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ABSTRACT 

A bubble chamber experiment in which the reaction ~ + p --) ~ + ~ + 

nucleon was studied at a beam momentum of 2.14 BeV/c and yielded 1533 and 

4 - 0 - + 223 events of the final states ~ ~ proton and ;r ~ neutron, respectively~ 

These events are dominated by the formation of the p resonance, vlhich is 

produced mostly in the forward direction. Both the production and decay 

angular distributions of the p agree very well with the predictions of 

the one-pion-exchange theory modified by absorption effects. The decay 

0 angular distribution of the p shows the well-known forward-backward 

asymmetry. This effect is interpretable as the result of the interference 

between the p0 and an isospin zero s-wave ~-1( resonance. We see that 

the production of the p0
, in addition to its fonmrd peak, shows a weak 

backward peak. Partial cross-:sections of various final states are also 

presented. 

/ 
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INTRODUCTION 

Recent results ·from experimental work on single-pion-production 

processes in pion-nucleon collisions have paved the way to a better 

understanding of the one-pion-exchange mechanism, especially . ,, 

as: modified by abs'orption effects. So far the major limitation to such 

understanding has been the existence of a limited amount of data with which 

the theoretical predictions can be ~ompared extensively with experimental 

results. 

To obtain more data.on the p resonance, we exposed the 20-inch 

liquid hydrogen bubble chamber at Brookhaven National Lab~ratory to a 

separated beam of ~ mesons. This exposure was a continuation of a 

- I 1 similar experiment performed previously at a ~ momentum of 3.00 BeV c. 

The beam momentum was sel.ected at 2.14 BeV/c to obtain the maximum partial 

cross-section for p production while keeping the isobar effects to a 

minimum. This choice of momentum also allowed clear separation between 

protons and pions by ionization of their tracks. 

Belo·d, we present the data on the reactions 

1! + p ~1! + 1( 
0 

+ p (1) 

+ 
(2)' 1( + p ~~ + 1( + n 

i.n which the most prominent feature is the p resonance decaying into two 

pions. We have analyzed the events of these reactions in a similar 

manner as the Penn-Saclay collaboration at beam momenta of 2.75 and 3.00 

BeV/c. 2 The results of this and the Penn-Saclay experiment are very 

similar. To make the data compatible for comparison purposes, we have 

used the same notations throughout. Data from other reactions from this 

bubble chamber ex-posure will be presented elsewhere. 
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·EXPERIMENTAL METHODS 

The BNL 20-inch bubble chamber was exposed to a ~ beam at the 

Alternating Gradient Synchrctron. We estimated the K- and p contamination 

in the separated ~ beam to be less than 0.01 percent, and the 11 contamina-

tion to be less than 15 percent. The beam-momentum spread was about 

±1/ 2 percent. All the film vras first scanned for two -prong events (i.e., 

two charged particles going out from an interaction vertex). About 

12 percent of the film was rescanned for all interactjons yielding an 

overall two-prong scanning efficiency of 90 percent. The interaction 

vertex of the events was restricted to a fiducial volume 23 em long 

along the ·beam direction. 

About 12 000 events were found and measured in three views on image 

plane digitizers with an accuraey of J..O microns referred to the film. 

· The measured events we~·e reconst:ructed and kinematically fitted. by an 

. IBM 7040 computer using the T.RED-KICK programs. These programs ;.1ere t· 

written at Brookhaven National Laboratory and Lawrence Radiation Laboratory 

and modified by us for our o'm use. 

Most of the events were identified readily by the kinematical fits 

together with a rough estj.mat.e of the ionization of the charged tracks. 

The other events were identified by measuri-ng the ionization of the 

ambiguous tracks on the scan tables. Events wlth ambiguous positive 

charged tracks constituted less than 0.2 percent and were of little 

consequence to our analysis. From the missing-mass calculations, the 

identities of the neutral particles ·..;ere determined, and are discussed 

in the next section. 

The final analysis of the events which V!ere identified as either 

reaction (l) or (2) was done at the Lawrence Radiation Laboratory on 

an IBM 7094 computer us~ng the SUI{X program. 
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CROSS SECTIONS 

To obtain the total scattering cross section, we scanned more than 

12 percent of the film for all interactions within the ficucial volume. 

Our scanning efficiency for the two-charged-prong events during this 

scan was 99 percent. Table I contains the results of this scan. The 

two-prong cross section, 28.7 mb, was obtained by normalizing the total 

scattering cross section to the value of 35.7 mb obtained by Diddens 

· et al. 3 Our partial cross sections for the channels which contribute 

to the two-prong events were then obtained by normalizing the total two-

prong events to a cross section of 28.7 mb. The number of events and 

the cross section for each channel are also listed in Table I. 

When pions scatter elastically off protons at very small angles, 

the protons receive very little momentum a..-1d hence have short range; 

many of sue~ events are thus missed during the scanning. Care in scanning 

reduces, but can never remove, this bias. This can be corrected for 

by looking at the forward diffraction peak; which should approximately 

fit a straight line on a semilog plot. To correct for this bias, we 

have included 600 events in the calculat:ton of the elastic-scattering 

cross section. 

In addition to the requirement that the probability for the reaction 

(1) kinematical fit be greater than 2 percent, the selection between 

reactions (1) and (3) (see Table I} '-1as based on the square of the 

missing mass. Our choice of 0.08 (Bev) 2 as the upper limit for reaction 

(1) caused us to misassign about 7 percent of the events to reaction (3) 

and approximately 4 percent in the opposite direction. Likewise, a 

2 1.2 (BeV) limit on the square of the missing mass for the reaction (2) 

misassigned about 4 percent of the events between reactions (2) and (4). 
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PRODG'CTION OF BINGLB ?IONS 

In Figs. 1 and 2~ ,.,e sho-w the dipion invariant--mass distributions 

·:f reactions ( 1) and ( 2) fer (a) all events s.nd (b) for events with a 

!::,
2 

J.imit J.' lr 2 0;., " c: fJ. • Here 6 2 is defined as tne square of the fm.lr-momentum 

t:r.-unsfer to "the nuc;leon_. and p. as the mass of the charged pion. As in 

othE:::- ex:peri:~:ents in t.l:.is mo::rJ.eDtum region, thiS! signtficant feature is 

the prod.i.J<:t~.cm of the o. Frol:J. Fig. 1, we see in the p m8.ss region that 

the. :H")nresonant backr:s:-ound is q_<.litc large,. out is 'much smaller .i.n Fig. 2. 

\,re calculate, frOJn F:~g. 2: tb.(-:. background f'~r our p even·ts :i.n the -n: -Jc 

mess renge of 680 to Bl.:.o N.eV to be about 20 percent.. Our 1ve..lues for the 

~lBSS end the width of the p, vHh e.ncl wi·thou.t. e. 6 2 .l:lmH_. are listed in 

Table II. 

The Cl:":ew .. Lo•r ~lots .. J?i;T,, 3,, sho~., the ,.,ell-k110~m fact that the 

L1 
:producti.on of the o ts concentrated '3t J.ow·momentum transfers. One 

ean thus increase the ra"t1.o o-:.' ~rue p ev·ent.s 'co background by taking 

only the events in the J..o·~!-::nomentum-transfer region. We took a!} 
-) 

This upper limit 
I""} 

value of 1~?. 1-J.c.; as the uppe:c limit :for tM. s regio.::-1. 

'::l 
of 1-lc;.. is due ir1 I'ar·t t<.~ th-,:=. fo<.!t that the nun\ber of p 1 s produced as a 

f'unetion of !'.~2 decreases significantly at about this velue of' 6
2 

for 

0 and p • 

Figure 4 gi.ves the Da.li·tz plot for reactions (l) and (2) for all 

events. '!'he p hanclr~ ~ . '-:hi eh up at 135 degrees,, vary :tn denslty 

a.long the be.:1ds 1)ecause of the nouuniform decay <HstributJon of the p 

resonance, J.n ad.d.:!.t:l.or1 t,o the p resonance, we see some N* (1238) 1sobar 

producti~m, lmt this production ts reduced. t.o e. negligtble level when 

we consider only the We estimate the contamina-

tion of !·/(1238) e•rents in oux' p sample to be less than 5 percent. 
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AN.I\LYSIS OF 'DIE p RESONANCE 

Production and decay of the charged p resonance from the reaction 

± 
1'( + p 

0 + 1'( 

has been studied extensively using the one-pion-exchange (OPE) model, 

modified to include absorption effects (OPEA). The agreement of the 

OPEA calculations performed by Gottfried and Jackson5 and collaborators6 

with expertmental results is excellent in both the production and decay 

angular distributions. This agreement is, in fact, better than one 

expects in view of the approximeticns made in the theory.! The p data 

presented in this paper also agree very well with OPEA predictions, 

thereby strengthening the validity of the model. It should be pointed 

out that in reactions other than :rc +nucleon ~P +nucleon, the OPEA 

model is less successful in e:~laining experimental results. 

0 The p resonance produced in rc-nucleon collisions has a well-known 

strong forward-backward asymmetry in its own rest system. This asymmetry 

0 in the p decay cannot be explained by OPE or OPEA without the addition 

of a large amount of isospj_n (T) zero s-wave rc-rc scattering. Durand 

·and Chiu 7 were al)le to fit the decay distribution of the p 0 to OPEA 

model calculations by adding a resonant T=O s-wave to the resonant p-wave. 

Our data i.s very. similar to that used by Durand and Chiu and so shuuld 

yield essentially the same results. \ole make no further attempt to fit 

our p0 data to the OPEA model. 

\ 
•. 
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. The formation of the p resonance is essentially a peripheral process 

producing a large concentre:tJon of low 6
2 

events. We define ~ as the 

product:i.on angle for the di.pion ln the over.all center-of-mass system. 
,., 

Cos. f) j.s linearly related to 6:::; for a 1r beam momentum of 2.14 BeV/ c 

and a lt -n invariant mass of 770 MeV: the relationship is 

1} 1 J.l2 
= 1. 17 + 6 5 . 57 < 1 - cos ~) • 

Figure 6 shows the cos ~ distribution of the p events in the mass region 

M(n1t) = 680 to 840 MeV. The main feature is the extremely forward peak. 

(Note the change'- o:f' scale. ) 
I . 

Chew and r.ow predicted this forward peak 

by assuming the OPE model for n-lt scette:::-ing. 4 But when the p is considered 

to be a p-wave lt:-rc scattering resonance,. the OPE model predicts the wrong 

2 magnitudes for both the p partial cross section and the shape of do/M • 

The OPE cross section value p~~diction is about twice the experimental 

; : value. These discre:9anc ies are removed when the OPE is modified with 

absorption effects. Flgure 7 ;:::hows ·the forward peak of the p together 

8 with the prediction of OPEA ealculated by Jackson. The error bars are 

statistical and no corrections have been made for biases that exist for 

cos ~ ~ 0. 98. The agreement of the theoretical pred.ictions w·i.th the 

experimental values is good. The p
0 distribution has not been checked 

against OPEA because of the complications produced by the s-wave. 

0 In addition to the forward peaks of the p's, the p has a small 

backward peak 'but the p- he.s none (see Fig. 6). This behavior, which 

was also observed in the Penn-Saclay data, 2 can be explained in terms 

of an exchange of a baryon. The backward p0 ·peak needs the exchange of 

a proton whereas the backward p events need the exchange of a doubly 

.. ~ 
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charged baryon, such as the N*(l238). This behavior :is similar to the 

backward peaks of elastic ~-nucleon scatterings where the doubly charged 

baryon exchanges are much weaker than singly charged nucleon exchanges.9 

B. Decay Angular Distributions of the p Resonance 

To describe the decay angular distributions of the p resonance, 

we need to define two angles: (a) e, the~- polar "scattering angle" 

defined in the final dipion rest system, arid (b) a, the Treiman-Yang 
' ' 

angle, or azimuthal angle in the final dipion rest system defined by 
\. 

cos a = .n21 • .£14 
\ 

where a21 = and !h4 = with g1, ,g2 and .R4 equal 

-

\, 

respectively to the 3-momentum of the incoming ~ , the outgoing ~ , and 

the outgoing nucleon. 

For a pure p-wave ~-~ scattering resonance with no background or 

other effects, such as absorption, the !· .:• .:.;:· decay angular distribution 

\ 

should be proportional 2 should be 
to cos ~fandAisotrop~c for the Treiman-Yang angle 

a. Figure 8 shows cos e versus 6 for the p events. Even though the 

2 background increases with 6 , the angular distribution changes faster 

than warranted by background. For p-, the distribution is predominantly 

that of cos2e for events with 6 2 less than ~l2, and becomes more isotropic 

2 0 for higher values of 6 • The p decay angular distribution also changes 
. 2 

with 6 but keeps its fo~·ard-backward asymmetry to much higher values. 

The other feature of the decay distribution is the· diagonal effects 

in the e~ plots shown in Fig. 9. Both of these non-OPE features can 

be explained on the basis of the OPEA model. In fact, OPEA is the only 

known model that predicts correctly the e~ correlation terms. Since 

•. 
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0 . . 
the p is complicated by the presence of an s-wave, we limit our quantitative 

comparison of the OPEA with the experimental data to the p resonance. 

To investigate further these effects, we examin the decay angular distribu-

tions of a p-wave resonance in terms of density matrix elements pm m'' 

(The notation is the same as used by Gottfried et al.5) 

w(e, a)= 3/4 [Po 
0 

cos
2e + l/2(1-p

0 0
) sin

2e - Pl,-l sin
2

e cosaa 

·From the p 

-'\{2 Re p1 0 
sin2e cos_ a 1 . 

data, we calculated the p , elements for several mm 

regions of cos ~ by the maximum likelihood method. Figure 10 shows 

the results together with the theoretical predictions calculated for us 
' . . 8 . 
. by Jackson. For comparison, we also show the results from t.he Penn-

·saclay data. 2 The error bars are statistical, and no corrections have 

been made for either biases or background. The agreement of OPEA with 

the experimental results is excellent. For p- events with cos ~ > 0.98, 

we have an experimental bias mentioned before and so the values of p , mm 

for cos ~ > 0.98 are not necessarily correct. It should also be mentioned 

2 2 that as cos ~ decreases to 0.9, (i.e., 6 increases to 8 ~ ), the nonresonant 

background increases. 

0 Since the p decay distributions are complicated by the possible 

presence of s-wave and some d-wave background, we do not attempt any 

quantitative determinations. Others have calculated the density matrix 

0 10 
elements for the p • We point out that both the change of cos e 

2 distribution towards isotropy with increasing 6 , and the e-a diagonal 

effect, are qualitatively in agreement '\olith OPEA. 
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FINAL REMARKS 

In Fig. 11, we show the dipion mess versus cos e for reactions (1) 

and (2) With A
2 

<_. 12 11
2 W t th t f th ti (1) t u ~ e no e a , or e reac on even s, 

the cos e plot is more populated in the backward direction for M(rtn) 

below the p mass region. The density of events becomes more symmetrical 

in the p mass region. Above the p me.ss region, the events are concentrated 

almost entirely in the forward direction. This effect can be reproduced 

by adding a T=2 s-wave backgrou!ld with a negative phase shift of approxi-

mately 10 degrees to the p-wave resonance. In contrast, the reaction (2) 

events are strongly populated in the forward direction for !most of the 

dipion mass range-shown in Fig. 11. The density of events along cos e 

becomes uniform only at low dipion masses. This result can be simulated 

by including a large positive phase shift in the T=O s-wave n-n scattering.
11 

With the limited number of events available at present and the uncertainties 

in the theory, it is not possible to determine the sign of the s-wave 

phase shift when the p-~-1ave is near resonance. However, the sign of 

the s-wave phase shift can be determined when the p-wave is not near 

resonance. ,Jacobs and Selove, who studied this problem, estimated the 

phase shift to be in the range +35 to +55 degrees, in the 400- to 500-MeV 

interva1. 11 Durand and Chiu7 made a detailed calculation on a model in 

which the existence of an s-vrave resonance '"as assumed, and obtained good 

agreement with the experimental data '"hen the mass of this resonance is 

about 730 MeV and the width about 90 MeV. There is also some experimental 

indication of the existence of such a resonence. 12,l3 

In or~er to investigate the possible existence of this s-wave 

resonance, we have used the same technique as the Penn-Saclay-Bologna 

collaboration. 13 Since our data alone are too meager to add anything 

.: 
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·._,:.·; 

!3ignifi.pant toc~the :p~esent ·knowledge·, we ;·lso combined our data with the 
. . . . ' . .. ··' . ,· . -

:. 'di:rta :of ref~ l3. Figure 12(a )shows separately the dipion mass plots 
... 

/.with and without the· cos e limits. for out present data and the Penn-
. . .-~ ~ ~·-. . ; '-. : . 

· > <y;:i::: sa~lay-Bo_logna c()llaboration •. 
. ·, . .· .. 

The sum of the two experiments is shown 

in Fig. J2(b) •. ' The. shift of the mass .peak to a lower value is clear. 
. 14 

however, ,other experimenters have not observed this effect. . 
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,:·. 

· .. •: 
.,,· 

. ·! • .. i• 
·.·,.' , ... _. 

''·,',· 

. ' , ~ 

'Tabi~ :!~·· · Nt~mber of events" ·and partial cross sections. 

0-prong 

~-prong'··· 

Stra~ge particles 

'-·.··' 
0 

1( :_.p 
:. 

+ 
::!: 1( 1( n ... .. 

.. 

.-. 1( p (m reo) 

- + (m 1Co) = rc· 1( n 

·\5 .. - 1( p (corrected) 

; . 

. -.·\··· . 

,:,·:·: 

Events 

152 

1427 

135 

58 

1772 

1533 

2234 

1216 

3082 

11929 

Cross section 
(mb) 

• I 

.28.7±0.7 

35-7±0.25 

3-7±0.2 

5. 4±0. 3 

2.9-.!:0.2 

7.4±0 . .3 

9. 3±0.4 

- ~ ·, . ; 

·"·· 
.·-·..,,:· 

'j", 

.. ·.: 
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Table II. Position and width of the p-mass peaks. 

p 

Epeak (MeV) r (MeV) 

2 2 · Events wi t)l D. ~ 12 1.1. 765±5 135±20 

All events 770±5 130±20 

0 
p 

Epeak (MeV) r (MeV) 

770±5 

770±5 

135±20 

130±20 
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FIGURE CAPTIONS 

Fig. 1 · 1{ -rc invariant mass • (a) - 0 
1{ 1{ ' (b) - + 

1{ 1{ • 

2 
12 ll 

2 
(a) 1{ 

0 (o) 1t' - + 
Fig. 2 1{-1'( invariant-mass spectra for 6. 

1( ' 
1( . 

Che¥r-Low plots. (a) 1{ 
- 0 (o) rc - + Fig. 3 1{ p, 1{ n. 

I+ Dalitz plots. (a) 1{ 
- 0 (b) 1{ - + 

Fig. 1{ p, 1( n. 

2 12 2 (a) 1{ - 0 (b) - + Fig. 5 Dalitz plots for 6. ~ ll • 1{ p, 1{ 1{ n. 

Fig. 6 Production angular distributions for p - and p 0 . 
-Fig. 7 Differential· cross section for p production. The smooth curve 

is the theoretical prediction calculated by'Jackson.7 '· I J 

' . 
Fig. 8 Four-momentum transfer 6. versus cos e, (a) p-, (q) p0 (6. is 

the ruagnltude of the four-momentum transfer to the nucleon and 

e is.the decay scattering angle in the final dipion rest system). 

Fig. 9 Decay angular distribution: cos e .versus Treiman·Yang angle a 

for events with ~2 ~ 12 1-1
2 • (a) -

p ' 

-Fig. 10 Spin density matrix elements for the p • The smopth curves are 

the theoretical predict:tons of OPEA calculated by Jackson.? 

The results of the Penn-Saclay data2 at 2.75 and 3.00 BeV/c 

are included for comparison. 

Fig. 11 rt:J{ invariant mass versus cos e for D..
2 ...: 12 1-1

2 • 

(b) 1(- 1{ +. 

(a) rc 0 

1{ ' 

Fig. 12 rc- 1{ + invariant mass for 6. 
2 4 1-1

2 ,.,i th and without cos e I 
0.3. (a) The 2.14 .BeV/c and the 2.75+3.00 BeV/c experiments, 

(b) the sum of 2.14, 2.75 and 3.00 BeV/c experiments. 

\ 
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This report was prepared a~ an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expre~sed or 
implied, with respect to the accuracy, completeness, 

or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on beha1 f of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




