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THE  REACTION  p  p  -* p  p. T+  E-  AT  7.9   BeV/c c

Donald Frank Grether, Ph.D.
Department of Physics

University of Illinois, 1968
..

The  reaction  p  p  -+ p  p, 'IT+ 'F-  has been studied  at  an

incident momentum of 7.9 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    +     .13   mb.

The reaction.is found to be dominated by production

of the quasi-three body final state· N*++ p 'Ir-. A simple

one pion exchange model is compared to the data and is

shown to give generally good results for invariant.mass

distributions for the entire final state, and for mass and

angular distributions for the quasi-three body state.  Dis-

crepancies between the data and the model are found to be

primarily associated with enhancements in the N*++ 71--

of p  n-+ #-- mass distributions at about 1425 MeV and 1700

MeV.  Examination of the 1425 MeV enhahcement indicates

an apparent interference process rather than an incoherent

sum of one pion ekchange background and resonance pro-

duction; the enhancement could not be identified .as the

N*(1470), the P wave resonance.of 5- p phase shift analysis.
11
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+Examination of the T T- mass distribution gives some

indication for production of the p meson, but no indication

of  other T lT 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  T+ Tr-.    The  results

of a study of the final states involving strange

particles have been reported elsewhere. 1,2
11

The general features of the p p 'n-+ Tr- final state

at 7.9 BeV/c are consistent with those reported in inves-+

tigations at 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  p  'n-+

invariant mass distribution shows strong production of

N*++ (1236); the p. F- distribution shows resonant structure

at the invariant masses of the first three resonant peaks

observed in the · ?T- p scattering cross section.  The
+p · T    T- dis tribution shows some evidence for resonance

production, particularly around 1700 MeV.  Any contribution

*            to the final state from channels involving resonances with

Baryon number = 2 or meson resonances (e.g. the p) is
r

small, if present.

1
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The absence of strongly competing channels allows a
0+

relatively clean separation of the quasi-three body final

state N*++  (1236)  p Tr-  . A simple one pion exchange model
+

is  compared  to  our  dataat  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
1,

p   71* 'Ir-   ( and  N*++  •Ir-) mass distribution   and  with a possible

resonance at about 1425 MeV that appears as an enhancement
+

in the N*++ T- mass distribution.  This enhancement has been

attributed to a kinematic effect arising from one pion ex-

change (Deck effect) at 6.6 BeV/c5 and at least in part to

' the N*  (1470),  the P wave resonance of phase shift analy-11

6        78
sis, at 8.1 BeV/c  and 10.0 BeV/c. The enhancement in

our data is examined in detail and found to not correspond

to an incoherent sum of one pion exchange and resonance

production.  We are not able to interpret the enhancement

as partially due to production of the N* (1470).

                                                          Examination   o f    the   p   p,    p   p TT+, and p p Tr- mass dis-

tributions yields· no evidence · for resonanc es with Baryon
i.

number =f 2. In particular, no evidence is seen for the
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candidate  for  app 'n'i- reso.nance.at  2520 MeV reported  at

4.0 Bev/c.3 A small enhancement in the lT+ Tr- mass distri-

bution at roughly 700 MeV is investigated and found to
€,

possibly correspond to the p meson.

.'

>

5,

3
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II. EXPERIMENTAL PROCEDURE
i

--

A. ,Raw Data

The data dre from an exposure of the Brookhaven 80 inch

hydrogen bubble chamber to a separated beam of protons from

the Alternating Gradient Synchrotron.  The nominal beam

momentum·was 8 BeV/c; the·actual momentum at the center of

r, chamber was later determined to be.7.87 BeV/c·(Section II,

H).  The film, taken in July, 1964, consisted.of some 37,800

> pictures divided more  or less evenly among 41 rolls.    Thir-

teen·of-these·rolls·were judged to be·of inferior quality

and were not used.  The·present·experiment dealt.with about

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 particle events with vis-

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

12
baugh. ' Many of the scanning and measuring.procedures

e             of the experiment.reported here.were adopted from those·of

Firebaugh.  Thetproperties of the·magnetic field and.of the

liquid hydrogen were determined in his work.

4
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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 localized
R

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

of the chamber.  The flag information consisted of numeric

codes indicating the presence  o f Dalitz 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 many 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.
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,

Figure 1

Definition of the·scanning fiducial volume, the

a
cross section fiducial volume, and the regions.

The  fiducials  ( and thus volumes and regions)  are
X

shown proj ected  to the 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-physicists 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 moveable stage digitized by encoders to

least count   1 micron. Measurers viewed   the   film   at   a  mag-

nification that gave an image close to life size, and at
;

this magnification were capable of an accuracy 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 along the tracks were re-

corded on punched cards in a form suitable for computer

analysis. Three fiducials (2,4,7) were measured in each

of the three views.  Each track was measured in two views,

as required by the spatial reconstruction program.

The scanners made no·attempt to determine whether an

event could be successfully measured.  The measurers, how-4

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

I
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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,
4

for example, 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.

1

E.  Spatial Reconstruction and Kinematic Fitting

The·events·were reconstructed by the program EUCLID,

&

and the program.ILLFIT was used for kinematic fitting.

Both programs were developed at Illinois by Professor

G. Ascoli and are discussed in references 1 and 9. We

consider here 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 constants.  EUCLID outputs for a given track and

mass hypothesis the parameters 0, tan·A, k at the vertex

and an error matrix for the uncertainties in these·param-

eters.  The coordinate system is shown in Figure 1 (the z

c              axis points into the chamber).  0 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 x,y plane and
.

k = 1/p.cos A where p is the magnitude of the vector

momentum.
.

ILLFIT  subj ects an event to 'various hypotheses  con-

sistent with conservation of charge, baryon number and

strangeness.  Given the hypothesized mass, 0, tank, k and

the error matrix for each measured track, ILLFIT adjusts

the·parameters in a least squares sense to determine any

unmeasured variables (such as for a neutral particle) as
.h

well as to,satisfy the,constraints imposed by conservation

of four momentum. ILLFIT.outputs the fit values for 0,

tank, k for each track and.an error matrix that takes into

account the-correlations between tracks.  A 22 is obtained

as a measure of the amount of adjustment relative to the

estimated errors necessary to, satis fy  the · constraint

equations. ILLFIT  also · calculates the "missing momentum"

and  "missing mass."

F = F E  .m   b-   1

E  =M +E -I E.m        t        b           1
*

12=e-P2
m             m             m

-+

where P  and E  are the missing variables, M  the missing
m
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mass, Mt the target mass, and 1b and Eb (Fi and Ei) the
.

measured momentum and energy for the beam (secondary tracks).

A. correct hypothesis involving ino ·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 experiment.
'.

Fit:numbers 1,3 and 5 are the appropriate.ones for the

final state of interest, p p T+ 'IT-.  For most events these

hypotheses are·constrained by all four conservation of

momentum tequations  and are known  as  "4-C"  fits. Some events

have a secondary interaction so·close to the vertex that

only the·directiontof the·interacting track :may be deter-

mined  well   and the magnitude. o f the momentum  ( and hence  k)

is·either unknown·.or known.only to·within a.large error.

If the track had only two·measured points (undetermined

momentum) or if

( 6k)2/k   >.5

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

straint reduced"; one constraint equation is effectively
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.

*

Table 1

Fit Track 1-C Fit mm Hypothesis
Number     2    3    4     5 Neutral ·Neutrals

1           P      P * 71--.+

2               p        p ·T r T -                    71-                            , 2  71-0+                  0

3 p T p 71--+

p   71-   p    71-       71-          2 7TO+             -            0

5 5 p p A-+

6      +                     0         2 7T071-   -p    p     71--        71-

7                p       ·12+.       +77-                         5-                                        n                                                     .n  +  To

7T+      ·p         ·7 1-            71-                      n                           n·+71-+     -                        0

9 71- 71- p 'Ir ·n n· + 71-++  -    O

10  11- 71-  7T  · 7T
- 2n

.
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removed to determine the unknown variable and the 4-C fit
.

becomes a 3-C fit.

Fit numbers 2, 4 and 6-9 are for the hypotheses with

one neutral particle.  Before attempting a fit ILLFIT re-

quires that the missing mass be "reasonable." Specifically,

no fit is tried if

1(<m - 22) 1,< 1  > 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 hypotheses

with two or more neutral particles.  There are insufficient

constraint equations to allow 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 M  be the sum of
1

i-I

the rest masses of the 2 neutrals and consider P to be the
m

momentum of the neutral system.  Then EO = ( F 2 + / ) 2 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, P. .  fet x=E  -E  then
mm                             m          0

P   =1,x#6 xmm

P    = e-(X -  6x)2/( 6x)2
mm ,   x   <   6x

P   is "reasonable" in the sense that it gives a high
111Ill

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 E .

Not all measurements could be successfully recon-

structed by EUCLID.  The failures could usually be attri-

buted to measurer's errors.  Typically, 20% of a measurer's

events failed.  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 successfully
(

reconstructed (17,532 events) 1.2% had all fits rejected by
.

ILLFIT and no missing mass hypothesis considered kinemat-

ically "reasonable" (x/6x 9 -6). A sample of these events

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

1
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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

output 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 ionized on the scanning table by two

non-physicists working independently. Each "ionizer"  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 *'s and K's on tracks with momentum less than 1300

MeV/c and 'n-' s from K' s on tracks with momentum less than

700  MeV/c. A. track was considered  as not ionized  if  the  two

ionizers disagreed.  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
1

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 ionizers were both wrong:on..25% of the
.

ionized tracks. For the second check the.ionizers' results

were compared to those of a physicist on a sub-sample of

events. This check indicated that the ionizers were both

wrong on about:1% of.the ionized tracks.  We accept this

latter percentage·as the more·realistic.

G.  Selection·of Hypotheses

For this experiment it was considered necessary only

.

to select events belonging  to the final state ·p p  Tr   Tr-.

We identified an event to be of this final state if it had
.

at least:one 4-C fit with 22 4 1.85 or 3-C fit with
12 4 16.3.  These cutoffs correspond to a theoretical 22

probability of .1%.  The·measured events yielded 3598

events satisfying the·above·criterion, 3449 4-C and.149

3-c. We considered an event to be ambiguous between two

4-C (or 3-C) fits if at least one of the fits met the above

criterion and the %2 probabilities fer the two fits were

within a factor of:10. ·There were·118 such events. They

are characterized,by being ambiguous with respect to .the

exchange of proton  and 11-+ mass  assignments. of two tracks  ef

nearly equal magnitude·of momentum.  In 53 of the ambiguous

 

events these tracks had low enough momentum to allow
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ionization to select the correct fit.*  For the remaining

events the fit with the smallest 32 was chosen. Extrapo-

lation from the ionized events predicts that for 1/3 of

the non-ionizable events (less than.1% of the 3598 4-C

and 3-C events) the wrong fit has been chosen.

We now consider several sources of contamination from

events   that  have been identified  as  p,p  lr+  7r-  by the above

criterion but that actually belong to.some other final

state.  We begin by discussing ambiguities between the

selected fit and other hypotheses.  We define an event to

be ambiguous between the selected fit and a second hypoth-

esis  if the ratio  of X2 probability  ( or mm probability)  of

the.second hypothesis to that of the.selected fit is greater

than 1/10.

The largest class of ambiguities is between a 4-C fit

to p p 71-+ 71-- and 1) a.1-C·71-I fit, or two,71-0 mm hypothesis,

with a proton and 17-+ interchanged (e.g. fit 1 and fit 4),

2) a 1-C neutron fit, or neutron plus 7TO ·mm hypothesis,

with a proton changed to a #+ (e.g. fit.1 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 events
.

the ionization information 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 for 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 states considered here represent a con-

tamination of not more than 1% of the total sample of 4-C
-

events.

A. less tractable type of ambiguity is that between a

4-C  fit  and  the·1-C 'n-0  fit with no ·permutation of masses

(e.g. fit 1 and fit 2) since the ambiguity cannot be re-

solved by ionization.  The number of events with an 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 error

(greater than 2% compared to the more usual 1%).  , We con-

jecture that these events are essentially all 4-C events

and that the high error in momentum permits the 71-0 fit.  If

this conjecture is wrong and if we should choose the fit

*The ionization of the 2 non 4-C events was verified
by the author.
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with the highest 72 probability then this ambiguity repre-
V

sents a contamination of 1.5%.

Not all of the 4-prong events can be attributed to the

final states of Table 1. In 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 K+ 3+ l'rr,

p  K+  7T+ *S- with undetected decays (mostly decays  of   X+s

along the line of flight) and that less than 3% are from

states with 5 or more bodies with undetected  E,  AP and

Ki decays ( e.g. p K+ 'n-+ 71-- Ao). These latter states should

contribute essentially nothing to the contamination since

we have shown that the far more numerous 5 or more body

states of Table 1* rarely  fake  a  fit  to  p  p  71-+ T-.    If,  at

worst, all of the 4 body strange particle states fake

p·p 71-+ 11--, the resulting contamination would be about.1%.

Reference 1 does not allow a reliable·estimate of the num-

ber of p p K+ 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 T+ lr-  to  the p p  k+ k- hypothesis.

*The p p lr+ 7T- 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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Out of the 674 events, 7 were ambiguous with this latter
.

hypothesis. Ionization· selected  the  p  p  71-+  71--  fit  in  4 J

the·p p K+ K- in 1 and could not resolve 2.  We conclude

that the strange particle events are not a.significant  

source of contamination.

Since constraint reduced events have no 1-C fits or

missing mass calculations the 3-C events cannot be checked

for contamination from 5 or more body states as could the

4-C.  We did not.exclude the·3-C events because constraint

reduction has some tendency to.occur on high·momentum  i

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 artificially

contraint reduced 438 random events.  Of these, 94 had a

4-C fit:with X2 less  than 18.5  all but one .of which reduced

to the corresponding 3-C fit with 72 less than·16.3.   Of
the remaining 344 events, 3 had a 3-C fit :with X  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  lr+  71-- are extraneous.

From the above considerations we estimate that the.

overall contamination.of the · 3598 events identified as .

p  p  7T+  'Ir-  is  2  *2%.
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In the preceding discussion we defined ambiguity on
„

the basis of the theoretical %2 probability. This proba-

bility is correct in a strict sense only if the experimen-

tal 72 distribution agrees with the theoretical prediction.

If the errors have been uniformly underestimated (or over-

estimated)    by a factor   of   "a"    then we expec t

  true = %2 exp ,2.

For the 4-C events the experimental distribution was fitted

2(least squares) to.the theoretical prediction.using a  as

2an adjustable parameter. The fitted value was a  = 1.47.
In Figure 2 we show the experimental distribution and the

2theoretical curve for the fitted value of a . The dis-

crepancy between the general shape of the distribution and

the theoretical curve indicates that the errors are not

altogether uniformly underestimated.

I f   we    app ly the above   value    of    a2     to    both,   the   4,- C    and

3-c fits then the % cutoffs of 18.6 and 16.3 are
2

exp

cutoffs of 12.65 and 11.1 for %2 with correspondingtrue

probabilities of. 1.3% and 1.1%..  In 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 % was2

exp
' greater than 1/10.  To examine what effect the correction

1 1
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Figure 2

062 distribution.for the 3449 4-C events

identified  as  p  p  lr+  71--. The smooth curve  is

discussed in the Text.

.

\
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2
factor a  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 X and a ratio of 1/10 corresponds
2

exp

to using X and a ratio that varies from 1/5 to essen-
2
true

tially 1/10 as ')C2 for the 4-C fit varies from 0 to 12.65.true

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 %2 cutoff.  Experi-

mentally, there were 249 events with a 4-C fit with %2

between  18.5  and 40.0,  or 7.2% of the number -with %2  less

than 18.5. The theoretical prediction for a2 =.1.47 is 1.4%.

We attribute the discrepancy to both the non-uniform under-

estimate·of the errors and contamination. We correct the

cross-section by 5 St 3%.

H.  Beam Momentum

The beam momentum was obtained for 250 events with

unambiguous 4-C fits to p p *+ 7r-. 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 cosA is nearly equal to 1 and thus solving

for k is essentially equivalent to solving for the beam
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momentum.  For each event the resulting beam momentum 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 1 .005 BeV/c.  The weighted

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



III. CROSS SECTION

The cross section for the final state p p 'n-+ 77-- was

obtained for only those events inside a "cross section"

fiducial volume.  This volume, shown in Figure 1, is

internal to the scanning fiducial 'volume so that mistakes

made by the scanners in assigning vertices to the scanning

volume would not effect the cross section 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 formula:

0    =    (M H    /    (PLT))    N

where

24
MH = mass of the hydrogen atom = 1.673 x 10-   gm

p  = density of the hydrogenl = .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

27
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limited by the sides of the cross section fiducial volume.

We estimate that the count is accurate to within + 2%.  The

attenuation of the beam tracks is given by:

dI(x)/dx = -I(x)aTP/MH = -I(x)A

where

I = number of beam tracks

10
a  = the total.pp cross section = 40.0 mb

From this equation we calculate

AL

LT = 10·I3.(e  3/A)·(1 - e-AL)

where

I  = number of beam tracks at fiducial 3
3

= 30569(1 2 .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

0 = 7.43 (1 2 .02) x 10-4 . N (mb)
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The number of 4-C and 3-C events inside the cross

section fiducial volume totals  2899. We correct  this

number by the values given earlier for 1) scanning effi-

ciency, 2) events not measured, 3) events which failed to

reconstruct, 4) events with all fits rejected and no

reasonable mm hypothesis, 5) contamination, 6) the 362

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

where the error estimate comes from the uncertainty in the

contamination and the %2 cutoff.  Including the statis-
.'

tical uncertainty in the uncorrected number of events,

we obtain
.

6 = 2.54 + .13 mb.

This value may be compared to cross sections obtained

for the same final state in experiments at nearby beam

momenta: 2.6 + .3 at 6.6 Bev/c,5  2.42 + .10 at 8.1

BeV/c, and 2.4 + .2 at.10 BeV/c.
6                                8
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IV. ANALYSIS

A..  Production Cosines

One of the most striking features of the final state

p p 71-+ Tr- is the peripheral nature of the protons and

proton-pion combinations.  We discuss this feature in terms

o f the "production cosine", defined  in the overall center-

of-mass as the cosine of the angle between the three-

momentum vector of a particle (or combination of particles)

and that of an incident proton. Since there are two inci-

dent protons, two production cosines may be calculated for

each particle or combination.  Figure 3 shows the distri-

butions of positive production cosines for the final

pro tons, p 71-+ combinations, 'n-+' s and TT+ 'Ir= combinations.

By conservation of momentum the p 'Ir- distribution is

identical  to  that  of  p  7T+  ,  p  7T+  Tr-  to'  that  of the protons,

etc.  The 71-- distribution (not shown) is similar to that of

Tr+. Also shown are the proton and p 'n-+ distributions when

the proton in combination with the 'n-+ is in the·mass band of

the N*( 1236) (defined as 1.156 M(p Tr+)61.30 BeV/c)*.    The

*Here and in subsequent analyses we adopt the conven-
tion of plotting two quantities ( e.g. p 'n-+ production co-
sines) from a single event when both quantities meet a
selection criterion (e.g. p. 7T+ in N*mass band).
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Figure 3

( a) Unshaded. Production cosine  for  all  p Tr+

combinations.

Shaded. Production cosine for those p 71- 

++
combinations in the N* mass band.                      '

(b) Unshaded.  Production cosine for all·protons.

Shaded. Production cosine for those protons

which, in combination with the *+, are in

the N* mass band.
7-/

+,
( c) Production cosine  for  all  11-    s.

( d) Production cosine  for  all  'IT+ 'n-- combinations.
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sharp·peaking of the proton and proton-pion distributions

towards large production cosine is suggestive.of a per-

pheral production mechanism. In subsequent analysis we

take advantage of this peripherility 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

&2, the square of the four-momentum transfer) .

B.  One:Pion.Exchange.Model

The suggestion that. the data results from a production

mechanism yielding peripheral protons and proton-pion

combinations 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.

Calculations of these diagrams have met with some success

when applied to the state p p Tr+ 1-- at several incident

momenta (2.0 and 2.85 BeV/c,11 4 BeV/c,3 and.10 BeV/c,7,8) 0

Calculations of similar diagrams have been compared to the

three and four body strange particle states at our

1.2
momentum '  with generally good results.

"

We use the calculation·.of diagram. (a) of Figure 4 as

12given by Ferrari and Selleri.
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Figure 4

The two·possible Feynman diagrams. for the

exchange.of a single·pion in the reaction

p  p -+'p  p  7T    'IT
+
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(1)            dcda)+dA+dit -dfl-dy =    1613F2   x  2(a)-)2p+ 'th; ((15' ,ff| ) 

/R( a)*, a)-, 82\ / 2   dc-
x i                                   2  j x  1(2((1)- )     P-    dn=    ( co-,n-)  ) 

, (6 2  +  m 2)   '     '

where    + ( -) refers  to  the lT+p  ('11--p) vertex and

m (M) mass of a pion (proton)

F2   (Pi.P2)2 -.M4 = flux factor

P P four momentum of the incident protons
1' 2

1

co   '711 p invariant mass

P   magnitude of three-momentum of the out-

going proton  in the T  p rest frame.

 ( cD,fl) .the physical K p elastic scattering

differential cross section in the r p

rest frime..

26,   the square of the four momentum transfer

from an incident proton to a final proton-

pion combination.

R(a)+,CD-,62)        is  a form factor.

.13The form factor "R" is as developed by Ferrari and Selleri
,

can be written as

2

(2) R(a)+,0-,82) = {K,(82) K(82) Q((D+,82) K(82) Q(a)-,82) 
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where K' is an unknown form factor for the pion propagator,
«

K is an unknown form factor at each proton-pion vertex, and

Q is a form factor that corrects the physical proton-pion
..

cross section so that it corresponds to the·off-the-mass-

shell scattering  of the exchanged  pion.     Q  has been· calcu-

13.14,15lated ' but with various resul ts       and   then   only

for  values  of a) near  the.N*( 1236) where one partial  wave

13 14
dominates.  Empirical forms·have been given -'   for the

products  K'K2  and.K'K Q (a) outside  the  N*( 1236) region) .

A. cross section for diagram (b) may be expressed in

terms·of the·physical but experimentally unattainable

process

0
If'    p  -* '71-+  71--   p

11                     3 11and unknown form factors. Actual calculations '   have

invoked isotopic·spin.arguments to relate the above process

to the ·IT''ll- N states of.lrip inelastic scattering.  In

addition these calculations are made 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.15  Selleri14 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-

vided a quite reasonable description of the background and

thus we feel justified in neglecting diagram (b) and its

associated complexity and uncertainty.  However, in view

of our neglect of this latter diagram (as well as other

possible exchange diagrams) detailed considerations of

equation (2) are of questionable value.  We substitute the

simple form factor.

(3)                                                         R    ( 8 2)     =    (A    /    (A+ ·  6 2) )2

with "A" treated as an adjustable parameter. (A similar

.11
form was used by Ferrari at 2.0 and 2.85 BeV/c; at

4 Bev/(3 and 10 BeV/c7,8 the form given by our equation

(2) was used.)

Equation (1) was evaluated by Monte-Carlo methods

using pion-proton differential elastic scattering cross

section data available in the literature (some details

are given , in Appendix A).   A. set of "events" was generated

randomly* that, taken as a whole, satisfied equation (1).

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

*A computer 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 the same selection criteria as the real

events.    Thus  for the model  we " forget" which proton  in

an  event  is  at the upper vertex.of diagram ( a) and which

at the·lower.

C.  The Proton-Pion System

To examine the .extent to which the OPEM describes

the data we discuss in this section the data in terms of

variables appropriate to the model.  These variables are

./ the &2'.mass, and angular distributions of the proton-

pion combinations.

1.  The · p 71-+ Mass Distribution

The strong production of the·N*++(1236) dominates

the p p lT+ T- final state at the incident beam momentum of

this experiment. This strong, production is seen.in.Figure

5a, a histogram.of all.p *+ invariant mass combinations.

Superimposed on the histogram are the·predictions:of

Lorentz invariant phase 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·&2 distribution  to  the  p  71-+

combinations in the:N* mass band into rough agreement with
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that of the data. For events with a p 'n-+ in the N*++ the

other p lT+ in'variant mass contributes to the background

I.
of the distribution in Figure 5a. Thus the data appear·

consistent with most of the events having a proton in the

N*++. To obtain an estimate  of the number  of N**+ events,

a simple Breit-Wigner resonance form was fitted to the

p   7T+ dis tribution   with the background approximated   by

phase space.  The fit resulted.in 45 + 1% of the combi-

nations being assigned to the resonance, corresponding to

about 90% of the events having a p Tr+ combination in the

N*++ 0

The height:of the N*++ peak.may be enhanced relative

to the background by selecting. the  more · peripheral. p  'IT+

combinations.  Figure 5b shows the distribution for

 prod. cos (p 11-+)     .96. This selection criterion is

satisfied by at least :one p 'IT+ combination in 2216 events

and by both combinations in 826 of these·events.

The  predominance ·over background  o f  the  N*++  peak

and the further enhancement:of the peak resulting from the

cut on the·prod. cosine allow a relatively clean selection

of events belonging  to the quasi-three body state N*++ p  11--0

These events are of particular interest since the·protons

may be "labelled."  That is, the proton (designated pa)
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Figure 5

(a) Mass distribution for all p 'rr+ combinations.

The solid curve is the prediction 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 . 71-+ combina-

tions with  prod. cos   a .96.  The curve
is the-prediction· of the· OPEM normalized to

the·number of experimental combinations.
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the·sense that, although it satisfies the selection eri-
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that in combination with the T+ is in the N* mass band

(1.15 4 M(pa +) 4 1.30 BeV) may be identified with the

upper vertex  of. Diagram  ( a)
C
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 ri- combination in 2110 events and by both combinations

in 289 (or 14%) of these events.  1218 of the 2110 events

satisfy the additional criterion of  prod. cos (paT+) #.96;
for 97 (or 8%).of the events, both combinations satisfy

this latter criterion.  For the "double" N*++ events

(both p 7T+ combinations in the N*++ mass band) we expect'.

that at·most·one.of the·combinations results from the

decay   of   a ,.N*+1-. At least   one comb ination is "wrong"    in

terion, it does not result from the decay of a N*++.  The

above numbers of double N*++ events imply that of the 2399

combinations that:satisfy the·mass criterion at least 289

(12%) are wrong, and that of the 1315 cembinations that

satisfy the additional selection on production cosine at

least·:97 ( 7%) are wrong.  The OPEM predicts 11% and 7%

2.

respectively.  The total percent of wrong combinations is

greater  than the percent calcula ted from the double N*4+

events since there·will be events for which only one p 71-+
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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 p.471.'» combinations (see Figure 4a)  con-

stitute the wrong combinations.  For the model 22% of the

combinations satisfying the selection on mass and 18* of

the combinations satis fying the additional   cut   on  pro-

duction cosine are·wrong.  These percents are probably

reasonable estimates since, as indicated in Figure 5,
"

the OPEM approximates fairly well the height of the N**

peak 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 'IT+'mass distribution·shows no evidence for

the production of higher, Ispin = 3/2 resonances.  The

second resonance  seen  as  a  peak.in  7T+ p elastic scattering,

the N*  (1950) (r = 220 MeV, J  = 7/2+- F   wave of-phase
312 '  37

shift analysis)*, appears in the OPEM curve (Figure 5a)

as a broad shoulder near 1900 MeV.  The absence 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.



45

resonance is not produced as strongly as predicted by the

model  (if at  all) .    The p 'n-+ mass distribution shows  no

enhancements at the masses of other Ispin = 3/2

16,17resonances.

2.    The  p  'IT- Mass Distribution.

The p 71-- irrvariant mass distribution for all combi-

nations (Figure 6a) shows three peaks which we interpret

as  corresponding  to the peaks observed in .7'r- p elastic

scattering. The OPEM curve reflects these resonant peaks;

the first two are the N*  (1236) and N*  (1525)312 1/2

(r = 115 MeV, J  = 3/2-  D   wave of.phase shift analysis).
,  13

The third peak corresponds to a region in which several

„  16, 17
phase shifts resonate. Considered "well established

resonances are the N*  (1680)(r = 170 MeV, J  = 5/2-, D15)1/2

the N*  (1690) (r = 130 MeV, J  = 5/2+  F   ) and the1/2 .  15'

N*  (1640) (r = 180 MeV, J  = 1/2-, S  )   Possible312 31 ·

resonances are the N*  (1690) (r = 280 MeV, J  =312
3/2+  p  ) and the N*   (1690) (r 4 280 MeV, J  =

' 33 312

3/2-  D  )   The -PbT- distribution (Figure 6b) shows
'  33

these same peaks but enhanced relative to the background,

consistent with the behavior of the OPEM. This "double

Isobar" production ( simultaneous' production, of N*++  and

N*') argues in favor of a dominant contribution from
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Figure 6

( a) Mass distribution  for  all  p 'n-- 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.

(b) The Pbm- mass distribution.  Pb is the
other proton when one proton is in the

N*+4-( 1236)  mass  band (1'1.15 6.M( Pb 7T,* )  
1.30).  The shaded histogram is for those

p.bm -  combinations for which

prod. cos (paw-+)    » .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*0

*            production it cannot do so simultaneously.

The OPEM.predicts the three·resonant peaks seen in

the  data and, particularly  for  the · pbr- combinations,

describes fairly well the general shape of the mass

distributions.  There·are, however, discrepancies.  For

the data.the overall distribution (Figure 6a) shows a

rather broad excess of events (relative to the·model) in

the mass· regien 1.1 to· 1.4 BeV. In Section D we show

evidence for resonance production   in   the   p   '»  lr-   mass

distribution from:roughly 1.3 to.1.8 BeV.  The   abeve

excess may be traced to this resonance·production since

the p Tr- invariant,mass from thesetresonances is kine-

matically restricted to low values.  The overall distri-

bution also has a.depletion of events in the third reso-

nance:region· (  1680. MeV) for which we can offer no simple

explanation.  Both the excess of events in the region of

the.N*(1236) and the depletion in the third resonance

region are·present in the,Pbr- distribution, but to a
lesser extent than in the.overall distribution.

We see·no evidence for resonance·production above

1700 MeV. Neither the·overall p 7T- nor the,Pblr-·mass
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distribution shows enhancements at the masses of known

Ispin = 3/2 or Ispin = 1/2 resonances. 16,17

3. The 82 Distribution.

The experimental 62 distributions for all p 71-+

combinations  and for those  in  the N*( 1236)  mas,s band

are compared to the predictions of the OPEM in Figure 7.

For each proton-pion combination the smaller of the two

possible 82 is plotted. The comparison to the model is

made for no form factor and for the form factor of

equation    (3)     with    A    =     1     and    A    =     3.          For    ease    of comparison

the model's curves have been normalized to the number of

experimental combinations. The OPEM with the form

factor of equation (3)is not able to reproduce the

sharpness of the overall experimental distribution.  A

value of A. = 3 provides fair agreement between the data

and the model for the p 'n-+ distribution and we use this
a

value in comparing the model to the experimental mass and

angular distributions.

The general agreement between the experimental

proton-pion mass distributions and the model make it

attractive to assume that 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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.

Figure 7

( a)   82  distribution  for  all  p 'n-+ cembinations.

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.

(b)  82  distribution for those ·p Tr+ combinations

in the N*++ mass band.  The curves are as

in  ( a).
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of the model should agree with the experimental 82 distri-

bution since other production processes may contribute

to the experimental distribution.  Thus, as mentioned in
t.

Section B, considerations of more complicated form factors

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

ques tionable 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 exchang e.

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 only for

the events in the quasi:-·three body final state N*++ Pb -
we restrict the discussion to these events.  The angles

considered are defined in a standard manner as shown in

Figure Ba.  For a hypothetical event Figure 8b illus-

trates these angles   for   the pb'Ir- combinat ion  as  well   as

the momentum vectors for various particles as seen in

the · Pblr- rest frame.
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.

Figure 8

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

.

text. "in" and "out" refer to the inci-
3

dent and.outgoing protons. ( p       Tr)Out

specifies the direction ef transformation

from the·overall center of mass to the

p        T rest frame.Out

(b)  The angles defined as  in ( a)  for  the

pblr-   system  for a hypothetical event.     Also

shown are various momentum 'vectors trans-

formed to the·p67r- rest frame.  p·(p.) isa P
the.incident.proton with the·positive·pro-

duction cosine to the PaTt (Pb"-) system.

L
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The angular distributions for Pa + are compared to

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

selection of pure N*11-+ ( pJT+ combinations) from the model

would have a distribution of cos e as observed in 'rr* p

elastic scattering.  That is, a nearly symmetric distri-

bution going approximately as 1 + 3cos28.  The 0

distribution would be isotropic as required by the

exchange·of a spinless pion.  The model's deviation from

symmetry in cos e and isotropy in.0 results from the

inclusion of the wrong p rf- combinations (P4'Tr ) whose

in'variant mass happens to be in the N*++ mass band.  The

experimental cos e distribution resembles the OPEM

prediction but is noticeably flatter near cos e=2 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 Pbll-- angular distributions are displayed  in

Figure 9c and 9d for all combinations. Since for Tr- p

1
-
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=

Figure 9

Angular distributions for those events in the

quasi-three body final state:

N*++ PbTr-

L Pa'-+
The shaded histograms are for the additional

requirement      prod.  cos  (pam*)    9  .96.
The smooth curves are the OPEM (A = 3) pre-

dictions normalized to the number of combina-

tions in the corresponding experimental

distributions.

( a)    Cos   e   for  par+.

(b) 0 for pa +0

( c)  Cos  e . for pbw-

( d)  0  for  Pblr_ 0
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elastic scattering the cos e distribution is a function

of the invariant mass, we display in Figure 10 the

cos e distributions for various mass intervals. The data

and the model agree reasonably well, with the largest

discrepancy between the model and the data in the region

of the N*'(1236) (1.15 6 M(Pbr-) 6 1.30 BeV).  For
completeness we mention that for the model the wrong

Pbr- combinations ( p37 -)
tend to populate the cos e

region near +1.  For the model the 0 distribution is

isotropic for both the correct and wrong combinations.

-·            The experimental 0 distribution is essentially flat

outside the region - 71-/2 to lr/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 0 is the most clear-cut.  Thus we use this

peaking to place an upper limit on the amount of the

data ( for the quasi -three body state) that may be attri-

buted to the simple one pion exchange diagram that we

have considered.  This upper limit, taken as twice the

number of combinations outside the region -Tr/2 to 71-/2,

is 1806 combinations (75.3% of the total number of

combinations) for the selection on mass of p T+ alone and

1150 combinations (87.5%) for the additional selection
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,

Figure·10

The cos e(pb'n--) distributions for various PbT-
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 previously noted, the

relative contribution that may be attributed to·one pion

exchange is greater for the cut on production cosine.

The   dependence   o f the peaking   in   0   on   the   Pbr-    in-

variant mass is sh6wn as a scatter plot in Figure 11.

The excess of events between -71-/2 and n-/2 is distributed

throughout   the  PblT- · mass range except   in the; region  of

the N*(1236)·where the distribution is fairly isotropic.

In the next.section we show that the peaking in 0 may
'..

be understood as a kinematic reflection of resonance

production in the·p , lr+ Tr- system.
..

D.  The p 0- 71-- System

1.  Relationship to the OPEM

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

the·distributions of other variables (e.g. p 'n-+ Tr- mass)

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 T+ 11-- mass

distribution  to the background prediction  of  the · OPEM.
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.'

Figure 11

(a) The mass · of Pb71--
plotted against -0 (pblr-) 0

...

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

requirement that  prod. cos (pai+)  b .96.
*
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The · p  'n-+ 71-- invariant mass distribution  for  all
.

combinations is shown in Figure 12 a, together with the

predictions of :phase space·and the·OPEM.  As suggested

above, the, OPEM describes the.general shape·of the·mass

distribution.  In particular, the shift towards low 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

in  the  p  p· 71-+ 71-- final state at incident proton  beam

momenta.of 5.5,4 8.1,6 and 10.0 BeV/c.7,8  As discussed

in Section IV, C, 2 there are some three to five partial

waves that resonate in this mass region, all 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 'n-+ 'Ir- mass distribution.

The general shape of the N*++ r- mass distribution

(Figure 12b) is fairly well predicted by the OPEM.  The

region above 1.8 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 thi distribution without the cut on production
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.

Figure 12

( a) Mass distribution  for  all  p  71-+ 7r- 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 .pam+ 71-- mass distribution where paTrt

is in the N*++ mass band.  The shaded

histogram is for the additional restriction

prod. cos (paT+) | b .96. The curves are

the corresponding:OPEM predictions

normalized to the number of experimental

combinations.

S
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cosine (unshaded histogram) a remnant of the enhancement
-4

at 1700 MeV is present as well as an excess of events in

the region 1350 - 1600 MeV.  The cut on production

cosine (shaded histogram in Figure 12b) essentially

eliminates the peak at 1700 MeV, leaving only an

enhancement in the 1350 - 1500 MeV region above the 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*+   +N*++(1236)' 'Ir-
. 

since for such a resonance the p 71-+ invariant mass is

kinematically restricted  to · low values. For simplicity,

however, we will refer to the mass distributions of

Figure  12b  as  N*++ 71--.

The  peaking  of  the  OPEM  in  the  low N*++  l'r-  mass

region results primarily from a kinematic reflection of

the T- 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

18
described by Deck   in an attempt to explain the Al

meson.  The effect may be understood by examining
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Figure 8b.  Because of the peripheral nature of the inter-
.

action  the p  'vector  and the N*++ vector ( consider paT+

to be in the N*++) point more or less in opposite

directions in both the overall center of mass and the

pb71-- rest frame.  For the N*++ r- system to have small

invariant mass it is then necessary that the 11-- be

produced backwards with respect to p , corresponding to

large, positive values of  cos ··3(Pb•rr-) . The inclusion
of physical Tr- p elastic scattering data in the model

'4.

gives  a  cios ··e (PblT-) distribution that consists pre-

dominately of just such values, as shown in Figure 9c.
-,

This predominance of large, positive 'values then leads

to the peaking  at  low N*++ Tr-  mass. Of course  a  low

mass resonance decaying into N*++ 11-- is constrained to

produce 'values of cos e that are large and positive.

Thus, although the data agree  with the model in peaking

towards such 'values of ·cDs 8(Pblr-), 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 N*  (1470) (J  = 1/2 ,
1/2

r = 210 MeV  P  ) and the N*  (1525).  The N*(1525),' 11
-

1/2

discussed previously, decays into N 71- 7T 45% of the time,

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 will

refer to the N*++ Tr- enhancement between 1350 and 1500

MeV as the 1425 MeV enhancement.

The relationship between the 1425 MeV enhancement,

one pion exchange, and possible resonance production has
./

been investigated in the ·p p · 'n-+ 11-- final state in several

experiments other than the one reported here.  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  Gellert

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  e( PbT-) distribution  of  the  data  to  the

distribution observed in.Tr- p elastic scattering.  (The

definition of Pbr-.was similar to the one used in this
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experiment with the cut on production cosine to the N*++.
.

The comparison was made in terms of a moments analysis

of the cos e distribution as a function of Tr- ·p in'variant

mass, corresponding 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 observe a similar disagreement between the model

and the data to that shown 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

conclusionthat 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*++ lr- enhancement to the OPEM and to

possible resonance production.

2                      ++The 6 distribution to the N* is the only variable

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
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parameter ·A.  The N*++ 71-- mass distribution is replotted
.

and compared to the prediction of the model for A =,3,

A  =  1  and  for  no form factor ( equivalent  to  A =  00).    Eath
..,

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*++ .IT-

distribution (Figure 13a) the high mass region is

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

tively sensitive. Although the model does not reproduce
r.

the peaking at either 1425 or 1700 MeV for any of the

values of A., the. amount of the data that might be
7%

ascribed to·resonance production is very dependent upon

the choice·of A.. For the distribution with the cut on

production 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 6 M(paT+ 11--) 4 1.475 Bev (the upper limit has been

, chosen to avoid to some·extent a possible contribution

from 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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Figure 13

( a)  A  comparison .of  the   palr+ 'IT- 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.

(b) Same as (a) but with the·additional

restriction that
  prod.  cos  (pa·T+)    a  .96.

/
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In addition to the previously discussed kinematic
.

dependence of.N*++ 'Ir- mass and cos e(p 7T-), the mass is
correlated with 0(pb'n--). This latter correlation may

also be understood by examination of Figure 8b. Consider,
for a given cos e,  a.rotation of the T- 'vector about the

p  vector corresponding   to a change  of  0   from  0  to  lr.
+EThe· w-  will be maximally aligned with  the N* (minimum

++  -N* 71- mass ) for 0 = 0 and minimally aligned (maximum

N*44- 'Tr- mass) for 0 = 7T. This correlation may be
*

observed experimentally as shown in Figure 14.  As

discussed in Section IV, C, 4 and shown in Figure 9 d,
..

the 0( Pblr- ) distribution peaks above the flat distri-

bution expected for one pion exchange between -11-/2 and

-Mr/2.    Figure 14a shows  that  for the overall sample  of

N* events values of 0 between ·-lT/2 and 7T/2 occur
-H-

++
almost exclusively for N* 7r- 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 14b shows that 'values

of 0 between -71-/2 and -PIT/2 occur primarily for. N*-   7T-
,

mass less than about 1500 MeV, again the region of

enhancement above the OPEM prediction (Figure 13b)

The · peaking  in  0( Pblr- )  may   thus be explained  as

'i
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Figure 14

(a) 0(Pb*-) plotted against paw-+ 7T- mass,.with
p,*+   in    the.N*  . mass   band.                                                                                                       -
a

(b) Same as (a) but with the additional.restric-

tion   prod. cos (paw )   a.96.

4
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resulting from resonance production at low N*»- lt-

mass.*

Earlier we observed that, as shown in Figure 11,

the 0( Pb -) distribution was fairly isotropic for

the  Pbr-  mass  in the region of  the  N*0(1236).    Thus

for these double: N*( 1236) events ( pa + and Pbw- in

the N*(1236) mass band) we would expect no enhancement

at. low' N*++ · 71-- mass if our correlation of peaking in

 ( Pb _ )   near  zero  and  N*++ r resonance production  is
,,

correct. Figure 15 displays the N*++ 'Ir- 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, 4

and  found  to  be in general agreement  with  the· OPEM

' I

*A.lmeida .et, al. in reference 7 report a similar
peaking.  They point out that the peaking.is not con-
sistent with a simple OPEM but do,not relate the peaking
to, Nle++ T- resonance production.
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Figure 15

Mass distributions for Par+ Tr- with P *+   in   the
,/

N*++ mass band and with Pblr- both in and.out
of the N*9(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 Pb•r-  h. 1.35 BeV.

(b) Mass of Pbr-  < 1.35 Bev.
(c) Same as (a) but with |prod. cos (par+)1 a .96.

(d) Same as (b) but with
 
prod. cos (Pa' T+) 1 h .96.

A
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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*++ t- mass regions.  The N*++

decay angles are of course not kinematically related

to the.N*++ *- mass as are cos e(Pbr-) and 0(Pb :).
For-N*++'s formed by one pion exchange the 0(pa +)

distribution will be flat and the cos e(Pa +) distri-

bution will go approximately as 1. +3 cos2e for any

N*4  'Tr- ·mass region. However it.is useful to examine
.,

these angular distributions, especially for the

1425 MeV region, since a.N*  resonance decaying into

N*  7T- · (or. into p 71-+ 'Ir-) will not in general give the

decay distributions expected from one pion exchange.

44- +4.-
The N* decay distributions for the N* 7r    · mas s

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) normalized

to the·1.8 - 2.4 BeV region of the·appropriate:N*4  5-

mass distribution.  The decay distributions for the

' region above 1800 MeV with the cut on production

cosine (shaded histograms,.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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I

.

Figure 16

Distribution· of decay angles  ( as defined in
.

Figure 8) for Par+ with paY+ in the N*4+ mass

band and 1.35 BeV 6 M (pat+ 'IT-) 6 1.475 BeV.
.

The shaded distributions are for the cut on

the production cosine to P 7T+.  The smooth

curves are defined in the text.

( a)   cos e( pat+)

( b)  0(PaT+)
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..

Figure 17

Distributions of decay angles for pa T+ with
p·'n-+ in the N*++ mass band and selections on                  'a

the mass of PaT+ T-. The shaded distributions

are for the cut on production cosine to Pa'Ir+.

The smooth curves are defined in the text.

(a) cos e(paT+) for 1.475 4 M (pa  Tr-)
  1.08 BeV.

(b) Corresponding 0(pa  )

(c) cos e(paTT+) for M (pa72+ Tr-)   1.8 BeV.

(d) Corresponding  (PaT+)

*
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any large contribution from resonance production.  In
.'

contrast, for the 1350 - 1475 region the cos·e

distribution·shows a large accumulation of events
.-

between..4 and.1.0, in disagreement:with the:OPEM

prediction. ,As discussed above, disagreement.with the

model.is consistent with the interpretation of resonance

production in the 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 that of the enhancement in the mass

distribution.  That is, the 1425 MeV enhancement

appears above the OPEM.prediction both with and without

the cut.on production cosine.  The accumulation in cos e

is not consistent with the OPEM prediction, but neither

is it consistent with the cos e distribution expected
..

from the decay* of a N*++ formed in a pure state from

the decay of a.N*+.  For such a N*++ parity conservation

requires that the contribution to cos e be·symmetric

about zero. Thus it appears that if a resonance is

being produced it interferes with some other.process,

r perhaps with one pion exchange.  For the mass region

*In·Section IV, D, 2 we show that any resonance
' contribution to the 1425 MeV enhancement has the.principal

decay  N*++ lr-.

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

cosine improves the agreement between· the data and model

but the agreement:in cos'e 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 ef the enhancement at 1425 MeV.
.

Our examination of  the :N*++ T- system has shown

that.discrepancies.in theiOPEM variables 0( Pbr-)*

and cos e(·Palr+) are associated with enhancements at

++
1700 Mev and.around.1425'MeV in the.N*    Tr- mass

distribution.  Especially for the.cut.on·the production

cosine to the-N*++ 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

-                                                                                  1
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to  those·of  the· N*( 1470),  the P wave.resonance deduced
11

*

from 7T-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 , the initial nucleon,, 19,20

may exist as a virtual N*(1470) state.  Transfer of

four-momentum from.X to the virtual state would place

21
it on the mass shell. In a related concept, Morrison

has suggested 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 'n- and.N·1'r l'r 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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For a comparison to the·enhancement in our experiment we

briefly review  the:properties. of  the P resonance and
11

the·enhancements:observed.in other reactions.
-.

22
Beginning with Roper a number of phase shift

16
analyses·(see·Rosenfeld et al.   for a list of

references) have·indicated the·existence-of a resonance

in the P wave.  The·parameters'of the·resonance quoted
11

16
earlier from Rosenfeld et.al.  ·(mass:of.1470 MeV, width

of 210 MeV) are essentially rounded off versions of the -
.

parameters determined in the recent phase shift analysis

of Donnachie·et al. In this analysis the mass is taken17

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

In a recent analysis by Bareyre, et al. two masses23

and widths are given. A. mass. of:1470 MeV and widths of

255 MeV are determined from the P wave total cross
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

24
value·was determined by Bransden et al. from the

point.of:maximum.velocity of the amplitude.  The·analyses

of Donnachie et al. and Bareyre·et al. agree that the P
11

resonance decays inelastically about 35% of the time.
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Several analyses have been made of the inelastic

decay modes of the P resonance. These25,26,27
11

analyses are .essentially of data for the reaction
"»

71-- · p -+ ·N 71- 7T. Various assumptions are made for the

inelastic decay modes of the partial waves contributing

to a T- p invariantmass region. Calculations corre-

sponding to these assumptions are then compared primarily

to ·distributions of the N.71- T internal variables.  The

analyses agree  that  in the region of  the .N*( 1470)  the
4

inelastic decay N*-(1236)  'n-+  for  the P wave cannot
11

explain  the  data  for T-  p -+ n..T+ T-. Instead the decay
.

0 n is found to be dominant. Thurnauer takes the G25

to be· a ·Ir 'rr resonance of mass 490 MeV and width 110 MeV.

26
Namyslowski et al. takes   the   0   as   a  T   =   0,   J   =   0.7 1-  71-

resonance.of.mass 400 MeV and.width 50 MeV. .Morgan27

allows a to·represent a T=0, .J=O F T state, not

necessarily a resonance.*  For completeness we mention

that according to these analyses the D wave:, N*(1525)  )'
13

whose inelastic decay contributes to the same general

mass region as the P has the dominant ,inelastic
11'

decay N*7(1236) 7T+.

*Whether the •IT 71- system does resonate as a a meson
is a matter of some debate. See our reference 16 for a
list of references.
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Over a wide range of.incident.momenta,.missing.mass

spectrometer experiments show a peak around 1400 MeV

in the·missing mass spectra of the reactions

p  p -+ p' + missing mass  and 'Irt p -+ 7rk + missing mass.

Table 2 summarizes the properties of the 1400 MeV

enhancement as determined in the experiments of Anderson

et al., Blair et al., and Foley et al. References28             29                30

to earlier experiments may be found in our reference 8.

In Table 2 the parameter "b" is from fits of the
/

data to

(4) da = Ae-btdt
..

where t is the square of the four momentum transfer.

A. variety of production experiments with the final
particles identified have observed N 71- and N·71-·7T

enhancements around 1400 MeV.  Table 3 lists the

properties of the observed enhancement from experiments

that attribute it to the N*(1470) . The particles in

the enhancement are indicated by parentheses.

\-

Several comments on the reactions listed in

Tables 2 and 3 are in.order.  With the exception of

11-- · p  + 11-o( p  71--),   for a resonance interpretation  of  the

enhandement.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

28
PP-P + MM        10          1405 t 15 .  180 1 50 22.3 2 3.4 .544 + .09 Anderson

15                                    15.9 f 2.3 .602 + .106
2 0                                                                                                                                            14.4    + 2.5 .660 f .15
30                                  23.5 * 5.1 .744 k .35

P P -+ P + MM 4.55 1410 2 15 125 + 20 14.0 2 1.3 .63  2 .08 Blair29

6.06 20.7 i 2.7 .65  2 .18
7.88 22.1 + 4.1 .45  i .09

30
pp#P + MM 9.86 - 20.24 1400 t 30 150 18.  + 2.          -          Foley

71-- p -0 7T- + MM 13·98 - 26.23 12.  t 2.

1+ p - , + MM 10.02, 16.02 16.  t 4.
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TABLE 3

BEAM MASS WIDTH SPIN CROSS

REACT ION MOM.  ( BeV/c) (MeV) (MeV) PARITY * SECTION (mb) REFERENCE

8
p  p  - p     (p   T+  Tr-)                 10                                1450  t 15 -        -        .18 + .04 Almeida

p      (n  l r' )                                                                               _                                             _                            _                         0 1 8   2    .1 2

6
p    p   -  p       (p    4+ Tr-) 8.1 x        .35 t .15** Guyader

4
P  P  - P     (n T+) 5.5             -               -         -        ·80 t .16 Alexander

P      ( P 7TO) ·36 t .06

31 +  p  - lr+  ( n  41)                        6                             1405  2 30 100         - .034 Bell

11--    p   -  11-0    ( p 7r-) 1436 2 20        50                     .008

32
id  p  - K+  ( n  K+)                           3                                1385  + 20 42 i 22       -                        Dodd

T-  p  - 11--   ( p  11*  Tr-)                 8                             1412 ·+    9              49                             x                                                         Lamsa+ 30                                     38
- 20

K-  p  - K-   (p 10) 1.45 1470             40         -                        Fridman34

K-   P  -0 K-   (p Tr+) 1.425 1400 - 1450 50  -  100 x Adelman35.,36

K- (p Tro)

* "x" indicates that the spin-parity is consistent with 1/2+.

** Combined cross section for N*(1470) and N*(1525).
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produced by the exchange of the .quantum numbers of the
'.

vacuum.   (71--  p.-*'71-O(p· 71--) requires the exchange.of.at

least one·unit of Ispin.)  The appearance of an enhancement
..

around 1400 MeV in such reactions induced by a variety of

incident particles over a wide range of momenta supports

the ideas expressed above ·concerning the production· of

the:N*( 1470) .    However,.an  alternative · explanation  of  the

enhancements may be.offered.  Each of the reactions

either has a three body final state or could have a

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

particle" is' the N*++(1236). Each (again, with the
/5.

exception of 'Ir- p .0-+ 71-I(p. lr-)  ) 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. 71-+  lr- )   at  6.6

37BeV/c as kinematic in origin. Walker .e:t al . favor

a kinematic interpretation of the enhancement in the

reactions   A-   p.-*lr-.(11-0   p)„T-   (n.11-+),.and-.71--    (·p   T+   11--)

at 7.0 BeV/c.  Fer the two,K- p.reactions listed in

Table  3, the upper limit : of: N Tr phase space   is at roughly

*See, for example, the. diagrams discussed by Ross and
Yam.in reference·20.

'h,                                                                                                                                                                     1
L
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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 explanation of
-

.the·enhancement.in these reactions.  However, as pointed

out by Fridman et al., these experiments could be34

observing the tail of the N*(1525).

Interpretation of the various enhancements as the

N*(1470) is complicated not only by the Deck effect.

The widths listed in Tables 2 and 3 are all smaller than

the values given by phase shift analyses;   only the value
28of Anderson et al. is consistent, within the quoted

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

Bareyre et al. The masses vary considerably ( 1385 f23

20 MeV to·1450 *·15 MeV).  Although· several.of the

experiments have reported decay angular distri-6,33,36

butions that are consistent with a spin-parity of 1/2+,

none of them have·ruled out other assignments.  All.of
+the  three body enhancements listed  are  in: p  'n-   7'r-.    If

these enhancements are the·N*( 1470) the decay p G

( 6 - T+ 'IT-) might be expected since this decay would

differ only in the z component:of Ispin from the n 0

decay favored by the analyses of the inelastic decay

25.26,27                     7modes of the P wave. Both Almeida et al.
11
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33and Lams a :.e:t al. report that their data are:·conSistent

with the decay  mode N*( 12 36) 3. 71- .

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

the paE+ 5- mass distribution for the selection of

paw-+ in the N*++(1236) mass band.  As mentioned in that

earlier examination, because of the low mass of the

enhancement our selection neither guarantees the decay

N*( 1236)   71- nor eliminates the decay  p   a   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  palT+ 'Ir- combinations  in  the mass region

of the enhancement (1.35 BeV·EM(p·aT+ A-) 6 1.475 BeV).

For this plot there is no.restriction. on the Pa r'- 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· 71-  T-

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

Dalitz plot and projections for 1.35

6 M (paT+ E-) d 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

the data and the model show a strong N*++ in the   all.+

distribution and no indication of N*0 production in the

Par" distribution. (For ease-of ·comparison the limits of

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

tions.)  The ·'n-+ •IT- distribution shows no indication of

a narrow resonance that could correspond to the a.  A.
.-

broad a resonance·or T= 0, .J=0 state could go.undetected

in   the  #+  T- dis tribution. However   for   such a resonance   or

state the PaT+ and par- 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 described in shape by the OPEM, it is of interest

to consider whether a resonance decaying  into  N*( 1236) lr-

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



r-

99

(N*++ 11--)            2·                      Ratio
1

( N*0  Tr+

1-*  p    72-

For.the kinematic effect consider Diagram a of Figure.4.

The contribution to low p lr  11-- mass will come from

N*++  C N*')   production  at  one  vertex  and  lr-   p   (lr+  p)

elastic scattering at the other vertex. . In section

„++IV, D, 1 we showed that double Isobar production (-N=

at one vertex,  N*0( 1236)  at the other)  does not contribute
.

significantly to the 1425 MeV enhancement.  Above the

N*( 1236) region  the lr-  p  and 'n-+ p differential cross
-

sections are·roughly the same. Thus we expect
38

Ratio (N*44 ·Ir-) ru < 7T+ p   N*-1.-1- >  2  A, 2
  N*0 ·11"+) 1< F- PIN*o >  12 ·    1

p lT- p 71-

Given the dominance of the N*++ 7T- contribution for either

resonance production or a kinematic effect, the PaT-

and #+ 'Ir- distributions will be essentially reflections

of the. N*++ decay. In particular, the · pa - ·and *+. 71.-

masses. may be thought.of .as depending on the angle· in

the.N*++ rest frame between the outgoing proton and the

line of flight of the N*++ from the N* 'Ir - rest frame
4-+
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(82 of Figure 19). A.s discussed below, a resonance

decaying  into  N*++ 71-- will  (in the absence of interference)

give a distribution of this angle that depends on the
'·r'.

spin - parity of the resonance.  Thus a resonance could

yield similar Pa - and 'n-+ 71-- distributions to those

predicted by the OPEM if the model predicts a similar

distribution of the above angle as the resonance.  We

conclude  that  the proj ections  of the Dalitz plot could

be consistent with the decay of a resonance into.

N*++  71--   but   not   into  p   a.

Given  the N*++( 1236) T- 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 decayed N*1-+ 'n--

then the·resonant amplitude apparently interfered with

some other process.  Without a detailed understanding of

the interference a determination of the spin-parity is

6
not possible.  However Guyader et al.  in the·reaction

p p -+ p p 7T+ 71-- at 8.1 BeV/c, and Lamsa et al.    in33

71--  ·p   -+ ''Ir-    p    11-+   71--    at    8.0    BeV/c have reported angul ar

'             distributions that are consistent with J  = 1/22.  Thus,

with particular reference to the experiment of Guyader

et al., we examine angular distributions appropriate
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,-

F igure    19

Definition of the sequential decay angles
,.discussed in the text.  "in" and "out" refer

to the incident and outgoing   pro tons.       "N*"
1

refers to the intermediate resonance.  ( N*'71-)

specifies the direction·of transformation

from the· overall center of.mass to the *.N* 7T

rest frame.

'a



102

I.I.....4,

Pout t
'' 0

i          Q2      1i vy'
f   ''8\/ /I

42)i,     
:4 \   IL------.... N' Rest Frame

FiIX  ;  w---,"
/ II./. I

/
0 -

0
-4                     00

0

I

1/   1
I

,

1  =:              
   1N-

1 e1 ,
1 -
1

1

i     frix (N'   5. ---1 - -'.---
. .

1      --
00          i

0

/ Al-M :....i
.'

,  /  1
4

(N''IT) Rest Frame                 t



103

for the sequential decay
.

N*+ -+ N*-+-+( 1236)  'Ir-
.,

+
7. p 'ITa

We show that although some of the distributions could be

consistent.with.J = 1/2+, others are not but.rather

reflect the apparent interference.

We consider the decay angles defined in Figure 19.

(81,  1) are for the initial decay, (e2'  2) for the'.

final decay.  The distributions of these angles are shown

in Figure 20 for the selection 1.35  * M (N*» Tr-) L 1.475
BeV.  The shaded histograms are for the additional require-

ment that  prod. cos (N*++ T-)   9 .98. This latter

selection criterion tends to isolate the 1425 MeV

enhancement (Figure 21) like the cut on production cosine

to the N*+t (Figure 13b) but is more appropriate for the

current discussion. Shown fer comparison are the pre-

dictions of the OPEM (A = 3), normalized to the 1800 -

2400 MeV region of the appropriate 'N*++ 71-- mass distri-

butions. Consider the initial decay. In the absence of

...

interference the parity conserving decay of a spin one-

half.particle will be isotropic.  As shown in Figure 2Oa,

the cos el distribution is relatively flat.  Particularly
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-

Figure 20

Sequential decay angles as defined in

Figure 19 for the decay .t

N*+ -+ N*++ 7T-

Pj',                                            
                                       -

The shaded histograms are for

prod. cos (N*++ T-)  .1 .98. The solid
curves are the OPEM predictions normalized

as discussed in the text.
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for the cut:on production cosine, subtraction of the OPEM
*

prediction would leave a relatively flat distribution.

The 01 distribution shows to·some·extent the tendency of
.

the OPEM to peak at t T.  Subtraction of the·OPEM would

give a distribution that.might be consistent with isotropy.

We do not investigate the initial decay angular distri-

butions in more detail   s ince the final decay angles

(e2, 02) are more.revealing.  For these latter angles

39Jackson   shows that for any J  of the N*+ if.one assumes
'

that only the· lowest L value contributes ( for J = 1/2,
there is only ene·L value) the distribution is given by:

W( % '  2)    0<   1    +    CJ,P 'P 2     (c o s  '  e2 )

The distributien is independent of the·production mechanism

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

J 6 11/2.  In particular, for J.= 1/2 (either parity)

w(e2'  2)0<  1 + 3cos2e2

The data show no indication of this distribution.  The

cos e2 distribution agrees well in shape · ( as expected

from the abeve discussion of the Dalitz plot) with the

flat.prediction of the OPEM.  The  2 distribution is quite

markedly not flat.  This latter distribution is·strongly
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.

Figure 21

Mass of N*+0(1236) Tr- for

prod.  cos ( N*++ ' T-)   a  .98.

The smooth curves are defined in the text.

.,
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peaked towards    = 0; subtraction of the OPEM background
1

would result in a distribution that would be even less

consistent. with isotropy.  Moreover,.the  2 distribution
-

reflects the·apparent interference since parity conser-

vation requires for-a pure state that W (0) = W (0 + T).

Thus the final decay angles are not consistent.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 discussion of angular distributions,

we are not able to identify the 1425 MeV enhancement

as an incoherent  sum of resonance production  and  one

pion exchange background.  However when treated as such

a sum, the mass and width of the "resonance" part are

of interest for comparison to the values obtained in

the production experiments listed in Tables 2 and. 3.

We    determine    a   mass and width   from   the.N*++   71--   mass

distribution with
  prod. cos (N*++ 7T-)   .L .98 (Figure

21).  This latter selection isolates the. 1425 MeV

enhancement like the.selection  prod. ·cos (N*++)  4.96

( Figure  13b)  but  is more appropriate  for  a .N*++ 5-

-                 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.     The  uppe r

curve·. is  the sum of the OPEM background and a simple
15·

Breit-Wigner to represent the resonance contribution..

The parameters of the Breit-Wigner were determined as

follows.  The amount of Breit-Wigner resonance 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 reasonable fit to the shape of the
...

ex erimental distribution. in the·region of. the enhance-

ment while eliminating any effects of the tail of the

Breit-Wigner.  The results (with statistical errors) were

M = 1.42 + .01 Bev, r = .11 + .01 BeV.  To examine the

dependence of the mass 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:.2 .01 BeV, r = .10 + .02 BeV and.M = 1.44 + ..01

BeV,. P = .13 2 .02 BeV respectively. Taking the values

obtained for A.. = 3 but allowing for the uncertainty in

background (as well as statistical errors) we estimate

M   =    1.4 2    +     .0 3    Bev,     r   =     .1 1·i    ..03    BeV.        Within the error
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estimates, our values are consistent with those  of  the
*

missing mass spectrometer pxperiments (Table 2).   Our

value  for  the mass is fairly consistent ( again, within
„,

the errors) with most of the values obtained in other

bubble chamber experiments ( 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 (square of the four momentum

transfer) distribution for the protons recoiling against

the  p  T+ Tr- combinations  in the enhancement. Figure  22
.

shows the distribution   for   1.35      M  (p  71-+  T-)       1.475   BeV.

A. maximum likelihood  fit   for the events  with   . 025 6 t f

.25 (BeV/c)2 (215 events) to equation (4) gave b = 11 2 1.

( Essentially  the same result is obtained  if  the  p  7r+
++

combination is restricted to the·N* mass band.)  The

OPEM.predicts a value of b that ranges from 12 (no form

factor)   to · 13  ( form factor  with. A  =  1) . Since the value

for the data is about the same as predicted we·can assign

a ·  value of about 11 to events 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 2).  The difference

between our value and those of the missing mass experiments        1
'e'

is perhaps not meaningful because of the different

experimental conditions.  For these experiments the 1400

MeV region may be populated by any three or four body

final state containing a proton. In addition, the missing

mass experiments obtain da/dt by finding the cross section

for the enhancement above a (usually arbitrary) background

at various values of t. We do not have access in our

experiment to other final states and have insufficient

data to simulate the technique to obtain dc/dt of the

missing mass experiments.  We have, however, examined 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.  In 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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Figure 22

"t" distribution to the protons recoiling

against those· p 'n-+ Tr- combinations with mass A

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 E .25 (BeV/c)2  Thus the errors in t

could not have reduced a higher value of b down to 11.  A

second possibility is that we have lost events with small

t values in the scanning - measuring - reconstructing

phase of the experiment. That such.a loss could occur

may be understood by considering those events in which a

high momentum secondary proton in combination with the

*+ Tr- has small in'variant mass and the proton recoiling
.

against the combination has a small 'value of t. For the

recoiling proton (which we identify as the target proton)

t = 2Mr $,P2

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 in the bubble chamber and hence we will lose

events with t :5 .01 (BeV/c)2.  This loss does not effect

our value of b since it was determined for .025   t 6 .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
4

this possibility we take advantage of the forward-backward

symmetry in the, everall center.of mass expected for a
..

proton-proton experiment.  We·may obtain a value-of b for

forward recoil protens (fast in the lab) and backward

recoil protons (slew in the lab). The·values are

12 f 2 (BeV/c)-2 for 99 events and 10 + 2 (BeV/c)-2
for 116 events respectively.  We conclude that our value

for b does not appear to be particularly effected by
.

experimental biases.        i

In  summary,   we  are. not   able to identify  the · 1425  MeV
.

enhancement.in this experiment.as the·N*( 1470).  Any

resonance contributien to the·enhancement has the·principal

decay  N*++( 1236) lr- rather   than   the  p G decay favored  by

the·analyses of 71-- p inelastic scattering. The decay

angular distributions do·not allow a determination of the

spin-parity of the presumed resonance but rather reflect

an apparent interference· process.  . The mass and width of

the·enhancement, treated as a non-interfering resenance,

agree·fairly well with the values obtained in the:missing

mass spectrometer experiments; the·width is larger than the

values obtained in·seme·other bubble ehamber experiments.

The t:.distributien.ef the· events  in the region of the
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enhancement is wider than that of the missing mass
4

experiments.  This wider distribution does not appear

to be explained by experimental biases in our data but
-6

could reflect the difference in experimental conditions.

E.    The  p  p  ,  p  p  71-+  ,  and  p  p A- Systems

As evidenced by the absence of discussion in a recent

16
review of resonances there are no established resonances

with Baryon number = 2.  However the possibility has been

40mentioned that such resonances might exist and be members

of an SU  multiplet of which the deuteron would be a stable
3

 ,            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 n-+ mass distribution

from the p p 71-+ 71-- final state at an incident momentum

of 4.0 BeV/c.  More·recently Brunt et al. report a
41

possible resonance in the d. 11-+ mass distribution in the

reaction p d -* p d TT+ lr- at incident momenta.of 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 11-+ 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 space. Both curves

are normalized to the number of events.

.

1 -1
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Figure 24

p p T  mass distributions.  The dashed curve

is phase space.  The solid curves are the·OPEM

(A = 3) predictions normalized to the number of

events in each histogram.

(a) All events.

(,b) Unshaded. Those events for which at least

one  p T+ combinat ion  is   in  the  N*++( 1236)

mass band.  Shaded.  Those events for

which at least one p 'n-+ combination is in

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

prod.  cos  (p  #+)  |  6.96.



121
l

(a)
180

.*

160- 3598 EVENTS

3 140-
lo

,(\1   1 20-
/3    -
  100-

--W  , .r> -
w 80- -..

-                                                                       \* \
60-                      , .

\
- \/ \40-                 ,/                                        \/-.                                                  1

26-            ,----                            1-./

1- -1-                                 11         1         1                   1,1
2.0 2.2 2.4 26 2.8 30 3.2 3.4 3.6  '  38

M(P P 7T+)  BeV
''

( b)

100
  2110 EVENTS

0501           3>             1218 EVENTS
(D

6 80-                    Jrlo
C\1

-

tn
H
z 60-W 1>
Ill '

40

20

. I                 
 11

2.0 2.2 2A 2.6 2.8 3.0 3.2 3A 3.6 3.8
M  (P Pa'  +)   BeV



122

'

Figure.25

p p 71-- mass distributions. The dashed curve is

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

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

number of events in the overall distribution.

(a) All events.

(b) Those events for which at least one p 71-+ E-

combination has.a mass less than 1800:MeV.
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overall p p 'IT- distribution in Figure 25a. Displayed
.

for comparison are the OPEM and.phase space predictions,

both normalized to the number of events. All three mass

distributions.show'a shifting towards high invariant mass

relative to the phase space prediction, consistent with

the peripheral nature of the protons and.proton-pion

combinations.  The p p and p p 71-+ distributions seem

particularly well described by the OPEM. We observe no

sL gnificant enhancements above the OPEM curve or the

general shape of the distributions.  In particular there

is no evidence for the resonance suggested by Kidd et al.3
..

4
at a p p 'n-+ mass of 2520 MeV. Alexander et al.  at an

incident momentum of 5.5 BeV/c and Almeida et al.7 at

10 BeV/c also observe no evidence for a resonance at this

41mass.  The resonance at 2130 MeV reported by Brunt et al.,

if real, has Ispin = 1. Without 'violating Ispin it could

be produced in our experiment ahd, depending on the pro-

duction mechanism, decay  into  p  p or p  p T-. Neither the

p p nor the p p 'n-- mass distribution show an enhancement

at 2130 MeV.  However, the absence of an effect in a p p

experiment does not necessarily constitute evidence against

aresonance in a p d experiment since the production

mechanisms would. presumably be quite different ( Baryon

3
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exchange in the p p experiment as opposed to meson exchange
.

in the p d experiment.

The decay of res]onances: with Baryon number = 2 into

N*++ p may be at least contemplated.  Thus we show

the.N*++ p mass distribution in Figure 24b.  This mass

distribution has a broad peaking centered roughly at

3700 MeV. However·  the OPEM curve peaks at about   the

same mass as the data, making a resonance interpretation

of the peak unlikely.  Further evidence against a

resonance interpretation is provided by the presence of

the peak in the distribution with the cut on the
..,

production cosine to the N*++ (shaded histogram).  That is,

the decay of a relatively high mass N*++ p · resonance

would not be expected to yield peripheral N*++ 's. We

conclude that the peak is kinematic in origin.

The p p T- mass distribution (Figure 25a) generally

agrees with the·OPEM prediction but does show an enhance-

ment above the OPEM curve at the upper limit of 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 T+ 'Ir

mass.    Figure 25b shows  the  p  p  'n--  mass  for the restriction

that at least ·one ·p T+ 'IT- combination has a mass less than
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1800 MeV. This latter p p 17-- mass distribution is narrower

than the overall distribution and peaks at about the same

high mass.    Thus we attribute the enhancement  in  the p  p  17--
/

distribution to the excess of events (relative to the·OPEM)

at  low p  'n-+ Tr-  mass. A.s further evidence against  a

resonance interpretation we refer to the p p lr- mass

distribution of Almeida et al. at 10 BeV/c. This7

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   'n-+   71- -        System

The overall 71-+ 7T- invariant mass distribution is

shown in.Figure 26a together with the,predictions of

the OPEM and phase space.  The model describes the general

shift towards low mass relative to phase space.  Noticeable
(

enhancements appear    above  the · OPEM curve at about  700  MeV

and between 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  71-+ ·lT-

mass.  To demonstrate that the excess between 350 and 600

MeV may be attributed to such.resonance production we
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.

Figure 26

7T+  71-- ·mass dis tributions. The dashed curve   is

phase space. The solid curves are the pre-

dictions of the OPEM (A. = 3) normalized to the
'

number of events in the .overall distribution.

(a) All events.

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

combination has a mass less than 1800 MeV.

0
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show, in Figure 26b,  the. •IT+ 'Ir- mass distribution  for

events with at least one · p 71-+ lr- 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

seen to correspond roughly to the excess in the overall

distribution.

Consider the enhancement 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 (normalized to the number of

events in the histogram, as shown in Figure 26a).  While

of limited statistical significance, the enhancement could

be evidence for the production of the p meson or of the

elusive €0 (also called :SO).  If it exists, the €o
42,43

P +would be a T=O,J =0 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-

istic of the p p » 71-- final state; other studies :report4,6,7

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

2*

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

production we hypothesize
.,

p  p -*p· N*+

Lp p
L.,T+  ·,r-

That such a hypothesis might be relevant is suggested by

the  work. of Chinowsky  et al. In a study of p p inter-
44

actions at 6.0 BeV/c, enhancements are observed at about
-.

2.0 BeV in the mass distributions of the particles in

parentheses in the final states n (P F+ T+ 5-),
*

p (p 7T+ 11--71-'), p (A l r K), and n (A w-+ K+).  In an analysis

of the neutron final s tates the enhancements   ( in the neutron

states) are interpreted  as  a T= 3/2 resonance with  the

N*( 1950)  of. lT+ p scattering  as the likely candidate.
.+ +

Chinowsky et al. isolate the decay NB'(1236) p' and

suggest that N p should be one of the 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 p' in the p (p 7Tf  Tr-)

•            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 · el  and 02  and  the
I

Costel distribution.

(b)   cos e2 distribution  for  cos ·el  fs.:O.O.
( c) Mass distribution for both p #+ combina-

tions for those events with at least one

p 7T  T
-
combination hav6ng cos 01   0

and cos·e. 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 el and cos 62 will be symmetric
r.4

about zero.  Figure 27a shows the cos el distribution for

all  p 'n-+ 71-- combinations . A.s 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 those  p  'IT+ 71-- combinations  with  cos   el  6  0.
For this selection, Figure 27b shows the cos·e2 distri-

bution.  This distribution is skewed somewhat to negative

+values.    For such values  the 'IT   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 cos e2.4 0 (in addition to the selection on

cos el) may then be expected to further enhance the relative

contribution from the hypothesized mechanism.  Figure 27c

+shows the mass distribution for both p Tr combinations

for those events satisfying  the above selection criteria.

++The   N* ·        peak   has been considerably reduced   comp ared   to

the overall distribution (Figure 5a); an excess of

combinations (relative to the OPEM curve) in the mass

1 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
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contribution, we plot in Figure 28 the •n-+ 7T- mass
...

versus    the   mass of those  p   T+  'If- comb inations satisfying

the above selection criteria.  The shaded histograms show

the contribution to the projections from the events that

have both combinations satisfying the criteria. The excess

of combinations (relative to the OPEM curve) at #+ 17-- mass

less than 600 MeV is, as discussed above, seen to be

associated with  the p w-+ lr- 'resonances  with mass  less

than 1800 MeV.  The 700 MeV enhancement appears relatively
.A,.

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

shown) .   The 'IT+ 'IT- combinations in the region of the

enhancement are distributed (on the scatter-plot of

Figure 28) rather uniformly between, roughly, a p lT+ 'IT-

mass of 1650 and 2100 MeV. Correspondingly, the p 'n-+ 11--

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 of events in the region of the 700

MeV  'n- 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

'n-+ Tr- · mass versus mass of p 71-+ T- combinations

with cos el 6 0 and cos e2 h 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 contribution to the projections

from events with both combinations satisfying

the restrictions on cos'01 and cos e2.

r
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An alternative explanation for the 700 MeV enhance-
...

ment could be production of the €o.  That the €0 might be

produced by a mechanism that excluded p production may be
'.

understood by considering the "double peripheral" exchange

diagram in Figure 29 a.  ( In this figure ('n-7T) designates

46alr Tr resonance) . Saperstein and Shrauner have performed

an absor tion model calculation corresponding to this

diagram with the p as the resonance.  They suggest that

4
such a diagram should be the dominant source of p· pro-

duction  in.N  N -* N  N N- •IT reactions.    In our particular

0,reaction the exchanged pions would  be  T S. Since  the
/

p does not Couple to 'n-0 7To, it could not be produced in

this experiment by such a diagram.  However, the €0, if

it  exists, does couple  to  Tro  Tro  and thus could be produced.

To examine the possibility of €0 production by the

diagram of Figure 29a, we exploit the spinless character

of this meson.   Let e be the ·angle in the ** 'IT- rest

frame between one of the·hypothetical exchanged gra' s and

the outgoing T+. As predicted by the·OPEM, the cos·e

distribution* for all events peaks towards +1 (Figure.29b).

./

Since any contribution from the €0 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 e.  The angle e is

defined in the text.

( c)  Unshaded.    Tr* lr- mass distribution  for                                     -

cos e E .5. Shaded.  *+ 7r- mass distribu-

tion for cos e  6.5 and.7T+ lr- 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 4 .5.  The unshaded histogram of

Figure 29c , shows  the T+ 7r- mass distribution and the

corresponding OPEM prediction for this selection.  The

shaded histogram 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 *+ 'IT- combina-

tion in the,overall center of mass be less than·300 MeV/c.
.,

The distributions·of Figure.29c show that the·above

selection criteria have not produced an isolation of the
*r

700 MeV enhancement relative to the general shape predicted

by the·OPEM.  We conclude that there is no indication

that the 700 MeV enhancement corresponds to the production

of the €o by a double peripheral process.

1

el
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A APPENDIX. OPEM INPUT DATA

We discuss briefly the method used to express

the ·n-+ p and T- p elastic differential cross sections

in a form suitable for input to the Monte-Carlo computer

program.  With the notation of.Section IV, B the

differential cross section may be written

20

da- (a),fl)=a(a))·G(a),cos e)/2'Ir
dn

+1
with

       G  ( a),cos  e) dcos  e  =   1
-1

0(a)) is the total elastic''Ir·-p cross section.  G(co, cos 0)

gives,  at a particular  a), the scattering angular distri-

but ion   in   the T.' p center   of   mass.

Focacci and Giacomelli have plotted experimental
38

values for the total elastic cross sections together

with a smooth curve drawn thru the experimental points.

9                       To  express  ((a)), the smooth curves were reduced to

tabular form with values of co closely (widely) spaced

in regions of rapidly (slowly) varying cross section.

146
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References 46 - 59 give T p elastic differential

..,

cross sections at values . of co spanning the phase space

limits of our experiment.  From these references,
'1

differential cross sections were selected at values of a)

closely (widely) spaced when the angular part of the

cross section was rapidly ( slowly) varying with a).    A

selected differential cross section at a given co was

reduced to tabular form (typically from a smooth curve

drawn thru experimental points) and normalized to express
t

G( co,   eos  e)   at that value  of  a).

The computer program  used the tables   for  a( a))   and

G( a),   cos  e)   in a manner equivalent to obtaining

de/dfl (a),fl ) at arbitrary e and cos e by linear inter-

polation of the tables.

11
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