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A COMPARISON OF RESONANCE FORMATION IN ~-p AND ~+p REACTIONS 

Sula.mith Goldhaber 
. Lawrence Radiation Laboratory 

University of California 
Berkeley, Cal~fornia 

I. INTRODUCTION 

For an experimentalist to penetrate the sanctum of the study of detailed 

dynamics of interactions is a dangerous occupation. There is the natural 
.., 

tendency to oversimplify and separate processes on the.basis.of their dom-

inance over others. This "first order approximation" has been applied to 

the interpretation of our data. In this experiment we. analyzed two seemingly 

simple reactions: 

+ + - + 
~ + p ~ ~ + ~ + p + ~ 

- + -
~ + p ~ ~ + ~ + p + -~ 

(1) 

(2) 

!-\ 

. .. i.- Both ·reactions have four strongly interacting particl~s which we foi.md to · 
-... ~ ... 

interact in pairs and in triplets to form .resonances. 'In order to investi-
1 

gate these resonances we have chosen to examine these two-and three-particle · 
':> 

systems when produced in peripheral_collisions. The obvious advantage to 

this method is the predominance of . single particle exchange in peripheral 

; collisions. The large scattering cross sections between the incident particle 

and the exchanged one in a given angular momentum state, leads to an e!l4ance-

ment in resonance production. Fig. 1 shows various possible Feynman diagrams 

. for single particle exchange type peripheral collisions leading to re,sonances ' 

obs.erved in this experimen~. · I will leave the analysis of the A production 

out of ·my discussion since it has been treated by Gerson Goldha~er' s summa_ry 

1 on this subject. . __.-
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· Comparing reactions (1) and (2) there are a number of differences I would 

··like,. to list: ·' 

(a)· The isotopic spin of the initial state of reaction (1) is a 

:pure T =-3/2 state whereas_ the one of reaction (2) is a mixed 

-(b) 

T = 1/2 and T = 3/2 state • 

In reaction (1) we anticipate-a strong double resonance forma

tion, i.e.,. p0 + N**(1238) whereas in -reaction- (2) the double 
' *0 

resonance formation has the neutral isobar N _ -. p1! whose inten-

sity is -10% of the doubly charged one. 

_ (c) -__ ' Reaction ( 2) has a strong single resonance channel competing 
.. 
"' 

~ -
with the doubly resonating one, i.e., N (1238) + 1!- + 1!-

whereas in reaction (1) the analogous channel· corresponds to 
. . •. . *O 

the one involving.the lower intensity N (1238) isobar, i.e.~ 

- *0 + + -N 1!1!~ 

Now let us see· what the experiment shows. 
, .. .! 

II. THE TWO-PARTICLE RESONANCES 

il 
I· 
i' 
I 

The double resonance formation in reaction (1) is illustrated in the tri-

-.angle :plot in Fig. 2. The large concentration of the_ events at the crossing· 

of the bands is the :proof of the strong enhancement in the double resonance 

channel. The data for the p"J! interaction are ~hown in Fig. 3· Here we 

+- + --show the two-particle mass combinations for 1! 1! , p1! , and :p1! Since two 

negative :pions are :present in the channel we show two :pairs for each event. 

. 0 - ** We see here that a strong p meson formation as well as strong N formation 

occurs. Although the :presence of the neutral isobar can be noted, it stands .. -

out more clearly when :produced together with ~e p mison. In Fig. 4 we show 

- --- 0 the :p1! mass distribution for eyents in which a p meson is also :present. 

Here we not only see the 3/2 3/2 neutral isobar but also the T = 1/2 N*
0

(1510) 
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*0 
. and · N (1688) isobars. The observed energies, E, and respective full width 

at half maximum, . r, are given in Table I. · 

TABLE I 

Observed E and r Values for the Channels: 
*0 + *0 

7!·p- N +7! +7! and N.- 7!p 

Isobar ~'\.. .d:(MeV) -vuserve 
r(MeV) 

1220 120 

'148o 120' 

. i690 100 

. l 

.J 

.. • . 
. \ ··_ .. 

. III. TEE ASYMMEI'RY IN "" SCATTERING 

The double resonance channel in both reaction (1) and reaction (2) 

:provides an excellent opportunity to investigate the single :pion exchange 

mechanism. As 1 Gerson pointed out in his talk we have observed a nice example 

+ *O *4+ 
of single :pion exchange in the reaction K + p - K + N · · -. It seemed to 

*++ 
us. that the p + N channel affords a similar opportunity to look at single 

~ion exchange. We thus selected all double resonance events and then focused 

our attention on those with small foUI'-Illomentum. transfer. For "" scattering 

:Leading to a 1- state o~e expects the scattering amplitude to be of the form 

0 2 . 
P1 = cosa, i.e., cos a for.the angular distribution. Here a is the angle bet-

ween the scattered and incident pion in the. p center of mass system • 

\ 
. . ' 

In interactions leading to three particles in the final state, i.e., 
. . ..... '-~ 

- +- 0 . 
" + :p - n7! " , asymmetries in the "" scattering angle for p formation have 

been observed and attributed to either interference with non-resonating ~ and 

t. 
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The latter interpretation was 

offered to explain th~ fact that the asymmetry :pBil"ameter (F-B)/(:F+B) remained 

:positive throtighout the ~~ effective mass region from threshold through the 

p,resonance and beyond. We have also observed such asymmetries in the double 
. ·. 0 * ' . . + - . 

r resonance formation, p + N (1238), both in the ~ + :p ~d in the ~ + :p inter-

actions. The first sample we investigated included events with four-momentum 

transfer, u:p to D.
2 < 20 m2• To select predominantly the p-wave ~~ amplitude 
~~ ~ . 

. 2 2 
we reduced the sample to include ~~~ < 5 m~ only. The a~ymmetry which we 

expected to decrease remained at about the same level. The question~ arose now, 

whether the one pion exchange model is in jeopardy in this reaction or whether 

other reactions, such as represented by diagram (d) in Fig. 1 are playing an 

- I -important role. To test the single 0. exchange model we examined both the lj 

* Treiman-Yang angle and the ~orrelation between the ~~ scattering angle in 

. 0 * ·.the p center of mass the the p~ scattering angle in the N center of mass. 

In Fig. 5a we show ·such a correlation :plot. It is obvious that the two scat-

· · tering angles are ~ independent . ?f each other.. To demonstrate this point 

further we selected events in the two polar and equatorial regions of the ~~-
' 

scattering an~ar distribution and examined for those e~ents the p~ scattering 

angles· (see Figs. 5e·;· 5f, and _5g) •. We wou;Ld expect for single 0- exchange the 

· __ :p~ scattering to be completely independent of the ~~-scattering angle. We 

see, however, :pronounced differences in the cosON* distributions. A similar 

but not as striking effect is seen in the ~~ scattering angular distribution _ · 

for events selected for the polar and equatorial region of the p~ scattering 

angle. (see Fig. 5b, 5c, and 5d) •. The observed correlatipns led us to examine · 

· a :possible three-particle state such as (p1r+ 1r-) which could cause both the 

observed asymmetry as well as the correlations. 

-l<· 
· . For details see ;Reference 1 •. ) 
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I will now mainly confine myself to the results of such an investigation 

in the p~- system. In Fig. 6 we show the observed (~1 ~) scattering angle 

associated with the p
0 (see Figl la). As mentioned in my introductory remarks 

' *++--a competing N ~ ~ channel is present in this reaction. The importance of 

this competing channel is demonstrated in Fig .. 7 in which we show a scatter 

+ +-. plot or the invariant masses of p~ versus ~· ~ • A large overlap region bet-

·.ween the two resonance bands is noted. This overlap has a crucial effec·t on 

the ~j( scattering angle. In Fig. 6 the shaded area gives the distribution of 
~ .. ~ 

events after. the N (1238) isobar has been removed. ·It is clear from examining 

this figure that the major part of the .asymmetry comes from the overlap of the 

two resonances. We therefore feel that in the present data neither interference 
il 

with s-and d-waves nor the e~stence of a scalar meson need be invoked to e'xplain 
I 

the asymmetry. 

~ 
The next question we would like to pose concerns the N isobar. If 

directly produced in the primary collision it would be formed together with a 

pair·of negati~e pions (see Fig. lb). For the events produced with small 
. + 

momentum transfer to the (p~ ) system, we expect the single pion exchange to 

·.: .. dominate. We have made two tests to check for single pion exchange:. (a) the 
+ .· . 2 

1Cp scattering angle in (p~ ) center of mass which should follow a 1 + 3 cos a: 

distribution, and (b) the Treiman-Yang angle which is expected to be isotropic •. 

Figs. 8 and 10 show the two distributions. The distribution in the scattering 

angle shows considerable interference effects while the Treiman-Yang angle'is 

consistent with being isotropic. To examine interference effects with the p 

meson we looked at the di~tribution including and excluding event~(see shaded 
*++ \ . .· . 

area in Figs. 8 and 10) in the N . -p overlap region. The evidence for an 
*++ 

aligned N isobar is thus inconclusive. For comparison we show in Fig. 9 
*0 

the decay angular distribution for the events with N isobar formation. ·The 

2 data here are consistent with 1 + 3 cos a:. 
. ·.-.::--
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·On~ further diagram which may possibly contribute to the.reaction under 

discussion is given in Fig •. ld. To study this channel we looked at a DaJ.itz 
' ' . 

' . ' ' . ·' *0 + 
p;Lot .corresponding to the following three "particles" N (1238), 1! and 1! • 

: ' ' . ~+ 
In Fig •. 11, we. shovr such a diagram in which we plot the square of the (N 1! ) • 

mass on the x-axis and that of the (1!+ 1!-) mass on the y-axis. A clear band . 

corresponding to a .mass of 14o0-~64o· MeV i·s seen c.rossing the p 
0 band. A pro-

. .2 ~+ + . 
jection of the ~(N 1! ) axis shows a mark~d peak at a mass value M(p1! rr) = 

1520 MeV and r = 24o MeV. 
.. ' ' 0 

The shaded area shows the events outside~the p band. 

· , If we now investigate the structure of the three-particle mass peak we find 
. ' ' ' ' ' *0 + ' -lH+ 

· that the proton forming the N fo:rms a p1! · mass which lies in the N (1238) 

mass ~egion (see Fig~ 13). 
*O + 

In Fig. 12 we show a. Chew-Low plot of the N 1!il 
'· 

ev~ts. A stro~ clustering of events at low foUl'-momentum transfer to the' 
. ' 

. three-particle system is evident, indicating :r;>eripheral production of the mass 
' . 

':·peak. Here we must note that at the lower vertex.in Fig. ld.we can fo:rm a 

nucleon isobar in. T = 1/2 .• 3/2~ and 5/2 states. While the observed peak is · 
. ' . ' * ' . ' . . . 

centered at th
1
e location of the N1; 2(1510) it is considerably broader than the . 

accepted value for that i.sobar.3 We suspect that other states such as the . 

shoulder in the T = 3/2 state may also ··contribute to the peak. The asymmetry 
. ; 0 ' ' .: ' ' 0 
· in the p can now be understood to arise in part from the overlap of the p 

. ' ' . . . *++ 
··with the t~ee-particle state which in turn decays to the N isobar. We· 

. . 

· .. must further note that another possible origin for the observed mass peak may · 

.be ·interference effects between diagrams la and lb taking into account the. 
' . ' . ' 4 

Bose symmetrization of the two negative pions. 

\ 

Finally, we would like to discuss the properties of the two identical 

· b osons, 1!-1!-. The most surprising feature is the distribution in the 1!-1!-

. . 

scattering angle (see Fig. ~4). The distribution ·has,· all the ea:rmarks of . an· 

. > :'. 
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aligned high angular momentum state. We cannot find, however, any :particular 

t mass enhancement associated.with the angular distribution •. In.a study of a 

*0 + --correlation between the N 1t . mass and the 1t 1t scattering angle we find 

,, · · · t&t the above ;mentioned three-:particle mass :peak is directly related to the 

' ..... 
anisotropy in the 1t-1t- scattering angle. The anisotropy may thus be_ due in 

. . . 

part t6 the observed mass :peak, although the :presence of T = 2 d-wave scattering 

in the 1t-1t- system cannot be ruled out. The symmetry in the distribution shown 

· arises from. the fact that the two negative pions are indistinguishable • 
... 

To summarize the ~p interaction we list all the channels feeding the 

fou.l'-:particle f'inalrstate in Table Il• The data discussed here come from an 
. . . . . . .. · !I 

· :experiment carried out in a momentum anaJ.yzed negative 1t beam of the Lawrenc.e 
; . . 

· Radiation Laboratory's Bevatron using the 7~inch hydrogen bubble chamber as 

detector. The kinematic fitting arid ionization information reduces the number· 

· of· events with. ambiguous interpretation to less than 1%. The measurements of 
i :. 

i . all events produced in the ~:p interaction have been carried out with the · 

"F.Lying S:pot D:iigitizer"(FSD) of the Lawrence Radiation Laboratory. The peo:t>le · 

·· .. who have participated in various phases of this· work are:· John L. Brown, 

·Gerson Goldhaber, John A. Kadyk, Benjazn;n. c. ,Shen, George :s;. Trillirig, ~d 

.myself.·· , . 
·., 

' -~ . 

·- ~--

. ..... 

........ ' 

. , .. ;., 

··.'··. 
\ . . .': ' . . . .... -~ <. ·. 

. ~. • •• : J, 

•.'. 

·.· .. · 
I i··'" 

:,..·. ·,_ .. · 

. . ' ' . ·. _. .. -~ ~ . . 
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FIGURE CAPI'IONS 

Feynma.n diagrams for reactions .. · 

(a) + 0 + *o 
1( p -+ ·p N· 

(b) - **. 
1C + p -+ 1( + 1C +.N .. 

·' 
. ·' 

(c) 1(- + p A~+ p ·' ':·.' 
-+ 

(d) - *O + 
1( + p -+ 1( + N 1( 

,. 
· .. ' .. ... 

·., 

. Fig. 2 -'Triangle plot for the reaction 'JC+ + p - (n+ + 'JC-) + ('JC+ + p) 

·. 

:. Fig. 3 · .. Mass distributions of the two-particle (n-n+), (p1C+), and (p1C-) 

· ~' states. ., 

Fig. 4 Mass distributions of (p1C-) state formed in the reaction 

. - 0 .. -... n + P -+ P + P + 'JC 
. . 

· Fig. 5.. . ·.· Correlation plot between co sap and cosa.rt for the n't + p reacti9~ 

Fig. 6 . Distribution in :If..-, n- scattering angle in p 0 center of mass I . 

Fig. 1 · · Scatter diagram of (11:+ 'JC-) mass vers~s (p1C+) mass 

Fig. 8 
+ ' + . 

. . Distribution in p, 'JC scatierilig angle in p'JC center of mass .·· ... 
·.; Fig. 9 .Distribution in p,'JC- scattering angle in pn- center of mass 

· ... '. . .· .. . *++ 
. Treima.n-Yang angle computed at N vertex Fig. 10 

Fig. ll • Dal~tz plot o~ ~(N*01C+) versus ~(1t+'JC~) with respective projections·· 
. ... . 

·.· .. ·,· 

· .. , 

' . : 

·Fig~ 12 
· 2 *O + · . 

Chew-Low plot of M-"(N 'JC ) • 
. . . . + 

Fig. 13 .. ; . Invariant mass distribution of pn. for events in mass peak 
. . . . . . ' 

; ·. ·.l4oO < Mcit0 
n+) < 164o MeV 

. ·;;. 

.. . 

Fig.' 14 · . Distrib~tion in 'JC~ 'JC~ut scattering angle in ~~ .n2 center of mass . 
' -~~ ; ' . . 
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,,..-,...,'. . Table II• Cross sections for the vario~s. cnar.:.als i:l .the reaction . 
·c;>: __ 

, + p --QC>=-
+ 
~ .+:.lt: -1-: 

Cha..1·me1 

'l. 

. , . 

·' '. 

·- 3 ., . . . : 

'. ~·. 

•i\·0 
N (1238) 

*0 ... 
N (1510) . 

-)(•0 :. 

N (1688). 
·J ., 

..:·: 

' .. '· ·t.·· 

' ( +·-) -
*++ - - /pte 1C I "' .,: • 

N "'"'' . :*++--
N :c :c . '-· 

. , .-. 

TOT.AL ·: 

;··' 

~~·· }·~· .14o 
.46 '"' .. 

.·:~- .. . .. · 

. · . 

)1~~)}. ·-
. : 290: 

. ·.·:.·.:·;·'130 ·. ·~ 
.. 

,• .:• 

...... ··.· 26o·.· 

.• ·l70 

.. 340 
.... ~ .. 

1030 

,' .. 

I . 

•. 

0.085 ':t ·.025 

0.075 :t .025 

0.078 :i:' .025 

·(b) 
0.27 :i: .08 

.. 0. 23 :i: .07 . 

.. :··_.·: ', 

0.15 :t .65' 

0.29 ± .iO 
..... 

o.6o ± .2 

1.8 :i: 0.4 

TG-93 .· 

·,. 
·, 

I 1: 0.24 ± .07 

0.50 :i: .15 

·~ ,' il . 
... '·I 

'· ;• 
' 

. 0.44 ;t .• ll' 

.... -. . . ;l. ··.·• :. ; •. ~ '· ·, ;';, 

(a) 

(b). 

·' 
.· 

. .. . . ·,, . ~: . . ·. 
·.: •... 

·.· .. ·· 
·:.·· r·· 

•. ·<". 

.·. ·, 

aJJ. cross sections have been norma.lized to. the~".total:c p cross -"section. 
·i . 

the. events in the A:!. and ~ 
. ' ' . . . . ' : . 

i' _': '• /. 

regions are il:lcluded' he.re. 
).' 

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

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed 1n 
this report. 

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






