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1(+P 4-PRONG'INTERACTIONS 
BETHEEN 3 AND ~. GeV/ c 

David G.ordon Brovn 

Lawrence .Radiation Laboratory 
University of Califo'rnia 

Berkeley, California 

May 1958 

ABSTRACT. 

The Lavrence Radiation Laboratory 72-inch hydrogen bubble chamber 

-+ "\olas exposed to a beam of 1( mesons at incident momenta ranging 'from 2.95 

to 4.08 GeV/c. The resulting film yielded 39 000.4-pronginteractions 

which ,{ere processed using the FSD device arid\'the Fog-Cloudy-Fair data 

reduction system. 
~ .. 

Formation of N (2850) and production of the dominant quasi-two-body 

final states' ~ere investigated. .In particular the double resonance 

*++ *++ *++ ° *++ . channels N pO, N f O, Nw , .and N ~o were sufficiently free from 

background to alloT;1 consideration' of theirpr'oduction mechanisms as 'seen 

in their cross-sections and angular distributions .. One-meson-exchange 

models i-?ere found to account correctly for the general features of the. 

first reaction although being inadequate to explain the fine structure 

of the experimental distributions. 
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I. INTRODUCTION 

In an effort to further the understanding of the processes involved 

in multi~;ion production in n+p interactions, 4-prongevents of ·the 

+ following three 'types have been studied at the five incident n momenta 

2.95, 3.19; '3.53, 3·74 and 4.08 GeV/c: 

+ + .+ -n p ~ n p n n (1) 

+ + + - 0 n p ~ n p n n n (2) 

+ + + + -n p ~ n n n n n 

These are the only reactions accounting for any sizeable portion of the 

total 4-prong cross':"sect'ion which may be kinematically constrained. The 

intermediate":energy region was thought to be advantageous because: a) 

The 4-prongcross-section is large, b) The momentum imparted to the 

final-state particles is sufficiently low that ionization information 

is very useful, c) One should be· within the range of validity of 

t-channel exchange models but with s-channel resonance effects still in 

evidence. The analysis was performed on samples of 7300, 9300, and 

2100 events of· the respective reactions. 

These were obtained in a run at the Bevatron in the spring of 1966. 

+ .The 72-inch hydrogen bubble chamber was exposed to a separated n beam 

to obtain .2~b/event of pion path length. The event sample was culled 

from a sample of 39 000 4-prongs measured by.the FSD device and processed 

by the.Fog-Cloudy-Fair system. 

The analysis of the events had two distinct goals: 

1. The 1=3/2 N *++ (2850) lie s wi thin the energy range of the 

experiment. An attempt was to be made to determine the 

cross-sections for the decay of this resonance into the 
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channels considered here. 

2. It was known that reactions (1) and (2) were dominated 

*++ 0 *++ 0 by double resonance production - e.g. N p and N W 

respectively, and the cross-sections and angular 

• distributions of these processes were to be studied. 

In Section (II) the experimental procedure is outlined, i.e. the 

method by which the event sample and mb/event normalization were made. 

In the following section the total cross-sections and fundamental 

e~perimental distributions for the three reactions are described. In 

the last section double resonance production is investigated and the 

success with which these processes are described by one-meson-exchange 

models is examined. 
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II. EXPERIMENTAL· PROCEDURE 

The experiment was performed to obtain two things: an event sample, 

or II library II of· processed events, and the mb/event ratio for events of 

that sample. In this:section the methods used and problems encountered 

in carrying out this task are described in detail. 

A. The Beam 

The beam layout is shown in Fig. (1). It delivered.a separated 

+ beam of:rr mesons to the 72-inch hydrogen bubble chamber, momentum 

analyzed to ±l%. . The beam line does not merit further attention except 

to ·comment that a) the momentum bite was larger than expected because 

of the relative~y poor operating characteristics of the quadrupoles, and 

b) protonconta~ination was fairly se~ere at the higher energies and 

will be discussed at length in Section (C). Runs were made at 2.95, 

3.19, 3.53, 3.74, and 4.08 GeV/c incidentn+ momentum. No un-due 

difficulty was experienced with. any of the apparatus. during the running 

of the experiment. 

B. Data processing 

All of the film' was scanne.d for 4-prong interactions between rakes 

1 and 13 in the 72-inch bubbl~ chamber. 39 These events were measured on 

the Flying spot Digitizer (FSD) automatic measuring machine. If an event 

failed to pass through the reconstruction 'programs it was remeasured on 

either the Franckenstein device or (for one momentum--4.08 GeV/c) again 

on the FSD. 

The fog-Cloudy-Fair system of .computer programs was used to 

reconstruct the events from the measuring machine information, to 

constrain 

data in a 

the events to those reactions of interest, and to output the 

40 useful form. Since in reactions (1) and (2) any of three 
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positive outgoing tracks could be the proton, there were a total of 

seven hypothetical sets of mass assignments to be tried for each event. 

Also, as detailed in the next section, the events were constrained to 

the corresponding pp reactions in order to determine the proton 

contamination. 

Events were lost at each stage of processing because of scanning, 

measurement, and tape-handling errors. These errors consist of such 

things as measuring the tracks of an event in a different order in two 

views or of punching in the wrong roll. or frame number for an event or 

even of loosing the tapes from an evening's FSD run. Over 90% (92.3%) 

of the events survived processing (including events saved by remeasure-

nient). No evidence -was' found that the missing events were a biased 

sample except for containing the "non-events tl (such as a 2-prong event 

with crossing beam tracks at the origin making a fake tl4-prong" event) 

for which a 'correction was made in the efficiency calculations. 

C .. Beam Contamination 

+ The n beam had fairly severe contamination problems, the principal 

contaminants being protons and Il mesons. In particular,the proton 

contamination was a source of concern because of the possibility of 

'constraining pp 4-prong events to the np interactions considered. The 

extent of proton contamination will be discussed below, and the Il-meson 

contamination will be mentioned in Section (D). 

Two velocity separators and an accompanying mass-resolution slit 

+ were used to extract the n component of the beam for this experiment. 

Fig. (2) shows separation curves taken at the highest momentum with 1) 

tlBtI a narrow solid-state counter placed just above the slit, and 2) 

tlCFC tI and "CF" , Cerenkov and paddle counters respectively, in series 



-6-

1.0 

v 
SEPARATION and C ERE N K 0 VC U R V E S 

t 

.1 

70% 

.01 

MILLIVOLTS (CHANGING 8 FI ELD of S2) 

XBL 68.:1-659 

v 

Fig. 2. Separe.ticm aDd Cerenkov curVE" used in estimsting 
the proton conts~ination. 



'I' 

'-

-7-

after the slit--all normalized by T the target monitor. At this 

momentum the proton and pion peaks are seen to be in the ratio of 

nearly 150 to 1 with the two peaks not being very well resolved. Of 

course, because of the 1/p3 behavior of the separation distance, much 

v 
better resolution was obtained at the lower momenta. The Cerenkov counter 

was adjusted so as not to count the (relatively) slow protons; and hence 

(CF - CFC)/CF is the percentage of protons in the beam after separation 

has occurred--i.e. roughly 30%. 

In order to geta ,better'quantite.tiye,. understanding of the proton 

contamination. The measured 4-pr~hg events were constrained ,to the 

following reactions: 

pp ~ 

pp ~ 

pp ~ 

+ -pp rc rc 

+ - 0 pp rc rc rc 

+ + -prcrcrcn 

, 

(4) 

(5 ) 

(6 ) 

The ratio of the number of events constraining to these reactions, to 

those constraining to the corresponding pion beam hypotheses, when 

compared to the ratio of the respective, cross-sections, was used to 

determine the 'fraction of protons in the pion+proton beam. That· is, 

if N ,N and (J" (J" are the respective number, s, of events (excludi'ng re p rep' pp 

events constraining to both pp and re+p hypotheses) a:nd cross-sections 

for these reactions and a the fraction of protons" then: 

N re = 

N (J" p rep 
N (J" 

re pp 

Also, using the number of events constraining to both pion and proton 

hypotheses and the ratio Np/Nre' an estimate of the proton-event 



Momentum 

GeV/c 

2·95 

3·19 

3·53 

3.74 

4.oS 

~ 

Table 1. Proton contamination of the 1/, P beam and good-'event sample 

(G.E.S.) and muon contamination of the 1(+, JJ.+ beam. 

Using only the 4c fits Using all. of reactions 1-6 . 

% Pbeam % P G.E.S. % P beam %p G.E.S .. 

2.7 ± .7 .032 ± .013 3.0 f.S .030 ±.008 

5.4 ± .S .070 ± .017 6.0 ± 1.1 .10 .± .01 

5·7 ± ·9 .14 ± .03 S.l ± 1.4 .19 ± .02 

9.1 ± 1.2 .29 ± .05 10·7± 1.7 .45 ± .04 

25.0 ± 2.4 1.9 ± .2 22.1 ± 3.0 2.6 ± .1 

a-ray results 

% JJ. beam 

5.7 ± 2.6 
I 

5.3 ± 2.4 
(X) 
I 

4.S ± 2.2 

4. 5± 2.1 

4.1 ± 1.9 

,:~'" .. ~., 

~- ... -~ 



'. 

-9-

contamination of the final event sample may be obtained. 

The results of this analysis are exhibited in Table I, the proton 

contamination having been found to vary from 3% at the lowest to 24% at 

the highest momentum. Note that by this method the proton contamination 

of the "good" beam, as defined by criteria detailed, in Part (E), is 

determined. Off-momentum protons (e.g. degraded at the mass slit) are 

rejected by the momentum cut; so, their contamination is not relevant 

to the expe~iment. This accounts for the higher value given by the 

Cerenkov counter at 4.08 GeV/c. 

D.Beam Normalization 

Because of the beam contamination it was not sufficient merely to 

make a beam count in order to obtain the total pion path length. In 

particular it was felt desirable that a method be used which was 

independent of measurement of the proton contamination. This could be 

.... 

accomplished by normalizing to the a-ray cross-section since large a-rays 

are only produced by beam :J( 's or Il' s. 30 A scan for a -rays with momenta 

greater than 18 MeV / c (i. e. sufficiently large that the delta-ray ... 
cross-section for production by a beam proton was negligible), and strong 

interactions on beam tracks with these a-rays was made over about 20% 

of the film with the a-ray initial momentum being measured (actually 

the cut was made on the initial radius of curvature and corresponds 

only approximately to, 18 MeV / c) . From the known cro s s - se ct ion for the se 

a-rays the total :J(,+ Il+ track length could be obtained;' and from the 

number of s~rong interactions occurring on these tracks and the total 

+ 
:J( P interaction cross-section, the mu-mesoncontamination could be 

estimated. Because of the paucity of data, this latter was done for 

the entire experiment, rather than for each momentum separately, with 
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Table II. Beam Normalization 

mb/event ratios 
Momentum 

GeV/c 5-ray normalization 

2·95 (2.29 ± .10) x 10-3 

3·19 1.19 ± .04 

3·53 01.26 ± .05 

3·74 0 1.54 ± .05 

4.08 1·32 ± .04 

()" normalization 
-'T 

(2.48 ± .13) x 10-3 

1.07 ± ~05 

1.15 ± .06 

1.45 ± .09 

1.15 ± .09 

,"'. 

'.." i 
i 

i 
I 

'V I 
I 

1 
i 
i 
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an assumed lip (lifetime effect) dependence upon incident momentum. 

Muon contamination is given in Table I, and Table II shows the figure 

obtained for the number of millibarns per event at each energy. 

Since this was not the conventional way to determine the path 

length, an independent means was sought to confirm the delta-ray results. 

A scan was made for all strong interactions in a sample of the! film, 

which, in conJunction with knowledge of the proton contamination, was 

used to normalize to the knoWn~+P total cross-section. The results 

from this method are shown in Table II and are seen to agree, within 

errors,with those obtained by the a-ray method. 

In both of the above methods the error quoted is not purely 

statistical--ioe. from the number of a'-rays or strong interactions 

discovered. It also stems from the uncertai'nty in the cross-sections 

used, in the necessary corrections for efficiencies and I-l or proton 

contamination, and in the correction of these samples to the good-beam 

criteria detailed in Section (E). 

E. The Event Sample 

The "good-event" sample (G.E.S.) for reactions 1-3 was culled from 

the events which survived processing by the Fog-Cloudy-Fair System. 

The basic requirements determining the selection criteria were that the 

sample be as free from contamination, as unbiased, and as large 

(statistically significant) as possible. The events were screened in 

the followi~g ways: 

a. Good beam requirement: The beam momentum~ entrance angles and 

entrance position were required to satisfy conditions ensuring 

that only good beam events would be considered. Also, events 

were required to lie within certain limits, in the beam 



Table III. Cuts in the event sample. 

Momentum (GeV / c) 2·95 " 3·19 3·53 . 3·74 4.08 

Events processed ·3236 100% 8179 100% 8261 100% .· .... 6758 100% 9524 100% 

-12<XVTX<l08 cm. 45 1.39 104 1.27 72 .87 77 .1.14 100 1.05 

FE> .9Po 89· 2·75 450 5·50 414 5·01 455 6·73 1160 12.18 

IBETE-BOI < 3° .. 48 
I 

10 ·31 39 17 .21 20 .30 25 .26 I-' 
I\) 
I 

IALFE-CtO I < 2° 40 1'.24 65 ·79 53 .64 57 .84 74 ·78 

35<YEND<61.5 cm. 155 4.79 44T 5.47 328 3·97 230 3.40 228 2·39 

42<ZEND<58 cm. 1 .01 

TDAV < 60 t37 4.23 319 3·90 339 4;10 184 2·72 324 3·40 

ITER < 8 i .01 

M* < 8, 15 (lc,4c) . 473 . 14.62 1533 18·74 16'30 19·73 1350 19·98 2112 22.18 

GM* < 7 473 14.62 851 10.40 727 8.80 564 8.35 1283 . 13.47 

Good event 1814 56.06 4370 53.43 4680 56.65 3821 56.54 4218 44.29 

':' .: • :-., 
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direction, in the chamber. 

b. Good measure requirement: The parameter Tdav, which is a 

measure· of the goodness of fit of a track through the digitized 

points along it, "las used to remove events vlith poorly measured 

't tracks. 

c. Good fit requirement: Cuts vTere made on the Fair quantities 

Iter, M* and GM* "Thich measure the ease with which the programs 

kinematically constrained an event, the goodness of the kinematic 

fi t of constrained events, and the agreement of the measured 

and calculated ionization for the (FSD) measured tracks of an 

. event. 

Table III shows the precise upper and lo,·ier bounds of each cut and 

the percentage of events eliminated by each cut applied in succession. 

Some of the events constrained to more tha::1 one hypothesis. These 

ambiguous events, amounting to 11% of :the good event sample, were examined 
',. 

On the scan table. Roughly 30% of these could not be resolved by 

ionization information and i-lere assigned on the basis of the lower 1-1* 

value, vlith the greater reliability of 4c thal lC fits being taken into 

consideration. 

The value of the ionization criteria (GM7:' cut) may be seen in the 

fact that the number of ambiguous events would have been doubled without 

its use. Also, it provided a means for riddiLg the sample of events 

vlhich constrained incorrectly--e.g. multi-pi-zero events, ~lhich could 

, I 

"", fake a neutron event (reaction (3)) kinematically, ,{ould have a 

misidentified ~roton) en~ hence should fail the ionization test. 

Figure (3) sho' .. !s the G:,i* distributions for one experiment (3.53 GeV/c) 

for the 4c fits vihicL ',;ere C".) ambiguous, vlith the largest GH-x- and 
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(A) 

20 

10 

+37 

en (8) 
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Fig •. 4. GM* distributions for the events constraining to a 
permutation of both reactions (1) and (2) for (A) the best 
(lowest GM*) reaction (2) permutation which constrained and 
(B) the best reaction (1) permutation. 
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(B) ambiguous ,·rith the smallest GM*, 2nd (C) vrhich i-7ere unambiguous. 

This 8ho,\·rs the extent to 'which GN* could be used to differentiate Get-ween 

the different hypotheses. Further, Fig. (4) shows the GM* distributions 

for the 4C-rL° (reactions (1 and 2)) overlap. events for (A) the best 

(by GI-1*) :n: 0 hypothesis vrhich fit and (B) for the best 4c hypothesis 

fitting. Only those cases (96%) for which different tracks were fit as 

the proton under the two hypotheses were·used. Clearly GM* offers 2 

good method for choosing the correct hypothesis, and also, as expected, 

4c fits are more reliable than lC fits·. 

The ionization information ,·ras furnished by the FSD as. the fraction 

. (HM) of the scans of a given track fo~' '.vhich a bubble~as encountered. 31 

Since the theoretical dependence of this upon a particle's velocity is 

well kno','0, a similar number (HC) could be computed from the particle's 

.known momentum and assumed mass, and normalized using the minimally-

ionizing beam· tracks. Corrections are of course made for the orientation 

of the track relative to the plane of the camera, and of the projection 

of the track relative to the scan direction. It vas found that the 

measured ionization ',.ras also dependent upon position in the chamber, so 

corrections "rere made for this effect as ,.,ell. GM*' ,·:as then defined to 

be the average, for all of the tracks for which ionization information 

was received, of the quantity (HC-Hlil)2/DH2, v.'here DH "as the estimated 

error on the ionization measurement. 

F. The mb/event ?2tios 

The remainirYg task is to adjust the previously fou:1d mb/event 

figures to the particular everlt sample chosen in Section (E). That is 

accomplished as follO'.is: . 

me 
(event :Ln sE'::lple) (eveni.. on film) 

x event on film 
(eve:1t in sample) 

) 
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Corrections for the physical cuts (1-6) have already been made; however, 

important corrections for inefficiencies in scanning and in the processing 

system and for the tails of the TDAV, M*, and GM* distributions remain. 

Scanning efficiency was measured by comparing the results of the 

original scan with those of a rescan of a quarter of the rolls. Lists 

of the events found in the two scans were compared and events not on 

both of the lists segregated. These events were scanned once again and 

classified as (1) bad, (2) non-beam or (3) good events (typical examples 

of the first two classes of events would be a two prong event and an 

event from a low-momentum beam track). Events of the first type would 

not be processed by the system, so their fraction was subracted from 

the total number scanned. Likewise, events of the second type would 

fail the good beam requirement and were irrelevant to the efficiency 

calculation. The usual efficiency' calculation was then made on the good 

events. T~ere was, of course, some difficulty in deciding whether an 

event should be assigned to type (2) or (3); however, this results in 

only a slight increase in the error on the calculated efficiency. 

The efficiency of the system was simply the percentage of the 

events scanned for which Fair output was received. In view of the previous 

paragraph, however, the fraction of "bad" events was first subtracted 

from the Ilevents scanned" catagory. The Tdav cut was similarly treated-­

i.e. the events eliminated were those improperly treated (poorly measured) 

by the system. The measurement errors for those events within the generous 

Tdav cuts, should simple result in a larger tail to the M* distribution 

(chi-square, for events which constrain) which is evaluated below. 

The effects of the constraint criteria are somewhat more difficult 

to evaluate. The effects of the M* and GM* cuts would be easy to 
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calculate if these mea.sures of the kinematic and ionization fits were 

in reality chi-square distributed. The relevant errors are not gausian 

distributed, however, but have proportionately greater tails to their 

distributions than expected, so that the related "chi-square" distributions 

also have exessive values for large chi-squares. Further, the distributions 

for different hypotheses overli=Lp, and this effect--of "background" events 

also constraining to the reactions of interest--increases considerably 

with energy with the increase of the proton contamination and of. the 

multiple-neutral production cross-sections. 

A determination of the fraction of good events lost in the cut on 

the ionization measure, GM*, was made in a fairly straight-forward way. 

Samples of the events failing only the GM* test were scanned at each 

energy to check the· ionization, and the percentage of good events 

estimated.· This was not a completely unambiguous procedure because the 

FSD ionization measurement should be more reliable than that of a 

scanner, especially in.the 1.2 to 1.5 GeV/c momentum range. Only a 

fairly small percentage of events fell within this ambiguous catagory 

however. 

The effect of the M* cut was examined in the following ways: 

1. The M* distributions at each energy were fit to chi~square + 

constant background distributions, to obtain estimates of the 

excess of events in the tails ·of the distributions. 

2. The effects of the following abnormal conditions in artifically 

worsening the M* distribution were studied: a) high TDAV--poorly 

measured events, b) off-momentum beam--since the beam momentum 

was edited in the constraint programs, and c) XVTX near the end 

of the chamber--where measurements were less reliable. 
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Table rv. mb/event normalization and cross-sections 
for reactions 1-3 (4c, 0 n) . :rc , 

I~ 

Momentum Reaction mbLevent G.E.S. (J (mb) 
l., 

4c (3.67 ± .28)xl0-3 798 2·95 2·93 ± .25 
0 3·50 ± ·35 850 2.98 ± ·31 :rc 

n 3·37 ± .34 157 ·53 ± .07 
1805 6.44 ± .61 

3·19 4c 1. 73 ± .12 1683 2·91 ± .21 
0 1.54 ± .14 2195 3.38 ± ·31 :rc 

n 1.40 ± .13 421 ·59 ± .06 --
4299 6.88 ± .56 

3·53 4c 1. 71 ± .11 1943 3·33 ± .24 
0 1.60 ± .15 2280 3.64 ± .34 :rc 

n 1.44 ± .13 433 .63 ± .06 

4656 7·60 ± .63 

3.74 4c - 2.26 ± .15 - 1498 3·39 ± .24 
0 2.06 ± .18 1851 3·79 ± ·35 :rc 

n 1.88 ± .17 4.88 .84 ± .09 

3797 8.03 ± .66 

4.08 4c 2.05 ± .14 1383 2.83 ± .21 
0 1.78 ± .16 , 2125 3· 78 ± .36 :rc 

n 1. 57 ± .15 613 ·97 ± .10 
4121 7.58 ± .65 

Combined 4c (4.22 ± .13)xl0-4 7305 3·09 ± .10 '. . 0 3.84± .16 9301 3·57 ± .15 :rc 

n 3.48 ± .15 2072 ·72 ± .03 
'.' 18678 7·37 ± .26 
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3. A sample of film was completely remeasured so that the effects 

of measurement errors could be better evaluated. 

From these, a figure for the percentage of good events lost minus bogus 

events retained was determined at each energy for each of the three 

reactions. 

The final values for the mb/event ratios are given in Table IV, 

along with the cross-sections which these imply for reactions (1-3). 
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III. EXPERIMENTAL RESULTS 

The event samples and mb/event ratios having been obtained for the 

three reactions of interest, their cross-sections and invariant mass and 

momentum transfer distributions will be shown .before proceeding to a 

more detailed analysis of the data. For the sake of completeness, these 

distributions are presented for all incident momenta and for all possible 

combinations of final-state particles. Invariant mass and momentum 

transfer distributions of course do not begin to exhaust the possible 

~ 

. displays of the data which could be made, the associated triangle plots 

and Chew-Low plots in particular might be of interest. Further expansion 

of this section was not deemed practicable; however, and a few of the 

"most important" triangle and Chew-Low scatter plots appear in Section 

(IV) • 

The cross-sections for reactions (1-3) are shown in Figs. (5 and 7). 

Values from other experiments are included in order to give a better 

understanding of the energy dependence of the cross-sections. Those 

found in this experiment are seen to agree fairly well with earlier 

work, at least ·to within the rather substantial errors involved. 

In particular, previous results indicated the possibility of a 

broad enhancement in the cross-section for reaction (1) in the region 

* of the N (2850). This was supported both by the general trend of the 

experimental cross-sections and by structure in the M(11:+p 11:+11:-) invariant 

+ . . 
mass distribution of 8 Gev/c 11: p 6-prong events (Bardadin-Otwinowska 

24 et al. ). Quite striking confirmation of this has been obtained, 

although the evidence is not completely conclusive because of the large 

experimental errors. Despite the evident arb:itrarine.ss of any attempt 

to put a smooth curve through the experimental points and the difficulty 
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Fig. 6. Cross-section for reaction (1):, with a smooth-line 
interpolation of the experimental points yielding an 
estimate of the cross-section for N*(2850) formation . 
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in drawing a suitable background, this has been done and is shown in 

Fig. (6). The resulting very crude estimate of the cross-section for 

* + . + -formation of N (2850) with subsequent decay into 1{ p 1{ 1{ is exhibited 

in the inset to the figure. The' resonance mass and width are seen to be 

roughly 2800 and 200 MeV respectively, which are not unreasonably far, 

from the tr8030tr values of 2850 and 400 MeV. The height, however, is 

surprisingly large. It has been estimated as about .65 mb, which is 84% 

'of the .77 ± .06 mb figure of Citron et al. 33 for the N*(2850) contribu­

* tion to the total cross-section. Further evidence for the N (2850) decay 

into1{ + p 1{ + 1{ - will be seen in Section (B) in the 1{ + P 1{ + 1{ - invariant mass 

, + + - ° distribution of the 1{ p 1{ 1{ 1{ events. 

The invariant mass and momentum transfer distributions are exhibited 

for each reaction in turn in the sections which follow together with some 

comments on their general features. The five distributions corresponding 

to the five incident momenta are displayed in perspective for every 

variable, with the number of events in the highest bin displayed for each 

histogram. Their sum is presented 'separately, with phase space curves 

(small triangles) included to give some idea of what a "backgroundtr might 

resemble. Also, for reactions (1) and (2) an effort has been made to 

*++ *++' take into account N pO and N WO production respectively (dots, with 

interpolated solid curve). Since there are substantial differences 

between the kinematic limits at the lowest and highest incident momenta, 

the background curves are not drawn for some average momentum but are the 

weighted sums of those generated at the five' momenta. 

No differentiation is made between (among) the two (three) outgoing 

positive pions so that for some distributions more than one combination 

must be histogrammed. For uniformity in normalization this is 'done for 

all the distributions. That is, in reactions (1) and (2) the curves 
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are normalized to twice the number of events and in (3) to 'three times 

the number of actual events. Hence for an event contraining to 

reaction (3), invariant masses of the three distinct ~+n combinations 

are histogrammed in one distribution, and in another the unique value 

of M(n-n) is histogrammed three times. 

, A. 

Reaction (1) is the lone four-constraint (4c) fit reaction of the 

three (having no missing neutral), and as such its event sample is most 

to be trusted as free from spurious events. There are 7305 events in 

the entire sample divided 798, 1.683, 1943, 1498, 1383 at each of the five 

incident momenta respectively. Its invariant-mass and momentum-transfer 

distributions are shown in Figs. (8-15). There are four 2-body and 

three 3-body combinations possible, not differentiating between the 

+ ' two n mesons, and hence five momentum-transfer distributions. 

The dotted curve is the phase space prediction, and the solid line 

is a combination of 40% N*++po with 60% phase space. The N*++po 

contribution is obtained from 100 000 events Monte-Carloed according 

toJ;hase space times e 8tp,N* and weighted1?y N*++ and pO Breit-Wigners, 

with the po decay cosine (helicity frame) further weighted as 1/2 

(1+.6 cose + .25(3 cos2e-l)) to 'take into partial account the observed 

pO decay anisotropy and asymmetry. 
. *++ 

The N and pO parameters are 

given in Section (IV), their masses and widths being based on the 

UCRL-8030 values--i.e. N*++ (1236 , 120), po (770, 130) . 

. *++ ',' ' + + -
N (1236) and pO(770) production in the ~ ,p and ~ n distributions 

respectively are the most dramatic features of the invariant mass 

distributions. 'Aside from an fO(l26o) peak in the n+~- distribution at 

the higher incident momenta and a rather striking peak at about 1700 MeV 

~~ 
, I 

I 
I 
! 

I 

I 
I 

• I 
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Fig. 8. Invariant mass and momentum transfer distributions of 
reaction (1) for the five momenta, in events/10 MeV((MeV/c)2), 
with the number of events in the highest bin being given for 
each histogram. 
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Fig. 9. Invariant mass and momentum transfer d.istributions of 2 
reaction (1) for the five momenta, in events/10 MeV ((MeV/c) ), 
with the number of events in the highest bin being given for 
each histogram. 
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Fig. 10. Invariant mass and momentum transfer distributions of 2 
reaction (1) for the five momenta, inevents/l0 MeV ((MeV/c) ), 
with the number of events in. the highest bin being given for 
each histogram. 
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Fig. 12. Invariant mass and momentum transfer distributions of 
reaction .(1) for the five momenta, in events/10 MeV.((MeV/c)2), 
with the number of events in the highest bin being given for 
each histogram. 
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Fig. 13. Invariant mass and momentum transfer distributions 
of reaction (1) for the five momenta, in events/l0 MeV 
((MeV/c)2), with the number of events in the highest bin 
being given for each histogram. 
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Fig. 14. Invariant mass and momentum transfer distributions of 
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with the number of events in the highest bin being given for 

each histogram. 
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in the ~ ~ p distribution there is little other structure unambiguously 

associated with known resonances. In particular the three pion 

invariant mass distribution gives a rather confused, albeit enhanced, 

signal in the "A" region. When viewed against the "background" curve 

a shoulder in the Al region and a broad A2 stand out prominently but 

certainly not with the narrow widths credited to them in the "8030"-­

i.e. of 80 and 90 MeV respectively. 

The very peripheral nature of the processes involved in this 

reaction is evident from the momentum transfer distributions. Low 

. + + + -values of the momentum transfer to the ~ p and ~ ~ ~ systems are 

especially f~vored, but i~all cases the distribution of momentum 

transf~r between initial ?-ndfinalllj:articles" of like Baryon number is 

sharply peaked~ Of course, these distributiorE are not independent. 

Because the proton is so much more massive than the pion, forward peaking 

in one distribution automatically requires a certain amount of forward 

peaking in the others. For example" the propagation of peaking in the. 

tp,~+p distribution to the other momentum transfer distributions is 

* '. . . 
clearly seen in the N pO contribution to the background curves of 

Figs. (11 and 15)--i.e. in the difference between the dotted (phase 

. * 
space) and solid (phase space + peripheral Np) background curves. 

B. 

Reaction (2) has the largest cross-section of the three reactions. 

The event sample was composed of 9301 events, divided 850, 2195, 2280, 

1851 and 2125 respectively at the five incident momenta. There are 

seven 2-body and 3-body combinations, and four 4-body .combinations 

possible and hence eleven momentum transfer distributions. The invariant 

mass and momentum transfer distributions are shown in Figs. (16 - 34). 
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. . 
Again, phase space is indicated with a dotted line, and a solid line is 

. \ 

. . *++ 
drawn representing 80% phase space and 20%NwO production (with'an 

" 

3t + 
e p,~ p dependence). 

N*++ (1236) and W
O (783) production in the ~ + P and 1(+ 1t -1(0 invariant 

" . ': .\",', 
1. ..!",;', .. ~ . 
. ::' ... ~. :. 

mass distributions are the most striking features of the data. Other 

:~ structure is present in the invariant mass distributions,. however. In . '" ,.', "," ': 
J-, • 

- . ; .. ' 

particular production of ~(549) is a well differentiated, if small, 
' .. :". 

effect in the n+n-1(° distribution. All of the two pion distributions" 

+ + except M(~ 1t ), show a pronounced hump at about 770 MeV indicating the.: 

presence of substantial. p (770) production • There is also some evidence'/: 

of the B(1220) in the four-pion distribution. Some work on the B meson, ··~)-.:~:r::\~; ~,': 
.' \ .:" .>.~- ','~~~, ',:" ;P, ,_' :' ., 

has already been pUblished,34 as well as a brief paper on the H 

enhancement. 35 

A. further interesting feature of the mass histograms is the small.'. 
+ + - . . 

"blip" at the upper end of the M(n p n 1( ) distribution mentioned 
. , 

previously. Unless attributable to some possible contamination effect,', .' . 
• .... i, ;< 

* this seems to give further evidence for the decay of N (2850) into the" ," . 

+ +-
~ P 1( 1( channel. 

The peripheral character 'of the reaction is again attested to by 
, :",'" 

. the sharp forward peaking in the momentum transfer distributions. It 

is very noticeably. less marked, however,'· ~han for the distributions or 
.. :' 

.c ~.,. " 

reaction (1) ~ The maximum peaking, in terms of an exponential slope, . ::. 

corresppnds to less than an e3t dependence. 

c. + + + + -1(p-71t1(1(nn 

Reaction (3) is distinguished by having three 1(+ mesons among the 

five final state particles, so that for distributions involving one or 

two n+, three combinations are possible for each event. This would tend 
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Fig. 16. Invariant mass and momentum transfer distributions of 2 

reaction (2) for the five momenta, in events/10 MeV ((MeV/c) ), 
with the number of events in. the highest bin being given for 
each histogram. 
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Fig. 17. Invariant mass and momentum transfer distributions of 2 
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-.;i th the r,umber of events in the highest bin being given for 
e2.ch hi:::togram. 
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Fig. 18. Invariant mass and momentum transfer distributions of 
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Fig. 19. Invariant mass and momentum transfer distributions of 2 
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with the number of events in the highest bin being given for 
each histogram. 
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Fig. 20. Invariant mass and momentum transfer distributions of 2 
reaction (2) for the five momenta, in events/10 MeV ((MeV/c) ), 

. with the number of events in the highest bin being given for 
each histogram. 
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Fig. 21. Invariant mass and momentum transfer distributions of 2 
reaction (2) for the five momenta, in events/10 MeV ((MeV/e)), 
-"iith the number of events in the highest bin being given for 
each histogram. 
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Fig. 22. Invariant mass and momentum transfer distributions of 
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F'ig. 23. Invariant mass and momentum transfer distributions of'
2 
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each histogram. 
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Fig. 24. Invariant mass and momentum transfer distributions of 2 
reaction (2) for the five momenta, in events/10 MeV ((MeV/c) ), 
,~ith the number of events in the highest bin being given for 
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reaction (2) for the five momenta, in events/10 MeV «MeV/c) , 
";lith the number of events in the highest bin being given for " 
ee.-::h hi~togram. 

" 

~ 

i' 

I 

-I , 

I 
! 

II 

II 
!, 

11 

I' I 
·11 
\i 
i' 

iI 
'I I, 
d 
I' 
:1 
I: 
II 
II 

Ii p 
" I' 

" :1 
'jl 
II 
!J 

.!I 
'i 

II 
.;1 
"j 

'I " 

i! ;: 
q 
Ii 
"q 
" 

H 
; 

;, 
Ii 
;! 
p 
I' ,! ., 
!! 
!: 
" :i 
:1 
I' 
!I 
ii 
" :, 
,! 
I. 
ji 
I; 
!! 

j: 
! 



675 

600 

525 

U) 450 

f-

Z 375 
W 
::> 
W 300 

Ul 

225 

150 

75r­
.1 

600 

525 

450 

r- 375 
Z 
W 
=> 300 

W 

225 

150 

75 

! 1050 

Ul 
f-

90 

Z 600 
'W 
::J 
W 45 

300 

150 

-51-

.40 1.6 1.9 

M(PI+,PI+) 

M ( P I - , P I 0 '. P ) 

1.0 2.0 5.0 6.0 7.0 

- T,.,;..., ( GEl) / C ) 2 

900 

750 

(f) 600 
f- . 
Z 
W 
.::J 450 
W 

300 

150 

.10 

600 

525 

450 

Ul 
f- 375 
Z 
W 
::J 300 

W 

225 

15 

75 

P.D 

~ 1200 
I 

1050 

900 

Ul 
f- 750 
Z 
W 
::J 600 

W 

450 

300 

150 

1.6 1.9 

M(PI-,PIO) 

2.8 

5.0 S.O 7.0 

- T , .•••• , ( GEl) / C ) 2 

XBL 685-771 
Fig. 30. Invariant mass and momentum transfer distributions of 

reaction (2) for all momenta combined, in events/10 MeV 
( (MeV / c)2) . The dotted curve is phase space; the solid curve 
repre~,ent s 6 ufo phase space and 40% N* p production. 



-52--

179 

4.08 

M(PI+,PI-,PIO,P) 

196 

1.013 

M(PI+,PI+;PIO,P) 

XBL 685· 780 

:F'ig. 31. Inve.riant mass alld. momentum transfer distributions of ,) . 
reGction (2) for the five momenta, in events/10 MeV ( (MeV/ c r-)' 
__ , i ttl the number of events in tlle highest bin being given for 

e3~}1 1).i~togr2m. 

.. ~ . 



-53-

420 
358 

4.08 

- Tvt".+ ( G E U / C ) 

~~o 
~1'4 , 

388 

4.08 

-T".~".-( GEU/C) 

XBI. (igS-779 

Fie;. 32. Invariant mass and momentum tr'ansfer distributions of 2 
, r:e8~tiOll (c') for the five momerlta, in events/10 MeV ((MeV/c) ), 

i"i til the Iltllnber 0:(' events ill the llighest bin being given for 
tOc!cll Ith'togn:t1l. 



-54-

204 

238 

1.08 

542 420 
482 

2.4 3.0 

M(PI+,PI+,PI-,P) 

214 

4.08 

o. 2 .• 2. 4.4 6.6 

- T"."t,,-o ( G E U / C ) 

XBL 685· 778 

Fig. 33. Invariant mass and momentum transfer di::itributions of· 2 
. reaCtion (2) for the five momenta, in events/10 MeV ((MeV/c) ), 
. ',lith the ·number of events in the highest bin being given for 
eact.l histogram. 



! 
-55-

600 

75 

1.2 3.0 4.0 5.0 6.0 7.0 

M(PI+,PI-.iPIO,Pl ~ T~... (G E U / C l 2 

BOO'-'~--r--'-''''T-~-,--,~---r-,--r- 2200~-r--.--.-~~~~~~~-r-~-.-~~ 

7;~ . .. J 

(jJ 48 

.... 
Z 40 
W 
~ 
W 32 

24 

16 

1.2 

45 

(jJ 

.... 37 
:<: 
W 
~ 300 

W 

225 

150 

1.5 

M(PI+,PI:':,PIQ,Pl 

1.2 1.5 

3.0 

3.0 

....120 
Z 

~1000 
W 

80 

40 

20 

220 

140 
(jJ 

+-120 
Z 

00 

~1000 
W 

80 

60 

40 

20 

o 

4.0 5.0 6.0 7.0 

-T •..•.. (GEU/Cl 2 

1.0 2.0 3.0 4.0. 5.0 6.0 7.0 

-T~ ... (GEU/Cl 2 

XBL 685-769 

Fig. 34. Invariant mass and momentum transfer distributions of 
reaction (2) for all momenta combined, in events/10 MeV 
( (I.leV / c)2) . The dotted curve is phase space; the solid curve 
re;resents 60% phase space and 40% N*P production. 



-56-

to smear out any structure which might be present, as would the presence 

of a considerable contamination (~10%) of mis-constraining events. 

There are 2072 events in the entire event sample with 157; 421, 433, 

448, 613 at the five inc'ident :rc + momenta respectively. There are four 

2-body and 3-body, and three 4-body combinations possible, and hence ~. 

eleven invariant mass and seven momentum transfer distributions. They 

are displayed in Figs. (35-46). 

, N*-(1236) production in the :rc n invariant mass distribution gives 

the only very noticeable mass peak, accounting for about 40 ± 8% of 

the events. Otherwise the distributions seem to follow phase space rather 

closely. To estimate the percentage of the reaction associated with 

*- -N production, the :rc n invariant mass distribution was fit to (Breit-

Wigner + constant) x phase space. (The form of Breit-Wigner used is 

detailed in Appendix B). Not too surprisingly the results were some-

what unsatisfactory: 

1) Mo' fo free--Mo=1. 238±.008 GeV, f o=2.59±.046 GeV, 7aN*-=45±3%,CI.;:=40% 

2) f =.120 GeV--M =1.2i5± .003 GeV, %N*-=35±2%, CiP'1.4% 
00. 

Different conventional forms of the energy dependent width of the B.W. 

were used and gave similar results, none simultaneously yielding values 

.near, those expected for b,oth Mo and f --i. e" M =1. 244 GeV, f = ~ 120 GeV. 
o 0 o. 

Forward peaking in the t distributions is less prominent'than for 

the other two reactions. Only the -t _ and -t distributions are p,1t' n p,n 

appreciably different from phase space; and their peaking is not much 

greater than that given by phase space weighted by et . Of course 

peripheralism in most of the other -t d1.stributions would be obscured 

because of the identical-:rc+ ambiguity, as mentioned above. 
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each histogr&m. 
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rv. DOUBLE RESONANCE PRODUCTION 

As noted in the previous section, reactions (1) and (2) are 

*++ ° dominated by double resonance channels, in particular by N p and 

*++ N W
O production respectively. These processes are of special intere st 

because they are relatively free from background, and being quasi-two-

body final states are subject to the traditional, fairly straight-foI~ard 

methods of analysis. The additional final states of N*++fo and N*++~o 

share these qualifications, although they are produced less copiously, 

and will a lso be considered in this section. The relevant triangle aqd 

Chew-Low plots for reactions (1) and (2) are shown in Fig. (47) and give 

an indication of the prominence of these double resonance channels~8 

The analysis of these reactions divides naturally into three level s 

of sophistication. Treated as strictly two body channels the relevant 

variables are the masses of the two systems, the momentum transfer from 

the incident to the outgoing B = 0 (or equivalently, B = 1) "particle", 

and the total c.m. energy. In this regard, the various momentum transfer 

distributions will be studied at some length and they and the respective 

cross-sections examined as a function of c.m. energy. Next, recognizing 

that the final state particles are unstable, the decay angular 

distributions in the appropriate rest frames are of interest. The 

particular parameters singled out in the following are the decay density 

matrix elements, in the helicity frame (shown in Fig. (48)). Finally, 

the possibility of correlations between the two decays is considered 

and the joint-density matrix elements examined. 

Aside from presenting the experimenta l distributions there will be 

some comparison made of these with the theoretical predictions of certain 

one-meson-exchange models. In particular the one-meson exchange model 
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Fig. 47. Triangle and Chew-Low plots for the di-particle 
systems of reactions (1) and (2) corresponding to the 
double resonance channels being studied. All events 
are plotted twice. 
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with absorption (OMEA) of Jackson and a form factor approach suggest ed 

by G. Wolf (OMEW) ar e used. The OMEA is especially useful because it 

may be used to predict the den s ity matrix elements as well as the 

momentum transfer distributions. Following a suggestion of Jackson,25 

it has been a ltered slightly to take into account the effects of the 

finite widths of the resonances concerned. A brief description of 

these models and of the extraction of the par ameters used with them 

is pre sented in Appendix (D). 

It should be noted that the reference frame used here in the 
I 

description of the decay distributions is not tha t commonly employed. 

It is customary to take the z-axis along the direction of the respective 

incident particle in the decay particles rest frame. However, the 

helicity states (which constitute the basis used for the density matrix 

elements) are most easily described using axes with z along the direction 

of the transformation from the c.m. to the decay c.m. frame. The 

trans f ormation which customarily is then used to rotate the density 

matrix into the canonical system is dependent upon the values of the 

masses of the final state particles , and is hence the source of some 

inconvenience and confusion when the finite widths of the resonances 

are taken into account. For ease in comparing the density matrices of 

this with other experiments, the experimental values are given for 

both systems. 

One complicating aspect of these double resonance channels is the 

presence of the two positive pions, with one being assigned to each of 

the two final-state systems. Thi s is a complication in two respects: 

1) It introduces an ambiguity when both combinations lie within the 

+ + *++ 
chosen mass bands--e.g. M(rr

l 
p) and M(J1 2 p) both "make" an N (1236 ) 
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+ -) (+ -) 0 and M(11 2 11 and M 111 11 a p meson. 2 ) It increases the difficulty 

of estimating background when the reflection as well as the tails of 

the proce ss enhance the neighboring region of the triangle plot . 

Fortunately, the peripheral nature of these reactions enables one to 

differentiate between the positive pions in a fairly reasonable manner. 

In this analysis the "correct" combination for the small percentage of 

amb i guous events has been chosen on the basis of the smaller momentum 

transfer. 

Evidence that this is a reasonable procedure is presented in Fig. 

(49): Choosing the combination with the smaller momentum transfer is 

* * seen to enhance the N p and N w signals. These problems are disc ussed 

further with reference to the individual reactions in what follows. 

A. + *++ 0 
11p--7 N P 

* N p production accounts for roughly 40% of reaction (1). Its 

magnitude is seen in the 11+11- -- 11+P triangle plots of Fig. (50) and 

its highly peripheral character is obvious from the Chew-Low plots of 

Figs. (51 and 52). It is thought to proceed primarily via a pion-exchange 

mechanism, and detailed comparisons will be made between the experimental 

results and predictions of the one-pion-exchange-with-absorption (OPEA) 

model of Jackson (as described in Appendix (D)). As will be seen, the 

model de scribes most aspects of the data fairly well. 

* The N p cross-sections were estimated from fits to the triangle 

plots of Fig. (50), with an attempt being made to represent the back-

ground with something slightly more rea listic than pure phase space. A 

Monte Carlo progr am (Appendix (C)) was used to generate events according 

to six possible final states: 

1) + + +-11 P --7 11 P 11 11 (phase space) 2) + *++ 0 11p--7 N P (eSt) 
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+ -51. -t - - 1T 1T Chew-Low plots for events of reactions 
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The resonan ce par ameter s used ar e based on those in the J anuary 1968 

UCRL-803027 and are l i sted in Appendix (B). The events were generated 

having the exponentia l momentum-transfer dependence shown in parenthesis 

(in the momentum transfer variable appropriate for each reaction) and 

then we i ghted ac cording to re sonance Bre it-Wigners . + - + The :f( :f( --:f( P 

scatter plot s of these events were used in fitting the corresponding 

data distribution at each energy . 

I n interpreting the results of this anal ysis one must note the 

following: + - + 1) Only the :f( :f( --:f( P distribution was fit, so that the 

resonance parameter s and relative fr actions of the latter three reactions 

are not t o be t aken seriously. They are only included in order to 

better par ameterize the background. 2 ) The weighting of the (100 000 ) 

Monte Carlo events of the re spective reactions re sulted in the effective 

number of event s in each fitting distribution being comparable to the 

number in the data distribution, so that the theoretical errors are 

important in lowering the chi-squares. Therefore, the only parameters 

in which one may hold a reasonable degree of confidence are the fractions 

of N*++po and N*++fo d to d t 1 d h t pro uc lon an, 0 a esser egree, t e otal 

*++ fraction of N and pO present. These are shown in Table (V), and in 

Fig. (53) the corresponding cross-sections in millibar ns are plotted. 

* Since the relative fraction of N p is found to be ne arly constant 

* " ith energy, the s tructure of the N p cross-section is just that of the 

tota l 4c cr oss - section . With t he same reservation s expre ssed previously, 

this leads to a peak value of . 25 ± .1 mb for decay of t he N*++(28 50) 



Momentum' 
GeV~ CL 

2·95 .95 

3·19 .05 

3·53 .54 

3.74 .98 

4.08 ·91 

Combined 10-7 

. .. + - + 
Table V. Results of a fit to the experimental 1(1(' 1( P triangle 

P.S. 

o.0±16.6 

7·2±5.6 

8.4±4: 5 

10~9±3. 5 

11.4±3.8 

12.8±1.8 

plot with events Monte-Carloed according to the six 

hypothetical reactions mentioned in the text. 

* * N p and N f 
"Background" Reactions ("/0) 

Al(p) . A2'(p) N* (N*) 
Production (~) 

_ N*p N f 

15.0±2.6 B.4±4.2 32.l±2.4 43.4±2.1 l.2±4.3 

8.3±4.5 9·6±3.4 34.2±1. 9 39·3±l.l l.4±3· 9 

7 .. 3±4.0 . 13·5±3·0 26 .8±2.4 40.4±l.6 3.6±2.4 

iO.l±3.2 ll.8±2.3 20.8±2.2 41.9±l.2 4.6±l. 7 

12.5±3.4 13 .6±3 .'4 17.0±2·7 39.5±1.6 5·9±2.0 

10.l±l. 7 . 10.l±l. 7 24. 3±l. 3 39·2±·7 3.6± .8 

* N and p 
Production ("/0) 
N* p 

76.7±:5.4 66.8±5.4 

74. 9±4. 5 57 .2±5. 7 
I 

-.J 
\0 

I 

70.8±3.8 6l.2±5.2 

67·3±3.0 63·8±4.1 

62.4±3.7 65.6±5.1 

67 .l±l. 7 . 59· 4±2. 5 
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*++ ~ * into N p. The N f cross-section exhibits the expected near-threshold 

behavior, not being produced copiously until low momentum-transfer values 

are kinematically allowed. 

* For a more detailed analysis of the N p final state it was necessary 

" * to choose selection criteria such that an enriched sample of N p events 

would be obtained. Those events were taken with M(~:p) lying between 
1 

, + -
1.12 and 1.32 GeVand M(~.~ ) between .68 and .86 GeV. Ambiguities , J 

were resolved on the basis of momentum transfer--i.e. if M(~~p) and 
, J 

, +-
M(~.~ ) also lay within the requisite mass limits, the combination with 

1 

the smaller momentum transfer from the proton to the "N*" was chosen. 

That this is not a completely arbitrary procedure is seen in Fig. (54) 

where the invariant masses of the ~ + ~ - and ~+ p combinations w'i th the 

smaller and larger momentum transfer are histogrammed. Clearly choosing 

, * the smaller momentum transfer leads to enhanced Nand p signals. 

, * Further, fewer than 2% of the N p events are effected so that there is 

a minimal bias to the sample '. 

The distribution in production angle is shown in Fig. (55). The 

extent of the forward peaking is manifest, with over 60% of the events 

lying within the 5% of the cose range greater than .9. Two other aspects 

of the data are noteworthy, however: 1) The' "equatorial" region of cose 

is increasingly depleted aS,the energy increases. 2) There is a small 

backward peak at the highest momenta. Part of (1) is of course accounted 

for by the approximate eAt behavior of the forward peak which, for 

constant A, requires shrinkage in the cose peak with increasing energy. 

The effect persists, however, beyond the peak region. The percentage 

of events in each of five equally spaced intervals of cosB, at each 

energy, is listed in Table (VI). 
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Fig. 54. rc + p (top) and rc + rc - (bottom) invariant mass distributions 
for those combinations with the les.ser (left) and greater 
(right) momentum transfer from the proton to the rc+p·system. 
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Table VI; * -N pProduction Cosine Distribution-

Momentum Total -1 <case <-.6 -.6 <cose <-.2 -.2 <cose <.-2 .2 <case <.6 .6 <cose <1. 0 
GeV/c Number NlJmber % Number % Number % Number % Number % 

2.95 268 18 6.7 19 7·1 19 7·1 29 10.8 183 68.3 

-- 3·19 -515_ 21 4.1 34 6.6 26 5.0 30 6.0 _ 403 78.3 
I 
OJ 

3·53 553 22 4.0 20- 3.6 17 3·1 40 7.2 454 82.1 w 
I 

3.74 421 12 2.8 13 3·1 13 3·1 19 4.5 364 86 .5 

4.08 358 14 3·9 3 .8 5 1.4 11. 3·1 325 90.8 

ALL 2115 87 4.1 89 4-.2 80 3.8 130 6.2 1729 81.7 
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* Fig. 55. N p production cosine distributions at the five 
momenta. The forward peak is truncated and the number 
of events in it indicated above. 
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In terms of the momentum transfer (Fig. (56)) the most prominent 

feature of the forward peak is its nearly constant slope on a logarithmic 

scale. Table (VII) gives the results of the fits to this slope using (a) 

a conventional chi-square fit to the -t distribution and (b r an analysis 

based on the first two moments of -t i.e. <-t> and·<t~ (Appendix (E)). 

The interval .2<-t<.5 (Gev/c)2 has been used, since the boundary region 
. . . 2 

extends to .2 (GeV/c) (at the lowest momentum), and a marked change in 
. . . 2 

the slope occurs at about .5 (Gev/c) . The average value of the slope 

is found to be about 7.3 ± .5 and 7.5 ± .5 (GeV/ c)-2 by the two methods. 

There is some slight evidence for shrinkage in the data -- i.e. for 

IIAII being an increasing function of incident momentum, as the fitted 

value increases from 6.1 to 7.8 (GeV!c)-2 in the interval studied. The 

evidence is hardly conclusive, however, since the highest value occurred 

at the central momenta and all of the values lie within errors of the 

. 28 
average value. Further, the values obtained for the central region 

of the N*P (1.l7<M(,/p) <1.27 GeV, .725< M(,/:rc-) <.815 GeV) do not 

demonstrate such a trend, although this is not surprising iIi view Of 

the large errors accompanying them. 

Although a simple exponential fits the data quite well between .2 

and .5 (GeV/c)2, outside this range of -t there are important discrepancies. 

In the vicinity of -t = .5 there is a radical change in slope (from A = 7.3 

to A !:: 2 (GeV / c) -2 and perhaps even a IIdip 11 • Of course, in the tail of 

the distribution it is quite possible that background effects may be 

dominant. The definitely peripheral nature of much of the background 

considerably lessens the danger, however, that it will be very much 

proportionately greater at higher than low -t values. 

The curve superimposed on the -t distribution of Fig. (55) is that 

given by an exponential distribution with A = 7.3 (Gev/c)-2, integrated 
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Table VII. The logarithmic slope of the momentum transfer 

distribution from a) chi-square fit to the -t· 

distribution, and b) a fit to the first two 

moments of t -- .2 < -t < .5 (GeV/c)2. 

Method' (a) Method (b)· 

P . Inc. ~*p CL AN*p ~*p(central N*P) 

GeV/c· (GeV/ c)-2 (Gev/c)-2 (Gev/c)-2 

2·95 6.1 ± 1.3 .1 6.6 9.8 

3·19 6·9 ± ·9 .1 7·2 7·1 

3·53 8·3 ± .8 .1 8.2 6.6 

3.74 7·1 ± 1.2 .1 7.4 6.4 . 

4.08 7.8 ± 1.0 1.0 7·7 8.8 

ALL 7·3 ± ·5 .25 7·5 7·5 

! 
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cc. . * Fig.)U. The Np momentum transfer distribution displayed 
over its entire range (bottom) and in fine detail (top). 
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* over the N p mass region (weighted by resonance Breit-Wigners) and 

summed over incident momenta (weighted as the number of events for 
, , 2 
.2<-t<.5 (GeV/c)). It illustrates the goodness of the exponential fit 

above the boundary 'region and its complete failure within th~region. 

In the region where the operation of the kinematic limits would be 
, 

supposed to reduce the cross-section, the experimental points lie in 

fact well above the extrapolation of a straight e7 . 3t dependence. For 

, 2 
the region 0<-t<.15 (GeV/c) the experimental distribution contains 68% 

more events than predicted by the exponential fit. Of course, theoretically 

this is not unexpected. Both OPEA and OPEW models predict distributions 

which are more-than-exponentially peaked in -to The data amply confirm 

this. 

As seen'above, momentum transfer is an inconvenient variable to use 

when wide resonances are studied because many of the events occur in 

the Ifboundary" region where interpretation of the data is difficult. In 

order to obviate this difficulty it has become fashionable recently to 

use the ';'ariabi~, t' = It-t .' I where t. is calculated for each event , m1n m1n 

and is the minimum value -t could assume, given the masses of the two 

final state systems for that event. Fig. (57) gives experimental t' 

distributions together with the results of an exponential fit to the 

data. An exponential in t' was also fit to each mqmentum separately, 

and the results are shown in Table (VIII). The fits are quite good all 

2 the way from t' = 0 to .2 (GeV/c) and vary little from energy to energy. 

In the very forward direction, from t' = 0 to .05 (GeV/c)2, the values 

of A 'obtainedare poorly determined but definitely greater than those 

forthe larger range of t'. Thus, neither the t nor t' distributions 

lend credibility to recent predictions of a "turn over lf in do-jdt at 

"i 
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Table VIII. The logarithmic slope of the t' 

distribution for two intervals of t'. 

I· 

o < t' '< .2 o < t' < .05 
p ~*p CL ~*p 2 CL Inc. 
GeV/c (Gev/c)-2 (GeV/ c)-

2.95 .12·7 ± ·7 ·5 .15.6 ± 4.5 .6 

3·19 12.2 ± ·9 .2 13·0 ± 6.6 .6 

3·53 11.6 ± .8 ·5 10:0 ± 4.0 .25 .. 

3·74 11·3 ± .8 ·9 14.9 ± 4.8 ·9 

4.08 12.6 ± 1.1 .25 24.0 ± 4.8 .65 

ALL 11.8 ± .4 .6 14.6 ± 2.0 1.0 

I . 
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. 6 
small t.3 

In order to compare the momentum transfer distribution of Fig. (56) 

with OPEA and OPEW predictions, the experimental distribution must be 

suitably normalized. Both the background events within the.mass cuts 

* and the N p tail outside' must be taken into account before applying the 

mb/event ratios of Table IV. The background was estimated with the aid 

, + + -of the Monte-Carlo events previously used in fitting the n p -- n n 

* triangle plot. These were screened with the N pselection criteria to 

determine the percentage of the fiv~ !1background reactions!1 which would 

, * contaminate the N p sample. This, together with the results of the fit 

(Table V), yielded a figure for background. This was also done for the 

* . + - + N p central region (.725 < M(n n ) < .815 GeV, 1.17 < M(n p) < 1.27 GeV) 

, * and for a background doughnut !1control!1 region surrounding the N p region 

* values obtained for the percentage of events accounted for by N P 

productio? in each of these regions is given in Table IX. 
,. 

Ideally the momentum transfer distribution should not just be 

multiplied by the simple scale factor obtained above, since the background 

* distribution is not expected to be identical to that for N p production. 

Because of the substantial widths of the· resonances involved, and the 

mass dependence of the -t distribution, however, such special corrections 

were considered highly speculative and were ignored. Also, a factor for 

the !1tail!1 contribution was not used in normalizing da/dt: as with the 

, *. 
theoretical curves, dG/dt is given for N p production within the stated 

mass limits. 

In Fig. (58) OPEA, and OPEW curves are shown with the experimental 

distribution. The curves are the weighted averages of curves for the 
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Table IX. Percentage of N*p production in four event samples 

Momentum 

GeV/c 

2.·95 . 

3·19 

3·53 

3.74 

4.08 

Combined 

* + - 86 + a) N p cut: .68 < M(rr rr ) <. GeV, 1.12 < M(rr p) 

* < 1.32 GeVj b) Central N p: (subset of (a» .725 < 

M(rr+rr -) < .815 GeV, 1.17 < M(1(+p) < 1.27 GeV; c) 

N*P background: (Outer limits) .50 ~ M(rr+rr-) < .104 
GeV, .92 < M(rr+p)< 1.52 GeV (The inner limits are 

* those of (a» d) N PB cut: (same as (a»j and, for 

(a) and (b) ((c) and (d», if both combinations lay 

,,,ithin the (a) ((c» region, that with the lower 

-t + was used. p,rr p 

(a) (b) (c) (d) 

* * * * N p Central N P N p background N PB 
% % %. .% 

72 80 35 72 

73 80 34 73 

77 83 39· 77 

79 85 42 79 

79 86 43 80 

75 82 37 

. ..,. 
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JOPEW (x.784) 

OPEA 

.20' .40 .60 .80 1.0 

-T (GElJ/C)2 
XBL 685-764 

Fig. 58. dcr/ dt for N* p production in the N* p mass region 
showingOPEA and OPEW predictions as well as the 
experimental points. 
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five incident momenta (weighted so the area under each curve, for the. 

2 
region 0<-t<.5 (GeV/c) , was equal to the number of events in that region 

at the corresponding momentum). Also, the OPEW curve is multiplied by 

.7S4 (the background correction factor), since it seems to fit the data 

much better without a correction for background. Only the form factor 

approach seems to 'yield a sufficiently steep slope for d~/dt, although 

the OPEA gives a fair approximation to experiment. Further discussion 

of these models is given in Appendix (n), and as noted there the OPEA 

predictions are down by about a factor of three from those obtained by 

* assuming the Nand p to be stable (zero width) particles; 

For the analysis of ,the decay distribution we. use the formalism 

given by Donohue26 and parameterize the N*P joint distribution as 

follows: 

w(eC'~C,ed'~d)=l/16n2[1+l/2(1-3P~O)(1-3cos2ec)-l/2(1-4p~3) (1-3cos2ed) 

2 . 2 
+RS (1-3cos ec ) (1-3cos ed) 

-3 (P~,_lsin2eccos 3:pc+ .f2. p~osin 2ec co~c) 

-2 .f3 (P~,_lsin2ed cos 3:pd + p~,lsin 2ed cO~d) 
. 2 . 2 . 

-3 '(1-3 cos ed) (R
9
sin eccos 3:pc + 1/V2R10sin 2Bc co~c) 

I-l' 2 2 
- v3 (1-3cos ec ) (Rllsin ed cos 3:pd + R12 sin 2ed cO~d) 

+3 {f(sin
2

ecsin
2

ed (R1
3

cOS (3:pc+3:pd) + R14cOS (3:pc - 3:pd» 

+ sin
2

ecsin28d (Rl;COS (3:pc+ ~d) + R16 cOS (3:pc - ~d» 

+ 1/12" sin 2ecsin
2ed (R17cos(~c+3:pd) + R1Scos (~c - 3:pd» 

+ 1/12 sin '2ecsin28d (R19cos(~c+ ~d) + R20cos (~c· - ~d»J 

a) ec' ~c' ed' ~d are the decay angles in either the helicity or 

I 

Ii 
ii 
;1 
I' iI 
'I I; 

. i. 

\ I 
I' ,. ! 
, , 
! ! 
i: 
Ii 
; i , ; , , 
i i 
I· 
'j 1 
I! 

11 
, I 
i 

II 
; I 
: i , I 
· , , I · , 
II 
i! 
! I 
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*++ * Jackson frames for the pO and N respectively (c= p, d = N ). 

b) p~. is the real part of the ijth density matrix element for the 
lJ 

exth particle. 

c) The Rk are combinations of joint density matrix elements given 

in Appendix (D). The above distribution is given in terms of orthogonal 

but not orthonormal functions and the terms in p~. constitute the decay 
lJ 

distribution of the exthparticle. The p~ .. and Rk have been experimentally 
lJ 

determined, by the method of moments, and are displayed in the figures 

which follow. 

The joint-decay parameters are plotted as a function of momentum 

transfer in Fig. (59 and 60) for the helicity frame and given in Table X. 

The OPEA predictions are shown and seen to agree with the general 

features of the data, at least at small momentum transfer. The 

experimental values are listed in Table XI for the individual momenta, 

and for the parameters as a function of t; rather than of t in Table XII. 

A crude attempt has been made to take into account the background. 

Given two reactions, A and B, and two maSs regions 1 and 2, with N~ the 
1 

number of events in region i of reaction ex and p~ a density matrix 
1 

element corresponding to these events, then: 

Then, to the extent that p, for a given process, does not depend upon 

A B the mass region for which it is obtained, one may solve for p (or p ) 

in terms of the experimental parameters Pi and P2 and the percentages 

of the two reactions pr.esent in the respective regions. 
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Fig. 59. N P decay matrix elements as a function of momentum 
transfer, with the OPEA predictions being indicated by the 
solid line, for (A) P6 0' ~B) PI~.t (c) pi l' (D) P

3
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(E) Pt-l' (F) Ptl(c'= p , d ='W++).' , 
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( B) c ( F ) 

( C ) G) ( I ) 

.5 • 0 . 5 .0 . 5 1.0 

-1 (GEU/C)2 
* XBL 685-763 

Fig. 60. N p joint decay parameters as a function of momentum 
transfer, with the OPEA predictions being indicated by the 
solid (dotted) curves, for R8 - R16 ((A)-(I» using the solid 
curves, and R17:-R20 ((F)-(I))using the bare error bars and 
dotted curves. 
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* Table XI. N P decay angular distribution parameters (helicity frame) in the ·three 

-t intervals: a) 0.<-t<.15, b) .15<-t<.30, c) .30<-t<1.0 (Gev/c)2. 

Momentum c c c d d d 
R8 Po 0 Pl -1 Pl 0 P3,3 P P3,1 , , , . 3,-1 

2·95 a. · 742± .092 .00l.±.055 .207± .046 .157± .072 -.055± .066 . 113±'. 062 .373± .202 

b. · 549± .098 . -.132±·072 .106± .057 . 288± .071 -.119± .068 .157± .065 "7.036± .172 

c. .166± .104 -.174± .092 .084±.070 · 357± .075 -.004± .092 -.050± .084 .064± .160 

3·19 a. .823± .061 -.04l± .039 .145±.037 .074± .048 -.072±·O39 .122± .047 ·307±·139 

b. .623± .069 - .188±. 045 .270± .038 .16l± .048 -.122± .044 .179± .051 -.098± .117· 

c. . 334± .068 -.089± .061 -.005± .046 .293± .049 .049± .052 .052± .050 .104± .111 I 
\,() 
\,() 

3·53 a. · 736± .054 -.032± .036 .143± .032 .249± .036 .015± .038 .108± .038 -.058± .095 I 

b. .686± .068 -.127± .046 .146± .041 .. 30l± .045 -.223± .045 .094± .052 -.139± .110 

c. . 438± .075 -.127± .055 .14l± .046 · 312±. 051 . -.023±.059 .058± .057 .068± .118 

3·74 a. .704± .059 -.016±.039 .. 160± .033 .135±.043 -.098± .042 .182± .044 .065± .108 

b. .412± .072 -.117± .061 .232± .049 .187± .057 - .035±.054 .143± .061 -.103± .121 

c. .206±.071 -.069±.068 .. 040± .049 .322± .056 -.06l± .059 .164± .056 -.159± .117 

4.08 a. :663± .061 -.083± .042 .182± .034 .064± .044 -.066± .038 .203± .044 .300± .120 

b. . 498± .080 -.135± .061 .22l± .053 .090± .059 -.082± .052 . 085±. 076 .. 032± .131 

c. .289± .088 .135± .083 .102± .056 · 310± .071 -.016± .070 .012± .066 -.010± .145 

ALL a.· · 73l± .028 -.038± .018 .162± .016 .140± .020 -.05l± .019 .148±.020 .160± .055 

b. · 582± .034 -.143± .024 .20l± .021 .. 208± .024 - .125± .023 
t 

.133± .027 - . 081;t. 057 

c. .308± .036 -.07l±·031 .067± .023 · 313± .026 - .008± .028 .06l± .027 .017± .057 
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*" Table XII. N p decay angular distribution parameters, 

as a function of t; (all momenta combined). 

Parameter 0<-t<.02 .02<-t<.05 .05<-t<.1 .1<-t<.2 .2<-t<·5 ·5<-t<1.0 

c 
Po 0 " ·.>I325± .044 . 742± .043 . 599± .043 . 530± .044 .367± .045 .232± .050 , 
pi -1 , .044± .028 -.oS7± .029 - .157± .029 -.140± .034 -.180± .033 .144± .048 
pi 0 .110± .025 .174± .025 . 234± .02lj. .19S± .027 .054± .029 .095± .031 
d' 

P3,3 .078±'032 .174± .033 .195± .030 .207±·032 .26l± .032 . 372± .037 
d 

-.028± .029 P3,-1 -.050± .031 -.112± .029 - .119±. 030 -.013± .032 -.018± .044 
d 

.08i± .034 P3,1 .189±.030 .207±·032 .082± .035 .055±·034 .076± .039 
R8 . 275±'091 .145± .088 -.012± .074 -.148± .072 -.ooS± .070 .033± .080 
R9 -.055± .033 . ooS±. 035 .099± .035 .llO± .041 .009± .038 .007±·052 
R10 -.145± .oS2 -.167± .oS3 -.175± .oS2 .054±.oS6 -.005± .oSo .010± .oS7 
Rll .054±.083 .186± .078 .160±.076 .154± .076 -.017± .oS7 -.oS2± .095 
R12 -.16l± .095 -.26 3±. 086 -.338± .083 .oS3± .084 .103± .078 .014±.079 
Ri3 .077±.041 .076±.044 .047± .046 -;049± .049 .024± .059 .0l8± .081 
R14 .020± .042 - .058±. 046 .054± .046 .070± .047 .149± .oSo .054± .077 
R15" .032± .047 .036± .045 .032± .050 -.ooS± .053 .020±".oSl .290± .oS6 
R16 -.074± .047 - .080± .046 -. 097±. 048 -.168±.053 -. 026±. oSo .03l±·073 
R17 .oS9± .077 -.016±.084 .052±.079 .003± .086 . 178±. 087 .OOO± .115 
R18 -.088±'078 -.116± .083 -. 186±. 078 -.288±.082 -.087±.085 .028± .116 
R19 -.195± .091 -.007± .087 .242± .086 .099± .088 -.026± .085 .095±,.101 
R20 .093±.094 . 278± .085 .269± .085 . 344± .087 .020± .095 -.043± .099 

(Jackson Frame) 

c 
Po 0 , .855± .043 .839± .039 .822± .041 . 704± .046 . 56l± .045 .187± .049 
c " 

Pl -1 .058± .027 -.018± .026 -.045± .026 -.053± .031 -. 084±. 033 .122± .048 , 
pi 0 , -.024± .026 -.058± .029 -.040± .027 -.114± .028 - .015±. 029 -.09l± .031 
d P33 .057± .032 .052± .032 .0oS± .033 .ll2± .034 .204± .033 .190± .044 
d' 

P3 -1 -.016± .028 .020± .027 -.003±.027 -.oS4± .029 .019± .031 .086±.040 
d' 

P3,1 .006± .035 .048± .034 .017±·031 -.003± .034 -.028±.034 -.089± .038 
R8 . 335± .092 .415± .089 ·50l± .095 '.366± .093 .115±·080 .167± .094 
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B 
N1P1N2 

B 
- N2P2Nl 

?~ -9~ 
~2Pl - B1P2 
0:1~2 - 0:2Bl 

1 -0:. 
l. 

Corrected density matrix elements have been calculated using this 

* formula, with A being N P production, B the background, and taking the 

relative fraction of each from Table IX. These are listed in Table XIII. 

This correction is seen not to materially alter the density matrix 

elements. Since the matrix elements are functions of the resonance masses, 

the differences between the "corrected" and Ifuncorrected" values may be 

largely a consequence of their being obtained in different mass regions. 

* This is particularly true because of the large component of N P "tail" 

in the background region. 

10 *++ It was noted several years ago that the decays of the N and pO 

were not independent, but that the pO decay cosine distribution was 

* different for different regions of the.N decay cosine and vice versa. 

·This has led to a more general interest in the decay correlations of the 

* N psystem. 

In general, for a joint distribution w(ec ' CPc; ed' CPd) no. correlation 

between the two decays occurs if the joint distrubutibn factors into a 

product of individual distributions: 

1) = w (e , cP ) wd(ed·, CPd) c . c c 

* The N p joint distribution is of the form: 

2) k( c fC. d fd ~ fC fd W = 1 + l: A. + l: A. . + L.. B.. . . + 
i 1. l. i l. 1. ij 1.J 1. J 

(i,j = 1,3 k = 4,7) 
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* Table XIII. N P decay angular distribution parameters, 

corrected for background (all momenta combined). 

Parameter O<-t<.l .1<-t<.15 .15<-t<.2 . 2<-t<. 3 .3<-t<.5 .5<-t<1.0 

c 
Po,o 

c 
PI -1 
c' " 

P--a'0 
P3,3 

d 
Pa,-l 

P3,1 
R8 

R9 

RIO 

Rll 

R12 

R13 

R14 

R15 
R16 

" R17 
R18 
R19 
R20 

.896±.082 .676±.065 .547±.086 .467±.084 .2591.095 .266±.084 

-.o08± .051 -. 028± .045 -. i66±. 052 - .146± .060 -. 253± .072 : 104± .077 

.175±.048 .247±.01n .246±.054 .136±.050 -.023±.o52 -.029±.054 

.039±.060 .184±.Oll·9 .183±.053 .254±.059 .293±·068 .367±.052 

.016± .053 -.122± .046 -.126± .050 -.130± .055 .004± .067 .027± .071 

.150±.056 .175±.048 .137±.058 .092±.o52 .020±.073 .019±.052 

.3591: .157 . 05l± .129 - . 137± .140 -. 294± .137 - .119± .148 . 095± .140 

-.050±.061 -.035±.054 .169±.On .150±·075 -.110±.084 .097±.083 

-.272±·113 -.232±.096 -.073±.138 .013±.119 .074±.124-.108±.117 

-.065±·143 ".292±·118 .2391.149 -.033±.145 .172±·137 -.159±.154 

-.035±·159 -.385±.130 -.092±·170 .14(}J:.154 .125±·173 .107±.130 

.249±·086 .034±.067 .170±.092 -.135±.095 -.084±.126 -.015±.128 

-.024±.082 -.018±.070 -.o88±.094 -.063±.091 .265±.130 .206±.125 

-.025± .081 .104± .074 -:04l± .106 -.069± .096 -.023± .130 .390± .112 

-.087±.080 -.c69±.074 -.233±."109 -.212±."095 .010±.13lf -.051+.116 

.193±.141 -.215±.126 .448±.185 .001f±.158 .166±.180 .274::':.188 

.033±.140 -.}67±.129 -.353±.178 -.342±.152.-.122±.176 .. 019:':.178 

-.200±.157 .075±.131 .165±.185 .206±:154 -.234±.179 .27o±.167 

.082± .159 . 322± .134 . 320± .182 .' 460± .152 -. 017± .191 .010± .171 

(Jackson Frame) 

" p8,0 . 956±. 081 . 884± .064 .808±. 090 . 594± .082 . 554±. 095 . 243± .083 

pL-l" " .023±.048 .076±.044 -.036±'055 -.082±.057-·106±.069 .093±.076 

pf,o .006±.049 -.016±~042 -.033±·055 -.115±.052 .069±.061 .OSC±.055 
d 

P~,3 -.0091:.059 .043±.049 .058±.069 .110±.061 .250±·070 .245::':.070 

P~, -1 .043± .050 -.040± .042 -".05ll± .057 -.048± .052 .025± .056 .097± .054 

P3,1 -.028± .050 . o 59±.. 051 -.024± .056 .013± .063 -.011± .071 -.055= .062 

R8 . 387± .161 . 556± : 137 . 337±.204 . 409± .154 -. 04l± .177 .209-= .152 

!: 
" 

II 

1. 

, 

:' :; 

• i 
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a where the A. and B .. are functions of the decay parameters and the f. 
1. l.J 1. 

orthogonal functions of the relevant angles: 

fl(e,cp) 
2 

f 2 (e, cp) = sin2e cos8:p f
3

(e, cp) = (1-3 cos e) = sin2e coscp 

f 4 (ec CPc; ed' CPd) sin2e . 2e sin8:p sin8:pd = Sl.n d c c 
. 2 

sin2ed sin8:p sincp d f5 = sin e c . . c 

f6 = sin2e sin2ed sincp sin8:p d c c 

f7 = sin2e sin2ed sincp sincp d c c 

From (1) and (2) the conditions which must hold if there are to be no 

correlations are obvious: 

B~ . A~ d 0 j .1,3 - A. - i, = l.J 1. J 

Ak .- 0 k > 3 

The above thirteen equations determine a set of correlation parameters, 

whose divergence from zero would indicate the presence of decay correl-

at ions . More explicitly, 

AC 
1/2 

c· Ad . -1/2 d - (1-3p ) = (1-4 P33) 1 00 .1 

c 
-3 

c Ad -2 {3 pt-l A2 = Pl,-l = 2 

AC 
1/2. P~, 0 . 

Ad . d 
= -3 = -2 . If P3,1 3 3 

and the correlation·parameters are defined as follows: 

C1 Re 
_ AC Ad 

1 1 

C2 
c d/ 

R9 + A? Al 3 

C
3 = R10 + AC Ad 12/3 

3 1 

C4 - Rll + AC Ad 
12 /13 
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c. 
(~) ( 0 ) ( [ ) 

. 2 

-.2 

( B ) ( F ) 

-.2 

. 2 

-.2 

o . ..5, • 0 .5 • 0 , . 5 1.0 

-T (GEU/C)2 
* XBL 685- 762 

Fig. 61. N p correlation parameters as a function of momentum 
transfer, with the OPEA predictions being indicated by the 
solid (dotted) curves, for Cl-C9 ((A)-(I)) using the solid 
curves, and C10-C13 ((F)-((I)) using the bare error bars and 
dotted curves. 
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* Table XIV. N p decay angular correlation parameters, 

(all momenta combined) . 

Parameter O<-t<.l . 1<~t<.15 .15<-t<.2 . 2<-t<. 3 .3<-t<.5 .5<-t<1.0 

Cl .073± .101 - . OcxJ± . 077 - . cxJ6± . 088 -.156± .082 -.034± .084 .048± .080 
C2 -.019± .034 .004± .029 .077±.044 .095± . 043, -.015±'051 '. 055±. 048 
C

3 - . 102± . cxJ 5 - .094± .055 -.004± .086 .013± .072 .033± .073 -. 028±. cxJ9 
C4 · OcxJ±. 091 .108± .070 .1l9± .091 -.030±.087 . 114±. 079 - . 136±. 087 

C
5 · 052± .101 -.137± .079 -.029± .107 .042± .0)6 .097± .099 .049± .073 

C6 .130±. cxJ2 ;012± .053 · 091±. 074 -. cxJ6±. 075 .150± .105 .129± .101 
C
7 -.08l± . cxJ4 .cxJl± .058 -.140±:088 -.1]6±.077 - .047± .109 .240± .090 

C8 .107± .UO - .19l± .095 .027± .143 - .19l± .127 .020± .148 .109± .151 
C

9 .019± .128 .31l± .105 · 547± .155 . 595± .130 -.013± .153 .095± .137 
Cl0 -.097± .062 -. OcxJ± .053 -.142± .072 .Ul± .074 .192± .103 .120± .101 
Cl1 -.105± .as3 -.148± .057 -.108± .087 - .109± .076 .046±.108 - . 278±'090 
C12 -.130±.109 -.115±.093 -.433±.139 -.239±·125 -. 22l± .147 -.102±.151 
C13 .278±.126 . 187± .102 .156± .150 .190±·127 .088± .152 -.094± .137 

(Jackson Frame) 

Cl .0]6± .107 .123± .086 . 124± .138 . 225± .101 .073± .109 . 164± .085 
C2 .007± .032 -.033±.028 .04l± .041 -.08l± .040 .073±.o41 -.050±.050 
C

3 -.033± .cxJ9 . 09l± . cxJ2 '-. 01l± .090 .00l± .078 -.028± .078 -.055± .078 
C4 .030± .085 .113± .cxJ7 -.055± .1cxJ -.07l± .080 -.003± .101 .084± .077 
C' 

5 . 117± .101 .04l± .085 .00l± .114 .u4± .0)6 - .010± .1cxJ -.154± .071 
C6 .099± .057 -.009± .045 .140± . cxJ7 ~ . 009± .cxJ6 .079± .090 .cxJ9± .101 
C
7 -.144± .063 -.02l± .052 -.044± .077 .076±.078 -.095±.087 -.17l± .095 

C8 -.017±·111 -.135±.091 .032±.120 -.058±.113 -.017± .149 .013± .135 
C

9 - .107± .133 -.244± .110 -.355±.134 -.399±.140 -.167± .168 .024± .138 
Cl0 - .13l± .057 -.076±.045 -. 222± . cxJ7 .025± .cxJ6 .045±.090 -.040±.101 
Cll · 009±. cxJ 3 -.032± .052 .200± .077 .094± .078 .1cxJ± .087 .08l± .095 
C12 .039± .111 .052± .091 .000± .120 .067± .112 -.128± .149 .390± .134 
C13 · 323± .133 . 274± .110 · 300± .134 . 324± .139 . 298± .168 .149± .138 



-1(1) -

C5 = R12 + A~ A~ / 13 

c6 (R
13 

+ R14 ) - A~ A~ / (3 /3) 

C
7 

= (R
15 

+ R16 ) - A~ A~ / (3 {3) 

CB = (R
17 

+ RIB ) _ AC Ad 
J 2 {2/(3 m 

C
9 

= (R
19 

+. R20 ) - A~ A~. J27 (3 (3) 

·CIO R14 ~ R13 

Cll R16 - R15 

C12 = RIB - R17 

C13 = R20 - R19 

These parameters are listed in Table XIV for each momentum and shoWn in 

Fig. (61) for the combined data. The OPEA predictions are again 

superimposed on the data and agree rather well with it. It is especially 

gratifying that for the cose p -- cosBN* correlation, experiment and 

theory are in reasonable agreement, since this is the most prominent of 

the correlations. 

In all of the above no provision is made for any asymmetry in the 

cosep or coseN* distributions. Given the general formul? for the joint 

decay distribution no such asymmetry is permissable. It is well known, 

however, that such an asymmetry not only exists for thep meson but is 

10 
very large. Fig. (62) shows the ·cose (and coseN*) distributions. 

p 
* . 2 forN p events, and Table xv lists values of <cose > and <cos e> for 

p p 

the different momenta .. The figure also shows these distributions for 

* a tight N P cut and for a background sample. The magnitude of the effect 

is seen by noting that the forward to backward ratio, (E/B) , for the 
p 

* N P region is 2.3, implying a 30% excess of events in the forward 
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Table XV. The first two moments and forward-to-backward ratios 
* * of the N and p decay cosines for the N p and central 

* N p regions. 

<cosO > <cos20 > (~) <cosON*> 
. 2 . (F - B) Momentum <cos 0N*> p p F + B F + B N* p 

* Heli'city frame -- N p region 

2·95 .169±.036 ; 381±.019 .223± .060 .048±.035 .325± .019 .030± .061 

3·19 .19S± .027 .418±.014 .278±.042 .044± .026 . 364±'013 .076± .044 

3·53 .20l± .026 . 424± .014 . 298± .041 .04~ .024 .316±.012 . 085±. 042 

3·74 .172±·030 · 39S± .015 .249± .047 .057± .029 · 349± .014 .107± .048 

4.08 .176± .032 .400± .016 · 313± .050 .059± .033 .. 383± .016 .10l±.053 

ALL .186± .013 .408± .007 .277± .021 .049± .013 . 347± .006 .083± .022 

* Helicity frame N p Central region 

2·95 .120± .058 .402± .030 .148±.092 .172± .054 · 359± .030 .200± .091 

3·19 .219± .042 · 388± .022 · 330± .067 .058± .043 .366±.021 . 107±. 071 

3·53 .24l± .041 .41l± .022 .336± .064 .036± .040 · 346± .019 .047± .068 

3· 74 .236± .044 · 398± .023 · 363±. 070 .044± .045 · 360± .022 .084± .074 

4.08 .243± .048 .413± .026 . 368± .075 -.017±·051 .388±.024 .000±.081 

ALL .219± .020 .402± .011 · 32l± .032 .052± .021 . 363±.010 .080± .034 

* Jackson frame -- N p region 

2·95 .139± .039 .427±.018 · 23l±. 059 .094±.037 · 379±. 018 .112± .061 

3·19 .208±.028 .460± .014 .262± .042 .074±.O28 · 397± .013 .080± .044 

3·53 .193± .027 .433± .013 .267± .041 .063± .026 · 39l± .013 .103± .042 

3·74 .148± .032 .46l± .015 . 235± .047 .062± .031 .408± .015 .088± .048 

4.08 .156± .034 .45l± .017 .218± .052 - .012±. 034 . 424± .016 -.039± .053 

ALL .175± .014 . 448± .007 .249± .021 .057±.014 .400± .006 .07l± .022 
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Fig. 62. N* (left) and p (right) decay cosine distributions 
for the three following mass regions: Central N*P--(A) 
and (D), N*p region--(B) and (E), Background region--(C) 
and (F) ~ 
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* ,direction. That,the effect is associated with N p production is 

* confirmed by the fact that the effect is heightened in the central N p 

region and d{minished in the background region. Using the method of 

momentst6 obtain the decay parameters from formula (1) effectively 

involved folding the distribution about e = ~/2 ,and ignorin~ the asymmetry. 

+ N*++fo B. ~ P ~ 

* N f production is evident at the three highest ,momenta. At those 

energies it accounts for from 3.6% to 5.9% of reaction (1), according to 

" + '-the fit of the ~ ~ ~+p triangle plot. Its cross-section has already 

been presented in Fig. (53). 

The behavior of the following variables will be discussed briefly 

in what follows: the moment'um transfer, the production cosine, the fO 

, * decay cosine, and the N decay matrix elements. The 'event sample consisted 

of' 312 events selected from the upper three momenta. 

* ' ' '+ - + 
The N f cuts are as follows: 1.17 < M(~~ ) < 1.31, 1.12 < M(~ p) 

, * < 1. 32 GeV ,with the usual stipulation that dou,ble N f events are decided 

on the basis of the lower momentum transfer. An additional requirement 

* was added in order to discriminate against N p events. Neither of the 

+ + - '* , ~ p, ~1C combinations was, permitted to lie within the N p region, as 

previously defiried. 

The background' problem was quite severe. ,Using the above selection 

criteria it was estimated to be about 55%, 53%, and 41% at the three 

momenta. Therefore, considerable reliance is henceforward placed upon 

the background calculation outlined in the previous section. The outer 

limits on the ba(!kground region for this calculation were set to be as 

follows: '1.08 <M(~+~-) < 1.40 GeV, 1.02 < M(~+p) < 1.42 GeV. Table XV! 

* gives the background figures and numbers of events in the N f sample 
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* Table XVI. Percentage of N f production in two event samples 

Momentum 

GeV/c 

2·95 

3·19 

3·53 

3.74 

4.oB 

Combined 

Last Three 

* + -a) N f cut: 1~17 < M(n n ) < 1.31 GeV, 1.12 < 
+* M(n p) < 1.32 GeV; b) N f background: (outer limits) 

1.oB < M(n+n-) < 1.04 GeV, 1.02 < M(n+p) < 1.42 GeV 

(The inner limits are those of (a)); and, for (a) 

( (b) ),. if both combinations lay within the (a) ((b)) 

region, that with the lower -t + was used. p,n p 
Neither combination is allowed to lie within the 

* N p mass region .. 

(a) (b) 
* * N f region N f, background 

% # Events % # Events 

15 30 B 40 

14 101 6 145 

34 13B 13 173 

47 92 lB 133 

59. B2 25 llB 

36 443 14 609 

49 312 lB ·424 
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Table XVII-Logarithmic slopes of the -t and t' 

* distributions in N f production • 

% Exponential ~*f (GeV / c )-2 

. a) Monte Carlo -t fit to phase space plus exponential 

3·53 38 ± 6 .8 ± 1 
3.74 ·46 ± 8 6 ± 1.5 
4.08. 72 ± 6 8 ± 1 

b) * region) Fit to t' distribution (N f 

3·53 ' 100 2.89 ± .88 . 

3.74 2.48 ± ·79 
4.08 7.14 ± ·52 

Combined 4.21 ± .43 

c) 
* . . 

Fit to t' distribution (N f background region) 

3·53 3·58 ± .61 
3.74 4.21 ± ·91 
4.08 4.56 ± ·73 

Combined . 4.15 ± .10 

" .. 

CL 

·3 
.004 
.2 

.6 

.6 

·5 
·9 

.1 

.15 

·9 
·9 
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* Fig. 63. 'l'he N f -t and t' distributions for ·the events 
of the highest three momenta combined. 
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at each momentum. 

* The proximity of the N f region to the kinematic boundary renders 

a simple fit to the -t forward peak impossible. The boundary region 

extends to -t= .64 (GeV/c)2, with the mass cuts used, and thus 

encompasses almost the entire forward region. This leaves two 

alternatives 1) One may Monte Carlo events according to different 

logarithmic slopes and compare with the data distribution or 2) One may 

use the variable t' instead of t. The results of a rough fit to 

(a + ~e -6t + 5
e

-8t) x phase space Monte Carlo events are shown in 

Table XVII. Values of between 6 and 8 (GeV/c) were found. The inclusion 

of a phase space background, of course, increases the value of A obtained 

over that which would be gotten from a simple fit of the -t distribution 

(~4 (Gev/c)-2) •. Table XVII also shows the results of a fit to the t' 

distribution, yielding A = 4.21 ± .43 (GeV/c)-2. The distribution is 

much more highly peaked at the highest momentum than at the other two. 

The -t and t' distributions are displayed in Fig. (63) together with 

curves representing the above-mentioned exponential dependences. 

The production cosine distribution is shown in Fig. (64). It is, 

as usual, very forward peaked and does not show any peaking in the 

backward direction. Thirty-one percent of the events have cose > .9 in 

* comparison with the N p mass region were over 60% lay beyond that point, 

* and in comparison with the N f -background region where the corresponding 

figure is less than 24%. 

o *++ The f and N decay cosine distributions are given, in the helicity 

* * frame, in Fig. (65) for the N f and N f-background regions. As with • 
* * the N p region, the N decay cosine distribution is nearly isotropic. 

However, for the f, the " + -" n n decay distribution shows considerably 
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Fig. 64. The·N*f production cosine distribution 
for the N*f region (top) and the N*f- background 
region (bottom). 
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Table XVIII. 
*++ N decay density matrix elements and averages 

Parameter 

< Pl > 
< P2 > 
< P3 > 

< P4 > 
< P5 > 

< PEl > 
< P

7 
> 

< Ps > 

N* 
P3,3 

N* 
P3,1 

N* 
P3 -1 , , 

of the first eight Legendre polynomials of the 

* f O decay cosine in N fproduction for a) all t 

and b) -t < .5 (GeV/c)2. 

N*f region Corrected for background 
(a) (b) (a) (b) 

.065± .034 .009± .071 -.009± .104 -. 004±. 227 

.05S± .026 .277±.o45 -.002± .079 .14S± .143 

-.050±·022 -:037±.044 -.205± .069 -. 250± .144 

-.00S±.019 . 015±. 039 . -. 056± . 058. -.05l± .123 

-.Oll± .017 -.030± .035 .ooo± .053 -.oSo± .112 

-.003± .016 .002± .033 .005± .049 -.04l±.105 

.032± .016 .016± .032 .10l± .047 .077± .100 

-.013± .014 .00l± .029 -.036± .043 .047±.091 

.195± .033 .1SS± .061 .132± .099 .169± .lS9 

-.032±.030 -.10l± .049 .03l± .091 -.079± .153 

.053± .032 .134± .053 ·175± .097 . 237± .170 
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less structure than for the p. In particular, the forward-backward 

asymmetry is very nearly absent, which is especially noteworthy in view 

of the strong forward peak in cosef in the background region. In order 

to give a better quantitative understanding of the'decay distributions, 

the averages of the first eight Legendre polynomials in cosef and the 

* three N densi ty matrix elements are presented in Table XVIII. 

C. + *++ 0 
1Cp~ N w 

* N w production accounts for about 20% of reaction (2). The relevant 

triangle and Chew-Low plots are shown in Figs. (66 -68) and show the 

magnitude and peripheral nature of this process. They also give evidence 

* for strong wand N signals outside of the double resonance region and, 

* when compared with those for N p production, are seen to demonstrate a 

much lesser degree of peripheralism. Compa:risons will again be made 

between the experimental results a:nd predictions of the CM'EA. This 

model will be seen to be in rather poor agreement with experiment. 

The fit to the :n:\r-:n: o 
:-- :n:+p triangle plot ,was less ambitious than 

that described previously for reaction (1). Because of the greater 

uncertainty in what processes might be contributing to the background, 

+ - 0 + characteristics not immediately recognizable in the :n: :n::n: --:n: p 

triangle plot were ignored. The Monte-Carlo program was used to generate 

events according to the following six final states: 

1) + + +- - 0 (phase space) 4) + *++ + - 0 (e t) :n: p ~ :n: p :n: :n: :n: :n: p ~ N :n: :n: :n: 

2) + *++ 0 (e3t ) 5) 
+ + 

W
O (e t) :n: p ~ N w :n: p ~ :n: p 

3) 
+ *++ 0 

(e3t ) 6) + + 0 (e t) :n: p ~ N 11 :n: p ~ :n: p TJ 

The procedure is that previously used, except that for the wand TJ it 

was not sufficient to use the "803d" resonance parameters, because the 

experimental resolution was large in comparison with the real widths. 



-118-

~1~'I •. .i'}!-.C)!O' ?CV 

XBB 685--2617 

Fig. 66. :rr+p -- l/'IT-'IT° triangle plots for reaction (2)for 
the individual m.om.enta and their sum. .. Both com.binations 
are plotted for each event. 
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Fig. 68. -t - - ,/ p Chew-Low plots for events of reaction {1} 
lying within the omega mass band. One combination per 
event is plotted (ambiguities are resolved on the basis of 
the lower momentum transfer). 
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Table XIX. + - 0 Results of a fit to the experimental n n n + 
n p 

Momentum 

GeV/c 

2.95 

3·19 

3·53 

3.74 

4.oB 

triangle plot with events Monte-Carloed according 

to the six hypothetical reactions mentioned in 

the text. 

* * N wand N 1'). 
"Background" Reactions (%) Production (%) 

* N*w N*T] P.S. N w T] 

10.6±9·B 33.3±4.6 20·7±4.4 .l±6.0 33.7±2.6 2·0±·5 

31. 4±4.6 2B·3±3· 9 15. 3±3.1 ·.6± .6 22·7±2·7 1. 7±.2 

32. 5±3· 7 2B. 9±3· 3 16.6±2.5 .B±.o(?) 20.4±2·5 .9±.0(?) 

35·l±3·7 30.0±3.4 12. 9±2. 9 .9± ·5 20.4±2.B .B± .4 

33·6±2.0 26.2± .B 15·l±2.4 .4±1. 3 23·9±2.0 .9± .4 

Combined 33.6±1.9 27.9±1.7 14.6±1.3 . 5±.4 22. 2± 1. 3 1. 2± . 2 
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In a fit to the M(:n: +:n: -:n: 0) distribution, values of 25.5 ± 1. 3 MeV and 

20.6 ± 34.6 MeV were obtained for the respective widths, yielding ~22 

MeV for the experimental mass resolution. 

The results of the fit are given in Table (XIX) and the resultant 

* * * * N wand N T) cross-sections plotted in Fig. (69). Both the N wand NT) 

* cross sections are seen to decrease in this energy range. N T) production, 

in particular, decreases from 2% to less than 1%. of reaction (2). It is 

interesting to note that at the first momentum (2.95 GeV/c) 54.4% of the 

events are associated with omega production, whereas at the other momenta 

this has shrunk to an:' average of about 37%. 

* The N w mass region was chosen to lie within the bounds .75 < 

* Again, double - N w 

ambiguities were resolved on the basis of the lower momentum transfer. 

* Since this reaction is less peripheral than N p production, choosing the 

correct combination on the basis of the lower -t ~& is of less validity 
p ,1~· 

than before. It is an improvement over picking one of the combinations 

at random or averaging the two, however. As was seen in Fig. (49) and 

is displayed in Fig. (70), choosing the combination with the lower 

* * -t N* clearly enhances the Nand w (and N w) signals. This affects 
p, 

only 1.1% of the events, fortunately. 

The production cosine distribution is shown in Fig. (71). The 

* usual forward peak is in evidence, but much less steep than for N p 

production, and with only .34% of the events having cose > .9. Also, 

there is a distinct backward peak, less than 10% of the forward peak in 

magnitude, but definitely not merely a statistical fluctuation. It 

becomes more noticeable as the momentum is increased and the equatorial 

zone becomes denuded of events. 
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The momentum transfer distribution is shown in Fig. (72). It is 

* much less steeply peaked than was the corresponding N p distribution . 

. The peak was fit to an exponential and found to have a logarithmic slope 

of 2.31 ± .06 (GeV/c)-2 over the interval .2 <-t< 1.2 (Gev/c)2 with a 

* confidence level of 35%. The N distribution has a simple exponential 

* behavior over a much wider range of -t than did the N p distribution" 

, , * 
and in particular lacks the N pIS "anomalous" behavior in the boundary 

region. Looking at Figs: (56 and 72), it is interesting to note that 

* whereas the N p distribution is "concave" i:e. has a slope which 

* decreases with increasing -t the N w distribution appears to be even 

slightly convex, lit least up to about -t ::: 1. 5 (GeV / c)2 • There also 

2 appears to be some evidence for a dip at -t ::: .8 (GeV/c) . 
, . 

The t; distribution (Fig. (72)) was also fit to an exponential. 

2 t; 
The resultant slope, for the interval 0 <t;< 1 (GeV/c) , was AN*w ::: 2.25 

± .08 (Gev/c)-2. 

The fitted values of the slopes ,for t and t; are given in Table XX 

for each momentum separately. The values for the momentum transfer seem 

to indicate a definite shrinkage 9f the peak (increase in A) with energy. 

In order to properly normalize the momentum transfer distribution 

* the same procedure employed for the N P was used. The background values 

* . * for N w (and N 11) regions are shown in Table XXI and were used in . 

conjunction with the mb/event figures of Table IV to obtain d~/dt. 

d~/dt is shown in Fig. (73) along with the OMRA predictions multiplied 

by a factor of four. The OMRA curve is seen to bear little resemblence 

to the experimental distribution. The scale factor of four, needed to 

normalize to the data peak, could be obtained by increasing the coupling 

constants and/or increaSing the 'value of the absorption parameter Y
f

. 
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Table XX. Logarithmic slopes of the -t and t' distributions 

in N*W production. (0.2 < -t < 1.2 (Gev/c)2, 

0.0 < t' < 1.0 (GeV/c)2 ). 

Momentum -t t' 
A AN*w' N*W CL 

GeV)c (Ge~/cf2 (GeV/c)-2. 

2·95 2.16 ± .25 .05 2··54 ± .14 

3.19. ·2.04 ± .19 .15 2;14 ± .17 

3·53 2.15. ± .17 .45 2.06 ± .15 

3.74 2.45 ± .22. .09 2.12 ± .18 

4.08 2·71 ± .28 .03 2·59 ± .20 

Combined 2·31 ± .06 ·35 2.25 ± .08 

CL 

.08 

·35 

.45 

·50 

·95 

·55 
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the sum of curves at.eachmomentum, using the logarithmic 
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* * Table XXI. Percentages of N w or N ~ production in four mass regions 

Momentum 

GeV/c 

2.95 

3·19 

3·53 

3.74 

4.08 

Combined 

+ - 0 + ) * of the :n: :n::n: --:n: p triangle plot: a N w cut: .75 < 
M(:n:+:n:-:n: O

) < .81 GeV/c, 1.12 < M(:n:+p) < 1.32 GeV/cj b) 

N*W background: (OuteOr limits) .69 < M(:n:+:n:-:n: ) < .87 GeV/c, 

1. 02 < M(:n: -+-p) < 1. 42 GeV / c (The inner limits are those of 

(a))j c) N*~ cut .53 < M(:n:+:n:-:n: ) < .57 GeV/c, 1.12 < 

M(:n:+p) < 1.32 GeV/cj d) N*~ background: (outer limits) 

.49 < M(:n:+:n:-:n: ) < .61 GeV/c, 1.02 < M(:n:+p) < 1.42 GeV/c 

(The inner limits are those of (a)). In all cases 

ambiguities were resolved on the basis of the lower 

* -t + and for the N ~ samples, no combination was 
p,:n: p * 

allowed to lie within the N w region. 

(a) .. (b) (c) (d) 
N*w N*w background N*~ * N ~ background 

% % % % 

76 42 88 42 

074 37 80 36 

76 42 75 30 

82 46 75 28 

87 59 81 49 

79 43 80 35 
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The very shallow slope of the curve would be affected by neither of 

these expedients; however, there are three coupling constants at the 

*++. . 
N pp vertex, and changing the ratios of these could effect the slope 

of d~/dt. At least with the usual (relativistic Stodolsky-Sakurai) 

coupling, the p-exchange model, even with absorption, is seen to be in 

serious difficulty .. Further, the Hegge model with exchange of the p 

trajectory predicts a dip in d~/dt at -t ~ .55 (Gev/c)2.37 There being 

nO evidence in our data for such a dip, the validity of the p-exchange 

mechanism is again brought into question. 

* The angular decay parameters are treated for the N w in precisely 

.* the same manner as they were for the N p. The only important distinction 

between the two cases is that the vector of interest in the meSOn decay 

frame is not the direction of one of the outgoing particles -- i.e. the 

+ 
1( for the p but is instead the normal to the w decay plane. Other-

wise, since the p and ware both 1 particles, the same parameterization 

* * is applicable fOr both the N p and N w systems. The. decay parameters 

are presented in Tables XXII and XXV and in Figs. (74-76) are shown as 

a function of momentum transfer. 

The curves superimposed upon the data points in Figs. (74-76) are 

the OMEA predictions. Obviously, the theoretical predictions are not 

at all well borreout by this experiment. The background calculation 

slightly improves this situation, but not sufficiently for the model to 

attain any real measure of success. Because of the previously mentioned 

uncertainty in the coupling con~tants used, however, this lack of agreement 

does not entirely invalidate the model. 

* Finally, the cosB.and ~ distributions for both the wand N are 

shown in Fig. (77). They are all roughly isotropic. In particular the 
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Fig. 75. N wjointdecay parameters as a function of momentum 
transfer, with the O!>EA predictions being indicated, for 
R8-R16 ((A)-(I)) with the solid curve, and R17 -R20 ((F)-(I)) 
;"li th the bare error bars and dotted curve. 
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* . Table XXII. wand N decay matrix elements (all momenta 

* combined, . c:=w, d=N ). 

Parameter 0<-t<.2 .2<-t<·3 . 3<-t<. 4 .4<-t<.6 .6<-t<l.0 1.0<-t<2.0 

(He1ici ty Frame) 

c . 558±.048 .473± .055 .466± .060 . 32lli. 050 .257± .046 .154±.063 PO,O 
c 

P1,-1 .028± .035 .047± .041 .015± .044 -.017± .043 -.lll± .041 -.15lli.063 

pC 
. 1,0 .029± .029 .068± .030 .153± .033 .12l± .030 .126± .032 - .052± .040 

pd 
3,3 

.174±.036 .246± .040 .. 242± .040 .345±.034 .2,56± .036 .279± .051 

d 
P3,-1 -.047± .033 .022± .040 .014i.044 -.03l± .039 -.066± .039 -.098± .046 

d 
P3,1 .13lli .034 .073± .037 .003± .042 .1llli .037 .01lli .038 .009± .052 

(Jackson Frame) 

c .480± .047 . 364± .051 . 424± .0,56 • 395± .051 .43lli .048 . 559± .072 PO 0 , 
c 

P1,-1 -.01l± .039 -.008± .043 -.006± .047 .02l± .042 -.025±·040 .052± .054 

c 
P1,0 -.087± .028 -.1l0± .031 -.162± .034 - .1ll± .031 -.15lli.032 -.09l± .041 

d 
P3,3 .074± .037 . 213±' 039 .262± .044 .148±.039 .1.84± .041 .192± .045 

d 
P3, -1 .01l± .030 .04l± .039 .003±.041 .083± .033 -.024± .035 - .048± .047 

d 
P3,1 .OOO± .036 -.043± .039 -.025± .042 -.080± .038 -.02lli .037 - .064± .0,56 
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* Table XXIII. N w d.ecay angular distribution parameters, 

uncorrected. and. corrected for background 

(all momenta combined). '. 

N*W mass region * N w "corrected" 
Parameter 0<-t<.3 .3<-t<.6 .6<-t<2.0 0<-t<.3 .3<-t<.6 .6<-t<2.0 

c 
Po 0 , . 52l± .036 ~ 386± .039 .22l± .037 .652± .074 .457±.070 .175± .066 
c 

Pl -1 .036± .027 - .002± .031 -.125±.035 .05l±.049 .015± .055 -.162± .061 , 
pi 0 .046± .021 .135± .022 , .062±.025 .033± .038 . 158± .040 .HO± .044 
d' 

P3,3 .205± .027 . 298± .026 .264± .030 .23l± .049 . 356± .050 .289± .051 
d P3 -1 -'.017± .026 -.010± .029 -. 077±. 030 -.042± .047 .00l± .051 -.095± .052 
d' 

P3,1 .106±.025 .062± .028 .010± .031 .106± .045 .057± .049 . 034±. 053 
H8 .120± ;065 .162:i: .060 .045± .063 .180± .119 . 198± .107 .036± .'112 
R' 

9 .065* .030 -,' 03l±. 030 .0191:.039 .049± .056 - .078± .056 .033± .067 
R

l0 
' 

, -.069± .052 .009± .049 .05l± .056 -.08l± .094 .023± .089 . 158± .102 
Rll .126± .060 .093± .066 .074± .061 .155± .110 .100± .114 . 118± .108 
R12 - .089± .063 .075± .067 -.05l±.065 -.208± .115 .122± .118 -.086± .113 
R13 .065± .042 .039± .053 .070± .056 .o80± .077 .028± .093 '.083± .097 
R14 .057± .041 .15l± .052 .129± .057 .,132± .078 .188±.092 .159± .099 
R15 .015± .043 -.090± .052 .035± .057 -.027±·080 - . 136± .092 .027± .098 
R16 -.023± .040 -.022± .051 .03l± .058 -.036± .074 -.003± .090 .052± .099 
R17 .099± .068 . 138±. 074 .087±·080 , .15$± .121 .129±.129 . 14'O± .138 
R18 .036± .065 - .130±. 072 ~097± .073 .062± .115 -.183± .127 .17l± .129 ' 
Ri9 .095± .067 .180± .076 .044±.079 .157± .119 .234±.132 -.006±.133 
R20 .020± .07,0 -.073± .080 -.135± .078 .03l±.122 -.100±.138 -.162± .130 

.. 
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Table XXIV. N*W decay angular distribution parameters (helicity frame) in the three 

-t intervals: a) 0<-t<.3, b) 03<-t<.6; ,c) .6<":'t<2.0 (GeV/cj2. 

Momentum· 
c c. c . d' ·d ·d 

PO,O Pl,-l . -Pl 0 P3,3 P3,-1 ~3,1 . , 

2·95 a. .49l± .090 . - .032± .078 -.023±.062 -. . 206± .077 ' -.06 5± . 071 .. 044± .071 

b. .357±·094 -.090±·070 .130± .057 .26l± .066 -.055±.069 ~122± .067 

c. .162± .085 -.120± .090 .087± .063 .350± .070 .017± .081 -.009± .073 

3·19 a. · 580± .068 .073± .049 .110± .038 .183±'.051 -.073± .047 .098± .048. 

b. .409± .078 .026± .067 .130± .048 · 31l± .053 .Oll± .064 .015± .060 

c. · 306±. 069 -.124± .056 .107± .046 .223± .052 - ;043± .050 .050± .056 

3·53 a. ·502± .077 -.027± .052 .107±·043 .170± .060 .010± .056 .09l± .051 

b. . 388± .076, .042± .058 .140± .041 ' .325± .048 .087± .059 .030± .052 

c. .125± .074 -. 205± .074 -. 007±. 051 · 295±· 055 -.186±.056 .. 010± .067 

3.74 a; .407±.080 .099± ,070 -.073± .051 .235± .057 -.026± .063 .197± .063 

b. .. 402± .097 .015± .074 .069± .051 .300± .059 -.039± .059 .122± .066 

c. .289± .098, -.104± .088 .095± .067 .190± .086 -.10l±.081 -.084± .073 

4.08 a. · 582± .090 .046± .061 .035±.048 .252± .059 .075± .057 .094± .054 

b. .36o± .092 -.044± .08~ .218± .059 · 270±· 073 -.128± .072 .05l± .073 

c. .182± .100 -.Oll± .100 .018± .065 .292± .084 -.043± .083 .043± .078 

R8 

-.336±.183 

.094± .141 

. 286± .135 

.265± .132 

.25l± .120 

-.139±.110 

.330±.139 

.122± .117 

.067± .111 

.047± .116 

.18l± .155 

.146± .196 

-.428±.143 

.155±.159 

.o46± .196 

I 
I-' 
lAJ 
-.J 

I 
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* Table XXV. Nw decay angular correlation parameters 

(all momenta combined). 

Helicity Frame Jackson Frame 
Parameter 0<-t<.3 .3<-t<.6 .6<-t<2.0 0<-t<.3 .3<-t<.6 .6<-t<2.0 

Gl .095± .067 .170±·061 .040± .064 .173± .065 .174±.072 .08l± .073 

C2 .00S± .030 -.03l±·030 .022± .040 . 056±. 034 .044± .036 .044± .036 

C
3 -.06l± .052 - . 017±. 051 .047± .057 .019±.054 -.054±.057 - .027±. 062 

C4 .117± .062 .09l± .066 .100± .063 .002± .053 -.075± .054 .. 109± .067 

C
5 -.030± .065 .045± .067 -.054± .066 .074± .061 . 047±. 061 -.01S±.073 

C6 ~123± .059 .190± .074 .1SO± .0So .185± .061 .214± .070 .114± .068 

C
7 -. 016±. 059 -.113± .073 .069± .082 -.065± .064 .020± .070 -.005± .074 

; . 

Cs .137± .094 .014± .105. . 203± .109 .057±·OS9 .168± .105 -:.230± .111 . 

C 
9 .119± .09S .113± .112 -.072±.111 -.107±.099 .084± .113 - .102± .122 

CIO -.ooS± .059 .112± .074 ~05S±.080 -.10l± .061 -.177± .070 ':'.128± .068 

Cll - .03S±.059 .068± .073 -.004± .OS2 -.02S± .064 .139± .070 .020± .074 

C12 ,-.06 3±. 094 - .269± .104 .009± . lOS -.050± .08S' -.lS5± .104, .·040± .110 

C
13 - .075± .097 -. 253± .111 -.179± .111 .060± .099 . .160± .112 .093± .121 
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cosB distribution bears no trace of anything similar to the asymmetry 
w 

which dominates the corresponding p distribution. 

D. + *++ 0 
1{p~ N 1) 

*++ 0 ( at) N 1) production accounts for only a very small percent ~l. 270 of 

reactlon (2). Because of the small width'of the 1) and the position of 

*' the N 1) region near the kinematic boundary, however, a very clean sample 

* . .', 
of N 1) events may be obtained. The mass selection. criteria require 

, , * allowed in the N w region, and ambiguities resolved on the basis of the 

smaller momentum transfer. For these criteria the background is at 

about the 20% level (Table XXI). 

* Since only 124 events pass the above N 1) criteria, the different 

momenta are not considered separately. The sole exception to this rule 

* is the .N 1) cross-section data, previously plotted in Fig. (69). other-

* wise, the -t,t .... and cosBN*1) distributions and the N decay parameters 

will be given only for'the experiment as a whole. 

The't and t ... distributions 'are shown in Fig. (78). Because the 

,boundary region extends only to -t = .067 (GeV/ c)2, they are practically 

identical. They are very different from those previously enc'Ountered. 

Of the four double-resonance reactions studied, this is the only one with 

a turn":over in the t ... distribution. Neither remotely resembles an 

exponential distribution, so no logarithmic slope parameter !fAil was 

obtained. 

The COSBN*1) distribution (Fig. (79)) further demonstrates the 

anomolous behavior of the forward peak., Not only do fewer than 26% of 

the events lie beyond cosB =.9, there are actually over 40% more events 

in the neighboring cosB bin (.8< cosBN* < .9). Most of the events are, 
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however, concentrated in the forward direction; although" there is some 

indication of a backward peak as well. 

The decay angular distributions (helicity frame) are shown in 

* ' Fig. (80), and the N decay parameters are listed below. The decay 

distributions are roughly ,compatible ,with isotropy with one exception. 

The exception is the cose
N
* distribution, which displays a striking peak 

* around e = ~/2. ' The N decay parameters are as follows: 

.d .435 ± .044, .455 ± .052 (.441 ± .068, ·507 ± .088) P3,3 = 

d .202 ± .054, .221 ± .067 (.282 ± .088, .340 ± .113) P3,-1 = 

d, 
-.008 ± .042,-.008 ± .052 (-.001 ± .066, .059 ± .093) P3,1 = 

where the background-corrected parameters are given in parenthesis, and 

2 the second member of each pair is for the region -t < .5 (GeV/c). The 
,d '. ' 

value of P
3
,3 is a measure of the 'deviation of the ,coseN* distribution 

from isotropy, being roughly that for a sin2e distribution (.5) and 

nearly twice that of an isotropic distribution (.25). 

. . 
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Appendix A. NORMALIZATION INPUT PARAMETERS 

In carrying out the normalization calculations of Section II, it 

was necessary to usecross-sec,tions and differential cross-sections 

obtained in ather experiments. Among these are the pp cross-sections 

used in finding the proton contamination (Fig. (A-I)) and the slopes of 

. + . 
the elastic differential cross-sections used in correcting the.rc p and 

. . 
pp total cross-sections for scanning losses for events in the forward 

peak (Fig. (A-2)). As shown in those figures, a smooth. curve was 

drawn through the data points, the intercepts of this curve with the 

five experimental momenta giving the values used in the analysis. With 

.. 14 
regard to Fig. (A -2), the value s of A rc+p of Coffin et a1. are not 

directly from the reference· but from an exponential fit to the paints 

given in the reference. 

+ Values of the rc p. total cross-section we·re also used in the beam 

normalization. They were interpolated from those of Diddens et al. 23 

and are 29 . 49 ± .23, 28.84 ± .22, 28.32 ± .22, 27.77 ± .22, and 27.40 :!; 

.26 millibarns at the five momenta respectively. 
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Appendix B. BREIT-WIGNER PARAMETERIZATION 

In Sections III and IV Breit-Wigner factors were used in weighting 

Monte-Carlo events according to various resonance hypotheses. The 

Breit-Wigner form for a two-body decay, as given by JaCkSOn,25 was used: 

f B.W. 

r (E) 

= 

= 

E 
q 

r (E) 

r (qjq)2.e+l R(E )/R(E) 
000 

where, in the resonance c.m., E is the energy of the two-particle system 

and q the momentum of the decay particles, Eo and qo being these 

quantities at resonance. The form 6f R(E) and the values of Eo' ro and 

.e are given in Table (B-1) for each of the resonances used in the 

analysis. All of the resonances except for the ~ and w were assumed 

to decay into two particles. For the ~ and w, a simpler form was used, 

putting r(E) = r , and setting the factor E/q equal to unity. 
o 

The weight for any event was the product of the suitable resonance 

terms divided by the maximum value this product could assume. The 

maximum value was not obtained analytically, however, but was the 

maximum yalue for any event in the sample. To avoid computational 

difficulties, a lower limit of .1 GeV/c was placed upon q . 
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Table B-1. Breit-Wigner parameters and form of R(E), where 

R (i) is of the type: 1. R = (q~ +q2); II. R = 
22£ 0, 

, Mass 

MeV 

770 

1260 

1070 

1305 

1236 

1700 

549 

783 

E(A +q) (A=.35 GeV/c), III. R = 1.0, IV. R = 
q2£+1. In fitting the ic-n distribution of reaction 

(3), RII was used in the N*- B.W.; however, A = .35 

GeV/c was found unsatisfactory and A = .175 GeV/c 

substituted. For the Al, A2, and N*(1700), which 

were assumed to decay into one stable particle and 

one resonance, the resonance mass was used in 

calculating q and the actual invariant mass of the o 
two particle system making up the resonance was used 

,~n calculating q. 

Width R(E) Decay Particle Masses 

MeV Type GeV GeV 

130 1 I ;13958 .13958 

140 2 I .13958 .13958 

100 0 III .13958 M(:J{+:J{-): .77 
J 

90 2 III .13958 M(:J{+:J{ -) : .77 

120 1 II .13958 ·93826 

300 0 III .13958 M(:J{+p):1~236 

21 IV 

26' IV 

I'~ 
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Appendix C. MONTE-CARLO EVENT GENERATION 

Monte-Carlo events were used extensively in the analysis of the 

experiment. These events were generated by a program having several 

advantages over conventional Monte-Carlo routines. The program, Bowl, 

generated four and five-body final states uniformly (unweighted) 

At according to phase space times e Without this feature, the effective 

, number of events used with any peripheral process is greatly reduced 

from the number of events generated. Also, the program was so designed 

that events could be, genE::rated easily from any particular mass region-­

* e.g. the N p mass region. These options were implemented, however, at 

the cost of making the program somewhat bulky and rather slow. 

As an example, the treatment of a four-body reaction thought to 

proceed via a highly peripheral quasi-two-body,niechanism (N*P production) 

is outlined below. For the process, 

l' + 2"~ 1 2 
4. a+b L. c+d 

the' four body phase space integral may be written as, 

where ql' qa' and ~c are the momenta of particles 1, a, andc in'the 

overall c.m. and in the rest frames of part'icles 1 and 2 respectively, 

M is the total c.m. energy, and Ml' and M2 are the masses of particles 

1 and 2. Fixing the production plane removes the drpl integral from 

dnl , and the remaining dcose
l 

integral may be put in terms of the 

momentum transfer: 
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1/ (32Mql' ) J' dM_ dM2dtd( q cose )d( q cose )dcp dcp 
--~ a a c c a c 

Further, if the probability density is not unity (phase space), but 

At contains a factor,e one has: 

eAtdt "f "Max(M:t,~) du 

uMin(l\'~) 

(4) 

(5) 

Thus, all kinematic factors have been cleared from the integrand. This 

is all that is required for the generation of unweighted events. Once 

variables have been found fo~ which the integrand is unity, as in (4) 

and (5), a multi-dimensional cube may be constructed' circumscribing the 

region of integration--i.e. the extreme upper and lower limits are 

found for each variable. Events are generated uniformly within this 

cube, and hence within the physical region as well, with those events 

lying outside the physical boundary subsequently being rejected. 

A considerable amount of time is wasted, since treplwsical region 

occupies only a small portion of the volume of the cube. For example, 

a sample of 100 000 events of reactioh (1) was generated by this method 

in 2051 seconds of C.D.C. 6600 C.P. time. Generatedaccording to e8t 

times phase space, the physical region occupied somewhat over 3% ,of 

the volume of the limiting cube at the lowest momentuin (2.95 Gev/c) and 

less than 1% at the highest momentum (4.08 GeV/c). 
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Appendix D. ONE-MESON-EXCHANGE MODELS 

In Section IV comparisons were made between experimental results 

and predictions o'f the one-meson-exchange-with-absorption model (OMEA)26 

and with a form'factor approach of G. Wolf (OMEW).29 In this appendix 

the method of computation with these models is described and a few 

additional comments made about them. 

1. The OMEA 

The OMEA calculations are based upon the treatment of John'T. 

26 Donohue. The relevant equations for computation with the OMEA are 

given in great detail in his thesis and will not be repeated here. A 

few general comments will be made, however, and corrections to 

typographical errors in the thesis noted. 

In the OMEA it is assumed that for a single-particle exchange 

process, the partial-wave amplitude may be written, 

..:. ... i.e. as the product of the Born amplitude with the square root of the 

elastic~scattering S-matrix elements in the initia'l and final states. 

Further, the elastic scattering S-matrix is assumed diagonal and inde-

pendent of helici tyindices. It is conventionally parameterized, as, 

= 
1 -Ce (-)' (j _~)2) 

wher,e C and )' are given by, 

C = (J'/ (%LA) , 
, 2 

)' = 1/ (2q A) 

(J' being the total cross-section, A the slope of the forward diffraction 

peak, and q the c.m. momentum. Thus, Ci and Ii are fixed by ,1(+p elastic 

scattering and total cross-section measurements; whereas Cf and )'1' arc:: 
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not independently determined by experiment, since they involve the 

elastic scattering of resonances. From the values for ~ and A of 

Appendix A, C. is determined to be .86 ± .06, .84 ± .06, .83 ± .06, 
~ 

.81 ± .06, and .80 ± .06 at the five momenta respectively, and y. is 
~ 

.060 ± .004, .055 ± .004, .049 ± .003, .046 ± .003, and .042 ± .003. 

Values of Cf and Yf will be considered later. 

The B~i are terms in the partial wave expansion of Born helicity 

amplitudes. The Born helicity amplitudes are given in Appendix C and 

the expansion discussion in Appendix D of Donohue's thesis. The 

following corrections were made to typographical errors in those 

appendices (with the help of Dr. J. D. Jackson): 

Page 168: 

2. Page 169: 

3· Page 174: bl~'+~ = ... 
2~- 2 

4. Page 174: A = ... GB*BP 

5· Page 175: b ~{~ = 0- 2'± 2 

6. . Page 175: bl_~'+~ -= 2'- 2 

) 

(sin (e/ 2)' /\c -Ad+Ab (cos (e/ 2) )"c-Ad-Ab 

(sign of Ab switched) 

(add final parenthesis) 

(not 
1 . 

GB*BV) 

;~ 
+ 

(not ;:t ) 

r
3

( (add parenthesis) 

7. Page 176: . bl~;±~ = ••• -2r
3

(l±COse)(1-fCOseH±.f(2Ejmd ) X 

(cose-va/v"b);+) ) 

·8. Page 184: D.4 and D.6, lA-IlI/2,1"+~:!1/2 (factor of ~ needed) 

In addition, Donohue's statements, in his Appendix A, concerning 

the calculation of the d and e functions were studied and· found· to be . 

correct. The only satisfactory method found for calculating the d 

functions was the forward recursion relation, and for the e functions, 

! 
I 
I 
I 
I 
I 
i 
I 
I 

i 
f 

1 
. .1 

I 

1 
I 
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it was necessary to run the recursion relation backward (All computing 

was done on the CDC 6600). 

Having discussed the calculation of the helicity amplitudes, the 

expression for d~/dt and for the joint helicity density matrix will be 

given_ The processes under consideration are of the type, 

a+b-7 c+d 

where a and c are mesons and band d baryons, and for which the spins 

and parities are 0"", ~+, 1-, and 3/2+ respectively. Thus, there is no 

helicity index for (a). Defining, 

N 

then:, with q the initial com. momentum and s the square of the c.m. 

energy, 

where the Rand p are joint helicity density matrix elements and helicity 

density matrix elements for the individual final-state particles 

respectively. As noted in the text, if the Rand p are desired in some 

frame other than the helicity frame, a further rotation is necessary. 

In Section IV-A the joint angular decay distribution was given in 

terms of the Pfi and certain parameters Rk - The relation of the Rk to 

the joint helicity density matrix eiements is given in Table D-l. Also, 

the parameters were obtained experimentally by averaging certain 

functions of the decay angles over the distribution, and these functions 

are displayed explicitly in that table. 
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Table D-1. Relations between the angular distribution parameters and 

the he1icity matrix elements, and·,their expression in 

terms of the decay angles. Only the real part of the 

he1icity matrix elements contribute~; so, for convenience, 

R~ ~,.~ ~, has been written for Re [R~ ~"~ ~, J. (As 
ncncJndnd . '. ncncJndnd . 

used below, k = 25 13/16) 

Parameter He1icity matrix elements Angular functions 

R11 

R12 

R13 

R14 

R15 

R16 

R17 

R18 

R19 

R20 

Pc' - L: R' mm; - n mm;; nn 

P
d - L: R nn' - m mm; nn' 

~<5cos2ec-1> 
-(5/4)<sin28ccos~c> 

, ~ (5/4 /2)<sin28 ccoSCPc> 

(1/8)< 7-15cos28~ 

- (5 {3/ 8 )<sin2edcos~a.> 

- (513/8 )<s in2e d co scp a.> 

~(R11; 33+Rl1; -3, -3-R11;-1, -1-:-2R00, 33 +2R00; 11 -:-R11;11) 
. . (25/16 )«1-3c0828c ) (1';3cos2ed» 

R -R 1,-1;33 1,-1;11 -(25/16)«1-3cos2e.d)sin2eccos~c> 

R +R ' -R .' -R . 
10;33 10;-3,-3,10;11 10;-1,-1 

. ' . -(25/8f2)«1-3cos28d)sin28ccoscpc> 

R' +R ' -2R -k«l-3cos2ec )sin2ed'COs~d> 11;3,-1 11;1,-3 00;3,-1 

R +R -2R' 
11;31 11;-1,-3 00;31 

R 
1,-1;3,-1 

R . 1,-1,-13 

R 1,-l;31 
R '. 

1,-1;13 
R . +R 

10;3;-1 lO;1,-3 

R10;':'3;,]+R10; -13 

R -R 10j31 10j-1,-3 

R -R 
10;13 10;-3,-1 

-k«1-3cOS2ec)Si~28dCOSCPa.> 

k<sin2ecsin28dcos(~c+~d) 

k<sin2ecsin2edcos (~C-~d") 

k<sin2ecSin2edCOS(~C+<Pd» 

k<sin28csin2edCOS(~c-<j)d» 
k v'2<sin28csin28dcos (CPc+~d» 

, k J2<sin2ecsin2edcos (CPc-~d» 

k v2<sin2e csin2edcoS (CPc+<rd» 

k{2<sin28csin2edcos(cpc-<j)c» 
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A computer program was written to calculate d~/dt and the angular-

distribution parameters, according to the OMEA procedure outlined above. 

* * Results for N p and Nw production were checked with output furnished 

by Dr. Jackson and seen to agree with those of Donohue. Thus, there is 

good reason to believe that the OMEA curves which have been calculated 

are correct. 

One feature which 'was added to Donohue's treatment, was integration 

over the double-resonance mass region. In most previous work the 

calculations were performed using the central values of the resonance 

masses in a "zero-width" approximation. These may be easily modified, 

however, to account for the finite resonance widths by adding a factor, 

25 where M is the invariant mass of the resonance system. The resonance 

parameters used are those of Table B-1. 

The remaining OMEA parameters whose values must be fixed are the 

coupling constants, Cf , and If' The values of the coupling constants 

* ' 2 used are those of Donohue. 'For N, p production these are G /4n = 2.0 prcrc 
2 

and G rc+pN* / 4r( = .43. Since' this is a pion -eXchange reaction, they appear 

only as overall multiplicative const,ants and only _ serve to scale d~/ dt. 

* That is not true for N w production. , For vector meson exchange there 

- *++ 
are three coupling constants at theppN vertex, and their ratios 

effect the density matrices as well as' dO/dt. The Donohue values 

(relativistic StodolskY-Sakurai coupling) are G
2 /4n:;;, 10, 
wprc , 

1 2/ 2 1, 3 (GN*++ ) 4n = 40, GN*++ - GN*++ ,GN*++ =0. Cf was chosen for pp pp pp pp 

maximum absorption, Cf = 1.0, and If was set, somewhat arbitrarily, 

to X r·· 1. 
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Figs. (D-l and D-2) illustrate several of the basic features of 

* the OMEA as applied to N p production. Fig. (D-l) shows the differential 

cross-section. In (A),tne, -simple Born-term curves are shown, (a) with 

and (b) without the zero-width assumption, along with the aMEA curves, 

likewise (c) with and (d) without that assumption. The effect of the 

* integration over the N p mass region is apparently to lower the curve 

by about a factor of three. It is also clear that even with absorption, 

the model does not account for the sharp forward peaking. In (B), the 

Born (a) and OMEA (b) curves are shown over the entire range of momentum 

transfer, with'the data (as well as the curves) being for the central 

momentum. In (C), the dependence upon the incident momentum is studied, 

with curves at (a) 2.95 GeV/c and (c) 4.08 GeV/c being shown with the 

weighted sum of all the momenta (b). In (D), the effects of changing 

Cf and I'f are shown, with (c) the normal curve at 3.53 GeV/c, (a) 

1f = ~ 1i' and (b) Cf = ·9· Thus, changing Cf radically effects the 

slope of du/ dt, whereas changing I' f primarily effects the height of the 

curve. In (E) the dependence upon the mass coordinat,es is demonstrated. 

Using the zero-width approximation, and arbitarily normalizing the data, 

curves at the center «b): M(1(\r-) = .77 GeV, M(1(+p) = 1.22 GeV) and at 

*' " + -the extremities of the N p mass region are shown «c): M(1( 1( ) = .86 GeV, 

M(1(+P) = 1.32 GeVj (a:): M(1(+1(~) = .68 GeV, M(l/p) = 1.12 GeV). (F) 

illustrates one aspect of the OMEW model and is mentioned in Part 2. 

* Fig. (D-2) shows the Pfi for N p production. The curves either 

have no symbol, or a small square, or a small diamond affixed to them 

at regular intervals. They will be referred to as curve s (a ), (b) , and 

(c) respectively in what follows. Curves are always drawn for the 

central momentum (3.53 GeV/c), and the data is for all momenta combined. 



-159-

100. 10.0 

(A) (D) 
.~) 

10. 

UJ (J) 1.0 
Z Z 
O! O! 
cr. cr. 
alL al 
H H' 
-I -I 
-I -I 
H H 
I:: . I:: .1 

.10 .40 .60 .90 1.0 .20 .40 .60 .BO 1.0 

-T (GEV/C)2 -T (GEV/C") 2 

100. '100 

(6) (E) 

10. 

UJ ui 
z z 
O! O! 
cr. cr. 
eD1. eD 
H H 
-I -I 

.-1 -I 
H H 
I:: I:: 

(b) 

0 0 .20 .40 .60 .eo 1.0 

-T (G'EVlC)' -T (GEV/C)2 

10. 10. 

(C) (F) 

#j. 

i-

tt 
UJ1. UJ 1.0 
Z Z 
O! O!.: 

Co) a cr. 
en en· 
H H 
-I -I' 
-I -I ::+-H H 
I:: .1 I:: .1 

• 

. 20 .40 . .!:iD .eo 1.0 0 .20 .40 .60 .eo 1.0 

-T (GEV/C,J2 -T (GEV/C)2 

XBL 685-795 

dcr/ dt * Fig. D-l. for N p production, with the various 
curves as described in the text. 
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In (A), (a) is the OMEA curve, (b) the OMEA unique-mass curve, and (c) 

the Born (integrated) curve. In the helicity frame the Born predictions 

c 
are, of course, not the simple ones of the Jackson frame--e.g. Po 0 = 1.0, , 
with the other P

fi 
being zero. The OMEA curves are seen to be in better 

agreement with the data in all cases, however. The unique-mass OMEA 

curve is seen to differ from the integrated OMEA one only slightly and 

there (in the t boundary region) to its own disadvantage. In (B), the 

background-corrected data points (bare error bars) are plotted along 

with the usual uncorrected points to display the slight differences 

between them. In (C), the momentum dependence is exhibited with curves 

at (a) 2.95 GeV/c, (b) 3.53 GeV/c, and (c) 4.08 GeV/c shown to differ 

only slightly from one another. In (D), the effects of changing ,Cf and 

Y
f 

are shown. The normal curve (a) and one with Y
f 

= ~ Y
i 

(c) being 

nearly identical, whereas the curve with Cf = .9 (b) is much closer to 

the Born curve of (A) • In (E) , curves are drawn for the unique-mass 

(a) M(:rc\t-) + (b)M(:rc+:rc-) OMEA for - .86, M(:rc p) = 1.32 GeV, = .77, 
+ (c) M(:rc +:rc-) .. 68, M(:rc + p) = 1.12 GeV. M(:rc p) = 1.22 GeV, and = Quite 

* substantial differences are seen for the different N P mass values. 

In (F), the Jackson-frame predictions and data values are shown. 

2. The OMEW 

Calculation with the OMEW model is much simpler than for the OMEA. 

* Of course, less information is obtained, since only dcr/ dt for N P 

production is computed. The finite resonance widths are taken into 

account, however, and. a correction is made for the T = 0,2 S -wave 

contribution to cr + _(m). The relevant equations are given in 
:rc:rc P 

reference 29, and only a few comments concerning them will be made here. 

The OMEW model for N*P production is a one-pion-exchange (Born term) 

.J. 
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* Fig. D-2. N w decay matrix elements, with the various curves 
as described in the text. (In each sub-figure there are 
(A) Pg 0' (B) P~ -1' (C) P~ l' (D) p

d
3,3' (E) P3d, -1' and 

(F) p~' .)' , 
_,,1 
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model, modified by a form factor G (t ) : 

G(t) 
2 

c-m 
c-t 

2 
(c = 2.29 ± .27 GeV ) 

Elastic scattering cross-sections, modified by off-mass-shell co~rections, 

are used to describe the mass dependence'of the differential cross-section. 

The OMEW prediction 'for do-jdt is plotted in Fig. (D-l:F) .. As is 

noted in the text, when the background correction is made to the data, 

the OMEW curve lies well above the data points. This probably reflects 

the way in which the parameter cin G(t) was obtained, and is not 

necess"arilY a defect inherent iri the model. 

To examine the effect of the correction for T = 0,2 S-wave 

contributions, the OMEW program was run without that correction. The 

resultant curve was plotted'onthe'previously mentioned figure, a~d is 

. indistinguishable from the normal OMEW curve . 

. , 

.-1 
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Appendix E. METHOD OF MOMENTS AS APPLIED: TO dol dt 

The usual procedure in parameterizing the momentum transfer 

distribution is to make a chi-square fit to the distribution, varyine; 

the para~eters involved. One defect in this procedure is the dependence 

of the results upon the particular binning scheme used, especially when 

there are few events. In an attempt to circumvent this difficulty, a 

procedure employing the method of moments was investigated. 

For any normalized distribution f(t,A) the following are true by 

definition: 

1 = J f(t;A)dt (1) 

<t~ . = J ~kf(t,A)dt (2) 

where the integral is over the full range of t in question. In principle, 

for any hypothetical f(t,A) one .can solve the above set of integral 

equations for the parameters of the distribution (A) in terms of the 

experimentally observed <t~. In practice, of course, that is not an 

easy task. 

For the momentum transferd:istribu1:;ion,· the following density 

function was used: 

. . At 
f(t,A) = ke 

As mentioned in the text, the interval .• 2 <-t <.5 . (GeV / c )2 was used, 

so the mass dependence of the lower limit of integration was eliminated. 

Equations (1) and· (2) become: .. 
2 . 2 

J' At I lEAt 1 =- ke. dt =·kAtf .. 
1 . 

= k/A(eAtl _eAt2 ) o <-t <;..t 
12 
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2 

J At 
<t> 1- kte dt 

This equation was easily solved numberically for A (using the Varmit 

. minimization program) and, as noted, in the text, gave results compatible 

with those of a chi-square fit to the data. When the method was used in 

an attempt to gain further information; however, the result was completely 

unsatisfactory. 

* Since dol dt for N p production has a decreasinglogari thmicslope, 

a second parameter was added to the density function: 

Using the first two moments of t with this function, the minimization 

routine failed to find a suitable solution. Unfortunately', it is not 

clear to what the failure is due. The function is not directly 

integrable, and various expedients were employed in carrying out the 

integrationnumberically, so that the fault may lie with these or with 

the limited range of t or wit.h the limited number of moments of t used 

or limited number of events in the sample studied. 
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