: (1/.["6) (pp + nn- 2 A'>;')~and 1T

0 == (1/t{2) (pp - nn). 

The physical" is very close to "8' but contains a small adm.ixture of 

"l . 
The mixing angle eO is about 10 0

• 1£ it should turn out that the E 

is the '1' then the mixing angle is even smaller. 

I find "it a remarkable coincidence that the 0(964) and ~(960) should 

both have very small decay widths and near mass degeneracy! Perhaps 

there is some correlation between them, a point of view discussed by Tuan 

". and Wu, for example. 2) 1£ this were the case it would of course eliminate 

the XCI (960) as a member of the 0- nonet. Here we ought to remember, 

however, that our acceptance of the 0 as a particle relies heavily on the 

mass coLncidence bet.ween two distinct experiments (see Figs. 1-2 and 

. 1':'3). No direct indication of the 0 has been observed in any other ex~ 

periment. More work on this particle certainly appears very worth while. 

2. THE VECTOR NONET 

Here the situation is quite different from the pseudoscalar mesons. 

The eight vector 'mesons p, <p, and K>:~ or p, W, and K~:: are nowhere near to 

the octet mass reJation (see Fig. 1-4). Thus there is very strong G> W 

mixing, with mixing angle. e
l 

given by 
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Fig. 1-2. The first evidence for the 6 - particle, from CERN. 
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Oostens et 01. 
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Fig. 1-3. The corroborative evidence for the 6 particle, from Saclay. 
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3. 
P + ' .. 

THE J .: 2 NONET 

Here again the nonet form appears more appropirate (see Fig. 1';'5). 

If we insert the experimental mass values in the Schwinger equation we 

find J ~ 1 within 15% in this case also. 

For this nonet all particles are reasonably well established, al

though a few questions remain; 

i) 
, 

the spin of the A2 isstil~ under discus sion. The late~t suggestion 

by Morrison.is thqt a se.cond particle with JP ,= 2- or 1+ is formed 
. 3.) 

at higher bombarding mbmenta (p = 8 GeV/c:). " 

if}· The remarkable splitting of the A2 observed in the CERN missing

mass spectrometer experiment appears reconfirmed in more re.,. 

cent work. 

iii)· The lesser decay modes for al.l these resonances, such as 

A2 - 1)1T. are not yet well determined. 

Thus while the broad outlines appear established for this nonet, 

many of the detailed questions are yet unanswered. 

4. GLASHOW'S UNIVERSAL MASS PLOT 

Glashow has noted an amusing empirical relation which is illus

trated in Fig. 1- 6. He found that the masses of both the bosons and baryons 

fell on a (nearly) straight line if one plotted J + (1/2) N + M + F versus 
. 2 
(mass) . 

Here J is the spin •. N the number of nonstrange quarks in the 

particle, M the number of strange quarks, and F. the orbital angular 

momentum.£! the number oLextra qqpairs needed to make up the particle. 

As yet he has no explanation for this empLrical relation. 
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Fig. 1-5. The energy-level diagram for the 2+ nonet. 
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Lecture II. HINTS OF OTHER BOSON NONETS 

1. TWO 1 + NONETS, C ;;: tl AND C ;;: ~ 1 

If we interpret the 2+ nonet on the quark model we can assume tltat 
3 

it corresponds to the P 2 state of the qq system. We can then expect that 
331 

the Po' PI' and. PI states should also exist. This is discussed in 

greater detail in Lecture III. 

We have candidates for the I ;;: 1 members of the two axial vector 

nonets: the Al (l080), which decays into TT + P and thus has G ::: ,., 1 and 

which fr01u the relation G;;: C(_I)I must have C:;: +1; the B(1220), which 

decays into 'IT+W and thus has G;;: tl and C;;: -1. We also have one candi

date each for each nonet of the'! :;; 0 states: the D(l286) .... KKTT, which is 

probably a C;;: tl state; and the H(970) .... lfp, which has C;;: -1. 

A new and particularly interesting situation develops for the two 
oJ. 

K'·',s. The Y ;;: 1 states are not_ eigenstates of C. The charge conjugation 

C ;;: ±l indicates the quark ~tructure of the two K~:<I s as 3p 1 uri Pl' * 
Unless for some reason the total quark spin is a conserved quantun1 nUlU-

+ * ' ber, the two 1 K' s n1ay undergo n1ixing. Thus not only cal. there be 

mixing between the two sets of two singlets, but further 111ixing can occur 
,'. 

between the two K-"1 s, the I::: 1/2 states. Further1110rc, \ve Inight also 

expect peculiar interference effeds in the mass distributions for two adja .. 

cent states with the salue quantUlI1 nurl1bers. 

2. IS THERE EVIDENCE 'FOR TWO 1 + K~<I s? 

If we look at the recent available data ,on the K'ITTT system in the 

1.1- to 1.5 GeV region we notice a rather peculiar behavior, which at first 

glance gives the in1pression that the different experiluents are not in agre&. 

ment with each other. 

~;) A wider generalization of C, designated as unitary-pa,rity, has been 
introduced by Dothan, and is referred to as e in the literature. The pre
cise definition and references are given' by B. W. Lee in High Energy 
Physics and Elementary Particles, 1965 Trieste Seminars (International 
Atomic Encrgy Agency, Vienna, 1965). See also G. L. Kane, Some Con,... 
sequcnces of SU(3} and Charge Conjugation Invariance for l<.-Meson Res,.. 
onances, University of Michigan preprint (unpublished). 

I 
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2.1 THE C MESON OBSERVED INpp ANNIHILATIONS AT REST 

It has been a mystery of long standing why the C meson, MC ::::: 1220 

MeV, occurs only in the neutral form. 1, 2) This situation was not helped 

by the fact that ales s pronounced enhancement oc~urred at::::: 1320 MeV in 

the charged mode (see Figs. II-I and II-2). More recent results indicate 

that the C mass is probablyhigher, namely 1240 to 1250 MeV. 

2.2 THE K+p AND K- P REACTIONS AT VARIOUS MOMENTA 

We can next consider the behavior of the large KmT enhancement ob

served in various experiments as a function of incident m.omentum. 

i) The work on K-p -+ K01T01T-P at 2.6 and 2.7 GeV/c at Lawrence 

Radiation Laboratory3) shows a clear separation between the 1400-

MeV peak and a lower-mass peak. The lower peak appears 

centered at 1280 MeV. No evidence for a' 1320-MeV peak is ob

served (see Fig. II-3), 

ii) 

iii) 

iv) 

v) 

4) , + 
Ourdata for 4 .. 6-GeV/c K p show a clear separation between the 

1430-MeV peak and a narrow lower peak--which, however, occurs 

at 1320 MeV, r::::: 80 MeV. The peaks are superimposed on a con

siderable background about equal in height to that of the peaks (see 

Fig. II-4). 

,The recent Bruxelles-CERN data5) for 5-GeV'c K+p represent a 

very considerable increase in statistics. Here they now obtain a 

clear separation between the 1420-MeV peak and the lower peak, 

just as in our data at 4.6 GeV/c. The lower-mass peak is, how

ever, much broader now (see Fig. II-5). 

As we continue to higher-momenta K- p at 4.6 ~nd 5 GeV / c 6) 

(Figs. II-6 and II-7) and at 5.5 GeV/c
7

) (Fig. II-8), and K+p at 

5.5 8) (Fig. II-9) and 7,3 GeV/c 9) (Fig. II-lO), we note the same 

general features- - the broad K1T1T peak either is not resolved or 

shows slight indications of structure. 

In our new data
lO

) for 9-GeV/c K+p we note that the 1420 peak is 

'no longer clearly resolved. On the other\hand, there' appears . 

evidence for a resolved l250-:-MeV peak as well as an enhancement 

in the l340-MeV region (see Figs. II-ll and II-12). 

vi) The work of the ABCLV ~ollaboration, 10-GeV/c K-p, indicates 

a large peak centered at 1320 MeV which is, however, not 
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Kopelman et al. (Colorado - Iowa State) 
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resolved. 11) (see Fig. II-13). These data. also showed the first 

bubble chamber evidence for the L meson at 1790 MeV. This I 

will discuss later. The data also indicate clearly that only the 

1420-MeV peak remains when p to n' charge exchange occurs at 

the nucleon vertex. This saIne feature· is stres sed in the Argonne

Northweste l'n-Illinois data (see Fig. II- 8), also by Dornan et al. 12) 

vii) The highest mOlnentum studied to date is represented by the K- p 

data fron~Yale1.3) and'the K+p data from Rochester, 14) both at . 

12.6 GeV/~.Here the K-p. data show a peak at 1250 MeV~-possibly 

resolved from some effect at 1420 MeV--while the K+p data show 

an unresolved peak at 1320 ~eV (see Figs~ II-14 and II-IS). 

2.3 THE REAC TION 1T - P - A (Kmt)o .: 
. .: 15) 

Very recently the) group at BroO,khaven has qbserved a K1T1T 

enhancement in a 6-GeV/c 1T- p expel·iment. In this' re~ction one does not 

expect complications due to the Deck effect, as the baryon vertex involves 

a strangeness change. They obs.erve two distinct peaks in the K1T1T mass , 
distribution at 1300 and 1440 MeV (~ee Fig., II-I 6) . 

3. VARIA.TIONS OF THE CROSS SECTION WITH MOMENTUM 

The 1420-MeV peak is of cou~se well k~own and has the feature 

that its cross section decreases 'with increasing momentum, as can he 

ascertained most readily from the KIT decay modes. In Fig. II-17 I give 
, 6,' , a compilation by Morrison l .) of this, cross section, which indicates that 

. ' -n 
(J' = const X (Pin) , holds with n =·2.2±0.2. According to Morrison, the 

above relation, with various values for n" holds for all two- body or quasi-

. 
'" 

two- body proces s for incident laboratory- system mom.enta Pin sufficiently , ~ 

high above threshold. In particular for reactions corresponding to pome-

ron exchange; or what has alternatively been descx:ibed as "diffraction 'f/ 

dissociation, " the cross sections remain essentially constant with p. , 
. In 

i. e., n:::: O. For Pon~eron exchange to occur the incident particle and 

outgoing resonan~e must be II similar," in the sense that f:l Q == 0, f:lI = 0, 

f:lS = 0, f:lG = 0; and thus presUlnably f:lC = 0 also. On the other hand, 

angular moment~m £ together with the corresponding parity P = (-1) £ can 

be transferred to the resonance. 

Thus for 0 incident particles (1T or K) we get J =£ and P == - (-1/ 
. PC -+ 

as the allowed states. In other words the series of resonances J = 0, 
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ABC LV colla borat ion 
K-p -( K71"71") - P 
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LUDLAM ET AL. (YALE) 
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Crennell et 01., Brookhoven 
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Compilation by Morrison 

5.0 r-------.----.--.--.-r-.~_r------~ 

2.0 

1.0 

0.5 

0.2 

0.1 

; 

t 

2 5 

Inc i dent momentum 

f 
10 

(GeV/c) 

20 

XBL677-3576 



-32-

++ + ++. J 
1 ,2-, 3 ,etc. can be produced by porileron exchange. 

Here again as the meaning of C and G are well defined for the 1=0 
. . .. PC ++ 

I = 1 resonances, we expect, for example, Al productIon (J = 1 ) to . 
.. . ± ± 

occur with nearly constant cros s section for reactions such as Tr p -> Al p, 

while the cross sections for B production (JPq= I +-j in a similar reaction 

should decrease with increasing mornenhllU. There reluains the interest-
.+ '" 

ing question: How will the two I K"" s behave? We might expect that the 

cross section of the J PC = 1 ++--i. e., 3Pl resonance-- will stay constant, 

while the J
PC

= 1 +- -- i.e., Ipl resonance-- will decrease in cross sec

tion with incident lUOluentum. In principle this gives us a means of dis

tinguishing between them. However, all indications are that the cross 

section of the entire 1,250- and 1320-MeV composite peaks (if this is the 

correct interpretation· of the peak) changes very little with incident mo

mentum. This may mean either that the two physical particles are mix

tures of the two states or that the boC.= 0 selection rule is not applicable 
.'. 

to K'" resonances. The question, therefore, is now: Can all these differ-

ent experimcntal resuilts be r.cconciled? I 
+ ~:< 

It appears to me that if we are indeed dealing with two I K 'f? the 

apparent discrepancy behveen various sets of data can be understood. 
+ ~~ 

Namely two I K, both of which are decaying into the K TrTr decay mode, 

will giv.e rise to interference effects in theluass distribution. Here we 

must relTIelTIber that, in general, if we consider a mass ,distribution it 

corresponds .to averaging over all angular distributions. Thus two 

adjacent resonances with different JP value.s \~ill just add incoherently. 

This is n~t the case for two r.esonances with the salTIe JP values, how

ever. For these the alTIplitudes add coeherently. If one assumes an 

_ arbitrary phase angle 4> between the two alTIp~itudes, which can, for 

instance, be a function of the incident momentulTI, then we can getlTIo-

lTIentulTI':'dependent interference effects. Such effects could perhaps ac": 
I 

count for the differences between the various experiHlental data. Thus 

it is telupting to ascribe all the data discussed prim.arily to three 
. + 

. resonances--nalTIely, two 1 resonances at nO:rl}-inallTIaps values of 1250 

and 1320 MeV, which interfere with each other and possibly also with a 

general "diffraction dis sociation" type of background, and a 2 + . 
. '. 

resonance, the K'" (1420). Here the "1250 Me V" peak is probably the 

salTIe effect as the Co meson. 
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I should emphasize here that the suggested interpretation given 

to the experimental data does· not neces sarily reflect the opinion of the 

various authors whose data are quoted. In fact a number of authors are 

attempting to identify the general K 1T1T enhancement purely wi th kinernatic 

effects of one sort or another. In particular, ~n recent work,. the 

Brookhaven-Syracuse Groupl7) is emphasizing this point of view. A de

tailed discussion of the argUlnents for and against the kinematic enhance

ment effect has been given by the a1.1thor and Sulamith Goldhaber. 18) 
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Lecture III. BOS.ON L CLUSTERS 

The evjdence that ba.ryons lie on Regge trajectories is very good at 

present. That the san1.e is true for bosons is still not yet fulJy esta1,>lished. 

However, the data from the mis sing~lnas s~ spe,ctrometer work at CERN, 1) 

as well as from oth:er experin1.ents, 2) suggests that bosons n1.ay also lie on 

Regge trajectories. 

It is particularly attractive to consider this phenomenon by looking 

at the bosons as qq structqres. To reproduce the Regge behavior we 

introduce orbital angular D1.0D1.enturn L in the qq systen1. This COln

bines with the total quark spin S to give the total angular momentum J 

for the state. We need not ta~e the quarks literally--as real particles; 

rather we can for the InOD1.ent consider theln as the basis for t.he silnplest 

model that gives results in agreement with the experi.mei1tal data. 

I intend in this lecture to explore the experin1.cntal consequences of 

this model in SOlne detail. This will give us a basis to decide to what ex

tent the experin1.ental facts are in agreement (or disagrecn1cnt) with the 
. ..' .. 
Inodel. ',-

1. SOME OF THE EXPERIMENTAL EVIDENCE ------, 
1.1 The CERN mis sing-n1as s- spectrometer experiment 

A critical discussion of this experirnent has been presented re ... 

cently3) and therefore I will be very brief. 'What is relevant here is that 

the expel'hnent gives evidence for a series of "Major" peaks, p, A2' 

R(RI RzR3 ), S, T, and U, which lie on a straight line when the order 

number is plotted against M2 (see Figs. III-l and III-2 and Table III-I. 

If the order number is interpreted as J, the spin of the boson, the line 

coincides in slope and intercept with the p trajectory of Regge theory. It 

is this feature, 'togethel: with the known spin of the p (JP = 1-) and 

~:~) Various ideas on the classification of higher boson resonances have 
been recently dis~ufjsed by Sutherland and also by Cline, reporting on 
work by Barger. These differ from my discussion herE! mainly in that 
atternpts have been nlade to predict definite n1ass values of the bosons in 
the various L clU!3ters. lV1y point of view has been that: we will be lucky to 
ident.ify the clusters fi rst-the fine structure will corne later, See D. G. 
Sutherland, Some Remarks on Higher Mesons, CERN TH-7 68 (unpublished); 
D. Clinc<, Classification of Baryons Clnd lvlesons on Regge Trajectories, 
appea ring in Argonne Sympo sium on Regge PoJ e 5, 1966 (unpubli shed). 
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Table III-l 

Measuremoents on bosons with the CERN missing mass spectrometer. 

Colurnn headings: 

a. particle name, 

b. central mass value, in MeV, 

c. experilnental resolution (which changes with mas s region studied), 

d. physical width of resonance deduced from the observations, 

e. incidentrr mOlnentumj PI' 

f. statistical significance, stated either as number of standard deviations 

or probability for the particular interpretation° (such as the splitting or 

not splitting of the A2 which is listed as equally probable), 

g. nurnber of events in peak above background and the statistical error 

on this nUlnber, 

h. the signal-to-background ratio, 

i. the intervals in momentum transfer squared, t, over which the phe

non~enon was studied, 

j. 

k. 

dO" 
cit' 
the decay mode, expressed as the ratio behveen the different nmnbers 

of charged particles observed, namely IC (single charged particle), 

3C (three charged particles), and >3C (more than° three charged 

particles). 
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Table III-l 

Measuren~ents on bosons with the CERN missing mass spectroHletel' 

IS b e d IS g h k 
,;. 

" I 
U UI '" II " 'D ~ ~ ~ ~Il 0 

~ II '"' I I::l ..0 .. .. 
0 0 'S "":" "'", "" " 'll -B_ E oX II oX 

E 10- " ·~t '" '" 
u 

"'> '0 "'''' I .. ~~ 10", 8."0 ~ '" a '" " ,~ " ..0 -8 El .. ~ u e..: ~ a e , 
" '"' " '<is g 0 

" .. 
.~ E '"' '"' .: ",,,, 

'D~ 
. .,. 0 ~ , 

u ~:!:. u" 
" " 10 .. " i.9 'll o;i ,~ '" "' ... .. ... "" ~ .a >-

i'i .. - ,~ I: '; .:"''"' '" .. Il. >-
u " " u '" "" ... ....... u, 

:t " Ie i ,SE ~~ ~ ,~ '" t> " u " .. .. .. '" '" 
- 3.0 0, to - O. t4 770:& t50" 

p 768:& 5 28:& 5 t27:& 5 3.5 t5600:&170 t.6:t 0.14 - 0.t7 770:& 170 1e>97.4% 
4.5 0.17 - 0.22 580:&100 
5.0 O.H - 0.26 370:& 110 

6- 962.5:& 5 24:&4 .. 5 3.0 5.0 262 :& 5Z 1: 5 O. H < t < 0.21 8.9:&3Y 1c 13+0.9 
3.5 

.. rc= . -0.7 

4.5 
5.0 

AZ 
1286. 8 36.4 98:& 5 6.0 

17 1282* '63 111.5 
0.31<t<0.39400:&120 1c 

'I.D" rc" 1.05:&0.1 

AZ 1260:& 10 6.0 1 peak and AZ t:6 
1c" 1 7.0 Z peak" equally ~"1:1 A" U12:& to probable: rc 

Z 
p" 5'1'0 to 10'1'0 

H.6 1c = 0.30:& 0.06a 

R 169t* t5 3t .3 tt6111: 3 7.0 1 peak: P = 1'1'. 973:& 84 1:6 0.23 <t < 0.Z8 125:& 30 3c = 0.67:& 0.10 
1Z.0 2 peak: P" 1'1'. " >3c = 0.03:& 0.03 

3 peak: P = 20 to 
60'1'0 (R1, Z, 1) 

1c=0.37:&0.U 
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>3c = 0.04:& 0.04 

7.0 1c " 0.4Z:& 0.11 
R2 1700:& t5 10111:3 <30 

tZ.O 6.1 485:& 73 1: 3.3 43 3c =0.56:&0.14 
>lc" 0.01:& 0.01 

tc = 0.14:& 0.08 
R3 1748111: 15 Z8.1 <38 7.1 425:& 74 1: 3.5 41 3c =0.80:&0.18 

>3c = 0.05:& 0.05 

+ 0.15 
tc" O.Ob _ O.Ob 

5 19Z9.14 ZZIII:Z .. 35 tZ.O 5.5 Hb:& 41 1 : 1 0.22 <t < 0.36 35.n + 0.08 
3c" 0.92 _ 0.20 

+ 0.0 
>3c = 0.02 _ 0.02 

to.11 
1c = 0.04 _ 0.004 

T U95111: 15 39111:4, "U 12.0 5.t Z09111: 41 1: 1 O.ZZ < t < 0.16 29111:10 3 0 94 t O.Ob 
c=. -0.19 

t 0.13 
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•• errOr. are one .tandard eVlation • 
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p +. 4) . 
A

Z 
(J = 2 ) and a probable assignm.ent of J :-:: 3 for the charged g rneson 

(presurnably the same as one of the R mesons) which at the n~oment is the 

basis for the conjecture on J. Thus, strictly from an experimental point 

of view, the evidence for the Regge interpretation is still very flimsy in

deed. On the other hand, the idea im.plied by such a model is very app~eal-

ing. 

1.2 The Brookhaven precision total pp and pd cross section measurements 

The pp and pn systen~s ?ave baryon number zero and hence can 

have all the quantum numbers of the nonstrange boson states of mass >2Mp. 

As part of a series of precision total cross section measurements, Abrams, 

Cool, Giacon~elli, Kycia, Leontic; Li, and Michae1
2

) have measured the 

pp and pd cross sections for rnOlnenta from 1.0 to 3.4 GeV/c. The relnark

able feature of these measurements is that despite the very large cross 

sections (75 to 120 mb for pp and 130 to 210 mb for pd), they note distinct 

peaks of the order of a few mb. See Figs. 1II-3 to III- 6. One straight

forward interpretation of the data is that the peaks represent higher bosons. 

In particula~ it is notewo rthy that the peaks are consistent in n~ass- - but not 

width-with the T and U mesons of Foccaci, Kienzle, Maglie, et al. 1) One 

difficulty which is not yet resolved is that the lower peak also corresponds 

in Hlas s to the threshold of the reaction, 

M = 2180 MeV. 

~~ 
Because of the large cross section for N production this reaction could in 

principle give rise to a peak in the total cross section which does not neces

sarily correspond to a boson resonance, i. e., a t- channel rather than an 

s-channel effect. If this is so the situation is analogous to the peak of 

Cool et al. 5). in the K+p systen~ at 1910 MeV, which has been interpreted 

on the basis of nonresonant KN~:< production. 6) We can compare these data 

with precision total cross section measurement on·the pp system by Bugg 

et al. 7). In that" experilnent pron~inent structures generally ascribed to 

the production of various N~:'t s in the t channel have been observed. How

ever, the structures occur at sonl.ewhat different Inasses than in the pp 

system (see Fig. III-7). Interpretation of the peaks in the pp system is 

thus not possible without 1'nore detailed studies of the reaction products. 
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Abrams et 01., Brookhaven 
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2. THE 99 MODEL OF THE BOSONS 

Here we consider the qq system as a tightly bound system in a 

very deep potential wen. Many of these considerations were given by 

·Dalitz in his Rapporteur talk at the 1966 Berkeley Conference. 8) 

i) The effect of angular momentmn L 

If we treat the qq systelu Similarly to a diaton.ic molecule, the 

energy splitting due to different angular Inomentum states is given by a 

centrifugal tern. of the form 

2 1 
[) (E ) == L (L + 1) <2') L' 

l' 

To account for the observed Regge behavior, nan~ely a linear dependence 
I 

of L with n1ass squared, we have to assume that the <2') L term does 
r 

not remain roughly constant as is the case for nl0lecules, but rather that 

it falls off lik~ 1/ (2 L+l) as L increases, As DaU.tz points out, this can 

be achieved with a harmonic osciHator potential of the f6rn1 

2 
V(r) = V 0 + >-'1' • 

If this were the only mas s- splitting effect, we would obtain clusters of 

four boson nonets for each L value, nanlely the four states which can be 

formed by combining L with the total quark spin S for S =] or S == O. 
3 3· I 3 

These are the nonets LL_l' LL' LV LL+I' where the symbol 

stands for 2Stl L
J 

in the usual spectroscopic notation. An exception to 
1 

this is the case for L =0 where we only have two such states, the So 

and 3S1 nonets, Indications from experim.ent suggest that the IUass 

splittings for different L values are greater than those between the four 

nonets corresponding to a given L values. Thus we luight expect to ob

serve clusters of boson resonances which are clearly separated front each 

other but in which the four nonets may not always be clearly resolved. I 

will call these "boson L clusters. II 

The first ~uch boson cluster observed was the A ll1eson, which was 

later resolved into the Al and A2 mesons, These are be1ieved to corre·· 

spond to the P-wave qq systenl. The I = 1/2 KmT boson cluster centered 

at 1320 MeV was the next such example. Here again at least two objects, 
..1... .. ... 

- K~' (1-320) and- K":(l-40Q), have-beel1-r-esolyed, __ TheJ_e-1E-.!h~ _po~ si bili ty of a . 
-----------~-----

third object, presumably the C IT1eson also, as was discussed in Lecture II. 
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ii) Spin- orbit splitting 

If we look at the above-mentioned 'IT'IT'IT and K'IT'IT boson clusters, 

we can note the effect of spin-orbit splitting. In particular let us consider 
331 3 

the I = 1 members of the four nonets PO' PI ,PI' and PZ' The cur-

rently popular (though yet tentative) assignment for the last three is 

Al (1080), B(1220), and A 2 (l3l0). We note that these represent (roughly) 

equal (lnass)2 splitting. If we ascribe the observed splitting to a spin

orbit potential 

v = ((J + (J) • L V (1') = S . L V (1'), 
so - so - - so 

with the mas s- spli tting coefficient 

S· L = ~ [J (J+1) -L (L+1) - S (S+l)], 

then for the four nonets this takes on the values given below: 

3 3
L lL 3 

LL_l L L LL+1 

S 1 1 0 1 

L L L L L 

J L-l L L L+l 

S'11 - (L+ 1) -1 0 +L 

Hence on the basis of the experimental mass sequence of the AI' B, and 

A 2 , Dalitz suggests that we are dealing with a repulsive spin-orbit poten

tial, that is, V (1') > O. For L = 1 this gives ,equal (mass)2 splitti.ng in so . 
accordance with experiment. For. L = 2 this (mass)2 splitting is 2:1:2 

(see Fig. III-8). Dalitz also points out that a tensor force, which in 

principle could also split a given L cluster, is probably small, as it would 

give rise to unequal splitting for the L = 1 case. 

iii.) Spin- spin splitting_ 

The L = 0 nonets are an anomaly in that we have only spin- spin 

forces available for splitting the ISO and 3S1 stat~s. These arc very 

considerable, hov/ever,· in view of the large 'ITp mass difference. The 

surprising feature is that this force appears to have died out for L = 1. 

This behavior can be explained8 ) by making the spin- spin force of suffi

ciently short range. 
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iv) Exchange degeneracy 

In the Regge model for baryons one finds that a Regge trajectory 

contains baryons having values of J which differ by 2 units, so that 

J 2 = J 1 + 2. The separation between two such trajectories with different 

J values is ascribed to an exchange force. Fo·r bosons the A2 appears to 

lie on the p trajectory, and so on through R, S, T, and U, which in the 

spirit of the present discussion are believed to correspond to adjacent J 

values (J2 = J
l 

+ 1). Thus for bosons there appears to be an exchange 

degeneracy. Dalitz explains this by pointing out that the simplest object 

which can be exchanged between q and q must have baryon number 2/3, 

and thus consists of nvo quarks qq with mas s 2Mq. The large mas s of 

such an object would tend to suppress the exchange potential. 

3. THE REGGE pLOT 

To explore the model I have outlined above in further detail, we 

can consider the schematic Regge plot shown in Fig. III-9a. Here I have 

indicated schematically what the boson clusters lnay look like. As we do 

not know the spin-orbit splitting of the higher L boson clusters, I have 

just sketched what such clusters lnight be like. The indicated mass 

splitting should not be taken seriously, of course. Each square in Fig. 

1II-9 represents a nonet of mesons. It must be noted that the SU(3) split

ting is not shown. PresUlnably there can be four distinct Regge trajec

tories. I have indicated only the p trajectory. Figure llI-9b shows the 

same plot, where now, however, L is plotted against lnass squared. 

Here the clustering is more apparent. In a way, this represents the 

simplest possible situation. Should the spin-orbit splitting increase as L 

increases"ve could get bosons of different L superimposed on each other, 

and thus lose the cluster effect. 

Other causes which can complicate or even obscure the cluster 

effect would be 

(a) the presence of bosons belonging to higher- sy:m:metry groups 

such as· the ?:.2 configurati.on, which require s the existence of state s like 

K+K+, Kmr I = 3/2, 1T +1T +, et.c. In my estimation, there is not yet suffi

cient evidence to require us to invoke such configurations. 

(b) boson clusters corresponding to higher radial quantum nU11.ibers 

n. Here we niust note that, until we get a clear understanding of the qq 
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potential, it is not obvious just what n represents. 

Finally, continuing in the spirit of this inquiry, we can ask 'l.vhat 

are the allowed decay modes for the members of these various nonets? 

Some representative decay modes are illustrated in Fig. Ill-IO. Here 

again I have indicated a crude mass- squared scale~ Thus, in a sense, 

this figure illustrates, in an approxinlate fashion, the mass spectrum ex

pected for various final. states. For example, the first two rows indicate 

the mas s spectrUln in the I = I and I = 0 iT'll" state, and so forth. A few 

of the presently kno\vn and identified states are marked with their names. 

A comparison of these patterns with the experimental spectra is 

perhaps the most sensitive way in which to detect evidence for, or 

deviations from, the model described herein. Thus, for example, in the 

'ITp or il"il"il" decay Inode, in the region of the A meson there is only room 

for two distinct mesons, corresponding to the L = I boson cluster. 1£ 

the Al is established as a definite meson, and if one find,S any inore 

mes ons in this region, this must indicate the presence of other effects. 

For example, . the possible existence of the A l .
5 

would be such an effect; 

so would the A2 if it is indeed split, as the CERN missing-mass

spectrometer work appears to indicate, and if it is shown that such a 

split corresponds to two distinct resonances! 

In Fig. 1II-9 I have also indicated in each case which nonent would 

be produced by diffraction dissociation or pon1eron exchange. That is, 

we could produce the corresponding isovector meson by pion bOlnbard

ment or the I =1/2 meson by K bOlnbardment. As stated in Lecture II, to 

be produced by diffraction dissociation the boson has to have the quantum 

numbers of the incident particle, i. e., 0-, plus angular momentum t. 
This yields J = t and a parity of P = (-1 )t+ 1 for the resulting boson state. 

Bosons produced by this process are expected to have constant cross 

section with increasing energy. Thus for high bombarding energies these 

are the ones which should dominate the cluster, while the other three 

nonets would presumably have cross sections that go through a maxim,um 

above threshold and then die out again with increasing energy. 

4. POSSIBLE DECAY SCHEMES 

It is of interest to look in greater detail at how these boson reso

nances \vill decay. 
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i) Nomenclature 

To identify the various Inembe rs of a boson L cluster I will us e 

the following nomenclature: 'IT, 'll, 11', and K stand ,for the isotopic triplet, 

singlets, and doublet, as in Rosenfeld et al. 9) This symbol plus the quan- . 

t b 2S+1 L 'd 'f 'f' F 1 h A urn num ers J 1 enh y a specl lC qq state. or examp e, b e 2 

is given as 'IT(3 P2 ), the t')is given as ·11(3S1 ). Furthermore I occasionally 

use the name of the isotrip1et to refer to the entire nonet: thus A
Z 

no net 

refers to the 3 P2 nonet and p nonet refers to the 3S1 nonet. 

ii) Allowed decays into well-known particles 

In Tables III-Z, through III- 6 I have listed the allowed decays of 

the L = Z to L = 5 bosons into some of the better-known particles. The 

entries in the tables are the angular momentum £ and corresponding P 

when the decay mode indicated is allowed via strong interactions. The 

threshold mass required for each given decay mode is also indicated. 

One very interesting featl1re en'lerges immediately from these tables: 

the nonet with J = L + 1 decays consistently through higher angular 11.10-

mentum states for the cornmon decay modes than any of the other three 

nonets. Thus we n'light expect that the widths of the bosons in the J = L +l 

nonets could be considerably narrower than the widths of the other bosons, 

for the same L value. I will conu'nent on this later in connection with 

comparisons with experiments. 

iii) The cascading to lower boson clusters 

Aside from the decay into well-known n'lesons described in the 

tables above, we can also consider what transitions are allowed by pion 

emission from one L cluster to another. The allowed transitions with 

£ == 0 and fZ == 1 between the two final- state particles are illustrated in 

Figs. III-ll, III-12, and III-13. In Fig. III-l 4 is shown the decay from 

the J = L + 1 levels. As can be noted from these figures, the three nonets 

with J = L - 1 and J = L in the two charge conjugation states, can each 

decay via an £ = 0 transition as well as via an £ = 1 transition. On the 

other hand the no'net with J = L + 1 can only cascade down to the next lower 

sim.ilar nonet via an £.== Z transition. The £ = 1 transitions within a boson 

cluster of given L (see Fig. III-13) are probably forbidden by energy con

servation. Thus, here too, we see that the members of the J = L+1 nonet5 

have no '\vay of decaying with angular rnornentuln less than 2--a feature, 

again, which will contribute to their particularly narrow decay widt11S. 
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Ta ble 1II-2 

, So~ne possible dec~ schemes for L ::; 2 bosons; 
the entry refers to £ minimum for allowed decays 

Deca.y 3 . 3 ·13 331 3 
nlode 

T)( D
1

) T)( D
2

) T)( DZ)T)( D
3

) 1T( Dl ~ 1T( D2 ) 1T( D2 ) 1T( D 3) Thresh-

PC -+ 2-+ 
old 

J(G) 1 ~:~ 2 {_-) 2 !+~ 3 {_-) 1 (;) 2{-+) 3{;) {MeV~ {- ) 

1T1T 1 3 280 

1Tp 1 1 3 1 905 

1TT) 690 

1TW 1 1- 3 925 

KK or 1 3 1 3 990 
KIK2 

1Tf o 0+ 1390 

1TA 2 
0+ 2+ 0+ 2+ 145Q 

pp 1 1 1 1 1530 

pw 1 1550 

pf 0+ 0+ 0+ 2015 

Table III- 3 

Boson nonets in L = 2 cluster 

Decay Mass . PI P2 
K(3 D1 ) K(3 D2 ) K(l D

2
) K(3D3 ) 

mode threshold J 1 • J 2 

JPC=l-- 2-- 2-+ 3 

K1T 635 0 - 0 1 3-
• .'. -K'" 1T 1030 1 , 0 1 1 1 - 3"' 

Kp 1260 0- • 1 1 1 1 3-
.,~ 

2+ 2+ 0+ 0+ 2+ .( K" (1400)1T 1540 0 • 
KA 1810 0-. 2+ 2+ 0+ 0+ 2+ 

2 
2+ 2+ 0+ 0+ 2+ Kf 1745 0- • .,. 

K'" p 1655 1 - • 1 1 1 1 1 
.'. 

2+ 0+ 0+ 0+ 0+ K'" A2 2210 I-
I ... 

2+ 0+ 0+ 0+ 0+ K'" fO 2140 1- • 

----- --- - -- -- --- -.- '-.- --- ._. ,---- -- -- .. 
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Table 1II-4 

Some possible decap schemes for L = 3 bosons; 
the entry re£er~ to £ minimum £01' allowed decays 

Decay 331 3 331 3 
mode Tj( F 2)Tj( F 3) Tj( F 3) Tj( F 4 _n( F2) n( F 3) n( F

3
) n( F 4) Thresh-

old 

J
PC ++ ++ 3+- ++ 2++ 3:1-+ ? +- 4++ (MeV) 
G 2 (+) 3 (+) (- ) 4(+) (- ) (- ) .J( +) (- ) ---

nn 2+ 4+ 280 
+ 2+ 2+ 4+ np 2 905 

nTj 2+ 4+ 690 

nw - 2+ 925 

KK,K
1

K
1 

2+ 4+ 2+ 4+ 990 
or 

K2K2 

n £ ° 1 1 3 1390 

nA 1 1 3 1 1450 . 2 
0+ 2+ 2+ 2+ pp 1530 

pw 0+ 2+ 2+ 1550 

pfo 1 2015 

Table 111- 5 

Some possible decap schemes for L = 4 bosons; 
. the entry refers to" minimurn. for allo'\ved decays 

Decay 3 3 1 3 3 3 1 3 
Tj( G

3
) Tj( G

4
) 'll( G

4
) Tj( G

5
) n( G

3
) n( G

4
) n( G

4
) n( G

5
) Thresh-

mode 
old PC --}- -- 4-+ 

~(G). 3(_-) 4{ _-~ 4(+L l_) {f) 4{;) 5(;) (MeV) {- ) 

nn 3 5 280' 

np 3 3 5 3 905 

nTj 690 

nw 3 3 5 925 

J .. '. 
KK or 3- 5 3 5 990 

K1K2 

nf 2+ 1390 

.n A2 2+ 1450 

pp 3 1 3 3 1530 

pw 3 1550 

pfo 0+ 2 + 2+ 2015 

pA2 0+ 2+ 2+ 2075 
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TableUI- 6 

Some possible decay schemes for L = 5 bosons; 
the .entry refers to ,eP minimum for allowed decays 

Decay 331 3 3 '3 1 3 
mode "1 ( H4 ) 'I'J( H

5
) 11( H

5
) 11( H

6
) 1T( H4 ) 1T( HS) 1T( HS) 1T( H 6) Thresh-

.. PC·· ++ ++ +- ++ 5++ 5++ +- ++ old 
J (G) 4(+) 5 (+) 5(_) 6(+) (-) (- J 5(+) 6( _) (MeV) 

--- --- --
1T1T 4+ 6+ 280 

1Tp 4+ 4+ 4+ 6+ 905 

1T'I'J 4+ 6+ 690 

1fW 4+ 925 

KK...Klk 4+ 6+ + 6+ 990 4 "= . 

or K2K2 

1ffo .. - 3- 3 5 1390 
I 

·f 1fA 2. - 3- 1450 

.pp 
2+ . 4+ 4+ - 4+ 1530 

pw 2+ 4+ 4+ 1550 

P fO - 3- 2015 

P A2 1 - . 3 3 2075 

_. -- ~-----
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Boson L clusters 
possible decay schemes 
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Fig. 1II-13 

Depending on the magnitude of the spin-orbit splitting the transitions 
---- are probably forbidden by energy conservation. 
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Boson L clusters 

M2 t possible decay schemes 
(Not to scale) From the J = L+' levels with 1T emission. 
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Let II refer to the initial boson, and 12 to the final boson, which is 

produced togethel- with the rf meson. Thus.61 = 1 ->- 1 indicates that 

the transition has to occur between an isovector initial state and an 

isovector final state fiT. Similarly .61 =:f.:1 refers to the change of I 

spin from the initial- to the final- state bosons.' The selection rules 

for iT transitions from an initial boson state 1 to a final boson state 

.? [II (L1) J P C G -+ iT + 12 (LZ) J P C G] \v.l thangular momentUln " 
. 1111 2222 

be :ween 2 and iT are: . 

= G 2 -G1 ' 

P 2 = PI (-1 )",+ 1 ; 

for C 2 = C
l

, 

for C 2 
. = -C

1
, 

We can then distinguish 

" = even 

P 2 = -PI 

L 2 -L
1 

= odd 

then .61 = ±1; 

then 12 = I = 1. 
1 

This behavior is illustrated below. Thus, for example, 

ie., 

or, 
1 

iT ( PI) 

ie., B 
1 

'1\ ( PI) 

ie., H 

-+ iT + iT (3S ) 
1 

->- iT + P 

3 
->- iT +'1\ ( Sl) 

-)0 iT +w 

(3 S ) -)0 iT+iT 
1 

->- iT + P 

] .61 = 0, II = 12 = 1 

(" = 2) 

.61 = ± 1 

(" = 0) 

Note that the experimental identification of the Band H with given quan

tum nunl.bers is still tentative. 

5. MORE DETAILED COMPARISON WITH EXPERIMENTS 

If we accept the experijnental evidence cited above at face value 

we must ask: Can the narrow peaks froln the CERN missing-m.ass 

spectrometer work be reconciled with the broad peal-::s observed in 

It is, of course, impossible to answer this qtlestion at present 

without considerably m.orc experirnental data. \Vc need an independent 
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confirnlation for the very narrow peaks. and we need further information 

on whcther or not the pp data indeed correspond to bosons. 

In spite of these serious problems let us explore the possibility that 

the twc' types of corresponding phenomena could belong to the same boson 

L clusters. To do this we will consider the foHowing points: 

i) Experilnental sensitivity to different regions of t 

The mis sing-mas s ,spectr~meter work relies on precision angle 

measurements on a proton in the region' of the "Jacobian peak." This 

cuts out low-momentum-transfer data. In the region of the S(1929). 

T(2195). and U(2382) mesons the average momentum transfer squared 

v~lue for the measurements made is t::::: 0.3(GeV)2. On the other hand. 

<T(pp) Ineasurel:nents are sensitive to all allowed values of t. The same 

is true for bubble chamber work. which in fact is most sensitive to the 

'lowest allowed t values. for which the cross sections are maximal for 

'peripheral reactions. 

ii) Examples of different t distributions 

If we look at the Al and A2 d<T/dt distributions vs t we note the 

well-known feature that the A2 has a much broader t distribution than 

the AI' This is illustrated in Fig. III-15. froni the Tf +p ABC experiment -, 

at 8 GeV/c. where the slopes for elastic scattering. Al production. and 

A2 production are compared. The ratio of intensity at t = 0.3 to t::::: 0 is 

shown on the graphs. It is perhaps significant to note here that the A2 
3 

,pr,esumably belongs to the LL+l nonet. Although we cannot make a 

rigorous argUlnent. it is possible that differences in t distributions 

among the bosons in a given L cluster contribute to the difference between 

the phenomena discussed here. 

iii) The width of higher boson resonances 

As I mentioned above. the four-multiplets belonging to a given 

L cluster have quite different decay schemes. In particular. the nonet 

with the spin J = L + I. i. e •• 3 LL+l • must in nearly all cases decay via 

higher angular mC)1nentum s·tCttes than the other three nonets. The decay 
.•.. ,\ 

width r for decay into two particles can be expressed as 

when k is thc c. m. momenturn • .£ the decay angular mon1.cntum. and 

M the mass of the boson. The coup]jng constant y and characteristic 
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radius R are, however, not known to sufficient accuracy. If we consider 

'I and R to be constant for a given bOS0l1 L cluster, it follows that: mem ... , 

bel's of the J ::: L + 1 nonet have a considerably narrower decay width than 

ll1en1bers of the other three nonets. Thus, for L::: 3 and higher we ll1ight 

expect one narrow nonet,- while it is possible that the width of the others 

is comparable to the spin.,orbit splitting, so that they may actually not 

always be fully resolved from each other. 

iv) Sensitivity of the lllis sing-mas s spectroll1eter experilnent 

Next we must take into account the fact that the CERN missing

D1.aSS experilllent was carried out in the region of the S, T, and U mesons 

in a signal ... to-background ratio of ~1:7, while the magnitude of the signal 

in each peak consisted of ~200' to 250 events. If this san1.e nurnber of 

events, constituting a signal, had been distributed over 3 or 4 tbnes the 

number of bins, such a signal could not have been detected by this n1.ethod. 

In other words, within the statistics available so far, the n:lissing-mass 

measuren1.ent is most sensitive to narrow resonances. 

v) Partial width for pp decay 

The u(pp) experinlent will, of cour,se, show up only boson 

resonances for which there is a finite partial width r (pp) for pp decay 

in agiven nonet. At present it is not known tome how r (pp) depends on 

the quantum numbers of a particular nonet in a given L cluster. 

In conclusion, then, when these various points are taken into ac

count, it is possible that the two sets of observed pheno111ena correspond 

to the observation of different components of the saIne boson' L clusters. 

Nalnely, it is possible that what has been observed as the S, T, and U 

in the CERN 111.isshlg-nlass-spectrometer work is the one set of very 

narrow bosons with J;::; L + 1. On the other hand, depending on r(pp). 

the u (pp) experiment at Brookhaven may have observed one or more 

different Inelllbers of the' L cluster, which then can be appreciably 

broader. Clearly. these ideas are purely speculative at the moment, 

and much further· experin1.eiltal work is required to confirn1. theIn. 

." 
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APPENDIX I 

Three- Pion Resonances 

Here we describe a new method for the utilization of the DaJJ.tz 

plot designed to facilitate"the search for the mdstenc·e of new resonances 

and the determination of their quantum nun1.bers for three-padicle 

resonances. The method we shall describe has a countel'part in resonance 

formation experiments. Consider 1Tp scattering through a direct channel 
,'. 

resonance, ":p - N'" - 1Tp. The total cross section has very marked 
,~ 

bumps for the low-lying resonances, but at higher masses the N'" does 

not always manifest itself in such ail obvious way, and the methods must 

be refined. An example is the use of angular dis u:ibutions. For a 

. definite .IP the distribution assumes a chc:.racteristic shape at E = M, 
1""' r 

and varies rapidly over the range M - -2- < E < M + 2-' A very recent 

method used by the Michigan group at Argonne is the study of backward 

1Tp scattering. By the study of ~g (180°) one obtains strong variation~ 
in this quarltity as one sweeps through resonance regions. This dfect is 

amplified, in fact, due to interference effects between the superin1.posing 

resonance amplitude and a high- energy Regge background term. This 

method has revealed some new resonances. The interference effects also 
)', 

led to a sensitive test of the assumed ql"~antun1. nmubers for the higher N" 

resonances. 

In the case of three-particles (boson), the method is to study the 

density distribution of events in the Dalit~ plot as a function of the three-

t ' I Fl' t1 . + + - 0 + 't' par 1C e luass. or examp e, 1n le reactIon 1T p ...... 1T 1T 1T 1T P 1 1S 

possible that there is some hidden structure at the high end of the 31T mass 

spectrum. The method depends on the fact that the decay-matrix elements 

for a three-pion system follow a very characteristic syn1.metry pattern in 

the Dalitz plot for various I, J
PG 

values. A v~ry elegant graphical 
PG - - ,,~ 

representation of the density dis tributions for the states I =0, J = 0 , 
- - +- I) 1 ,. and 1 ,given by Stevenson et al. based on the "'simplest" 

matrix element first suggested by Gell-Mann, 2) is in Fig, A-I. A tho-

. rough discussion of this problem has recently been carried out by Zemach
3

) 

(see Fig. A- 2). In this note we wish to dis cus s a rnethod by \vhich one can 

carry "out a pattern search as a function of the three-pion l1.1ass. Let us 
PG - - - - +- - - +-cons ide r the s ta te I = 0 and J = 0 ,I ,1 ,2 ,and 2 • 
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Zemach '. 

Spin 1= 0 1=1 1= 2 1=1 

(except 3""0) .". + .". ~.".o other modes 
(3""0 only) 

and 1=3 

0-

* 0 CD 8 0 
1+ \:) 0 0 0 8 
2- \:) 0 0 0 0 
3+ 0 0 0 0 0 
1- 0 CD G CD * 
2+ <:) 0 Q 0 0 
3- 0 Q 0 Q <:I 

~. 

Fig. A- 2 
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The corresponding" simplest" matrix elements are given in Table A-I. 

The Dalitz contour maps for the corresponding density distributions are 

given in Figs. A-3 through A-7. These were calculated for a luass of 

the three-pion system of M = 782 MeV. The contour maps are computed 

in 5% steps labeled by the 20 letters A to T. .Alternate letters are left 

blank for clarity. 

A (l -) 

A (1 +) 

A (2 - ) 

~ (2+) 

Table A-I 

The square of the matrix eleluents for the anrrular rnomentUlU
parity states 1=0, JP = 0-, 1-, 1 =t-, 2-, 2t' 

= 

= 

= 

= 

--

We can plot the three-pion m.as s distribution for A(JP) les s than 

and greater than AM(J
P

) where AM(J
P

) is a suitable luedian value of 

A(JP) such that about 1/2 the events with quantunl numbers JP have a 

A(JP) greate l' than AM(JP ). By limiting A(JP) to certain value s- - e. g., 

O. 7 ~ A (l -) ~ 1.0 for the w lueson4) - -we are conside ring definite regions 

in the Dalitz plot at which A(JP) is near its luaxiluurn value. These re

gions correspond to sn1.all fractions of the area and thus phase- space 

effects become considerably reduced relative to a given matrix eleiuent. 

The values chosen for AM(J
P

) together with the correspqnc1ing 

percentage of events and percentage of area (i. c., phasc space) are 

given in Table A-2. The regions OCCl!picd in the Dalitz plot for the various 

m.atrix elements with A(JP) ~ AM(JP ) are shown in Fig. A- 8. Notice 

that the.se maxin~a lie in practically disjoint regions,' so that each region 

corrcE.ponds to a certain JP value which can be studied separately. 
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Table A-2 

Percentage of area and percentage of integral over the 
... matrix element. above the value ~M(JP) 

Three-pion mass' 

500 MeV 1000 MeV 1500 MeV 2000 MeV 
, . 

~M(JP) Area Integral iArea Integral Area Integral Area ntegral 
(%) (%) (a/o) (%) (%) (%) (%) (O/~ 

-<-

0.3 8.4 48.5 14.1 61.5 14.9 63.2 14.9 63.3 
., 

0.7 30.0 51.2 28.4 49.7 27.4 48.8 26.9 48.6 

0.4 15.8 45.4 '17.8 52.3 16.8 52.1 16.] 51.5 

0.7 21.7 35.9 28.1 43.4 27.4 43.3 27.0 43.0 

0.6 IB.7 41.4 . 24.2 4B.3 24.4 4B.7 24.3 4B.7 
, 

. Notice also that as the £ values are summed, the rnaxirna almost cover 

the plot, so that the expected unifornl population of the plot for phase 

space is being explicitly shown. 

The shape and area of the norn1alized Dalitz plot change consider

ably with total energy of the three-pion systenl (i, e., fronl a near circle 

in the nonrelativistic case to a tJ:iangle in the highly relativistic regions). 

For example, fron1 M = 500 Me V to M = 2000 Me V, A(500)/ A(2000) = 1. 62, 

where A corresponds to the nonnalized area. 

The comparison of the corresponding Dalitz plots at 500 MeV and 

2000 MeV for the JP = 1- and 1 + matrix clement is shown in Fig. A-9. 

We 110te that although the area and shape are changing, the percentage of 

events with ~ (JP) ~ AM(JP ) varies only slowly with M. 

Figure A-I 0 shows this technique applied to the w meson, a 1 

resonance. The matrix elelnent pea~s in t~e centerj the central curve 

encloses 500;0 of the events but only 30% of the area. Figure 10' shows the 

radial density distribution (background accounts for the events where the 

W density should.be zero). 
. + - 0 Figure A-II shows the projection onto the 1T 1T 1T axis of the 

central and outer regions. Notice that the background is considerably re

duced in the central region plot. Also notice that the 'rj shows up only in 
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the outer' region; if we had not known about the '11 we could have found it 

this way. 

Figure A-12 shows' the same data in a different form.. The y 

axis is the ~ (1-) matrix elementj we see that the ,mass sweep shows the 

resonance best where its matrix element is largest, as expected. The 

figure corresponds to choosing concentric regions in the Dalitz plot. 

Figure A-13 shows the same data plotted vs the 2 + m.atrix eleluent. ; 

The statistics are limited (3000 events are shwon .and probably we would 

need 10000 to 20000 events to detect a real effect over the fluctuations). 

The AZ m.eson (a 2 + meson) should show up in this plot. Figure A-l4 

shows the san'le data plotted against the Z- matrix element. 

One further difficulty in the application of this method should be 

luentioned. In analysis of a resonance with a two- step decay, such as the 

Al or A Z' there will be p' bands across the Dalitz plot corresponding to 

A2 -+ P±1T + (notice A2 -f p0
1T

O
). Hence the recognition of the appropriate 

pattern for the A2 meson is altered by these bands. Similar calculations 

taking these effects into account will be needed~ 5 
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APPENDIX II 

Tables of allowed and forbidden two- body decay m.odes 

Table I: B = Y = 0 Nonstrange m.esons 

From. Alvarez Memo No. 474 by 
R. Huff and J. Kirz Revised May 29, 1967 

In the fo110ving tables we give various allowed an4 forbidden t~o-body decay 

modes for various initial states, as well as the selection rules which are operative 

for·the forbidden decays. The selection rules are applied in the fo11o ..... ing order: 

1. J Angular momentum conservation. This entry for the single-photon 
refers to the familiar selection rule forbidding O~O 
radiative transitions. 

2. S Symmetry, i.e., Bose-Einstein or Fermi-Dirac statistics. For the 
two-photon states, (S) refers to the J = 1 states, but not to 
the higher odd angular momentum states, these latter being 
forbidden only for odd parity (C. N. Yang, Phys. Rev. 77:242). 

3. P Pari ty conserve. ti qn. 

4. C Charge conjugation invariance. 

5. I,G I-spin conservation and G-conjugation invariance, which are really 
equivalent when charge conjugation invariance holds, although 
we list both in the tables for pedigogica1 reasons. We use 
IG and I* to stand for the entries "I and Gil and "I or Gil, 
respectively. 

The appearance of one of these symbols in the tables means that the state in question 

is forbidden by the corresponding selection rule, but is allowed by all selection 

rules earlier in the above list. We have enclosed C in parenthesis in the tables to 

indicate that C applies to the neutral state of a multiplet, but not to the charged 

states of the same multiplet. Thus, for the multiplet X with quantum numbers 

(JPIG::.O+l+), C forbids XO~7T't".,.,.--; but does not forbid X+~'7r+'!1°(although the latter 

is forbidden by I). However, for non-photon decays, if C completely forbids the decay 

of the neutral member of 9. multiplet X into a given pair of mul tiplets, then the decay 

of the charged members of X into the same pair of multiplets is forbidden by I or 0, 

so we list this along with (C). This means a stronger selection rule for the neutral 

decay than for the charged, since'C is valid for both strong and electromagnetic 

interactions, but I and G need only be valid for strong interactions. 
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Tables of allowed and forbidden two- body decay modes 

Table I: B = Y = 0 Nonstrange meson,s 

We ha~e listed the quantum numbers of the initial state in the form 

but it should be kept in mind that the C eigenvalues refer only to the neutral member 

of a multiplet. This notation is more symmetric than I(JPG) because J and P are the 

spin and parity in co-ordinate space, while I and G are the spin and parity in isotopic 

spin space, at least for the non-strange mesons. The final states are listed in order 

of increasing masses, and the sum of masses of the two particles are given in Mev. 

We do not mean to imply, however, that the decay probabilities of the various allowed 

modes for a given initial state will decrease in the same order. After all, matrix 

elements also have something to do with the rates, and not all matrix elements are 

equal. 

We have made the tentative assignments f(1250) = 2++0+ and If (1020) :s:: 1--0-. 

Also the tt (725) has 1st, vi th JP = even + or odd -, but the symbols enclosed 

in square brackets apply to the special case JP = 0+. 

NO.te that all decays that are 1- and/or G-forbidden can only occur by virtual 

emission and reabsorption of a photon, which means that these decay rates are down by 

a factor of at least q~ relative to modes which are allowed by I and G. Decays 

involving one or two real photons are also down by a' or GY~, respectively, and we 

have indicated these factors in the tables by @ or @@, respectively. Thus blanks 

in the tables indicate strong decays fully allowed by all five selection rules. 

The A 1=D or t 1. ~,~e18ction rule for f)lectromaLneUc inte:r[lctions :!mpoC:cs the 

deCH? 0 r: 1=2 mesol1n j,nto I=O mesons and a LamIna rD,Y. The need for the emi5sion 

and absorpt.ion of an addi ~,j,ona,l pbotorl in this case is denoted by ~I! • 
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Table Ii B = Y = 0 Nonstrange mesons 

JP(e) IG 7r 'Y"1T "'°71
0 rr7f r~ -rr'lj r~ rw ."o/,o 

0 140 270 280 550 690 750 780 885 

+(+) 
0+ ~ J J a:G @ @ P 

D. 1 ~ J IG IG J @ @ p 

" 
2T- ~ J J IG @ @I P 

-
;-(-) 0 e J e e J C C C P 

0 1+ C J C (e)I J (C)G (C)@ C P 
2- C J e (e)G J (e)t (e)@ e P 

-(+) 0+ @@ J P P J P @ @ C 
1 - @@ J P P J P @ @ 0 C 
2+ @@ J P P J P @ @I e 

-(-) 
0- e J p P J P e e 

0 1+ C J. P P J P (e)@ C 10 
2 - C J P P J P (e)@ C 

T @@ C e IG @ @ C 
+(+) 0 

1 - i@ (C)@ IG IG C @ @ C 'en 
2+ @@ (e)@ e IG @ @I C 

ren +(-) 
0- C @ C C @ C C C 
1+ C @ C (C)I @ (C)G (C)@ e 10 
2- . C @ C (C)O @! (e)I (C)@ e 

,en-(+) 
0+ • C P P C P @ @ C 
1- @@ (C)@ P P C P @ @ C 
2'+ 00 (e)@ p p C P @ @I e 

0 - C @ P P @ P C C 
,en-(-) 1+ C @ P P @ P (C)@ C IG 

2- C @ P P @I P (C)@ C 

odd -t-(+) 
0+ (s) e s p e P @ @ C 
1- (s) (C)@ s P C P @ @ e 
2+- (s) (C)@ s p e P @ @I' e 

odd+ C-) 
0- (s) @ s p @ p C C 
1+ (s) @ s p @ P (e)@ e IG 
2- (s) @ s p @I p (e)@ e 

odd-(+) 
0+ (s)P e s C e 10 @ @ e 
1- (S)p (C)@ s (e)G e @ @ e 
2+ (S)P (C)@ S (C)I e IG @ @I. C 

-(-) 
0- (S)p @ s 10 @ C e e 

odd 1+- (S)p @ s @ (C)O (e)@ e IG 
2- (S)p @ s IG @I. (e)I (e)@ e 
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Table I: B=Y=O Nonstrange mesons 

Trf 17'1.41 It(K 
1(, t(,~ ~ 

rtf 
Kit 

K'a K~ I<',t(':t ,~ "'If K~ 
JP(C) rG 890 920 990 995 995 1020 1100 1160 1220 

" 

0"'(+) 
0'" P P 0 @ P P 
1- P P 0 @ IG P P 
2"1- P p, I I 0 @I I p P 

>-<, 

... (-) 0- P P 0 0 0 0 p p 

0 1T' P P (0)1· 0 0 0 p P 
2- P P (0)1 C I C 0 P p 

-(+) 01- G 0 P P P fI P 0 
0 1- (O)G P P P @ P (O)G 

, 2T- G (0)1 P ,P P @I P (c)! ! 

-(-) 0- IG P P P C P 1G 
0 1"- G P P P C P 

2- IG P P P 0 P IG I 

even +(+-) 
o· G 0 0 • 0 P 
1- (O)G 0 @ IG (O)G P 
2· G to)I I I 0 @:t I (0)1 P I 

aveni-(-) 
0- IG 0 0 0 0 IG p. 
1+ G (O)!· 0 C 0 P 
2- tG (0)1 0 ! C' C IG P I 

-(1-) 
OT- G c P P P @ P 0 

even 1- (O)G P P P @ P (O)G 
2"1- G (0)1 P P p @I P (0)1 I 

even-(-) 
0- IG P P P C P IG 
1+ G P P P 0 P 
2- IG P P P C P IG I 

odd+("') 
o· 0 0 P S P @ S 0 
1- (O)G P S P @ S (O)G 
2+ G (C)I P S p @I. S (0)1 I 

+(-) 
0- IG P S P 0 S 1G 

odd 1+ G P S P 0 S 
2- IG P S P 0 S 1G I 

odd-<+) 
0·' G 0 0 p C @ S 0 P 
1- (0)0 (0)1· s . 0 @ S (O)G P 

2'" G (0)1 (0)1 S 0 @1 S (0)1 P I 

-(-) 0- IG S 0 S IG P 

odd 1+ G S 0 s fa 
2- IG I S I 0 S IG P I 

~ It is not assumed that ~j' Kl K1 , - They may have or K.I K
Z 

are produced as KK. 
S=O orz 2 



Tables of allowed and forbidden two- body decay modes -91-

Table I: B = Y = 0 Nonstrange mesons 

KK*" -rrf 16~ pOtO, ft JP(e) rG rf "7f "Jw K K~ fW 
1250 1.300 1330 1380 1390 1450 1500 1500 1530 

+(-+) 
Of- e P P P P 1G 

0 I- e P P P P IG IG 
2+ e P P P P I 1G 

-t--(-) 
0- @ P P P P e e e e 

0 1+ @ P P P P (e)I* C (e)I (e)G 
2- @I P P P P (C)I C (C)G (C)1 

- (+) 
0+ C C C IG 

~L 
IG 

0 1- C (C)G C IG IG 
2+- C (C)I C I IG IG 

-(-) 0- @ IG C Pj C C C C 
o ' , 1+ @ IG (C)G P (C)I* C (C)I (c)o 

2- @I IG I r (C)1 P (c)r C (C)G (C)I 

+(+) 
o+- C C C 1G 1G 

even 1- C (e)G C IG G 
2+- C (C) I C I IG I IG 

+(-) 0 @ 1G C [~C)I~ . C G C 
even I+- @ IG (C)G C (e)G 

2- @I IG I I (C)1 (C)1 I C G (c)r 

even-(+) 
0+ C C C IG P 1G 
1- C (C)G C P IG G 
2+ C (C)1 C 'I 1G P I 1G 

-(-) 
0- @ IG C P C G C 

even I+- @ IG (C)G P C (C)G 
2- @I 1G I I (C}I P I C G (e)r 

odd+(+) 
0+ c C C' IG P 1G 
I- e (e)G e P 1G G 
2+- C (C)I C I 1G 

~J 
I 1G 

" odd+(") 
0- @ 1G C C G C 
I+- @ 1G (C)G C (C)G 
2- @I 1G I I (C)1 I C G (C)I 

odd-(+) 
0+ C C C IG FC)Ij IG 
1- C (C)G C 1G G 
2+- C (C)1 C I 1G (C)1 I IG 

-(-) 0 @ IG C C G C 
odd I+- @ 1G (C)G C (C)G 

2- @I 1G I I (C)1 I C G (C)1 



Tables of allowed and forbidd~:r;t two- body decay modes -92-

Table I: B = Y = 0 Nonstrange mesons 

JP(C) IG ww 'tJ'f 
Koif It. ff K~j(; W'"*i?'" -,f Nil ,F-w'f '. 

1560 1570 1610 1770 1775 1800 1800 1880 2000 

" 

0+("') 
0'" P IG P C 
1- IG P P IG (C)G 
2 r I p I IG I P I I (C)I 

+(-) 0- C P e C p e C IG 
0 1+ e P (e)G (e)I* p e (e)I* 

2- e' P I (e)I (c) I p e (e)I IG 

0-'("') 
OT C P IG e 
1 - IG e P IG 10 (e)o 
2+ I C P I IG I I I I (e)I 

-(-) 0- e p e e e e e IG 
0 1T- e 10 P (C)G (e)I* e e (e)I* 

2- e I p I (C)I (e)I e e (c) I IG 

even+(+-) 
0+ e 10 e 
1- IG b 10 10 (e)G 
2+- I e I IG I I I I (e)I 

even+(-) 
0- e e e e e IG 
1+- e IG (e)G e e (e)I* 
2- e I I (e) I I e e (e)I IG 

even-(~ 
0'" e 10 e 
1- IG e 10 10 (e)G 
2+ I C I 10 I I I I (e)I 

even-(-) 
0- e e C e IG 
1T- e IG (C)G C C 
2- e 1 I (e)I I e e I IG 

T(t-) OT- e 10 e 
odd 1- IG e 10 10 (e)G -, 

2 .... I C I IG 1 I 1 1 (e)I 

odd+(-) 
0- e C e e 10 
1+ e IG (C)G e e 
2- e I I (c) I 1 C e 1 IG 

-C ... ) O+- e 10 e e 
odd 1- IG C IG IG (e)I* (e)G 

2+- 1 e 1 IG I I I (e)I (e)r 

-(-) 0- e e e e 10 
odd 1+ C IG (e)o e e 

2- e I r (e)r I e e 1 10 



-93.., 

Tables of allowed .and forbidden two- body decay modes 

Table -1: B = Y= 0 Nonstrange mesons 

wf - iff A:r 
JP(C) G r'f A/\ A 1:, 2:l: ff 

I 
,2,030 2040 2230 2270 2310 2390 2500 

" 
0+-(+) 

Of' C; C I 
I- e IG IG C IG 
2+ C I I C I I 

0+(-) 
0- C C I C C 
IT IG e C IG (C)I* C 
2- I C C I I (C)I* C 

-(+) 
01- e e I 

0 I- e IG IG e IG 
2+ e I I C I I 

-(-) 
0- e e I C e 

0 1+ IG C C IG (C)I* C 
2- I C C I I (C)I* C 

+- C e I +-(+) 0 
even I- e IG IG e IG 

2T" C I I C I I 

even i-(_) 
0- e C I C C 
1+ IG e C IG (C)I* e 
2- I C C I I (C)I* C 

-(+) 0'" C C I 
1 - C IG I C IG even 
2+ C I I C I I 

-(oe) 
0- C I C 

even I+- IG e 1.. IG C 
2- I e I I· I C 

odd -ta(+) 
O+- e e I 
1 C IG T C IG 
21'- C I I C I I 

-, +(-) 0 C I C 
odd 1'+- IG e T IG C 

2- I e I I I C 

odd-(+) 
0+ e e e I C 
I- e IG e C (C)I* IG 
2~ C I C C I (C)I* I 

-(-) 0 C I C 
odd I+- IG e IG IG C 

2- I e I I I C 



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 wa~ranty 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 behal f 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 contiactor prepares, disseminates, or provides_access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




