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ZERO STRANGENESS RESONANCE PRODUCTION IN 6 GeV/c 
PROTON-PROTON COLLISIONS 

Robert Ronald Kinsey 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

ABSTRACT 

UCRL-17707 

Approximately 33,000 four-pronged proton-proton interactions at 

6 GeV/c have been examined for the production of nonstrange meson and 

baryon resonances. These events were found by scanning approximately 

112,000 pictures taken in the LRL 72 -in. hydrogen bubble chamber. The 

reactions studied in detail and their cross sections are 

(1) + - 3.2 ± 0.3 mb pp -+ PP1( 1( 

(2) + + - 2.9 ± 0.4 mb pp -+ pn1( 1( 1( 

(3) 
+ - 0 2.4 ± 0.2 mb pp -+ PP1( 1( 1( 

Proton-proton interactions have been studied by others in this 

energy region and this experiment' agrees with these studies in the general 

features of reaction (1). Reaction (1) is dominated by the psuedo-two-body 

* * * final states NN and N N produced in a peripheral manner. Fits to the 

various possible final states have been made and are reported. Data from 

this reaction have also been compared to the peripheral one-pion exchange 

(OPE) model and the results are given. 

In reactions (2) and (3), an interesting feature is the production 

of an I==3/2 baryon resonance which is observed to decay into a nucleon 
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and three pions and which produces a peak in the appropriate mass spectrum 
. 2 

at 2080 MeV/c. In addition, the p meson has been detected for the first 

time in a bubble chamber proton-proton production experiment in addition 
! 

to the 1) and (.L) mesons already reported. Due to the complicated nature of 
I 

the final states in reactions (2) and (3) fits to the numerous possible 
: 

final states are not attempted. However an attempt has been made to I . 

determine the production cross sections for various nJw or interesting 

resonances~ 
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I • INTRODUCTION 

In recent years the study of high energy particle interactions 

has resulted in the discovery of a great number of meson and baryon 

resonances. They have in general been discovered in two distinct types 

of experiments. One of these in the case of baryon resonances is the 
I 

bombardment of a proton target by an appropriate meson beam at a total 

center of mass energy corresponding to the mass of the resonance. This 

is called a formation experiment. The second type of experiment is gener-

ally called a production experiment and it is this type that is of inter-

est in the work presented here. A production experiment consists of study-

ing the effective mass spectra of multibody final states at high center 

of mass energies where resonances are produced in association with other 

particles or resonances. It is of interest to continue the search for as 

yet undetected resonant states in this type of experiment and to attempt 
! 

to determine their quantum numbers as they are found. It is also inter-

esting to examine the production mechanisms of those resonances whose 

existence and quantum numbers are already established. 

The importance of multibody final states increases with the increas-

ing energy of the incident particle in production experiments involving 

the bombardment on nucleons with pions, kaons, nucleons, and anti-nucleons. 

An important and striking feature of these final states is that they appear 

to be produced as psuedo-two-body reactions involving one or more reso-

1 
nances. This psuedo~two-body production is also characterized by the 

tendency of the secondary particles to go in the forward-backward direc-
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tions in the total center of mass system. This tendency is suggestive 

of a peripheral process and one meson exchange models (OME) are often 

used in an attempt to explain the experimental asp~cts of these final 

states, sometimes with striking success.
2 

The percentage of inelastic reactions which can be explained 

as psuedo-two-body is another point of interest. It has been pointed 

outl that some reaction channels of pion, kaon, nucleon and anti-

nucleon interactions with nucleons have a large percentage of resolved 

psuedo-two-body reactions. For example, in the reaction 

+ + + -
1\ P ~ p1t 1t 1t (1.1) 

at 8 GeV/c incident pion momentum it is reported3 that 45%'of the reac-

" *0 N*fo tion is resolved into the psuedo-two-body final states N p, ., pAl' 

and pA2 • In K+P interactions at 2.7 Gev/c,4 the reaction channel 

(1.2) 

lOs ~ound to be 53do K*' °N*++ • th to + - t 5 5 G vi .L 7G In . e reac. lon pp ~ pp1t 1t ,a '. e c, 

it is reported5 that 70% of this reaction channel can be explained as 

* * * N Nand pN final states. 

That a few reaction channels have a large percentage ofpsuedo-

two'-body final states and others only a small percentage may be anexperi-, 

mental bias due to resonances not being recognized. Isobars with iso

topic spin I=1/2 are often not resolved and hence they are not counted. 

The fraction of psuedo-two-body reactions also tends to increase with 

the discovery of new resonances and will probably continue to do so. 

The present experiment involves the study of nonstrange resonance 

.. 
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production in a proton-proton production experiment at 6 GeV/c incident 

proton momentum. The reaction channels studied involve four or more 

charged particles in the final state with the emphasis on the following 

three reactions 

+ -pp -+ pp:rc :rc 

+ + pp -+ pn:rc :rc :rc 

+ - 0 pp -+ pp:rc :rc :rc 

(1.3) 
I 

(1.4) 

(1.5) 

The psuedo-two-body final states of these three reaction channels have 

been studied intensively. Reaction (1.3) has been compared to the one-

pion-exchange model (OPE) and in addition fits have been made to the 

partial cross sections of the possible final states. Reactions (1.4) 

and (1.5) have been examined for resonance production and cross sections 

for the production of new or interesting resonances have been estimated 

whenever possible. 

Cross sections for the deutron production reactions 

+ + -pp -+ d:rc :rc :rc 
+ + - 0 pp -+ d:rc :rc :rc :rc 

(1.6) 

(1.7) 

and ~hannels other than those listed above with more than four charged 

particles in the final state have also been obtained. However, reactions 

other than (1.3), (1.41 and (1.5) have not been studied in detail due to 

small cross sections involved and the difficulty in obtaining a correct 

identification in the case of the more complicated final states. 

Section II discusses the experimental procedure used in this 

,wrk and Section III gives the production cross sections of the reactions 
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observed. In Section IV the detailed results of reaction channel (1.3) 

are reported and compared to a simple one-pion-exchange model.. Section V 

discusses our resonance search in the reaction channel (1.4). Reaction 

(1.5) is discussed in Section VI. In Section VII we give a summary of 

the results and conclusions of this work. 
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II. EXPERIMENTAL PROCEDURE 

A. The Beam 

Protons produced in a polyethelene target 3/8-in.high, 1/4-in. 

transverse to and 1/2-in. along the direction of the external proton beam 

of the Bevatron were transported to the LRL 72-in •. liCluid hydrogen bubble 

\ 

chamber by the arrangement shown in Fig. 1. Targeting techniClues were 

reCluired to minimize interference with the external beam optics since 

the external beam was being used for multiple experiments. The optical 

elements which determined the focal properties of the beam at the uranium 

collimator were the first Cluadrupole pair, which gave a vertical magnifi
I 

cation of 0.5 and a horizontal magnirication of 1.0, and the two bending 
I 

magnets, which produced a dispersion of one inch per 1% 6P/P. A momentum 

definition of ±0.15% was provided by the slit in a 12-in. thick uranium 

collimator of 1/2-in. vertical and 1/4-in. horizontal dimensions. With 

11 ' an intensity of ~ 10 protons per pUlse in the external proton beam, a 

beam of approximately 30 protons per pulse could be maintained in the 

cha-nel. Efficient operation was achieved by dynamic intensity control 

provided by a pulsed parallel plate electromagnetic separator operated 

with a 4-in. gap and 150 kilovolts between the plates. At an appropriate 

signal from a preset scalar whi~h read the output of counters placed imme-

diately in front of the bubble chamber, a spark gap across the spectro-

meter plates was triggered. The plates were thus discharged in 2~sec but 

the magnetic field remained and caused the beam to be deflected 3/4-in. 

vertically, off the slit into the uranium collimator. The usual variations 
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in beam intensity at the bubble chamber due to statistical fluctuations 

and accelerator instability were greatly reduced by this system of 

control and the beam was maintained constant to within two tracks per 

picture. 

Contamination from pion production in the target was small 

since·the incident protons of the external proton beam and the secondary 

protons from the target differed little in momentum while the secondary 

pions had much smaller ~omentum. A measurement of the pion contamination 

for a similar beam using a Cerenkovcounter to distinguish pions from 

protons indicated a contamination by pions of less than 0.1%. This has 

been neglected as a source of background events in the analysis of the 

data. 

The observed widths of the beam momentum distributions as obtained 

from both the measurement of non-interacting tracks and from identified 

examples of fits to elastic scatters were consistent with each other and 

with th~t expected from the measurement error of approximately 1%. The 

momentum of the beam was found to be 6.10 ± .02 GeV/c. An uncertainty 

of' 0.5% was us.ed by the fitting program which is somewhat larger than 

that deduced from the beam optics to allow for effects such as scattering 

on slits and other apparatus. 

',. ~ . 
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B. Scanning and Roadmaking 

Approximately 112,000 pictures of proton-proton interactions in 

the LRL 72-in. hydrogen bubble chamber were scanned for events with four, 

six, and eight pronged topologies, that is, events with four, six or 

eight charged particles in the final state. This scan was done on scan 

tables equi~ped for rough measurement of the events that were found. 

The least count for points measured on these scan tables is 12.5~. Three 

points were measured on each track in each of the three views. These 

points were used later during the automatic measurement of the events to 

define roads for use by the filtering program in separating digitizations 

of the bubbles associated with the tracks from background bubble digiti-

zations. In this scan 33,000 four-pronged, 2000 six-pronged, and 50 eight-

pronged events were found and had roads made for them. 

A rescan was done using every tenth roll of film. Events found 

and their location were recorded and compared with the first scan in 

order to compute a scan efficiency for each of the two scans using the 

fact that in the film scanned twice 

N overlap 

(2.1) 

(2.2) 

where N is the number in the film, Nl and €l are the number of events 

found and the scan efficiency of scan 1, N2 and €2 are likewise the num

ber of events found and the scan efficiency of scan 2, and N 
overlap 

the nwnber of events common to both scan 1 and scan 2. 
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Solving equations (2.1), (2.2), and (2.3) for N we get 

and then. for El and E2 
_Nl 

El - if"" 

N2 
E2 = if"" 

(2.4) 

(2.6) 

In this way the average scan efficiency of scan 1 was determined to be 

68 ± 5% and that of scan 2, 90 ± 2%. 

c. Measurement and Reconstruction 

The automatic measurement of the events was accomplished by the 
. . 

Berkeley flying spot digitizer system
6 

(FSD)wbich is an integrated system 

of hardware and programs which utilizes a Hough-Powell device (HPD) con

trolled on line by an IBM.,..7094A to digitize the film. Since the number 

of digitizations transmitted from the HPD to the computer for any given 

frame greatly exceeds the storage capacity of the computer, the roads 

defined from the scan table measurements are used. by a filtering program 

to select the digitizations appropriate to the tracks. Further filtering 

produces a number of averagrlpoints along each track to be used in the 

spatial reconstruction of the tracks. 

Reconstuction of the tracks was accomplished by the three-view 

reconstruction program FOG7 • After only one pass through the system an 

average of 75% of the events were successfully reconstructed, but this 

',. 
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varies from 50% during the first part of the measurement period to about 

90% during the final period of measurement. 

An investigation has been made of those events which could not be 

reconstructed by the program FOG. A sample of 592 events which had failed 

reconstruction had new roads made and were remeasured by the FSD. The 

original measurement had a 26% failure rate. 

careful remeasurement had an 18% failure rate. 

, , 
The failed events after a 

A check was made also to 

determine if the events which failed had any common characteristics. 

While all but, at most, forty-four of the failures were determined to be 

due to random causes such as incorrect scanner recording procedures, 

failure of the roads to overlay the tracks, poor picture quality, or 

beam tracks obscured in one or more views by adjacent beam tracks, we 

know that events with an outgoing track less than about 0.5 em long in 

space certainly tend to fail more often than other topologies. This is 

due to the difficulties encountered in attempting to digitize these 

tracks on the HPD. This could be an important bias since events with 

a short dark track correspond to final states in which the momentum 

transfer squared from the target proton to a final state proton in the 

backward hemisphere of the total center-of-mass system is small (less 

than approximately 0.015 (Gev/c)2). In principle, due to the symmetry 

of the initial state, we should be able to correct for this bias by 

examining those events in which the momentum transfer from the beam 

proton to a final state proton in the forward hemisphere of the total 

center-of-mass system is small. Unfortunately, in the laboratory system 

the proton of interest produces a track with a curvature similar to the 



-10-

beam track and at small angles to the beam direction. Ifa beam track 
I . 

happens to lie nearby in space to this secondary track, the track may 

be incorrectly measured due to the partial overlapping of the tracks' 

images in the photographs. Note that, in the first case involving 

short tracks, the failures are a fUnction qfthe topology of the event 

while in the second case the failure is dlle in some sense to the quality 

of the pictures (i.e. the background of beam tracks around the vertex of 

the event). Thus, while we cannot accurately determine the magnitude of 

the bias in ei·ther case and thus the bias against very low momentum 

transfer events in general, it seems reasonable to assume that the errors 

because of bias due to outgoing tracks being overlapped are small in 

relation to the errors and systematic uncertainties encountered in 

analyzing a given channeL Due to the similari tyof the data from the 

fdrward and backward hemispheres, we conclude that the bias due to short 

tracks is also small. Further, on the basis of the number of events with 

short stopping tracks recorded by the scanners in a sample of the film, 

we estimate that less than 1% of the events cquldhave been lost for this 

reason. In the analysis of the data, we find that the possible bias 

against low momentum transfers is negligible, but we will refer to it 
.-~.---. -- -----~~ri~-~-:--------~--___ 

again where appropriate. 
.:. 

. , 
~' ~. . 
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D. Bubble Densi ty ~asurements 

In a bubble chamber experiment the curvature of a charged 

particle's track due to the magnetic field of the bubble chamber is 

measured and used to calculate the momen.tum of the particle. The 

fitting program,using the conservation of momentum and energ~ then 
I 

calculates the probability~hat a given combination of final state 

particles could have produced the observed topology. Ambiguities in 

the choice of the correct combination of final state particles can occur, 

especially in those fits with an unobserved neutral particle. Often 

these ambiguities can be resolved if the velocity of one or two of the 

tracks can be estimated. This has often been done in other bubble 

chamber experiments by estimating on the scan table the bubble density 

of a track and then using the observed fact8 that the bubble density 

is proportional to Ij~2 Where ~ = vjc. A feature of the FSD measure-

ments that has enabled us to keep scan table checks to a minim~ and 

thus process a large number of events in a reasonable length of time 

is the measurement of the .bubble density Which is automatically made 

when the tracks are digitized on the HPD. Applying the maximum likeli

hood method, Strand9 has shown that for a straight track normal to the 

direction of scan by the f~ying spot, the most likely value of the bubble 

density i~ given by 
T 

ka = In
M 

where k is the bubble density of the track as measured on the film, a 

is the spot size of the flying spot on film, T is the total number of 

! Ii 
I II 

I 
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scan lines intersecting the track, and M is the number of times that 

no bubble is encountered or recorded when the spot crosses the track 

(i.e. M = T - H where H is the number of digitizations recorded in T 

scans across the track). No attempt is made to accurately measure a 

but, since it does not vary significantly, we can use kaas compared 

to the value of ka for a minimum'ionizing track such as the beam track 

to get a measure of the relative bubble density of the track. 

Formula (2.7) must be generalize~of cours~since it assumes 

a straight track perpendicular.to the scan direction. This is done 

by modifying (2.7) to 

ka = 
-"- T 
coso: ln M (2.8) 

where coso: is the cosine 'of the angle "between the chord of the track 

and the perpendicular to the scan direction. A correction was also 

made for the variation in track bubble density due to the temperature 

gradient of the liquid hydrogen. It was found that tracks which 

approached the top glass of the chamber became denser and that tracks 

going into the bottom of the chamber became less dense. By taking a 

sample of fits with good fourconstrain~ chi squares, the measured 

bubble density and the predicted relative bubble density were used 

to calculate what the bubble density of the reference track would be 

at the average location of the track in Z, the vertical height. 

Figure 2 shows the results of such a study, whereka of the reference 

track is plotted versus the average Z of the track in the bubble chamber. 

We note that tracks which have the higher average values of Z also 

require a higher reference ka to get the correct value of the relative 

.l 

l(1 
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bubble density or, as interpreted here, these tracks have a higher bubble 

density due to the higher temperature of the liquid hydrogen in this 

region. A polynomical fit in Z was made to these points to determine a 

weighting function which has the effect of decreasing the measured ka of 

a track in the top of the chamber and increasi,ng it. for a track in the 
, I 

bottom. Thus, all tracks h&ve their measured ka adjusted to an arbitrary 

point in Z by use of this weighting function which tends to cancel the 

temperature effect. 

Using the weighted value of ka, we find that the bubble densities 

of the outgoing tracks relative to the beam tracks for a sample of 

events with four constraint fits agrees quite well with the relative 

bubble densities predicted by a 1/~2 dependence. In Figs. 3(a) and (b) 

the value of (I -I 1 )/I 1 has been plotted where meas ca c ca c 

(2.10) 

We define <ka> as the average value of the bubble den?ity times the spot 

size. The average is made over the three views and is weighted by the 

assigned errors. 

We include in Figs. 3(a) and (b) the values of (I -I 1 )/I 1 . meas ca c ca c 

for those tracks which had their r.elati ve bubble density measured and 

have a calculated relative bubble density less than 3.0. The require-

ment placed on the calculated bubble density is necessary since at a 

relative bubble density ~f about 3.0 the track becomes a solid line on 
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the film without any apparent gaps and the bubble density cannot be 

measured accurately. Figure 3(a) is for tracks measured in the normal 

mode. Figure 3(b) is similar except that the tracks were measured in 

the orthogonal mode. The normal and orthogonal modes are defined by 

the direction the flying spot is moved in relation to the film during 

the digitizing of a given track. In the normal mode the flying spot is 

moving across the width of the film. In the orthogonal mode the. flying 

spot is moved perpendicular to the normal scan direction, that is, along 

the length of the film. The choice of which mode will be used for the 

measurement is. made by calculating the projected length of the track 

parallel and perpendicular to the scan direction in the film plane. That 

measurement mode in which the perpendicular length is greater than the 

parallel length is the one used. 

To bring I into agreement with I 1 for those tracks measured meas ca c . 

in the orthogonal mode it was found necessary to assume that 5% of the 

digitizations of these tracks were lost or not recorded. This is appar-

ently due to the fact that the optics of the FSD are optimized for the 

normal mode of operation. The orthogonal mode represents somewhat ofa 

compromise. The effect of this is that the intensity of the spot of _. --. _ .. _-_. -- -
--~~--~~~~--~-light used to scan the film in the orthogonal modeisles·s-t-han-that------__ 

used in the normal mode. 

In terms of the measUred parameters the average of ka is written 

as 
3 (ka) 

<ka> E -.-2 i (2.11) 
i=l 0". 

1. 

3 
E 1 

i=i 2 
O"i 
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where ai is the error of the measurement of (ka)i in view i. 

From equation (2.8) the error in (ka) can be found to be 

-~. a = cos ex MT i 
(2.12) 

and the averaged error 

(2.13) 

E~uation (2.12) was found to give an error which was apparently too small 

as was expected since systematic errors are not included in the calcula-

tion. Also, Eq. (2.13) is based on the assumption that the measurements 

are uncorrelated and, thus, gives an average error which is smaller than 

the real error. To take possible systematic errors into account and to 

offset the correlation between the measurements we have chosen to rewrite 

Eq. (2.12) as 

-~ .... /H (eH)2 ai = cos ex V MT + (2.14) 

where e is a parameter which was adjusted so that the pull quantity 

(I -I 1 )/a for the tracks measured had a half width at half maximum 
meas ca c 

of 1.0. The value of e used for measurements made in the normal mode was 

4 -4 . . 0 X 10 and for measurements made in the orthogonal mode lt was 

4 -3 .0 X 10 . The pull quantity for the tracks stmied are shown in 

Figs. 4(a) and (b) for the normal and orthogonal modes respectively. 

2 
To facilitate the selection processing of the events a XION was 

calculated. The unfitted X~ONwas calculated as 

X2 = ~ (Imeas-Icalc ,2 
ION i=l a / 

i 

(2.15) 
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The second reason for excluding a track from the bubble density X2 of a 

fit is due to the poor discrimination of the relative bubble densities 

above about 3.0. As the relatiye bubble density approaches 3.0, the 

tracks begin to appear as solid dark lines since the bubbles are close 

together and can appear to merge. As the track image approaches that 

ofa solid line, the number of misses, M, approl3.ches zero and ka as given 

byEq. (2.8) tends to become undefined although the value calculated from 

1/~2 dependence remains defined for all nonzero momentum tracks. a 

Also, as the number of misses due to gaps in the track becomes small, 

the number of accidental misses becomes very important. Thus, a track 

not used in the calculation of th X2 if I gi ven by Eq. (2 ~ 10) was e . ION . calc 

was greater than 2.5. The fit was rejected however, if the I calc for a 

track was greater than 2.5 but the I was less than 1.5. A minimum meas 

I of 1.5 was used to take into account the large errors associated meas 
I 

with the I of dark tracks and the possibility of having a low value meas 

of I because the ka of the beam track was measured too high due to meas 

overlapping by another beam track. 

E. Fitting and Data Reduction 
- - ---~-~-~- 10··· 

Kinematic :fitS by the program CLOUDY-were-attempted-for_each_eyent ---
using every known combination of strongly interacting particles which was 

~\ . 

consistent with the observed topology, conserved energy, strangeness, and ~ 

baryon number and had at most one unobserved neutral particle. A hypoth-

esis was accepted if both the x2 and X2 corresponded to probability "KINE ION . 

levels greater than 1%. Ambiguities between four constraint and one 

constraint kinematic fits were always resolved in favor of the four 

't 
! 
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where the sum is taken over the n outgoing tracks to be used in the fit. 

A difficulty encountered when attempting to use this unfitted XiON can be 

seen by referring to Eg. (2.9). The <ka> of the beam track is used as a 

reference but some beam tracks are overlapped in one or more views by 

another beam track and can have a measured <ka> up to twice as large as 

it should be due to the extra digitizations from the other beam track. 

2 In order to obtain a reasonable X for all events we have chosen to use 

a fitted xiON defined as . n (aI -I )2 
X2 = E meas calc 

ION,Fitted i=l aa i 
(2.16) 

with n outgoing tracks as before. The value of a is allowed to vary for 

2 each proposed fit until the minimum value of XION has been reached. 

In Figs. 5(a) and (b) we show the unfitted and fitted X2, respective-

ly, calculated for the bubble density measurements of those events with a 

four constraint kinematic X2 of greater than 5% probability and for which 

all f-:;u.:r of the outgoing tracks could be used in the bubble density X2 

Both the unfitted and fitted X2 are in good agreement with the peak values 

and shape expected for four and three constraint X2 distributions respec-

tively. 

A track could be excluded from the X2 and the constraint class of 

the bubble density fit reduced for one of two reasons. In the first case 

the filtering program rejected the measurement because of possible confu-

sion with a crossing track or because the total number of hits exceeded 

the computed number of scan lines. The former could be light or dark 

tracks while the latter were always black. In this case a scan table 

check of the event had to be made if there was any possible confucion. 
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constraint fit. Other ambiguities were first checked to see if both the 

kinematic and bubble density X2 ,s noticeably favored one fit more than 
.. 

the other. After this check only 5% of the events were classified as 

ambiguous. These ambiguous events were checked on the scan table,anq. 

an independent estimate of the bubble densities of each track was made. 

Using the bubble densities which had been checked on, the scan table, a 

final selection was made by a physicist of these ambiguous events with 

the result that only 1% of the events in the final sample remain ambigu-

ous. These hard core ambiguities are assigned to both of their most 

likely fits with a weight of 0.5. 

-- --- --- - -c--._. _---'-_. ____ '--______ _ 

.'" 
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III. PRODUCTION CROSS SECTIONS 
i 

. I i 
~o determine the absolute cross 

I I 
channels' of interest it is necessary to 

I I I 

i I 

sections of the reaction 
I 

determine: I 

1) the number of events of a given type in a specified 

fiducial volume over a known number of pictures; 

2) the total length of beam track present in the same 

volume and the same pictures; 

3) the density of the liquid hydrogen in the bubble 

chamber. 

Table I lists the results of the selection and assignment of events to 

various reaction channels over a sample of approximately 68000 frames 

of the total 112000 frames scanned. The failure rate in reconstruction 

of the events, as previously mentioned, varied during the measurement 

period, being lowest during the last half of the measurement period. 

Since these events have only been measured once it was thought 

desirable to use that sample of data with the smallest proportion 

of measurement failures to determine the production cross sections. 

The total length of beam track scanned in these frames was 

determined by counting the number of beam tracks at the end of the 

fiducial volume which had passed through the fiducial volume without 

interacting and then calculating with the known total cross section at 

this energy what the total beam track length must be. The count was 

done for every fiftieth f~ame of every tenth roll. The average 

number of beam tracks at the exit end was found to be 8.2 + 0.3 

tracks/frame. The fiducial volume used was 108.1 cm long in the 

I 

I' 
I 
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beam direction. :Using a total cross section for pp interactions at 

11 
6 GeV/c of 40.7 ~ 0.6 mb we find the average number of track lengths 

per frame to be 8.9 + 0.4. The total track length is then 

6 6d L = NF NT 1 5.1 x 10 cm ~ 570 (3.1) 

whereNF = number of frames scanned (67640), NT = average number of 

track lengths per frame, 'and 1 = length of the fiducial volume. 

The density of the hydrogen was derived from measurements of 

the chamber vapor pressure during the exposure. The density has been 

determined to be .0600 + .0006 g/cm3 • 

The absolute cross section for all the four pronged events is 

then determined by: 

N A 
cr = L N p = 10.8 ± 0.9 mb 

o 
(3.2 ) 

where N is the number of four pronged events corrected by the scan 

efficiency, A is the atomic weight of hydrogen (1.01), No is 

Avogadro's Number (6.023 x 1023 mole-~), p is the density of the 

'. __ -'----_ ,_ ,' __ Qydrogen, and L is the track length scanned. Table II lists the 

cross sections of interest with their calculated errors. The errors take 

into account the errors associated with the determination of the 
j 

hydrogen density, the scan efficiency,the total beam track length, and 

the statistical error in the number of events in each channel~ 

Also listed in Table II for comparison purposes are the production 

cross sections of other pp experiments. 

" 
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+FlNAL STATE pp:lt :It 

A. General Features 

The most striking feature of this reaction channel is the production 

of zero strangeness baryon resonances. The zero strangeness baryon reso-

nances or N*'s that we observe in this final state have all been previously 

observed in pion-nucleon scattering and their quantum numbers have been 

established by a number of experiments using a variety of techniques gener-

ally based on the direct formation of the resonance being studied by bombard-

ment of a nucleon target with a pion beam of the appropriate energy. In 

this experiment we do not attempt to accurately determine the masses, 

widths, or quantum numbers of these resonances, but rather use this 

information as established in other experiments to investigate the produc-

tion mechanism and cross sections of these resonances. 

6 +-In Figs. , and 7, the p:lt and p:lt mass spectra are shown for the 

+ -final state pp:lt :It. Two combinations each with a weight of 0.5 are shown 

for each event due to the indistinguishability of the two final state 

protons. 

In the P:lt+ mass plot of Fig. 6 we note a large enhancement in the 

low mass region which peaks at about 1220 Mev/c2 and has a width at half 

maximum of approximately 100 MeV/c2 • This peak we attribut.e to produc

tion of the N*++(1236). Taking into account the fact that half of the 

combinations plotted are background this peak is consistent with assuming 

that approximately 80% of the events involve production of this resonance. 

A more accurate statement requires a knowledge of the shape of background 

'distribution of the p:lt + combinat ions in which the proton and the :It + are 

produced at different vertices. This in turn requires a knowledge of the 
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final states taking part in the reaction channel and their relative 

abundance since the reflections are different in each of the final 

states. The curve in this figure is the result of a fit which attempts 

to take into account all of the final states observed. We will discuss 

the results of this fit in the next section. 

In Fig. 7 two resonance peaks are observed at 1500 and 1615 MeV/c2 · 

·,bich ,'Ie. attribute to the zero strangeness baryon resonances N*O(1525) and 

N*O(1680). Assuming a smooth background continued from about 1325 Mev/c2 

into the high mass region above 1800 MeV/c2 we find that the N*O(1525) 

and the N*O(1680) are produced in approximately 5.3% and 4.0% re~pectively 

of the events. The analysis of the N*O(1680) is obscured by the fact 

that three resonances with different spins and parities are known to 

occur at apI;roximately this.mass. One of these is an 1=3/2 resonance 

at 1070 MeV/c2 which we expect from isotopic spin considerations to be 

only -weakly produced in this charge state. The two 1=1/2 resonances 

occu~ at 1670 and 1688 Mev/c2 with spin-parity, JP, of 5/2- and 5/2+ 

respectively. A comparison of the N*++(1236) peak with the theoretical 

distribution (see Appendix A) indicates that our mass resolution is 

approximate:q 20 Mev/c2 and while this is good for a bubble chamber 

experiment it is not sufficient to separate these two resonances. In;;;-----

the subsequent analysis of this peak we will refer to the N*(1680) since 

we cannot distinguish between the two mass values 1670 and 1688 MeV/c2 . 

Also in Fig. 7, a peaking in the mass plot can be seen in the 

1220 Mev/c
2 

region which we will later find is consistent with produc

tion of the N*O(1236L but since the background can also peak in this 

region it is very difficult to estimate the percentage of its production. 

,<, 

., 
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The curve again shows the results of the fit to be discussed in the next 

section. 

In Fig. 8 the p~+~- mass spectrum has been plotted. Again two 

combinations, each given a weight of 0.5, have been plotted for each 

event due to the indistinguishability of the Ifina1 state protons. Two 

2 
peaks can be observed in this plot. One is at 1525 MeV/c and the other 

at about 1675 MeV/c2 which we attribute to the N*+(1525) and N*+(1680). 

As with the N*(1236) in the low mass regions of Figs. 6 and 7, the 

relative amounts of the resonances observed here depend quite strongly.· 

on the shape of the background distribution. The solid curve shows the 

results of the fit to be discussed in the next section. 

+ -In Fig. 9 we show the ~ ~ effective mass spectrum. While there 

is no evidence in this mass plot for the production of any meson reso

nances, we do not exclude the possible production of a ppM
o final state 

where MO is a neutral meson resonance decaying into ~+~- if the produc-

tion cross section is smaller than we can detect with this experiment. 

For example, the final state pppo would have to have a cross section 

greater than at least 20 ~b to be detected in this experiment. The 

curve shown on this mass plot is a result of the fit described in the 

next section which attributes 98% of the pion production in this final 

state to the decay of the observed baryon resonances. As we can see, 

the curve agrees quite well with the experimental distribution. 

Figure 10 shows the production angular distribution in the total 

center-of-mass system of ,the final state protons in the variable 

cos e(p), where e(p) is the angle between the final state proton and the 

beam direction. The final statepratons are symmetrically produced and 
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strongly,peaked forward-backward with respect to the beam direction, 

suggesting that periphera~ processes are a dominate feature of the 

production mechanism for this final state. 

Referring to Figs. 6,7, and 8 we can see that tw,o types of peri-

pherally produced psuedo-two-body final states maybe important in Under

standing the production mechanism'. They are pp ~ N*++N*o and pp ~ pN*+. 

Figures ll(a) and (b) show the sil1lpl<~:::d.-. one-pa,rtj.cle-Gxcha.llge di[\.gl'a.m~~ 

for the production of these two final states. To produce to final state 

N*+~*o as shown in F1g. ll(a) obviously requires I=l exchange such as 

one-pion-exchange. HOVlcver) the l)X'od.uct:i.on of the pN'l<'-\- final state as , 

. shown in Fig. ll(b) can involve either I=l or I=O exchange. Of course, 

many other processes and diagrams are possible but we will not consider 

them here. 

If peripheral production and the Feynmann diagrams shown in Figs. 

ll(a) and (b) correctly describe the major features of the production 

mechanism for this final state then it is useful to attempt to select 

for detailed study, based on the requirements of the model events most . , 

-----'-'- ~- -.--'. 
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likely to have been produced by a given process and, in addition, suppress 

events due to competing processes. Also, this selection of events should 

tend to remove the confusion inherent in the indistinguishability of the 

final state protons. For example, to study the contribution to the 

total matrix element of the diagram shown in Fig. ll(a), it would be 

convenient to be able to make the '''right'' choice when assigning the 

final state protons to the two vertices such that PI is the proton 

produced in association with the ~+ at one vertex and P2 is the proton 

produced with the ~- at the other vertex. In Fig. 6, it is difficult 

to study resonance production at the PI~+ vertex of Fig. ll(a) since 

both the PI~+ and the P2~+ effective masses were included. The effect 

of including P2~+' the "wrong" choice, is to add a background to the 

p~+ distribution which is impossible to calculate exactly without a 

detailed knowledge of the resonance production at the P2~- vertex. In 

addition, we need to suppress the contribution of competing diagrams 

(e.g. as shown in Fig. ll(b)) which can also add to the background and 

obscure the resonance production we wish to investigate. Similar 

rema'ks are also appropriate to the study of the P2~ vertex of Fig. 

ll(a) and the P2~+~- vertex of Fig. ll(b). Note that by using Monte 

Carlo techniques to generate events according to a theoretical model, 

we can take into account any cuts we may find necessary to improve the 

representation of our data when we compare theory and experiment. Two 

methods appear to be useful in selecting the events and resolving ambigu-

ith·:~, . 

The first method is based on the observed peripheralism of the 

production mechanism. For example, we can consider the final state 

Ij .'r I.; 
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shown in Fig. ll(b) with a proton (PI) 'produced at one vertex and a baryon 

+ -resonance at the other vertex which decays into p
2

n n. The question then 

is which of the two final state protons is to be assigned to the resonance 
I 

I 
at vertex b and which is to be the isolated proton at vertex a .. Incalcu-

lating the momentum transfer to a final state proton the question arises 

as to which of, the initial protons to use, the beam or the target proton. 

In the spirit of the peripheral model we always choose that initial pro-

ton which gives the smallest absolute value of the momentum transfer. 

We can estimate as an upper limit that not more than 10% of the events 

will have the incident proton incorrectly chosen with this technique, if 
I 

single pion exchange is indeed the proper mechanism. If the distribution 

of cos e(p) shown in Fig. 10 is folded at cos e(p) ~ 0.0 which is equiva-

.lent to always choosing the minimum momentum transfer, the question of 
I 

the percentage of incorrect choices becomes one of estimating the number 

o of events in which a proton is scattered through more than 90; At 

e(p) = 00 we have a large peak which falls rapidly to a minimum value 

at e(p) = 90
0

• In the peripheral model the worst that can happen is for 

the distribution to flatten out and maintain this minimum value between 

90
0 

and 1800
• This means that approximately 1200 protons will have the 

- - -- --:----'~--,-----~'--- --~::---:---::--.,---: --.~ 
wrong incident proton chosen. Now, to determine whichof-tne~final-----

state protons is to be assigned to the single particle vertex, again 
i 

the proton with the minimum absolute momentum transfer is chosen. This 

double selection on minimum momentum transfer is the double del squared 
i 

method. This method of assigning the two final state protons must be 

used with care since it has the important restriction that it tends to 

enhance the low mass region of the mass distribution of the particles at 



• 

( + -vertex b i.e. P2~ ~ mass distribution in the specific case where Pl and 

+ -P2 are the two protons in the P1P2~~· final state and Pl is chosen by 

the double del squared method to be at the vertex a of Fig. ll(b» • 

Further, a serious objection to this method can be raised if we attempt 

to choose the p~+ combination appropriate to the N*++(1236) resonance 

on this basis. If this resonance were produced predominantly at one 

vertex as shown in Fig. ll(a) and the other particles at the other vertex, 

then this method might still be appropriate, but the data indicates that 

a significant proportion of the N~-(1236) present is produced as a decay 

product or hlgher J"(:';:uuances as shown 1.n Fig. ll( e) _ The double del 

squared procedure has no meaning when applied to the decay product of 

a resonance so let us consider the second method of selecting between 

two indistinguishable particles. 

We may choose to consfder only those events with the p~+ effective 

mass in a band 1.220 ± B Gev/c2 in order to select protons from an 

N*++(1236) decay_ With B chosen narrow enough very few events will have 

more than one combination in the band. If both possible p~+ combinations 

do have effective mass values in the band, we can process the event in two 

ways. First, we may use both combinations, count the event twice, and 

accept the fact that at least half of these events will be background. 

Second, we can neglect these events entirely and not make any wrong choices 

or any right ones either for these ambiguous events. Both of these methods 

have advantages and disadvantages. For example, if there are few events 

and the background from the wrong combinations is smoothly varying, the 

first method might be appropriate. If the background events can produce 

sharp peaks as sometimes occurs in angular distributions and if there are 

~ 
" 
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sufficient data, the second method might be appropriate. 

Now that we have discussed the types of selections that can be made 

+ -on the data, let us proceed with the analysis of the pp1! 1!final state. 

'First, we will examine events appropriate to the peripheral pseudo-two
i 

body final state pN*+ to see which of the possible N*'s are present. 

Second, we will examine the N*+~*o pseudo-two-body final states. In 

the next section we will attempt to use the observed resonances and final 

states to make an overall fit. 

We use the double del squared method to pick Pl' the nonresonant 

proton as shown in Fig. ll(b). The Pl1!+ mass spectrum still shows consid

erable N*++(1236) production even after this selection so we also select 

only those events with the Pl~+ effective mass less than 1120 MeV/c2 or· 

greater than 1320 MeV/c
2 

• + -Figure 12 shows the resulting P21! 1! mass 

spectrum. Out of 5681 events, 3527 survive this mass cut. We estimate 

that approximately 720 of the events eliminated are background under the 

N* peak. The mass spectrum of Fig. 12 has two peaks corresponding to 

the mass and widths of the established zero strangeness baryon resonances 

N*(1525) and N*(168o) which appear in our mass plot at 1525 and 1675 MeV/c2 

respectively. In addition, an enhancement at 1425 MeV/c
2 

in this mass 

spectrum can be interpreted as an indicat-ion orN*tr400)~production-. -It-

is necessary to note that the low mass region of this plot where resonance 

production is observed can be affected by two different biases. As is 

well known, the double del squared method of selection tends to bias the 

selected data in favor of the low effective masses. Conversely, a bias 

in the measured events against events with low momentum transfer protons 

in the final state will result in a bias against events with low effective 
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masses. The first bias can be taken into account when we calculate the 

background and the second is certainly smaller than the uncertainty in 

the shape and normalization of the assumed background. 

Using the curve shown as an estimate of the background we find that 

in this sample of events 7% are attributable to N*(1400), 10% to N*(1525), 

and 14% to N*(1680). 
I , 

We must note that the percentage of events attributed 

te> each of these resonances depend:::; quite critically on the f3l:iape and 

normalization of the assumed background. The curve shown is a "peripheral 

phase space" which was calculated using Monte Carlo techniques to gener
I 

ate events distributed according to: I 

(4.1) 

where 

6,,2 is the four-momentum transfer squared between Pl and PA as shown in 

Fig. ll(b); 

R(m) is the three-body phase space factor for P2rr+rr-; and 

m is the effective mass of P2rr+rr-. 

The same selections made on the experimental data were made on the Monte 

Carlo events (i.e. , 6,,2 (Pl) :S ~,2(P2)' and M(Pl rr +) ::: 1120 MeV/c2 or 

, M(Pl rr +) 2: 1320 MeV/c2 ). The observed slope of the momentum transfer 

distribution was reasonably approximated by A=4.0. The curve was norma

lized to the observed mas,s distribution above 2000 Mev/c2 • 

The effects of assumptions other than those used above on the shape 

of the background can b,e quite significant. Using the momentum transfer 

dependence given by Eq. (4.1) with A=4.0 rather than the simple non-peri-



-30-

pheralphase space has caused the peak of the background distribution to 

2· 2 ~ 
be shifted from about 2400 MeV/c to 2050 MeV/c • If we assume that the 

background is due to P1N*1236(p21t+)rr- and calculate a "peripheral phase 

space" as befbre, taking into account the shape of the N*(1236), we can 

generate a backgroUnd which peaks in the 1600 to 1700 MeV/c2 region. 

This type of background would tend to reduce the number of events assigned 

to production of the N*'s 1400, 1525, and 1680. other backgrounds for 

this mass plot due to final state configurations other than those above 

further complicate the analysis. We must note, however, that any back-

ground we choose which contains resonance production must also reproduce 

the observed mass spectra in those plots in which these resonances are 

observed. This is the purpose of the overall fit attempted in the next 

section. 

Another aspect of the pseudo-two-body final state pN*+ is the 

. decay mechanism of the N*. It is possible that the resonance simply 

breaks up into the three particles observed in the final state as 

represented in the following equation 

+ + -N* -+ P21t 1t (4.2) 

or the resonance can cascade by decaying into another resonance, such as 

the N*(1236), plus a pion and then that resonance can decay as repre-

sented by the following 

+ ++ -
N* -+ N*o ( 6) + I ~ \123 ~ 

~P21t 

(4.3) 

It wotud seem appropriate to examine the P21t+ mass spectrum to determine 

'vhat the ratio of N*(1236) production is compared to the background. 
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Unfortunately, because of the kinematics, the N*'s under consideration 

here all produce peaks in the 1200-1240 MeV/c2 range even if the decay 

does not involve the production of an intermediate N*(1236). For example, 

if the P2~+~- effective mass w~re 1500 then the maximum P2~+ effective 

mass can only be 1360 MeV/c2
j the minimum must be 1078, and the peak 

value in between. Furthermore, if we attempt to examine a given mass 

+ -interval in the P2~ ~ mass spectrum in order to test the shape of the 

P2~+ mass spectrum with respect to the predicted N*(1236) distribution, 

the statistics become very poor in a given bin due to the limited number 

of events and the unknown background becomes very important (e.g. is the 

background resonant or non-resonant). This source of N*(1236) production 

or non-resonant background under the N*(1236) peak cannot be neglected, 

however, when we make our fits or when we select for N*(1236) production 

at a vertex such as vertex a in Fig. ll(a). 

With the above remark in mind, let us look once more at the p~ 

mass spectrum. Since, as we have seen in Fig. 6, the production of 

N*++(1236) dominates the reaction channel, it should not be surprising 

-if the N*o,s seen in the p~ mass spectrum of Fig. 7 were produced in 

the pseudo-two-body final state N{'tb6)N*O where· the N*o can be one of 

the following three resonances: N*O(1236), N*O(1525), and N*O(1680). 

+ 
In Fig. 13 we have plotted the P2~- mass spectrum when the Pl~ effec-

tive mass is in the range 1160 to 1280 MeV/c2 . A total of 3223 events 

out of 5681 survive this mass cut and 459 have both possible p~+ effec-

tive ,:.asses in this range and have thus been plbtted twice. The shaded 

region shows the two combinations of the p~ effective mass when both 

possible p~+ effective masses are in the N*(1236) range. As we can see, 



these events are smoothly distributed over the allowed mass region and. 

do not contribute to the resonant peaks in any significant amounts. 

Using as a background a curve which is a smooth continuation of the 

observed distribution above 1800 Mev/c2 into the 1400 Mev/c2 region 

and then is allowed to falloff to zero at threshold, we get a rough 

estimate for N*O(1525) and N*O(1680) production which corresponds to 5% 

and 4% respectively of the events surviving the N*++(1236) mass cut. The 

exact amount of N*O(1236) production, as mentioned before, is critically 

influenced by the assumed background distribution, but it is 0 n the order 

of 10% of the selected events. 

In order to be certain that the N*++(1236} we have selected is 

produced at a vertex as shown in Fig. ll(a) and is not a decay product 

+ of a higher mass resonance or a reflection in the low mass prr mass 

+ -spectrum due to these higher massed resonances, we require the Plrr rr 

; 2 + effective mass to be greater than 1800 MeV c where Plrr is the effec-

tive mass combination chosen to lie in the N*(1236) band from 1160 to 

1280 MeV/c2 • The resulting P2rr- mass spectrum is shown in Fig. 14. As 

we can see, the background has been reduced but the magnitude of the 

resonant peaks above the background has not been significantly changed. 

Atthis point in the discussion of the ppn+rr- final state we have 

shown several known baryon resonances to be present in our data.. We 

shall use these observed resonances when we make an overall fit in the 

neA~ section in an attempt to find the partial cross sections for the 

production of these resonances in various psuedo-two-body final states. 

For the moment let us turn our attention briefly to the question of the 

production mechanism of the observed final states. In particular) since 

.• 

... 
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the production of the N*++(1236) resonance is so dominant) let us see 

if a one~pion-exchange mechanism could be responsible I for the production 

of this resonance in the psuedo-two-body final states N*++(1236 )N*0. 

As shown in Fig. ll(a)) if the exchanged particle is a virtual 

pion) it has been shown19 that the distribution of the angle) e*) of 

the final state proton resulting from the decay of the N*(1236) with respect 

to the incoming initial state proton in the N*(1236) center of mass is 

given by 

2 
I(e*) = const. (1 + 3 cos e*) (4.4) 

+ In Fig. 15 we show the cos e* for those events with the Pl3L effective mass 

in the range 1160 to 1280 Mev/c2 in order to select for N*++(1236) decaying 

+ + -into Pl3L and which in addition have a Pl 3L 3L effective mass above 

1800 MeV/c
2 

in an attempt to exclude any N*++(1236) which is produced as 

the decay product of a higher mass resonance. The distribution is not 
I 

symmetric forward-backward and does not seem to agree well with the distri-

b,;,tioG predicted by Eq. (4.4). We must note) however) that of the 1777 

data points shown) 499 correspond to events with both P3L+ combinations in 

the N*(1236) band. In the shaded area of Fig. 15) the events with ambigu-

ous N*(1236) selections have been eliminated leaving 1278 selected events. 

The distribution for these events is quite symmetric. The curve shown was 

calculated assuming that 50% of the events are distributed according to 

Eq. (404) and the other 50% are distributed isotropically. The ageement 

between the curve andtbe distribution of events in the shaded region is 

reasonable. We will investigate the one-pion-exchange production mecha-

nism more thoroughly in the section lbllowing the discussion of the partial 

cross sections. 
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B. Partial Cross Sections 

In the previous section we have shown that zero-strangeness baryon 

resonances are abundantly produced in the reaction channel 

+ -pp -. pprc rt 

In addition, these resona~ces appear to be produced peripherally in a 

variety of psuedo-two-bo~ final states. The cuts that were made to 

enhance the resonances in the mass plots and uncertainties in background 

caused by the reflections of the various final states present make it 

very difficult to estimate the cross sections for the production of a 

given resonance or psuedo-two-body final state. In order to abstract 

this information on the partial cross sections for production of psuedo-

two-bo~ final states, a maximUm likelihood fit was made using all of 

the available data without any cuts. This information is important if 

we wish to compare the results for this reaction channel with other 

experiments or reaction channels in order to examine the production of 

an individual psuedo-two-bo~ final state such as N*++(1236)N*O(1236) as 

a function of the total center-of-mass energy or if we wish to find the 

ratio of cr(N*(1688) -. prc+rc-)/cr(N*(1688) -. nrclproduced in the final state 

pN*++(1688) for example. 

. 20 
The program MURTLEBERT was used to make the maximum likelihood 

fit since it was found to be the best program available although it is 

not entirely satisfactory. The program calculates a fre~uency function 

for each event which has the following form: 

N 
-. -. -. -. -. ~ 

--. 
. (a,~,x) = \ a.p. (~. ,x) L 1 1 1 

i=l 

". 

., 
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~ = frequency of the event 

a. = fraction of the ith final state 
l 

~i = parameters of the ith final state (i.e. masses, and widths of 

the resonance, etc.) 

~ = measureables of the event (i.e. effective masses) 

N = the number of final states included in the model 

P. normalized probability that an event corresponds to the ith 
l 

final state (Le. J Pi (~i'~)a.i = 1) 

The normalized probability is calculated using Briet-Wigner formulas for 

the resonance production in a given final state times the appropriate 

phase space factors. A likelihood function is formed by taking the 

product of the frequency functions and then the values of the parameters 

a. are found which maximize the likelihood function. The values of the 
l 

parameters ~. for the resonance production in the ith final state such 
l 

as the masses, widths) spin, parity, and inelasticity are treated as 

kno,m and we have used _the values available from phase shift analyses of 

:rr-N scattering. Further remarks concerning the momentum and energy 

dependence of the partial and total widths used in the Breit-Wigner 

formula for fitting the shapes and positions of the resonance peaks 

are discussed in Appendix B. This procedure assumes that the matrix 

elements for the production of different final states do not interfere 

but this does not appear to cause any difficulties. A much more serious 

pro111clIl L~ the fact that the program, unfortunately, does not take into 

accOlmt the effects of the peripheralism observed in this final state. 

This is especially important in the low mass region of the p:rr+:rr-

I: 



(i.e. below about 1600 Mev/c2 ) where peripheralism and N*(1236) production 

can conspire to produce significant enhancements. The total amount of 

pN*(1460) and pN*(1525) assigned by the fit is in effect an upper limit 

due to the unknown nature of the peripheral background. The mass and 

width of the N*(1400) are not well established and with a width of 

200 MeV/c2 as assumed in the fitting program this procedure chooses to 

assign a larger fract:\-on to this resonance than we believe likely from 

our examination of Fig. 12. 

We have attempted to keep the number of variable parameters small 

by using only those final states which were observed in the preceding 

section and excluding those final states which are possible put not 

directly observed in the mass plots. For our model we have assumed 

nine final states, eight resonant final states, (see table III), and 

-+ -the non-resonant final state pp~~ • This model requires the use of 

sixteen sensitive parameters in the fitting procedure since the indistin-

quishability of the final state protons requires us to calculate two 

normalized probabilities for each resonant final state which differ only 

in the interchange of the final state protons. The fraction of the non

resonant, final state pp~+~- is fixed by the requirement that the sum of 

all the a. IS must equal one. In general, we found that the inclusion of 
1 

other possible but unobserved final states did not improve the agreement 

in the mass plots between the experimental data and the predictions of 

our model. However, the final state pN*(1920) was included in the fits 

to a:ccount for an excess of events in the 1800 to 2100 MeV/c2 region of 

+ -the :pre re. mass spectrum. It is·possible that sane or even all of the 

enhancement in this region can be explained by a peripheral background 

• 
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such' as that in Fig. 12) so again this cross section should be considered 

as an upper limit. 

Only the cascade decays of the N*(1525) and N*(1688)) as shown in 

Fig. ll(c)) into an intermediate N*(1236) ~ state prior to the production 

of the observed particle combination p~+~- were finally used in the fits 

since it was found that the program was insensitive to the shape of the 
I 

p~ mass spectrum for p~+~- combinations in this mass region and always 

chose the cascade decay as most probable. We expect this from a considera

tion of the kinematics when we limit ourselves to p~+~- effective masses 

around 1500 MeV/c
2

) as previously remarked. The fit is sensitive to the 

branching ratio of r(N*(1400) ~ p~+~-)/r(N*(1400) ~ N*3+(1236)~+) since 

the kinematic peak in the p~ mass spectrum no longer occurs at the 

N*(1236) peak but at a somewhat lower value. However) since the shape 

and position of the kinematic peak are so strongly dependent on the mass 

and width used in the fitting program for the N*(1400) we must note that 

the branching ratio of .45 ± .10 found in this fit can be much different 

if the real mass and width of the N*(1400) are significantly different 

fro!!! the values 1400 MeV/c
2 

and 200 MeV/c2 assumed in our fit. The ratio 

of N*++(1236)~-/N*0(1236)~+ used in the fitting procedure for the cascade 

type decays was fixed at 9:1 in accordance with the isotopic spin predic-

tions. 

The result of the fit is tabulated in Table III and the best fitted 

curves are shown in Figs. 6) 7) 8) and 9. Since the program fits for 

resonance production in the p~+) p~ + -and p~ ~ effective masses simulta-

neously and then calculates the mass distributions to be expected using 

the fitted amounts of each final state) the predicted mass distribution 
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in a given effective mass such. as the p~- included not only the resonance 

production and phase space for that effective mass combination but also 

the reflections in that effective mass distribution of resonance produc

tion in the other effective mass combinations. This procedure is certainly 

superior to considering only resonance production plus phase space in 

isolated mass plots. As we can see in Figs. 6, 7, 8, and 9,the agree-

ment between the data and the curves calculated when the fitted parameters 

are used in our model are quite good in spite of the fact that the observed 

peripheralism of this final state has not been taken into account. 

At this point let us note that the errors quoted in Table III are 

evaluated from the fit only. The error on the total cross section and 

systematic errors due to biases against low momentum transfer events have 

not been included to avoid any confusion. The total cross section error 

adds to the errors quoted in Table III in a known and easily calculatable 

way. The biases against low momentum transfer events are more difficult 

to take into account since they are not well known and would affect the 

different final· states unequally. However, we do point out.that these 

biases are probably most important for the final state pN*(14oo) and when 

compared to the uncertainty in the mass and width of the N*(14oo) reso

nance are probably negligible. '. 
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C. One-Pion-Exchange Model 

A one-pion-exchange calculation has been made for the final state 

N*++(1236)p~- using a Monte Carlo\technique to generate events distributed 

according to: 21 

cons-t .x 

2 ( ,)2, 
2 li + mp +m : do-eM) 

q C 2 2 k ,M dO 
(li + f.1 ) I 

(4.6) 

(JI·.n) 

~2 four-momentum transfer squared to the recoil baryon m'; 

M 

a N*(1236) in this case; 

mass of the pion; m = mass of proton; 
p 

invariant mass of the particles emerging at vertex b of Fig. ll(d); 

e.g., the p~ 

d~~M) is the differential cross section for the two-body production at 

22 ve rtex b, ~ P -+- ~ - p ; 

q is the three-momentum of the initial proton, PA' in the rest frame 

of m " the N*(1236); 

k is a kinematic factor, the three-momentum of the exchanged meson 

in the ~-p center-of-mass frame consistent with the actual two-

body scattering at energy M. 

\ 

-
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A Monte Carlotechniq1.le is used because it is very flexible and 

easily used to compare the theory with the experiment., In the generation 

of the events we choose ,the mass of the N*(1236) within the limits used 

to select the data and weight the events with the appropriate factor to 

take into account the mass arid width of this resonance. Any other proce-
I 

dure applied to the actual data can also be applied to the Monte Carlo 

events. Thus the procedure of selecting the smaller value of the momentum 

transfer and rejecting events w~th both P1!+ combinations in the N*(1236) 

"band can both be refl~cted in the theoretical distributions we calculate. 

In addition) we can include a form factor to bring the theoretical 6
2 

distribution into agreement with the experimental distribution. This is 

necessary since the mqmentum transfer distribution imposes kinematic 

restrictions on the values the other variables may assume. We have chosen I ' 
to use the simple multiplicative form factor 

_~2 
e (4.9) 

Figures 16 and 17 show the 6
2 distribution of the selected N-l(-++(1236) 

and the effective mass spectrum of the P21! combination respectively when 

+ - + 'we select events from the pp1! 1! fin~l states such that tne Pl1! ' effec-

6' /2 + tive mass is in the regiOn 110 to 1280 MeV c and the P21! effective 

mass is outside this band. In addition the Pl1!+1!- effective mass is 

restricted to values greater than 1800 MeV/c2 . Note that these are the 

i 
same criterion used to'select the events in the shaded area of Fig. 15 

which was discussed in Section A. At that time) we pointed out that it 

appears that a significant proportion of the N*++(1236) selected by these 

cuts is not produced alone at a vertex as shown in Fig. ll(d). In fact) 

we were unable to obtain a reasonable fit to 6
2 

and P21!-mass distribution 

.' 
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using only the~mple one-pion-exchange model described so far. We have 

found that it is necessary to include in our calculations a background 

in which the N*++(1236) is produced at the same vertex as the rr-. We 

use a constant vertex factor at the N*(1236)rr- vertex times the appropri-

ate phase space and resonance factors. We have assumed that this back
\ 

ground also has a momentum transfer dependence given by 

(4.10) 

which includes the factors due to the virtual pion propagator, the rropp 

vertex, and a form factor. The variable, ~ , is the four-momentum trans

fer squared from the initial proton to the final state proton, P2· 

BY varying the value of a and the fraction of the events, ~, attri

buted to our assumed background, we have fit simultaneously the 62 

distribution of the Plrr+ particle combination shown in Fig. 16 and the 

P2rr effective mass distribution of Fig. 17. The best fit was obtained 

with a = 6.75 ± .55 and ~ = .46 ± .04. The curves shown in Figs. 16 and 

17 were calculated by Monte Carlo techniques using the above values of 

a and~. The X
2 

for 40 degrees of freedom in the 62 distribution of 

Fig. 16 is 50,and for the 35 degrees of freedom in the P2rr- mass distri

bution of Fig. 17 it is 65. The overall agreement between the data and 

our simple one-pion-exchange model is quite reasonable and certainly 

suggest that one-pion-exchange is indeed a contributing production 

mechanism. 
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+ + -FINAL STATE npn n n 

A. General Features 

The addition of another pion to the final state increases to a large 

degree the complications encountered in analyzing this final state. The 

baryon-meson mass spectra are presented in Fig. 18. The two distributions 

+ which involve only one of the n mesons have two effective masses plotted 
i 

per event due to the indistinguishability of the two final state n+'s. 

Only the N*(1236) is produced in amounts sufficient to be readily detected 

+ in the total sample of events and then only in the I Z = 3/2 pn and 

I Z = -3/2 nn- states. The baryon-meson-meson mass spectra are preserited 

in Fig. 19. The plots with only one n+ have two effective masses per 

event as before. Thebaryon-meson-meson-meson mass spectra are shown in 

Fig. 20. Strong resohance production is not oberved in any of the mass 

plots of Fig. 19 and 20. 

These remarks do not exclude the possibility that a large percen
·1 

tage of the events are still pseudo-two-body but, as we shall see, only 

indicate that individual pseudo-two-body final states have small cross 

sections. Many pseudo-two-body final states are possible in addition to 

Reflections from this 

multitude of resonances would tend to obscure resonances in the effective 

I 
mass plots. A further complication arises when, as we have seen in the 

four-body final states, a resonance cascades and produces another resO-

nance as a decay product. We do not wish to confuse the decay product 

,dth the primary resonance production of the pp interaction if we can 

avoid it. For example, the N*-(1236) resonance seen in the effective 

mass spectrum of Fig. 18(d) is a likely candidate for production as a 
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decay product since it cannot be formed as an isolated resonance at a 

vertex by simple particle exchange. 

Another general feature found in the analysis of the four-body 

final state pp~+~- discussed in Section IV is the peripheral nature 

of the production mechanism. The production angular distributions 
I . + + _ 

of the proton and neutron of the five-body final state np~ ~ ~ are 

shown in Figs. 21(a) and (b) respectively. By comparing the forward 

peaks of these distributions with the forward and backward peaks of 

+ -the protons in the pp~ ~ final ~tate shown in Fig. 10, we can see 

that, while the proton and neutron distributions in the five-body 

final state are not as sharply peaked at small angles to the beam as 

the protons of the four-body final state, there is still an ample 

indication that a peripheral production mechanism is important. 

We note that the backward peaks of the proton and neutron 

angular distributions both contain an excess of events in violation 

of the required symmetry of these distributions. This asymmetry is 

too large to be explained by a statistical fluctuation or the fact 

that we have chosen to display only unambiguous events in our distri-

butions. We attribute these excess events to spurious fits to the 

+ + -
np~ ~ ~ final state in which the proton and neutron are both found 

to lie in the backward hemisphere. 

+ - 0 0 The final state pp~ ~ ~ ~ appears to be the most likely source 

of the fake fits. The misidentification can arise when a proton with 

a momentum of about 3.0 GeV/c in the laboratory system is fit as a ~+. 

At this momentum the bubble density information for such a track is no 

longer useful in distinguishing between these two mass hypothesis. 
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In the center-of-mass system, when the proton is produced along the beam 

direction it will have a center-of-mass momentum of about 0.6 GeV/c. 

This happens to be the most probable·value in the center-of-mass system 

for the momentum of a proton in the above six-body final state. Further, 

if the rr,0rr,0 combination also has its most probable effective mass value, 

about 0.45 Gev/c2 , and a small resultant momentum, 

then the energy and momentum equations can easily be balanced 

by calling the neutral particle combination a neutron. Th~ 3.0 GeV/c 

track when fit as a rr,+ yields a rr,+ in the center-of-mass system of 

0.8 GeV/c. The excess momentum in the forward direction must be balanced 

by a momentum component in the backward direction which is assigned to 

the neutron. Thus, the neutron will be found most often to lie in the 

backv~rd hemisphere in the center of mass along with the second proton 

as we have obse'rved. + In addition, there should be an excess of rr, mesons 

with a center-of-mass momentum in the region of 0.8 GeV/c and, indeed, 

this is what we observe when we compare the events with both the neutron 

and proton backward in the center of mass with those events in which 

both the neutron and proton are forward. 

We have corrected the number of events and the total cross section 

for this final state listed in Tables I and II to take into account the 

presence of these fake events. This was done by estimating the number 

of excess events in the 0.8 GeV/c, region of the rr,+ momentum spectrum in 

the total center-of-mass system when both the proton and neutron were 

backward. Also, another estiniate was made by subtracting the number of 

forward neutrons from'the number of backward protons. Both estimates 
~: ;:. 

vTere in agreement with each other and for the sample of film used to 
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find the total cross sections gave 196± 14 fake events. In the total 

sample of 5244 events plotted for this final state, approximately 386 

are considered as fakes. We have not eliminated these fake events from 

our plots since any cuts on the data would also remove some real events 

and might introduce biases. Also, a study of these fake fits has shown 

that they are distributed in a smooth phase space manner in the mass 

plots of interest and will not produce any fake resonance type peaks in 

these plots. 

i I' 
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B. Resonant Search 

1. The p Meson 

An unresolved question in ppinteractions has been that ,while the 

(1) and TJ mesons16,17 are produced :j..n pp interactions, the p meson has not 

been rep()rted. + -As we can see in Fig. 22, the ~ ~ mass spectrum does not 

show any conclusive evidence for the existence of a po but we have been 

forced to include two effective masses per event due to the indistin

guishability of the two ~+ mesons. We can effectively select for the 

appropriate ~+by requiring that the other ~+ be a decay product of an 

N*++(1236)., In the same manner as in the four-body final state we take 

as the N*++ th~ P~l + combination in the band 1160 to 1280 MeV/c
2 

and we 

+ .' 
also require that the p:rr2 effective mass be outside the mass region from 

/ 
2 + -1120 to 1320 MeV c • 'In ~ddition, since we are looking fora ~ :rr reso-

nance, we require that the n:rr combination be outside the 1236, resonance 

'. 2 + 
region from 1120 to 1320 MeV/c • In Fig. 23 the resulting ~2 :rr- effec-

tive mass is plotted and~ as we can see, there is now a well defined 

resonant peak in the effective mass region corresponding to po produ~tion. 

Taldng as our background distribution a curve smoothly continued from 

,the region below the resonant peak to the Fegion above the resonant peak", 

we 'find 85 events above background in the resonance region. Since several 

mass cuts have been made on the data to obtain the selected events shown 

in Fig. 23, we must consider what the detection efficiency is for obser

ving the po in this sample of events~ The detection efficiency has been 

calculated assuming that the, po has a mass of 760 Mev/c2 , a: width of 
, 2 

120 MeV/c , does not interfere with the background, and is produced 

only in the final state nN*++(1236)po. A peripheral production model 

~, 

' .. 

" 
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was used for this calculation in which the neutron is produced at one 

vertex with a constant vertex factor, a pion is exchanged, and the 

N*(1236) and p are produced at the other vertex, again with a constant 

vertex factor. Using this model, we write the differential cross section 
I 

for the final state nN*(1236)p as 

const.x 
6,.2 P 

(6,.2+m2)2 m 
:rr 

(5.1) 

where 6,.2 is the four-momentum transfer squared to the neutron and P/m is 

the two-body phase space factor for the N,ll-p vertex when P is the three 

momentum of the p or N* in the pN* center of mass and m is the pN* effec~ 

2/ 2 2 2 ti ve mass. The factor li (li +m) is included because of the pion propa-1£ 

gator in our peripheral model. The exponential dependence on the momen-
_~2 2 

tum transfer, e ,is a form factor used to bring the predicted li 

distribution into agreement with the experimental 6,.2 distribution. We 

obtain good agreement between the experimental and predicted 6,.2 distribu

tions for a = 1.0 ± 0.5(GeV/c)-2. The calculation was done using Monte 

Carlo techniques to generate events distributed according to Eq. (5.1). 

The resonance shape of the P1£l + mass distribution for N*(1236) production 

(Eq. A.6) and the resonance shape of the 1£2+1£- mass distribution for po 

production were included by choosing the N* and p masses over their 

allowed mass regions and weighting the Monte Carlo events appropriately. 

No attempt was made to include any possible effects of the decay angular 

distributions of theN*(1236) or the p. Applying the same mass cuts 

used on the experimental data to the Monte Carlo events and counting 

+ -only those events which have a.1£21£ effective mass between 640 and 840 
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.. 2 . 
MeV/c we find that the detection efficiency is. 0.22 ± 0.02 •. The cross 

section for po production in this reaction chann~l is thUs found to be 
. .,., 

228 ± 46 ~b. We note that our calculated detection efficiency is model 

dependent and-this cross section is only our best estimate. 

,. 
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2. The NN* Final states 

At this point we wish to investigate the final state nN*++ 

++ + + -where the N* subsequently decays into p~ n ~ • In Fig. 20(a) it is 
I 

difficult to see any indications for such a final state but, since no 

selections have been made, backgrounds due to resonance production in 

other possible final states can tend to obscure any resonant peaks. 

This final state is interesting sinc~,due to isotopic spin corisidera

tions,any resonance produced in this final state must be an I=3/2 reso-

nance. We first select events with nn- effective masses less than 

1120 MeV/c2 or greater than 1320 Mev/c2 since the formation of N*-(1236) 

is inconsistent with the final state we wish to examine an~as we can 

see in Fig. 18(dh events involving production of the N*-(1236) are an 

important source of background. The first histogram of Fig. 24 shows 

+ + -the pn ~ n effective mass spectrum after removal of events with the 

nn effective mass in the N*(1236) band. The curve shown is intended to 

be typical of the nonresonant backgrounds occurring in this mass plot. 

In particular the curve is a sum of the two backgrounds which would 

res~ut from the final states npn+n+n- and nN*++(1236)~+n- when we 

require that the nn- effective mass is outside the N*(1236) band as we 

have done for the experimental data. We assume also that these two final 

states occur in the ratio of 2 to 1 in order to correspond to the obser-

ved N*++(1236) production in the events selected as above. 

We believe that the peak observed in this mass plot at about 
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2100 MeV/C2 is due to the production of an I=3/2 zero-strangeness baryon 

resonance which subsequently decays into P3\+3\+3\-. Using as an estimate 

of the background a curve smoothly continued from the region below the 

resonance peak to the region above 2200 MeV/c2 we find 125 events above 

;
·2 

background in the resonance region from 1950 to 2200 MeV c • The calcu-

lated detection efficiency for this resonance is found to be 0.49 ± 0.13 

by taking into account the events lost due to the n3\- mass cut and assum

ing that 70% of the 'resonance events are in the range counted. The pro-

duction cross section for this resonance is thus found to be 151 ± 47 !-lb. 

Further evidence for resonance production as opposed to statistical 

+ fluctuations is obtained when we require that at least one of the p3\ 

effective masses be in the band 1220 ± 60 MeV/c2 in. addition to the n3\-

mass cut. The resulting effective mass distribution is shown as the 

first shaded histogram of Fig. 24. As we can see the number of events 

in the resonant peak has remained relatively unchanged but the background 

has been significantly reduced. The fact that the size of the peak is 

not noticeably changed by the requirement that the P3\+ effective mass be 

in the N*(1236) band is c~nsistent with assuming that the observed N* 

cascades with an N*(1236) as an intermediate decay product as opposed 

to immediately breaking up into the four observed final state particles, 

+ + -p3\ 3\ 3\.. An additional selection on the production angle of the neutron 

can be made to take advantage of the peripheral nature of the psuedo-two-

body reactions. + + ... The second shaded histogram of Fig. 24 shows the p3\ 3\ 3\ 

mass spectrum where in addition to the n3t- and p3t+ mass cuts we have 

required that the absolute value of the cosine of the production angle 

of the neutron w.ith respect to the incident beam direction in the total 

I: 

.• 
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center-of-mass system must be greater than or equal to 0.9 (i.e., 

Icos enl ~ 0.9 where en is the production angle of the neutron). The 

resonance to background ratio is now,about one to one as compared to a 
I 

resonance to background ratio of approximately one to! four when only the 

n~ mass cut is made. 

The selection criteria used here are similar to those used to 

isolate events associated with p production in the previous section. 

Thus, let us consider the following decay scheme 

N* ~ N*++(1236)pO 

l, p~ + ~ lc\r-

+ + -Figure 25 shows the p~ rt ~ effective mass spectrum of events for which 

the n~- effective mass is l~ss than 1120 MeV/c2 or greater than 1320 MeV/c2 , 
i. • 

Icos enl ~ 0.9, the ~l+P effective mass is in the band 1220 ± 60 MeV/c
2

, 

and the ~2+~- effective mass is in the band 740 ± 100 MeV/c2 (i.e., the 

experimental p band). Resonance production is still observed at about 

2100 r,'IeV/c2 • An attempt to explain the observed peak as a kinematic 

effect due to the peripheral production of the N*p mass combination was 

made23 since it is well known that the kinematics of such a reaction 

would enhance the low mass values of the N*p mass spectrum. As in the 

previous section, events were generated using Monte Carlo techniques 

which were distributed according to Eq. (5.1) for pp ~ nN*++p. In addi-

+ -tion, events were generated for pp ~ nN*++~ ~ with a three-body phase 

space fador replacing p/m in Eq. (5.1). Again, we used a = 1.0 (GeV/c) -2. 

The same mass cuts and angle cuts made on the experimental data were also 

made on the Monte Carlo events. o Since the background under the p peak 

in the sample of events investigated here is roughly equal to the reso-
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nance production, the two types of Monte Carlo events were combined in 

the same proportion. The resulting "peripheral phase space" is shown 

. as the smooth curve of Fig. 25. The fit to the experimental histogram 

is poor; X2=27 for nine constraints. We conclude that a kinematic 

effect' is not responsible' for the observed, J enhancement. 

Further evidence of resonance production is seen in the decay distri-

bution of the N*(1236) in the N*(1236)p center of mass with respect to the 

initial state proton which results in the minimUm momentum transfer to the 

N*p system. Figures 26(a) and (b) show this decay distribution for events 

in the resonance region defined as 2080 ± 100 Mev/c2 and outside this· 

region respectively. Both of these distributions suffer from small 

statistics but the indication is that in the resonance region shown in Fig. 

26(a) there is a forward-backward peaking suggestive of resonance produc

tion and decay while the non-resonant events of Fig. 26(b) have only a 

small forward peak. 

The parameters and quantum numbers such as the mass, width, spin and 

parity are difficult to establish due to the limited statistics available 

and the complications arising from the fact that four final-state particles 

are produced. If we attempt to fit the mass and width assuming that four 

(prr +,/ rr -) or even three (N*++(1236)rr + rr -) particles are produced and using 

a simple Breit-Wigner distribution, the fit indicates that we are seeing 

a resonance with a mass of about 2080 MeV/c2 and a width of approximately 

200 MeV/c2 not previously detected. If we consider only those events in 

which the resonance decays into an N*(1236) and a p meson we are in a 

some"That tetter position since we can now use a more sophisticated Breit-

1;ligner which includes a momentum-dependent partial wdith (Appendix B). 



.. 

-53-

still unknown, of course, are the spin and parity of this resonance which 

determines the angular momentum, £, of the decay into N*(1236)p and thus 

the degree of the momentum dependence of the partial width. In addition, 

the energy dependence of the total width is also unknown. However, using 

a constant total width, the trend is that the higher the £ value the 

smaller the value of the resonance mass required to reproduce the peaking 

in the 2100 MeV/c
2 

region. 

We have assumed that the resonance is due to the N*(1950) which has 

spin-parity 7/2+ and calculated the resulting N*++(1236)pO effective 

mass distribution using Monte Carlo techniques to generate events with 

- + + -the apppropriate cuts on the n~ , P~l ' ~2 ~ effective masses and the 

cut on the production angle of the neutron. The mass and width of the 

N*(1950) were taken as 1940 MeV/c2 and 190 MeV/c2 respectively. The 

momentum dependence of the partial width was calculated using Eq. (B.l) 

with X = 0.20 GeV/c and £ = 3. As we can see, the resulting distribution 

shown by the dashed curve in Fig. 25 is in reasonable agreement with the 

data. The best fit to the experimental effective mass histogram is ob-

tained with a sum of "peripheral phase space" and resonance production. 
~'--

This fit indicates that 55 ± 15% of the events shown in Fig. 25 are due 

to production of the N*++(1950). 

The determination of the spin and parity of the resonance seen here 

must await the accumulation of more events in this channel or another 

experiment designed to observe the N*(1236)p system in this energy region. 

A 7/2+ assignment would certainly confirm the N*(1950) interpretation and its 

decay into N*(1236)p in addition to increasing our knowledge of reso-

nance cascade processes and the effect of such processes on the shape 



-54-

and positions of resonances. 

+ + -The n:n: :n::n: effective mass distribution can also be examined for 

+ + -resonance production in the same manner as the p:n: :n::n: effective mass. 

In this case we require that I cose (p)] 2:: O. 9 where e(rl is the production 

+ angle of the proton and in addition restrict both p:n: effective mass 

combinations to be outside the N*(1236) band defined as 1220 ± 100 Mev/c2 . 

The resulting distribution is shown in Fig. 27. No significant resonance 

production is observed in this mass plot. 
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3. Other Pseudo-Two~Body Final States 

+ + -In those selections made previously on the np:rr :rr:rr reaction channel 

we have been interested in those final states in which events with the 

production and decay into n:rr of an N*-(1236) were considered as background. 

It is now interesting to examine those events in which production of 

the N*-(1236) is observed. The N*-(1236) could be produced through pion 

or other one particle exchange mechanisms at a vertex in association with 

one or more pions but its production alone at a vertex would not be 

possible without the exchange of an I = 2 particle. 

In Fig. 28 we show a scatter plot for those events with M(n:rr-) in 

the range 1160 to 1280 Mev/c
2 

of the p:rr~ effective mass versus the 

-) + + (n:rr :rr2 effective mass where we have chosen as the p:rr
l 

combination that 

p:rr+ combination with the smallest momentum transfer. As we can see there 

*++ + 
is a band corresponding to an N (1236) in the p:rr effective masses and 

a clustering of points in the region corresponding to formation of N*0(1520) 

*0 -) + and N (1688) in the (n:rr :rr effective mass. This suggests the formation 

of the pseudo-two-body final states N*++(1236) N*0(1520) and N*++(1236) 

*0 N (1688) and the cascade se~uence 

The n:rr + 

N*o ~ NO-(1236) :rr+ 

I~ nrr-

:rr2 mass distribution is shown .in Fig. 29 for those events 

which meet the following criteria: M(n:rr-) in the band 1160 to 1280 

/ 
2 + . 2 

MeV c ) M(p:rrl ) in the band 1160 to 1280 MeV/c , and, as befbre, the 

+ momentum transfer to the p:rrl system is less than the momentum transfer 

+ 
to the pn0 system. Again, as shown in the shaded area of this figure, 

.,,-
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an enhancement of the resonances observed and a reduction in background 

is achieved by exploitation of the peripheral nature of these pseUdo-

two-body' final states by requiring that the absolute vahle cf the cCEireof me 

production angle of the pn~ combination be greater than or equal to 0.9. 

The estimation of a background distribution for this mass plot is 

somewhat difficult. Simple kinematic phase space does. not agree well 

with the observed distribution of events even in the region above 1900 

MeV/c2 which is most likely to be due to nonresonant background and 

is thus certainly unsatisfactory in describing the expected background 

under. the resoria.n:e peaks. Using Monte Carlo techniques, we have 

cal.culated various IIperipheral phase space" distributions ,inc luding 

those with single and double N*(1236) production, taking into account 

the mass cuts made on the· data. In addition,· we have compared other Nnn 

mass spectrum, in which we expect the resonance production to be small 

and on which vie can make similar mass cuts, to this mass plot and the 

calculated distributions. We have concluded that the background 

distribution is best characterized by a smoothly increasing curve which 

peaks in the region from 1800 to 1900 Mev/c
2 

and then falls to zero. 

Further, we find that from 55 to 60 percent of the events shown in the 

I 
unshaded histogram of Fig. 29 should be considered as background. 

The N*(1520)" peak is found to contain from 120-136 events and the N*(1680) 

peak is found to contain from 143-173 events. Correcting for the 

detection efficiency, we find that the production cross section for the 

N*++(1236) N*o(1520) final state in this reaction channel is from 

169 ± 38 to 191 ± 42 ~b. For the N*++(1236) N*o(1680) final state 

"lve find a production cross se~c"tion of 201 ± 45 to 243 ± 53 flb. It is 

interesting to note that based on the observed cro~s section for the 

"1 

... 
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production of the N*++(1236) N*0(1520) final state in the reaction 

pp ~pp~+~- and an inelasticity of 45 percent for the N*(1520) we could 

expect as much as 270 ± 41 Ilb for N*++(1236)N*0(1520) in this channel 

if the inelastic decays were 100 percent N*(1236)~. Similar calculations 

for the 1680 peaks predict a production cross section for N*++(1236) 

N*0(1680) in this channel which could lie between 101 and 281 Ilb 

depending on the mixture of D15 and F15 resonances in the 1680 peak. 

Selections for other pseudo-two-body final states in this reaction 

channel such as N*o(p~-) N*++(n~+~+) and N*+(n~+)N*+(p~+~-) are, in 

general, less satisfying. The lack of significant production of the 

I Z = ± 1/2 N*(1236) resonances as compared to background in the p~ and 

n~+ mass plots of Figs. 18(b) and (c) makes the selection for these 

resonances by mass cuts very questionable. In addition, to select against 

production of the I Z = ± 3/~ N*(1236) resonances in an attempt to reduce 

the background cuts the number of events available for investigating 

these pseudo-two-body final states to the point where the statistical 

signif'ieance of any enhancements in the mass spectra is quite small. 

Finally, as more mass cuts and other criteria are imposed on the data 

the l~inematic restrictions implied become more important and at the same 

tirr.e more difficult to properly take into account. 

With these remarks in mind let us examine the n~ and p~~~- mass 

spectrum shown in Fig. 30(a) and (b) respectively. The selection 

criterion are as follows: + . + 
n~l ~s that n~ combination with the smallest 

absolute momentum transfer in the spirit of the double del squared model 

(DDSQ) and the p~~ and n~- effective masses are both outside the N*(1236) 

resonance region,1120 to 1320 Mev/c
2

• The shaded areas of these two 



/ 

plots correspond to the additional requirement that the Icos e(nn;:) I ~. 0.9 

in order to take advantage of the assumed peripheral nature of the 

. *+ ) reaction. As we can see~ resonance production of N (1236 is suggested 

by an enhancement at 1220 Mev/c
2 

in Fig. 30(a) and enhancements appro

priate to the production of the 1"= 1/2 N*'s 1520 and 1680 are pr,esent in 

both Figs. 30(a) and (b). Furtper studies of these events intended to 

isolate a given pseudo-tw6-bOdy final state such as N*+(1236) N*+(1520) 

are unproductive due to the limited nature of the available statistics. 

*0 - *++ + + The search for a possible N (p:rr) N (n:rr:rr J final state is the 

most difftcult and unproductive. For the sake of completeness we 

present the p:rr- .and n:rr+:rr+ mass spectra in Figs. 31(a) and (b) respectively 

+ I 

for those events in which both p:rr effective masses are outside the 

region 1120 to 1320 Mev/c
2

• Again, the shaded area is for those events 

which also have Icos e(p:rr-)I ~ 0.9. 
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+ - 0 FINAL STATE ppn n n 

General Features 

+ + -The remarks made concerning the npn n n final state are, in 

+ - 0 general, still true of the ppn n n final state. Figures 32, 33, and 34 

show the baryon-mespn, baryon-two-meson and baryon-three-meson mass plots 

respectively. Only the N*(1236) is produced in significant amounts. 

The pn+ mass spectrum shows that again the I Z = 3/2 N*(1236) is produced 

copiously. o *+ The pn mass spectrum shows some N (1236). As before, the 

*o() -N 1236 in the pn mass spectrum is obscured by a very large non-

resonant background. Each of the mass plots in Figs. 32, 33 and 34 has 

two points per event due to the indistinguishability of the final state 

protons. 

The production angular distribution of the final state protons is 

presented in Fig. 35. Compaxed to Fig. 10 we can see that the protons 

are again peaked forward-backward but not as sharply + -as in the ppn n 

final s ta te . 

The most striking feature of these events is the w meson production. 

+ - 0 
'The n n n mass spectrum in Fig. 36 has a very pronounced w peak. ,The 

partial cross section for w production is estimated to be 104 ± 12 ~b in 

this reaction channel. From the width of the observed w peak we estimate 

that the mass resolution in this final state is approximately 2 
25 MeV/c . 

At the lower end of the allowed kinematic region where phase space is 

small, we see an enhancement which we attribute to the production of 

the ~ meson corresponding to a cross section of about 28 ± 5 ~b. 

The t,m pion effective masses in the unselected data show no 
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significant enhancements at the p mass as we can see in Fig. 37. This 

+ + -indicates that as in the npn n n channel we must select for those 

final states in which p production is most probable. 

B. Resonant Search 

1. The p Meson 
,', 

+ - 0 In the ppn n n reaction channel there are three two-pion effective 

mass distributions to be examined for evidence of p production. As 

+ + -we have done with events in the npn n n reaction channel, we will 

select the events in an attempt to enhance theNN*nn final states. 

We note that, due to the differi\:lg resonance to background ratios in 

the observed N*(1236) peaks in Fig. 32, we may expect the success of 

our selection procedure to vary considerably among the three final states 

of interest. 

+ - 0 An additional selection criterion will be that the n n n mass for 

the events studied must be outside the range 720 to ,840 MeV/c2 . This 

is done in an attempt to minimize the reflections of the w meson decay 

into the two-pion effective mass distributions. A somewhat larger band 

than necessary of the n+n-no effective mass distribution was eliminated, 

but calculations of the nn mass spectrum appropriate to the NN*nn final 

state indicate that this procedure has a negligible effect on the shape 

of our es~imated background. In addition, it can be shown that the 

existence of the observed p peaks is not dependent on this selection. 

8 - 0 In Fig. 3 we present the n n mass spectrum for events with one 

+ or both of the pn effective mass combinations be in the 1236 resonance 
. 2 
region (u60 to 1280 MeV /c ). As we can see, the p is present in 

these selected events although it was hidden in the total sample by 
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non-resonant background and reflections. We find 132 events in the p 

peak, which when corrected for a detection efficiency of 0050 ± 0.05 

due to the mass cuts and including the uncertainty of the shape and 

normalization of the background, yields a cross section of 153 ± 31 ~b 

for p + - 0 production in the pp~ ~ ~ reaction channel. There are, of course, 

two protons in this final state and while we have selected events so 

. *++( 6) that one is the decay product of an N 123 it is still possible 

that the other is resonant with either the ~o, ~ o -or both ~ ~ • However, 

o the p~ mass spectrum is the only one showing any significant resonance 
I 

production as we have seen in Fig. 32. The shaded histogram of Fig. 38 
I 
I 

o shows the effect of the additional requirement that the P2~ mass 

be outside the range 1120 to 1320 MeV/c2 when PI is the proton such 

that the Pl~+ effective mass is in the N*(1236) band (1160 to 1280 Mev/c2 ). 

+ If both p~ effective masses are in the N*(1236) band, the event is 

discarded. As we can see, the p peak remains and its size is 

consistent with the reduced detection efficiency attributable to the 

",ddi tional mas s cut. 

+ -Figure 39 shows the ~ ~ mass spectrum for those events for which 

either of the p~o effective masses is in the range 1160 to 1280 MeV/c2 • 

The shaded area includes only those events in this sample which in 

+ addition have the two p~ masses outside the N*(1236) mass region (1120 to 

1320 MeV/c
2

). We find 39 events in the po peak of the unshaded mass 

o plot which yields a corrected cross section for p production of 

45 ± 12 ~b. 

+ The evidence for production of p is shown in Fig. 40 where now 

we require one or both of the p~- effective mass combinations to be in 

the 1160 to 1280 MeV/c
2 

range. Again the shaded area is that subset 
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+ of these events with both p~ effective masses outside the N*(1236) 

mass region. + The partial cross section for p production in this 

reaction channel,is found to be 65 ± l8llb. 

In Table IV we compare the observed cross sections for p·production 

with ratios predicted by isotopic spin considerations for four possible 

cases. Case I assumes the p is produced at a vertex with an N*(1236) : 

through an I == 1/2 a~plit1l.de. Case II assumes· production as in Case I 

except that it is through an I == 3/2 amplitude. Cases III and IV assume 

production of p in association with a nucleon through I == 1/2 and 

I == 3/2 amplitudes respectively. The observed ratios ar~ not consistent 

with anyone of these models. However, if we only consider these four 

cases, it is obvious that Case II must be included to account for the 

observed p+ production and the decay of the N*(1950) into N*(1236)po 

discussed previously. 

2. The Pseudo-Two-Body Final States 
./ + - 0 . 

In Fig. 41 we present the P2~ ~ ~ effective mass for those events 

with PI chosen by the double del squared method to have the minimum 

+ momentum transfer, M(Pl~ ) outside the effective mass region 1120 to 

/ 
2 (+ - 0) 1320 MeV c , M ~ ~ ~ effective mass outside the w region defined as 

720 to 840 MeV /c
2

, and I cos e(Pl) I ~ 0.9. Three possible resonant 

peaks are seen at approximately 1700, 2050, and 2200 MeV/c2 respectively. 

Only the peak at 1700 can be separated from the background distribution 

easily. We estimate that there are 31 events in this peak. Using a 

detection efficiency of 0.65 ± 0.15, this corresponds to a partial 

cross section of 28 ± 91lb for the production of the pN*(1680) final 

state in this reaction channel. The other two peaks are much more 
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difficult to disentangle from the background. First, we are uncertain 

as to the shape of our background distribution or even which of the 

many possible final states contribute to it. Second, the N*(2190)is 

a broad resonance with a total width of 250 MeV/c
2

• In addition, if 

we identify the peak at 2050 Mev/l with the N*(1950) as we did in the 

previous section, then its width is approximately 200 Mev/c
2

• These 

two broad resonance peaks will overlap so that there is no point between 

them to use in estimating a background curve. We can calculate a number 

of "peripheral phase space" curves which include the observed peripheralism 

of these events and which take into account the observed N*(1236) 

production. These curves are similar to the one shown in Fig. 24. Using 

these curves as a guide, we estimate a reasonable background and find 

approximately 84 events in the N*(1950) peak and 78 events in the N*(2190) 

peak. We note that a more pessimistic background distribution is possible 

which could yield counts as low as 30 and 46 events respectively in these 

two peaks, but it is necessary to ignore the large widths of these 

resonances if it is used. Using the more optimistic background and a 

detection efficiency of 0.65 ± 0.15, we obtain production cross sections 

*+ *+ of 74 ± 20l-lb and 69 ± 191-lb respectively for the pN (1950) and pN (2;1.90) 

final states in the ppn+n-no reaction channel. 

It is interesting to compare the production cross section for the 

*+ 
pN (1950) final state with the value predicted on the basis of isospin 

considerations and the nN*++(1950) production cross sectioR. The cross 

*++ 
section for the nN (1950) final state, shown in Fig. 24, was found 

to be 151 ± 471-lb. 
*+ 

The cross section for pN (1950) production, shown 

in Fig. 41, is thus expected to be 52 ± 161-lb. This agrees reasonably 

well with the value 74 ± 20l-lb when we consider the difficulties 
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and uncertainties encountered i~ measuring these cross sections. 

+ - 0 Attempts to isolate N*N* final states ip the pprr rr rr reaction 

channel have not, been very fruitful due to the fact that. except for 

the N*(1236) in the nucleon pion systems~the resonance production is 

too small to be resolved by this experiment. In order to conclude the 

search for pseudo-two-body resonance production we present proton-pion 

and the corresponding proton-two-pion effective mass 'spectra in Figs. 

42, 43, and 44. Figures 42(a) and (b) show the Plrr+ and P2rr-rro mass 

spectra for those events with the ,6.2(P
l

rr+) < ,6.2(P2rr+), Icos e(Plrr+)1 2: 0.9, 

and M(P2rr+) not in the N*(1236) band (1120 to 1320 MeV/c
2

). Figures 43(a) 

( ) 
0 + - . and b show the Plrr and P2rr rr mass spectra for those events with 

,6.2(plrro) < b,2(p2rr°), Icos e(Plrr
o

) I 2: 0.9, and M(Plrr+) not in the N*(1236) 

band. Finally, Figs. 44(a) and (b) show. the Plrr- and P2rr+rro mass spectra 

for those events with ,6.2(Pl rr-) < b,2(P2n-) , Icos e(Plrr-) I 2: 0.9, and 

M(Plrr+) not in the N*(1236) band. Figures 42(a) and 43(a) definitely 

show the presence of the N*(1236). Neither 43(a) or 44(a) show any 

evidence for production of the I=1/2 resonance N*(1520) or N*(1680). 

None of the protQn-two-pion effective mass distributions show any firm 

evidence of baryon resonance production. 
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VII. CONCLUSIONS 

To summarize the results of this experiment which involved the three 

reactions studied in detail in Sections IV, V, and VI, the following points 

must be made. 

(a) + -In the pprt rt reaction channel, nuclear isobar formation is 

strong and the production of psuedo-two-body final states is a striking 

feature. To ~ lesser extent, the pseudo-two-body processes are also found 

+ + - + - 0 in the five-body final states nprt rt rt and pprt rt rt . 

(b) The peripheral nature of the pseudo-two-body processes is a 

characteristic and dominant feature of the production mechanism. 

(c) Resonances, especially the N*(1236), are produced as the decay 

products of higher mass resonances in cascade decay processes and any 

attempt to measure and compare the decay angular distributions of a 

resonance with a model which assumes that it is produced at a vertex 

by a one particle exchange process will be incorrect if this source of 

resonance production is not taken into account. 

+ + - + - 0 An enhancement has been observed in the prt rt rt and prt rt rt 

mass spectra of reactions (1.7) and (1.8) at about 2080 ± 30 MeV/c2 with 

an apparent width of approximately 200 MeV/c2 • While the possibility of 

a new resonance cannot be ruled out, we have found23 that suitable assump-

tions concerning resonance shape and energy dependence of the partial 

width can cause the N*(1950) resonance peak to be shifted to this mass 

region if it has an N*p decay mode. 

(e) In addition to the (j) and T) meson resonances previously found 

\ 
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in .other pp experiments at several different energies, production of 

+ + -the p meson has been detected in the five body final states npn n n 

+ - 0 . and ppn .n n. The production mechanism of the meson resonances is not 

clear at this time. 

A clearer understanding of certain points raised in this experiment 

clearly require more data. For example, the relatIve importance of 

the pseudo-two-body product'ion processes in the five body final states 

studied here cannot be established until we are sure of being able to 

detect quite small production cross sections. Since the total number of 

possible pse~do-two-body processes in the five particle finai stat~s 

is much larger than in the four· Iparticle final state, individual final 

states have a much smaller share of the total· cross s.ection and are 

correspondingly harder to detect. Other questions, such as the branching 
i 

ratio of the N*(1525) and N*(1680) into N*(1236)n- as compared to Nnn and the 

determination of the spin and parity of the Nnnn enhancement at 2080 MeV/c2 

might best be answered in other types of experiments. 
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APPENDICES 

* A. Share and Position of N (1236) Peak 

In order to:fit the observed N*(1236) peak it is necessary to 

. know what is the most .reasonable shape to use and to understand why 

it is that the N* (1236) appears at approximately 1215 Mev/c2 in· 

production experiments, at 1222 Mev/c2 in elastic scattering, and at 

1236 in the tables of the properties of the elementary particles. 

Jackson24 has shown.that for production experiments we can write the 

cross section for production of a resonant state after integrating oyer 

all angles of the decay in the rest frame of the resonance as 

w r(w) 
o 1 dw2 

.. ·2 2 2 22 n 
(wo - w) + Wo r (ill) 

(A.l) 

where dO" (w) is the cross 'section for production of a stable particle s . 

summed over the spin states of that particle in an n + 1 particle 

final state as opposed to an n + m particle final state in which m 

is the number 'of particles into which the resonance decays. The other 
.. . 

parameters in this equation are w, the mass of the stable particle; 

wo ' the mass of the resop.ance; and r(w), the :width of the resonance. 

which can be defined as 

(A~2) 

In equation (A.2) , J is the angular momentum of the resonant state, 
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the summation is over the spins of the resonance and the outgoing 

particles, the integration is over the decay distribution of the 

outgoing particles when m =: 2, and V is the decay vertex amplitude. 

For elastic scattering of a pair of particles through a 

resonant state, the scattering cross section is given by 

() 41L 2J+l 
a scatt m =: 2"" (2. +1)(2. +1) 

q Jl J2 
22 2 2 2 

(m -m) +m r (m) o 0 

where h is the angular momentum of particle 1 and j2 is that 

of particle 2. The r2 factor of the numerator in (A.3) as opposed 

to only a r in (A.l) is a result of the fact that in a scattering 

experiment the resonance is formed and then decays while in a production 

experiment only the decay of the resonance is involved. 

The shape and position of an observed resonance is determined 

mainly be the line shape factor in equations (A.l) or (A.3) but if the 

resonance is bro~d the energy dependence of the width rem) can cause 

* distortion of the shape. In the case of the N (1236) the peak 

position is shifted to a value below 1236 MeV c2 and the shape is skewed 

* to higher energies. The N (1236) decay is a two body decay through a 

partial wave of orbital angular momentum £ =: 1. Assuming that the 

width of such a two body decay can be written as 

(A.4) 
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then the shift in the peak position from (A.l) is iSiven by 

ill - Cl) o peak 
r o 

2! + 1 
8 4 

Cl) -
o 

(A.5) 

where . ~ and ~ are the masses of the proton and pion decay products. 

Using (A.5), the value of Cl) k for Cl) = 1236 Mev/c
2 

and pea 0 . 

I' = 120 MeV /c2 is found to be 1215 MeV /c2 . Sltarting from equation (A.3), o 

an equation similar to (A.5) is found with 2£ + 1 replaced by 2 

and the peak posi tionis found to be 1222 MeV /c2 • Thus, the differences 

in mass values for production experiments, scattering experiments, 

and particle tables is explained. 

The mass energy variation of (A.4) is perhaps somewhat too simplified 

so in the actual fitting of the data the following ~s used, 

where £ = 1 and 

p(Cl)) 
E + m 

Cl) 

The factor given in (A.7) is found from lowest order perturbation 

(A.6) 

theory with E and m being the energy and mass of the decay proton in 

* the N (1236) center of mass. 
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B. Form of Baryon Resonances Used in Fitting and Calculations 

In general we will use the form for resonance production given 

by equation (A.l), however, several remarks are in order concerning 

the applicability of this equation to the more complicated baryon 

resonances. 

1) This equation is valid only insofar as interference 

effects in the final state can be ignored. 

2) By a suitable definition of r(ill) the equation can 

be generalized to more complicated final states with 

m > 2. 

3) If only one mode is being considered out of several 

alternative decay modes, the width in the numerator of 

(A.l) is the partial width for that mode While the 

width in the denominator is the total width. 

With regard to item 1), little can be done and the fits are made 

with the assumption of no interference effects among the final states. 

The width r(ill) used for those cases Which can be represented by a 

two-body decay is 

such that ri(ill) is the partial width of the resonance into the ith 

channel Where is the partial width at ill = ill ; q is the three o 

momentum of the two decay particles in the resonance center of the 

mass, w; (. is the decay angular momentumjand X is an empirical para-

(B.1) 
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meter which is a measure of the interaction radius. This form has been 

employed in the fitting of baryonic resonances in the context of unitary 

symmetry.25 We may still use Eq. (B.l) even if one or both of the decay 

products are resonances if we include an integration over the mass or 

masses of these resonances. If the decay is into three or more particles 

(resonances), we use a constant r.(ro) since no model exists which can 
]. 

describe the energy dependence of the partial width of such a decay mode. 

The production cross section for the ith final state of a resonance is 

written as 

dO" • 
]. 

(B.2) 

where r(ro) = fri(ro). Except for the N*(1236), which ,has essentially a 

100% branching ratio into N~, the partial cross sections and branching 

ratios of the resonances we obse:rve are not well known. We have assumed 

in our fitting procedure that the N*(1525) and N*(1688) resonances decay 

only into N~ and N*(1236)~ in the ratio of 65%/35%. For all other reso-

nance production the total width, r(roh was taken to be a constant. 

.-



.. 

-73-

REFERENCES 

1. D. R. O. Morrison, Review of Inelastic Two-Body Reactions, CERN/TC/ 

PHYSICS 66-20. 

2. G. Wolf, Phys. Letters 19, 925 (1967). 

3. Aachen-Berlin-CERNCollaboration, Phys. Letters 12, 356 (1964). 

4. R. D. Newman, K+p Inelastic Interactions at 2.7 BeV/c (Ph. D. Thesis), 

UCRL-17003, July 1966. 

5. G. Alexander, O. Benary, G. Czapek, B. Haber, N. Kidron, B. Reuter, 

A. Shapira, E. Simopoulou, and G. Yekutieli, Phys. Rev. 154, 1284 

6. H. S. White, T. Aronstein, C. Osborne, N. Webre, and W. G. Moorhead, 

Nuclear Instruments and Methods 20, 393 (1963). 

7. s. Buckman, J. Frany, J. Gotthelfsman, D. Hall, V. Morgan, and 

F. Windorski, The Multi-View Fog Program and Its Application to 

Quality Control of FSD Data, UCRL-16508, Oct. 1965. 

8. B. N. Fabian, R. L. Place, W. A. Riley, W. H. Sims, and V. P. Kenney, 

Rev. of Sci. Instr.c34, 484 (1963). 

9 .. R. C. Strand, Bubble Density Measurement with the Hough-Powell 

Digitizer, 6-34 (B.C.) Brookhaven, 1963. 

10. D. Hall, et al., Data Handling Notes 9 and 10, UCID 1930-1931, June 

1963. 

11. R. F. George, K. F. Riley, R. J. Tapper, D. V. Bugg, D. C. Salter, 

and G. H. Stafford, Phys. Rev. Letters 15, 214 (1965). 



-74-

12. A. M. Eisner, E. L. Hart, R. J. Louttit, and Ta W. Morris, Phys. Rev. 

138, B670 (1965). 

13. E. Pickup, D. K. Robinson, and E. O. Salant, Phys. Rev. 125, 2091 

(1962) . 

14. E. L. Hart, R. J. Louttit, J. W .. Morris, W.J. Willis, and S. S. 

Yamamoto, Phys. Rev~ 126, 747 (1962). 

15. J. Kidd,L. Mandelli, V. Pelosi, S. Ratti, A. Sichirollo, and 

L. Tallone, Phys. Letters 16, 75 (1965). 

16. A. P. Colleraine, Isoba~ Production MechaniSms in Proton-Proton 

Collisions at 5 GeV/c, Princeton-Pe~n. Report PPAD 600F, Aug. 1966. 

17. See reference 5. 

18. s. P. Almeida, J. G. Rushbrooke, J. H. Scharenginvil, M. Behrens, 

V. Blobel, J. Borecka, H. C. Dehne, J. Diaz, G. Kines, R. Schafer, 

and W. P. Swanson, Higher Isobar Production in p-p Collisions at 

10 GeV/c, collaboration Cavandish Laboratory, Institut fur Experi

mental Physik, Hamburg, and DESY, preprint. 

19. K. Gottfried and J. D. Jackson, Nuovo Cimento 33, 309 (1964). 

20. J. Friedman, Murtlebert, Alvarez Programming Group, Note No. P-156, 

University of California Lawrence Radiation Laboratory, Berkeley, 

Nov. 1966. 

21. G. J. Chew and F. E. Low, Phys. Rev. 113, 1640 (1959). 

E. Ferrari and F. Selleri, Supple Nuovo Cimento 24, 453 (1962). 

E. Ferrari, Nuovo Cimento 30,240 (1963). 

J. D. Jackson and H. Pilkuhn, Nuovo Cimento 33, 906 (1964), 

Errata, Nuovo Cimento 34, 1841 (1964). 

." 



• ! 

22. 

23. 

-75-

Differential elastic cross sections for ~ p ~ ~ p, compiled by Mark 

Mandelkern, private communication. 

w. Chinowsky, P. Condon, R. R. Kinsey, S. Klein, M. Mandelkern, 

P. Schmidt, J. Schultz, F. Martin, M. L. Perl, and T. H. Tan, 

UCRL-17651 Rev. (1968). 

24. J. D. Jackson, Nuovo Cimento 35, 1644 (1964). 

25. S. L. Glashow and A. H. Rosenfeld, Phys. Rev. Letters 10, 192 (1963) . 



-76-

FIGURE CAPTIONS 

Fig. 1. Schematic of the experimental arrangement. 

Fig. 2. Scatter plot of the reference ka required to normalize the 

measured ka and bring I into agreement with I 1 for 
~eas ca c 

tracks with known mass assignments versus the average depth of 

the track in the bubble chamber (50 cm is the arbitrary center 

of the chamber). 

Fig. 3. Distribution of (I . - I )/1 for the outgoing tracks meas calc calc 

of events with good four constraint kinematic fits. (a) tracks 

measured in the normal mode. (b) tracks measured in the 

orthogonal mode. 

Fig. 4. Distribution of (I - I 1)/ (J' for the outgoing tracks of meas ca c 

events with good four constraint kinematic fits. (a) tracks 

measured in the normal mode. (b) tracks measured in the 

orthogonal mode. 

Fig. 5. Distribution of (a) X~ON, unfitted and (b) X~ON, fitted for 

events with good four constraint kinematic fits and for which 

2 all four outgoing tracks were used in calculating the X 's. 

Fig. 6. 

Fig. 7. 

Fig. 8. 

Fig. 9. 

+ + -Mass distribution of P1! for the reaction pp-t PP1! 11: (5681 events). 

Mass distribution of P1! + -for the reaction pp-t pp11: 11: (5681 events). 

+ - + -Mass distribution of p11: 11: for tpe reaction pp-tpP1! 11: (5681 

events) . 

+ - + -Mass distribution of 11: 11: for the reaction pp-tpp11: 11: (5681 

events) . 

Fig. 10. Distribution of the cosine of the production angle of the final 

state protons in the total center of mass system for the reaction 

pp-t PP1! +11:- (11362 protons). 

Fig. 11. Feynman diagrams. 

.' 



Fig. 12. 
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+ - + -Mass distribution of P21( 1( from the react,ion pp -+ P1P21( 1( 

for events with ~2(P1) ~ ~2(P2) and M(P11(+) not in the N*(1236 ) 

band (3527 events). 

Fig. 13. Mass distribution of P21(- from the reaction pp -+ P1P21(+1(

for events with M(P11(+) in the N*(1236) band (3632 events). 

The shaded area includes only those events with both M(P11(+) 

Fig. 14. 

in the N*(1236) band (923 events). 

Mass distribution of P21(

those events with M(P
1

1(+) 

1800 Mev/c2 (1518 events) 

+ -from the reaction PP -+ P1P21( 1( for 

in the N*(1236) band and M(P11(+1(-) > 

1777 data points). 

Fig. 15. Decay angular distribution of P1 in the P11(+ rest frame from 

the reaction PP -+ P
1

P
2

1(+1(- for events with M(P
1

1(+) in the 

N*(1236) band and M(Pl 1(+1(-) > 1800 Mev/c2 (1518 events) 1777 

data points). The shaded area includes only those events 

which in addition have M(P21(+) outside the N*(1236) band (1274 

. events) • 

Fig. 16. Momentum transfer distribution to P11(+ for those events in the 

P1P21(+1(- channel which have M(P11(+) in the N*(1236) band) 

M(P21(+) not in the N*(1236) band and M(P11(+1(-) > 1800 MeV/c2 • 

Fig. 17. Mass distribution of P21(- for those events in the P
1

P
2

1(+1(

channel which have M(P
1

1(+) in the N*(1236) band, M(P21(+) not 

in the N*(1236) band and M(P
l

1(+1(-) > 1800 MeV/c2 (1274 events). 

Fig. 18. Nucleon-pion mass distributions for the reaction PP -+ np1(+1(+1(-. 

Fig. 19. Nucleon-two pion mass distributions for the reaction PP -+ 
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(d) M(n~+~+)(5244 events). 

Fig. 20. Nucleon-three pion mass distributions for the reaction 

Fig. 21. Distribution of the cosine of the production angle of the (a) 

Fig. 22. 

Fig. 23. 

protons and (b) neutrons in the total center of mass system 

+ + .. 
for the final state np~ ~ ~ (5244 events). 

.. + - - ; + + -Mass distribution of rt ~ for the reactJ.on pp -+ np~ ~ ~ 

(5244 events). 

+ -Mass distribution of ~2rt for those events in the final state 

np~~~;~- which have M(P~~) in the N*(1236) band, M(Prt;) not in 

the N*(1236) band, and M(nrt-:-) not in the N*(1236) band (10'26 

events) • 

Fig. 24. Mass distribution of p~+~+~- for those events in the final 

state np~+rt+~- which have M(nrt-) outside the N*(1236) band 

(2521 events). The first shaded area includes those events 

which in addition have one or both of the M(p~+) in the 

N*(1236) band (1492 events). The second shaded area has the 

additional requirement that Icose(n)I ~ 0.9 (582 events). 

Fig. 25. Mass distribution of p~~~;rt- for those events in the final 

state np~~~;rt- which have M(p~-) outside the N*(1236) band, 

I cose(n).1 ~ 0.9, M(Prt~) in the N*(1236) band, and M(~;~-) in 

the p band (193 events). 

Fig. 26. Decay angular distribution of the ~*(1236) in the N*(1236)p 

rest frame for events in the np~~~;~- channel which have 

M(n~-) outside the N*(1236) band, Icose(n)1 ~0.9, M(pn~) 

.' 

.", 
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in the N*(1236) band and M(~~~-) in the p band. (a) inside 

the resonance region and (b) outside the resonance region. 

Fig. 27. Mass distribution of n~+~+~- for events in the np~+~+~- final 

+ state which have Icose(p)1 ~ 0.9 and both p~ effective masses 

outside the N*(1236) band (216 events). 

Fig. 28. Scatter plot of M(P~~) versus M(n~;~-) for those 

events in the np~~~;~- channel selected such that 62(p~~) > 

62(p~~) and M(n~-) is in the N*(1236) band (1936 events). 

Fig. 29. Mass distribution of n~-~~ for events in the np~~~~~- reaction 

channel selected for 62(p~~) ~62(p~;), M(n~-) in the N*(1236) 

band, and M(P~~) in the N*(1236) band (674 events). The shaded 

area has the additional requirement that Icose(p~~)1 ~ 0.9 

(444 events). 

() + () +-Fig. 30. Mass distributions of a n~l and b P~2~ for those events 

+ + - 2( +) 2( +) in the np~1~2~ final state selected to have 6 n~l ~ 6 n~2 

and both M(P~~) and M(n~-) outside the N*(1236) band (1355 

events). The shaded area has the additional requirement that 

Icose(n~~)1 ~ 0.9 (573 events). 

Fig. 31. Mass distributions of (a) p~- and (b) n~~~; for those events 

in the np~~~~~- final I state which have both possible p~+ 

effective masses outside the N*(1236) band (1481 events). The 

Fig. 32. 

shaded region corresponds to the added requirement that 

Icose(p~-)I > 0.9 (427 events). 

+ - 0 Proton-pion mass distribution for the reaction pp ~ pp ~ ~ ~ • 



Fig. 33. 
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+ - 0 Proton-two pion mass distributions for the reaction pp - pp~ ~ ~ • 

(a) M(p1(\r-), (b) M(p~+1(o) and (c) M(p~-~o) (4176 events). 

Fig. 34. Mass distribution of p1(+~-1(o for the reaction pp - pP1(+1(-~o 

(4176 events). 

Fig. 35. Distribution of the cosine of the production angle of the final 

state protons in the total center-of-mass system for the reac-

tion pp - PP~+~-1r° (8352 protons). 

Fig. 36. + - 0 + - 0 Mass distribution of ~ ~ 1( . for the reaction pp- PP1( ~ ~ 

(4176 events). 

Fig. 37. Two pion mass distributions for the reactionpp - PP1(\'-1(°. 

(a) M(1(\r-), (b) M(1(\?) and (c) M(~-~o) (4176 events). 

Fig. 38. 

Fig. 39. 

o + - 0 Mass distribution of 1(-1( for those events in the PP1( 1( 1( 

channel which have either p1(+ mass combination in the N*(1236) 

band andM(1(+1(-~o) outside the w band (1865 events). The 

. shaded area has the additional requirelllent that M(p1(o) is out-

side the N*(1236) band (1258 events). 

+ - + - 0 Mass distribution of 1( 1( for those events in the pp~ 1( ~ 

channel which have either p~o mass combination in the N*(1236) 
. + - 0 

band and M(~ ~ 1( ) outside the w band (1403 events). The 

shaded area has the additional requirement that both p1(+ 

mass combinations are outside the N*(1236) band (536 events). 

Fig. 40. Mass distribution of ~+1(0 for those events in the pp1(+1(-~o 

channel which have either p~- mass combination in the N*(1236) 

band andM(1(+1(-1(o) outside the w band (1453 events). The 

shaded area has the additional requirement that both p1(+ mass 

combinations are outside the N*(1236) band (516 events). 



Fig. 41. 
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+ - 0 Mass distribution of P2rr rr rr for those events in the 

Pl P2rr+rr-rro channel which have ~2{Pl) ~ ~2{P2)' Icose{Pl ) I > 

0.9, M(rr+rr-rro) outside the w band, and M(Plrr+) outside the 

N*(1236) band (1130 events). 

Fig. 42. Mass distributions of (a) PI rr + and (b) P2rr - rro for those 

+ - 0 events in the PlP2rr rr rr channel selected such that 

~2(plrr+) ~ ~2(p2rr+), M(P2rr+) outside the N*(1236) band, and 

Icose{Plrr+)I ~ 0.9 (908 events). 

Fig. 43. Mass distributions of (a) PIrrO and (b) P2rr+rr- for those 

. + - 0 events in the Pl P2rr rr rr channel selected such that 

tt(Plrr
o

) ~ ~2(p2rro), M(Plrr+) outside the N*(1236) band, and 

Icose(Plrr
o

) I ~ 0.9 (890 events). 

Fig. 44. Mass distributions of (a) Plrr- and (b) P2rr+rro for those events 

+ - 0 2{ -) 2( -) in the Pl P2rr rr rr channel selected such that ~ Plrr ~ ~ P2rr , 

M(Plrr+) outside the N*(1236) band, and Icose(Plrr-)I ~ 0.9 

(831 events). 
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TABLE I. Summary of Events Found 

Reaction 

I. Well measured 
events with good 
fits 

II. 

+ -pp 4 Ptnr 1C 

+ + -np:rr :rr 1C 

+ - a 
Ptnr 1C :rr 

d ++ -:rr :rr 1C 

+ +- 0 d:rr:rr1C1C 

Well measured 
events with no 
acceptablefi t 

III. Events Which were 
not successfully 
measured 

Totals 

* Corrected for Fake Fits. 

Number of Events 
"'Found 

3445 
3182* 

2634 

50 

178 

* 2281 

5344 

17114 

** . Corrected Percentage 
of Total Number of 
Events in the Film 

(25168 ) 

29.3 

27·0 
22.4 

.4 
1.5 

100.0 

** Corrected for measurement failure (31.3%) and scan efficiency (68%). 
I 
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TABLE II. Cross Sections 

Reaction Cross Sections (mi11ibarns) 

Ref. (12) Ref. (13) Ref. (14) Ref. (15) Ref. (16) Ref. (17) This Exp. Ref. (18) 
2.23 GeV/c 2.81 GeV /c 3.67 GeV Ic 4.0 GeV /e 5.0 GeV /c 5.5 GeV /c 6.0 GeV /c 10 GeV /c 

+ - 1.22+0.14 2.51::.0 •14 2.67+0.13 2.95::.0 •15 2.96+0.12 2.84+0.08 3.2+0.3 2.45+0.10 p~pp:rr :rr 
I 
CP 

+ + - 0.02+0.02 0.405+0.40 1.15+0.09 2.19+0.09 2.85+0.08 2.9±0 •. 4 2.27+,0.25 
\.)J. 

nprr :rr :rr I 

+ - 0 0.02+0.02 0.217+0.029 0.74+0.07 1. 76+0.07 1.84+0.07 2.4+0.2 2.50+0.30 pp:rr :rr :rr 

+ + -
d:rr :rr :rr 0.06+0.02 0.02+0.01 0.04+0.01 

+ + - 0 o 08+0 •01 
0.16+0.03 d1t :rr :rr :rr • -0.03 



-----

Table III. Partial Cross Sections for the reaction pp ~ pp~+~-

Final.State Percentage of EventS{a) Cross Section (mb) 

A. N*++ ( +)N*o ( -) 1236 p~. 1236 p~ 20.8 ± l.l .66 ± .07 

B. N*++ ( +)N*o ( -) 1236 p~ 1525 p~ 13.7 ± l.0 .44 ± .05 

C. N*++ ( +)N*o ( -) l236 p~ 1688 .p~ 7.7± 0.8 .25 ± .04 

D. (l) + ( +-) pNf400 p~ ~ 2l.l ± 2.0 .68± .09 

(2) N* + (N* -ld- ( ±):t") p l400l236 p~ ~ 9.4 ± l.9 .30 ± .07 

. +-
E. N*+ (N*tt ( -) +) 6.l ± l.O .20 ± .04 p l525 l236 p~ ~ 

-

F. *+ (m-i:t ( ±) +) pNl 688 l236 p~ .. ~ 
l3.2 ± 0.9 .42 ± .05 

G. + ( +-) PNt920 p~ ~ 5.9 ± l.l .l9 ± .04 

H. + - 2.l ± 3.7 .07 ± .l2 pp~ ~ 

(a) The curves shown on Figs. 6, 7, 8 and 9 were calculated assuming this mixture of final 
states. 

t co 
+=-t . 
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Table IV. Rho Meson Production 

Final state 

-~-

++( +)-(-0) pN* p~ p ~-~ 

+( ° o( + -pN* p~)p ~ ~ ) 

° - + + ° pN* (p~ )p (~ ~ ) 

++( +) o( + -) nN* p~ p ~ ~ 

+( +) o( + -) pN* n~ p ~ ~ 

Cross Section 
(l-lb) 

153 ± 31 

45 ± 12 

65 ± 18 

228 ± 46 

not seen 

Case I Case II Case III 
N(N*P)I=1!2 N (N*p) I=3!2 N*(NP)I=1!2 

9 18 18 

4 2 2 

1 8 

81 9 

2 1 1 

Case IV 
N*(NP)I=3!2 

3 

8 

3 

6 

4 
I 
CP 
VI 
I 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor . 
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