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THE REACTION p p = p p.7+ 7~ AT 7.9 BeV/c.

Donald Frank Grether, Ph.D.
Department of Physics
University of Illinqis,.1968
The reaétion pp—ppmh T has been studied.at an
incideﬂt-momeﬁtumfof47.9 BeV/c~using the Brookhaven 80
inch- hydrogen bubble chamber. Approximately 3600 events
.~ of the reaction'Were-identified; the. cross section was
determined to. be 2.54 fi.l3 mb.
The reaction;is found to be dbminated by production

N**T p -, A simple

of the quasi-three body final state-
~one pion'exchange model is compared to the data and is
sﬁown~to give generally good results for invariant<méss
distributions for the entire final Staté, and for méss and
angular distributions for the quasi-fhree body state. Dis-

\ 4 .
crepancies between the data and the model are found to be

primarilyfassociated with enhancements in the N*tt -

‘46f P 7t 7~ .mass distributions at about 1425 MeV and l700"
MeV, Examinatibn of the 1425 MeV enhancement indicates

an apparent interference process r;ther than an incoherent
sum of one pion eichange background and rééonance pro-
duction; the enhancement could not be identified.asAthe ;

.N*(1470), the . P,, wave resonance.of 7~ p phase shift analysis.

11




. . A+ . . . .
Examination of the 7 7~ mass distribution gives some
indication for production of the p meson, but no indication
of other 7 m resonances. No evidence is found for reso=

nances with Baryon number = 2.
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I. INTRODUCTION

As part of an investigation at the University of

-Illinois of proton-proton interactions at 7.9 BeV/c,

we report on the final state p p 77 7-. The results
of a study of the final states involving strange
particles have been reported elsewhere.l’2

The general features of the p p.7" m- final state
at 7.9 BeV/c are consistent with those reported in inves-
tigations =t 4.0 BeV/c,3 5.5 BeV/c,4 6.6 BeV/c,5 8.1

BeV/c,6 and 10.0 BeV/c.7’8 The final protons and proton-

. pion combinations are peripheral in nature. The prt

invariant mass distribution shows strong production of

N#*++ (1236); the p 7~ distribution shows resonant structure
at the invariant masses of the first three resonant peaks
observed in the m- P scattering cross section. The

p-7mT 7 distribution shows some evidence for resonance
production, particularly around 1700 MeV. Any contribution
to the final state from channeié involving resonances with
Baryon number = 2 or meson resonances (e.g. the p) is

small, if present.




o,

The absence of strongly competing channels allows a

‘'relatively clean separation of the quasi-three body final

'state N**tt (1236) p #f}. ‘A simple one pion éxchange model

is compared to our data at 7.9 BeV/c and is shown to give

generally good results for invariant mass distributions

- for the entire final state, and for mass and.angular dis-

tributions for the quasi-three body state. Differences

‘between the data and the.model are shown to be.primarily

‘associated with the resonance(s)'at 1700 MeV in the

p 7 7= (and N**t 7-) mass distribution and with a possible

resonance at about 1425 MeV that appears as an enhancement

-.in the N*Tt - masS'distribution.. This énhancgment has been
'atfributed to a kinematié effecﬁ arising from one‘pion ex-
.‘chénge (Deck éffect) at 6.6 EeV/cs and ét least in part to
" the N* (1470),‘£he Pll‘Wave resbnaﬁce Qf phase shift analy-

" sis, at 8.1 BeV/c6 and iO;O BeV/c.7’8 The enhancement in

our data is examined in detail and found‘to not correspond
fo an incoherent sum of one pion exchange énd resonance
production. We are hot able to intefpretﬁthe énhancemenf
éé partially due to production of the N¥* (1470).
Examination of the PP, PP 7, and p p 7" mass dis-
tributidns yields no evidence: for resonances with Baryon

number = 2. In particular, no evidence is seen for the




candidate for a p p v*-resonance~at:2520 MeV reported at

4.0 BeV/c.3 A small enhancement in the 7T 7= mass distri-

“bution at roughly 700 MeV is investigated and- found to

‘possibly correspond to the p meson.
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. II., EXPERIMENTAL PROCEDURE

A. .Raw Data

- The data dre from an exposure -of the Brookhaven 80 inch
hydrogen'bubble-chamber to a sepérated beam-ofAbrotqns from
fhe:Alternating Gradient .Synchrotron. . The nominal beam .
‘momentum was 8 BeV/c; the‘actual.moméntum ét the -center of
chamber ‘was. later determined to be 7.87 ﬁeV/c;(Sectiop 11,
H). The film, taken in-July, 1964, consisted of some~37,800
_piétures‘divided:ﬁoreaor less evenly among 41 rolls. Tﬁir-
teenxof1these-rolls»wefe-judged to be -of inferior quality‘
and were not .used. The'present‘experiﬁent deélf:with abbﬁt'

25,000 pictures from the remaining 28 rolls.

B. Relationship to the Strange- Particle Analysis
‘Between-July, 1964 and the.summer of 1965 the film was

scanned and measured for-strange'pérticle-events'with'vis-

.ible decays. These events were analyzed by M. W. Fire- f

baugh.l’2 Many of the scanning and meaéuring'prdcedures

of the experiment reported here were adopted from those~qf

Firebaugh. ,Theﬂpropertiés~of the magnetic field and of the

liquid hydrogen were determined in his werk.

,-F
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frame number, the type of event (4 or 6 prong); the region

number, the sequence number, flag information and occa-

.sionally a sketch-of the event. The region number'ldcalized

the vertex to one-of four regions of the chamber as seen in

- view 3 (Figure 1). For frames with more than one event*

-sequence numbers were assigned to the vertices of the

events, numbering from the upstream to the downstream end

.0of the chamber. The flag information consisted of numeric

codes - indicating the-presence-of4Dalitz pairs, "kinks"

‘(scatters) or other interactions:on secondary tracks, etc.

" This information helped to identify events as well as to

alert the measurer to, for example, the presence of a

.scatter on a .secondary track so that he would not measure

‘past the scatter.

Of the 28 rolls, 23 were scanned once. The remaining

‘5 rolls were .scanned twice in order to calculate  effici-

encies. The - scanning produced 19,461 4 prong.events and
about 1/6 as mény'6-prongs. The scanning efficiency for the

4 prong.events was calculated assuming that events missed in

one.of the scans were uncorrelated with those missed in the

.other. The calculated efficiency was essentially 100% - for

*There were, on the average, 4 events for every 5
frames. Statistical fluctuations made it not uncommon to
find 2-5 events/frame,




Figure 1

Definition of the scanning fiducial volume, the
cross section fiducial volume, and the regions.
The fiducials (and thus volumes and regions) are
shown projected to tﬁe center plane:of the chamber

along the light .ray to camera 3. -
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‘the 5 double scanned rolls with an inferred efficiency of-

98% for the single scanned rolls.

D. Measurement

The measuring was done by non-physiciéts on conven-
tional digitized measuring projectors. An Itek-Hermes was
used for the bulk -of the measuring; a few hundred of the
events were measured on a NRI-MPS3. These machines have.
fixed optics and a mdveable.stage digitized by encoders to
least.éount»l.micron. Measurers viewed the film at.a mag-
nification tﬁat gave an image close to life size, and at
this -magnification were capable -of an;aqcuracy of.about
50 microns in real space.  Indicative_information (roll
number, frame number, etc.), X,y coordinates of fiducials
and x,y coordinates of points élong the tracks were re-
~corded.onvpunched cards in a form suitable for computer
analysis, Three fiducials (2,4,7) were measured in .each
.0of the three views. Each track was measured in two#yiews,
as required by the.spatial reconstruction program.l

The scanners made no- attempt to determine whether an
.event could be successfully measured. Tﬁe>measurers, how- -
‘ever, were permitted to reject an event under certain con-
ditions. The primary cause of rejected events was the

"flare'", the reflection of the bubble chamber flash tube




10
into the camera lenses. . An-.event was rejected if the flare
obscured a track in-one-of the .views needed for reconstruc-
tion of that track. An .event could.also be -rejected if,
for examplé, the tracks were very faint.or the vertex was
~obscured by beam tracks. _Of .the .scanned 4-prongs 6.5%
‘were -rejected and thus not measured. The 6-prongs were
measured in .about.2/3 of the film. They will not be

considered further,.

E. Spatial.ReconstructionAaﬁdAKinematic Fitting

The-events‘were reconstructed by‘the-program EUCLID,
and the-program.ILLFIT'was'usedvfor kinematic fitting.
Both.programs~were-developed.at.Illinois by Professor
G. Ascoli and.are discussed in references 1 and 9. We
-consider hére aspects of these - programs relevant to later
discussion.

. The input to EUCLID consists of the :.x,y coordinates
‘of the fiducials and points along the track, and,the bubble
chamber consténté. EUCLID outputs for a given track and
-mass hypothesis the parameters ¢, tan A, k at the vertex
and an error matrix for the uncertainties in these param-
eters, lThe-coordinate.systemsis shown in Figure .l (the z
axis'points into the chamber). ¢ is the angle between the

x 'axis and the projection.of the track in the x,y plane,
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A is the angle between the track and the #;y plane andl
k = 1/p-cos M where p is thé>magnitude.of the*vectox-
momentum. |

ILLFIT;subjectsvan event to-various hypotheses con-
-sistent with conservation of.charge, béryon number and
strangeness. Given the hypothesized mass; 5; tan}, k;andv
the error matrix for each measured track, ILLFIT adjusts
theAparameters'in.a.least:squares‘senSe to determine any
unmeasured variables (such.as for a neutral particle) as
well as to.satisfy the.constraints imposed by consérvation
-of four momentum. ILLFIT{ouﬁputs the fit'valueé‘for b, .
tan\, k for each track aﬁd.an:error matrix that fakes into
account the-correlations between tracks. A %? is obtained'
as a measure - -of the amount of adjustment.rélative to the
estimated errors necessary td,satisfy the constraint.
‘equations. ILLFIT also-calculétesAthe "missing momentum'

and '"missing mass."

Pm _'Pb -3 Pi

= E2 - PP
m m

—
where Pm.and,Em.are the:missing'variables,,Mﬁ the missing
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mass, M the target. mass, and Pb and E, (P and E, ) the
<measured -momentum -and energy for the beam (secondary tracks)
A correct hypothesis involving no neutral particles would
be expected to have missing variables and mass equal to
zero .within the errors. A correct hypothesis involving a
neutral particle would be expected to have a missing mass
_equal, within errors, to the.rest mass'of the neutral
particle.

Table-1 lists the hypotheses tested .in thiS»experimént.
Fit:numberS‘1,3 and 5 are the appropriate-ones for the
final state of interest, p p 7" 7=. For most events these
hypotheses are constrained by all four conservation of
' momentum:equations and are known as "4-C" fits. Some events
have a secondary interaction so-close to the vertex that
.only the direction:of the-interacting track may be deter-
‘mined well and the magnitude-of the momentum (and hence k)
is either unknown:or knownaonlf to .within a.large error.
.If the. track had only two~measured.points (undetermined

momentum) or if

(6k)2/12 >.5

then k was treated .as an-unknown. The event .is ''con-

straint reduced": one constraint .equation is effectivel
> q y
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Table 1

‘Fit Track - 1-C Fit mm-Hypothesis
Number 2 3 4 5 Neutral - ‘Neutrals
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removed to determine the unknown'variabie and the 4-C fit
becomes a 3-C fit.

~Fit numbers 2, 4 and 6-9 ére for thevhypotheses with
- -one neutral particle. Before attempting a fit ILLFIT re-
quifes that the missing mass be "reasonable." Specifically,

no fit is tried if

02 - )/l | > 6

where M is the mass of the hypothesized neutral. Effec-
tively three.of}the constraint equations are used to deter-
‘mine the parameters of the neutral and these hypotheses are
_thus 1-C fits. Constraint'reduced events cannot be fit to
hypotheses with one neutral,

For Fit numbers 2, 4 and 6-10 we associate\hypdtheses
with two or more neutral particles. There are insufficient
constraint equations tazallow a fit and these hypotheses
are called "missing mass'" or ''mm." Table 1 gives the two
neutral particles of minimum rest mass for each mm hypoth-
esis., For post-ILLFIT analysis it was considered desirable
to obtain some quantitative criteria for judging the kine-
matic probability of a mm hypothesis. Let‘Mb be the sum of
the rest masses. of the 2 neutrals and consider 5; to be the

T2, )24
momentum of the neutral system. Then EO = ( Pm + ) ¢ is
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the minimum energy needed to make the hypothesis kinemat-
ically possible., To account for errors we construct a . mm

’ . . { _ -
probability, Pmm. Let x = Em E0 then

_ o(x - P /(ex)? Cx < ox

Pﬁm is "reasonable' in the sense that it gives a high

~probability if the missing energy,‘Em, is close to or
greater than the»minimum,energy required and gives a low
probability if'Em is much less than EO.

Not all measurements could be successfully recon-

structed by EUCLID. The failures could usually be attri-

buted to measurer's errors. Typicall 20% of a measurer's
ypP Y

events faiied. All events were measured until they either
-reconstructed or had failed to.reconstruct after three
measurements. Of the measured events 3.6% had failed to
-reconstruct after these three tries.,. |

Of the events that were both measured and suc?essfully
reconstructed (17,532 events) 1.2% had all fitS'rejected‘by
ILLFIT and no missing mass hypothesis considered kinemat-

ically "reasonable'" (x/6x = -6). . A sample of these events

-was examined in some detail. It was found that for most. of



16
the events in the sample the problem could be attributed to
measuring errors that had escaped the checks in the recon-

struction program.

F. Ionization

Ionization information can be used to supplement the
outﬁut of ILLFIT in designating an event as belonging to a
particular final state. The first 20% of the events measured.
were "ionized." A discussion of the application of the
ionization to the separation of hypotheses is given in the
next section. We.discuss here .the method of obtaining the
information.

Each event was ionizedAonvthe scanning table by twd
non-physicists working independently. Eaéh "jonizer" made
visual estimates of the ionization of the secondary tracks
relative to the minimum ionizing beam tracks. Experience
indicated that the .ionizers could reliably separate protons
from 7's and K's on tracks with momentum less than 1300
MeV/c and 7's from K's on tracks with momentum less than
700 MeV/c. A track was considered as not ionized if thg two
ionizers disagreéd. The accuracy of the ionization was
checked in two ways. First, the per-cent of ionized tracks
for which both ionizers are wrong was calculated, given the
per-cent of tracks on which the ionizers disagreed and under

the assumption that mistakes are uncorrelated. This check
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indicated that the ioenizers were both wrong:on..25%'df«the
ionized tracks. For the second check the ionizers' resuits
were comparéd,to those of a physicist on a sub-sample of
~events. . This check‘indicated that thé ionizers were both
‘wrong on about: 1% of4thé ionized tracks. We accept this

latter percentage as the more realistic.

G. Selection of Hypotheses
For this experiment it was considered necessafy only ‘

 to select events belonging.ﬁo’thé final state p p T+ 7.,
We-identified an event to be of this final state if it had
‘ét.leasﬁjone-u-crfit with'i?;ﬁ 1.85 or 3-C fit'with‘
X?-£16;3; . These cutoffs:correspond to a theoreticallka
Ipfdbability of A%, The~measured'events yielded 3598
.evénts satisfying the~ab§ve~¢riterion, 3449 4-C aﬁd4149
34C; We considéfed éﬁ'event to be ambiguous between two
42C (or 3-€) fits if at least one of the fits met.the aﬁcve
criterion and the 22 probabilitiés for the two fits were
within a factor‘of:lo. -There wer¢~118 such' events. . They
are-characterized=by being ambiguousiwithfrespect to -the

-+

exchange of proton and 7' mass assignments:of two tracks: of

nearly equal magnitude of momentum. In 53 of the ambiguous

events these tracks had low enough momentum to a}low




18
ionization to select the correctlfit.* For the remaining‘
events the fit with the smallest %? was chbsen._ Extrapo-
lation from the ionized events predicts that for 1/3.of
the non-ionizable events (1éss~thah.1% of the 3598 4-C
and 3-C events) the wrong fit has been.chosen.

- We now consider several sources of contaminatioh from
events that have been identified as p p 7 7~ by the above
,criterion but that actually belong to:some-other final
state. We begin by discussing ambiguities_between fhe.
selected fit .and other hypdtheses.' We define énAevent to
be ambiguous between the selected fit énd a sécond,hypoth-'
esis if the ratio of ¥° probability (or mm~proﬁability) of
the . second hypothesis to that: of the . selected fit-ié.greater
than-1/10. |

.The largest class of ambiguities is between a 4-C fit
toppmt 7 and 1) a.l-C.7° fit,. or two.7° mm hypothesis,
with a proton and 7t interéhanged (e.g. fit.1 and fit %),
2) a.l-C neutron fit, or neutron .plus 7% mm hypothesis,
with -a proton changed to ant (e.g. fit.l‘and fit 7). To
‘study these ambiguities we:.examined the events in.the~ionized‘

part of the film. Disregarding the ionization, of the 674

*The -author ionized the ambiguous events in the  80%
of the film not ionized by non-physicists,
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4-C events 177 were ambiguous. Of these ambiguous,eventé
the ionization'iﬁformation uniquely selected‘the~4-C fit in:
153, ruled:out the~4-C fit in two and could not resolve the
ambiguity in the remaining 22. Allowing fof a 1% :error in -
the identification by ionization of the uniquely selected
‘events* and assuming that the unresolved events are dis-
tributed in the same way as the resolved ones, we:estimate
that the 1-C and .mm statés'considered here represent a con-
tamination of not more than 1% of the’totallsample:of:4~C
-events,

A . less tractable type:éf:ambiguity is that between a
4-C fit and the-1-C 7° fit with no permutation of masses
(e.g. fit 1l and fit 2) since the ambiguity cannot be re-
-solved by ionization., The number of events with-ap ambig-
uity of this type constitutes 3% of the total number of 4-C
events., . These events typically have a high<momentum (4-7
BeV/c) secondary track with a relatively.high errér'
(greater than 2% compared to the more usual 1%). We con-
jécture that these events are essentially all 4-C évents
and thaf'the high error in momentum permits the 7©° fit; If

this conjecture is wrong and if we should choose the fit

*The ionization of the 2 non 4-C.events was verifiéd
by the author.
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with the highest'X? probability then this ambiguity‘repre-
sents a contamination of 1.5%. |

Not all of the hépréng events can be attributed to the
final states of Table 1. 1In particular strange particle
final states with undetected decays can give the 4-prong
topology. From reference 1 we estimate that about .3 of
the scanned 4-prongs are from the 4 body states p XK' ZF T
p'K+’W+‘2; with undetected decays (mostly decays of Z+s
along the line of flight) and that less than 3% are from
states with 5 or more bodies with undetected =, A° and
"K° decays (e.g. p K+ ™+ 7= A®). These latter states should
contribute essentially nothing to the éonéamination since
we. have shown that the far more numeroué 5 or more body
states of Table 1* rarely fake a fit to p p 7t 7. If; at
worst, all of the 4 body strange particle states fake
p'p ™" 7, the resulting contamination would be about.l%.
Reference 1 does not allow a reliable estimate of the num-
ber of p p KT K~ events because of the low detection effi-
ciency for charged K's in a bubble chamber. To study
contamination from these events we refit the ionized

events identified as p p " 7~ to the p p k¥ k- hypothesis.

. *The p p 7t 7~ events constitute roughly 1/5 of the
measured events. Thus, by default, the other non-strange
final states account for about 4/5 of the events.
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Ouf.df the 674 events, 7 were ambiguous with this latte;
hypqthesis. .Ionization selected thé‘p p 7t 7= fit . in 4;
the p p K" K~ in 1 and could not resolve 2. We conclude
that the-sfrange particle events are not a significant
.source of contamination.

Since :constraint reduced events have.no 1-C fits. or
missiﬁg.maSS'calculations the 3-C events cannot be checked
for contamination from.5. or more body states as could the
h-c. .We did not exclude the 3-C events because_constraint
-reduction has some tendency to.occur on high momentum
tracks. Thus the constraint reduced events are.not:an !
unbiased sample. . To examine the possibility that the-3-C
fits are to.some large extent. extraneous we artificiall§
contraint ‘reduced 438 random events. Of these, 94 had a
h-cC fit:withﬁX? less than 18.5 all but one.of which.reducedA
to the corresponding.3-C fit‘with.%? less than~16.3.l of
the .remaining 344 events, 3 had.a 3-C fit:withfx? less than
.16.3 'upon constraint reduction. We conclude that:out:of‘
the 610 actual constraint reduced events only a few of the
149 identified as p p 7t 7= are extraneous.

From the above considerations we estimate that thei

.overall contamination:of the~3598 events identified as

ppwt T is 2 1 2%.
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In the preceding discussion we defined ambiguity on

the basis of the theoreticalfxz probability. This proba-
bility is correct in a strict sense.only if the experimen-
tal X° distribution agrees with the theoretical prediction.
. If the errors have been uniformly underestimated (or over-

estimated) by a factor of "a'" then we expect

2 2 / 2

X true X exp

For the 4-C events the experimental distribution was fitted
(least squares) to-the theoretical prediction.using a2 as
an adjustable parameter. The fitted value was a2 = 1.47.
In Figure 2 we show the experimental distribution and the
theoretical curve for the fitted value of ae; The dis-
crepancy between the general shape of the distribution and
the. theoretical curve iﬂdicates that the errors are not
altogether uniformly underestimated.

. 1If we apply the»abové'value.of a2 to both the 4-C and
3-C fits then thelx2exp cutoffs.of 18.6 and 16.3 are

cutoffs of 12.65 and 11.1 for'xzt with  corresponding

rue
probabilities of 1.3% and 1.1%.. 1In the above study of
ambiguities we defined a 1-C fit to be: ambiguous with a
4-C fit if the ratio of probabilities using XQexp was
greater than 1/10. To examine what .effect the correction
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Figure 2

‘W@ distribution.for the 3449 4-C events

-+

identified as p p 7' 77. .The smooth curve .is

discussed .in the Text.
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to-using X?

‘unambiguous 4-C fits to p p 7t 7.
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factor a2 would have on this definition we assume that the
value 1.47 applies to the 1-C fits (as well as to the 4-C
fits). Then, using")t.aexp and a ratio of 1/10 corresponds
true_and a ratio that varies from 1/5 to essen-

tially 1/10 as'X?true for the 4-C fit varies from O to 12.65;

.This variation would not effect to any large extent . our

estimates of the amount of contamination.

For cross-section purposes it is necessary to correct '

for the number of events missed by the.X? cutoff, Experi-

mentally, there were 249 events with a 4-C fitAwith.%?
between-18.5 and 40.0, or 7.2% of the~number"with,xa less

than 18.5. The theoretical prediction for a2 ;'1.47 is 1.4%. -

" We attribute the diécrepancy to both the non-uniform- under-

' estimate of the errors and contamination. We correct the

cross-section by 5t 3%.

»H{ Beam Momentum

The beam momentum was obtained for 250 events with;
. .These events were
fitted again with k:.of the beam track treated as an unknown.

For each event ILLFIT thus solved for k:of the beam at the

-vertex, subject to three constraint equations (3-C fit).

.For a beam track cosX is nearly equal to 1 and thus sdlving

for k is essentially equivalent to solving.for the beam
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momentum, For each event the resulting beam moméntum was |
extrapolated to the center of the chamber, allowing for
energy loss. .The beam momenta were then weighted by the
inverse square of the error assigned by ILLFIT. . The
weighted average was 7.875 %.,005 BeV/c. The weighted

rms width of the distribution was .088 BeV/c.



ITI. CROSS SECTION

The eross section for the final state;p'p 7 7= was
~obtéined for only those events inside a_"cross_seCtionﬁ
fiducial volume. This volume, shown in.Figuféll, is
internal to the scanning fiducial volume so that mistakes
made by the scanners in aSsigning'verfices to the scanning
volume would not effect the cross séctibn calculation. The
sides have the orientation and curvature of the beam tracks
to facilitate calculation of the total track length.

The cross section is given‘by the standard formuia:
o= (M, / (pLp)) N
where

mass of the hydrogen atom = 1.673 x 10'2)4 gm

o

p = density of the hydrogen1 = ,0629 gm/cm3
LT = total beam track length
N = corrected number of events

‘The total track length was determined from a count of beam
tracks in every 10th frame in view 3. The tracks were

counted on a line that passed thru fiducial 3 and that was

eT
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limited by the sides of the cross section fiducial volume,
We estimate that the count is accurate to within T 2%. The

“attenuation of the beam'tracks is givén by:
dI(x)/dx = -I(x)oTp/MH = =I(x)A

where

number of beam tracks

H—
il

10

Orp the total.pp cross section = 40.0 mb

From this equation we calculate

AL o
3 -AL
LT = 1Q-I3-(e /N) (1 - e )
where
-I3 = number of beam tracks at fiducial 3 ::
= 30569(1 t .02)
L = length of a beam track in the fiducial volume
= 120.2 cm '
L3 = length.of a beam track from the upstream end

of the fiducial volume to fiducial 3
= 41,7 cm

We then calculate that

o =7.43 (1% .02) x 10°% - N (mb)




BeV/c,6 and 2.4 T .2 at.10 Bev/c.
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The number of 4-C and 3-C events inside the cross
section fiducial voluﬁe totals 2899. We correct this
number by the values given earlier for 1) scanning effi-
ciency, 2) events not measured, 3) events‘which’failéd to

reconstruct, 4) events with all fits rejected and no

" reasonable mm hypothesis, 5) contamination, 6) the X?

. cutoff. The correction factor is then 1.18 (1 T .04)

where the error estimate comes from the uncertainty in the

contamination and the Xz

cutoff. Including the statis-
tical uncertainty in the uncorrected number of events,

we- obtain
g =2.50 T .13 mb.

This value may be compared to cross sections obtained

for the same final state in experiments at nearby beam

momenta: 2.6 T .3 at 6.6 BeV/c,5 o.42 T .10 at 8.1
8
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IV. ANALYSIS

A. Production Cosines

One of the most striking features of the final state
ppmh w is thé4peripheral nature of the protons and
proton-pion combinations. We discuss this feature in terms
of the "production cosine", defined in the overall center-
of-mass as the cosine of the angle between the threé-
momentum vector of a particle (or combination of particles)
and that of an incident. proton. Since there arettﬁo'incif
dent protons, two production cosines may be calculated for
each particle or combination. Figure 3 shows the'distri4
butions of positive production cosines for the final

protons, p. 7"

combinations, 77's and w1 7~ combinations.

By conservation of momen tum the p 7~ distribution is
identical to that.of p 7t , p 7 7= to that of the protonms,
etc. The 7~ distribution (not shown) is similar to that.of
7t. Also shown are the proton and p 7T distributions when

the proton in combination with the 7t is in the mass band of

the N#*(1236) (defined as 1.15< M(p 7)£1.30 BeV/c)*. " The

*Here and in subsequent analyses we adopt the conven-
tion of plotting two quantities (e.g. p m' production co-
sines) from a single event when both quantities meet a
selection criterion (e.g. p 7" in N* mass band).
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(b)

(e

(d)

. Shaded. Production cosine for those p T

Figure 3

Unshaded. Production cosine for all p 77

combinations.

+
combinations in the:N*'" mass band.

Unshaded. . Production cosine for all-protons.

Shaded. Production cosine for those protons

+

-which, in combination with the 7', are in

+
the N* mass band.
Production cosine for all 7t's.

Production cosine for all 71 7- combinations.



32

1.0

©
O 1
E
+
E
A
o
5 kel
8 S v
O
— n o O
a
— o O
. T @
o
0
[%2] N
- - .
Zaod zd
w3 w3 ©
>0 >0
wo wo .
0O OQ E -
DD — O
N e «— O <
™M~ NN
N
> : S
) ©)
o) o) o) e) o) Q) o) o) o) o) ©
o O 0 o 0 o 0
w w Mw n ™ N N - -
- — -
’ 20190 D 2O/SIN3A3




33
sharp peaking of the proton.and proton-pion diStributionsA
towardé large production cosine is suggestive.of a per-

.pheral production mechanism. = In subsequent analysis we
take advantage of this peripherality by identifying a
final proton (or proton-pion combination) as having

;originated_from the initial proton to-which it has the
positive production cosine (or, equivalently, the smallest

A?,»the;square:of the four-momentum transfer).

B. OneaPion;ExchangenModel

The suggestion that.the daté results from a production
.meéhanism yielding peripheral protons and.protonQpion
;combiﬁations invites comparison-of the data to-a one:piOn
exchange model (OPEM). The two possible Feynman diagrams
for the~exchange:of a single pion.are shown in Figure 4.
Calculatioﬁs of these diagrams have'met-with some . success -
when applied to the state p p'v+ 7~ at several incident
‘momenta (2.0 and 2.85 BeV/c',11 h BeV/c',3 and .10 BeV/c7’8){
Calculations of similar diagrams have been compared to the
three and four body strange particle‘states at our
momenfuml’z with genérally good results.

We use the calculation of diagrém«(a) §f.Figure:4 as

given by Ferrari andASelleri;lz
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Figure 4

The two. possible Feynman diagramé.for the

-exchange -of a single:-pion in the reaction

pp=pp Tt



35




36

1 dg o 01 ) det
() AT d AT AR - (16'3_7T Fe) X (2(60') Pt I5F (w+,ﬂ+))

- () (o 3 )

where + (-) refers to the v+p (m"p) vertex and

8
=
~

Il

mass of a pion (proton)

F ='(P1°P2)2 --M)+ = flux factor

Pl’PQ = four moﬁentum of the incident protons:

1 | w=amp invariant-mass,

i - | P = magnitude of three-momentum of tbe out-

‘ going proton .in thew p rest frame.

%%(w;l) = the physical m p elastic scattéring.
differential cross section in the @ p
rest frame. ..

A” = the équare of the four.momehtum transfer
from an incident proton to a final proton-
pion combination.

R(w+,w',A?) . is a form factor.
The form factor "R" is as developed by Ferrari and SeiLefJB

can be written as

| . .
(2) R(s07,0) = (K'(6F) R(&P) Qa¥,e®) k(P Q(w',A"‘>) z
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where K' is an unknown form factor for the .pion propagator,v
.K is an unknown form factor aﬁ'each proton-pion vertex, and
Q is a form factor that corrects the phyéical.proton-pion
éross section so ‘that it-corresponas to the off-the-mass-

. shell scattering of the exchanged pion. Q has beenfcaléu-
latedl3:1#515 butjwith'various:results and then only
for values:of w near the N*(1236) where one partial wave

13,14

dominates.  Empirical forms have been given

. prodﬁcts:K‘K? and.K'K?Q (o outside the N¥(1236) region).

for the

A cross section for diagram (b) may be expréssed'in
terms of the physical but experimentally unattainable

.process

™ p =t - P
and unknown forﬁ factors.11 Actual calculations3’11 have
invoked.isotopiczspin:arguments to relaté the above process
to‘the,v“# N states ofA#ip inelastic scattering. ‘In
;addition these calculations are4made assuming that the
empirical form factors obtained for virtual pion-proton

elastic scattering apply to.virtual pion-proton inelastic

scattering.

- *The. result obtained by Ferrari and Selleri in.refer-
ence 13 has been criticized by Jackson;l5 -Selleril* has
defended the result of reference 13 while deriving a less
approximate version. '
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In subsequent analysis we compare the data to a
calculation for diagram (a) only. This calculation”pro--
vide$ a quite reasonable descriptidn,of the baékground ghd
thus we feel justified in neglecting diagram (b) and its -
associated complexity and uncertainty. However, in'vie&
of our neglect of this latter diagram (as weli as otherT
possible exchange diagrams) detailed considerations of
_equation (2) are of questionable value. We substitute the

.simple form factor
(3) R () = (A (a+ )P

with "A" treated as an adjustable pafameter.» (A similar
form was used by Fe'r'ra'ri11 at 2.0 and 2.85 BeV/c; at

! BeV/c3 and 10 BeV/c7’8 the form given by our equation'
(2) was used.)

Equation (1) was evaluated by Mbnte-Carlo‘methods '
using pion-proton differential elastic scattering cross
section data avéilable in ﬁhe.literature_(some details
are given in Appendix A). . A set of "events' was geﬁerated
randomly* that, taken as a whole, satisfied equation (15;

In comparing the data to the model the Monte-Carlo events

' *Ajtoméuter program was used that was adopted from
one written at-Illinois by U. E. Kruse and B. Terreault.
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were subjected to thé same selection criteria as Ehe reai‘
.events.‘.Thué for the model we "forgét" which proton in
an .event . is at the upper'vertei.of diagram (a) -and which
at. the lower.
C; The Proton-Pion System

To-éxamine the extent tkohich‘thé,OPEM describes
the data we discuss in this section fhe data in téfmsﬁof
'Variableslappropriate to the model.  These variables are
tﬁe AQ,.mass, and angular distributions: of the'protdh-
‘pion combinations} |

1. . The p mt Mass Distribution

The strong.production of the-N*++(1236) dominates
the p<b 7+ 7= final state at the incident beam momenfﬁm.of
this experiment. . This strong;productioﬁ is seen‘in:Figure
5a, a histogram of all p 7 invariant mass combinations;l
- Superimposed on the histogram are the predictions : of
Lorentz invériantuphase.space and of the OPEM, both
normalized to the number of: experimental combinations.
. The OPEM. prediction is for the form factor of:equation (3)

with-A = 3(BeV/c)2.,,As discussed below, this value was

~chosen to bring the model's A% distribution to the ) 7t

‘combinations in the:N* mass band into rough agreement with
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that.of the data. For events with a p 7t in the N*'T the
other p 7t invariant mass contributes to the background
of the distribution in Figure 5a. Thus the data appear
consistent with most.of the events having a proton iﬁ the
N*+t,  To obtain an estimate of the number of N*''events,
a simple Breit-Wigner resonance form was fitted to the
p 7t distribution with the background approximated by
.phase space. The fit resulted.in 45 T 1% of the combi-
nations being assigned to the:resonance, corresponding to
about 90% of the events having a p 7% combination in the
AR
The height of the N*t peak may be enhanced relative
to the background by selecting.the more- peripheral. p T
combinations. Figure 5b shows the distributien for
prod. cos (p W+)|é .96, This selection criterion is

satisfied by at:least one p T combination in 2216 events
and by both-combinationé in 826 of these events.

The p?edominance»over background .of the N*tt peak
‘and the further enhancement of the peak resulting from tﬁe
cuf'on the prod. cosine allow a relatively clean seléction
of  events belonging to the quasi-three body state N¥' p -
These events are-.of particular interest .since the protons

may be "labelled." That.is, the:proton (designated.pa)

Al
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Figure 5

(a) Mass distribution for all p .77 combinations.
The solid curve is thelprediction of the OPEM;
the.dashed curve is Lorentz invariant phase
space. . Both curves are normalized to the

number of experimental combinations.

_(b) Mass distributions for those p.7t combina-

tions with |[prod. cos | > .96, The curve
is the-prediction. of the OPEM normalized to

the -number of. experimental combinations.
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that in combination with the 7T is in the N* mass band

(1.15 = M(paw+) £ 1.30 BeV) may be identified with the
upper vertex of Diagram (a) (Figure 4) and the remaining
proton.(designated-pb) with the lower vertex. The N¥

mass band selection criterion is satisfied by at:least . one’
p 7t combination in 2110 events and by both combinations
in 289 (or l#%)-of,theseAevents. 1218 of the 2110 events
satisfy the additional.criterion.of Iprod. cos (pav+)léu96;
for 97 (or 8%).of the_eveﬁts, both .combinations :satisfy
this latter criterion. For the "double'" N*tt events |
~(both . p 7t combinations in the N*tT mass band) we expect
that at most -one of the combinations results from the
decay of a N*¥™+, At least.one combination.is "wrong'' in
the. sense that, although it satisfies the selection ecri-
terion, it does not result from the decay of a N*Tt,  The
above numbers of double N*tt events imply that:of the 2399
combinations that :satisfy the mass criterion at least 289
(12%) are wrong, and that:of the 1315 combinations that
.satisfy the additional selection;onAproduétibnucosine at
least:97 (7%) are wrong. . The OPEM predicts 11% and 7%
‘respectively. The total. percent of wrong combinations is

greater than the percent calcula ted from the double N*'

+

events since there will be events for which only one p 7




by

combination satisfies the. selection. criterion but this
‘combination does not result. from a N*', This total may
not be obtained directly but: may be estimated from~the‘ 
OPEM since the pﬁjfﬁrcombinations (see Figure 4a) con- .
stitute the wfong.combinétions. For the model 22% of the
combinations satisfying the selection on mass and 18% of
the combinations satisfying the additional cut~onfpro-
duction cosine are wrong. These percents aré probably
reasonable estimates since, as indicated in Figure 5,
the OPEM .approximates fairly well the height of the.N*%'
peék;relative to the background. In addition the percent
:of .double N*++‘predicted by the model (given . above)
agrees well with that of the data.

The -p 7t mass diétribution~shows-no evidence for
the: production of higher, Ispin = 3/2 resonénces. The
second resonance seen as a peak.in 7T p.elastic scattering,
the N§/2(1950) (T = 220 Mev, JP = /2%, F37 wave of. phase’
shift énalysiSD*, appears in the OPEM curve (Figure 5a)
as a broad shoulder near 1900 MeV. The ab;ence of a

comparable shoulder in the data indicates that this

' *¥For N* resonances we give the Ispin. as a subscript
and the mass value as obtained from reference 16 in
parentheses, Other parameters (e.g. spin), if given,
are also from.reference 16,
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' resonance is.not'produced as strongly as predicted by the
model (if at all). The p 7 mass distribution shows no
‘enhancements at the masses of other Ispin = 3/2

16,17

resonances,
2. The p 7~ Mass Distributionf
The .p 7= invariant mass distribution for all combi-
nations (Figure 6a) shows three peaks which.we interpret
as corresponding to the;peaks observed in .7~ p eiastic
.scattering. The OPEM curve reflects these resonant peaks;

the first two are the'N§/2(l236) and Nf/2(1525)

' = 115 MeV, JP = 3/27, D,., wave of,phése shift analysis).
. i ) 13

The third peak corresponds to a region in which several

16,17

phase shifts resonate. Considered "well established"
P

fesonances are the N{/2(1680)(P

3
the Nj,,(1690) (T = 130 Mev, J° = 5/2%, Fig,) and the
P

(1640) (T = 180 Mev, J

170 Mev, J° = 5/2-, Dyg)

* — = 3
N3/2 1/2°, 831). Posslble
P

resonances are the N§/2(1690) (I' = 280 MevV, J =

+ - - P _
3/2 R P33) and the N 3/2(1.690) (I + 280 MeV, J
3/27, D33). The :p, T~ distribution’ (Figure 6b) shows
these same  peaks but enhanced relative to the background,
consistent with the behavior.of the OPEM. This "double

Isobar" production (simultaneous' production.of N*t  and
N*O) argues in favor of a dominant contribution from

: | ’ .
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(2)

(b)

Figure 6

Mass distribution for all p 7~ combinations.
The solid curve is the prediction of the
OPEM (A = 3) and the dashed curve is phase
space, both normalized to the number of
experimental combinations.

The;pb1r‘ mass distribution. is the

Py

other proton when one proton is in the

N*++(1236) mass band (1.15 f,M(pbWﬁﬁi =

1.30). The shaded histogram is for those

Py combinations for which
Iprod. cos (j}anﬁjl > .96. The curves

are . the corresponding OPEM predictions,

normalized to the number of experimental

combinations.
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"‘-diagram~(a) (Figure:4) as: opposed to diagram (b). . That

.is, ‘although diagram:(b) could give both . N*™ and N*°
- production it cannot do-so simultaneously.
. The: OPEM predicts fhe threexresonant.péaks-seen in

~the data and;.particularly for theapbv combinations,

:describes fairly well thezgéneral,shape of fhe mass
distributions. . There are, however, discreﬁancies.  For
thevdata.the-overall.distributibn;(Figure-6a):shows a

: raﬁher broad éxcesé-of.events,(felatiQe to the model) in
the -mass  region.1l.1 to 1.4 BeV, .IﬁZSection D welshow'
:evidence-for»resonance~prodgction'in thglp.v* T~ mass
‘distributioﬁ'frbm;roughly 1.3 to.l.B:BeV. The' above

: éXcess:may be'traCed_to-this-resonance~producti§n since
fthefp T invériangzmass from these resonances is kine-
»ﬁatically restricéed to=idﬁ values, .The overall distri-
bution . also hﬁs a.depletion of events in the third reso-
nancezregion‘(5116801MeV)'for'whiéh we»can offer no simple
. ekplanation. Both thé=excess'of.events in the»region.of
the;N*(1236)4andlthe depletion in the third,resoqance
region arefpresent.in‘thé=pbv’ distribution, but t0 a
*lesserleitent.than in the-.overall distribution.

We.see no evidence for”resonanpe~production.abdve

.1700 MeV,_'Neither the overall.p 7~ nor theﬂpbv'»mass
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distribution shows enhancements at the masses of known

16,17

Ispin = 3/2 or Ispin = 1/2 resonances.

3. The A? Distribution.

bThe experimental e distributions for all p 7t
combinations and for thoée-in the N*(1236) mass band
..are compared to the predictions of the OPEM in Figure 7.
For each proton-pion combination the smaller of the two
possible A2 is plotted.n The comparison to thé model is
ma&e for no form faétof and for the form factor of
equation (3) with A =1 and A.¥ 3. For ease of comparison
the model's curvés ﬁave been normalized to the number of
experimental combinations. The OPEM with the form

factor of eduation (3) is not able to reproduce.the
sharpness of thé overall experimental distribution. A
value of A = .3 provides fair agreement between the data
and the model for the;paﬂﬁ'distribution and we use this
value in comparing the model to the experimental mass and
angular distributions.

The general agreement between the experimental
proton-pibn:mass distribﬁtioﬁs and the model make it
-attractive to assﬁme tﬁat some significant part of the
data results from one pion exchange. This assumption,

however, does not necessarily imply that the prediction
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(a)

(b)

Figure 7

'A? distribution for all p 7t combinations.

.The -OPEM curves are given for no form

factor and for the form factor of equation

(3) with A =1 and A = 3. The curves are
‘normalized to the number of experimental

combinations.

A? distribution for those p 7t combinations

" in the N*'T mass band. The curves are as

in (a).
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of the model should agree with the experimental A? distri-
bution_sincenother production processes may contribute
to fhe»experimental,distribution. Thus, as mentioned in

_Section B, considerations of more complicated forﬁ factors

'1(that might give better agreement with the data) are of

questionable'Value.' We also mention that the value

A = 3 for the form factor of equation (3) may not be an

appropriate choice for whatever fraction of the data

may be attributed to one pion exchange.

4, Angular Distributions

The remaining variables appropriate to the.OPEM may
be expressed as angular distributions of the proton-
- pion combinations at each vertex. Since a given proton
may be reliably identified with a given'Vertex~on1y for
the events in the quasi:-three body final state n*tt Py
we restrict the discussion to these events. The angles
considered are defined in a standard manner as shown in
Figure 8a. For a hypothetical event Figure 8b illus-
trates these angles for the Py combination as well as

the momentum vectors for various particles as seen .in

thefpbv' rest frame.
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Figure 8

(a) Definition of the-angles discussed.in the

(b)

text. "in'" and "out" refer to the inci-
o __9
dent -and .outgoing protons. _(poﬁtw)

specifies the direction of transformation

- from the overall center of mass to the-

poutv rest frame,.

The angles defined as in (a) for the
pbv‘ sYstem for a hypothetical event. Also
shown .are various momentum vectors trans-

formed to the'pbv? rest frame. 4pd(ps) is

the incident proton with the positive pro-

-duction cosine to the»péw+ (pym”) system.



(P,,tTT) Rest Frame

(b)

14
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+

The angular distributions for p,T are compared to

the predictions of the OPEM in Figure 9a and 9b. A

selection of pure N¥tT

(p3Tr+ combinations) from the model
would have a distribution of cos © as observed in'v# P
elastic scattering. That-is, a nearly symmetrié distri-
bution going approximately as 1 + 3cos26. The &
distribution would be isotropic as required by the
-exchange-of a spinless pion. The model's deviation from
symmetry in cos O and isotropy in ¢ results from the
inclusion of the wrong p 7F combinations (p4v+) whose
invariant .mass happens to be in the N*'* mass band. The
experimental cos © distribﬁtion_resembles’theAOPEM
- prediction bﬁt.is noticeably flatter near cos 6 = T 1,
The agreement with the model is better for those events
satisfying the cut on production cosine, suggesting that
the cut reduces the relative contribution from processes
other than from the-one pion exchange diagram that we are |
considering. The ¢ distribution for the data has a |
larger deviation from.isotropy than predicted by the
model but is in qualitative agreement. Again, the agree-
‘ment is improved with the selection on production cosine.
The pbw'~angu1ar distributions are displayed in

Figure 9c and 9d for all combinations. Since for 7~ p




Figure 9

-Angular distributions for those events in the

~quasi-three body final state:

-t -
N pbw

The shaded histograms are for the additional
requirement |prod. cos (pam*)’ > .96.

The smooth curves are the OPEM (A = 3) pre-

"dictions normalized to the number of combina-

tions in the corresponding experimeﬁtal
distributions.

(a) Cos:© for paw+.

(b) ¢ for p_rmt.

(c) Cos 6. for pbw'}

(d) ¢ for Py -
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elastic scattering the cos © distribﬁtion is a function
of the invariant mass, we display in Figure 10 the
cos O distributions for various mass intef&als. The data
and the model agree reasonably well, with thé'largest
discrepancy between the model and the data in the region
of the N*°(1236) (1.15 = M(p,7~) < 1.30 BeV). For
completeness we méntion that for the model the wrong
combinations (p3v-) tend. to poﬁulate the cos ©
region near +1. For the model the ¢ distribution is
isotropic for both the correct and wrong combinations.
The experimental ¢ distribution is essentially flat
outside the region - 7/2 to m/2 but shows a marked peaking
in that region.. Of all the discrepancies between the data
and the model in the distributions examined so far, the
peaking in ¢ is the most clear-cut. Thus we use this
peaking to place an upper limit on the amount of the
data (for the guasi-three body state) that may be attri-
buted to the simple one pion exchange diagram that we
have considered. This upper limit, taken és twice the
number of combinations outside the region -r/2 to w/2,
is 1806 combinations (75.3% of the total number of
combinations) fér the selection on mass of p 7t alone and

1150 combinatidns (87.5%) for the additional selection
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Figure 10

The<c03’6(pbw7) distributions for various p, 7~

-mass regions. The shaded distributions are for

the cut .on production cosine. The - OPEM curves

are normalized to the total number of experi-

-mental combinations (not to the number in each

‘mass region).
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on production cosine.  As has been pfévioﬁsly hoted, the
relative contribution that may be attributed to one pion.
exchange is greater for the cut on production coSine.'
The dependence of the peaking in ¢ on the-pbv' in-
variant mass is shown as a scattef'plot<in Figuré 11.

The excess of events between -7/2 and /2 is distributed
Zthroughout the pbv-ﬁmass-range ékcept in the region of
the. N*(1236) where. the distribution is fairly isotropic;
In the next .section we show that the peaking in ¢ may

be understood és a kinematic reflection of resonance

production in the p.mt 7~ system.

D. The p 7 7~ System

1. . Relationship to the OPEM

61

The comparison of the data to a OPEM in the previous -

‘section indicated that a significant fraction of the data

is consistent with.the exchange of a single pion. Thus

* 7= mass)

the distributions of other variables (e.g. p T
may be expected to be to:.a large extent the result of

kinematic.reflections of one pion exchange. The pro-

. duction of a resonance should appear as an enhancement

above this one-pion exchange background. . In.accordance

with the. above discussion we now compare the p 7 7= mass

distribution to the béckground.prediction of the OPEM.
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Figure-11

(a) The mass-of.p, " plotted against ;¢(pbv-),

(b) The same-as in (a), but for the additional

.requirement that |prod. cos-(pév+)|-é .96,
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The p 7t 7~ invariant mass distribution for all

combinations is shown in Figure 12a, together with the
predictions of ;phase space-and the OPEM. As suggested
abo&e, the¥0PEM.descfibes the general shape~of the mass
distribution. 1In particulaf, the shift towardé'iow mass
-relative to phase space.is predicted. = The most promi-
nent deviation from the-OPEM curve and the. general trend
of the distribution is an enhancement between roughly
'1.65 and 1.775 BeV. This enhancement has been reported

* 7~ final state at incident proton beam

6

in the pp. 7
momenta‘of,5.5,)1l 8.1,  and 10.0 BeV/c.7’8 As discussed
in Section IV, C, 2 there are soﬁe three to five partial
waves that resonate in'this mass region, ail,of.which
have inelastic decay modes. It is reasonable to assume
that some combination of these resonances leads to the
_peak observed . in the p 7t 7- mass distribution.

The general shape of the N*t+ 7= mass distribution
(Figure 12b) is fairly well predicted‘by the OPEM. . The
region above.l.8 BeV seems particularly well -described
by the model. . The tendency of the data to peak at low
invariant mass is predicted by the model but this:low

mass region does have structure above the OPEM curve.

" For the distribution without the cut on production




Figure 12

(a) Mass distribution for all p 7% 7~ combina-
tions. The solid curve is the OPEM |
prediction (A = 3). The dashed curve is
phase space. Both curves are normalized to
the number of experimental combinations.

(b) The;péwf*'w‘ mass distribution where paw+<
is in the N*™t mass band. The shaded
histogram is‘for the additional restriction
prod. cos (pav+)| ~ .96. The curves are
the corresponding:OPEM predictions
normalized to the number of experimental

combinations.
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cosine (uﬁshaded histogram) a remnant of the enhancement
at 1700 MeV is present as well as an excess of events in
the region 1350 - 1600 MeV. The cut.on productibn
cosine (shéded histogram in Figure 12b) essentially
eliminates the peak at 1700.MeV, leaving only an
enhancement in tﬁe4l350 - 1500 MeV region above fhe OPEM

background prediction. The existence of a resonance. at

‘low mass (e.g. the peak at 1700 MeV) does not necessarily

imply the decay mode

N*¥t S N¥PR(1236) 4=

since for such a resonance the p 7 invariant mass is

kinematically restricted to:low values. For simplicity,

_however, we will refer to the mass distributions of

Figure 12b as N*™* 7-,

The peaking of the OPEM in the - low N*** 7= mass
region results primarily from a kinematic reflection of
the 7~ p.scattering at the lower vertex of Diagram (a)

(Figure 4) together with the peripheral nature of the

-proton-pion combinations. This type.of kinematic reflec-

tion resulting from one pion exchange was originally

described by Deck18 inian attempt to explain the.A1

meson. .The effect may be understood by examining
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Figure 8b. Because of the<periphefa1 nature of the intér—
action the pa‘vector and the N*t+ vector (considef pav+z
to be in the N*™) point more or less in opposite
directions in both the OQerall center of mass and the
p,7- rest frame. For the N*tt 7= system to have smalll
invariant mass it is then necessary that the 7~ be
produced béckwards with respect to pB, corresponding to
large, positive values of .cos 9(p,7"). The inclusion
of physical 7= p elastic scattering data in the model
gives a 'cas~6(pbw-) distribution that consists pre-
dominately of just such values, as shown in Figure 9c.
This predominance of large, positive wvalues then 1ead§
to the peaking at low N*tt 7= mass. Of course a low
mass resonance decaying into N*¥tt 7~ is constrained to
produce values of cos © that are large and positive.
Thus, although the data agree with the model in péaking
towards such values of-CDS'@(ﬁbvf), we cannot exclude
the possibility that some of the peaking results from
resonance production.

The excess.of .events above the OPEM curve between
1350 and 1500 MeV suggests the possibility of a contri-
bution from resonance production in addition to the one

pion exchange background. Two candidates from phase
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shift analysis are the.Nf/2(1470) (JP = 1/2 ,

1/2

discussed previously, decays into N 7 7 45% of the time,

r = 210 MeV,'Pll) and the N¥*, (1525). The N*(1525),

the N*(1470) 35% of the time. Since the data peak: below
1500 MeV the N*(1470)‘is perhaps the more logical
candidate. We defer a more detailed discussion of this
- resonance to section IV, D, 2. For definiteness we wili.
refer té the N*¥T™ 7- enhancement between 1350 and 1500
MeV as the 1425 MeV enhancement.

The relationship between the 1425 MeV enhancement,
one pion exchange, and possible resonance prodﬁction has

T r~ final state in several

been investigated in the p p 7
' experiments other than the one reported hefe. At
neighboring beam momenta are the experiments reported'
by Gellert et al. at 6.6 BeV/c,5 Guyader et al. at

8.1 BeV/c,6 and Almeida et al. at 10 BeV/c.7’8 Géllert
et al. conclude that the peaking expected from one pion
exchange is a sufficient explanation of the enhancement.
This conclusion was not based upon a comparison .to a
model calculation but rather primarily upon a comparison
of the cos ©(pyr-) distribution of the data to the
distribution observed in 7= p elastié scattering. (The

definition of Py was similar to the one used in this
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experiment with the cut on production cosine to the N*¥1T,
The comparison was made in terms of a moments analysis
of the cos © aistribution as a function of 7~ p invariant
mass, correspohding:roughly to a comparison of the shaded
distributions in Figure 10 to the OPEM predictions.)
Guyader et al. and Almeida et al. compare the data to
a model calculation similar to the one of this experiment.
- They bbserve a similar disagreement between the model
and the.data to that4showﬁ.in Figure 12b. This disagree-
ment plus some arguments based on various angular
distributions (we discuss these arguments later) lead
both Guyader et al. and Almeida et al; to the
conclusion that the enhancement is not entirely kinematic
in. origin. Both attribute at least.part of the enhance-
ment to the N¥*(1470). Given these conflicting conclusions
it is of interest to examine further the relationship of
the 1425 MeV N*' 77 .enhancement to the OPEM and to
possible resonance production.

The'A? distribution to the N*++ is the only wvariable
of the OPEM adjusted (aside from normalization) to agree

with the data. In Figure 13 we show that the failure .of

the model to.explain the peaking around 1425 MeV may not

be attributed to a wrong choice of the adjustable




parameter -A, The N*H 7= mass distribution is replotted
and compared to the prediction of the model for A =‘3,.5
A =1 and for no form factor (equivalent to-A = «)., Each
curve.has been normalized to the number of events between
1.8 and 2.4 BeV, the mass region of best agreement
between the data and the model. For the overall N*++TW-
distribution (Figure .1l3a) the high mass‘region is:

relatively insensitive to A, the.low mass:region rela-

71

tively sensitive. Although the model does not reproduce

the  peaking at either 1425 or 1700 MeV for ‘any of the
~va1ues:offA;,the.amount of the data that might be
ascribed to resonance production is very dependent upon’
the choice’offAu For the diétribution with the cut on
produqtion cosine (Figure 13b) the prediction of the

- model . is essentially independent:of the  choice .of ‘A.
We-use this distribution to determine the statistical
significance of the 1425 MeV enhancement Since the value
obtained will not depend strongly on A. We take the
enhancement to lie in the interval

1.35 = M(paw'r+ =) = 1.475 BeV (the upper limit has been
chosen to avoid to some extent a possible contribution
frém the . N*(1525) ). This mass region contains 95
events above the OPEM background (A = 3) of ‘116 events,

a 6 standard deviation effect..
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(a) A comparison .of the P T

(b)

Figure 13

+ - mass distri-

bution (pan"+ in the N¥'* mass band) to the
OPEM for various values of the adjustable
parameter A. The various curves are

normalized to the number of experimental

combinations -in the mass region 1800 -

2400 MeV.

Same as (a) but with the additional

‘restriction that |prod.. cos (pamﬁ+)| > .96.
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In addition to the previously discussed kinématic
dependence of:N*'t - mass and cos:@(p,T7), the mass is
correlated witha¢(pbv-), This latter correlation .may
al so.be understood by examination of Figure 8b. Consider,
for-a given cos 6, a,fotation of the 7~ wvector about the
pB vector corresponding to a change of ¢ from O to .
The.m- will be maximally aligned with the N*T (minimum

0 and minimally aligned (maximum

N*++ 7~ mass) for ¢
N - mass) for ¢ = m. This correlation may be -
observed experimentally as shown in Figure 14. As
discussed in:Section.IV, C, 4 and shown in Figure 9d,
thev¢(pbw‘) distribution peaks above the flat.distri-
bufion expected for one pion exchange between. -m/2 and

- _+m/2. Figure lla shoﬁs that for the overall sample of
N*f+ events values of @ between ~7/2 and m/2 occur
almost exclusively for'N*++ 7= mass less than about 1800
MeV. This is just the region of.enhancement. above the
OPEM prediction (Figure 13a). For the cut. on production
cosine to the.N*++, Figure 1l4b shows that values

.of ¢ between -=7/2 and +7/2 occur primarily for N¥Tt -
-mass less than. about 1500 MeV, again the region of

enhancement above the -OPEM prediction (Figure 13b)

The  peaking in ¢(p5v') may thus be explained as
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Figure 14

(a) ¢(pb1r’) plotted against péTr‘*' 7= mass, with
Tpéfr"' in the N*'' mass band.
(b) Same as (a) but with the additional restric-

tion |prod. cos (Pa#+-) | ~.96.
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resulting from resonance production at. low N#FT -
mass. *

Earlier we observed that, as shown in Figure 11,
fhe ¢(pbv') distribution was fairly iéotropic for
the.pbw'-mass in the region of the:N*°(1236). Thus
for these double:N¥(1236) eventé'(pav+ and p, 7" in
the N#*(1236) mass band) we would expect no enhancement

at low N*++. 7~ mass if our correlation of peaking in

.¢(pbw-) near zero and N*T*: 1" resonance production is

correct. Figure 15 displays the N*'T 7~ mass distri-

butions both for the double N* events and for the double

N¥* events removed. As expected there is: no evidence

for an enhancement in the distributions for the double

'N* events. The distributions are quite flat and.in

.agreement with the shape predicted by the OPEM. The

peaking above the.OPEM curve is:-seen only in the
distributions with the double:.N* events removed.

The N***+ decay angular distributions relevant to

-one pion exchange were examined.in:.Section-IV, C, b

and found to be.in general.agreement with the-OPEM

(4

- #*Almeida et al. in reference 7 report a similar
peaking. . They point out that the peaking.is not con-
sistent w1th a simple OPEM but do:.not relate the peaklng
to. N¥+ 7- resonance production.
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(c) Same as (a) but with |prod.. cos (péw+)|

(d) Same as (b) but.with |prod. cos (pav*)|

Figure 15

Mass distributions for‘pa'rr+‘1r' with p_rt in the

N*"* mass band and with p;m~ both in and.out

.of the N*°(1236) mass region. . The solid curves

are the OPEM (A = 3) predictions normalized to -

the 1.8 - 2.4 BeV mass region.

(a) Mass of p;m~ =:1.35 BeV.

(b) Mass of pyTT < 1.35 BeV.

W
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prediction for the sample.with the cut.on production

cosine to the N*¥+, We now examine these angular
distributions for various.N*tt 7~ mass.regions. The N*t+
decay angles are-.of course not kinematically related

to the N*'* 7~ mass as are cos-6(pbe) and ¢(pbvf).
_For N*™'s formed by one pion exchange the ¢(pav+)
distribution will be.flat and the cos‘e(paw+) distri-
bution.will_goAapproximately as 1 + 3'c0326-for any
S\l 7~ -mass' region., Héwever it.is useful to examine
these angular distributions,. especially for the
:1425‘MeV'region, since a N*' resonance decaying into
et 7~ .(or.into p 7t =) will not in general give thel
decay distributions expected from one pion exchange.
The.N*++ decay distributions for the-.N*++ T -mass
‘region 1350 - 1475 MeV are shown in Figure 16; the
.distributions for the.regions 1475 - 1800 MeV and
above 1800 MeV are shown in .Figure 17. . The smooth
curves  are the predictions of the:OPEM (A.=-3)Anormalized
Atovthe~i.8 - 2.4 BeV region of the~approp'riate:N*"++ #; -
‘mass distribution. The decay distributions for the
¢region,abo§e:1800 MeV with the cut on-.production
cosine (shaded histogfams,.Figures 17c -and d) agree

'quite well with the OPEM .predictions. This agreement. is

. reasonable since this: region appears to be free-from
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- Figure 16

Distribution  of decay angles (as defined in

Figure 8) for pév+ with pav+ in the N*'" mass

band and 1.35 BeV = M (p_1" 7)< L1.475 BeV.

The shaded distributions are for the cut. on

-+

"~ the production cosine to'pa . The smooth

curves are defined in the text.

(a) cos e(pav+)

(b) d(p,1)
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are for the cut.on production cosine to P, -

Figure 17

‘Distributions of decay ahgles for'pavr+ with

Apév+ in the N*'* mass band and selections on

the mass of p _mt 7~. The shaded distributions

+

. The smooth curves are defined in the text.

(a) cos ©(p ) for 1.475 < M (pé‘rr+ o)

= 1.8 BevV.
(b) Corresponding ¢(pav+).

(c)léoé 6(péw+) for M (paTT+ T=) > 1.8 BeV.

(d) Corresponding ¢(pév+).
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any large contribution froﬁ-resonanée-production. .In
contrast, for the 1350 - 1475 region the cos: 6
.distribution shows a.large accumulation of events
between ..} and.1.0, in disagreement with the:OPEM -
.prediction. As discussed above, disagreement with the
model,ié consistent with the interpretation of resonance
production‘iniihe:1425 MeV region. .We note that the
_cut .on production cosine does not-improve the -agreement
between the data and the model. This behavior is con-
.sistent with thét of the énhancement in the mass
distribution. That is,'the 1425 MeV enhancement
appears above the OPEM prediction both with andlwithout
the cut.on production cosine. The accumulation in cosAeb
is not consistent with the OPEM prediction, but neither i
is‘it consistent with the cos 6 distribution expected -
from the decay* of a N*'* formed in a pure state from
the decay of a N*¥t., For such a N*'t parity conserVatién |
requires that the contribution to cos -0 be symmetric.
about zero. Thus it appears that if a resonance is
being produced it_interferes with some other. process,

pérhaps with one pion exchange. . For the mass region

: - *In- Section-1IV, D, 2 we show that.any resonance
contribution to. the 1425 MeV enhancement has the.principal
decay N¥++ 717,



1475 - 1800 MeV (Figure 17a and b) the cut:on production |

lcosine‘improves'thelagreement'between~the»data and model

but the agreement in cos:@.is not-as good. as for the

above 1800 MeV region.(Figure:17c). .As a possible

- explanation we-note that the 1475 - 1800 MeV region

‘no- doubt ‘has ‘some contribution from the resonance(s)

at: 1700 MeV. even for the cut on production.cosine. .In

.addition, contributions may come- from the:N*(1525)

as well as the tail of the enhancement at: 1425 MeV.
.Our'examination-of,the:N*## 7~ .system has-shown
that . discrepancies. in theaOPEM'variables ¢(pbw')

and- cos 9(péﬂ+) are associated with enhancements: at

1700 MeV and.around-. 1425 MeV in»thefN*++'W'»mass
~distribution. Especially for the:cut.on. the production

‘cosine. to the:N*¥'T the discrepancies:are: associated

with the 1425 MeV peak. We thus interpret this

enhancement as' possibly resulting from.resonance

.production in. addition to- (or perhaps- interfering with)

a .one-pion.exchange background.

2. . The 1425 -MeV Enhancement

" The -interpretation. of. the-1425 MeV enhancement . as

‘'possibly resulting from .resonance: production suggests

that. the properties of the - enhancement be compared



to those of the N*(1470), the Pll,wave‘resonance deduced
from m=p phase shift analysis. It is attractive to
suppose that the:N*(1470) should be observed in quasi-

.elastic  scattering reactions  of the type
X N =X N*(1470)

where: N is a nucleon.and. X any strongly interacting
_particle. That is, since the N*(1470) has the quantum
numbers: of the nucleon it can be-produced by the exchange
‘of the quantum numbers:of the vacuum. . In the.language
of "diffractive dissociation", 2?20 the initial nucleon
-may exist as a virtual N*(1470) state. . Transfer of
four-momentum from X to the virtual state would place

it on the mass shell. 1In a related concept, Mo-rrisonal
has suggésted that the production of the N*(1470)

would proceed via a '"Pomeranchukon' exchange similar

to that associated with Regge Pole analyses:of: elastic
scattering. . Indeed, enhancements near 1400 MeV have
been observed in the N 7 and N 7 7 invariant mass-distri-
“butions in reactions induced by a variety of strongly
interacting particles. For most of these reactions,

if the enhancement is interpreted as a resonance then

the reaction is:of the quasi-elastic scattering type.
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-of Donnachie et al. and Bareyre-et al. agree that.the‘l?11

For a comparison to the enhancement. in.our experiment we

briefly review the:properties:of the Py, resonance and
the -enhancements: observed in-.other reactions.

N ,Beginning‘withnRoper22 a number of phase shift

.analyses ( see:Rosenfeld et al.16 for_aﬁlist:of

‘references) have indicated the:.existence.of a resonance

in the:Pil wave. . The parameters'of the resonance quoted

.earlier from Rosenfeld}et»a1;16»(mass:of31470'MeV, width
-0f 210 MeV) are essentially rounded off versions of the .-
.parameters determined'ih the - recent phaseishift~analysis
.of Donnachie«et-al.17 In this analysis the.mass is taken

-as the point:of maximum absorption in. the partial wave.

In a recent ahalysis by'Bareyreaet.al.23 two masses’
and widths are given. A mass.of 1470 MeV and width:of

255 MeV are determined from the-P wave total éross

11
section; a-mass of 1505 MeV and width-of 205 MeV from

the velocity of the amplitude-in the compleX“plane:(the_

.mass:is taken as' the point:of maximum velocity). Earlier

analyses gave mass values as" low as-1370 MeV. .This- latter

value was  determined by Bransden et a1.2,+ from the .

.:point.of:maximumvvelocity of the amplitude. . The analyses

resonance decays inelastically about 365% of the time.
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Several analyses have.been made of the inelastic

25,26,27 These

decay modes of the.P11 resonance.

analyses are essentially of data for the reaction

m=.p = N7 7. Various assumptions are made for the

inelastic decay modes of the partial waves contributing

to.a 7~ .p invariant mass region. Calculations corre-

.sponding to these assumptions:are then compared primarily

to distributions of the N m m internal variables. . The

-analyses agree that in the region of the N*( 1470) the

inelastic decay N#*-(1236) 7t for the P,, wave cannot

explain the data for 7= p — n.7" 7-. . Instead the decay

25 takes the ¢

to be-a m T resonance of mass 490 MeV and width 110 MeV.

26 takes the ¢ as a T = 0, J=0mm

27

resonance .of mass 400 MeV and width 50 MeV.  Morgan

NamysloWski et al.

allows ¢ to represent a T =0, J = 0 m 7 state, not

necessarily a resonance:* For completeness we mention

" that -according to these analyses the D13 wave N*¥(1525) ),

whose .inelastic decay contributes to the same general
mass.region as the Pll’ has the dominant dnelastic

decay N*7(1236) 7*.

‘*Whether the m 7 system does resonate as a g meson
is a matter of some debate. See our reference 16 for a
list of references.




Over a wide range of incident momenta, missing mass
spectrometer experiments show a peak around.l400 MeV
in the.missing mass spectra.of the reactions
P p—p + missing mass and 7% ) —»WT-+Amissing mass.

Table 2 summarizes the properties of the 1400 MeV

enhancement as determined in the experiments of Anderson

1.,29 and Foley et al.30 References

et al.‘,28 Blair et a
to earlier experiments may be found in our reference 8.
In Téble 2 the parameter '"b" is frbmvfits~of the

data to |

dg _ An-bt
(4) it Ae

‘where t is the square of the four momentum transfer.

A variety of production experiments with the final
.particles idéntified have observed N m and N-7 .7
enhancemehts aroundzluOO MeVi Table 3 lists the
properties of the observed enhancement from experiments
thatvatfributeAit to the N¥1470). The particles in
the enhancemgnt are indicated by parentheses.

| Several cémmentS-on the reactions listed in
Tables 2 and 3 are in.order. With the exception of
T p = 7°(p T), for‘a resonance interpretation of the
enhancement each.of the reactions is of the quasi-

elastic:scattering tYpe in which the resonance could be
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TABLE 2

" BEAM MASS WIDTH

' - b CROSS .
REACTION MOM. (BeV/c) (MeV) (MeV) (Bev/c)=2  SECTION (mb).  REFERENCE
PpP—~p + MM 10 1405 + 15 . 180 t 50 22.3 1 3.4 54t 09 Anderson28
4 15 ' 15.9 £ 2.3 602 + ,106 .
20 .4 tas 660 t .15
30 23.5 £ 5.1 .T44 T .35
pp—p +MM 4 .55 1410 t'15 125 * 20 14,01t 1.3 .63 T .08 Blair29
6.06 20.7 T 2.7 65 t .18
7.88 22.1 £ 4.1 A5 1 09
pp—p +M 9.8 -20.24 14007% 30 150 18. to. - Foley3°
T p-o ™ + MM . 13.98 - 26.23 R N to -

"+
F]
[ ]

T p -7t + MM 10.02, 16.02 , - 16.




'TABLE 3

BEAM : MASS WIDTH

REACTION  MOM. (BevV/c) (MeV) (MeV)
pp—p (pr ) 10 . . 10t 15 - -
p (nTH) e -
P p—p (p#" ) 8.1 e -
pp—p (n7h) 5.5 - - -
p (p ™)
rtpart (nFH 6 wos ¥ 30 100
™ p—m0 (p T ’ 1436 t 20 50
K p =K (n7h) 3 1385 T 20 42 t 22
T p'—»r"(p 7t 77) 8 : 1412-t 9 49 f 28
K~ p =K (p ) 1.5 1470 40
K~ P =K~ (p ) 1.425 1400 - 1450 50 - 100
K- (p 7°) .

* Yx" indicates that the spin-parity is consistent with 1/2%.

 #% Combined cross section for N*(1470) and N¥(1525).

-SPIN
PARITY *

X

CROSS

SECTION (mb)

.18
.18

.35

.80
.36

REFERENCE

Almeida8

Guyader6

Alexanderu
pe113l

Dodd32
Lamsa38
Fridman3u

Adelman35’36



produced by thé~exchange of the .quantum numbers of the

vacuum. . (7~ p.— 79(p . 77) requires the exchange.of. at

<leastione~unit»offIspin.) The appearance-of an enhancement

ardund.1400 MeV in such.reactions. induced by a wvariety of

“incident: particles. over a wide range .of momenta supports
: theaideas expressed. above -concerning. the production:of
,theéN*(1470), ,However,‘an:alternétiveaexplanationIof'the
.enhancements may be.offered. Each of the.reactions

- either has a three body final state or'cduld'haQe-a

.quasi-three body final state.in which the "quasi-

particle" is the :N*¥++ (1236)., Each.(again, with the

-exception of 7~ p.—wﬁo(pAW’) ) may then have the

enhancement -explained as a kinematic effect (Deck effect)

arising from exchange diagrams. similar to.the .one:used for

~our 'OPEM#*, . As discussed previously, Gellert .et al.5

interpret the enhancement in.p p—p (p.Tr+ T=) at 6.6

BeV/c ‘as kinematic in.origin. AWalkér et al.37 favor

‘a kinematic interpretation of the :enhancement in the

reactions 7= p.— 7~ (7° p), m (n.7"),. and 7" (p 7t 7o)
at. 7.0 BeV/ec. For the two'K™ p .reactions listed in

Table :3, the upper iimitTofiNﬁw phase space-.is. at roughly

~*See, for example, the diagrams discussed by Ross and
Yam.in:reference .20.
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1500 MeV. . The Deck :effect is usually associated with
_enhancements at the:low end of invariant mass distribu-
tions and thus may not be an appropriate ekplanatioﬁ.of
;ﬁhé~enhancement<in»these reactions. However, as pointed
.out by'F'ridman.et.al.,34 these experiments could be
.observing the tail-of the N*(1525).
| InterpretationAof the various enhancements as the
N;(1470) is complicated not only by the-Deck.effecf.
The widths listed .in Tables 2 and 3 are all smaller than
the values given by phase'shift analysés;-only the value

28

of Anderson et:al. is consistent, within the quoted

.error, with the widths given by Donnachie. et al.17 and

23 The masses vary considerably (1385 #

Bareyre et al.
20 MeV tot1450~*-15 MeV). = Although several of the
experiment36’33’36 have reported decay angular distri-
bufions that-are~c6nsistent:with a spin-parity of 1/2%,
pone-ofAthem have ruled .out other assignments. All.of
the three body enhancements listed are in:p W+ T~. . If
these enhancements are the N¥(1470) the decay p o

(o -t =) might be expeéted since this decay:would
differ only in the z cbmponent:ofAIspin from the n ¢
decay favored by the analyses of the inelastic decay

25,26,27

-modeS'of,the,P11 wave, Both:Almeida et al.7
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1,33

and Lamsa :et a report that their data dre:comsistent

with the decay mode N*(1236)-.T.

. We assert that the evidence for the identity of the

‘N*('1470) of phase shift analysis and the enhancements

.observed in.production experiments is not .conclusive.

We now show that the 1425 MeV enhancement in.our

‘experiment may not be understood as simply an incoherent

‘sum of one pion exchange: and production. of the N*(1470).

The 1425 MeV enhancement was examined earlier in

¥ 7~ mass distribution for the  selection of

pév+ in the N*¥*(1236) mass band. As mentioned in that

- earlier examination, because of the low mass of the

enhagcement.our selection neither guarantees the decay

N#(1236) 7 nor eliminates the decay p ¢ for the portion
of the enhancement that might result from: resonance pro-
duction. We examine the decay mode via the Dalitz plot
(Figure 18) for pév+ 7= combinations in the mass region

of the enhancement. (1.35 BeV~£AM(paW+”Wf) = 1.475 BeV).

~ For this plot there is no .restriction. on the<pév+ mass.’

The solid curves on the projections-are the.predictions
of the:.OPEM normalized to the number of combinations

in the-mass region 1800 - 2400 MeV of the overall.p-r+ T

.distribution.and .are our estimate of the:one pion exchange
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Figure 18

Dalitz plot and projections for 1.35
<M (paw+ =) .= 1,475 BeV. The solid and
dashed curves  on the projections are

explained in the  text.
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background. The dashed curves are for the OPEM normalized

to the number of events in the .plot. These dashed curves

‘agree quite well with the data, showing that. any contri-

bution from resonance production gives projections of the

Dalitz plot of about the same shape as the model. Both

N*FT +

the data and the model show a strong in the p_m
distribution and no indication of N*©- production in the
péw? distribution. . (For ease-of ‘comparison the limits of

our N#*(1236) mass band are. shown on the plot and projec-

tions.) The 7T 7~ distribution shows no indication of

"a narrow tesonance that could correspond to the og. A

broad ¢ resonance or T =:0,.J = O state could go undetected
in the 77 7~ distribution. However for such a resonance or

state the,pav+~and paw' distributions in excess of the.

:OPEM background should be similar and they are not.

Since'the:projections of the Dalitz plot in Figure 18
are well described4iﬁ shape by the OPEM,.it is of interest
to consider whether "a resonance decaying into N*(1236) -
could give similar projections to those:of the model. The
dominance of. the N*¥' over N*© is expected both for-a
Ispin = 1/2,resonance;and for a kinematic effect. For

the -resonance the branching ratio from .Clebsch = Gordan

coefficients is
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(N*0' ‘TT+ 1

L—ap T

For .the kinematic. effect consider Diagram a of.Figﬁre-u.

.The contribution to low p 7 7" mass will come from

JN*++ (N*°) production at one vertex and v‘~p'(v+ P)

elastic scattering. at the other vertex.. In section

IV, D, 1 we showed that double. Isobar production CN*¢+

_at one vertex, N*¥°(1236) at. the other) does not contribute

significantly to the 1425 MeV enhancement. . Above the

v*N*(1236) region the 7~ p and 7 p differential cross

38

sections are: roughly the sSame.” ' Thus we expect

Ratio W) | et p [ W 5[B g

(N© %) femmp [N > |20 1

p T p T

Given the dominance of the N*™ 7= contribution for either

-resonance production or a kinematic effect,,the:par‘

and 77 7~ distributions will be essentially reflections
of the N*'F decay. .In particular, the.p_m~ and Tt
masses: may be thoughtioans depending on the angle in
the :N*'* rest frame between the outgoing proton .and the

line of flight. of the N*'+ from the N¥'' 7~ rest frame




(62 of Figure -19). As discussed below, a resonance

decaying into N1t

give a distribution of this angle that depends on the
spin - parity of the resonance. Thus a resonance could
yield similar péﬁ- and 7t 7~ distributions to those
-predicted by the OPEM if the model. predicts a similar
distribution-of the above angle as the resonance. We
a)nclude thét the projections of the Dalitz plot could
be consistent with the decay of a resonance into
.N**t 1~ but. not into p o.

Given the ﬁ*++(1236) 7~ decay mode of any resonance
contribution to the.1425 MeV enhancement, we refer to

the discussion at the end of Section IV, D, 1. In that

discussion we showed that.if the resonance decayeva*++ g

then the resonant amplitude apparently interfered witﬁ :
some . other process. Without a detailed understanding of
the interference a determination of the spin-parity is
not possible. However Guyader et-al.6 in the reaction
pp—=pp T 7 at 8.1 BeV/c, and Lamsa et a1.33 in
7~ p —=7" p m 7 at 8.0 BeV/c have reported angular
distributions that are consistent'withJP = 1/2%. Thus,

with:particular reference to the experiment of Guyader

et al., we examine angular distributions appropriate

7 will (in the absence of interference)
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Figure 19

Definitiqn;of the sequential decay angles

~discussed in the text. "in'" and "out" refer

to the incident. and outgoing protons. ''N¥"

L) . -—-9
refers to the intermediate.resonance. . (N*'T)
specifies the direction  of transformation
from theoverall center of mass to the . N* 7

rest frame.

[ £]
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for the sequential decay

N¥T o N*TF(1236) -

L_f;+>p Tt

a
We show that although some of the distributions could be

consistentwithJP

= l/2+, others are not but.rather
reflect the apparent interference.

We consider the decay angles defined in Figure 19.
| (615 ¢l) are. for the initial decay, (62, ¢2) for the
final decay. The distribufions of these angles are shown
in Figure 20 for the selection 1.35 = M (N*++ T")=1.475
BeV. The shaded histograms are for the additional require-
ment that |prod, cos (N*++ w*)l é .98. This latter
selection criterion tends to isolate the 1425 MeV
enhancement (Figure 21) like the cut on.production cosine
to the N#Tt (Figure 13b) but is more appropriate for the
current discussion. Shown for comparison are the pre-
dictions of the OPEM (A = 3), normalized to the 1800 -
2400 MeV region of the apprqpriate'N*++ T~ mass distri-
butions. Consider the initial decay. 1In the absence of
inferference the parity conserving decay of a spin one-
‘half particle will be.isotropic. As shown in Figure 20a,

the cos ©; distribution is relatively flat. Particularly . -.
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Fig’ure' 20 . :

Sequential decay angles as 'dvefine_'d in

Figure 19 for the décay

N*t o N¥T+ -

. '., + ;
L——>I>7T

a

The shaded histograms are for ‘
prod. cos (N*** 7-)|.= .98. The solid
curves are the OPEM predi'c’t‘io,ns normalized

as discussed.in the t‘exit.“»
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for the cut:on production cosine; subtraction of the OPEM
“prediction would.leave'a.relatively flat distribution.
The ¢1 distfibution shows to some' extent the tendency of
the OPEM to~peak.atit m. Subtraction of the OPEM would
give afdistribﬁtion that might be consistent with isotropy.
We do not investigate the initial decay angular distri-=
butions in-more detail since the final decay angles .

(® ,A¢2) are more.revealing. For these»latter angles
'_Jackson39 shows that.for aﬁy JP of the N*t if . one assumes
that: only the~1éwest'L value contributes (for J = 1/2,

there is only one L value) the distribution is given by:""

W(8,,8,) 0(1.+-QJ’P-P2 (cos'8,)

The distributioen islindependent‘of the production mechanism

of the N*t+, . The C. are tabulated in. reference 39 for

s ¥3,P
J £ 11/2. 1In particular, for J = 1/2 (either parity)

' 2
,W(62,¢2) x 1 + 3cos”6,

The data.show no indication of this distribution. The-
cos-62 distribution‘agrees well in shape-(as expected
inom the above discussibn of the Dalitz plot) with the
flat:prediction‘of the OPEM. ,The‘¢2 distribution is'quitg

markedly not flat. This latter distribution is strongly
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Figure 21

Mass of N*T+(1236) 7~ for
prod. cos (N*tt-7=)| » .98,

. The smooth curves are defined in the text.
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peaked towards ¢2 = 03 subtraction of thefOPEM background
would result in. a distribution that would be even less
‘consistent with isotropy. Moreover, the ¢2 distribution
reflects the‘apparentAinterferénce since parity conser-

. vation requirés for"a“puré state that W (4) = W (é + 7).
. Thus the final decay angles:are not.consistenf:with,any
" spin-parity assignment. for a non-interfering,N*+. We
conclude that the 1425 MeV enhancement .in our data may
not be readily identified as the N*(1470) on the basis of
angular distributions.

From the above discuésion of angular distributions,
we are not able t0»identify the 1425 MeV enhancement
as' an incoherent sumvof_resonancérproduction and one
'piop exchange background,‘ However when treated as such
a sum, the mass and width. of the-"resénance" paft are
of interest for comparison to<the'Va1ues-obtaine& in
the production experiments listed in Tables 2 and 3.
We determine a mass ‘and width from the N*t™ 7~ mass
distribution with prod. cos (N*++"n')|£.98 (Figure
21); _This latter selection isolates the. 1425 MeV
enhancement like the selection Iprod.;cos (N*++)| <.96.

(Figure 13b) but is more appropriate for a N¥ ¢~

.resonance. .In Figure 21 the lower of the two. solid curves
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‘is the OPEM (A = 3) prediction for the.background
normalized to the 1.8 -.2.4 BeV mass region. 4Th¢ upper
curve. is: the  sum of the OPEM backgroundAand a simple
Breit-Wigner to répresent the  resonance ééntribution,
The. parameters oflthe Breif-Wigneriwere determined. as
follows. The amount. of Breit-Wigner~resonancé.in the
-mass region 1.3 -»1.6~BeV was set equal to the excess.of
events above the OPEM curve in the same’mass region. The
mass and width were then obtained via a fit (maximum
likelihood) to the histogram in the 1.3 - 1.6 BeV region.
. This method. allowed a reaéonable~fit to the-shape of the
experimental distribution.in the region of the enhahce-
. ment while eliminating any effects of the tail of the
g Breit-Wignetr. The results (wifh statistical errors) were
M =142 t. .01 Bev, T =-.11 f<.01.BeV. . To examiﬁe the
depepdence of the masé'and width.on the background, we
.obtained in the same manner values for the OPEM background
with A =1 and with no form factor. . The results were
‘M.= 1.41°% .01 Bev, I' = .10 T .02 BeV and .M = 1.4% ¥t .01
BeV, I ='.13 %..02 BeV respectively. Taking the values
obtained for-A. ='3 but.alléwing for the uncertainty in
background'(as~well as statistical errors) we estimate

‘M.=1.42 t ;03 BeV, I' = °11 1'«..03 BeV. Within the error
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‘estimates, our values are consistent with those of. the
.missing mass spéctrometer‘;xperiments (Table 2). :Our
'value-for‘the.mass is fairly consistent (again, within
the errors)'with most. of the values obtéined.in.other
‘bubble‘chambervexperiments-(Table:3). Our value for the
-width. is somewhat larger than the .40 - 50 MeV obtained
in several of these experiments. . |

We conclude. the discussion. of the 1425 MeV enhance-
ment by examining the t-(squaré of the four momentum
transfer) distribution for the protons-recéiling-against
the p 7t T~ combinations in the enhancement. Figure 22

shows the distribution for 1.35 =M (p 7T 77) = 1.475 BeV.

I\

A maximum likelihood fit.for the events with .025 = t
.25 (BeV/c)2 (215 events) to equation (4). gave b = 11t 1.

(Essentially the same: result is obtained if the p

combination is restricted to the. N*'T mass band.) The
- OPEM predicts a value of blthat ranges from 12 (no form
factor) to' 13 (form facter with.A = 1). Since the value
for the data is about the same as predicted we  can assign
~a-value of about.1ll tervents in excess of the number
predicted by the model.

The value for b of 11 (BeV/c)_2 is smaller than the

18 - 22 (BeV/c)~2 obtained for the enhancement near 1400
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MeV in the proton-proton missing mass spectrometer experi-
ments at nearby beam momenta (Table ?); The differénce
between our value and those of the missing mass experiments
is perhaps not meaningful because.of the different
experimental conditions. For these experiments the 1400
MeV region mayAbe.populatéd by any three or four body
final state containing a proton. . In addition, the missing
mass experiments obtain do/dt by finding the cross section
for the enhancement above a (usually arbitrary) background
at various wvalues of t. We do not have access in Qur
expgriment to other final states and have insufficient
data to simulate the technique to obtain do/dt of the
missing mass experiments. We have, howéver,.examihed the
possibility that experimental biases against small values
of t could explain our smaller value of b.

One source.of such a bias is the finite (measuring)
errors on t which have a tendency to spread out a narrow
t:distribution. 1In the 1.35 - 1.475 BeV mass region the
errors are typically 1 - 5% of the value; 82% of the
events have an error less than 10%. To examine the effect
of such errors we generated by a Monte-Carlo method a

set of t's that satisfied equation (4) with b = 18, We

then assigned an error of 20% to each of the t and
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-Figuré 22

"t" distribution to the protons recoiling

+ - combinations with mass

against those p 7
between 1.35 and 1.475 BeV. . The smooth curve

is for b = 11 (BeV/c)~2.
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distributed (Gaussian distribution) each t about the

original value according to the error. The distributed
t gave ‘a value of b that was ‘essentially indistinguishable

from 18 for .025 « t = .25 (BeV/cf% Thus the errors in t

A

could not have reduced a higher value of b down to 11, A
second possibility is that we have lpst events with small
't values in the scanning - measuring - reconstructing
phase of the experiment. That sucﬁ\a loss could occur
may be undersfood by considering those events in which a
high momentum secondary proton in combination with the

7t e has-small invariant mass and the proton recoiling
against the combination has a small value oflt. .For the.
recoiling proton (which we identify as the target proton)

t = OMT & P°

where M is the mass of a proton and .T and P are the kinetic
energy and-momentum,of the proton . in the lab. Protons of
momentum less than about 100 MeV will usually be unde-
tected ih the bubble chamber and hence we will lose

events with t < .01 (ﬁeV/c)e. This loss does not effect
our value of b since it was determined for .025 = t = .25
(BeV/c)2. However in this t range it would still be
possible for scanners to miss or for the .reconstruction '

program to reject selectively events with protons of small
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-lab momentum (and hence small values of t). .To examine
-this pessibility we téke»advantagerf the forward-backward
. symmetry in,thefovgrall centeribf'maQS'expectéd for é
:proton-proton.ekperiment. .We -may obtain a value-of b for
forward recoil.protons  (‘fast:in the:1lab) and backward
récoilAprotons (slow in the lab). .'The values are

)*2 for 99 events and 10-.7F 2 (BeV/c-)'2

12 T 2 (Bev/e
for 116 events respectively. We conclude that our value
’vfbr b- does not appear to be~particu1arly effected by
experimental biasés; _ ~ - |

. In summary, we are not able to identify the- 1425 MeV
enhanéement.in this~experiméntias theaN*(ih70). . Any
- resonance contribution to the:enhanCément has.théVprincipal
decay N*T(1236) w- rather than the p o decéy favered by |
the -analyses - of 7~ p inelastic scattering. .The decay -
angular. distributions do not allew a determination of the
éﬁin;parity of the-ﬁrésUmed:resonance'but:rather:reflect
an apparent.interﬁerence‘process. ,The~mass'énd width‘of
,the'énhancement,Atreated as a,non-interfering,reséﬁance,
agreé~fair1y well with the values obtained in the missing
mass specfromgter expefiments; the‘width<is:1afger thén the.
-Vélues:obtained,in-sémé'other_bubble chamber experiments.

_The t: distribution of the events in the.region of the
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enhancement is wider than that of the missing mass
éxpgriments. This wider distribution does not appear
to be explained by experimental biases in.our data but

could reflect the difference in experimental conditions.

E. Thepp, ppP 7t , and . p pAv'-Systems

‘As evidenced by the absence of discussion in a recent
-review. of resonances16 there are no established resonances
with Baryon number = 2. However the possibility has bgen
mentioned40 that such resonances might exist and be members
of an‘SU3 multiplet of which the deuteron would be a stable
member. A candidate for this multiplet has been submitted
by Kidd et al.3 A.peak is:observed at a mass of 2520 MeV
with a width of 120 MeV in the p p 7' mass distribution
from the p p 7t 7- final state at-én incident momentum
of 4.0 BeV/c. More~recent1§ Brunt et al.41 report a
possible.resonance in the d 7t mass diétribution in the
reaction p d —»p.d.v+~w' at incident-momenté.o§'1.825 and
2.110 BeV/c. . The mass and width are 2130 MeV and 50 MeV
respectively., Given the possibility of resonance pro-
~duction the Baryon number = 2 systems merit at least . a
cursory examination.

The .overall p p mass distribution is shown in Figure

23, the.overall p p 7t distribution in Figure 24a, and the
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Figure 23

Mass distribution for all p p combinations.

. The solid curve .is the-OPEM:(A = 3) prediction;

the dashed curve is phase spé&e.- Both.curves

are normalized to the number of events.
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Figure 24

PP 7' mass distributions. The dashed curve -

~is phase space. The solid curves are the OPEM

(A = 3) predictions normalized fo the number‘of

events in each histogram. |

(a) All events..

(b) Unéhaded. Those events for whiéh at least
‘one p W+'combination.is in‘theAN¥++(1236)

mass band. ‘Shaded. Those events for

which at least one p 7t combination is in

the N***(1236) mass band and has .

‘.prod. cos (p #+)| = .96,
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A Figure .25

P P T -mass distribuﬁions. The dashed curve is
phase space. The solid curves are the: pre-
dictions of the OPEM (A = 3) normalized to~thé
number of events in the overall distribution.
(a) All events.

(b) Those events for which at least one p at -

combination has.a mass less than 1800:MeV.
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-overall p p 7 disfribution in Figure 25a. Displayed
 for comparison are the OPEM and.phase space predictions,
both‘normélized to the number of events. All three mass
distributioné‘show'a,éhifting towards high;invariant mass
felative to the phase-space-predictioh,.consistent with
the peripheral natufe of the pfotons and .proton-pion
combinations. -The ppandpp W+ distributions seem
particularly well.described by .the OPEM. We observebﬁo :
d.gﬁificant<enhancements above thelOPEM curve or.the
general shape of the distribﬁtions. . In particular there
is no evidence for the<reSonance suggestéd by Kidd et al.3
at-a p p 7t mass of 2520 MeV. Alexander'et al.4 ét an
‘incidentlmoméntum pf 5.5 BeV/c and Almeida'et.él.7 at
10 BeV/c also observe no evidence for a resonance at this
mass. Thé resonance at.2130 MeV reported by Brunt et al.,uj1
if real, has Ispin = 1. Without violating Ispin it could
Be produced in our experiment and, deﬁending on the pro-
»ductidn mechanism, deca& intopporpprm. Neither the
PP hor‘ﬁhe p p 7~ mass distribution show an enhancement
at 2130 MeV. However, the absence .of an effect in‘aAp‘p
experiment . does noﬁ neceséarily constitute evidence against
a resonance .in.a.p d.experimgnt.since the production

.mechanisms~w6u1d.presumab1y be quite different (Barypn



125
exchange in the p p experiment aé oppqsed to'mesonvexchange‘
in the p'd.exberiment.

The decay of:resﬁﬁanceswwith Baryon number = 2 intq :
N¥™ p may be-at least confemplated. Thus we show
the N¥t+ p mass diétribution in Figure'zub. This mass
distribufion has -a broad peaking centered roughly at |
3700 MeV. Ho&ever-the OPEM curveApeaks at about the
same mass as the data, making aAresoﬁahce.interpretation
‘of the ‘peak unlikely. Furthe# evidence against a
resonance interpretation is provided by the presence of:
the peak in the distribution with the cut on the
production cosiﬁe to the.N*++ (shaded histogram). 'That is, .
_ the decay of a relatively high mass. N¥TH p - resonance |
would not be ekpected to yiéld peripheral.N*++.'s. We
conclude that the peakAis kinematic.ip origin.

The pp T mass distribution (Figure'25a) generally
agrees with the OPEM prediction but does‘show an enhance-
ment above the OPEM curve at the upper'limitlof phase |
- space, centered at about 3800 MeV...The probaBle origin
.of this enhancement may be understood in terms of the
+

.previously discussed .resonance production at low p 7" 7"

mass. Figure 25b shows the p p 7~ mass for the restriction

that .at ;least -one p 7t

T~ combination has a mass less than
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1800 MeV. This latter p p 7~ mass distribution:is narrowef
than the overall distribution and peaks: at about the same
high mass. Thus we attribute the enhancement in the p pAw'
distribution to the excess-of events (relative to the OPEM)
at low p 7" 7~ mass.  As further evidence against a
resonancé interpretation we refer to the p p 7~ mass
distribution of Almeida et al. at 10 BeV/c.7.'This
distribution shows a similar peak above the prediction
of a similar OPEM calculation. However, the center of
. the peak is shifted to roughly 4225 MeV, consistent with

the higher phase space limit of the 10 BeV/c experiment

but not consistent with the production of a resonance.

+

F. The 7" 7~ .System

The~0've'ra11'7r+

7~ invariant mass distribution is
‘shown in Figure 26a togefher with the-predictions of

the OPEM and phase space. Thé model describes the general
shift towards low méss relative to phase space. Noticeable
enhancements appear above the OPEM curve at about 700 MeV
and beﬁween roughly 350 and 600 MeV. An excess of events
(above the:OPEM curve) at low mass is expected kinemati- -
cally as a result of resonance production at low p 7o

mass. To demonstrate that the excess between 350 .and 600

MeV may be attributed to such resonance production we
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.t

Figure 26

7~ -mass distributions. The dashed curve is

-phase space. .The solid curves are the pre-

dictions of the:OPEM (A = 3) normalized to the

d

number of events in the .overall distribution.
(a) All events.
(b) Those -events for which at least one p 7o

combination has a mass less than 1800 MeV.
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show,. in Figure 26b, the 7" 7~ mass distribution for

events with at. least one p 7t

T~ combination with a mass
‘less than 1800 MeV. For this distribution the excess of
events above the OPEM curve betWeen 350 -and 600 MeV is
Seeh to-correspond_roughiy to the excess in the overall
distribution.

| Consider the enhanceﬁent at 700 MeV. Taking only |
the events in‘the'three bins from 675 -.750 MeV, the
- .enhancement is roughly a three standard deviation effect
~above the OPEM background (norﬁalized to the number of
events in the histogram, as shown in Figure 26a). While
of limited statistical éignificance,_the enhancement could
be evidence for the production.of the p meson or.of the

42,43

elusive €O (also called S°). If it exists, the €©

would be a T = O, JP ='O+'resonance of positive G-parity

at about the same mass as the p. As explained below, the
o

€® could be produced by a certain '""double peripheral’ ‘ _ |

mechanism while the p could not. The- absence, in our
data, of a large signal.at the mass of the p is character-

. . 6.
+ 7= final state; other studles:reportu’i’7

-istic of the pp 7
little or no evidence for the: p.

Given the enhancement at 700 MeV and some under-

standing of the background (via the OPEM), we :examine
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. possible production mechanisms in. an attempt to increase

any p (or EO) signal relative to the background. For p

production we hypothesize

p p—p N¥

PP
Lv* T

That such a hypothesis might be relevant is suggested by

the work of Chinowsky et al.uu In a study of p p inter-
actions at 6.0 BeV/c, enhancements are observed at about
2.0 BeV in the mass distributions of the particles in
pareﬁtheses in the final states n (p m+ 7t T ),

p (p 7 T=T°), P ( ATK), and n (A 7" K¥). 1In an analysis
of the neutron final states theenhancements (in the neutron’
states) are interpreted as a T=3/2 resonance with the
N*(1950) of 7T p scattering as the likely candidate.
Chinowsky et al. isolate the decay N£721236) p° and
suggest that N p should be one of fhe major inelastic
decay modes. If the enhancement in the proton final
states indicates production of the same resonance then we
might expect to observe the decay p po in the p (p~7r+ ™)
final state.‘

. Consider the angles defined in Figure 27a. For the -

hypothesized mechanism (and in the absence of interference)
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- Figure 27

'(a) Definition of angles 8 andie2 and the
cos:6; distribution.
(b) cos 6, distribution for cos 6; =.:0.
(c)'Mass distribution for both p 7% combina-
tions for those events with at least-one

p 7t 7~ combination having cos 6; =0

and cos~6 = 0,

2
The solid curves are the predictions of the
OPEM (A = 3) normalized to the overall number

.of combinations.
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the distributions of cos 6, and cos 6, will be symmetric

2
about zero. Figure 27a shows the cos 91 distribution for
all p v+ 7~ comBinations. As predicted by the OPEM

‘ (solid curve) the distribution peaks strongly towards +1.
We should then enhance any contribution from the above
‘mechanism (relative to the one pion exchange background)
by selecting thqse p 7t 7~ combinations with COS'Gl = 0.
For this selection, Figure 27b shows the cos.eg distri-
5ution. This distribution is skewed somewhat to negative
values. For such values the ﬁ+ will be traveling more -or -
less in the same direction as the proton and we thus
associate the skewing with N*++(1236) production. The
selection cosvea.é'o (in addition to thé seleétion on

cos 91) may then be expected to further enhance the relative
contribution from the hypothésized mechanism., Figure 27c

- shows fhe mass distribution for both p 7" combinations

for those events satisfying the above selection criteria.
The N*#+ peak has been considerably reduced compared to
the overall distribution (Figure 5a); an excess of
combinations (relative to the OPEM curve) in the mass
region 1.35 - 1.7 BeV, seen to some extent in the overall

distribution, has been emphasized. . Having reduced the

N*++ contribution and perhaps the one pion exchange



‘mass of 1650 and 2100 MeV. Correspondingly, the p 7t 7

<+

contribution, we plot in Figure 28 the 7" 7~ mass

versus fhe mass of those p 7t 7~ combinations satisfying
the~above'se1egtion criteria. The shaded histograms show
the contribution to the projections from the events that
lave both combinations satisfying the criteria.. The excess
of combinétiqns (relative to the -OPEM curve) at 7t 7= mass
less than 600 MeV is, as discussed above, seen to be

* r-'resonances with mass less

associated with the p 7
than 1800 MeV. The 700 MeV enhancement appears relatively
clearly above the OPEM curve, but at a mass somewhat lower

than generally accepted for the p (for comparison, a

" nominal p band of mass = 770 MeV and width = 120 MeV is

éhoWn). The 7t 7= combinations in the region of the
enhancement are distributed (on the scatter.plot of
+

Figure 28) rather uniformly between, roughly, a p 7 7~

mass projection shows a broad excess (above the OPEM curve)
of events in that mass region. With the exception of the
peak .at:1700 MeV, no.real resonant-like structure ‘is
observed. . The 1700 MeV peak does not show a particularly
strong concentration df events in the region of the 700 =
MeV 7 7T enhancement. We conclude that if the enhancement

corresponds to the p, our data show: no strong indication

that the p results from the decay of a N¥,
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Figure 28
77 7”7 mass versus mass of p 7T 7~ combinations
with cos 6; = 0 and cos-e2 = 0. The smooth _ *

curves on the projections are the predictions
of the OPEM (A = 3) normalized to the.overall -
number of combinations. The shaded distribu-
tions show the contribufion to the projections
ffom events with both combinétions satisfying

the restrictions on cos~91 and cos.62.
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An alternative explanation for the 700 MeV enhance-
ment could be production of the«eo.. That the €© might be
produced by.a mechanism that»excludéd p frbducfion may be
~understood by considering the hdouble peripheral’ exchange
‘diagram in Figure 29a. (In this figure (77) designates
amT T resonange). Saperstein and Shr.auner)'l'6 have performed
an absorption model'éalculation corresponding to this
diagfam with the p as the resonance. They suggest that
}such.a‘diagram should be the dominant source of”pgﬁro-
duction in4N_N ~ N N T™ 7T reactions. In ourlparticular
reaction the exchanged pions would be 7°'s. Since the
p does not coﬁple to 7 72, it could not be produced in -
tﬁis'exPeriment by such a diagram; However, theAeo, if
it exisfs, does couple to W0 m© and thus could be produced.
To examine the possibility of €° production by the
~diagram of Figure é9a, we exploit the spinless character
of thié meson. Let:® be the-angle in the 7" 7~ rest
frame between one.of the hypothetical exchanged Wofs and
the»outgoing‘w*.‘ As predicted by the OPEM, the cos'®
distribution* for all events peaks towards +1 (Figure.29b)..

'Since any contribution from the €° will be isotropic we

*¥Since one may not distinguish between the two
exchanged pions, the distribution has been folded about

Zero.,
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Figure 29

(a) "Double peripheral' exchange diagram.

(b) Distribution of cos ©. The angle 6 is

~defined in the text.

(c) Unshaded. 't 7~ mass distribution for
cos' ® = .5, Shaded. 7' 7- mass distribu-
tion for cos' ® =.5 and 7 7- longitudinal
momentum in the overall center of mass less
than 300 MeV.

. The smooth curves are the predictions of the

OPEM (A =3) normalized to the overall number

of combinations.
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, should increase the signal to background by selecting

events with cos 6 =« .5. . The unshaded histogram of

Figure 29c .shows the 7" 7~ mass distribution and the

.corresponding OPEM prediction for this selection. .The
cshadedAhistogram is for ‘an .additional restriction designed.

' to take advantage .of the double peripheral character of

the proposed mechanism. Specifically, the.restriction

+

.is that.the longitudinal momentum of the 7' 7~ combina-

tion in the :-overall center of mass be less than 300 MeV/c.
The distributions<offFigure¢29c~show that the-above
selection criteria have:not produced an isolation-éfvthe'

700 MeV enhancement relative to the general shape predictéd

‘by the -OPEM. We conclude.that there is no .indication

that the 700 MeV enhancement.corresponds to the production

of the €° by.a double peripheral process.
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APPENDIX. OPEM INPUT DATA
We discusé briefly the method used to express .
the W+'p and 7~ p elastic differential cross sections
in a form suitable for input to the Monte-Carlo compﬁter.
program. With the notation of Section IV, B the

differential cross section may be written

49 (,0) = o(w) -G(w,cos O) /2T
an |

+1
with Si G (w,cos ©8)dcos 6 =1

-1

o(w) is the total elastic'mp cross section. G(@, coé'e)'
gives, at évparticular w, the scattering angﬁlar distri-
bution in themw'p center of mass.

Focacci and Giacomelli38 have plotted. experimental
"values for the total elastic cross sections together
‘with a smooth curve drawn thru the.experimentai_points.
To express o(w), the smooth curves were reduced to
tabular form with values of w closely (widely) spaced

in regions of rapidly (slowly) varying cross section.
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References 46 - 59 give 7 p elastic differential

cross sections at values.of w spanning the phase space

-limits of our experiment. From these references,

. differential cross sections were selected at values-of w

clbsélyf(widely) spaced wﬁen the angular part of the
cross section was rapidly (slowly) varying with w. A
selected differential cross section at a given w was
reduced to tabular form (typically from a smooth curve
drawn thru experimental:poiﬁts) and normalized to express
G(w, cos 8) at that value of w.

The. computer program used the tables for ¢(w) and

G(w, cos B) in a manner equivalent to.obtaining

de/dN (w,{1) at arbitrary o and cos 6 by linear inter-

polation of the tables.
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