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N* STUDIES VIA np INELASTIC REACTIONS 

* Arthur H. Rosenfeld and Paul H. Soding 

Department of Physic s and Lawrence Radiation Laboratory 
. . University of California 

Berkeley, California 

March 29, 1968 

INTRODUCTION 

Most of our knowledge of non-strange baryonic resonances has 

come from "elastic (scattering) phase shift analysis" (EPSA) 

np (partial waves) - np, ( 1) 

as discussed at this conference by Lovelace and Steiner. 

In this paper we give: 

I. A brief survey of inelastic cross sections (mainly via figures) 

and experiments (via two tables). 

II. A summary of what very little extra insight (beyond that from 

* EPSA) has come so far from the inelastic final states of N resonances 

when the se are formed in the s channel 

. * . 
np -- N -nnN, r)N, KA, .... (2 ) 

III. A discussion of what useful information (branching ratios and 

signs of amplitude s) may be expected in the next year or so, and their 

relation to SU( 3) c1as sification. 

We considered, but did not write, a Section IV on the production 

of N*'S in reactions likenp -- nN* * pp -- N p. However, we concluded 

that these experiments, while valuable as studies of the production 

process, are n<;>t yet very illuminating in our context. They do yield 
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significant bumps 1 at N*(1400, 1512" 1688, .•• ), and 06.(1236 and 192.0), 

. + + . 2 * and also a bump 1n the rrrr p spectrum at 1560 MeV. However, the N 

(1400) bump seems to involve. constructive interference of both the P 11 

resonance production and diffraction dissociation, 3 the N*( 1512 and 

1688) bumps probably involve several unresolved resonances, and the 

rr ~ rr + p (15 60) could well be a kinematic effect. 
2 

1. BRIEF PICTQRlAL SURVEY 

. . - . . f . 4, 5. F· 1 'F1rst ,we summar1ze rr p cross -sectlon 1n ormat1on 1n 19. . 

The difference between O'tot and the sum of the lower curves is of course 

essentially made up by charge exchange. '* . . 
For N

3
/ 2 resonances, 

shall see in Fig. 4, the most 
. . . . * 

0' ,/0' 1 = 2/1; for N 1/ 2, =1/2. As we c. e. e 
. .'. +- . -0 00 

abundant rrrrN channel 1S rr rr n, then .comes rr rrp, then rr rr n. 

The Fig. 1 insert is a compact way of indicating the energy depencl.-

. . .. . + ~ , 
ence of the population of the 06.( 1236) bands of the rr rr n Dalitz plot. The 

bars, solid arid open, are experimental ratios; the curv~, for comparison, 

shows' where the sum of the two A bands would fall if the Dalitz plot 

population were uniform. 

A typical rr + rr -~ DaUtz plot at T = 900 MeV (.JS = 1688 MeV) is 
rr 

shown in Fig. 2. HaJf the dots fall in the 06.-( 1238) band, even though it 

. + .'. 
occupies only 15 -20% of the area. The A band shows no enhancement 

+ . , 
(nrr is much Ie ss strongly coupled to I = 3/2). These facts are noted in 

the insert to Fig~ 1 as a solid bar at 50% population for T = 900 MeV, , rr 

an opertbar at 25%, and a solid line at about 36% which represents the 

sum of the fractional areas of the two bands. The insert shows that 

+ -
rr A is the dominant final state in rr -p -+ rrrrN over a large energy range. 

This should simplify the partial-wave analysis. 

1/ 

• 
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Figure 3 surveys 1T +p cross sections. 6 Most of the comments that 

we made for 1T in Fig. 1 also apply to Fig. 3. Here there are only two 

+ 0 + + charge state s, 1T 1T P and 1T 1T n. 

Figure 4 apportions the total a( 1T1TN) of Fig. 1 (1T - p) and Fig. 3 

(1T + p) into the individual charge channels, 7 and give s some measure of 

the consistency of the experimental data. Note the dominance of the 
/ 

+ - + 0 two channels (1T 1T nand 1T 1T p) where we expect, and find, large ~-band 

enhancements. To expand on this point we write down here Eqs. (3 

and (3 f), which are just a display of some products of square s of 

Clebsch-Gordan coefficients. 
. 0 

We assume that the three (1T1TN) channels 

/ 
. - *0 come from a pure I = 1 2 amphtude 1T p -+- N 1/2 -+- 1T~. Then the re-

sulting relative populations of the ~ bands are: 

+ o 
1T n1T 
'T1 

1T p1T 
~ 

1+9 = 10: 2 +2 =4: 

Similarly for + *++ 
1T P ~ N 3/ 2 -+- 1T~, we have 

+ 0 1T p1T 
~ 

9+4=13: 

+ + 1T n1T 
~ 

2 

The experimental cross sections of Fig. 4 are in fact ordered in 

size in just the sequence given by Eqs. (3). 

So far our pic to rial survey has been too c rude to mention partial 

waves; however, from EPSA one can of course predict the size of the 

inelastic partial waves; in fact Eqs. (4) show that a
inel 

is just propor

tional to the hatched area on the Argand plot of Fig. 5. To see this, 

. 8 
Just compare 
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( 4el) 

:...2 (J 1) (1 2) = 4lT:...2 (J + -21)[(""-21)2 - (!1
2
)2]. o. l=lTl\. +-2 -n I\. Ine 

(4 inel) 

Next we turn to the available experimental data, which we list in 

two table s: 

Table I (IT - P -+ lTlTN). Two dozen small hydrogen bubble chamber 

experiments have been published with anywhere from a few hundred to 

2000 inelastic events each, or a total of 23000 events in all. Experi-

ments now underway are listed in parentheses. A European effort is 

now aiming at 40000 inelastic events per year, and an LRL-SLAC 

collaboration is comparable. (LRL-SLAC exposure sare indicated as 

inserts of ..... 2000 inelastic events each. ) 

+ " 
Table II (IT P -+ lTlTN). The published data are comparable with 

those of Table I, but there does not seem to be as much interest in 

large new runs, presumably because in this energy range there seem 

to be fewer 6 resonances to be sorted out, than N~/2 resonances. 

II. INELASTIC PARTIAL-WAVE ANALYSES 

To physicists familiar with the great successes of hydrogen bubble 

chamber s -channel resonance formation experiments in discovering and 

identifying Y;( 1520), Y~( 1660), Y~( 1770), and many others, it can be 

surprising that similar experiments with lTp -+ lllTN have yielded much 

less information. 

The explanation is probably that until recently K"" p experiments 

seemed more promising than those with lTp, for several reasons: 

* . a) the Y resonances seemed to be narrower, hence eaSIer to resolve, 
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and more nume rous; 

b) copious inelastic final states like rrA, rr~, rrA( 1520), are two-body, 

or quasi-two-body, and hence easier to analyze than rrrrN; 

c) the subsequent K or Y decays make it possible to observe even 

neutral particles, and yield extra data on the weak interaction, making 

each event more informative. 

Anyway, whatever the reasons, the largest bubble chamber groups 

tended to build electrostatically separated K- beams, collect and mea-

sure hundreds of thousands of events, and carry out detailed partial-

wave fits to the data. 

By contrast, rrp experiments were considered less exciting and 

have really only become reputable with the advent of high-quality polar-

ization data and the thorough phase shift analyses. In fact this confer-

ence is an example of reawakened intere st. Until recently, the rrp 

inelastic channels tended to be studied by smaller, more dispersed 

groups, who measured fewer events and got less from each measure-

ment. 

Just as the rrp data are less complete than the K - P data, so cor-

respondingly less effort has gone into understanding them. 

At a given c. m. energy in a three-body final state (e. g., rrrrN, 

or rrA, where A -+ rrN) the momenta are specified by four independent 

variables, which can be thought of as the two coordinates "internal" to 

the Dalitz plot, and two "external" angles, specifying for example the 

c. m. production angle (J 1 of particle 1, and the azimuth angle <1>23 be

tween the planes of production and decay of the diparticle (23). The 

Kp style of operating has been to write onto a data summary tape these 
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four variables for each event, then make a partial-wave fit to all these 

data. Sometimes data from several experiments have then been pooled 

to extend the energy range and improve the statistic s. ;-

The 'lTP analyses have been much less powerful. The early advo

cates of an "isobar model" were Sternheimer and Lindenbaum, 9 and 

later Olsson and Yodh. 10 Both papers fitted only mass and angular 

distributions. Let us discuss what fraction of the information one loses 

thereby. Since we are dealing with partial waves up toJ = 7/2, we ex-

pec t Legendre polynomials up to P 7 (cos 8) to show up in an expansion. 

Hence 'a proper treatment would assign 10 to 20 bins to each variable; 

then in the space .of all folir variables we expect more than 10
4 

signifi-
, , 

cant bins. Instead the current style is to fit at most the three (corre-

late d) projections of the Dalitz plot and (omitting the correlations) 

about three more production angles, one for each particle. To our dis-

appointment, it is hard to say how much information is thus lost, but 

it seems to be considerable. 

We know of nobody so far who has bothered to collect any appre-

ciable fraction of the total data available and make a complete fit. As 

we said above, now that the EPSA's have shown us there are many 

resonances under each bump, waiting for their 'IT'ITN modes to be dis-

entangled, the field has become reputable, and you may expect things 

to change. But it will take a year. Meanwhile, and with apologies, let 

us discuss what little has been learned so far~ 

1. I = 1/2, 'lTN .... lTlTN 

From the phase shift analyse s of elastic pion-nucleon scattering, 

it is known that in the energy region T < 800 MeV [E ,,' < 1630 MeV], 
'IT c.m. 

, ,"fI' 
, " 
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all partial waves with J ~ 5/2 have sizable inelasticities. On the other 

hand, the amplitude s for J ~ 7/2 are either elastic in this energy region, 

or are just about to start becoming slightly inelastic. In Fig. 6 the 

partial-wave inelastic cross sections 

2 . 2 
a. 1 = 'ITJt (J + 1/2) (1 - r) ) lne 

(5 ) 

(excluding elastic charge exchange) are shown for J ~ 3/2. The values 

of the elasticity parameters r) = I si~V I are taken from the analyses of 

P . + 
elastic TrN scattering by different groups. Except for J = 3/2 (P 13), 

these inelastic cross sections show resonance behavior. Th.e well-

established I = 1/2 re sonance s important for this energy region are 

listed in Table III. 

For all of these resonances except S11(1550), the dominant 

"inelastic" (i. e., non-'ITN) decay channel is expected to be 'ITTrN, whereas 

for the S 11( 1550) re sonance, this decay mode is probably unimportant, 

the dominant "inelastic" mode being r)N in this case (see Fig. 6). 

From analysis of the inelastic reaction 'ITN - 'IT 'IT N, one hopes to 

(i) separate the various reaction' amplitudes according to their JP 

values; 

p 
(ii) further separate, for each J , the different interfering decay 

channels such as TrD., 11 a" N, or "p" N. (Here "a" stands for an 1= 0, 

S-wave 'IT'IT pair in an attractive but not necessarily resonant interaction, 

while TIp 11 stands for a pion pair in the I = 1, P wave state with amas s 

below or around the rho meson resonance mass. Note that the 1704-

MeV threshold for production of pion pairs with a mass of m = 765 MeV 
p 

is at T = 925 Me V. ) 
'IT 
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In contrast to the partial-wave analysis of elastic lTN scattering, 

the difficulty with three particles in the final state is that the complete 

partial-wave expansion is not unique. For a given overall JP one may, 

for example, expand the amplitude into a series of terms labeled by the 

quantum numbers shown in Fig. 7(a}. Using such an expansion [we call 

it the (12)3 expansion], one analyzes for definite angular momentum 

arid isospin states of the (12) subsystem. Transition amplitudes into 

states with a definite angula~ momentum in, for example, the (23) sub

system however would, in the (12)3 expansion, in general be represented 

by a large number of terms, and would not be easily recognizable. To 

siInplify the problem it is usually assumed that, for each of the three 

pairs of particles in the final state,· one or a few simple sets of quantum 

numbers dominate, due to some strong two-body final-state interactions 

in certain angular moment~m andisoS!pin states. For each two-particle 

subsystem, in addition to the few states assumed to be enhanced by the 

final-state interactions in this pair, other states will in general be 
, 

superimposed as a consequence of the final-state interactions in the 

other pairs. In this way, one arrives at an isobar model, with inter-

actions in each of the pairs [Fig. 7(b)]. If one further specifies the 

dynamical form of the interactions in each of the pairs (by an energy-

dependent two-particle scattering phase shift, or simply by a complex 

propagator or scattering length), one has a complete parameterization 

of the three -particle production amplitude at fixed total energy E. This 

may then be fitted to the experimental data. 

The status of the phenomenology involved and the results from 

various attempts to analyze the published data on lTN -. lTlTN in the I = 1/2 

• 
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7 
state have been recently reviewed by Morgan. First we discuss the 

methods, then the re sults. 

Two different approaches have been used. The first of these, as 

described by Arnold and Uretsky, 11 is model-independent. One uses 

basically only information on the production angle distribution da/dn, 

ignoring information on the specific properties of the decay of the inter-

mediate state into the final lTlTN state. One expands da/ dn (which for a 

. three -particle final state depends in general on two independent angles 

that can be specified in different waysi,2),- into a series of, e. g., spher-

ical harmonics: 

dO/dn (cose, 4» =2.: ATyr* (e, <11); 

1,m 

The expansion coefficients Arcan be expressed as a surn over contribu

tions from the various bilinear combinations of amplitudes correspond

ing to different JP,in complete analogy with the Legendre polynomial 

expansion of elastic scattering differential cros s sections. 13 In par-

ticular, with the choice (a) of the production angles e, <11 as defined in 

footnote 12, and with M being the component of the total angular momen

tum J normal to the plane spanned by the three final-state c. m. momenta, 

14 the following rule s apply: 

( 1) Th 1 b . h 1 12a ere can on y e terms WIt +m even. 

(2) The interference between two partial waves with J, M and JI, MI 

contributes only to Ar with IJ -JII ~1 ~ J +J' and m= M - MI. 

(3) The absolute magnitude squared of a partial-wave amplitude of 

angular momentum J contributes to Ar with even 1 ~ 2J - 1. 

(4) The interference terms between two partial waves of even (odd) 
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relative parity contribute only to A~ with- 1· = even (odd). 

(5) The amplitude labeled by J, M corresponds to a transition in a 

state with parity (_)M-f.1, where f.1 is the component of the spin of the 

final nucleon normal to the plane of the three final-state c. m. momenta. 

This expansion then allows one easily to estimate the highest con-

tributing angular momentum J ,and,hopefully, to identify the be-
max 

havior of particular partial waves from the behavior of those expansion 

coefficlents to whiCh these partial waves contri:bute. One can study the 

expansion coefficients (as a function of the total energy for example) 

either integrated over the Dalitz plot, ot forindi'vidual regions of the 

Dalitz plot. A~n6ld aUd. Uretsky11 have used this method to check con-

sistency of TI'TTN data with the inelasticity determinations as plotted in 

Fig. 6. Also R0berts 15 has used dO/ell data restricted to the D.. band 

of the Dalitz plot and checked to see :whether decay from the different 

JP channels into just theTTD.. configuration saturates the total inelasticity 

known from EPSA. 

. . 16-19 
The· second approach consists in fitting an Isobar model, 

that gives information on both (i) and (ii) above. 
17 . 

Thurnauer, Olsson 

and Yodh, 10 and Morgan, 7a~alyzing the region T ::; 800 MeV, have . TT 

used essentially similar models, in which the full amplitude is the sum 

of the three "isobar" amplitudes of Fig. 7(b). Their assumptions differ 

mainly in which partial-wave transitions they include. 10 Ols son and Y odh 

use lTD.. and TT(TTN)I 1/2 S final states (i.e., they assume TTN final-= ,. wave . 

state int~ra:ctiorrs in 1= 1/2, JP = 1/2- "(TTN)S" and I = 3/2, JP = 3/2+ 

"L::." states). Thurnauer 17 uses TTL::. and "a"N. Both assume'only S-wave 

production of the "isobars." Their assumptions are not as different as 

!p. 

1"/ 
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they might seem since there is very strong overlap between S-wave 

TT(TTN)S and "O"N final states, in each case all three particles being in 

relative S wave s. 

Morgan 7 in addition consider s "p "Nstate s (the if p " being de sc ribed 

by the tail of a resonance pole at 750 MeV), and adds P-wave production 

of the isobars. 

As mentioned above, the final states considered in the isobar 

model in general belong to different complete orthogonal sets of states, 

corresponding to the different possible coupling schemes (TT 1TT
Z

)N, 

. 18 
Therefore, Namyslowski et al. choose a some-

what different approach. They do not just add the three separate ~-

plete amplitude s, as given by the isobar model for transitions into the se 

various final states. Instead, they project all final states onto a common 

set of complete states, say the one corresponding to the (Tr
1

TT
Z

)N coupling 

scheme, and then only add the contributions, from the different terms 

of the is~b~l.r model, to the amplitudes for transition into the few lowest 

states of this set (i. e., just the cines whose presence is actually indicated 

by the experimental data). While this procedure is not much more com-

plicated than the straight isobar model approach, Namyslowski et al. 

sugge st that it is more systematic since one deals with just one set of 

amplitudes, defined in terms of one complete set of quantum numbers 

of the (initial and) final state. 

Naturally, this approach can be extended beyond the isobar model. 

However, the present experimental data, entirely lacking in polarization 

measurements, leave the phase shift analyses badly underdetermined. 

Hence in the analysis at present one is forced to make simplifying 
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assumptions, which amounts to using an isobar model. Whether the 

Namyslowski et al. approach to the isobar model is a more economical 

description of what is going on in Tl'N -0, Tl'Tl'N, than the straight ("naive") 

isobar model, may soon be learned as more accurate data are subjected 

to phenomenological analysis. 

Finally,· one may, within the isobar model, use t and u channel 

exchange amplitudes to describe the contributions of the partial waves 

with higher J to isobar production in closed form (i. e., without having 

to introduce arbitrary parameters for each isobar production partial-

wave amplitude). Thus, p exchange is expected to be important for 

Tl'N -+ Tl'6, and pion exchange for Tl'N -+ oN or Tl'N -+ P N. 

The results from the published analyses are summarized in 

Fig. 8. 

(i) P 11: This partial wave is strongly seen in, the Tl'N-+ Tl'Tl'N reaction 

above T 1T = 300 MeV. All analyses agree that there is PH -+ "o"N, S-

wave decay (which has 90% overlap 
7 

with P 11 -+ Tl'( Tl'N}S.. , S wave, ·wave 

integrated over the Dalitz plot). In addition, there are indications for 

P 11 -+ Tl'D., P wave, and/or P 11-+ "p"N, P wave. For T ~550 MeV, 
Tl' 

M Il . 7 organ sana YSIS 

possibly resonant. 

suggests a large P 11 -+ "p "N, P-wave amplitude, 

In fact the CERN analysis 20 of elastic Tl'N scattering 

suggests a second, very broad P
11 

resonance at E = 1750 MeV 
c. m. 

(T = 1010 MeV). Tl' . 

(ii) D 13 : The inelastic decay of this resonance (r. /r
t 

::::: 40%) is 
In ot . 

clearly established to be dominantly D 13 -+ Tl'6, S wave. Only Namyslowski 

18 
et al. assume an equally large contribution of D 13 -+ Tl'6, D wave which 

seems somewhat unplausible in view of the centrifugal barriers involved. 
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Morgan 7 finds in addition contr"ibution from D 13 -+ .!ta"N, P wave. 

(iii) Nothing is known yet about the magnitude and decay channels of the 

P
13 

and S11 into 1TTTN. Also; the decay modes of the D 15 and F 15 states 

(both resonant at T ~ 900 MeV) into TTTTN have not yet been studied in 
TT 

detail. Roberts 15 finds very little « 30%) TT.6. final state, whereas 

Courau21 fits the data with D 15 and F 15 -+ TT.6. plus p exchange leading 

to TT.6.; both authors, however, neglect interferences with other possible 

decay mode s. 

2. r = 3/2, TTN -+ TTTTN 

(a) Threshold (T = 270 MeV) to T = 820 MeV 
TT TT 

The TT N -+ TTTT N 

" 10 
data in this region have been analyzed by Olsson and Yodh and by 

Namyslowski et al. 18 . Let us summarize their results and compare 

them with the results on inelasticities from the EPSA. 

Olsson and Yodh make the most detailed fit to the data, using an 

isobar model. They find the dominant amplitude to be D33 -+ TT.6., S 

wave. To this they add a P 31 -+ TT( TTN)r = 1/2, S wave' S-wave amplitude 

"" ." + +0/ + ++ to get the correct behavlOr of a( TT p -+ TT TT p) a{ TT p -+ TT TT n). They 

choose this with the prejudice that S-wave state s should dominate. To 

get the correct angular distributions in the TT + TTOp channel, they have to 

add another amplitude from the same initial state, P 31 -+ TT.6., P wave; 

as a "background term" (corresponding to about 10% contribution to 

+ + 9 a(TT p -+ TT TT p) at T = 600 MeV). The phases and magnitudes of all 
TT 

three amplitudes are assumed independent of the total c.m. energy. 

The phases are relatively real, with the two P 31 amplitudes being 

negative relative to the D33 amplitude. It is claimed that this model 

agrees with all the data available until 1966 below T = 800 MeV. 
TT 
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Namyslowski et al., 18 on the other hand, compare with data at 

T = 600 MeV and T = 820 MeV only. They do not claim complete 
IT IT 

agreement; the worst discrepancy is with production angular distribu

tions (where interferences between amplitudes for different JP show up). 

In fact, their fits at T = 600 MeV to the angular distributions of the p IT ' 

and the lT O in lTtp -- IT+lTOp are not as good as those of Yodh and Olsson. 10 

They assume, at T IT = 600 MeV, a superposition of D33 -+ lT6., Sand D 

wave, and S31 -+ lT6., .D wave. At T = 820 MeV, they again take 
IT 

D33 -+ lT6., Sand D wave, but instead of S31' they now add P 33 -+ lT6., 

P and F waves. They find that any inclusion of S31 destroys the fit at 

this energy. 

Looking at the I = 3/2 elasticity parameters 1l from the EPSA20, 23. 24 

one finds the following values: 

T ( MeV) .JS ( MeV) 
n: 

600 

820 

1512 

1643 

1l (as defined in Fig. 5) 

P31 P
33 D33 

0.9 1 - 0.9 zO.95 0.9 1 1 

0.4(res.) 1-0.8 zO.8(res?) 0.7(res?) 0.8 -.95 :::::0.9 

For all the other partial waves, 1l = 1 in the energy region in question. 

In one
20 

of the EPSA, ,one finds 1l (P~1) = 1 for TlT < 600 MeV. 

which would be inconsistent with a sizable P
31 

contribution to lTN -+ lTlTN 

10 in T ~ 600 MeV, as assumed by Yodh and Olsson. It is well known, how-
IT 

ever, that the S31 amplitude goes through an inelastic resonance (1l = 0.4) at 

TlT = 820 MeV. and P 33 probably resonates at TlT = 900 MeV (1l = 0.7). 

Therefore, one would expect to find a contribution from the se partial 

waves in the lTN -+ lTlTN channel. Regarding the Namyslowski et al. 18 

'tf', 
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analysis, it seems hard to under stand that S31 should contribute at 

T = 600 MeV (i. e., below resonance), but not at the resonance itself 
TI 

where the inelasticity is large st. 

(b) T= 820 - 1300 MeV 
TI 

No detailed analysis has been reported 

in the literature. Only the production angular distributions have been 

discussed, and sometimes the analysis is restricted to TIA final states. 

This selection becomes possible at these energies since the overlap 

region of the two ~ bands moves outside the Dalitz plot. However, as 

the energy increases, p production has to be taken into account (> 10% 

for T ; 1000 MeV). 6 

',' 6 + 0 ++ 
Kraybill et aL expand the differential cross section for TI p - TI ~ 

into a series of Pi (cos 8) up to 1. = 7; they find no evidence for higher 

terms in this energy region. 
22 ' 

Deler et aL choose a more general 

method, expanding the production angular distribution da/dn (cos ~, <I?) 

for TI+P - ;/TIOp into a series of spherical harmonics yr(B, <I?). In 

both papers the expansion coefficients are then compared with theoretical 

expressions from a simple TIN - TI~ isobar model. The results are 

summarized below. 

In the TTI::::: 800 MeV region, the presence of P 33 - TI~, P wave, 

and D35 - iT~, D wave, are indicated, but other amplitudes are present 

as welL No firm conclusion is reached about the S31' D 33 , and P
31 

amplitudes, which are also expected to contribute. From the elastic 

phase shift analysis, P
33 

is known to probably resonate, and D35 to 

have already a sizable inelasticity (." = 0.95 from the CERN, 20 ." = 0.8 

23 from the Saclay phase shift analysis) in this energy region. 
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In the_ interval between T IT = 900 arid 1200 Me V, the F 37 -+ lTCl., 

F-wave amplitude seems to begin showing up, interfering with the 

JP = 1/Z±, 3/2± amplitudes. 

(c) -Finally for the -T ~ 1300 MeV region ~ (E ~ 1900 MeV), 
IT c.m. 

the results are compatible with dominance of F 37 -+ lT~, F wave, which 

is near resonance there ('f1 ..... OA). There could also be a F 35 -+ lTCl., F

wave amplitude interfering with it; from the elastic scattering phase 

shift analysis, F 35 is known to probably resonate at TiT = 1330 MeV 

with'f1 = 0.7. However, no conclusion is possible about the size of the 

F 35 amplitude from the inelastic reaCtiori with the present data and 

analysis. The presence of further amplitudes of the same parity is 

indicated in the inelastic production angular distributions; these might 

be P 33 -+ iTCl., P wave (which,. however, has only 17 ..... 0.9 at this energy), 

- 20 
-+ iTCl., :P wave (which actually probably resonates at T _ iT = 1375 

Me V with 'f1 ..... OA). In addition, there seem to be some indications for 

the presence of amplitudes for negative parity also. The D35 -+ iTCl., 

D-wave amplitude seems to decrease above T = 1000 MeV and is found 
IT 

to be absent at T = 1300 MeV, although from the elastic scattering 
iT 

analysis its 'f1 is decreasing monotonically, with 'f1 ~ 0.5,-0.7 at T = 1300 
iT 

MeV, reaching a possible resonance at T ~ 1400 MeV (with r ..... 310 MeV 
.. _ .. ___ ._. _ _ iT 

- 20 
according to the CERN EPSA ). These two considerations lead one to 

conclude that the D-wave lTCl. decay of this resonance (if it exists)_ must 

be very small. 

It might be mentioned that Courau21 gets a rather satisfactory fit 

to the iTO angular distribution in iT+P"" iT+lTOp at T = 1300 MeV, using 
IT 

only a resonating F 37 -+ iTCl., F-wave amplitude and adding a term in the 

cross section that describes non-interfering Cl. production via p exchange. 

t. 



• 

-17-

3. Other Channels: rr p -. l1N, KA (1 = 1/2) 

(a) rrN -. l1N 

UCRL-18154 

For the 1/2 - (S 11) partial wave we have already shown in Fig. 6 

that a. I (1/2 -) as determined from EPSA is within the errors accounted 
lne 

for by the sudden increase from threshold of a( rrN -. l1N). At the top of 

Fig. 9 we show the actual data25 for a(rr-p -. l1n), compared with 

a. 1 (1/2 -) as predicted by various EPSA's. Then below are the partial 
lne . 

cross sections, AI' for the expansion da/df2 = 'E,Al PI (cos B). 

Below T = 1000 MeV (E = 1745 MeV) only A O' Ai' A2 are rr c. m. 

different from zero. Besides S11' other partial waves must be present; 

a combination of S 11' 
. 25 

P 11' and D 13 actually can explain the data 

(although, by the Minami ambiguity, D13 could be replaced by P U), 

At T = 900 MeV (E· = 1688 MeV) the 5/2- (D
15

) and5!2+ (F
15

) 
rr c.m. 

amplitudes are known to resonate and to be highly absorptive; neverthe

les s, no enhancement ina( rr-p -+- l1n) and no A
3

, A4 expansion coefficients 

are observed at this energy, which means that the relative decay rate 

into l1N of these resonances must be quite small «2.50/0 and <1.50/0, 

. 1 30) respectlve y . 

It has been pointed out25a that the 11 production data are also 

quite consistent with the peak in a( rrN --l1N) near threshold being domi-

nated by a (new) P
11 

resonance at E = 1580 MeV (r = 130 MeV, 
c. m. 

decay rate -. rrN 350/0; -- l1N 300/0), which must then be different from the 

well-established P
11 

resonance at E = 1470 MeV. In the EPSA's, 20,23,24 
c. m. 

no indication of such a resonance is seen; however, it seems that its 

existence can at pre sent not be excluded on the basis of the elastic data 

alone. Measurement of the recoil nucleon polarization could re solve 

this ambiguity in the 11 production data. 
) 
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( b) TI N -+ K1\. 

26 ..; 0 
Cros s -section and angular distribution data for TI p -+ K 1\. be-

tween threshold (at E = 1615 MeV) and E = 1750 MeV are 
c.m. c.m. 

shown in Fig. 10. The large values ~f the Ai' A 2 , and A3 co~fficients in the 

Legendre polynomial expansion of da/dn indicate considerable inter-

ference between at least two partial-wave amplitudes of different parity; 

from the absence of significant A4 and A5 coefficients at E ::::: 1680 
c. m. 

MeV it appears, however, that the contributions from the resonant 
. . 

D'15 (1680) and F 15 (1688) partial waves to the K1\. channel are small. 

Upper limits o~ the K1\.decay branching ratios of these resonances, as 

inferred
30 

from the experim~ntal limits on A4 and A
5

, are given in 

Table IV. F . h l" f h d " . 26 urt er ana YSIS 0 t ese ata IS In progress. 

III. SIGNS AND MAGNITUDES OF INELASTIC AMPLITUDES, 
SU( 3) ASSIGNMENTS 

We have already suggested that successes.in K-p experiments may 

predict a bright future for TIp studies. F'igure 11 shows. another sort of 

- 27 
K P re sult, this time unique to inelastic channels. 'It shows Argand 

* plots for Y -+ TI~; we recognize resonant circles for two cases with 

JP = 3/2-,1\.(1690) and ~(1660) and for two more 5/2+ cases, A(1815), 

~(1910). The point we want to illustrate here is that two of the curves 

are plotted "up" (i. e., with +i components) and two "down, " i. e., the 

signs of the partial-wave amplitudes have been determined from the 

experimental angular distributions. 

Let us .pursue further the significance of these signs. Consider 

* two final-state amplitudes of some resonance Y , produced by K-p: 

't! 
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- gK-E >,,cgK-o - - I JPI - 2 
K P - Y ~ K p; (K p T K p) cc gK-p; ( 6) 

positive definite 

( 7) 

In the first case (elastic scattering), the initial and final coupling con-

stants are the same, and the partial-wave amplitude is necessarily 

positive. In the second (inelastic) case, we introduce a new coupling 

constant g1T~' and until we invoke SU(3), all we know is that itis real. 

Of course we cannot even measure the sign of the amplitude until we 

let it interfere with another partial wave. But fortunately there are 

other resonances close enough in energy so that their two 1T~ modes 

overlap, and with adequate data the CERN -Heidelberg-Saclay group27 

has determined the relative signs, as shown in Fig. 11. Other deter-

minations have been made by Kernan and Smart, who were among the 

f·· d h .. 28 lrst to stu Y t ese slgns. 

In the language of SU(3), however, the sign of the amplitude (1T~ 

in Eq. 7) is no longer unknown, since there is of course only one real 

coupling constant g for reactions such as Y* -+ 8 ® 1 or 8 ~ 10. 

For the particular (but most common), Case that Y* is itself a member 

of an 8, and decays into 8 ® 8, there can actually be two g's (although 

frequently one of them is zero); but even here, as we shall describe 

below, given a little additional data, the sign of the final amplitude is 

predicted and is a check on the SU(~) assignment of the resonance Y*. 

Further, though magnitudes may be hard to measure, signs are easier. 
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In fact, about 10 such signs have now been reported, 8 of which afford 

significant tests. The chance that some random SU( 3) assignment 

-8 would pas s all 8 te sts is then only 2 ,so we see how valuable the se 

signs can be. 

To illustrate further the question of making SU(3) assignments to 

the experimental data, we introduce T~ble IV and Fig. 12, both taken 

f T · 1 30 rom rlpp et a . 

Note that Table IV is very weak on N* and ti,.. inelastic branching 

fractions; it lists two nNfractions, two nN upper limits; and two KA 

upper limits. With that limited information we conclude our N*discus-

sion; the rest of this section is only a summary of the status of SU(3) 

assignments and a hint as to how better N* data may be used in the 

future. 

Table IV lists two possible 10's: the 3/2+ supermultiplet has 

three members whose branching fractions are related by SU( 3), the 

+ . . 30 
7/2 has two. In their Letter, they show that the decay rates are 

compatible with the predictions of SU( 3) to within ± 30%. In addition, 

two singlet assignments [for A( 1520) and A(2100)] fit well if one allows 

for some singlet-octet mixing. 

Finally Table IV lists four possible octets. Here, because of 

the complications that 8 QQ 8 couples to two 8's (one symmetric, 8 s ' 

one antisymmetric, 8 ), the checking is not so straightforward. 
a /. 

30 Tripp et al. do it in an interesting graphical way in their Fig. 3, 

which is our Fig. 12. Since they had little room in their paper to ex-

plain their treatment of signs, we will expand on it here. 
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Since all the data are treated as partial widths, assume the reso-

nance has been created with unit amplitude. For definiteness, call the 

decaying resonance y*, and remember it is part 8
s 

andpart 8
a

. Write 

the partial width r as 

r ( )2 K' , = c g + c g X lnematlcs, s s a a 
(8 ) 

where Kinematics stands for all kinematical and phase space factors, 

including barrier penetration factors B1 for orbital angular momentum 

1, i.e., 

Kinematics:;;: Bl (p) (M~ ) p, 
o 0 M 

Y 

and where c s' c
a 

are isoscalar coefficients, thus for KN, 

r (KN) = [c (KN}g + c CKN}g ] 2 X Kinematics. s s a a 

The square root of (8) yields an amplitude A (KN, n~, ... ) as 

A=c g +c g =±.Jr/Kinematics1
• s s a a -

If we plot ga == y versus gs == x, we get straight lines, 

y± = c 
a 

(9) 

Note that the greater the observed amplitude IA I (ex ff), the farther 

the two lines y lie from the origin. ± 0 

Since one overall sign is always undetermined, we chose x = g s 

to be > 0, and plot only the right half plane. Satisfactory agreement 

among member s of an octet is indicated by a common value of x and y 

for all decay modes. Shaded areas indicate where the lines cross. 

Tripp et aL discuss all four octets in turn, but we can see that for each 

octet the lines overlap ~ithin errors with one serious discrepancy in each 

case. 
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Finally we corne to the question of the signs, which are shown in 

Fig. 12 as dashed lines wlth arrows indicating allowed regions. Figure 

13 illustrate s how some of the se areas were constructed, using the fact 

of Fig. 11 that in the 3/2- octet the I = 0 and I = 1 lT~ amplitudes are 

found to be of opposite sign. 

Figure 13(a) shows the straight lines y± (KN) from Eq. (9); y+ 

IS labeled (+), etc. For the lT~ decay mode, c = 0, giving vertical 
a . 

lines, 

( since 

x '= ± I A 1/ c " only one of which, x , is in the right hal£plane 
± . ' s-

c ha~pensto be -J' 15 / 5 ). The line is labeled (-). Since the 
s 

reaction under discussion is KN -+ Y* -+ lT~, the sign of IlT~) is of 

course the sign of the product of IKN) and IlT~). We have written 

these products inside circles where the KN andlT~ lines cross. The 

whole plane is then seen to be divided into four sectors, two of them 

o (shaded); and two of theme±) (unshaded) . ., 

Figure 13(b) repeats the. reasoning for I =1. Here the only dif-

ference is that for the Tr~ decay, it is c which is zero, so we find 
s 

horizontal lines. Since we want the signs of the r = 0 and I = 1, lT~ 

amplitudes to be opposite, as found experimentally, we shade the e±) 

sec tor s this time. 

The allowed solution must then fall in a sector where there is 

shading for both i-spin states, or for neither. For our example,Fig. 13(c) 

shows there is no unshaded overlap, so that only the doubly shaded over-

lap sectors are allowed. Fortunately the region of intersection of the 

lines, arrived at without sign considerations, falls in the upper overlap 

sector! 
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Table I. Some IT - P inelastic hydrogen bubble chamber experiments. 

(Numbers of events enclosed in parentheses indicate experiments 

still in progress; for other comments, see text. ) 

,JS 

(MeV) 

1305 

1390 

1400 
1416 

1450 
1450 
1480 

1525 

T 
IT 

(MeV) 

290 
330 

U 360 
j 370 
(f) 410 
.-4 420 
~ 430 
~ 450 

2K .. 460 
480 

2K-

2K-

2K-

2K-

490 
500 
550 
555 
558 

604 
605 
646 
620 
650 
673 
765 

775 
780 
790 
800 

~~: 830 

2K-
2K- 870 

1688 2K- 900 

1800 

2300 

2K- 905 
2K-
2K":" 960 

1100 
1100 

2200 

Total analyzed: 

1613 
1688 

768 
900 

IT - P - lTlTN 

No. events of 
- 0 + -
~ lTlTn 

(500) 

100 

( 1800) 
( 1500) 
(2300) 

441 

1359 

1049 
(3600) 

538 

897 

833 

466 
- 200 

250 
(3500) 

573 
(3000) 
(1600) 
( 4500) 

450 
325 
450 
329 

(5000) 
( 4000) 
(3800) 

450 
833 

1970 
450 

1609 
(5000) 

777 
450 
560 

1600 
450 
942 

- 300 

Reference 

Batusov et al., JETP 13, 320 ('61) 
Oxford (145 K picture staken) 
Kirz et a~., PR 130, 2481 ('63) 
Oxford (60 K pictures taken) 
Sac1ay (60 K pictures taken) 
Oxford 
Kirz et al., PR 130, 2481 ('63) 
Poirier et al., PR 148, 1311 ('66) 
Kirz et al., PR 130-;-2481 ('63) 
Kirz et al., PR 130, 2481 ('63) 
Sac1ay (60 K pictures taken) 
Oxford (50 K pictures taken) 
Sac1ay 
Kirz et al., PR 130, 2481 ('63) 
Burnstein et al. ,---P-R 13 7, B1044 

('65 ) 
Vittitoe et al., PR 135, B232 ( '64) 
Kirz et al., PR 130-;-2481 ( '63) 
Oliver et al., PR 147, 932 ('66) 
Sac1ay (60 K pictures taken) 
Femino et al., NC 52A, 892 ( '67) 
Kirz et al., PR130~481 ('63) 
Crittenden et al.-:-S"ienna I, p,116 

( '63) 
Bertanza et al., NC 44A, 712 ('66) 
Kirz et al., PR 130,2481 ( '63) 
Cason et al., PR 150, 1134 ('66) 
Gensollen et al., Sienna I, p. 8.4 

( '63) 

414 881 Cason et al. , PR 150, 1134 ('66) 

493 997 Cason et al., PR 150, 1134 ('66) 

671 1183 

216 354 
262 384 
263 436 

(15000) 

(25000) 

- 8000 -15000 

Gensollen et al., Sienna I, p. 84 
( '63) 

Pickup et al., PR 132, 1819 ('63) 
Pickup et al., PR 132, 1819 ( '63) 
Pickup et al., PR 132, 1819 ( '63) 
Manning, Smith (LRL, '68 to be 

pub!. ) (from IT + d - PPlT + IT -) 

LRL SLAC (Total LRL-SLAC, 
-50000 inelastic events spread 
over a .JS range of 500 MeV, so 
- 2000 events every 20 MeV.) 

IT -p -+ K O A 

threshold 
(8500) , Anderson, Crawford, Doyle (LRL) 
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Table II. Some 1T + P inelastic hydrogen bubble chamber experiments. 

tJS 
(MeV) 

1415 

1510 

1690 

1760 

1900 

169'0 
1851 

1896 
2015 

+ , 
1T P ....,. 1T1TN T = 180 MeV (threshold) to 1100 MeV 

T Events in channel 
1T 

,(MeV) + 0 + + 
1T 1T P 1T 1T n Reference 

---------~----------~---------

357 
450 
500 
600 

810 
820 
900 
900 

900 
910 
980 

1050 
1090 
1130 

1260 
1300 

100 
159 
418 

2200 
346 
274 
274 

2517 
846 

4105 

315 
951 

3860 

1365 
3200 

213 
28 
40 
75 

73 
75 

201 

529 
209 

80 
249 

490 

Kirz et al., PR 126, 763 ( '62) 
Poirier et al., PR 148, 1311 ( '66) 
Debaisieux et al., NP 63, 273 ( '65) 
Newcomb et al., PR 132, 1283 

('63 ) 
Deler et al., to be published 
Barlouland et al., NC 27, 238 ('63) 
Barlouland et al., NC 27, 238 ('63) 
Gensollen et al., Sienna!, p. 84 

( '63) 
Metzger et al., UR-8 75 -186 
Stone hill et al., RMP 34, 503 ('62) 
Tautfest and Willmann-:--Athens 

(Ohio), p. 421 ('65)· 
,Barlouland et al., NC 27, 238 ('63) 
Stone hill et al., RMP 34, 503 ('62) 
Tautfest and Willmann:-A,thens 

(Ohio), p. 421 ('65) 
Stone hill et al., RMP 34, 503 ('62) 
Deler et al., to be published 

(Saclay) 
1460 3150 1194 Daronian et al., NC 41A, 503 ('66) 

420 
1070 da (0) I to dw 1T on y, counters. Detoeuf ( '66) 

900 = thre shold 
1207 (500) 

1297 (700) 
1546 (700) 

+ 
1T p""" K~ 

Birge, Borreani, Kalmus, LRL 
( '68) 

Birge, Borreani, Kalmus,LRL 
Birge, Borreani, Kalmus, LRL 
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Table III. Well-established N;I.Z. resonances. 
with mass < 1700 MeV. 

JP 1+ 1 - 3- 5 
-

2" (P 11) 2 (5
11

) 2" (DB) 2" (D 15) 

Mass (MeV) 1470 1550 1710 1525 1680 

T (MeV) 530 660 940 620 880 'IT 

r (MeV) 210 130 mass 300 115 170 

r T'IT (MeV) 320 220 " 
550 190 300 

u. 1 (mb) Ine 6 _4a 
1.8 -7 10 

71 (see Fig. 5) 0.35 ,"" 0.4 0.7 .... 0.2 0.2 

re/rtot 0.66 0.33 0.79 0.57 0.39 

aMainly 71 production. 

5+ 
2" (F 15) 

1690 

I 
900 

130 

230 

10 

0.2 

0.68 
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Table IV. Branching fraCtions and partial widths for baryon-" - 8 09 8 (from Ref. 30). 

Mas~ and Mllde 
Brnnching Partial 

width fraction r 
p 1-

J =. 
A(l4tl5) ~1T 1.0 35 

N(1570) {NIT 0.3 39 
r = I:W NT} 0.7 91 

A(J67(l) a\ {NK 0.06 1.1 
r = IK AT} 0.94 16.9 

-);-:-:;;+-

~(12;l6\ NlT 1.0 120 

2:(I:JB5) h\ ,AlT 0.86 30.1 
r: ;15 \ ,. 0.14 4.9 ~rr 

::(1530) ::IT 1.0 7.3 

JP = ~-

]\'(1530) i) 
tlT 

0.65 68 
f' = 105 NT] 0.4 

~(l660) c) 
tlT 

0.10 5.0 
r = 50 '[,IT 0.67 33.5 

NK 0.10 5.0 

. A(1690) d) t~ 0.46 18.4 
r = 40 NK 0.245 9.8 

AT} < 0.027 < 1.1 

::(1815) e) ~:: IT 
0.10 1.6 

r = 16 AK 0.65 10.4 
2:K < 0.02 < 0.3 

A (1520\ j) {~IT 0.51 8.2 
r: 16 NK 0.39 6.2 

P 5+ 
J = T 

N(1688) f) 
tIT 

0.65 71.5 
r = J10 AK < 0.0013 < 0.15 

NT} < 0.015 < 1.7 

A(l820) g) r' 0.12 10.2 
r = 85 ~~ 0.60 51 

AT} < 0.014 < 1.15 

'[,(1910) g) tr. 0.10 6 
r = 60 " < 0.01 < 0.6 ~lT 

NK 0.08 4.8 

Mnss and Modl' 
width 

JP = %-
N(1688) f, 

(rr r= 140 AK 
NT} 

~(1765) 
(rr r= 90 ~rr 

NR: 
'[,T} 

A(1827) g) 

~~~ r = 75 

:: (1933) {::IT 
r = 140 Ai( 

JP= f+ 
6(1920) Nrr 
~(2035) h) 

(rr r = 160 '[,rr 
NK 
::K 

P 7-
J ="2 
A(2100) h) 

l~K r = 160 
::K 
AT} 

Branching Partial 
fraction r 

0.40 56 
< 0.016 < 2.3 
< 0.025 < 3.5 

0.17 15.3 
0.01 0.9 
0.50 45 

< 0.005 < 0.5 

0.23 17.2 
0.10 7.5 

< 0.08 < 6.1 

0.5 70 
0.5 70 

0.5 100 

0.25 40 
0.06 9.6 
0.16 25.6 

< 0.016 < 2.6 

0.05 8.0 
0.29 46.4 
0.01 1.6 

< 0.03 < 4.8 

" -_._-

Footnotcs 

a\ Branching fractions' obtained on thc two-channel assumption. 
b) Width and branching fractions from ref. [9]. 
c\ We adopt slightly higher elasticity than that reported in ref. [2]. Even so, there is 

insufficient~(1660) formed to accomodate the large '[,r. amplitude required- by the 
analysis of ref. [3] and in addition a comparabl~' large rate into A (1405\ IT. 

d) Branching fractions for ~1T and NK from refs. [2,3]. The upper limit for AT] comes 
from the measured cross section of 0.08 mb at !r above resonance as reported by 
Berley et al. [16]. 

e) Upper limit on the ~K mode is extracted from table 1 of the paper of Smith et al. 
[17] by comparison of the ~RK and ARK reactions. 

f) The upper limits on the decay mode N(1688) - AK were extracted from the unpub
lished associated production data of Anderson et al. [18]. The limits come from 
the absence of both A4 and AS coefficients in the angular distributions of 1T - p -~ AKo 

in this momentum region. The coefficient A5 is the more sensitiv~, measure, and 
under the assumption that the two degenerate resonances of JP = if decay into AK 
in proportion to their probabil ities of formation and to their respective centrifugal 
barriers. we obtain the limits listed. This ignores SU(3) as a starting value. Fig. 3cd 
shows that another iteration keeping AS fixed would satisfy SU(3'). The upper limit 
on N -~ NT} comes from assigning a maximum enhancement of 0.3 mb to the reac
tion 1T-P -. NT} at 1688 MeV as derived from the work of Richards et al. [19]. 

g) The ~1T and NR rates are from refs. [1-3]. The upper limits on the AT} rates for 
A(1820) and A(1827) are obtained from the measured cross section of 0.2 mb. 

h) Preliminary estimate of the ~1T mode from Barbaro-Galtieri [20]. The EK mode 
is estimated from the cross section for K-p ~ EK reported by Berge et al. [21]: 
the AT} upper limit is from Flatt~ and Wohl [21]. 

i) NT} partial width from the analysis of Davies and Moorhouse [22]. 
j) A more recent compilation by Yodh [23] gives for A(lS20) a lower branching ratio 

rr'[,m/nNR) = 0.42/0.47, which indicates a greater need for singlet-octet mixing 
than shown in fig. 1. 
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FIGURE CAPTIONS 

Fig. 1. 1T P c ross sections. Utot and U el are from Ref. 4, U 1T1TN is 

from Ref. 5. The insert (fraction in ~ bands), from Ref. 5, is 

described in the text. For references on U N' see Table I. 1T1T1T 

Smooth curves have been drawn through the measured points. 

Fig. ,Z. 
. - + -Dalitz plot of "" 2000 events of the reactlOn 1T p - 1T 1T n at 

\ 

T = 900 MeV (r-{S = 1688 MeV). From LRL-SLAC collaboration 
1T 

( unpublished), 

Fig. 3. + 'IT P cross sections (Ref. 6). 

Fig. 4. Cross section for 'IT+P - 1T1TN, five charge states. Taken 

mainly from Ref. 7. The solid curves are the results of the fit of 

Olsson and Yodh. Ref. 10, as discussed in Section II. 

Fig. 5. Argand plot for the elastic scattering amplitude. 

Fig. 6. Partial-wave inelastic cross sections for I =: 1/2 from Morgan 

(Ref. 7). The ordinate is all inelastic channels, therefore is only 

an upper limit for 1TN ...... 1T1TN. 

Fig. 7a. Possible partial-wave decomposition in the production of 

three particles. For lTTTN, only one has spin, but for generality we 

as sume the nucleon may be either particle 1, 2, or 3, so we dis-

tinguish between, e. g., 112 and j12' 

Fig. 7b. The three amplitude s used in the isobar model. 

Fig. 8. Summary of partial waves for I = 1/2, 1TN - 1T1TN, from various 

published analyses (Refs. 7,10,15,17.18,21). The horizontal bars show ."1' 

the energy regions in which the partial waves listed on the left-hand 

side are pre sent, according to the various analyse s. Wiggly arrows 

symbolize the projections made by Namyslowski et al. (NRR). Ref. 18. 

For further explanations, see text. 

Fig. 9. r] production cross section (top), and Legendre polynomial 

expansion coefficients of the r] differential cross section, from 
c 

Ref. 25. The cross-section values are for only the 34% of n 
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which decay into yy. The 11 production cross section is compared 

with the S 11 inelastic cross section predicted by various EPSA' s. 

Fig. 10. Coefficients in the Legendre p~lynomial expansion do/dn = }t2 

~A1Pl (cos B) of the differential cross section for the reaction 

- 0 1T P -+ AK Note that e is the c. m. angle between the momenta of 

1T and A. No AJ. with J. > 4 were required for adequate fits in this 

momentum region. The total cross section for this reaction is given 

. - o· 2 
by o( 1T P -+ AK ) = 4 1T}t AO (from Ref. 26). 

Fig. 11. Argand plots for partial-wave amplitude s in the reaction 

Fig. 12. Plots of g versus g from Tripp et al. (Ref. 30). Error s a 

bars on the heavy and medium lines correspond respectively to 25% 

and 50%' uncertainty in the decay rates. Light lines are uncertain to 

a factor ~2. Long-dashed lines denote upper limits. Short-dashed 

line s indicate the re gions of the figure s allowed by measurements of 

the relative signs of reaction amplitudes by Kernan and Smart and 

by the CERN -Heidelberg -Saclay collaboration. The sign affixed to 

each decay-rate line denotes the sign of the amplitude in Eq. (9). 

Shaded areas in each figure indicate the approximate value s of g 
s 

and ga that seem to agree best with experiment, although other 

regions of each plot may still be acceptable. Wavy line sin Fig. 12( b) 

exhibit the displacements from the pure singlet and pure octet decay 

rates into ~1T and NR due to a mixing angle of -16 deg, the magnitude 

sugge sted by the mas s formula. 
~c . 

Fig. 13. Illustration of the sign determination of y' decay amplitudes. 

Signs indicated by (+) or (-) are those of the amplitude A in Eq. (9). 
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Th = Thurnauer '65 NRR =Namyslowski, Razmi ,Roberts '66 
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