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

'Rébert Ronald Kinsey
Lawrence Rédiation Laboratory'

* University of Californis
Berkeley, California

ABSTRACT
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 picturés taken in the LRL 72 -in. hydrbgeh bubble chamber. The

reactions studied in detail and their cross sections are

(1) pp - pprn 3.2 % 0.3 wb
(2) pp - phn+n*n' ' 2.9 + 0.4 mb
(3) pp->pprA 2.4 *+ 0.2 mb

Proton-proton interacfions have been studied'by éthers in this
ehergy region and'thié experiment'agrees.with these studies in the general'
features of reaction (1). Reaction (1) is.dominated by‘thé psuedo-two-body
final states NN*'and N*N* produced in a peripheral manner. Fits to thé =
vérious possible final states have been made and are reported. Data from
this reaction have also been compared to the peripheral one-pion exchahge
(OPE) model and the results are given.

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

of an I=5/2 baryon resonance which is observed to decay into a nucleon



—vi-
éndvthréebpions and which produces a.peak in the‘appropriate mass spectrum
at.2080 MeV/Eg. In addition, the p meson has been detected for the first
time in a bubble chémber proton-pfoton pfoduction exp?riment in addition
'1to the n and w ﬁesons already:reported. 'Due,to the c%mplicated‘nature of
thé final stat_és in reactions (2) ‘a.nd. (5) fits to thé‘nwnerous posgiblé
final states'are not'attempted. However an.attémpt h%s been made to

. . v . . . | . T
determine the production cross sections for various new or interesting

resonances,
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.I. INTRODUCTION
In recent years'thé study of high energy particle intéractions»
has resulted in the discovery of a great numbér of meson and baryon
resonances. They‘have in general been discoVered‘in two distinet types
of experiménts. One of these in the case of baryon resonances is the'
' |

bombardment of a proton target by én 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 experimént-consists of study-
ing the'effective mass spectra of multibody final states at high center
of mass energies where fesonances are produced in associatioh with other
particles or resocnances. 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 intér-
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 ehergy of the incident particle ih production experiments involving -
the bombardménf on ﬁucleons with pions, kaons, nucleons, and anti-nucleohs.
| An important and striking feature of these final states is that they appear
to be produéed as psuedo-two-body reactions,invoiving one or more reso- |
nances.l This psuedo;two-bbdy pfoduction is. also characterized by tﬁe

' tendency of the secondary particles to go in the forward-backward direc--
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tions in the fotalvcenter ofimase system., This tendency is sﬁggestive
of a peripheral process and one meson exchange modeisl(OME) are often
‘ ueed in an attempt te explein the eiperimental aépects'of theSe final
»states, sometimes with striking success.
 The percemtage of inelastic reactions which can be explained
as psuede;twoébody‘is another point of interest. it has been pointed.
outl that_sbme.reaction.chanheis.of‘ﬁien;.kaon,'nucleon and entié'
‘ nucleon inferactions with nucleons have a large percentageeof.resolved;
psuedo-two-body reactions. For example, in the reaction |
| ‘. ip > pﬂ+ﬁ+n-'j 3 (1. l)
at 8 GeV/c incident plon momentum it is reported3 that 45% of the. reac-
tion is resolved 1nto the psuedo-two-body flnal ‘states N p B N f ’ pA
- and pAg_. Im KLp 1nteractions at 2.7 GeV/b, the reaction channel-
| K'p > K'pn' o | (1.2)
is found to be 53% KfoN*++ . TIn the reactiqn Pp = ppﬁ+n; ; at 5.5 GeV/e,
Sit is reported5 thatv70% of this reactionvchannel can be explained ae
N*N* and pN* final_states. |
That a few reaction chennels have a large percentage of:psuedo-
two-body final statesﬁand_oﬁhers only a smgll percentage maybbe en'experi-'
menﬁal bias due to mesonenees not beiﬁgvfecegnized,e Isobars'with_iso;
topic SPin I=L/2 are often not resolved and hence they are not counted.
The fractiom,of psuedo-two-ﬁody reactioﬁs:elso tends tb increase with‘
the.discovery of new mesonances‘and wiil pfobably continuve to dovso. 

The present experiment involves the study. of nonstrange resonance
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production in a proton-protdn production experiﬁent 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 A | - (@3)

D ~ pnﬁ+ﬂ+ﬂ_ | v (L.4)

pp - PP T A | (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 ﬁodel (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 prdduction and cross sections
for the production of new or interesting fesonances have been estimated
whenever possible.

Cross sections for the deutron production reactions
pp > dn'at @ (1.6)
ppodn A w (1.7)

and channels 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), (1L.4) and_(l.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

work 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 (r.3)
are‘reported and compared to a simple one-pion-exchangeimodei, Section V
- discusses our resonance sedrch in the reaction channel (1.4). Reaction
(1.5) ié'discusséd in Section VI. In Section VII we give a summary of

the results and conclusions of this work.

_e
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II. EXPERIMENTAL PROCEDURE
A. The Beam
Protons produced in a polyethelene'target B/B-in.‘high,'L/h-in.-:
. transverse to end l/2-in. along the direction of the external proton beam
ef the Bevatron were transported to the IRL 72-in.j1iquid hydrogen bubble
chamber by the arrangement shown in Fig. 1. Targeting techniques were
required to minimize interference with the external beam optics since
the external beam was being used for multiple experiments. The optieal
elements which determined the fecal properties of the beam at the uranium
collimator were the first guadrupole bair, which gave a vertical magnifi-
cation of 0.5 and a horizontal magni%icatien of 1.0, and the two bending
magnets, which produced a dispersionvof one inch per-l% AE/P. A momehtum
definition of iO.l5% was provided by‘the slit in a 12-in. thick uranium
collimator of l/2-in. vertical and l/h-in. horizontal dimensions. With
an intensity of.~ lO:Ll protons per phlse in the external proton beam, a
beam of approximately 30 ﬁrotons perzpulse 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 b-in. gap and 150 kilovolts between the plates. At an appropriate
signal from a preset scalar whieh read the eutput of counters plaeed imﬁe;
diately in front of the bubble chamber, a spark gap across the spectro-
meter plates was triggered. The plates were thus discharged in 2usec bui

the magnetic field remained and caused the beam to be deflected B/A-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 flucﬁuations
and aecelerator:instabilify were gfeetlyvreduced by-this system of‘ "
control and the beam was maintained constant to within two tracks per R
picfure. | | | |

'Conta@inatien from - ’ fion productiOn»in the target was small
since'the incident proténs of the externel proton beam end the seeOndary
pretons from the target differed little in momentum‘while'the seeOndafy
pions had much smaller momentum. A measurement of the pion contemination
' for a similar beam using aACerenkoV-coﬁntef to distinguiEh piene from
fprotoﬁs;ihdicated a contamination by pions of lees than'O.l%.- This has
been neglected as a soufee of background eventslin the anelysis of the
data.

iTheeobsefved widths of the beam momentum distributions as obtained

from both the measurement ofvnon—interacting‘tracks eﬁd from identified
eXamples of fits to elastic scatters were cenSistent with each ether and
‘with that expeeted‘fromithe measureﬁent error of approximately 1%. The
momentum of the beam was found to be 6.10 * .02 GeV/e. An uncertainty
of 0.5% was uSed'byethe fitting program which is somevhat 1arger:than_
that deduced from ﬁhe beem opties to allow for effecfe such‘aszscaftering-

on slits and other apparatus.
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B. Scanning and Roadmaking

Approximately ll2;000_pictures of proton-proton interactions -in
the LRL T72-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 equipped for rough measurement of the events fhet were found.

The least count for points measured on these scan tables is 12.5p. Three
points were measured on each tfaok in each of the three views. These
points were used later during the autometic 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 53;0002four-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 éach of the two scaﬁs using the

fact that in the film scanned twice

N, =¢ N (2.1)
My =e, N o (2.2)
Noverlap R N : (2.3)
where N is the number in the £ilm, Ni and €, are the number of events
found and the scan efficiency of scan 1, Né and €, are likewise the num-
ber of events found and the scan efficiency of scan 2, and N
: overlap

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

N_ XN,

meFE— (2.4)
overlap ' e ' ;
.and then.for el'and e2 'Ni o
- M Y -
€l = ﬁ_ (2-5)
N i
2 e
,€2 = 'N—' ‘(2'6)

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

£ 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 Y(FSD) which is an integrated system
7 of hardware and programs_which utilizes a Hough-Powell device_(HPD) con-b
trolled on line by an,IBM—7094A to digitize thebfilm. ‘Sincesthe number
of digitizations transmitted from_the HPﬁ te 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 filterlng
produces a number of»averagﬂ.p01nts along each track to be used in the :
vspatial reconstruction of the tracks. | |

. Reconstuction of the tracks wa.s accemplished by the three-view B o
reconstructionvprogram'FOG7. ‘After:only one pass through,the syStem an

average of 75%’of the events were successfully reconstructed; hut 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 haé been made of those events whiéh'could not be
.reconstructed by the program FOG. A sample of 592 events which had failed
reconstruction had neﬁ roads made ahd were remeasured by the FSD. The
original measurement had é 26% faiiure rafe. The failedvévents éfger a
careful remeasurement had an 18% failure rate. 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 failufes were detérmined 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 éutgoing track less than ébout 0.5 cm long in
space certainly tend to fail more often than other topologiés; 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 cprrespond to final states in which tﬁe momentum
transfer sQuared from the target proton to a final state proton in the
backward hemisphere of the total center-of-mass sysfem is small (less
than approximétely 0.015 (GeV/E)E). 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 stafe proton in the forward hémisphere 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
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beam track and'atrSmall angles to the beam direction._ If'a beam track

' . - , ] ' 8 :
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 phbtbgraphs.: Note‘that, in the first casé involving

* short tracks, the'failuiés'are a funétion Qf'the topology of the event

while in the second case the failﬁrg'is due: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 ma,griitude of

 the bias in either case and thus the bias against:very low momentum

trénsfer events in general,iﬁ seems reasonable to assumébthat the errors
because’of bias due to.outgoing tracks being overlapped are small in
relation to the errors aﬁd sYstematic'uncértainties encountered'in"
analyziﬁg,a giveﬁ channel. Due to the similarity'of the data from.the
forward and backward hemispheres, we conclude that the bias due to short
tracks is also small. Furﬁher, on-the basis of the nuﬁber of eVénts ﬁith
short stopping tracks recorded by the'scannérs in a_sample of the'film,
we estimate that less than 1% of the events coﬁld‘haVe 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

again where appropriate..

s

-
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D. Bubble Density Measurements

In a bubble chamber‘éxperiment the curvature of a charged
particle's track due to the magnetic field of the bubble chamber is
measured and used to calculaté the momentum of the particle. The
fitting program,using the-qonsefvaﬁion of momentum and enérgw”thén
calculates thevprobability';hat a given cémbinatién of final state
particles could have produced the observed topology. Ambiguitigs in
the choice of fhg correct combinatién-of final state particles can.occur,
espe01ally in those flts with an unobserved neutral particle. Often
these ambiguities can be resolved if the ve1001ty of one or two of the
tracks can be estimated. This has often been done in other bubble
chamber experiments by éstimating on the scan table the 5ubble density
of a track aﬁd then using the obserVed fact8 that the bdbble‘density
is proportional to l/’B2 wherevB = V/b. A feature of the FSD measure-
ments that has enabled uslto keep scan table checks £o a minimum énd :
thus process a large number ofvevents in a reasonable length of time
is fhe measurement of the,buﬁble density which is automatically made -
when the fracks are digitized on the HPD. Applying fhe maximum likéli—

hood method, Strand9

has shown that for a stralght track normal to the :
direction of scan by the flying spot the most llkely value of the bubble

density is glven by
' ka =1n£fM S C(2.7)

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
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3can'lineé intersecting the track, and M is the number of times that

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

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

‘scans across the track).v'Nb attempt is nade to acecurately measure a

but, since it does not vary significantly, we can use ka as 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 generalized, of course since it assumes

a Straight track perpendicular to: the scan direction. This is done

by modifying (2.7) to

ka = GoSq ln%[- | | | (2.8)

where cosd is the cosine ‘of the angle betwéen‘the chord of the track
and the perpehdicular to the.scanvdirection.'vA correction was also
ﬁadé for the variation in track bubble déﬁsityvdue fo the feﬁpefature
gradient of the liquid hydrogen. It was found thatvfracksvwhich
approached the top glass 6fv£he chamber became denser and that tracks
going into the bottom.of thé.chamber became less dénse. 'By taking é

sample of fits with good four constraint chivsqyares, the measured

bubble density aﬁd the predicted relative 5ubble density were used”
to calculate what the bubble density of the reference track would be
af the average loéatiqn-of the track in Z, ﬂhe vertical height.
Figgre 2 shows the results of such a study, where ka 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
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‘bubble density or, as ihterpreﬁed here,lthesevtracks have a higher bubble
density due to the highér temperature of the liquid hydrogen in this
region. A polynomical fiﬁ in 7 was made to these points to‘determine a
welghting function which has the effect of decreasing.the measured ka of
§a track in the top of the chamber and increas%ng it for a track in the
bottom. Thus, all tracks hgve their meaéured ka, aéjusted-to an arbitrary
point in Z by use of this weighting function which tends fo cancel the
temperature effect. »

Using the weighted valﬁe of ka, we find that the bubble densities
of the outgoing tracks relative to.the beam tragks for‘a sample of

events with four constraint fits agrees quite well with the relative

bubble densities predicted by a L/Be dependence. In Figs. 3(a) and (b)

the value of (Imeas--Icalc)/'Icalc has been plotted where
T ; <ka>'outgoing track (2.9)
meas ~ <ka> beam track : :
and
82 beam track g
I = S : (2.10)

calc 62 outgoing track

We define <ka> as the average value of the'bubble density times the spot
size. The average is made over the three views and ié weighted by the
assigned errors.

)/I

for those tracks which had their relative bubble density'measu:ed and

We include in Figs. 3(a) and (b) the values of (I

-I
meas ~calc calc

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 of about 3.0vthe track becomes a solid line on
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the film without any apparént gaps and the bubble density cannot be
measured accurately. Figure B(a) ié for tracks méasured in the normalk
mode. Figure B(b) is similar except that the tracks were measured in
tﬁe orthogonal_mode; The normal and.orthogonal modes are defined by
the direction the flying spot is moved in relation to the film dﬁring
the digitizing of a given tréck. In the normal_mode the -flying spot is
moving across the width of the film, Iﬁ‘fhe orthogonal modé thé,flying
spot>is moved perpendicular to the.normal scanbdirection, that is, along
the length of the film. The choice of which mode will be used for the
ﬁeaSurement is made by calculating the‘projécﬁednléngth_of.the track
par'é,llel and perpendicular to the scan direction in the film ‘plane. That
measurement mode in which the pefpendicular,length is. greater than the
parallel length is the one used. |
for those traéks measured

To bring Ime into agreement‘w1th'IC

alc

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

a8

digitizations of these tracks were lost or not recorded. This is apparP
ently due to the fact that the optics of the FSD are optimiZed for the
normal mode of operation. The orthogonal mode represents somewhat of a

compromise. The'efféct of this is that the intensity of the spot of

light used to scan the film in the orthogonal mode is~Iess—than-that
“used in the normal mode.

 In terms of the measured parametefs the average of ka is written

as
. 3 ,
z ka) .

<ka> = I i——% i - (2.11)
i=l  q, :

1

>
s 1
= 2
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where o, 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

oy ; cos Q?\/%; o ’ | (2.12)

- _— | | |

o= VY14 <L/ci?) | | (2.13)
G=1 |

Equation (2.12) was found to give an error which was apparently too small

and the averaged error

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

o, =CO0s Q V w (eH) . (2.14)

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

Eq. (2.12) as

(T -I ‘)/a for the tracks measured had a half width at half maximum
meas ~calce :

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

L.0 x lO_LL and for measurements made in the orthogonal mode it was

5

4.0 x 107°. The pull quantity for the tracks studied 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

2

calculated. The unfitted XION

was calculated as
2

Iméas_Icalc\

(2.15) |



esis was accepted_if both the XEINE and X2
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The second reason for excluding a track from the bubble density X2 of a

© fit i1s due to the poor discrimination of the relative bubble densities

abbve about 5.0; As the relative bubble density approaches 3.0, the -
tracks begin to appear.as solid dark lines_sincé the bubbles are close.
together and can appear to mergé.. As the track imége appfoaéhes'that

of & solid line, the number Of'@isses, M, appréaéhes zero and ka as given
by Eq. (2.8) tends to become undefined althbugh thé,value calculated from-
a l/B2idependence remains defined for all nonzero momentum traéks;

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

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

was not used in the -calculation of the XiON

was greater than 2.5. The fit was rejected howéver, if the Ic

if Icalc-glven by Eq. (2.1Q)
alc
track was greater than 2.5 but the Imeas waé less than 1.5. A minimum -

Imeas'Of 1.5 was used to take into account thejlargé errors associated =

' L - | ' :
with the Imeas of dark tracks and the possibility of having a low value
of Imeas because the ka of the beam track was measured 0o high due to

overlapping by another beam track.

' B. Fitting and Data Reduction

———

Kinematic fits—35_5EE‘ﬁ?BéFEﬁ‘CLOUDYlQ-were~éttemptéd_férﬁeééh_eveﬁt
using every knowﬁ combination of strongly interacting particles which was
consistent with the‘observed.topology, conserfed energy, strangeness, and
baryon number and had at most one unobserved neutral parficle. A hypoth-
- corresponded to probébiliﬁy

ION

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

constraint kinematic fits were always resolved in favor of the four

for a

~

»
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where the sum is taken over the n outgoing tracks to be used in the fit.
A difficulty encouﬁtered when attempting to use this unfitted XiON can be
seen by referring to Bq. (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.

In order to obtain a reasonable X2 for all events we have chosen to use
a fitted XiON defined as ' 5

al -I :
X2 meas ~calc (2.16)

ION,Fitted 1=1 ag 5

MB

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

each proposed fit until the minimum value of Xio

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

N has been reached.

1y, calculated for the bubble density measurements of those events with a
four constraint kinematic X2 of greater.than 5% prcbability and for which
all four 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 confusion.
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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
thé‘othéf. After this check.only 5% of thevevents.were classified as
ambiguousf Theée ambiguoﬁs events were ghecked on the scan tablé,and
anvindependent estimate of the bubble densities of each track was made .
Using the bubble densitieS’which had been éheéked»on,the scan table,'a
final selection was made by'arphysicist,of these‘ambiguous évents-with
the result that only 1% of the events in the final sample remain ambigu-
ous. These hard core ambiguities afe assigned to both ofvtheir'most

likely fits with a weight of 0.5.
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| .
III. PRODUCTION CROSS SECTIONS '

' | i
| . '

. ) i H i \ |
f‘ To deter?ine the absolute croés sections of the reaction

o] . L
cpannels of interest it is necessary to determine: Lo

; Lo
| ! i S !

1) the number of evehts of a given typé 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 ligquid 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 tge 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 wés thought
desirable to use that sample of data with the smallest ?roportion
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 Qf 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 af
this energy what the total beam track length ﬁust be. The count was
dbne for every fiftieth frame of every tenth roll. The average
number of beam tracks at the exit end was found to be 8.2 i_0-5

tracks/Trame. The fiducial volume used was 108.1 cm long in the
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beam direction.  Using a total cross section for pp interactions at
6 GeV/c of 40.7 + 0.6 mbll we find the average number of track lengths
per frame to be 8.9 + 0.4. The total track length is then

L =N, N, 1=651x lO6cmi 56 (3.1)

wherevNF

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

= number of frames scanned (67640), NT'=faverage number of

The density of the hydrogen was derived from measuiements of
the chamber vapor pressure - during the exposure;’ The density has been
determined‘tO'be_.O6OO + .0006 g/bm;, |

The aﬁsolute cross section for all the four pronged evehts is

~ then determined by:
A
N

— - 10.8 * 0.9 mb (3.2)

Q
o
g =

where N 1s the number of four pronged events corrected by ‘the scan

efficiency, A is the atomic weight of hydrogen (1.01), N, is

3

Avogadro's Number (6.023 x 107 mole-l), o is the density of the

f*__*ﬁ;___~_$______derogen, and L is the track length scanned. Table‘II 1lists the

Cross sécﬁions of interest with theif calculated errors. The errors take
into account the errors associated with the determination of-tﬁev
hydrogen density, the scan éfficiency, thejtotal‘beam track length, and
the étatistical error in fhe number of évents in each channel.

Also listed iﬁ Table Ii for comparisoh purpéses are the production

cross sections of other pp experiments.



21~
IV. FINAL STATE ppst ot

A. General Features _

Thé most strikihg feature of this reactidn channel is'thé production_
of zero strangeness baryon resonances. The zero stranéeness baryon resoi
nances or N¥'s that we observe in this final state have all béen previously
observed in pion-nucleon scattering and their quantum_numbers have beén
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 appropfiate energy . vIn
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 resonanceé, |

In PFigs. § and 7; the pn+ and pn- mass spectra afe showﬁ for the
fiﬁal state ppﬁ+n-. Two combinations each with a weight of 0.5 ére shown
for each event due to'the'indistinguishability of the two final étate
protons. .

In the prx' mass plot'of Fig. 6 we note a large enhancement in the
low mass region which péaks at about 1220 MeV/cg and has a width at.half
-maximum of approximately 100 MeV/é2. This peak we attributg to produc-
tion of the N*++(1256). Taking inté account the fact that half of the
combinations plotted ére backgrdund this peak is consistent with assuming
that approximately 80% of thé events involve productibn of this resonance.
A more accurate statement requires a knowledge of the shape of background
’distribution>of the pn+ combinations in which the proton and the ﬁ+ are/

produced at different vertices. This in turn requires a knowledge of the
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final states taking bartvin the reéction channel and their relative
abundance since the reflections ére different in each of the finai

states. The curve in this figure is the resultvof.a:fit which attempts

fo take into accdunt all of the Tinal states observed..'We will diséuss
‘the resuits of thisvfitvin the next section. | .

In Fig. 7.twovresonance peaks are Obéefved aﬁ 1500 and. i675 MeV/E2- 

“which e sbtribute to the zero strangeness baryon resonances %0 (1525) and
N*O(l680); Assuming a smooth background continued from about 1525 MeV/EE-
 into the high mass region above 1800 Mev/c2 we find tha.£ the I*°(1525) |
and the I*C(1680) are prodﬁcéd in approximately 5.3% and 4.0% respectively
of the ex}eﬁts. The analysis of the N*0(168o} is obscured by the fact

ﬁhat three resonances with different spins énd parities are khown to.
“oceur at approximatelyvthis.mass. One of these is.aﬁ I=5/é resonance

at 1670 MeV’/’c2 which we éxbect from.isotoﬁié spin coﬁsidefations to be-
‘only weakly produced. in this charge state. The.two_I=L/é résbﬁances'
occur at 1670 and 1688 MeV/é? with spin-parity, JP, of‘5/2— and'5/'2+ -
respectively. A comparison of the I+t (1236) péak'with the theoretical .
distribution (seerAppéndix A5 indicates that our mass resolution is

approkimately 20 MeV/c2 and‘while this is gqod for a bubble,chaMber

- expériment it is not sufficient to separate these.two.resonances._ In
the subseqﬁent analysis of fhisvpeak we will réfer to the N¥(1680> since
we cannot'distinguish between the‘twé mass values 1670 and 1688 MeV/Eg.A
Also in Fig,'7, a peaking in the mass plot Can be seen in fheb

- 1220 MEV/C? regilon which wé will laéef find is éonéistent'With produc-
tion of the Nx0(1236), but ‘since the background can also peak in this

region it is very difficult to estimate thé 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'§n+n- mass épectrum'has been plotted. Again two
combinations, each giveh a weight of 0.5, have been ploﬁted for each
event due to the indiStinguishability of the [final state protons. Two
peaks éan be observed in this plot. One is ét 1525 MeV/E? and the other
at about 1675 Mev/c2 which we attribute to the M*T(1525) and N**+(1680). |
As with the N*(1256) 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 backgrouﬁd distribution. The solid.cufvé shows the
results of the fit to be discussed in the next section. |

In Fig. 9 we show the ﬂ+ﬂ- 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 ppMP‘final state
where M° is a neutral meson resonance decaying into ﬂ+ﬁ- if thé produc~- -
tion cross section is smaller than we can detect with this experiment.
For example, the final stafevpppo wbuld have to have a cross section
greater than at least 20 pb to be detecféd in this experiment. The
cﬁrve shown on thiévmass plot is a-résult-of the fit described in the
- next section'which attribuﬁes.98% of the pion production in this final
state to the decay of the observed baryon‘resonances. As we caﬁ see,
vthe curve agreés quite wéll with the experimental distribution.

Figure 10 shows the productgon angular diStiibution in the total
cehter-of-mass_system of the final state protons in the variable
cos 8(p), where 6(p) is the angle between the final state proton and the

beam direction. -The final state protons are symmetrically produced and
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strongly,peaked forward-backward with respect to the beam-direction,
suggesting that peripheral processes are a dominate feature of the
production mechanism for this final state.

Referring to Figs. 6,7, and 8 we‘can_see'that two types‘of peri-
. pherally produced psuedo-two-body finsl states may be important in Under-
sfanding the production meehanisﬁ; They are pp - N*++N*o and pp - plxt,
Figures ll(a)_énd (b) show the simplsst one-particle-exchange disgrams
for the‘production of these two fiﬁal states. To produce te final state
N*+fN*O as shown in Fig. 11(a) obviously fequires I=1 exchange such as

,one¥piqn-exchange. However, the production of the pxt final state as

_shown in Fig. 11(b) can involve either I=1 or I=0 exchange. Of course,
many other processes and diagrems are possible but we will not.consider
them here. |

If peripherel production and the Feynmann diagrams shown in Figs.
11(a) and (b) correctly describe the ma jor features of the production
mechanlsm for this final state then it is useful to attempt to select

for detalled study, based on the requlrements 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 confusibn inhérent in the indistinguishability of the
final state pfotons. . For example, to stﬁdy the contribution. to‘the
- total matrix element of the diagram shown ih.Fig.,li(a), it would be
convenient to be able to make the "right" cholce when assigning the
final state protons to the two vertices suéh that Py is the proton
produced in association with the n+ at one vertex and Py is the proton
produced with. the . at the other vértex. In Fig. 6, it is difficﬁlt
~to study resonance production at the pln+ vertex.of Fig. ll(a) since
both the pln+ and the p2n+ effective masses were included. The effect
of including p2ﬂ+, the "wrong" choice, is to add a background to the
pn+ distribution which is impossible.to calculate exactly without a
detailed knowledge of the résonance production dt the pgﬁ- vertex. In
addition, we need‘to suppress the contribution of competing diagrams
“(e.g. as shéwn in Fig. il(b)) which can also add to the background and
oObscure the resonance production we wish to investigate. 'Similar
rema."ks are alSo.appropriate to the study of the pgn; vertex of Fig.

11(a) and the p21'r+:rt- vertex of Fig. 11(b). Note that by using Monte
Carlo techniques ﬁo generate events according to‘a theoretical model.,
we can take into account any cuts we may find necessary to improve the
re?resentation of our déta when we compare theory and experiment. Two
methods appear t¢ be useful in selecting the events and resolving ambigu-
ities.. |

The first method is based on the observed ?eripheralism‘of'the

production mechanism, For example, we can consider the final state
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shown in Fig. 11(b) with a proton (pl)iproduced at one vertex and a baryon -
resonance at the other vertex which decayé iﬁto p2ﬂ+ﬁ-; vThe question then
is which of the two final sta?e protonsrislto_be assigned to the resonance

~at vertex b and which is tovbé the isolated proton ét vertex a..'Ih'calcu-
lating the momentum transfer to a final state proton the guestion arises
as to which‘Qf\the'initial brotons to use, the beam or the target proton.
In the spirit of the peripheral.model we.always'chobsé that initial pfo-
ton which gives the smallest'abéolUte Value of the mdmentﬁm,tfansfer.

- We cah estimate as an upper limit that not more than‘lo%'of the events
will havé the incidenf proton inéorrecfly chosen with fhis.technique, if
éingié pion exchange is indeé& the proper‘meéhanis&. If the distribution

- of cos 6(p) shown in Fig. 10 is folded at cos o(p) = 0.0iwhich'is equiva-
lent to always choosing ﬁhe-minimum momentum transfer, the QueSfion.of

_the percentage of incorrect éﬁoicés becomeé oﬁe of estima%ihg the number
of events in which a proton ié.scattered‘thrOugh more than»90°; At'

6(p) = 0° we havé a large peak'whichvfalls-rapidly to a‘mihimum'vélue

at 6(p) = 90°. 1In the peripheral model the Worét>that can hgpben is for
the.distributibn to flatten out and maintain this minimum value between
90° and 180°. This means that approximately 1200 protons will have the =

e —————— e A

wrong incident proton chosen. Now, to determine wHich Of the final

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

the protdn-with the minimum abéolute momentum transfer is éhosen. This

double selectibn‘on minimum momentum transfer is the double del sqﬁared .

ﬁethéd. This method of assigngng the two final state protohs must be

used with care since it has the important restriction that it tends to
v_enhance the“low mass région 6fithe_mass distribution of the particles at
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vertex b (i.e. péﬁ+ﬂ- mass distribution in the specifié case whére Py and
b, are the two protons in the plp2n+nf final state and Py ié 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 atﬁempt
to’ choose the pﬂ+ combination appropriate to.the N*++(1256) resonance
on this basié. If this resoﬁance were produced predominantly at one
vertex as shown in Fig. 11(a) and the other particles at the other vertex,
then this method might still be appropriate, but the data indicafes that
a significant proportion of the N*(1256) present is produced as a decay
product of higher vesonances as shown in Mg, 11(c). The double del
squared procedure has no meaning when applied to fhe decay broduct of
‘a resonance so lef us considef the second method of selecting between

two indistinguishable particles.

We may choose to consider only.those events with the pﬂ+ effective
mass in & 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 pn+ combinations
do have effective mass Values in the band, we can process the event ip two
ways._vFirst, we may use both combinatidns, 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 ahd disadvantages. For.example, if there are few events
and the background from the wrong combinations is smoothly varying, the
first method might bé appropriate. If the backgroﬁnd events can produce

sharp peaks as sometimes occurs in angular distributions and if there are
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suff1c1ent data, the second method might be appropriate.

Now that we have dlscussed the types of selections that can be made
on the data, let us proceed with the analysis of the ppn n final state.
‘First, we wiil'examinebevents appropriate to the peripheral pseudo-two-
body final state pN**+ to see nhich of the possible N¥'s are present.
Second, we will examine the N¥*HNx© pseudo-tno;body final_states} In
the next section we will attempt to use the observed resonarices and final

states to make an overall fit.

We use the double del squared method to pick Py the_nonresonant

: : : . +
proton as shown in Fig. ll(b); The plJr mass spectrum still shows consid-

erable W+ (1236) production even after tnis selection so we also select
only those events with the plﬁ+ effeetivevmass less than 1120 MeV/c2
greater than 1320 MeV/EQ . Figure 12 shows the resulﬁing p2n+n_ mass
spectrum. Out of 5681 events, 5527 surv1ve thls mass cut. We estimate
that approx1mate1y 720 of the events ellmlnated are background under the
N*»peak. The mass spectrum of . Flg. 12 has two peaks correspondlng to
the mass and w1dths of the establlshed Zero strangeness baryon resonanees
W% (1525) and N*(1680) whlch appear in our mass plot at 1525 and 1675 MeV/e

respectlvely. In addltlon, an enhancement at lh25 MeV/e in this mass

spectrum can be 1nterpreted as an indication of” N*(lhOO)”product10n——~It
is necessary to note that the low mass region of this plot where resonance
producfion is observed can be affected by two different biases. As is
well known, the donble,dei squared methiod of selection tends to bias_the
.selected data in favor of the low effeetive 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 iﬁto.acéount when we calculate the
background and the seéond is certainly smaller than the unéertainty 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 t‘o W (1400), 10% to N*(1525),
and 14% to 1*(1680). We must note that.the gercentagecﬁ‘eVents attributed
to each of these resonances depends quite critically on thé shape And -
normalization of the aésumed background. The curve shown is a "peripheral

phase space" which was calculated using Monte Carlo technigues to gener-
, . \

|
ate events distributed according to: ’

- 2 . ) [
ao? = t e AeR() '( (k.1
o~ = const.x ——7— R(m . )
(A +m)
T |
where
2

A~ is the four-momentum transfer squared between Py and pA as‘shown in
Fig. 11(b); |

R(m) is the three-body phase space factor for p2ﬂ+ﬁ_; and
m - 1s the effective mass of p2n+n-.
The same selections made on the experimental data were made oﬁbthe Moﬁte '
Carlo evénts (i.é;,]A?(pl) S’A?(pe); and M(pln+) < 1120 MeV/cE'Or

, M(pl:t+) > 1320 MeV/ce). The observed slope of the momentum transfer
distribuﬁion was reasonably approximated by A=4.O. The curve was norma-
lized to the observed mass diSfribution above QOOO.MeV/cg.

The effects of assumptions other thén those used above on the éhape

of the background can bg quite.significant. Using the momentum transfer

dependence given by Eq. (%.1) with A=L.O rather than the simple non-peri-

T
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pheral‘phesevspeee hae caused the peak of the background distribution to
be shifted from about 2400 MeV/02 to‘205O'MeV/e2. Ifiwe assﬁme that the
background is due ﬁo plN*1256(p2ﬂ+)ﬂ— and calcu}ate a "peripheral phase
sﬁace" as before, taking intolaccount the shape of the N¥(1236), we can
generate a background which peaks in the 1600 to lYOO'MeV/c2 region.
This'type of background would tend to feduee the number of e&ents assighed
to prodﬁction of the N*'s 1400, 1525, and 1680. Other backgrounds_for
this mass plot due to final state configurations other then thoee above
further cemplicate the analysis. We must‘note, however, that any'back-
ground we choose which containe resonance'production must also reproduce
the obéerved mass speetra in. those plets,in which these resonances are
obeerved. Thie is the purpose of the overall fit attempted in the next
section. B

Another aspect of'the pseudo-~two-body final state phxt is the
decay mechanism of the N¥. It is'possible that the resonance simply
Breaks up into the three perticles observed in the final state ee.
represented in thevfollowing equation

N*+—>pevr+:rr' o - (4-2)’
or the reeonanCe can-caéeade-by decaying iﬁto-anothef resonance, such as
the N*(1236), plus e pion.and then that resonance can decayvae repre-
sented by the fellowing

N*+ ""',bN*g+(]_256)1r; . (4.5)

| ‘——-) .

by

It'would seem appropriate fo examine»the p2ﬂ+ mass spectrum to determine

what the ratio of N¥(1236) production. is compared to the background.

*



-31-
Unfortunately, Because of the kinematics, the N*fs under cphsideration
here.all produce peaks in the 1200-1240 MeV/c2 range even if the decay
does not involve the.produdtion of an ihtermediate N*(l256); For example,

if the p2ﬂ+ﬂ- effective mass were 1500 then the maximum p2ﬁ+ effective

mass can only be 156O_MEV/E2; the minimum must be 1078, and the peak

value in between, Furthermore; if we attempt to examine a given mass
inierval in the p2ﬂ+nf mass spectrum in ofder to test the shape of the
p2n+ mass spectrum with respect to the predicted N¥(123%6) diétribution,
the statiétics become very poor in a given bin due to the limited number
of events and the unknowh béckgrbund becomes very impqrtant (e.g. is the
background resonant or non-resonant). This source of N¥(1236) production
or non-resonant 5ackground under the I*(1236) peak cannot be neglecfed,
howeVer, when we make our fits of when we select for N*(l256) production
at a &ertex such as vertex a in Fig. 11(a).

With the above remark in mind, let us look once more at the pm_
mass spectrum. Since, as.we have seen in Fig. 6, the production of
W*++(1236) dominates the reaction channel, it should not be surprising
if the W*C's seen in the pﬁ- mass spectrum of Fig. 7 were produced in
. the pseudo-two-body final state N?1536)N*0 where.the % can be one of .
the following three resonances: %0 (1236), W*°(1525), and N¥°(1680).

In Fig. 15 we haVe'plotted the pgﬁ; mass spectrum when the.pljr+ effec-'_
tive mass is in the.range ll6Q’to 1280 Mév/ce. A total of %223 events

out of 5681 survive this mass cut and 459 have both possible pn+_efféc-

(0

tive masses in this range and have thus been plotted twice. The shaded’
region shows the‘tw0~combinations of the pﬂ- effective mass when both

. +
possible pn effective masses are in the I*(1236) range. As we can see,
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these events are smoothly distributed over the allowed mass region
do notAcontribute to the resonant peaks in any significant amounts.
Using as a background a curve which is a smooth continuation of the

. : _— ) -3 :
observed distribution above 1800 MeV/Eg into the 1400 MeV/b‘ region

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

estimate for N*C(1525) and N*°(1680) production which correspbnds to 5%
and 4% respectively of the events surviving the W*t(1236) mass cut. The

exact amount of N¥©(123%6) prodﬁction, as mentioned before, is critically

) influenced by the assumed'backgrbund distribution, but it ison the -order

of lO% of the éelected_eveﬁﬁs.‘.‘

In order to be certain that the N*++(1256) we have selected iz
produced -at a vertex as shown in Fig; 11(a) and is not a decé& pfoduct
of a higher mass resonance or & reflection in the low mass_pnf Mass
spectrum due to these higher massed resonances, we requiré'the pln+n-
effective maés to be greater than 1800 MeV/c2 where plﬂ+ is the‘effec-
tive mass combination chosen to lie in thebN*(1256) band ffém 1160 to
1280 MeV/cz, ‘The resulting pgﬂ- mass spectrum is shown in.Fig. 1k, 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 ppﬂ+ﬂ- 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

next 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

produétidn.mechanism of the observed final states. In particular, since
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the production of the>N*++(1256) resonance is so dominant, let us see
if a one¥pion-exchange mechénism could be‘responsible'for the production
of this resonance in the psuedo-two-body final stafes Wt (1236)W%°.
As shbwn in Fig. 11(a), if the exchanged particie is a virtual

pion, it has been shown19 that the distribution of the angle, 6%, of
the final state proton resulting from the decay of the I*(123%6) with respect

to the incoming initial state proton in the I*(1236) center of mass is
given by |

I(6%) = const. (L + 3 cos29*) . (b.4)
In Fig. 15 we show the cos 6% for those events with the plﬂ+ effective mass

in the range 1160 to 1280 Mev/c2 in order to select for N¥1*(1236) decaying

“into pln+ and which in addition have a plﬂ+ﬁ- effective mass above

1800 MeV’/’c2 in an attempt to exclude any N*++(1236) which is produced as

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

symmetric forward-backward and does not seem to agree well with the distri-
bution predicted by Eq. (4.4). We must note, however, that of the 1777

data points shown, Log correspond to events with both pﬂ+ combinations in

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

ous N¥(1236) selections have béen eliminated leaving 1278 selected events.
The distribution for these events is quite symmetric. The curve éhdwn was
calculated assumingkthat 50% of the events are distributed according to
Eq. (4%.4) and the other 50% are distributed isotropically. The ageement
between the cufve and the distribution of events in the shaded region is |
réasonable. We will investigate the one-pion-exchange prbduction meéhaj
nism more thoroughly in the section ®llowing the discussion of the partiél

cross sections.
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B. Partial Cross Sections

in the previous séction we have shown that zero-étrangeness baryon

resohances are abundantlj produced in the reaction éhannel
DP -* pprt .

:‘In addition,:these resonances‘appéar to be'produced peripherally in a
Vériety'of psuedo-two-body final ététes. The cﬁts that ﬁere madé‘to
enhance the.resonances in the masé plots ahd uncértainties in background.
caused by the reflections of the various final statés present make it
" very difficult to estimate the cross sections‘for thé produétion‘of a
given fesonance or psuedo-two-~-body final state. In ofder tb abstract"‘
this information on.the partial crbss sectioné for production of psuedo-
two-body final states, a rﬁaximum-likelihood fit was made using all of ,
the a&ailable'data without any cuts. This information'is important if
ﬁé wish to compare the results for this'feaction channel with other
experimenté or re?ction channels in order to examine the prodﬁction.of
an individual péuedo-two-hody final state such as N*++(lé36)N*0(1236) as
a function of the'fotai center?ofemass energ& or if we wish to find the
ratio of o (1% (1688) —» prc'x) /o (7% (1688) - nﬁ+)produced in the final state
pN*++(1688) for'example. | ' |
| The program MURTLEEERTC waé‘ﬁsed to make the maximumvlikelihood
fit since it was found to be the best program available although it is
not ehtirely satisfactéry. The pfogram calculates & frequency fﬁnctioh

for each event which has the following form:
X .
> => ~ - - : :
L @B = ) op, B D) (k)

=1
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where ' !

A

frequency of the event

Q= fraction of the ith final state
éi = parameters of the ith final state (i.e. masse;, andeidths of
the resonance, etc.) _ !
%X = measureables of the event (i.e. effective mésses)
N = the number of final states included in the model
P, = normalized probability that an event corresponds to the ith

final state (i.e. fPi(B’i,E)di’ = 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
Q; are found which maximize the likelihood function. The values of the
parameters §i for the resonance production in the itP final state such
as the masses, widths, spin, parity, and inelasticity are treated as
krovn and we have used the values available from rhase shift analyses of
s-N scattering. Further remarks concerning the momentum and enexrgy
dependence of the partial and total widths used in the Breit-Wigner
formuvla for fitting the shapés 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
problem is the fact that the program, unfortunately, does not take into
account the effects of the peripheralism observed in this final state.

This is especially important in the low mass region of the pﬁ+ﬂ_
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(i.e. below about 1600 MeV/¢2)bwhere peripheralismband N*(1236) productidn'l'
'can'conspire.to producevsignificént enhanpeﬁents; Thé tdtai amount of |
. PN*(ihQO) and pN*(1525) aséignéd by the fit is in effecf an upper limit
due to the unknown ﬁature ofithe periphéral background. _Thé mass and
width of the N*(ihOO)' are not well_b established and with a width of
200 M.eV/c2 as assumed in the fitting pfogrém this procedﬁre chooses to
aséigﬁ'a larger fraction fo this resonance than ﬁe believe likely from
dur‘éxaminétion of Fig. 12. |

'_we have'attémpted fo keep.thé nunber of'variable pafameters small
_By uéing only those final,states which wefe observed'inithe préceding
.section and excluding thqse fihai states which aré possible but not
difecfly.observed in thé'maSs plots. For ouf model we have assumed
nine final states, eight reéonént final states, (see tgblé III), and
the ﬁon-resohaﬁt final stéte»pbﬁfﬂ-;vVThis ﬁodel fe@uires the use of
sixteen sensitive paraméteré in théffitting,procedure,since the indistin-
quishability of the fiﬁal étaﬁe protohé requires us to.calculatevtwo 
normalized prébaﬁiliﬁies for each reéonant final étate which differ only
in the intérchangevof the final state Prétons. The fraction of the non-
resonant fiﬁél'stéte ppn+ﬁ- is fixed,by the requirement tha£ the éum‘of
ali-fhevdg'é mﬁst‘equél Oﬁe, In general, we fdﬁnd that the inciuéion éfv
other possible but pnobsefved findlvstates-did not imprdvé the agreement- -
in the mass ploﬁs between the éxpériméntal data and the predictions of s
our model. quever, the final sﬁate pN*(1920) was included in the fitsv -
3 to account for an excéssvof events in the 1800 to 2lOQ Mev/c2 region of
 the pﬁ+ﬂi mass spectrum. It is possible that some or even all of the

- enhancemert 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 % (1525) and N*(1688), as shown in
Fig. 11(c), into an intermediate N¥(1236) x state prior to the production
of the observed particle combination pn+n- were finally used in the fits
siﬁce it was ?ound that the program was insenéitive'to the shape of the
px-mass spectrum for pﬂ+ﬂ- combinations in this mass region and always
chose the cascade decay as most probable. We expect this from a considera-
tioh of the kinematics when we limit ourselves to pﬂ+ﬁ- effective masseé
around 1500 MeV/cg, as previously remarked. The fit is sensitive to the
branching ratio of I‘(N*(lhoo) > pre ) /T (% (1400) - IW*$+(1236)xT) since
the kinematic peak in the pn mass spectrum no longer occurs at the
W*(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
from the values 1400 Mev/bg and 200 MeV/c2 assumed in our fit. The ratio
of N*++(1256)n‘/1\r*0(1256){“, used in the fitting procedure‘ for the cascade
type deéays 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 px', pr and pn+ﬂ_ effective masses simuita—
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 sﬁch,és the pn; includeg/not only the resonance
production and phase space for that effective mass combination but also
the reflectibns ip‘that effective mass distribution of‘resbnance prodﬁc- o
vﬁioﬁ in the other effective mass combinatiohs. This pfoéedufe is certainly
.superior to considering oﬁly resbnance production pius phase space in
iéélatéd masé’piots;  As we can see in Figs. 6, T, 8, and‘9,the agree-
-ment between the data.and~thé curves calculated when the fitted paraﬁeters
are used in_our médel are qﬁite 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 hote.thét_the errors quoted in:Tablé IIT are |
evalua£ed fromvthe fit only. "The error on'thé total croés secfion and
systematic eirors due'toAbiésesvagainét low momentum transfer events have
not been included,tb avoidvany‘confusion. The total cross.section.error
adds to the:erfors quoted in Table III in a known and easily.calcﬁlatable
way. The biases against low mbmentum_trénsfer 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*(lﬁOO) and when
~ compared o #he uncertéinty in the mass énd width éf the N*(lhOO) reso-

nance arexprobablylnegligibie.v
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C. One-Pion-Exchange Model

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

Wt (1236)pn” using a Monte Carlo, technique to generate events distributed

21

according to:

where

-~ do(M)
an

q

2 2

L A +(m_+m')
——E—QEE;—— = constix q° 5 p2 5— kM dgéM) : (k.6)
aM ™ aq (&°+ 1)
q2 I 2(QA2 + (m -m')2 0&2 + (m_ + m')2 ) (4.7)

bm! p p o

it 1/2'
_1limM 1,2, 2 2 1, 2 2.2 L
k s i kol M (mp B ) H(mp - 1) (.5

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

a N*¥(1236) in this case;

mass of the pion; mp = mass of proton;

invariant mass of the particles emerging at vertex b of Fig. 11(d);
e.g., the pa ;

is the differential cross section for the fwo-body production at
vertex b, n;p - ﬂ-p‘;22

is the three-momentum of the initial proton, Pps in the rest‘framé
of m', the N*(1256);

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

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

bedy scattering at energy M.
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.A Monte Cerio;techhiqﬁe'is‘used because it is very‘flexibie ahd
ea51ly used to compare the theory w1th the experlment In'the‘generation
‘of the events we choose the mass of the N*(l256) w1th1n the llmlts used
1'to select the data and welght the events WLth the approprlate factor to
.:take-;nto account the mass_and-yldth»of thlS resonance. _Ahyeother proce—
dlire aﬁplied to th_é‘ e,ct_ﬁalr data can also be applied to the Monte Carlo
events."Thus the‘procedﬁrehof seleCting the smaller value of the mohehtﬁm ,
Vtransfer and reJectlng events w1th both pn combinations'in'the N*(1256)
h:bahd can both be reflected in the theoretlcal dlstrlbutlons we calculate.'.
Z-In‘addition, we can inc;ude,a'form factor to. bring the theoretical A?
distribution into agreement’with'the experimental distribotion. This is -
‘necessary sdnce the momentum traﬁsferrdistributioh imposes kinematic
restriCtiOhs_Oh the.values‘the.other veriablesvmay'assume.::We have chosen
to use the simple multiplicative‘form factor _ ‘ _
| | efaA' ; ' R '.- . (4.9)
Figures l6kand'l7 Show.the A?'distributiOn of the Selected'N¥++(1236)
'band the effective mass spectrum of the p2 h combination-restectively when .
.dwe select events from the ppﬂ ﬁ final states such that the pl effec-
:'tlve mass is in the reglon 1160 to 1280 MeV/E. and the p2 effective'v
.mass is out51de thls behd.. In addition the pln+n effectlve mass is |
restricted to values grea,ter_thavn 1800 MeV/ce. Note thatv-these are_the

ssme criterion used to'select the events in the shaded erea of Fig. 15

. which was discussed‘ih Sectioh A At that time, we p01nted out that it
'i:appears that a 51gn1f1cant proportron of the I*+*+(12%6) selected by these
" cuts is not produced alone at a vertex as shown in Flg ll(d) In fact,

we were unable to obtain a. reasonable fit to A; and pgn ‘mass dlstrlbutlon
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using only the simple one-pion-exchange model described so far. We have
found that it is necessary to include in.our calculaéions a background
in which the N***(1236) is produced at the same vertex as the m . We
use a constant vertex factor at the N¥(1236)m  vertex times the appropri-
ate phase space and resonance factors. We have assumed that this back-
ground also has a momentum transfer dependence giVeS by

Ag e'%g 4.

(lfﬁ—é _ (4.10).
which includes the factors due to the virtual pion propagator, the nopp
vertex, and a form factor. The variable, A; s 1s the four-momentum trans-
fer squared from the initial proton to the final state proton, p2-

By varying the value of & and the fraction of the events, B, attri-

buted to our assumed backgréund, we have fit simultaneously the A?
distribution of ﬁhe plﬂ+ particle combination shown in Fig. 16 and the
. peﬁ- effective mass distribution of Fig. 17. The best fit was obtained
with o = 6.75 % .55 and B = .46 + .Ob. The curves shown in Figs. 16 and
17 were calculated by Monte Carlo techniques using the above values of
Q@ and B. The X2 for 40 degrees of freedom in the A? distribution of
Fig. 16 is 50,and for the 35 degrees.of freedom in the peﬂ- 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 g cdntributing_production

mechanism.
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V. FINAL STATE npm =t =

A. General Features;

"The addifien of another pioﬁ to the finalvstate increases to a large
. degree the complicatioﬁs‘encountered in analyzing fhis final stafe. .The
‘baryonemeson mass spectra are presented ih’Fig. 18. The two distributions
which'involﬁe dniy ene ofvthe ﬁ% mesens>ha§e'tﬁe.effective.masees plotﬁea
.pe.r event due to the indistinguishability of the two final st'a,t'é 75,
‘Only.the N*(1256) is produeed in amounts sufficient to bekreadily detected
.'in the total'sample of events and then bnlj in the IZ = 3/é‘pﬂ+ and -

IZ = —5/2 nx states. The baryon-meson-meson mass_spectra are presented
vin Fig. 19. _The pldts with only one ﬁ+ have two effective masses per
etht as before. The»baryon—mesonemeson-meson maSS»spectra are shown in
Fig. 20. Strong resonance pfoduction is not oberved in any of the mass
plots of Fig. 19 aﬁd 20.

These remarks. do not exclude the possibility that a large percen-
tage of the events are stili‘peeudo-two-body but, as we shall see,‘only”
indicate thaﬁ individual‘pseudo-£Wo-boay final sfaﬁes'have small cross
' sections. Many pseudo-two-body final states are pOSSlble in addition to
the pN*+ and nN*++ such as N*++N*0 and Wt Reflectlons from this
multltude of resonances would tend to obscure resonances in fhe effectlve
mass plots.- A further complication arises when, as we have seen in the‘
foui-body final states, a resonance cascades and produces another reso-
nance as a decay product. %e do not wish to confuse the decay produet
with the'primaryrresonance production of the pp interaction if we can .

avoid it. TFor example, the N*f(l256) resonance seen in the effective

mass spectrum ef Fig. l8(d)_is a likely‘candidate for production-as a
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decayAproduét since iﬁ cannot be formed as én isolated resonance at a
vertex by simple particle exchange.

Another general feature found in the analysis of the fdur-body
final state ppn%n-.discussed in Section IV is the peripheral nature
of the production mechanism. The productiég angular distfiﬁutions
of the proton and neutron of the fivé-body %inal state npﬂ+ﬂ+ﬂ_ are
’showﬁ in Figs. 21(a) and (b) respectively. By comparing the forward
peaks of these distribﬁtions with the forward and backward peaks of
the protons in the ppﬁ+ﬂ- final étate 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 pfotons 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
angulary distributions both contain an excess of eventsiin violation
of the required symmefry of these digtributions. This asymmetry is
too large to be explained by a statistical.fluctuation or the fact
that we haﬁe chosen to display only unambiguous events in our distri-
butions. We attribute these excess events to spurious fité té the
npﬁ+ﬂ+ﬁ- finél stéte in which thé proton and neutrén are bbth foﬁnd
- to lie in the backward hemisphere. |

.-The final state ppﬂ+ﬂ-ﬂoﬂ? appears‘to be the most likely source
of the fake fits. The miéidentifigation can arise when a proton with
a momentum of abouﬁ 3.0 GeV/c in the laboratory éystem is fit as a n+.-
At this momeuntum the'bubbledensity information for such a track is no

longer useful in distinguishing between these two mass hypothesis.
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In the centér-of-mass System,‘when the proton.is produced along the beam
direction it will héve a ceﬁteréof-mass momentum of about 0.6 GeV/c.
' This happens.to'be_tﬁe most probable‘value in the ceﬁter-of-maés system
fdr»the moméntum of a proton in thé-above six-body fiﬁal state. 'Further,
it the'ﬁoﬂo combination also‘hés its most probableveffectiVe méss value,
about 0.45 GeV/c2; and a small resultant momentum, 
- then the.ehergy and momeﬁtum equ;tions can éasily be balanced

by Calling the neutral particié combinafion'a neutron, 'Thé 5.0 Gev/c.
track when fit as a ﬁ+ yields a ﬁ+ in the center-of-mass system of
_ 0.8 GeV/%. The excess mbmentum in the_forward direction mﬁst:be balanced
by a momentum component'in“the backward direction which is assigned to
the neutron. Thus, the neutron will be found most bften to lie in the
backward hemisphere in thevcenter of mass along with the second proton
as we have Obéer#ed. In addition, thefe should be an excess of n+ mesons
with a center-of—mass momentum in the region of 0.8 Gevyk and, indeed;
this is what we observe when we compare tﬁe eventé with boﬁh the neutron
and proton_backward in thevcenter'of mass with those eyehts in which
both the neutron and proton afe forward.

- We ‘have COrrected the number of_evénts and the total”cross_section‘
for‘this.final state‘iiéted in Tables I ahd IT to fake into account the
‘pfeéence of these fake eveﬁts. “Thié was done by estimatiﬁg>the.number
tof eXCeés events in the O.8_GeV/chégion of the n+ momentum spectrﬁm in
- the total center-of-mass system.when both the proton and neutron were
backward. Alsb, anothersﬂtﬂﬂate was made by subtracting the nuﬁber of

forward neutrons from the ngmbef of backward protons} Both estimates

were in agreement with each other and for the sample of film used to
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fina the total cross sections‘gave 196 *+ 14 fake events. In £he total
sample of 52L4L events plotted for this final state, approximately 586
are considered as fakes. wé have not eliminated these fake events from
our plots since any cuﬁs én 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 phaée space manner in the mass |
plots of interest and willvnot produce any fake resonance type peaks in

these plots;
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,B; Resonant Search

1. The p Meson
An unresolved question in pp.interactions‘has'been that,‘while the

16,17

w and n mesons ,_are produced in pp 1nteractlons, the p meson has not
_ been reported. As we can see in Flg. 22, the n+ﬁ mass spectrum does not
showdany conclusive ev1dence.for theuex;stence of a o- but we have been

'fOrced_to include:tWO effectiveamasses per event due to the indistin4
.guishability of the two ﬂ+-mesons. We can effectlvely select for the
approprlate n by requlrlng that the other ﬂ be a decay product of an
v%++(12§6).> In the same manner as in the four-body flnal state we take
asvthepN*++ the pgl

v also.require'that the pﬁz effectlve mass be outslde the mass reglon‘from

comblnatlon in the band 1160 to 1280 MeV/c and wve

- 1120 to.lSEO Mev/cg. ‘In addltlon, since we are looklng for a =« ﬂ reso-
nance, we requlre that the nn comblnatlon be outs1de the 1256 resonancev:
"reglon from 1120 to 1520 MeV/c . -In'Fig. 25 the resulting'wr2 % effec-
Ctive mass is plotted_and, as we can see, there is now a well.defined
resonant peak in the_effective mass-region correspondingito pQ productionf
Taking as our backgroundsdistribution,a curve smoothly'continued from
-”the reglon below the resonant peak to the region above the resonant peak
we flnd 85 events above background in the. ‘resonance reglon. Slnce several
'_mass cuts_have been made on the data to obta;n the-selected events shown
in fig.CEB, we;must consider nhat the.detection efficiency is for obsér-,

.v1ng the p in this . sample of events. The detectlon efflclency has been

Lo calculated assumlng that the p has a mass of 760 MeV/c , 8 w1dth of

120 MeV/c 5 does not 1nterfere with the background, and is produced

only in the final state nN*++(1236)o . A peripheral productlon_model
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was used for this calculation in which the neutron is produced at one
- vertex with a constant vertek factor, a pion is exchanged, and the |
N*(1236) and p are prodﬁced:at the other vertex, againvwith a constant
'vertﬁx factor. Using this model, we write the differential cross section

 for the final state ni*(1236)p as

2 2 2

—5-5 = constux —g g e (5-1)
dm~aA (A+mTr :

where A? is the four-momentum transfer squared to the neutron and.P/h.is
the two-body phase space factor for the Wp vertex when P is the three
momentum of the p or N* in.the pI* center of mass and m is the bN* effec-
tive mass. The factor A?/(A?+mi.2 is included because of the pién propa-
gator in our peripherdl model. The exponential dependence on the momen -
tum transfer, e-ab?,‘isva form factor used to.bring the predicted A?
distribution into agreement with the experimental A? distribution. We
obtain good agreement between the experimehtal and predicted A? distribu-
tions for ¢ = 1.0 % O.5(GeV/E)-2. The calculation was done using Monte
Carlo techniques to genefate events distributéd acéording to Eq. (5.1).

The resonance shape of the pn * mass distribution for N*(1236) production

1
(Eq. A.6) and the resonance shape of the’32+n_ mass diStribution_forfbo
produqtion were included by ChOOSiné the N* and p mésses over their
allowed mass regions and weighting the Monte Carlo events appropriately."
No attempt was made to include any possible effects of the decay angulaf
distributions of thevN*(1256) or the p. Applying the samevmass cuts »

used on the experimental data to the Monte Carlo events and counting

only those events which have a‘n;n- effective mass between 640 and 840
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' MeV/EE we Tind that the detection efficiency is 0.22 % 0.02. . The cross
section for p° production in this reaction channel is thus found to be

208 £ U6 wb. We note that our calcﬁlated detection efficiency is model

_dépendent and this cross‘sectiOn is only our best estimate.
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2. The NN* Final States

At this point we wish to inveétigate the final state nix*+
where the N¥*t subsequently decays into pinw . In Fig. 20(a) it is -
difficult to see any indiéations for sﬁch'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 since,due to isotopic spin considers-
tions, any resonance produced in this final state.must be an I=5/2 reso-~
nancé. We first select events with nn effective masses less than

1120 M.eV/c2 or greater than 1320 MeV/cg since the formation of I*~(1236)
is inconsistent with the final state we wish to examine and, as we can
see in Fig. 18(d), events ihvélving production of the‘N*'(1256) are an
important source of background. The first histogram of Fig. 2k shows
the pn+ﬁ+n_ effective mass spectrum after removal of eventsvwith the

nx. effective mass in the W¥(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
result from the final states npﬂ+ﬁ+ﬂ; and n*+H+(1236)5 % when we
require that the nsx” effective mass ié outside the N¥(1236) band as we
have done fof 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 sélected as above.

We believe that the peak observed in this mass plot at about
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2100 M'eV/c2 is dué to the production of an I¥5/2 zero-strangeness baryon
resonaﬁce which subsequently decays into pﬂ+ﬁ+ﬁ-. Using as an esfimate
of the background a’cﬁrve smoothly.confinued from the region beiéw the
resonance peak to the region above 2200 MeV/c2 we find 125 events above
backgfound in the reéonance region from 1950 to 2200 MeV/cz. The célcu-
lated detection efficiency for this resonance is found to be 0.49 % 0.1%
by taking into account the events lost due to the nx mass cut énd'assum-
ing thathO% of the'resonaQCe eventé.are in the range counted. The pro-
-ductionvcross section fof this resonance is thus found to be 151 + 47 ub.

'Further e&idencerfor resonance prdduction as opposed to statistical
fluctuations is obtainéd'ﬁhgn we réquire'that at least one of the pﬁ+
effective masses be in the band 1220 * 60 MeV/ce.in. addition to the g
mass cut. The resulting effeétive mass distribution is shown as the
first shaded histOgraﬁ Qf Fig. 24k. As we cén:seebthe number of efents
in thevresonant peak has.remained felativélyvunchanged bﬁt'thé ﬁéckgroﬁnd
has beén’significantly‘réduced} The féct that the size of the peak is
not noticeably changed by the requirement_that the pﬁ+ effective mass.be
in the N¢(1236) band is consistent with assuming that the observed I*
cascades with an N*(1236)}as ép intermediate decay-product»as opposed
to imméaiately breakiné up'into the four observed final state barficlés,
pn+ﬁ+ﬂf. An additional selectioﬁ on the production angle of the-neutrbn‘
can be.made to fake‘advahtége‘bf the peripheralinature of the psuedojtwo_
body_reactions. The éecond shaded histogram of Fig. 24 shows the pn+n+ni
' mass spectrum whefé in addition to the n” and pr' mass cuts we have
"requiréd that the absolute value of the cosine of the production angle

of'the‘neutron with respect to the incident beam direction in the total



. | -51-

center-of-mass sySteﬁ must be.greatef than or equal tP 0.9 (i.e.,
]cos Gnl > 0.9 where Gn is tﬁe production angle of the neutroﬁ). The .
resonance to background ratio is now about one to one as compared to a
resonance to backgfound ratie of apbroximetely one to:fOur when only. the
nn” mass cut is mede.

The selecfion criteria used‘here are similar to those used to
ieelate evenﬁs associated with p production in the previoﬁs section.

Thus, let us consider the following decay scheme

W - (1236 0° N N

+ g o+ -
P Pt It T

Figure 25 shows the pn+ﬁ+n- effective mass spectfum'of events for which

|eos 6 | > 0.69,, the 91:1+p effective mass is in the band 1220 * 60 MeV/cZ,
and the n2+ﬂ- effectiVe mass is in fhe band 740 * 100 MeV/c2 (i.e., the,.
.experimental p band). 'Resonencevproduction is stili.observed at about

2100 MeV/cg. An attempt to explain the observed peak as a kinematic

effect due to the periphefaleproduction of the N*¥p mass eombination was
made2-5 since it is well known that the kinematics of such a reaction

would enhance the low mass ﬁalues of the N¥p mass spectrum. As in the
previeus‘section, eveﬁte were generated using Monte Carlo-ﬁechniéues
which were distributed accerding to BEg. (5.1) for pp = nN***p. In addi-
tion, eveﬁte were generated for pp — ni*+Htr w” with a three-bodyvpheseble'
space factor replacing Bﬁm in Eq. (5.1). Again, we used @ = 1.0 (GeV/c)fe.
The same mess cuts and angle cﬁts~made on the experimental data were also

made on the Monte Carlo events. Since the background under the po 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 £it to the experimental histogram.

is_poor}'X2=27-fbr nine constraints. We conclude that a kinematic
effect is not responsiblelfor‘thé observedfenhancement.

| .Further'evidencé.of resonance production is seen in thé decay distri-
bution of the N*(1236) in the N¥(1236)p cenfer of mass'with"respeét to the

initial state proton which results in the minimum momentum transfer to thé

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 respectivély. Both of these distribuﬁioné suffer from small..
statistics but'the.indicafion is that in the'reSOnénce'region shown in Fig.
26(a) there is a forward-backward peaking suggestive of resonance produc-
tion aﬂd decay while the non-resonant events of Fig. 26(b) have only a
small forward peak. | | o

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 partigles
are produced. If we attempt to fit the mass and width assuming that four

+ 4 -y o R 4 . L
(pr w1 ) or even three (¥ 7(1236)xn = ) 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/cg_not previously detected. If we consider only those events in

which the resonance decays into an N*(1236) and a o meson we are in a
somevhat btetter position since we can now use a more sophisticated Breit-

Wigner which includes a momentum-dependent partial wdith (Appendix B).
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‘Still unknown,.of course, are the spin and parity of this resonance which
determines the angular momentum, Z, of the decay into N*(1236)p and thus
the degree of the mcmentum‘depehdenCe of the partial width. 1In addition,
the energy dependence of the total width is also unknown. However, using
a consﬁant total width,'ﬁhe trend is that the higher the £ value the
‘smaller the value of.the reéonancé mass required to reproduce the peaking
in the 2100 MeV/c® region: | |

| We have assumed that the resonance is due to the N*(l950)'which has
spin-parity 7/2+ and calculated the resulting N¥*+(1236)p° effective
mass distribution using Montc Carlo techniques to generate events with
the apppropriate cuts on the nﬂf, pnl+,‘n2+n- 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/bg and_l90 MeV/cg respectively. Thev
momentum dependence of the bartial ﬁidth was calculated using Eq. (B.1)
with X = 0.20 GeV/c and £ = 3. As we can see, the'résulting distribution
shown by the dashed curve in Fig. 25 is.in reasonable agrcement with the
data. The best fit to fhc experimental effective mass histogram is ob-
tained with a sum of "periéheral phase space" énd rescnance production.
vThis fit.indicatés that 55 + 15% of the events shown in Fig, 25 are due
to produ_ctiéﬁ of- the W+ (1950). | |

The determinatioh of the spin and parit&’of the resonance seen here

must await the accumulation of more events inlthis channel or another
experiment deéigned to observe the N*(12%6)p system in this energy region.

A 7/2A+ assignmeﬁt would certainly confirm the N*(1950) interpretation and its

décay into N*¥(1236)p in addition to increasing our knowledge of reso-

nance cascade processes and the effect of such processes on the shape
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and positions-of resonanées.

The nﬂ+ﬁ+ﬂ- effective mass distribution_can'also be examined for
resonance production in'ﬁhe same manher as thé.pn+ﬂ%:tf effective'maSSa
In this case we require that jcoseﬁﬁllz O.9‘where6€@_is the production .
: angle of the protoh'ahd in additién restrict both pﬁ+ éffective'maés
combinations to be outside the N*(1236)‘band defined as 1220 + 100 MeV/bg.
The resulting distributioh ié 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 npﬂ+ﬁ+ﬂ- reaction channel
we have been interested in those final states in which events with the
production and decay: 1nto nn of an N¥ (1236) were coneidered as backéround.
It is now interesting to examine those events in which production ef
the N*-(1236) is observed. The N*-(1236) could be produced - through pion
or other one particle exchange mechaniems at a vertex in association with
one or more pions but its production alone at a vertex would not be.‘
p0531ble without the exchange of an I = 2 particle.

In Fig. 28 we show a scatter plot for thase events with M(nﬁ ) in
the range 1160 to 1280 Mev/c. of the pr. ‘

1

- + + .
(nx )ﬂ2 effective mass where we have chosen as the pnl combination that

pn+ combination with the smallest momentum transfer. As We'cen see. there

effective mass versus the

is a band corresponding to an N*++(l236) in the pn+ effective masses and

a clustering of points in the region corresponding to formation of‘N*o(lSEO)
and N*o(l688)iin the (nﬂ-)ﬂf effective mass. This suggests the formation
of the pseudo-two-body final states N ¥ (1236) NO(1520) and N TT(1236)

* . :
O(16_88) and the cascade sequence

N o 07(1236) x - Gy
'L% - IR .
. The nx_ n; mass distrinution is shown in Fig. 29 for those events
which meet the following criteria: M(nn') in the'band_li6o to 1280
MeV/c s pnl) in the band 1160 to 1280 MeV/cg, and, as befOre, the

.+
momentum transfer to the pﬂl system is less than the momentum transfer

+ . .
to the o, 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 peripheralbnature of these pseudo-
two-body' final states by requiring that the absolute value o the ccsire of the

production angle of the pﬂi'combihaﬁion befgreaterethan or equal ‘to Q.9.
'The estimetion Ofea_baekgfound diStfibutioh for‘this’ﬁass plot is
Asomewhaﬁ diffieulf,' Simple kiﬁematic bhase spece dpes;#ot agree'well'v
with the observed distribﬁtien.ef events eVen in.the fegion_above 1900
MeV/c2 Which 1s most likely-te,be due to!hdnfesohaﬁt backgrognd.end..

is thus certainly unSatiefactdry‘in desc;ibing the expected background
u.n.dei'.the resonanee peaks. Using Monte Carlo’techniques , we have
calculated various "peripheral phase epaceﬁ distributions, including
those with single and double N*(lé36) preduction, taking into ‘account
the mass cuts made on the . data. In'additioﬁ,'we>have'eOmpared otﬁer Nor
mass epectrum, in whieh we expect theiresonance production to. be small
and.on which we can make simiiar'massicuts, to this_mass‘plot and the
calculated distributions. We have concluded that the beckgfouhd
‘distribution is best characterized by absﬁoothly increasing curve which.
peaks in the regidn from 1800 to 1900 MeV/c2 and thenvfalle to'zere.
Further, we find that'frem 55 to 60 percent of the events shown_in the

- unshaded histogram of Fig, 29 sho&ld be censidered as beckground;

The N*(1520) peak ierfound.to'eontain ffom 120-136Vevents and:the N*(1680)
peak 1is found to contain from lh3el73 events. Corfeeting for the
detection efficiency, we find that the production cross section for the
W (1236) ™°(1520) final state in :"f;his reaction channel is from

169 + 38 to 191 % 42 |b. For the N*' (1236) N'*°(16'8o)v final state

s

we find a production cross séﬁfion of 201 * 45 to 243 * 53 ub. It is

interesting to note that based on the observed cross section for the



-57-
production of the N*++(1236) °(1520) final state in the reaction
PP ~9ppﬂ+ﬁ— and an inelasticity of 45 percent for the N¥(1520) we could:
expect as much as 270 + 41 pb for N¥++(1236)N*°(1520) in this channel
if the inelastic decays were 100 percent N*(l236)n. Similar calculations
for the 1680 peaks predict a production cross section.for N*++(l236)
N*O(l680). in this challrmel which could lie between 101 and 281 wb
depending on the mixture of D,_. and F

15 15

Selections for other pseudo-two-body final states in this reaction

resonances in the 1680 peak.

channel such as N*°(px") N*++(nn+ﬂ+) and N*+(nﬂ+)N*+(pﬁ+ﬂ-) are, in
general, less satisfying. The lack of significant production of the

I, =12 1/2 N*(1236) resonances as compared to background in the pn and
nx mass plots of Figs. 18(b) and (c) mekes the selection for these
resonances by mass cuts very questionable. 1In addition, to select against

production of the I, = * 3/2 N*(1236) resonances in an attempt to reduce

Z
the background cuts the number of events available for investigating
these pseudo-two-body final states to the point where the statistical
“significance of any enhéncements in the mass spectra is quite small.
Finally, as more mass cuts and other criteria are imposed on the data
the kinematic restrictions implied become more important and at ﬁhe same
time more diff_icult to properly take into account.

With these‘rémarks in mind lef us examine the nﬁI and pn;n- mass
spectrum shown in Fig. 30(a) and (b) respectively. The selection
criterion are as follows: nﬁz is that nn+ combination with the smallest

absolute momentum transfer in the spirit of the double del squared model

+ - .
(DDSQ) and the pr; and nn  effective masses are both outside the N*(1236)

: . ~ 2
resonance region, 1120 to 1320 MeV/c . The shaded areas of these two
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plots correspond to the additional requirement that the |cos G(nnI)l > 0.9
in order to take advantage of the assumed perlpheral nature of the
v reactlon. As we can see, resonance productlon of N (1236) 1s suggested
by an enhancement at 1220 MeV/c in Fig; 30(a) and enhancements'appro-
prlate to the productlon of the I = 1/2 N*'s 1520 and 1680 are present in
’-both Figs. 30(a) and (b). Further studies of these events intended to
isolate.a given pseudo-twg-body,final.staﬁe such as N*+(1236).N*f(1520).
are unprodnctive due to the limited:naturevof the available statistics.

The search for a possible N*O(pn-) N*++(nn+ﬁ+) final state is the .
mosn difficult and unprqductive.__For the.sake of completeness we |
'..present the pn and nrt ot mass spectfa in Figs. 31(a) and (b):respectively
for those events in which botn pﬂ+ effectine masses are outside the o
region 1120 to 1320‘Mev/c2; Again, the shaded area is for those events

which also have |cos e(pﬁ’)l'z 0.9.

<
ST
.
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VI. FINAL STATE ppx «t =«

A. General Features

The remarks made concerning the npﬁ+n+n- final state ére, in
general, still true of)the ppﬂ+n-no final state. Figures 32, 33, and 34
show the baryon-meson, baryon-two-meson and baryon-three-meson mass plots
respectively. Only the N¥(1236) is produced in significant amounts.

The pﬂ+ masé spectrum shows that again the IZ = 3/2 N*¥(1236) is produced
copiously. The pno mass spectrum shows some N*+(1236). As before, the
N*O(1236) in the prn 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. Compared to Fig. 10 we can see that the protons
are agaln peaked forward-backward but not as sharply as in the ppﬂ+ﬂ-
final state.

The most striking feature of these events is the w meson production.
Thé ﬂ+ﬂ_no mass spectrum in Fig. 36 has a very pronounced w peak. The
partial cross section for w production is estimated to be 104 + 12 ub in
this reaction'channel. From the width of the oObserved w peak we estimaté
that the mass resolution in this final state is approximately 25 MeV/cg.

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 ﬂ meson corresponding to a cross section of about 28 * 5 ub.

The two pion effective masses in the unselected data show no
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éignificént-enhahcements at the p mass as we can see in Fig. 37. This
iﬁdicates tha£ as in the npﬁ+n+n_ channel wé must select for those
final states in which pypréduction is most'probablef

B. Resonant Search

1. The o Meson

In the ppﬂ+ﬂ;n9treac£ion channel therélare three two—pion.éffectife
. mass distributions to be'ekamined for evidéhce of p productidn.. As.
 we haﬁe done Wifh évents in the npﬁ+n+ﬁ_ reaction.channel; we Wiil o
seiéct the eventé in an attempt to enhance the-NN*ﬂn finél states.
We ndte that, due ﬁo the differiﬁé_resonance to background rétiosvin
the obsérvéd N*(1236) peaks in Fig. 32, wé-méy expect thévsucceés of
oﬁr seléction procedure tovvary éonsiderably among the thrée final statésv

of interest. .
An additionai‘seléctioh'gri%erion will be that fhe i mass for -
| the e#ents studied mgst be‘outside the'range 720 toy8ﬁ0 MEV/CE.’ This
is done in an attempt.to minimize the reflections of thé w mesqn‘decay
into the two-pion effective ﬁass distribﬁtions. A soméwhét iarger'band
than necessary pf the ﬂ+n-ﬁo effective mass distribution ﬁas'eliminated,
but Calculatiohs of the.nn mass spectrum appropriate to the NN*nﬂ.fiﬁal
state indicate that_thisfprocedure ﬂas a_négligible effect;oh the shape
of our estimated background. In addition,'it'can be showﬁ thaf‘the
existenée of the observed o peaks is not dependent‘on:this selection.

In Fig. 38 we presentvthe ﬂ_ﬂo mass spectrum for events withvonea
or Both of the pn+ effective mass combinations be in the 1236 resonance '
‘region (1160 to 1280 MeV/cg). As we can see, the p is present in

these selécted events aithough 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 0.50 * 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 ub
for p production in the ppﬂ+ﬂ-ﬂo reaction channel. There are, of course,
two protons in this final state and while we have selected events so
that one is the decay product of an N*++(l236) it is still possible
that the other is resonant with either the ﬁo, 7~ or both  x . However,
the pﬂo mass spe?trum is the only one showing any significant resonance
production as weihave seen in Fig.v32. The shaded histogram of Fig.v38
shows the effect of the additional requirement that the peno mass
be outside the range 1120 to 1320 MeV/02 when Py is the proton such _
that the plﬂ+ effective mass is inithe N*(1236) band (1160 to 1280 MeV/c2).
If both pﬁ+ effective masses are in the N¥(1236) band, the event is
discarded. As we can see, the o~ peak remains and its size is -
consistent with the reduced detection efficlency attributable to.the
additional mass cut.

Figure 39 shows the ﬂ+ﬁ- mass spectrum for those events for which

either of the pno effective masses is in the range 1160 to 1280 MeV/cg.

The shaded area includes only. those events in this sample which in

. N ) .
addition have the two pr masses outside the N¥(1236) mass region (1120 to

1320 MeV/cE). We find 39 events in the po peak of the unshaded mass

- plot which yiélds a corrected cross section for po 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 pn effective mass combinations to be in

2
the 1160 to 1280 MeV/c™ range. ' Again the shaded area is that subset
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of these events with both pn+ effective masses outside the N*(1236)
-mass region. The partial cross section for b+ productién in this
reaction chamnel is found to be 65 + 184b. |

. In Table IV we compare thevdbsérvedvcross sections for p‘production
with-fatios predicted by isotopic spin considerations for four possiblg
cases. Case I assumes the p is produced at a vertex with an N*(l236) ?
fhréugh an I = 1/2 aﬁplitﬁde; Case II assumes'production as in Case I‘
exéépt-that,it is thfoﬁgh an T = 3/2 amplitude. Caéés IIL and IV assume
ff&duction of p in association with a nucleon.through i 5'1/2 and
I = 3/2'amplitude§ iespectiVeiy. The obser?ed ratios are not conéiStent
.With'any one of these mbdels. Howéver, if ﬁe'bnly coﬁsider these four
cases,. it is obvious fhat Case IIvmust be included'ﬁb accouht'forkthe
observed o' production and the decay of the N¥(1950) into N*(1236)p°

discussed previously.

2. The Pseudo-TonBody Final States

In Fig. 41 we present fhe p2ﬂ¥;-ﬂo effective mass fbr'thosé events
with ﬁl chosen by the doﬁble del squarea method to have the minimum»
mbmentum transfer; M(plﬂ+) outside the effective mass region 1120 to
1320-Mev/c2,'M(ﬁ+ﬁfﬁ°) effective mass outside the w region defined as
720 to 8&0 Mev/qa; and lcosve(pl)|‘2v0;9. Three possible resonant
peaksraré seen at#aﬁproximately,l700, 2050, and‘2200 MeV/cz.respecfively.
Only £he peak at 1700 can be separated from the background distributioﬁ |
eésily. We estimate that there are 31 events in this‘peak. Using a
detecﬁiqn efficiency of 0.65 * O.lS,vthis corresponds to a ?artiai
cross section of 28.i-9ﬂb 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/cg. In addition, it
we identify the peak at 2050 M'eV/c‘2 with the N¥(1950) as we did in the
previous section, then its width is approximately 200 MeV/cE. 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 info account the observed N*(1236)
production. These curves are similar to the one shown in Fig. 24. Using
these curves as a guide,vwe 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 WidtthOf these
resonancesvif it is used. Using the more optimistic background and a
detection efficiency of 0.65 * 0.15, we obtain production cross sections
of 74 % 20ub and 69 * 19ub respectively for the pN*+(l950) and pN*+(2;9o)
final states in the ppn+ﬁ_no reaction channel.

It is interesting to compare the prdduction cross section for the
p'N*_J’(195o) final state with the value predicted on the basis of isospin
considerations and the nN*++(l950) production cross section. The cross
section for the nN*++(l9SO) final state, shown in Fig..EM, was found
to be 151 * L4T7ub. The cross section for pN*+(l950) production, shown
in Fig. 41, is thus expected to be 52 % 16ub. This agrees reasonably

well with the value T4 % 20ub when we consider the difficulties
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and uncertainties encouhtered in measuring these éfoss sections.

Attempts to isolate_N*N* final states in the ppn+n—no reaction
channel have not been véry fruitful due to the fact that>eXC¢pt for
the N*(1256) in fhe nucleon pion systems.the resonance production is
'vtoo‘smali to be resolved by this experiment. In order to conclude ‘the
search fdr pseudo-two-body resonance‘productionbwe bresent prbfoh-pion
and the corresponding:proton-two-pion effecti&e masé ‘spectra in Figs.
b2, 43, and k. Figures 42(a) and (b) show the plﬁ+ and peﬂ-ﬁo mass
spéctra.for those events wiﬁh the A?(pln+)r< A?(p2ﬁ+),.|cos 6(p1ﬁ+)] 2-0.9;
andﬁM(pén%) not in the W(1236) band (1120 to-132Q Mev/c?). Figures 43(a)
and (b) show the plﬂé and p2n+ﬁ"mass spectra for fhose events with
A?(plno) < A?(pgno), |cos 6(plﬁo)|v2vo;9, and M(p1n+) not in the N*(1256)
band. Finally, Figs. bi(a) and (b) show the pln- and p2n+no mass spectfa
for those events with A?(pln') <;A?(p2ﬁ-), |cos e(pln')l > 0.9, and
| M(plﬂ+) not in the N*(1236) band. Figures 42(a) and u5(a)_defiﬁite;y |
show the preéence'of the‘N*(1236). Neither 43(a) or U4ki(a) Shéw ény
evidence for production of the I=1/2 resonance I*(1520) or N*(1680).
None of the prOton-two-pion effeétive’mass distribuﬁions‘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 follbwing points
must be made.

(a) 1In the ppn+n- reaction channel, nuclear isobar formation is
strong and the production of psuedo-two;body final states is a striking
feature. To a lesser extent, the pseudo;two-body processes are also found
in the five-~body final states npn+n+ﬁ- and ppﬂ+n-no.

(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*(l256), are produced as the decay
producfs of higher mass resonances in cascade decay processes and any
attempt to.measuré and éompare 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.

(d) An enhancement has been observed in the pﬂ+ﬂ+ﬂ- and_pn+n-ﬁo
mass spectra of reactions (1.7) and (1.8) at about 2080 % 30 MeV/c2 with

an apparent width of approximately 200 Mev/bg._ While the possibility of

25

a new resonance cannot be ruled out, we have found that suitable assump-

- tions cohCerning 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 W¥p decay mode.

(e) In addition to the w and 7 meson resonances previously fourd
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in other pp experiments at sevéral different_energies, production of
the p meson has been'detectéd iﬁ>the five ﬁody final states npn+ﬂ%n-
and ppﬂfnfﬂo;"The‘production mechanism'of the meson resonanées is not
. : A

clear at this time.i :

A.clearer understaﬁding'of cerﬁéin points raised in this‘experiment
clearly require more data. F6r~example, the'relatiﬁe impértance'of |
fhe pseudo-two-body production processes in the five body final states
studied here cannot be estabiished unfii we are sure'éf being able to‘
detect quite Small frodﬁction cfoss séctions.. Since thé thal number of
possible pseudoftwo—body'pro;esses in tke five particlebfinal'statés{
1is much lérger'thén in the fqurﬁparticle finai,state;vindividual fiﬁal
states have a much smaller share of the total cross section and are
correspon&ingly harder to deteqéQ Other'questions, such as the branchiﬁg
ratio of the N*(1525) aﬁd,N*(l680) into N*(1236)x" as comparea to Nant and the
determination of the spin and parity of the Nﬂﬁﬂ enhancement at 2080 MeV_/C'2

might best be answered in chér ty?es‘of experiments.
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 APPENDICES

A. Shaﬁe*aﬁa Posifion of N*(1256)‘3eak :
In order to it the. observed N (1256)_ peak-it isinecessary to
- Know what is the most reasonable shape to use and to understand whi
‘.it is that the N’(1236) appears at approx1mately 1215 MeV/c
_productlon experlments, at 1222 MeV/b in elastlc scatterlng, and at
1256 in the tables of the. propertles of the elementary partlcles.
- Jacks_onEh has shown.that for productlon experlments we can write the
cross:secfion for producrlon of‘a resonant state aftervinregrating.over

’lall angles of fhe deCayvinfthe rest frame'of the resonance as -

.do = do.(dj ’ N P(w) 1 d@? R (A.1)
= %% (02 W2V 3Py T

where dqs(w) is the crossfsection fo¥'pr§dnction;of a Stanle'particle
snnmed:over fhe'spin states of that'particle inan n + 1 'particle ‘
final state aS-opposed’to‘an n % m 'particle final state in'which‘.m I.
_is the number of partlcles 1nto Wthh the resonance decays. The other
- parameters in this equatlon are .w, the mass of the stable partlcle,

w the mass of the resonance, and P(w), the w1dth of the resonance -

S0’ .

“which can_be defined as

I“_(@)_ = 52“3 2J+1 /‘IVlgide e : : (A.’z;)_.

Inveqnation'(A.Q), 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 distriﬁution of the
outgoing particles whén m =2, and V 1is the decay vertex amplitude.

For elastic scattering of a pair of particles through a

resonant state, the scattering cross section is given by

(@) =% 2 o (a.5)

where j; 1s the angular momenﬁum of particle 1 and Jo is that

of particle 2. The I° factor of the numerator in (A.3) as opposed

to only a I in (A.l) is a result of the factbthat iﬁ a scattering
experiment the resonance is formed and then decéys while in a production
experiment only the decay of the resonance is involved.

The shape and position of an observed resonance is defermined
mainly Be the line shape factor in equations (A.1) or (A;B)'but if the
resonance 1s broad the energy dependence of the width _P(m) can cause
distortion of the shape. In the case of the N*(1256) the peak
position is shifted to a value below 1236 MeV 02 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

M) o7 (2)PFFT A

° %



-70-

then the shift in the peak position from (A.l) is given by

> - . T ook (2 )P
o] peak 22 +1 "o e ‘_ml o o
To - 3 %o égr- 2(m§+@g)a§ +”(m§-m§)2

where m and m, are the masses of the proton and pidn decay prbducts.

Using (A.5), the value of .

- s
veak 0T @ = 12%6 MeV/c” and

Ty = lQO_MeV/be is found to be 1215 MEV/CQ. Starting from equation (A.3),

an equation similar to (A.5) is found with 2¢ + 1 replaced by 2

and the peak position is found to be>1222 NbV/be. . 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 somevhat too simplified

so in the actual fitting of the data the following WasvuSed,
. 24 +
M) = T, (L)% + 1 e lo)

where £ =1 and

E+m

ce(w) = =

The factor given in (A.?) is found from lowest order perturbation

(a.6)

(A7)

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
iby equatioh (A.lj; howevef, several remarks are in order concerning
the applicability of this equation to the more complicatedvbaryon
resonances. |

1)' This equation is valid only insofgr.as-iﬁterfefence

effects in the final state can be ignored.

2) By a suitable definition of TI'(®w) - 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 numerétof 6f
(A.1) is the parﬁial width for that mode while the
width in the dénominatorvis the totdl width.

With regard to‘item 1), little can be done and thé_fits ére made
ﬁith the assumption of no interferenée effecté among the final states.
The width T'(w) used for those cases which can be represented by a -

two-body decay is

o + 1 w(Xefl_-‘qi)z .
Q_(w) =73 (é%? QEX? A q?)‘ (B.1)

such that T,(w) 1is the partial width of the resonance into the 1th

~channel wvhere 4} is the partial width at o = ab; g 1is the three
momentum of the two decay particles in the resonance center of the

mass, w; ¢ 1is the decay angular momentum;and X is an empirical para-
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meter which is a measure of the interaction radius. This form has been
employed in the fitting of baryoric resonances in the context of unitary

symmetry.25

We may still use Eg. (B.l) even if one or both of the decay
products are resonances if We'inciude an'inteération'over the mass or

: masses of these resonances.‘.If the decay is-into~three or more particles
(resonances), we use a’ constant P Qn) since no model ex1sts which can |

~ describe the energy dependence of the partlal w1dth of such a decay mode .
- The productlon-cross section for the ith final state of a resonance is
written as’ | o . v

-~ do,; =.dos(a)) = cbglf‘;(w) 55— :-;]t—“dwg . (B.2)

(wo.- o )"+ @ T (w)

where T'(w) = %Fi(w).“Excebt for the N*(1256), which~hasbessentially a
lOO%'branching.ratio into Nn, thevpartial-cross sections and branching
‘ ratlos of the resonances we observe are not well known. We have assumed
in our fitting procedure that the N*(1525) and N*(l688) resonances decay
only into Nx and N*(1236)ﬂ in the ratio of 65%/55% For allvother reso-

nance production the total width, P(w), was taken to be a constant.
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FIGURE CAPTIONS

Schematic of the experimental arrangement.

Scatter plot of the reference ka required tovnormalize the

measured ka and bring Ime into agreement With Ica for

lc

tracks with known mass aséignments versus the average depth of

as

the track in the bubble chamber (50 cm is the arbitrary center
of the chamber):

Distribution of (I _ -

meas Icalc)/I' for the outgoing tracks

calc

of events with good four constraint kinematic fits. (a) tracks
measured in the normal mode. (b) tracks measured in the
orthogonal mode.

Distribution of (I‘ )/o for the outgoing tracks of

meas ~ Tcale
events with good four constraint kinématic fits. (a) tracks
measured in the normal mode. (b)-tracks measured in the
orthogonal mode. |

o o .
unfittea 204 (P) xpon fitted TOF
events with good four constraint kinematic fits and for which
all four outgoing tracks were used in calculating the x2's.
Mass distribution of pn+ for the reaction pp—appq+n- (5681 events).
Mass distribution of pn_ for the reaction pp—)ppﬂ+ﬂ— (5681 events).
Mass distribution_of pﬂ+ﬂ- for the reaction pp—appn+n_ (5681
events). '
Mass distribution of x'x~ for the.reaction pp~> ppre 7~ (5681
events). |
Distribution of the cosine of the production angle'of the final
state protons in the total center of mass system for the reaction
p§—9ppn+n_ (11362 protons).

Feynman diagrams.
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Fig. 12. Mass distribution of p2ﬁ+ﬂ- from the react;on PP plp2ﬂ+n—
for events with A?(pl) < A?(pg) and M(pln+) not in the N*(1236)
band (3527 events).
Fig. 13. Mass distribution of pgn_ from the reaction pp — plp2n+ﬂ-
for events with M(plﬁ+) in the N¥(1236) band (3632 events).
The shaded area includes only those events with both M(plx+)
in the *(1236) band (923 events).
Fig. 1%, Mass distribution Qf p2ﬁ- from the reaction pp - plp2ﬁ+n- fof
those events with M(pln+) in the M*(1236) band and M(pln+ﬂ-) >
1800 MeV/bE (1518 events, 1777 data points). '
Fig. 15. Decay angular distribution of 123 in the pln+ rest frame from
the reaction pp - plp2ﬁ+n- for events with M(pln+) in the
% (1236) band and M(pln+n') > 1800 M:ev/c2 (1518 events, 1777
data points). The shaded area includes only those events
which in addition have M(p2ﬁ+) outside the W*(123%6) band (127k
“events).
Fig. 16. Mdmehtum transfer distribution to pln+ for thoéé events in the
plp2ﬁ+n- channel vhich have M(p«') in the I*(1236) band,
M(p,n') not in the 1*(1236) band and M(pln+n-) > 1800 Mev/c®.
Fig. 17. Mass diStribution of pgn' for those events in the plp2n+n-
channel which have M(p «') in the W*(1236) band, M(pyx') not
in the N*(1236) band and M(plﬂ+n-) > 1800 Mev/c2 (1274 events).
Fig. 18. Nucleoﬁ-pion mass distributions for the feaction P npn+n+ﬂ_.
(a) M(px"), (0) M(px7), (c) M(nx'), and (a) M(nx") (52bk events).
-Fig. 19. Nucleon-two pion mass distributions for the reaction pp -

npr i n . (a) M(pe'xn), (0) M(pr'x'), (c) M(ns %), and



Fig . 20.

Fig. 21,

Fig. 22.

Fig. 23.

'Fig.v24.

Fig. 25.

Fig. 26.
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(a) M(nﬁ+ﬂ+j.(5auu events).

Nucleon-three pion mass distribﬁtioﬁs for the reaction
pp = npr . (a) M(patan) and  (b) M(nz'ntn") (5244 events).
Distribution of the cosine of the productioh angle of the (a)
protons and‘(b) neutrons in the total center of mass system
for ﬁhe final stafe npn+n+ﬂb (52kk events). |

Mass distribution of ' q" for the reéctipn D npn+ﬁ+ﬂ-

(5244 events).

Mass distribution of ﬂ+£; for those events in the final sfate.

2

npsty xon” which have M(pr)) in the N¥(1236) band, M(pws) not in

172
the N*¥(1236) band, and M(nﬁf)'not in the N*(1236) band (1026
events);

Mass distribution of pi s for those events in the final
state npr'n'w  which have M(nx") outside the N*(1236) band
(2521 events). The first shaded area includes those events
which in addition have one or both ef the M(pﬁ+) in the
W*(1236) band. (1492 events). The second shaded area has the
additional requirement that Icose(n)l > 0.9 (582 events);
Mass dlstrlbutlon of pﬁ ﬂ n for those events in the final

12

state npx ﬂ whlch have M(pn ) outside the N*(1236) band,

1"2
|coso(n)| > 0.9, M(pﬁl) in the N*(1236) band, and M(ﬁ2ﬂ-) in
the p band (193 events).

Decay angular distribution of the N¥(1236) in the W (1236)p
rest frame for events in the npﬂl 2 " channel which have
M(nx ) outside the W*(1236) band, |cos8(n)| > 0.9, M(pn )



Fig. 27.

Fig. 29.

b Fig. 30.

Fig. 31.

Fig. 32.
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in the N*(1236) band and_M(ﬂ;x') in the p band. (a) inside
the resonance region and (b) outside the resonance region.
Mass distribution of nx x s~ for events in the nps'x % final
state which have |cose(p)] > 0.9 and both pn+ effective masses
outside the N*(1236) band (216-eveﬁts). |
Fig. 28. Scatter plot of M(pﬂI) versus M(nﬂgﬂ-) for those
évents in the npnlﬂzn channel selected such that A?(pﬂ;) >
A?(pn+) and M(nn") is in the N%(1236) band (1936 events).
Mass distribution of nx~ n for events in the npnlﬂgn reaction
channel selected for A (pﬂl) S-A (pﬂg), M(nx~) in the W*(1236)
band, and M(pnz) in the N*(1236) band (674 events). The shaded
area has the additional requirement that Icose(pnI)I > 0.9
(bl events). ‘ '
Mass distributions of (a) nx. and (b) prx  for those events

1 2

in the nprix s final state selected to have N (nﬂ )< A2 (nﬂ

172
and both M(pnl) and M(nx) outside the W*(1236) band (1355
events). The shaded area has the additional requirement that
|cos9(nn+)| > 0.9 (575 events).

Mass distributions of (a) pr and (b) nﬂlﬂe for those events
in the nprixlx final state which have both possible pr'
effective masses outside the N*(12%6) band (1481 events). The
shaded region cérresponds to the added requirement that
]cose(pﬁ-)l > 0.9 (427 events).

Proton-pion mass distribution for the reaction pp - pp n+ﬂ-no.

(a) M{pr"), (b) M(pr°) and (c) M(prn~) (4176 events).
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Fig. 33. Proton-two pion mass distributions for the reaction pp - ppﬂ+ﬂ-ﬂo.
(a) M(px'x"), (b) M(pﬁ+n°) and (c) M(pn x°) (4176 events).
Fig. 34, Mass distribution of pr'n"x® for the reaction pp » pprt w 1°
(k176 events). | o
' Fig. 35. Distribution of the cosine of the production angle of the final
state'protons in the totéi céhtér-of-mass syétem for the_reac- 7
tion pp ;'ppﬁ+ﬁ_ﬁo (8352.pro£ons).
 Fig. 36. Mass distribution of n+n-n0:for_the reaction pp - ppﬁ+ﬁ-ﬂo
(hl76 events).
Fig. 37. Two pion ﬁass distributioné for thevreaction”pp - ppn+ﬁ-ﬂo.
(2) M(x =), (b) M(x"7°) and (c) M(ﬁfﬂo) (4176 events).
Fig. 38. Mass diStribution of n-no for fhose events in the ppﬂ+ﬂiﬂo
| channel which have either pn+ mass combination in the'N*(l256)_
band and>M(n+n-no) outside the ® band (1865 events). The
Ashéded areabhas ﬁhe additibnal requirement that M(pﬁo> is out-
side the TW*(1236) band (1258 events). | |
Fig. 39. Mass distribution of n+n- for those events in the ppn+n—no
channel which have either pr° ﬁass combination in ﬁhe.N¥(1236)
band and M(xtx ) outside the w band (1403 events). The
shaded area has the additional requirement that both o
mass combinations are outside the W*(1236) band (536 events).
Fig. 40. Mass distribution of 2 i° for thoée events in the ppn%n-ﬂo '
channel which have either P mass combination in the N*(1236)
band and,M(ﬁ+n-no)_outside the w band (1453 eVents). The
shaded area has the additional requirement that both pn+ mass

combinations are outside the N¥(1236) band (516 events).
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Fig. 41. Mass distribution of p2ﬁ+n-no for those events in the

k plp2ﬂ+ﬁ-ﬂo channel which have A?(pl) < A?(pz), |cos6(pl)| >

0.9, M(x' 7°) outside the w band, and M(plﬂ+) outside the

N*(1236) band (1130 events).

TS R P

Fig. 42. Mass distributions of (a) plﬂ+ and (b)'pen'no for those

é; | events in the plp2ﬂ+ﬂ-ﬂo channel selected such that

A?(plﬂ+) < A?(p2ﬂ+), M(p2n+) outside the W*(1236) band, and

?; lcose(pln+)| > 0.9 (908 events).

Fig. U3, Mass distributions of (a) plno and (b) p2n+n- for those

?E', events in the pip2ﬂ+ﬂ-ﬂo channel selected such that

; A?(plno) < A?(peﬂo), M(plﬂ+) outside the N*(l256) band, and
]cose(plﬂo)| > 0.9 (890 events).

%é _ Fig..hh. Mass distributions of (a) plﬁ- and (b) p2ﬁ+no for those events
.h in the plp2n+n—no channei selected such thét A?(plﬁ-).f A?(pzﬂ-),'
25 | M(pln+) outside the N*(1236) band, and Icose(plﬁ-)l > 0.9

(831 events).
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TABLE I. Summary of Events Found

Reaction - Number of EVents :

“Found

I. _Weil'measured
events with good

fits )
- |
PP — PP % ' 3445
- *
npn+ﬂ+n - 3182
ppﬂ+ﬂ-ﬂo . 263k
d T 50 -
artn 1 C 178

IT. Well measured %
events with no ' 2081 -
acceptable fit

ITI. Events which were _
not successfully - 5344
measured '

Totals 1711k

¥ . '
Corrected Percentage
of Total Number of

-vaents in the Film

(25168)

29.3

- 27.0

o2
b
1.5

19.4

100.0

M .
Corrected for Fake Fits.
*¥%

Corrected for measiurement failure (51.3%) and scan efficiency (68%).




TABLE IT.

Cross Sections

B

Reaction

+ -
Pp— pprt #

+ + -
npx 7 ®

+ -0
PpR T T

+ + -
e o

+ +
dm

T R

o)

Cross Sections (millibarns)

Ref. (1&)

Ref. (15).

Ref. (17)

Ref. (12) Ref. (13) Ref. (16) This Exp. Ref. (18)
2.23 GeV/c  2.81 GeV/c 3.67 GeV/c 4.0 Gev/e 5.0 GeV/c 5.5 GeV/c 6.0 GeV/c 10 GeV/c
1.22+0.14  2.514+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
0.0240.02  0.405+0.40  1.15+0.09 2.19+0.09 2.85+0.08 2.9%0.4  2.27+0.25
o.ozip;oé 0;217ip.029 0.74+0.07 1.76+0.07  1.84+0.07 2.4+0.2 2.50+0.30

0.06+0.02 0.02+0.01 0.0L4+0.01
0.08%0-%1 0.16+0.03

*77-0.03
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Table IIT. Partial Cross Sections for the reaction pp — ppﬂ+ﬂ-

(2)

Final State | Percentage of Events Cross Section (mb)
A. 1256(px )N1256(pn ) 20.8 + 1.1 .66 £ ,07
B. 1256(pn )N1525(pﬁ ) 15.7 1.0 | ks .95
C. 1256(1”‘ )N1688(P:r ) | S T7:o0.8 - .25 + .0k
D. (1) leuoo(pn a_) 21,1+ 2.0 - | 68 £ .09
(2) pN§15O(N§§§6(pﬂi)ﬂl)- 9.k £ 1.9 | 30 % .07 .
B0t easio weo
F. oifggg( 256(19Ir ) +) : 12%0.9 | 2 x .0
G. _pN§920(pn 7). . 5.9%1a a .19 + .0k
H. pprtn 2.1 % 3.7 07 £ .12

(2) The curves shown on Figs. 6, T, 8 and 9 were calculated assuming this mixture of final
states. .




Table IV. TRho Meson Production
Final State Cross Section Case 1 Case II1 Case III B ' Case Iv
% % % *
(vb) N(*0)y o N(WR)p 5/ WO, WX(NR)p 54
p* " (prc Yo (n ") 15% £ 31 9 18 18
p (pn®) 0% (') 45 £ 12 b > 5
- +

o (prt ) o (7r+:t°) 65+ 18 1 8 -
o (o) p%(a' ) 228 £ 46 - 81 9
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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.






