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A B S T R A C.T 

Cross sections are presented for all final states without strange 

particle production. Contributions.to single pion production are 

found from i) A (1238) 7f ii) .f'+ p iii) nucleon "diffractive dissociation 

into N1J' iv) N• (1688) 7T+ v) "phase space". Processes i), ii) and 

iii) are studied in some detail taking into account overlaps between 

the various subchannels. 

*)Work was begun at Lawrence Berkeley Laboratory, supported in part by the 

Energy Research and Development Admini~tration. 
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1. Introduction 

6oo~~ 96 
- 1 -

. + 
Many experiments on 'fT' p interactions in hydrogen bubble 

chambers have been carried out in recent years. This technique 

provides the possibility to detect nearly all charged secon­

daries with rather accurate momentum and angular measurements.· 

However gathering large statistics is cumbersome, thus new 

experiments continue to supply additional information. The 

present experiment provides a fairly accurate measurement of 

· cross sections for channels without strange or neutral particles 

in the final state. The important channels in single pion 

production i) ..6. (1238) 7( , ii) ~ + p,. iii) nucleon diffractive 

dissociation are studied with methods which allow for overlap 

between competing subchannels. The methods used are not as 

complicated as prism plot analysis 1 ) or analytical multi­

dimensional multichannel analysis e.g. as proposed by Van Hove2), 
·' 

but should not be as sensitive to reflections of competing 

channels as some more straightforward analysis methods. It is 

also found that N~(1688) 7T and ••phase space" contribute to 

single ·pion production. 

The experimental procedure is described in section 2, cross 

section determinations are given in section 3, and single 

pion production is analyzed in.section 4. Section 4.1 describes 

the general features of single pion production, section 4.2 

contains a discussion of problems with ambiguous event~, 

section 4 .-3, 4. 4 and 4. 5· are concerned with the study of the 
· o ~-. P_+ subchannels ")'"( 6 , nucleon diffractiv~ dissociation and J 

production respe~tively, section 4.6 describes N~(1688) 

production, and section 4.7 provides evidence for 11 phase space" •. 

The results are summarized in section 5 • 

2. Experimental Procedure 

About 75,ooo pictures were scanned for all interaction 

topologies. Events were predigitized and measured on the 



---.--
1 

•j 

i· 

·• ~ 

i 
-~ 

.'! .''1 
. I 

·I 
I 

J 
.:J 
J 

U:--- l'J 
.. ~ 

L'B.L Flying-Spot Digitizer. If the first measurements were 

not satisfactory, both the predigitization and the FSD measure­

ments were repeated. After two measurement failures, further 

remeasurements were made on Franckenstein measuring projectors 

using the COBWEB on-line computer-controlled system. 

The results of FSD and Franckenstein measurements were analyzed 

by the kinematic fitting program SIOUX. The hypotheses included 

in the kinematic fitting, with the exception of topologies 

containing strange particle decays, are shown in Table 1. 

Wehave included the strange particle final state 1T+K+K-p} 

becauseJthough topologically identical to a~y four-prong eventJ 

it is readily distinguishable by kinematic fitting. We have 
. . ·+ -
also included the reaction pp ~ 'rr rrt pp to obtain a measure 

of proton contamination ±n the incident beam. 

The results of kinematic fitting for each event were examined 

in conjunction with track ionization information obtained 

from either the FSD output or visual inspection of the event. 

~he following classes of hypotheses were discarded: 

1) All hypotheses inconsi~tent with measured or visually 

estimated bubble densities. 
2 . 

2) All constrained fits for which the X was greater than 

the cutoff values of. 24 for a four-constraint fit and 

6.7 for a one-constraint fit. 

3) All unconstrained fits for which the effective mass squared 

of neutral particles was too small to be consistent with 

at least two neutral hadrons of appropriate baryon number. 

Having made the discards indicated, we treated the remaining 

hypotheses as follows: 

a) All remaining four-constraint hypotheses were accepted. 

b) If there were no four-constraint hypotheses for a given 

event, all one-constraint hypotheses were accepted. 

c) If there were no constrained fits, all missing mass 

hypotheses were accepted. 
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If th~re were no acceptable hypotheses_ constrained or un­

constrained for a given event, it was remeasured. 

In add~tion to satisfying the kinematic fits as described 

above, events had to satisfy certain criteria of acceptabil~ty 

such as location within a given fiducial volume, having a proper 

incident beam track, being measurable·· on all three views, etc. 

The beam had a non-negligible proton contamination. In order 

to monitor this contamination, the hypothesis pp 4?t"+'7J'-pp. 

was attempted for all four-prong events. This four-constraint . 
fit has the important feature that it is only rarely ambiguous 

with the corresponding four-constraint pion fit 11+p -7Tl1T~ 71'+p. 

To determine the effects of fitting incident protons as though 

they were pions, we took a small amount of film with the beam 

tuned to give protons. The procedure to correct for proton 

contamination was then a two-fold one of (i) selecting as our 

basic sample only those rolls in which·. the contamination, as 
. + -. measured by the nwnber of ·unique pp err ?T fits, was . small and 

(ii) subtracting from any distributions obtained from these 

rolls corresponding distributions from the sam~le of film with 

pure or nearly pure incident proton beam normalized to t~e 
. + - . 

same number of pp ,-r 7f fits. For. two-dimensional scatter plots, · 

events from the incident 7T+ sample which were closest.neighbors 

to incident proton events were removed. The actual average 

proton contamination in the TT + sample was 7 %. More details 

about the experimental procedure are given in re·f. 3 • 

3. Cross Section Determinations 

Cross sections were obtained from a breakdown into the final 

states listed in Table 1 plus final states with strange 

particle signatures. Normalization was achieved by taking the 

total cross section to be the value obtained from counter 
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measurements at 3.63 GeV/c, namely 28.1_8 ± o.olS mb. The total 

number of events involved was approximately 2o,ooo.-The 

following types of corrections were considered: 

(1) Scanning Efficiency 

Since normalization is made to a fixed total cross section, 

~nly the differences in scanning efficiency between various 

topologies are of_importance. 'J;'he-ela~tic scattering1 which 

poses a special problem because of the inefficiency for 

detecting events with low-momentum transfers.~is discussed in 

· a separate paper 4 ) and will not be considered further here. -

About lo·% of the film was rescanned to study scanning efficiency 

as a function of event type. Aside from forward elastic scatters, 

the single scan efficiencies were found to be about 98 % with 

no significant variation from one topology to another. An 

uncertainty of ± 2 % has been added to the errors in cross 

section to take account of any unobserved differential scanning 

inefficiency. 

(2) Unresolved Events 

Approximately 7 % of the events were unresolved after three 

measurement attempts either because of geometrical reconstructi.on 

failure or because no acceptable constrained or missing .mass 

hypothesd.s was found. 'rhe latter category involves principally 

events which should have satisfied a four-constraint fit but 

which because of meas~rement errors fell outside the x 2 cutoff 

limits specified earlier. Inspection of the event and the 

measurement output were generally adequate for identifying the 

four-constraint events on the tail of the x 2 distribution.­

Events which failed geometrical rec~nstruction were distributed 

among the various reactions corresponding to the given topology 

in proportion to the accepted numbers of events. 

(3) Fit Ambiguities 

Ambiguities between fits of a different constraint class were, 

as discussed earlier, _resolved in favor of the higher constraint 

class. Ambiguities between fits of the same constraint class 

were relatively more prevalent among events with a neutron in 
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the final state than with a proton because of the unavailabi­

lity of ionization information for the usually peripheral 

. baryon. Thus extreme limits. on the distribution of ambiguous 

events can be set by (i) assuming all ambiguous events have 

an outgoing neutron, (ii) assuming ambiguous events should be 

distributed in the same proportion as unatnbiguous events. The 

cross section for each channel was determined from the number 

.of unambiguous events plus the number of ambiguous events 

halfway between these two extremes. To take account of the 

· uncertainty.introduced by this procedure an error equal to 

half the difference between the two extreme situations was 

folded in. Accurate measurements for the cross sections of_ 

final states with neutral particles await experiments with 

some means of ftetecting neutral particles. 

~:..~-g~~Y!~~ 

The results of the cross'section determinations are given in 

Table 2. The total strange particle cross section which in-­

cluded states with and without. strange particle signature 

comes fromthe study of W.R.·Butler et a1. 5> using a much 

larger sample of film from the same experiment. It is interesting 

_to note one general statement which can be made from the results 

in Table 2: for events with a given number of pions in the 

final state, those topologies wh-:ch minimize the number of 

pions in any one charge st~te are favored .• Thus 

o- ( p7r+crr 0
) >G" (htr~7f+J 

a- l P rr+ 7ft ?r-'lf_ o) ~ o- { n n+.'ff+ 1T+ n-) 

o- { p 11+ 11+ 1T+ 'rT- -rr -1roJ ~ cr ( n 'Tf +7r+7r+ 7r+ '11-'lr- J 

Also included in Table 2 are cross sections for the final 

states _p+p, 6if, N'*(1688)7t , and proton diffractive disso­

.ciation, determined as discussed below. 
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4. Study of single pion productibn 

The reactions studied are: 

err+ p 4 11+ p 7f' 0 

11+p -7 71+71+ n· 

.··. · .... 

(1) 

(2) 

The analysis is based on a sample of 4717 events for reaction (1) 

and 3115 events for reaction (2). These events include about 

1o99 events produced by proton contamination which are sub­

tracted out as described in sectfon 2 • 

. T,he Dalitz plots for reactions (1) and (2) are shown in 

Fig.l and Fig.2 respectively. The major featuies of Fig.l 

include production of the .f + and L:l ++ and a broad enhancement 

in the region of low p 'tr0 invariant mass. Similarly the popu­

lation density of Fig.2 shows a marked increase in the neighbor­

hood of low n 1r + mass. 

The extremely peripheral nature of these dominating features 

~shown in the Chew-Low plots of Fig.3a,b,c and Fig.4a,b~ 

for reactions (1) and (2) respectively. 

The major processes which dominate single pion production 

can then be summarized as follows: 

71 t p -7 7f () L::t-+ 

~y+p 

~.']I+ (710 p) 
~ '11'-r ( 7(+-n ) 

(3a) 

(3b) 

(3c) 

(3d) 

where (3c) and (3d) are used to denote the production of 
. 0 . + 

broad and highly peripheral p 7f .·· and n 7r enhancements 

which we shall associate with diffractive dissociation of 

the proton target. 

.. 
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Due to t~e peripheral~ty of_the production of the above 

channels, (3a), (3b) , (3c) gi.ve rise predominantly to a 

, 
slow proton in the laboratory. If ltJL 1. 2 (GeV /c) 2 -. 

corresponding to a laboratory·momentum of about 1.27 GeV/c 

the proton can almost always be identified uniquely by 

ionization estimates. This is satisfied for almost all events 

for (3a) (3b) (3c) in kinematic regioris whete the production 

cross section is large enough to be studied in.this experiment. 

This is not true for (3d), giving large to a sizeable ambi­

guity rate here. (3d) has not been used in this analysis except 

for the isospin decomposition, where it is hoped thatthe 

introduced biases are small due to the large diffractive cross 

section in the region studied. -The similarities between (3c) 

and (3d) give added ·confidence here. 

This p~ocess has been investigated previously many times. 

A partial list of experimental studies ~s given in ref.6 and 

theoretical studies in ref.7. 

+ . . . . 
Fig. 5 shows the p ?r mass distribution for the channel 

a distri-Besides a prominent Ll++ peak, the histogram indicates 

bution which differs from phase space in that there is a 

considerable excess of events at high mass~ Inspection of 

Fig.! shows that this excess is largely a reflectiori of the 

broad low mass p7f0 enhancement·although there also appears to 

be some contribution from the A++ (195o). 

In order to determine the cross section we made a fit to the 
. . + 

histogram of Fig. 5 for m (p 7f. ) L1. 75 GeV with an incoherent 

superposition of ..6. ++ and a background of the form 

background= phase space X [}Q + b~2 (ptr+i} (4) 
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-2 GeV . 
A satisfactory fit with b = o.2 :!:g:~ 1was obtained,· ·leading to 

a cross section of o.43 ± o.o3 mb for ·this reaction. This 

value agrees with a recent compilation by Bloodworth et a1. 6 > 

Using appropriate Clebsch-Gordan coefficients, one easily 

finds that total 71 A contribution to single pion production 

in 1f +p collisions at our momentum is o. 72 ± o.oS mb. 

In determining the differential cross section for A production, 

·the following procedures were used to minimize the effects of 

background: 
2 . 

(i) For -ttro Lo. 4 · (GeV(c) only the backward region of 

cos(')(, -1 L cos~ L. 0 was used in order to minimize the effects 

of the .f-A overlap region. Here 0!. is the p 11+ decay angle in 

the Jackson frame. 

(ii) The A populations in each momentum transfer bin were 

determined by fitting the corresponding m(p ~+) spectra to 
. ++ 

a superposition of A · and phase space. 

The resulting do- /dt distribution is shown in Fig. 6. The most 

striking feature is the large dip at -o.S (GeV/c) 2 • Although 

other experiments have previously exhibi.ted this dip, most 

have not indicated as deep a drop, consistent in fact with 

zero population at that value of t 71" 0 , as the present data. 

Actually careful inspection of Fig.3a shows very· clearly the 

absence of any signal above background near ~o.S (GeV/c) 2 
. . .. 

followed at higher momentum transfers with' a considerable 

population. ~ove 2 (GeV/c) 2 there appears to be at best 

very little ~ contribution. 

·The shape of dO"" /dt w:lth its dip at -o. s· (GeV/c) 2 has been 
' 

interpreted in terms of simple Regge theory as arising.· from . 
~ 

a nonsense-unphysical signature zero in the helicity flip 

.amplitude. Since the basic behavior appears dominated by this 

helicity flip amplitude, the dip should actually be a zero in 

the cross section. The experimental. result shown in Fig.6 

strongly supports this pred~ction unlike most previous experi­

ments which showed only a slight dip or shoulder. Indeed the 

theoretical curve of Maor and Krammer7 >, based on a Reggeized 



. ~ 

.· 

y exchange model, gives an excellent representation o[ 

our data while being only a fair fit to the actu~l exper~ments 

from which the parameters were derived •. 

The density matrix elements for process(3a), shown in Fig.?, 

were obtained using a p7(+ mass band between 1.12 and 1.32 GeV, 
~·:.;.." 

but again considering only backward cos~ to minimize inter~ 

ference problems with the .f .. Unfortunately the statistical 

accuracyis not very great, but within this accuracy there 

is fair agreement with the predictions of the Stodolsky­

Sakurai M1 model, f> 33 = o.375, Re.P
3

_ 1 = o.22, Ref31 = 0. 

!~1~Q!ff~~s~!y~_Q!!!2S!~~!2~_2f-~h~-E~2~2~ 

In !ig.3b and 4a there is a large excess ·of events at small 

momentum transfer and fairly low mass. The enhancement 

certainly includes some~+ production, but is far too broad 

and contains too many events to be explained entirely by 

6+ production. The natural interpretation is in terms.of 

diffractive dissociation of the nucleon, as represented 

s.chematically in terms of Pomeron exchange by the diagram of 

Fig. 8. Since a diffractive process mus·t preserve the isotopic 

spin, it is natural to analyze it by considering the isospin-1/2 

combination 

where N (N rr) represents the· population for a given N 11 mass 

interval. We have imposed on the isospin-1/2 N 7T mass spectrum 

so obtained one additional restriction: the cosine of the 

angle between the two o~tgoing pions in the center of mass 

of theN 7t system under study is limited to the range o.S to 

-1 to eliminate background fcarn p+ production. The_resulting 

isospin-1/2 spectrum is shown in Fig.9 for two momentum trans­

fer intervals, -t L o.4 (GeV/c) 2 and -t"'- o.1 (GeV/c) 2 • For the 

larger momentum transfer region a large, broad enhancement for 

the Nrr mass region below 1.8 GeV is seen. The smaller momentum 

transfer cut narrows the N 71 enhancement significantly. In 

Figs.1o-12 the actual momentum transfer distributions for 

three different ranqes of N~ mass, namely 1.o8- 1.3 GeV, 
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1.3 - 1.5 GeV, and 1.5 - 1.8 GeV, are shown. The slopes of 

the momentum transfer distributions clearly become flatter 
. . . 

as the N W mass is increased. All these results are very 

similar to ones previously reported by Boesebeck et a1. 8 > for 

8 and 16 GeV 71 +p.interactions and by Evans et a1. 9 > for 

. 11.7 GeV /c '11' + p interactions, and by Berlad et a1. 10) ~or 3. 9 GeV /c 

~=P interactions. A rough estimate of the total cross section for 
~' 

the nucleon diffractive dissociation process is about --1.3 mb, or 

roughly 15 % of the ela~tid scattering cross section • 
. ,it> 

In summary: 

i) The mass spectrum for -t7f+.l. Oe4 (GeV/c) 2 extends from· 

1.1 GeV to 1. 8 GeV at which point it drops off rapidly •. There 

is rio clearly established structure in the mass spectrum. 

In particular there is no evidence for a peak near 1688 MeV. 

ii) For -t7T+LO.l (GeV/c) 2 the NTT mass spectrum is pushed 

much more toward low masses. Thfs result is consistent with 

the observation that the t lf + distribution drops off more 

sharply at low N '11. masses than at high ones. In agreement with 

the results of Boesebeck et a1. 8 > is the presence of a large 

population near 1.2 - 1.3 GeV, very much below the lowest mass 

isospin 1/2 resonance established in nucleon-pionphase shift 

analysis. 

A further analysis of diffractive dissociation at this energy 

is difficult. In addition to possible large non-asymptotic 

contributions to the (p 7(
0

) system itself, the effects of 

competing channels cannot be dealt with in the same manner as 
- ++ . + . 
is done for ~ production (section 4 • 3) or J> production 

(section 4.5), since the primary method used in these sections 

for selecting out the amount of resonance production in each 

kinematic region is to £it mass spectra to a Breit-Wigner 

{rather narrow) + background (cont~ins rather broad reflections 

from competing channels). This technique does not work for 

diffractive dissociation, since its mass spectrum is so broad. 
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4. 5 Study of the .P + p Final State 

4.5.1 Introduction ------------------
The study of ~+ prod~ction is complicated by background problems. 

It is useful to obtain some feeling-.for these problems by.exami­

ning.scatter plots oft~, the squared.four-momentum transfer 

from incident to outgoing proton minus the kinematical m1n1mum 

th + 0 d f . . f versus e 11 1T mass square , or var1ous reg1ons o cos <X 

where <Xis the angle between incident and outgoing 'if+ in the 

~- TI center of mass. These pl9ts are shown in Fig.13a~e and· 

14a-e for ten bands' of cos«,.each of width o.2. Evidently 

there is considerable f + production for all values of cos eX • 

It is of p9-rticular interest to note the large background near 

the .f both near cosO:: = +1 and near cos<X = -1. These arise from 

the diffractive. dissociation (reaction 3c) and from the 6.++ 

production (reaction 3a) respectively. It is also noteworthy 

that in the neighborhood of cos~= 0 there is practically 

nothing except r· for low momentum transfers. 

The almost complete absence of background near cos~ = 0 has 

motivated us to examine the J' parameters in that region. We 

have chosen as our data sample all events with Ieos tx I L o. 5 * 

The b§lckground was parametrized as 

c 

background = L akmk X phase · space 
k=O 

(5) 

. where m is the '1T -1f mass and. ak are coefficients determined 

by the fit. Using a P-wave relativistic Breit-Wigner for they+ 

and fitting from o.28 to 1.6o GeV we tried various values of 

the cutoff factor c. A reasonably good fit was obtained over 

this large mass range with c = 2, .the X 2 being 2~ for 21 degrees 

of freedom. The data and fitted curve are shown in Fig.15, and 

the resulting parameters are m.f· = 765 ± 8 MeV and I} = 1 io ± 3o MeV 

The effect of measurement resolution on ~ is not significant. 
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4-.5. 2 Differential and Total Cross Sections~ -------------------------------------------
. +· . 

To separate f from background, the following procedure was 

adopted~·The data was divided into various regions of. t'p· For 

each region the 1f -11 mass spectrum was fit with an incoherent 

superposition of a background of the form (5) plus a P-wave 

Breit-l\Tigner having the fixed parameters m,r = 765 MeV, 

pJ' = i7o MeV as· det.ermined above. At low momentum transfers it · 

has been shown elsewhere that f 
d . ·• t' . t f 11 > h 1ssoc1a 10n 1n er ere ence 

production and diffractive 

for-t' L o.6 (GeV/c) 2 only· p 
events with cos~ L 0 were used, and the J' intensity obtained 

thereby was doubled. At higher momentum transfers all_events 

were used. This fitting procedure works much better for a 

t' distribution than for a t . distribution because t' cuts p p p 
distort the background much less than tp cuts. This is of some 

importance in obtaining a background which varies much more 

slowly with 71 - 7f mass than the S>_ resonance. The resulting 

distribution d<r /dt' for the j' is shown in Fig .16. There is 

a sharp drop_at very low momentum transfers with a dip about 

o.5 (GeV/c) 2 followed by a secondary maximum near 6.8 (GeV/c) 2 • 

Another minimum near 3 (GeV/c) 2 is finally followed by a::,:slight 

rise in the backward direction. To give some idea of the 

significance of the data points for-t' above '2 .(GeV/c) 2 we 
p 

exhibit in Fig .17 and Fig .18 the 'If -11 mass distributions for 
2 . . . 2 

2 L -t' L.. 4 (GeV/c) and -t•..\ 4 (GeV/c) ·· respectively. 'l'he . p p 
dashed lines shc:Mthe background and the _solid lines the fitted 

curves. The principal features seen in the d~/dt' distribution. 
. . . 2 

_including the secondary.-peak near o.8 (GeV/c) ·and the backward 

peak are evident just from inspection of the Chew-Low plot, Fig.3c •. 

Thus although d-ifferent procedures could lead to slight· changes 

in d~ /dt', the basic features appear to be independent of any 

particular fitting procedure. The total. j' + p cross section is 
+ .. ,; . 

.o.8o _ o.o6· mb. 

The dip in d C1""/dt' at -t 1 = 6. 5 (Gevic >.2 which, as will be shown 

later, is·most likely associated-with w exchange has been 
. . . ± . + 

reported in spme studies of the reactions 'il p 4 y-p and not 
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in others. Thus clear evidence for a dip is s~en by Baton et a1. 12>, 
Michael and Gidal 12 ) and Williamson et al~ 12 ). Such structure 

finds a natural interpretation either in terms of a nonsens_e un-

physical signature zero for w exchange or in terms of the dual 

absorptive model of Harari 13 ) 

A very similar procedure to that used for the determination of 

dCJ/dt 1 was used- to 'calculate. y spin density matrix elements 

with appropriate background removed. For each matrix element 

the data Here divided into two appropriate angular regions and 

. .., 

the '11 7l mass spectrum for each region was fit to .f' and background 

as described earlier. 

The results for various intervals of t' are shown as solid crosses 

in Fig.19 (Jackson frame) and Fig.2o (Helicity frame). The dashed 

crosses in Fig.19 and 2o are the values obtained by defining 

the rho as events with o. 66 L m n.,. L o. 86 GeV. Obviously some 

sizeable differences are seen. This is not surprising since, as 

·can be seen from Figs.13 - 14, even at relatively small Jt'l , 
reflections-from the competing channels-~++ production and 

diffractive dissociation - are important and- give ris.e to reflections 

which ~re very anisotropic in the 1r -11' system decay angles. 

With t' cuts these reflections tend to be rather broad in nu mass 

spe6tra, and their effects are largely_removed by.the fitting 

procedrire. If t cuts are applied instead, these reflections into 

the % 1f mass spectra tend to show more structure and are not so 

easily r~moved by the fitting procedure. To demonstrate the 

presence of reflections even at quite small t', a Dalitz plot for 

the .P11+'1lo final state with -t'L.o;.oS ·(GeV/c) 2 is shown in Fig.21. 

In addition to a prominent f+ b~nd, ~ ++ and diffractive dissoci­

ation bands are clearly visible. General background appears small. 

To give an example showing how the differences between the solid 

and dashed crosses in Figs.l9 and 2o arise, we show in Figs.22 

and 23 typical 7f '1T mass spectra for two appropriate . angular 

intervals - those used for measuring f 1-1 in the Jackson frame. 

The t' interval selected was o.o8 '- -t' L .5 (GeV/c) 2 • The appro­

priate angular intervals were -1 L cos cx.L 0 with 45°L pj L 135° 
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or 225° L 0 L 315° and -1 L coso:. L o with o0 L 0' L 45° or 135° 

L 0 L 225° or Jl5° L ~ L 36o0 wh~re Q5 is the Treiman-Yang angle. 

The solid curves in Figs.22 and 23 are the fits; the dashed 

lines ate th~ background contributions._ The solid cross in Fig.19 

·in the appropriate t' interval-is calculated fromthe fitted 

numbers of rho events {difference between solid and dashed curves). 

{Figs.22, 23)~ whereas the corresponding dashed cross is calculated 

from the total numbers of events with o. 66 L m '7T tr L o. 86 {Figs. 22, 

23) • 

The background is much larger in Fig.23 than Fig.22; this effect 

is due to the reflection of b.++ production (process (3a}) • 

If the region cos ex. ~ 0 had been included also :j_n Fig. 22 and 

Figo23, the reflection of proton diffractive dissociation 

{.process 3c) would also have caused a similar effect. Thus our 

result is that (except at v:~ery small t') ~ 1-1 for .f + production 

is positive indicating that the f? distribution shows the two 

peak structure characteristic of a vector exchange contr:j_bution. 

The valleys between the peaks'can be somewhat filled in by re­

flections of competing channels if insufficient care is taken 

in allowing for their effects • 

. The matrix elements of Fig.l9 show a behavior characteristic 

of pion exchange only at very small momentum transfers .-, 
. 2 - . 

(-t'L o.l (GeV/c) ). In particular the matrix element Y 
00 

drops· 

ve1.·y rapidly with increasing J t 'J • It is perhaps worth pointing 

out that a procedure of simply selecting a ~~mass band and 

calculat.ing matrix elements as though the popu~ation within the 

band' were pure J would lead to results whose variation with t' 

would be considerably less rapid (dashed crosses, Fig.l9). 

The density matrix elements in Fig.l9 are quite .similar to those 

seen by Seidl 14 ) for the reacti6n K+p-7K-ifp at 4.27 GeV/c. 

The rapid drop in .f seen in Fig .19 is not seen by Haber et al.·lS 
00 + + 

using the prism plot analysis technique in ~ p~ ~pat 3.9 GeV. 

The prism plot analysis does not take interference between f+ 

and diffraction into account, but the value of the interference 
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phase found in ref.ll indi~ates. that this is not the source 

of the discrepancy. A search (described in ref.3) was made for 

inter·f.erence between 6 ++ and f + production. Little evidence 

for interference was found within the framework of the simple 

parametrization used, so this also does not seem to be the 

source of the discrepancy. 

To study production mechanisms in a little more detail we have 

plotted in Fig.24 the cross sections .f
00

do:-/dt', (.f\
1
+ 5' 1_ 1 )do- /dt' 

and ( .P 11- .f\-l) do- /de (Jackson frame) which correspond to 

unnatural parity leading to helicity zero, natural parity and 

unnatural parity exchange leading to helicity one respectively. 

Both of the unnatural parity exchange cross sections (Figs.24a and c 

have the same shape within statistics, with the helicity zero state 

dominating by about a factor of 3. There is no significant contri­

bution within our fairly large-errors above -t'~o.4 (GeV/c) 2 • -

On the other hand the natural parity exchange provides essentially 

the entire contribution in the t region above -t'~o~8 GeV 

CJ 11+j' 1 _ 1 ~o~8). In agreement with ref.15, within our large 

errors, _we ·see no evidence for a dip in ( j'11+ J\-l))do- /dt'near 

-~= o.5 (GeV/c) 2 , expected for Wexchange. A clear dip is' seen· 
12) . 12) 

. ·by W. Michael and G. Gidal and by Williamson et al. who 

have better statistics. 

4.6 Production of N*(1688) 

+ 0 Figures 25 a and b show the n 'rf and p 1f mass spectra for the 
+ + + 0 . . 

n iT 7T and p 'IT . '71 reactions. The shaded events are for 

. Jt 'IT+f~ o.5 (GeV/c) 2 • There is clear evidence .for production of 

N* 0:688) at large momentum transfers. This effect has· already 
6) . . 16). 

been reported by Schotanus et al. . at 5 GeV/c and Bastien et al. 
. . ~ . 

at 3.9 GeV/c. The cross section for N (.1688) .production in these 

·reactions is about loopb.' In ref.6~ and 16} a backward peak is. 

seen for N~ (1688) production; whereas inspection of Figs. 3b and 4a 

indicates that·in this experiment N-*(1688) seems to be produced 

in a broad range of momentum transfer. 
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4.1 Possible "phase space" background 

Inspection of Fig.3c shows that in addition to the~+, the 

'TT + '1T 0 system J:las peripheral contributions extending broadly 

to masses up to 16oo MeV which can be ~nterpreted as reflections . 

of both .6 ++ production and proton diffractive dissociation into 

p 1r
0

• To demonstrate this we show in Fig. 26 a 1r 7f system Chew-Low 

plot with ev~nts with 1.16L m. rr+ L 1.3 GeV and ..:..t,.,.,;o L o.4 (GeV/c) 2 
. p 

2 
II 

and mp Tfo L 1. 7 GeV and -t 1T + L o. 4 (GeV /c) removed • In Fig. 26 

this general enhancement at low ft 1 has disappeared leaving only · 
. p -

the_f predominantly associated with low /tp\ • Similarly in Fig.4b · 

one sees a general peripheral enhancement at small ltnl extending 

. over all 'Tf+ '7f+, masses. Thls is at least partially associated with 

proton dif~ractive dissociation into n 1T+. 

In Fig.26 in addition to the peripheral· rho prod~ction (and 

a small backward rho production) there is a general background 

which appears to be nearly isotropic in t. This cbuld be 

construed as evidence for a ''phase-space"-like background. In 

particular it. would be interesting.to measure the energy depen­

dence of the cr6ss section~for this effect. Care must be taken 

since events with -tp~ 1. 2 (GeV /c) 2 play a large role in· this 

realm, and as discussed in section 4.2, ambiguous events occur 

frequently in this region~ Thus the observed number of events 

should rather be considered an upper limit on real p '71+7T 0 

events. It would be hoped that more accurate results could be 

obtained with a good detection e-fficiency for gamma rays re­

sulting from 1T_0 decays e.g. by us:i_ng a track sensitive target. 

5. Discussion 

We find the following contributions to the p '/f + 7T 
0 

· final 'state: 
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i) /1(1237)1( 

ii) f +p 

'"t ...• ,. .. 
t.~ ,;;,~ b 0 

iii} proton diffractive dissociation 

iv} N~ (1688)1T .· 

v) "Phase space" 

vi) some evidence for ..6 (195o) 'lT 

Despite the large number of similar exp.eriments carried out 

in recent years, some points remain to be settled such as the 

detailed shape of t distributions for resonance production 

near the dip regions and the t dependence of the spin density 

matrix elements (especially near the dips in the t dependence). 
'.p 

It is clear that improvements here require experiments with more 

statistics and also.better understanding of background problems, 

including d'isental)glement of the various reaction channels 

contributing to the final state. To solve the latter problem 

prism plot analysis l) and the a~alytical multi-dimensional 

· multr-channel anal~sis method of Van Hove 2 > have .been proposed. 

Only the latter method is suitable for study of interference 

between the various channels, e;g •. between e>+ production and 
. . 11) J . 

proton diffractive dissociation. It should also be borne in 

mind that, contrary to the assumptions of ref.l and ref.2, the 

various channels may be at least partially dual, fu~ther 

complicating the question of what should be considered as back­

ground in the study of a particular resortance. 
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for. the kinematic 

.Two-Prong 

Table. L Hypothesis list 
fitting" program for events 

particle~ signature 

+ + 
1CP~ 1CP 

+ 0 
~ 1C1Cp 

+ + 
~ 'JC'JCn 

'+ . . 
• ~ rc p + missing mass 

+ + 
~. 1C rc + missing mass 

Four-Prong· 

+ + + -
':_ 1( p ~ 1( 1( 1( p_ 

+ + ,... 
~.'JCKKp 

+ -pp ~ rc rc pp 

+ +·+ - 0 
1( p ~ rc 1( 1( rc p 

+ + + -
~ 1( 1( rc rc n ·< 

+ + ·-
~ .. 1C -rc 1C p + missing mass 

+ + +-
~ 1C -rc -rc rc + missing mass 

Six-Prong 

+ +++_; 
rc p ~ 1c 1C 1C .rc rc p 

+ + + - - 0 
~ rc-rcrcrcrcrcp 

+ + + + - -
~ 1(f(]{f(f(f(ll 

+ + + - -
~ -rc rc -rc rc rc p +_missing mass 

+ + + + - -
~ -rc -rc rc rc rc rc + missing mass 

-.--...:... 

A • 

;:-. 

:. -~. . . 
: ...... 

without strange· 

No. of Constraints · 

4 

1 

1 

0 

·•· 0 

'· 4 '· 
· .... 

4 ' .. 

4' 

1 

1 

·-... ~- 0 

0 

1 

0 

0 
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Table ~~- Cross sections. 

I •. 
Final sta t_e Cross section (mb) 

·Momentum 

+ 
.• PJC. 

+ + -
PJC Jt Jt 

+ + + 
PJC :Jt" :Jt"_:Jt" :Jt" 

+ 0 
p:Jt" J{ 

+ +·. 
nJC :Jt" 

:+ + - 0 
. ·p:Jf J{ :Jt"_ J{ 

+ + -.-+ 
-· n:Jt" :Jt" :Jt" :Jt" 

++-+-o 
p:Jt" rr rr rr_rr 1t' 

+ + + + - -
nrc rr rr rr rr rr 

. "+ 
pre .MM 

+. +MM 
J{ 1( 

+ + -
.. _pre rr rr MM 

+ + +-
1t' 1t' 1t' 1t' MM 

~ + + - - + 
pre :Jt" rr rr rr MM-

+ + "+ + - - . 
rr rr rr rr rr rr MM 

.. ----..,;;:-.;. -· -· _.- .:.. --:.·"':i:.-:: .. ~ ' ... ',. ·''··.-

llilomentum 
... -~·· .;. ----

11~ 

y+p 
N'" (1688) 

·.· .. ··· 

.-.. ~ 

\ 
·. :_, .. 

. : 

• ! • ... -~ ..... 

.·· ..... 

proton diffractive dissociation 

total strange particle~)S) 
production 

- 3.56 GeV/c 

"6.93±0.23 

3·59±0-14 

0.20±0.02 

2-51±0.2 

1.50±0.2 

3-22±0.1 . 

0-55±0.03 

0.17±0.02 

0.016±0.03 . 
.. 

3-68±0.65 

2. 76±~.·2 

·1.13±0.07 

- 0-51±0.07 

-O.o16±o.oo7 

0.·003 

3~6 GeV/c_ 
-

0.43±0.03' 

0.72*0.05 
- ; . 

. o.ao±o.b6 

0.1 

1.3 

1.3 

,. 

7 .15±0.21 

3·47±0.12 

0.22±0.02 

2.36±0.2 

1.68±.0.3 

····3~3~±p.i 

. ·-. 0-57±0.04 

o.i65±o.o2 

0.017±0.03 

3-76±0.7 

2.50±1.3 

0.99±0.1 .· 

,0.52±0.i .......... . 

'· '6;619±o.o66 

-0.001 

-) includes states with and-without strange particle signature 
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Figure Captions 

Fig.i Dalitz plot for the final state p 1f+'71o 

Fig.2 Dalitz ~lot for the final state n 'tr+ 1(+ 

' . 
Fig.3 Scatter plot of momentum transfer squared vs. effective 

mass squared for a) p 7(+, b)p?r 0
, c) 7(+7( 0 systems for 

the final state p 'If.+ 7f 0 

Fig.4 Scatter plot of momentum transfer squared vs. effective. 

mass. squared for a) nIT+, b) 1r+7r+ systems 'for the 

·final state n 'rr + 7( + 

Fig.S ·p 'IT+ mass spectrum 

Fig. 6 d c:r /dt dist.ribution for the final state A++ 1( 
0 

Fig.? t-dependence of spin density matrix elements for 

Fig.8 

A++ de_cay in the fin~ll state A+~ 0 • Only events with · 

cos ol L. 0 are used. 

·::·.' . ::: . . . 

Diagram for proton diffractive dissociation.with . 
Pomerori exchange. 

,• 

~: . 

Fig.9 Mass 'distribution of the isospin l/2.cornponent of the 

N tr system for-t L o.'4(GeV/c} 2and cos A less than o.S. 

· ·· · 'Shaded events have..:t.Lo.l CGeV/c) 2 • 

Figs.lo-12 t-distribution of the ispspin 1/2 component of the 

N -rr system with cos A less than ·a.·s :for. various N 'I'( 

mass regions as follows: Fig .lo:. IIN -rf:L 1.3. GeV, 

F.i,g.ll: 1.3L ~'71 LI.S GeV, Fig.l2: 1~5 L..mNTr L-1.8 GeV 

Fig.13 
+ 0 . . w ' 

Scatter plots of -t' vs 1( 'IT mass squared. The value 
p ' 

of -t' is the momentum transfer squared between p . 
incident and final proton minus the kinematic minimum 

i f 
+ 0 . 

correspond ng to each P!lrticular value o 7t ~ mass. 

These plots correspond to various ranges of cos~, where 

ot is the 11 71' decay angle in the Jackson frame, as 
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follows: a) 1~ cos()(. ~ o.8, b) o.8 ~ coso(~ o.6, 

c) o.6 s cos ex~ o.4, d) o.4 ~ -COSoL ~ o.2, 

e) o.2 ~ cosOC. ~ o. 

Fig.l4 Same as Fig.13 for the following angular regions: 

a) -o. 8 ~ cosoL ~ -1, b) -o. 6 ~ cos<X .J. -o. 8, 

Fig.15 

Fig.16 

Fig.17 

Fig •. 18 

Fig.19 

Fig.2o 

1 •· 

c) -o.4 ~ cosol ~ -o.6, d) -o.2 ~ cos<X ~ -o.4, 

e) - o • 2 L cos o<. '- o • 

7T+ 7(
0 mass spectrum with-t L o.S GeV/c 2 af!d [cos ot/ L o.S. · 

The curve is the fit discus~ed in the .text. Although the 
bins shown are the ones used in the fit;· . and are not all 

·the· .same size,. the ordinates do give events per unit bin 
dO"' /dt' distribution for the f~nal state .:r+·p. width. 

'71+7( 0 mass spectrum for 2 L-t 1 L 4 (GeV/c)~ The solid . p -
curve is the. fit in!?luding .f+ production plus background. 

The dashed curve is the background contribution to the 

fit. Variable bin. size is used here as in Fig.lS. 
·. 

S~me as Fig.l7 for a different t 1 pregion; namely 

-t 1 
). 4 (GeV /c)-~. Variable bin size is used here as in F'ig .15 

p ._ . .. -

Density_matrix elements as a function of t 1 for the 
. + . + . p 
reaction 7f p ~ y p in the Gottfried-Jackson frame. 

The solid crosses come from the fits discussed in the 

text. The dashed crosses are calculated by taking a 

'Jl'+1r0 mass selection of o.66- o.·86 GeV only .. 
. ·:... ·--· .. ----

·--·; .:· 

Density. matrix elements as a function of t 1 p. for they+ 
. + + from the reaction~ p ~r pin the s-channel or 

helicity frame. The solid crosses come from the fits 

discussed in the text. The dashed crosses are calculated 

•by taking a 'Tf+ 7f 0 mass selection of • 66 - • 86 GeV only~ 

\. ·.· 
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Fig.21 Dalitz plot for the final state P'7f+1To with 

-tj;,L o.o8 (GeV/c) 2 • 

Fig.22 

Fig.23 

err+T(o mass spectrum w.ith o.o8 L-t' L o.5 (GeV/c) 2 and 
. p 

cos <X L. 0 and {l5 (Treiman-Yang angle) . in one of the 

· following intervals: 45° L ()J L. 135°, 225° L.. rg L. 315°. 

The solid curve is the fit including _p+ production 

p1.us background. The dashed curve· is the background 

contribution to the fit. Variable bin size is used here 

as in Fig.15. 
-~ 

1T + 'T( 0 ~as~ spectrum with o. o8 L-t' L o. 5 (GeV /c) 2 and 
p 

cos CX L 0 and {25 (Treiman-Yang angle) i~ one of the 

following intervals: 0° L. eL 45°, 135° L (0 L 225°, 

315° L.. ~ L 36o0
• The solid cur_ve is the fit including j'+ . 

production plus background. The dashed curve is the 

background contribution to the fit. Variable bin size is 

used here as in Fig.l5. 

Fig.24 a}j' 00d<J/dt' b) <f 11 + f' 1 _ 1 ) d<r/dt' c) <f 11-]\_1 ) 

d<i' /dt1 (Jackson frame) for j' + production· as a function 

of t'. p 

Fig.25. a} n~+ mass spectrum b) p~0 mass spectrum. Shaded 
. 2 

. events have lt"JT+) greater than.o.S (Gey/c) •. 

Fig.26 

'• 

Scatter plot of-t · vs 1T-t-1fo mass squared with events 

with 1.16 L. mp 7r+l\. 3 (~eV/c) 2 and -t 'lTo L... o~ 4 (GeV /c) 2 

and also events with m 0 L 1. 7 GeV and -t + L. o.4 (GeV/c) 2 
P11 · 1f 

removed. 
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This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights. 
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