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ABSTRACT 

Cross sections and angular distributions for the quasi-two-body 

final state s 
,:,++ 0 ':'++ 0 ,:,++ 0 

N p, N w, and N "l were measured at five in-

cident n+ momenta between 3 and 4 GeV/c. These cross sections, when 

combined with results at higher momenta, indicate that the momentum 

,;:++ 0 
dependence of the N p cross section deviates from tha.t expected for 

a meson-exchange reaction, and that there is shrinking of the diffraction 

peak. Dips in the production angular distributions are observed, similar 

to those observed in two- body final states. 

* Work done under the auspices of the U. S. Atomic Energy Commission. 
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. III an C([i,Ht tu extend the iLViLilcLble diLt.'\. on the quasi-two-body 

fin:d st,ltcs encuuntered in r.esonancc production, we have studied four-

pl"ongcvcnts of the types' 

+ + +-
1Tp-+Trp1TTI, (1 ) 

+ + + - ° Trp-1TpTI1T1T (2) 

at the five incident + 
1T momenta 2.95, 3.2, 3.5, 3.75, and 4.1 GeV/c. 

Many experirnents have been performed in recent years on the anguL:Lr distri-

butions and polarizations for the elastic and two- body inelastic final 

-1 
states. In the intermediate-energy region (i. e., 2 to 5 GeV/c incident 

pion momentum) the available data have been parameterized with limited 

success by the peripheral model with absorption, 2 and by Regge pole 

models, 
3 

some of which include the effects of direct-channel resonances. 4 

Reactions (1.) and (2) have long been known to be dominated by such 

,:,++ ,:,++ ° 1 
quasi-two-:body final states as N pO, N w, pA2' etc. As new 

res onances are dis covered the fraction of events attributable to such 

two- body reactions increases ·and is to date approximately 50% for these 
... ++ 

reactions. In this paper, data are presented on the final states N'" pO, 

... ++ ... ++ TOT 0 
N w, and NT]. The momentum-transfer distributions for these 

reactions are known to be dominated. by a peak at low momentum transfer; 

to study the structure of this peak and associated density matrix elements 

we howe added all our events together, regardles s of incident beam lno­

mentum. The 1= 3/2, N':'(2830) lies within this ener'gy region, 5 but its 

'-'" effect is neglected at this time. The variation with energy of our data 

will be presented in a future communication. 

The 72-inch hydrogen bubble chamber was exposed to a separated 

1T + beam at the Bevatron to obtain 0.37' flb/ event of pion track length. The 
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prutun l'ullt-dtn.in<t!.i(;n varied ['"Olll 5(/<) di the luwer energies to nwre than 

20(1~) at .. L 1 Ge V / c. Thcexpe r:i.rnent yielded 40 000 Luu r ,..prong events, . 

which were me~sur~d on the Flying-Spot Digitiz'er (FSD) and constrained 

to Hypotheses (1)and (2); 7800 eVE!lltsof Reaction (i) and 9400 of 

Reaction (2) were obtained. FSD ionization measurements were particu­

larly useful when more than One- hypothesis was satisfied. The 10% of 

ambigt:lOUS eve:ntswhich remained were resolved oil the scanning table 

or by choosing the hypothesis with the lower X 2 .. Constraining the event$ 

to the corresponding proton hypotheses showed that the proton contamination 

in the beam presented no problem, since the pp events were clearly distin-

guished from the 'TTp events by the kinematic and ionization criteria. 

Cros s sections· were obtained by normalizing to the a -ray eros s 
. . 

section .. Aa -ray scan was made over about 20% of the film. The muon 

contamination was measu~ed andfo~nd to be about 50/0' of the pion beam 

by making a count of secondary interactions on tracks with a-rays. The 

known eros s section for a-rays with momenta greater than .18 Me V was 

used to obtain the piori path length. 

The events attributed to a particular resonance were selected 

from the observedmass distributions solely on the b~sis of cuts in the 
>:~TT 

respective invariant-mass intervals as follows: N 1.12 GeV ~ 

M('TT+ p) ~ 1.32 GeV; 

For 5% of the events more than one combination of particles satisfied 
. \' 

the mass criteria, 6 and ih those cases the events were assigned on the,',·. -

basis of lowest momentum transfer. Our cross sections for the major 

quasi~two-body reactions together with results reported in the literature 

are shown in Fig. 1. 7 
t 

Morrison has made ,extensive compilatio~s' of 
' .. 
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-l.S 2. 0 
P . to 1)- .' lllUllH.:ntulll dCllcndence, whereas diffra(;ti U11-

lllt.:. r lnc. 

like p~'ocesse::; such as clasLic scattering show a rnuch slower fall-off. 

The observed cross sections for ':: ° N p production have a momentum de-

pendence m.ore like a diffraction process than the expected meson -ex-

change dependence, being roughly proportional to 
-0.5 

P inc •• The cross 

sections for 
:::: 0 

N w 
* 0 . . 

and N "1 production show the expected meson- ex-

change be1:avior, . as does the other pO production process, - 0 
'IT p-p n, 

K
+ ':' 0 >!,++ 

and the reaction p - K N • 

In Fig. 2a we show the t dependenc~ of the N':'p 0 events to-

gether with results of other experiments performed at 2.3 and 7.0 GeV/c. 7a 

At the lower energies the initial diffraction peak, the abrupt change in 

slope near t = - 0.4, and the secondary maximum whose slope decreases 

I ± 
with incident momentum are reminiscent of the behavior of elastic 'IT p 

. . 8. h . 
scatter1ng 1n t e same energy reglon. A fit of the diffraction peak to 

(da jdt), a eAt gives A = 8.8±0. 3, compared with average values .of 

A = 8.0 for 'IT - P and A = 6.7 for TT + P elastic scattering in the same 

energy region. 9 The initial slope of 12 to 14 at the higher momentum 

implies a shrinking of the diffraction peak and a displacement of the point 

at which the change in slope occurs to t = - 0.2. The same rate of 

shrinkage, D.A/ /:::"p. :::: 1.4 (Ge V / c) - 3, is observed for the reaction 
lnc. 

+ ':'0 ':'++ 7c . 
K P - K N up to 9 Ge V / c incident momentum, and for 

o . k - 0 
yp - p p up to 5 Ge V / c. The reaction 'IT p - p n shows no shrinking 

. 7b 
up to 7 GeV /c. In Table r we summarize the momentum dependences and 

initial slopes of (da/dt) for the various processes discussed • 
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Jistl"ibtltiull CtH O\ll' t'vl'llIs ;'l.>pc;.tn; to bCIn-

-:' 
11l;t:;S within tllc, N 

Vcrv low n1omcntum. trans fers are kincm.aticall y prohi bited for high 

invariant-lna.:;s v'llues." .To explore the very low momentum transfer .', .~ 

region in our data, we u'sed events with low in.variant masses withi.n 
,', 
',' 

the N and mass limits at the highest incident momenta., and find 

a flattening of the t distributions belo~ t"; - 0.15 (Ge V ic~2. 
Figure 3a shows the density matrix elements for the 

pO decay angular distributions. Again changes in character can be 

dis cerned near t = - 0.2 and -0.4. The solid lines are the predications 

f 1 ' h d 1 'h b ,2 1 1 d t 4 G vi o t 1e one-pIon -exc ange mo e WIt a sorptlon ca cu ate a e c 

incident momentum. 

Figure 2b shows 

+ ':'++ 0 reactions iT p -N w 

the momentum-transfer distributions for the, 

,'. ',' 

+ ".++ 
and iT p - N'" 11 0

• The comparative shallow-

ness (A = 3.3±0.5 for N w) of these angular distributions has already 

" 1 ' 
been noted. For N"'w, increased statistics in this experiment make.', • Ii .. 

evident a dip near t = - 0.8, and a flattening below t = - 0.2. Indepe,ndent 

1 1 ' 7a 1 'd f h d' 10 , samp es at ower momenta a so show eVI ence or t is Ip. The 

distribution for ':' 0 N "l events has limited statistics (102 ev~nts) but is 

flat until t = - 0.5, after which it drops quickly. A similar behavior 

has been noted for this reaction at 8 GeV Ic and also for the reaction' 

on iT P -+ ''In. The density matrix elements for 
:::: 0 . 

N w events are shown 
.,1 ". 

in Fig •. 3b. No characteristic ,changes are evident within statistics J but" 

" " 2 
"the pred~ctions of the p-exchange model WIth absorptIon are clearly ~ .. .,., 

. ·t . ~, I 

--, ,',. ';: inadequate. 
~':.r!· {-
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Table I 
Reaction Momentum A 

d d eDen ence 

1T+p-poN*++ p-O.5. Shrinking 
9 ·20 

7T - p_ pO n p-I.7 No shrinking 
13 

1T-p-poN*o ...... p- 0.5 

YP _ pO P P - 0.3 I Shrinking 
4 .. 8 I 

I 
K + P - K*oN*++ ...... p-I.7 S,h r ink i n g 

8 -15 

1Tp Elastic p- 0.3 No shrinking 
7-8 
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Fl GURE LEGENDS 

Fig. 1. Cros s sections for the resonance production reactions 

'IT p -+ pOn( q), 'IT+P -+ wO N':<++ (I,I), K+p", K'~oN':'++ (~),. 
'IT+p -+ pON':'++( ~,!), 'IT-p -+- pO N';'o( ~), and yp __ pOp (t-~ ). 

Fig. 2. Distributions in the square of the momentum transfer, t, for 

+ "0++ + "0++ 
the reactions (a) 'IT p -+ pO N°" ,(b) 'IT P _ wO N°" and 

+ ° ,:,++ 
'lTP-"l N • 

Fig. 3. Momentum transfer distributions of the density matrix elements· 

+ . ':'++ + ':'++ 
for (a) 'IT p - pO N and (b) 'IT P -+ wO N • The solid lines 

are the predictions of the OPE model with absorption, calculated 

at" 4 GeV Ic in Ref. 7a. 
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