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MULTIPION FINAL STATES FROM 1T p INTERACTIONS 
AT 3.2 AND 4.2 GeV/c 

Suh Urk Chung,t Orin I. Dahi, Janos Kirz, and Donald H. Miller 

Lawrence Radiation Laboratory 
University of California 

p1 	 Berkeley, California 

May1967 

ABSTRACT 

We have, analyzed approximately 30 000 four-prong events at it 

beam momenta of 3.2 and 4.2 GeV/c, obtained with the 72-inch hydrogen 

bubble chamber at the Lawrence Radiation Laboratory. We present all 

the effective-mass distributions obtainable from the final states p1rr, 

and nrTr,as well as Ahe cross sections of these final 

states In addition, we present the results of our study of the quasi-

three-body final states N++(1238) 	pp° ,pTr w. and p1r T1. We have 

given particular emphasis to the production and decay of the A 1 , A2 , and 

B enhancements, the A 1  and B enhancements observed in our data are 

consistent with the interpretations as kinematic enhancements although 

the possibility exists that what we observe at our energies is an admix-

ture of resonant states and kinematic enhancements. On the other hand, 

the A2  enhancement can be interpreted only as a genuine resonant state. 

From the study of the decay angular correlations in the A 2  region as well 

as the control regions, we have determined that the lowest possible quan- 

turn numbers of the A 2  are J = a+ 
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I. INTRODUCTION 

During the, past few years, many people have investigated the 

multipion final states from !Tp interactions at incident beam momenta 

ranging from 1.5 to 10 GeV/. This report consists of an analysis of 

approximately 30 000 four-prong events leading to multipion production 

from (p interactions at 3.2 and 4.2 Gel//c. 

Previous investigations in ip interactions have shown abundant 

production of resonant states such as the isobars [especially the N(i238)] 

and the meson resonances p, w, and r •  More recently, many investi- 

-; gators have observed enhancements in the spectrum of a pion and one of 

the meson resonances cited above. Thus, the A 1  and A2  'enhancements 

have been observed in the spectrum of ir and p (Ref. 2.), and the B en-

hancement in the spectrum of ii and w (Ref. 3). 

• 	 Our main objective in this report is to describe in detail the pro- 

• ,' 	duction and decay mechanisms of these enhancements, as well as the, com- 

peting channels which contribute to their background. For the A 1  and B 

enhancements, we show that the competing channels dominate and the 

enhancements as observed in our data may be interpreted as kinematic 

• . • effects in the competing channels themselves. On the other hand, the 

A2  enhancement is shown to be consistent with the interpretation as a 

genuine meson resonance. From.the study of the internal correlations 

P 
for the A 2  as well as the control regions, its spin-parity (J ) assignment 

is shown to be consistent only with J2 

In Secs. II and III, we discuss briefly the experimental procedures 

and the results of crós s-section measurements. A more detailed account 

of experimental details is given in Appendix D. 



UCRL-16881 Rev. 

m+ In Sec. IV, we discuss the final-state p iT
- 

 iT
-  in which the p

0  and 

the doubly charged isobar 	(1238) is produced copiously. Results 

concerning the A 1  and A2  enhancements are presented here, while the 

matrix elements used in their spin and parity analysis are given in 

Appendix A. 

In Sec. V, we discuss the final state pTt1T O 1T1r, in which w and 

Tj production is observed. Results concerning the B enhancement are 

presented in this section. Properties of the w, Dalitz plot are derived 

in Appendix B, while in Appendix C the expected angular cor re lations : in 

the B-0 7TW  decay are given for various spin-parity assignments. 

IL EXPERIMENTAL PROCEDURE 

This experiment was carried out in the 72-inch hydrogen bubble 

chamber (at the Lawrence Radiation Laboratory) exposed to a Tr  beam 

from the Bevatron. A total of 37 000 four-prong events were measured 

and processed through the standard data-reduction system of the Alvarez 

Group at the Lawrence Radiation Laboratory. 4  The pictures were taken 

at two distinct beam momenta; the lower momentum was determined to 

be 3.21±0.026 GeV/c and the higher momentum to be 4.16±0.015 GeV/c. 

About 4216 of the total sample came from the higher beam-: 

momentum data where all four-prong events were scanned for and meas-

ured (the 4.2-GeV/c sample). Of the remaining 5816 of the sample, at 

3.2 GeV/c beam momentum, about 3316 consists of events measured only 

when an outgoing proton could be identified on the scanning table on the 

basis of ionization density; we call this, the 3.2-GeV/c selected sample. 

In the remaining 25% of the total sample all four prong events were 

scanned for and measured; we call this the 3.2'-GeV/c normal sample. 
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We note that the distribution for the selected sample in the four-

momentum transfer squared to the proton (AZ ) is more peaked in the 

lower region than that for the normal sample (see Fig. i). For this 

reason, only the 3.2-GeV/c normal and 4.2-GeV/c samples have been 

2 
used for histograms and scatter plots involving A or A 	Since 

resonances of interest are produced more often in peripheral collisions 

than in other types of interactions, the selected sample should be richer 

in these resonances. 

Types of reactions that have been tried are as follows: 

p-p1r1r 	 . 

- pir ir O ir ir 	 (Ib) 

-+ n1T1t 	 (ic) 

kZ 	 (id) 

++ Trirn(k o ) k. 	 (e) 

• 	For convenience, we shall denote the final states in reactions (1a) 

through (1e) by p3 7T, p41T, n47r, p37rMM, and 47rMM, respectively, where 

MM stands for the unobserved neutral system (as well as its effective 

mass). 

For fitted events. [reactions (ta), (ib), and (Ic)], only those with 

a confidence level greater than 0.510 were accepted. 5  Events were tried 

• 	for hypotheses (id) and (i.e) only if they failed to fit reactions (1a), (1b), 

• . 	and (ic). All ambiguous events that could be resolved on the basis of 

ionization density were looked at by physicists and trained scanners, 

• 	and the hypotheses inconsistent with the observations were eliminated. 

In addition, a small fraction of p4w  events (less than 31o) which 

were ambiguous with p31T events was dropped from the p4lT sample; it 
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was judged from effective-mass plots that 8016 of this sample contained 

p3ir events. 	Moreover, if the measure& missing mass for any p4ir event 

was too far removed from the 	710 	mass and the confidence level was 

low, that event was dropped from the sample (less than.4%). 	In a similar 

• 	 fashion, a small fraction (6%)  of events was deleted from the n4*. sample. 

A more detailed account of the event separation among different hypotheses, 

as well as other related topics, is given in Appendix D. 

• 	 The total number of events used in the analysis for each reaction 

category is given in Table I. 	As expected, the 3.2-GeV/c selected sample 

shows a drastically reduced number of events for the final states with no 

proton (n4rr and 471MM), the events fitted to these final states represent 

• 	 cases in which the low-momentum 71+ 	
track (or steeply dipping track) 

was misidentified as an outgoing proton during visual examination of 

ionization. 

Table I. 	Number of events used in the analysis. 

Final states 	• 	 3.2-GeV/c 	3.2-GeV/c 	4.2-GeV/c 	Total 

Normal 	Selected 	• 	 • 

p71+7171 	
• 	 2333 	• 	 3985 	2986 	9304 

p71+7107171 	 2336 	 3772 	• 	 347 	 9579 

71+71+7171 	 114 	 449 	1803 	3366 

p71 IT iT (kiT ° ), k2 	 665 	 1379 	1954 	3998 

71+71+7171(k1T9) 	k.1 	1040 	 165 	2236 	3441 

Total 	 7488 	 9750 	12450 	29688 
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I Ill. CROSS-SECTION MEASUREMENTS 

Table II shows partial cross sections at the two beam momenta 

studied (3,2 and 4.2 GeV/c).. The cross sections were obtained by normal-

izing the total number of interactions to the precise measurements of the 

Tr p total cross sections given by Citron et al. 6  

Table II. Partial cross sections, 

• 	.:; 	 . 	Cross sections (mb) 

	

Reactions 	 3.2 0eV/c 	4,2 0eV/c 

p-.p1rr1T 	 1,91±0.08 	1.92±0.1.0 

	

1T+1rOTt1T 	 1.86±0.08 	. 	2.18±0.11 

	

nh17r1T 	 0.89±0,04 	1,16±0.06 

k2 

	

1.46±0.07 	2.75±0.14 
,. 	 ++(kO) kt 

Total 	 6 1.3±0 24 	8 01±0 39 

In a special cross-section scan, the entire quantity of film used 

for this experiment was rescanned to find the number of two-prong, four-

prong, and strangeparticle -productiOn events. For two-prong events, 

we corrected for the loss of events due to small-angle scatterings. 7  

Other corrections were made for scanning efficiency, failing events, and 

the possible contamination in each channel due to misassigned hypotheses 

A more detailed account on cross-section measurements is given in 

Appendix D.4. 	 S  

Figure 2 shows partial cross sections reported to date for reac 

8 	

- 

tions (Ia), (lb), and (Ic) at various beam nomenta. 1.7  The curves 
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drawn are freehand fits to the data. According to these curves, the 

cross sections for p3 7T and p41r final states reach their maxima in the 

region of ir beam momentum from 3.5 to 5.0 GeV/c, whereas the 

maximum for n47T final states seems to lie above this interval. 

IV. pT+Tru FINAL STATE 

A. Effe ctive -Mass Distributions 

In this section we present general features of the p3rr final state. 

In Figs. 3 and 4, all the effective-mass distributions are shown sepa-

rately for 3.2- and 4.2-GeV/c data. The histograms at 3.2 0eV/c (Fig. 3) 

include both the normal and selected samples. Both these samples exhibit 

rather similar effective-mass distributions, except for somewhat stronger 

production of resonances such as N(l238), A 1 , and A2  for the 

selected sample. 

The most striking feature of this final state is that both N*(  1238) 

• 	and p°  resonances are copiously produced. The curves in Figs. 3 and 4 

were obtained by adding nonresonant phase space (4216), phase space 

modified by a Breit-Wigner form for N*(t238)  (341o), and the same 

for p°  (241o) (Ref. 18). The amount assumed for each resonance is 

• 	somewhat arbitrary; 19  the curves are meant to show only to what extent 

gross features of this final state can be explained in terms of phase-

space curves modified by the two noninterfering resonances. 

+-- 
The effective mass of the it it it system •(M + - ) shows clear. 	•

Tr 
•  

deviation from phase space at the mass of the A 2  and a broad enhance-

ment in the region of the A 1  (see Figs. 3g and 4g).. The distribution in 

M (Figs. 3b and 4b) shows evidence for N*0 (1. 238) ,  N*0(1518), and 
pir_ 

N ° ( 1688) productions. 
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Note that the M , distributions (Figs. 3c and 4c) do not show 

evidence for f ° ( 1253), in contrast to . the results from 	interactions 

in this energy range; 2°  it has been shown that the f o  production from 

interactions takes place mainly through the channel N+( 1238) f o . 

The equivalent channel for 'rrp interactions would be the channel 

N*0( 1238) f ° , the cross section of which should be only one-ninth that 
*++ of the reaction ii + p - N 	(1238) f . In additi on, f 0 cannot be produced 

in conjunction with higher-mass isobars such as N*(1.688), since the 

reactions of this type are below the threshold at our energies. 

For the partial cross-section evaluation at 3.2 GeV/c, we use 

the normal sample alone; the cross section for p °  production is deter-

mined to be 0,48 ± 0.07 mb, and for N* production; it is 0.59 ± 0.07 mb, 

At 4.2 0eV/c, we find the cross sections 0.52±0.07 mb and 0.59±0.07 mb 

	

for p °  and N* productions, respectively. 	, 

The respective production cross sections for the A 1  and A2  are 

140 and 150 b at 3.2 GeV/c, and 160 and 175 1ib at 4.2 0eV/c. The 

errors in these values are large, because of the proximity of the reso-

nances and the uncertainty in estimating the background. The errors 

range from 25 to 35%. 

In the following sections we discuss in detail the channels N* 1r _ 1r  

and pTrp° in turn. 

B. Reactionrp -.. 

In order to investigate the production mechanism of the 3-3 isobar, 

we present in Fig. 5a the Chew-Low plot of four-momentum transfer to 

the p11+ system (L2 + against M 	, The fact t 
P11 	 p7r 	

hat the isobar is produced 

predominantly in the region of low A 	 suggests the one-pion-exchange p11+ 	, 
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process represented in Fig 6 This feature is emphasized further in 

2 	
i Figs. 7 a, b and 8 a, b, where we show the i 	distribution n the isobar 

prr T  

region (LIZ to 1.32 GeV) and the M + distribution for A, 	< 0.5 (GeV/c) 2  : 	4 

	

piT, 	 ,prr+ 

at each beam moknentum separately. 

Before we study the final state N*1r ir, we first look for pos- 

sible contamination in the N*  sample. As is shown in Sec. IV. C, one 

of the important channels of the p31i final state is that of double resonance 

formation, N*0(I238) p 0 ,  N*0(1518)p0, and  N*0(1688)p0.  Figure5b is a 

scatter plot of M 	vs M + for events in the N*  region [and with. . 
pii 

+< 0.5 (GeV/c) 2 ], where we used only the combinations M . and 
• 	. 	piT. 	 PT1 

M + 	satisfying the condition A 	- . There is clear evidence 

	

PIT 1 	piT 2  

that the N*0p0  channel is present; the N 0 (1238) channel especially appears 

to be an important one. The projections onto the M + and M 	axes 
nil 

shown in Figs. 7 d, e and 8 d, e demonstrate further the presence of p °  

and N*0  resonances. 	 . 

It is rather difficult, however, to estimate quantitatively the 

amount of p°  formation in the N*++  sample; the distribution of M+ 
2 

	

• . • • 	with A - > A - tends to be peaked below the p°  region, and it is not 
piT 1 	pir 2  

clear how one should estimate the background. Nevertheless, we be- 

lieve that there is a fair amount of contamination from the N*0p0  channel. 

Furthermore, kinematics and decay angles of theN*+trr_Tr  channel are 
• 	

• 	 * 00 	
• 

such that some of the N 	events "spill over" to N p  final states, 

* 
especially in the N 0(1238)  region. 	• 

• . 	 • 	With this possible contamination in mind, we next turn to the de - 

	

 

• ..• 	 - - 	*++ 
scription of decay correlations at n ir and N . vertices (see 'ig. 6). 

• • • 	
• For this purpose, we define two coordinate systems as follows: In the 
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(PTr 
rest frame, the z axis is parallel to the beam (target) 

momentum and the y axis is parallel to the normal to the production 

plane. Polar and azimuthal angles in these systems are denoted by 

• 	
O(ir), (rri), O(pirt), and 4( plr+) ,  where the symbols in parentheses 

indicate the rest frames in which they are evaluated. Note that the 

azimuthal angles thus defined are just the Treiman-Yang angles. 

Figure 9 gives the distributions in cos 0 and for events in the 

• 	. 	 region (and with low A2  ) and also the same distributions for 
p1T.+ 

2  those events with the further selection that M iT iT 2 	piT + 	( 	A 
piT -) 

lie 
2  

outside the p °  region (0.66 to 0.84 GeV). 

We see that the Treiman-Yang angles are relatively isotropic, 

supporting our belief that the one pion-exchange mechanism is the dom-

inant one. Note that the distributions in cos 0 (p'tr t) become more sym-

metric outside the p °  band2  (see Figs. 9c and 9g) and approach the 

well-known (1 + 3 cos 2 0) distribution for the isobar decay. The solid 

curves in these figures are fitted by the least-squares method to the 

Legendre polynomials, 
fl 

da ______ = L a1p(cos6). • 	 (2) 
cos 

The coefficients, normalized to the total number of events at each 

• . 	momentum, are: 

• 	• • 	 • • 	 Coefficients 

Momentum (GeV/c) 	a0 • 	 a 1 	 a2  

• 	3.2 	 166. 	4.1 	105.9±78 	 ±9.5 

42 	 660±26 	482±50 	626±60 
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The behavior of cos O(ivir) and 	rn) as a function of M.. 

is shown in Figs. Sc and 5d. Here the distribution in cos 6(rr' ir 	) is 

relatively isotropic (s-wave) at the low-mass, region of M 	higher 

partial waves appear gradually as M 	increases. The distribution 

in 4(irir), on the other hand, remains relatively isotropic throughout 

..the entire range of M__. The cos O(iir) for four different regions 

of M_ are shown in Fig. 10 for two beam momenta separately. Re-

suits of a least-squares fit to the data are shown in Table HI. 

:The Mir_n_  plots for the N*  region with A 	< 0.5 (GeV/c) 2  

are givenin Figs. 7c and 8c; we see no evidence of airir resonance 

(1 = 2) Several authors 23  have used M 	distributions to calculate 
IT 

the total cross section for the reaction Tr, ir -. in 	However, in view 

of the contamination in our data from the N°p 0  channel and of the un-

certainty in using semiempir.ical formulas, we do not present our result 

here at this time; we merely point out that our results are in fair agree-' 

• •• 	ment with those obtained by others. 

Finally, the M_ o: distributions (with p°  selected as described 

• 	above) are shown in Figs. 71 and 81; there is little evidence that the A 2  

• 	 production contaminates this channel. 

C. Reaction iip - pTrp0  

• 	In order to study this reaction, we cut off the N 	region [M+ 

• 

	

	 in the interval LIZ to 1.32 GeV and 	< 1.5 (GeV/c) 2']. (Ref. 24). 

This cutoff does not substantially affect the analysis presented here, 

except for certain angular distributions; these are shown separately for 

theN 	region. 
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• 	- 	 It is in this channel that we observe the well-established enhance- 

25-34 	 35 
• 	•ments--the A 2  meson, 	and the A 1  enhancement, 	which is not so 

well understood. Figure lla.shows the Chew-Low plot of A vs M 	, 
lTp° 

where we have taken those events with M 
1111 
+ - in the p°  interval (0.66 to 

0.84 GeV); since these enhancements appear to be primarily associated 

with the low 	it appears likely that peripheral processes are respon- 

sible for their production (see Fig. 1.2a). The histogram projected onto 

the M_ 0  axis (Fig. lib) shows a prominent peak at the A 2  mass and a 

broad enhancement in the region of the A 1 . Broken lines in Fig. lib 

show the distribution of M - + - for events with M + - outside the p °  
iririr 	 1T1T 

interval; there is no evidence that either th •e A 1  or the A2  decays directly 

• 	into a 31 channel without the intermediate p °  formation. 

• 	 According to our data, the mass and width of the A 2  meson are 

1310±20 and 80 ±20 MeV. As for the Al.  the mass and width of 1090 

and 125 MeV are consistent with our data; their precise values are 

rather difficult to determine, as the A 1  does not appear as a sharp peak. 

In this connection, note that a recent world compilation by Fer.bel 36  of.  

the M+_± distribution from rr*p  interactions shows a similar trend; 
fl  lT   

the A 1  enhancement does not appear as a sharp peak. 

In this channel, another important process occurs, namely that 

• 	of double-resonance formation N*0p0,  as is illustrated in Figs. 11c and 

• 	lid. We see from these figures that N 0 (1238), N*0(1518), and  N*0(  1688) 

are copiously produced. Again, they are produced primarily at low •  4 ., which suggests the one -pion -exchange (OPE) mechanism for the 
Tr 

process (see Fig. •lZb). 
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In Figs. 11c and lid, only one combination of pi (or Ir+1r)  has 

been chosen for each event. For single-p °  events (only one combination 

of M+-  in the p°  interval), we naturally choose the combination pir 

(or ir+ir)  if M +lT_S  in the p°'  interval. As for the double - p °  events 
L) 	

11 

(both combinations of M1+._  in the p°  interval), the following method 

has been used to choose the one combination: We first take a somewhat 

narrower p°  interval (0.70 to 0.80 0eV), and if, for an event, M+_ 
Tr 	

1. 
• 	. 	. 	falls in the narrower p 0  interval and M + - in the wider one, the corn- 

• 	.TT1Tz  

bination prr (or rr+rr)  is chosen. If, however, both combinations of 

M+- fall in the narrower p °  interval, we choose that combination of 
Tr 

pir (or iir) for which A 	 is less than A 	(Ref. 37) This is done 

in an effort to isolate the peripheral process of Fig 12b as much as 

possible. 	 • 

An additional purpose in devising this method has been to some-, 

how circumvent the effect of interference due to double-p °  events so 

• 	• • 	that, for instance, a meaningful comparison can be made between the 

• • 	 virtual process at the lower vertex of Fig. 12b and the physical process 

rp - rrp. We emphasize, however, that the analysis which follows 

does not differ appreciably from other methods that can be devised; for. 

• • " 	instance, one could have simply chosen that combination of r+ir  which 

is closer to the p0  mass. 	 '• 

• • •• • I. Differences Between the A 1  and A 2  Enhancements 

A number of authors 3841  have observed that the A 1  and A2  

.... •.• 	enhancements have different production mechanisms; the production of 

the A2  meson seemed to be consistent with that of a genuine resonant 

state, whereas the A 1  enhancement seemed to be associated with the 
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OPE process leading to the final state p7rp 0 , which would be clearly 

inconsistent, with the A 1 's being a resonant state. 

We first show the Dalitz plot of M 2  - against M 2 ... in Fig. 13a; 
PIT 	 typo 

this plot illustrates the extent to which the A 1  and A2  interfere 'vc?ith the 

three neutral isobars. The projections onto the M - axis for the A 
piT 	 1. 

and A2  regions separately show that isobars are more prominent in the 

A 1  than in the A 2  region (see Figs. 13b and 13c). A further difference. 

is seen when A 	is plotted against M- 0  (Fig. 13d); the A 1  enhance- 

ment is concentrated in the region of low A 	while the A 2  clearly is 

not. In fact, the Dalitz plot for A _ < 0.55 (GeV/c) 2  (Fig. 136) shows 

the entire A 1  but almost none of the A 2 , while the same plot for 

PTr 
>. 0.55 (Ge V/c) 2  (Fig. 13f) shows very little evidence for the A 1 . 

These figures clearly demonstrate that the A 1  enhancement is primarily 

associated with the channel N*0p0,  which is produced through a peripheral. 

process (presumably an OPE process). For completeness, we show 

2 	2 distributions of A p 
	piT 	 1 	2 
and L . - for the A and A regions separately at 

two different beam momenta (Figs. 14 and 15).' 

If the A 1  enhancement is produced in association with the channel 

N*0p0 through an OPE process (see Fig. 12b), the decay angular dis-

tribution of p0  with respect to the incident beam direction, cos 6(irrr),. 

should show the characteristic cos 2 0 distribution, while for the A 2 ,' this 

would not necessarily be true. 	Distributions in cos O(n it ) for four 

different.regions of Mo (below Al.  A 1, A2 , aboweA 2  ...r,egiors).:are 

2 	 ' shown in Fig. 16. We see a strong cos 0 distribution for the A 1  region 

but not for the A 2  region. We note that about 5016 of events 'in the A 2  

region are estimated to be .the background events. If these backgràund 

U 
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events are subtracted out, we may have a drastically different distribu-

tion for the A 2 . The corresponding Treiman-Yarig angle for the A 1  

• region is relatively isotropic, which is consistent with an OPE process,' 

The same distribution for the A 2  shows a significantly anisotropic dis - 

tributjon, 

2. Interpretation of the A 1  as Kinematic Enhancement 

Since the A 1  is predominantly associated with the final state 

• 	 N*0p0, is the A 1  merely a kinematic reflection of this final state and 

not a resonant state at all Shen et al, 39
showed that this interpreta-

tion was indeed consistent with their Ir±p data at 3.7 Ge V/c; a strong 

diffractive process at the lr±p vertex caused an enhancement near the 

A 1  mass in the M±o distribution, in conformity with a theoretical 

43 
model proposed by R. Deck and developed further by Maor and ' 

44 O'Halloran. 	We find that the A 1  in our data can be, explained in sub- 

stantially the same way, although we cannot rule out the possibility that 

the A 1  resonance is produced on top of the strong background due to the 

Deck mechanism, , 

• 

	

	 In order to study the angular distributions for the N*0p0 channel, 

we first malce a cut on 2 
P11• 

at 0.55 (Ge V/c) 2 , This cut has been chosn 
, 

to reduce the background in the N*0p0 final state and at the same time 

to hold the A2  contamination at a minimum The histogram of M.. 0  

• 	'.  d for 	0.55 (Ge V/c) 2  together with that of M 	is shown in Fig. 17;PIT 

the A2  peak is seen to be drastically reduced, as was pointed out in 

• 	Sec. IV.C.1. 

We present in Fig 18 decay angular correlations at p °  and N*0 

vertices for two different beam momenta. Relevant angles are defined 
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as follows: O(Tr+1T_)  and 	r+Tr)  are polar and azimuthal angles of i in 

a coordinate system defined in the 	rest frame with the z axis 

along the incident beam momentum and the y axis along the normal to 

the production plane. Similarly, (prr) and (pt) are polar and azi-

muthal angles of the outgoing proton in the plr rest frame, with the z 

axis along the incoming proton direction and the y axis along the pro- 

duction normal, 	S 	 S  

Again, the cos 2 0 distributions in cos O(iiir) are consistent with 

an OPE procesé. However, the forward-backward asymmetry seen in 

39 
the data of Shen et al. 	does not show up in our data. This is to a 

large extent caused by the N*  cutoff (see Fig. 18i); decay angular 

correlations and reaction kinematics are such that the region near 

cos O(iir) +1 tends to be depleted by the 	cut. The distributions 

in (Tr 	are consistent with isotropy, if we take into account the effect 

of the N*++  cut (see Fig. 8j). 	 : 	 S  

For completeness, we have fitted the cos 0(n+1T)  distributions 

(see Figs. 18a and 186) to the Legendre polynomial series (Eq. 2) by 

the least-squares method: 

Coefficient: 

Momentum (GeV/c) 	 a0 	 a 	 a 

	

3.2 	 94.0±3.1 	•-1.50±5.98 	85.5±7.4 

	

4.2 	 46.7±2.2 	0.57±4.7 	41.7±5.4 

The coefficients given above are normalized to the total number of 

events at each momentum. 	 S 	 S 
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As for the angular correlations at.the p71 vertex, the most promi-

nent feature is the strong diffraction peak in the cos O(pi) distribution. 

The corresponding Treiman-Yang angle (pii') is uniformly distributed, 

again consistent with the OPE process. Note that the angular distribu- 
(iI. 

tions at the pir vertex are not affected by the N*  cutoff (see Figs. 18k 

and 181). 

In order to demonstrate the relationship between the diffraction 

• 

	

	 region [cos 8(prr) = +1] in the cos O(pir.) distribution and the A 1  enhance- 

ment, we show in Fig, 19a the M0 plot for only those events with 

cos O(p'r) >0.8; here the events are confined entirely tothe At  region 

with a prominent peak near the A 1  mass. This demonstrates clearly 

that the events in the diffraction region and those in the A 1  peak come 

from the same events. Figure 19b shows that if this diffraction region 

is cut.off, there is no evidence for the A, 1  enhancement at all in the re-

suiting M - o distribution, 
• lTp 

If we can now show that the diffraction peak we observe in the 

cos O(pir) distribution is inherent in the virtual proce.ss irp - i'p (at 

• 	• 	the pir vertex) and not a reflectibn,of a genuine resonant state A 1, we 

will have established that the A 1  is a kinematic enhancement.in  our data. 

For this.purpose, we first show how the distributions incosO(pii) 

• 	 and (p1r) vary as a function of M 	(see Fig. 20). We see that most 
PTT 

• 	•. 	of the diffraction effect comes from high-mass isobar regions. The 

distribution in 4(pii) is essentially isotropic throughout the entire 

region of M -. 	 • 

prr' 

• 	 Figure 21 gives the cos O(pir) distributions for five different 

M 	intervals, With increasing M_ • the peak at cos 0(pi') = +1 
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becomes more prominent and the slope is approximately exponential, 

which is characteristic of a diffraction scattering. 

We now compare these distributions with the experimentally 

measured differential cross sections for the ii
- 
 p elastic scattering. 45,46  

This comparison is meaningful if we assume that the exchanged pion is 

sufficiently close to the physical region and that it behaves like a physi-

cal pion. With this assumption, the differential cross sections are 

averag1'over each Mpri._  interval and the resulting curves are compared 

with the cos O(prr) distributions 47  (see Fig. 21). For Figs.Zia and 21b, 

the curves are normalized to the total number of events in each figure; 

for the rest of the figures, the curves are normalized to the number of 

events in the cos O(pir) interval from 0.8 to 1.0. 

We see that our, experimental distributions are in fair agreement 

with the curves. Thus it seems plausible to conclude that the peak near 

cos 6(pir) +i results from the diffractive scattering at the prr, vertex 

and is not a reflection of a resonant state. 

Although our data.appear to be consistent with the hypothesis that 

the A is a kinematic enhancement of the type propOsed by Deck', this is 

by no means a conclusive proof. In fact, it is quite possible that a gen-

uine resonant state is present superimposed on a background enhanced 

by the mechanism of the type described here. 

• . 	• Finally, we comment on other, theoretical models proposed for 

the A 	Month has shown that a triangle singularity can yield a three- 

' • 	pi'on peak at the A mass. 	According to this model, we expect to see 

a cluster of events at the lOw M + - region in the A Dalitz plot. How- 
irir 	 1. 

ever, it does not appear that this condition is met for our A 1  events. 

-t 
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The region of low M + would correspond to the region cos 	+1 
iTirl 

where 3 is the angle between the Tr and IT j  in the p 0  (1rirT 2 ) rest farn (see 

Fig. 27b); we see very little evidence for an enhancement in this region. 

Another kinematic origin for the A 1  enhancement has been proposed by 

Chang, 	who has shown that the effect of Bose symmetrization can 

lead to the enhancement. However, the test he proposed cannot be 

applied in our data due to the ill-defined A 1  peak. 

3. Spin and Parity of the A 1  and A2  Enhancements 

Before we present the results of our spin-parity analysis, we 

first comment on other quantum numbers for the A 2 . Many investi-

gators 50  have shown that the isotopic spin for the A 2  is not consistent 

with I 2. Furthermore, the decay modes irrj or KK for the A 2  would 

• •.• 

	

	 not be consistent with I 2. Since the irp decay mode implies G 

we conclude that the A. meson has the quantum numbers 

We shall apply the spin-parity analysis to the A 2  meson, as well,. 

as the A 1  enhancement, assuming the latter is a genuine resonant state. 

In addition, we shall investigate the production angular correlations for 

the A 1  and the A2  in order to infer the possible quantum numbers as 

well as the production mechanisms, 

51 	 P 
i Previous spin-parity analyses 	ndicate that the likely 3 

assignments for the A 2  are 11,  2, or Z.  The KR decay mode of the 

P+52 
A2 , however, limits the J assignment to 2 . 	Previous analyses 

did not take into account the large background associated with the A 2  

peak (see, however, Ref. 34); assuming that the background does not 

• 	• 	interfere with the A 2 , we have subtracted the background effect by 

examining the control region. 
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•  Our basic approach to J analysis of. the A 2  is to compare the 

distribution in cos f3 with that obtained by the theoretical calculation 53  

for a given 
J, 

 where f3 is the angle between 71+  and the "bachelor" 

• 

	

	 (not in p ° ) evaluated in the p0'  rest frame. The matrix element assumed 

for each spin and parity is given in Appendix A. 

In order to suppress the A enhancement (and also the channel 

N*0p0), we have eliminated the diffraction region (see Fig. 19a), i.e., 

those events with t 2 _ < 0.55 (GeV/c) 2  and cos O(prr) > 0.8. Further-

more, since the A2  is produced at low 	we limit our analysis to events 

with 4 <0.65 (GeV/c) 2  (see Fig. 23a). We first show what the effect * 

of N's are in this subsample (Fig. 22). Here N*0( 1238) is strong, 

with some evidence for N0(i5l8)  and N" 1688). In the A2  region it-

self, however, •these isobars appear to be not so important (the shaded 

area in Fig. .22). 	 . 

The distributions in cos 3 for the A 2  region as well as for control 

regions are shown in Figs. 23b through 23d. Note that the distribution 

in the A2  region is quite different from those of control regions. 

In order to understand the background effect, we use the following 

54 	 . 	. • 	method. 	For a given amount of background, which is assumed to vary 

from 0 to 1001o, we compare the theoretical distribution of a given JP 

with the distribution composed of {n} (i = 1, 20), where n is obtained by 

cN 	(I) 	(2) 

+ aN(2) ' 	
+ n. •}• 	(3) 

Here n is the number of events in the ith bin of the cos , distribution 

inthe A2  region (Fig. 23c), n' is the number of events in the ith bin 

for the region below the 1%. 2  and 
nI2  above it (Figs. 23b and d), and 
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N, N 	and N 2  are total numbers of events in each category. The 

parameter 'c varies from 0 to 1, corresponding to the amount of back-

ground level from 0 to 1001o. The parameter a has been used to vary 

• the relative amount of control regions. We have taken a =1 for the 

spin-parity analysis on the A 2 , However, we have also tried other 

values of a (see below), 

The resulting x2  (19 degrees of freedom) for each J assignment 

for the A2  as a function of the amount of background is shown in Fig. 24. 

We observe that if the background is assumed to be zero, we obtain 

assignments of either j 
 (I = 0) or 2 (1 	i) for the A 2*We believe, 

however, that the amount of background is certainly not less than 40% 

and probably not more than 70% (see Fig. 23a). Within this region 

(shown by dashed lines in Fig. 24), we find that there is only one unique 

assignment consistent with the data--it is 2! Assuming 50% back-

ground, we give in Fig, 25 the cos f3 distribution along with theoretical 

• 

	

	
curves for a few J assignments. In Table IV, we list the valu of 

for each J assignment, along with the corresponding confidence level 

at 50% background. 	 • 

• 	 We have also weighted N 1) 
 and N 2  by different amounts (a = 

• 	
• 	(i)(2) • • 	N uN ) so that equal numbers of events contribute to the background; 

• • 	 the general structure of x2 did not change appreciably throughout the 

entire range of background level. 

Therefore, with the assumption that the background does notinter-

fere with the A 2  meson, we conclude that its spin and parity are uniquely 

2+, which is consistent with the observation of the KR decay mode 
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• 	
We apply the same technique to the A 1  enhancement, assuming 

that it is a genuine resonant state. Again, we take only those events 

with 	< 0.65 (GeV/c) 2  (Fig. 26). We select four regions of M0 - - 

• 	namely, below the Al.  in the A 1  and A2  regions, and above the A2  

region; the distribution in cos 13  is given for each of these regions in 

Figs. 27(a) through (d). 

Table IV. Fits to various J hypotheses for the A2. a 

b Confidence 
J 	 x level %) 

Trp phase space 	 44.89 0.07 

46.25 0.04 

2+ 	 21.56 30.7 

0 	 316.08 0.0 

• 	 1 	=0) 	 56.22 .• 	 • 	0.0 

1 	
() 	 135.04 f 	 0.0 

2 	(1=0) 	 56.20 0.0 

2 	(1=3) 	 145.19 0.0 

a50% background level assumed 

b 
• 	 19 degrees of freedom 

Background has been taken into account as follows 	Events in 

Figs. 27(a) and (c) are weighted differently so that equal numbers of 

events contribute to the background [a N 1 /N 2 ] ; this particular 	
• 

choice of weight is somewhat arbitrary. However, the results are 

rather insensitive to any particular choice of weight. 	For instance, we 
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could have taken events in the control regions. with the same weight 

(a I); the results do not change drastically. 

Figure 27(e) shows the behavior of x 2 for each J 
P

as a function 

of the background level. In the interval between 30 and 60% background, Jp 

assignments 	=0),or2T(i=fl seemquite consistent with the..data, Figure 27(f) 

shows how the theoretical curve for J 1 (I =0) compares with the ex-

perimental distribution at 50% background le\rel. The values of X for 

each? assignment at 5019 backgroundlevel are given in Table V. 

Table V. Fits to various J hypotheses for the 

Confidence 

x level(%) 

lTp phase space 29.15 6.3 

126.87 0.0 

2+ 136,85 0,0 

0 62.75 0.0 

1 	() 16.70 61.0 

1+ (1 =2) 46.76 ' 	 0,04 

2=1) 15.89 66,4 

2(=3) 25.20 15.4 

a50% background level assumed 

b19 degrees of freedom. 

We have also examined the production angular correlations for 

the A 1  and the A 2  For this purpose, we chose to examine the distri-

bution in cos z, where z is the angle between the normal to the decay 

plane of A and the incident ir momentum evaluated in the A rest frame. 
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We present in Appendix A the theoretical distributions in cos z for 

various spin-parity assignments. We observe that for ?= O, f, 2+ ,  

and 1+,  the angular distributions are independent of the detailed internal 

structure of the three-pion system, whereas for 2, this is generally not 

the case. 

Figure 28 shows the distributions in cos z for the four different 

regions of M ri._ po mentioned earlier. •  The solid histograms were obtained 

by taking two points for double-p °  events to take into account the inter-

ference effect, 	and the shaded areas were obtained in the same way 

with events at 4.2 GeV/c alone. To take advantage of the fact that for 

some values of J, 
 the distribution should be independent of the inter-

ference effect, we have taken two points for each event; the resulting 

histograms are shown as dotted lines in Fig. 28. Note that this particular 

method m.kes the resulting histograms symmetric with respect to 

cos z = 0. 

In Figure 28 there is an enhancement of events at the region 

cos z 0 for all four 	regions. Taking the distributions at face 

value, we observe' that the distribution in the A region is consistent 

with a sin2 z distribution. If J for the Ais assumed to be 1 and if 

it is produced via p °  -exchange process, we may infer that 	0, where 

mm' is the density matrix for the A (see Appendix A). 

If the A 2  is produced via the p °  -exchange process and absorptive 

• 	 effects are negligible, the angular distribution is predicted to be (see 

Eq. A-6, Appendix A) 

• 	 S 	 1(z) 	1 -  3 cos 2 z + 4 cos 4z, 	 (4) 

which is peaked in the region cos z ±t. If the background in the A2 
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region is taken into account, our experimental distributions are con-

sistent with (4). However, due to the possible absorptive effects 56  and' 

the background contamination, 	it is difficult to make strong statements 

concerning the distribution on cos z. 

Finally, we observe that the dotted and solid histograms are 

consistent with each other within statistics. It is.amusing to note that 

• 	• 	if the two histograms were significantly different for the A region, we 

would have been able to distinguish between the two i assignments 

and 2. As pointed out earlier, this is becaus.e for J 	2, the angular 

distribution depends in general on the interfereflce of double-p °  events, 

whereas it is completely independent of the interference for J 
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V. 	 FINAL STATE 

A. Effective-Mass Distributions 

We present in Figs. 29 through 32 all the effective -mass plots 

for 3.2- and 4.2-GeV/c data separately. Again the 3.2-GeY/c data are 
	 0 

for both the. normal and selected samples. The. effective-mass plots for 

the selected sample alone showed little difference from those of the 

normal sample. The curves drawn in each of these plots are simple 

phase-space curves. 	 . 	. 

The outstanding feature in this final state 	 is the pro- 

duction of w and 11 mesons(se. Figs....30a and 32a). Also, there is evi-

dence for N 	(123.8) production. For the production cross section for 

these resonances at 3.2 GeV/.c, we..have again used the normal sample 

alone; the c r o s s sections. are. dete.rmijied to be 230 ± 30, 3'1 ± 9, and 

320±80 b for w. , and;N± produát•o,ns, respectively. 	At 4.2 GeV/c, 

the respective cross.s•ections ,aré.1.8.525, 21°±7, and 335±65 ub. 	. 

We show in F.ig. 33 the effective-mass distributions for quasi- 

three-body final states when M,+_4o  ....limited tothe •A) region (0.76 

• to 0.80 GeV) or the T region (0.53 to 0.57 GèV). The phase-space curves 

• are those of three-body .f.nal states normalized to the total number of 

combinations in each histogram. . 

In theM,.1, plots, we observe the B enhancement near 1220 MeV. 

Based on the combined., data, we have obtained 1220±20 MeV for the mass 

and 150±20 MeV for the width. Rough estimates for its production cross 

sections 'are 108±30 4b at 3.2 GeV/c and 67±20 }.Lb at 4,2 0eV/c. In.the 

plot at 3.2 GeV/c (Fig. 33c), we observe an enhancement near the 

j 
	

A 2  mass, the iTTI decay mode of the A 2  has also been observed in other 
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experiments. 27 ' 3 .
0 
 However, the width appears to be too broad for the 

A 2  when compared with that of the irp 0  decay mode. In addition, there 

is little evidence for the A 2  decay at 4.2 GeV/c (see Fig. 33g), although 

our statistics are limited at this energy (66 events). We find that its 

production cross sections are roughly 12±7 4b at 3.2 GeV/c and 5±5 ib 

at 4.2 GeV/c. 	 •. 	 . S  

Schumann58  reported an enhancement (mass 1..71 GeV and width 

<50 MeV) in the M11+,o  distribution for .;. ' irp data at 3.9 GeV/c. Our 

data, however, do not show any evidence for the enhancement (see Figs. 

30b and 32b). We note that our sample is 6 times as large as that of 

Schumann at 3.2 GeV/c,.3 times at.4.2 GeV/c. 

In the M_(Figs. 33b,f) there is evidence for the decay of 
PIT 

N" °  (238), .N*O  (1518), and N*O  (1688). The situation here appears to be 

analogous to that of the,pu - p 0  finaLstate discussed earlier. 

We discuss in detail the final states prrTh. and p1T 	in the following 

two sections. 	. 

B. Reaction T,  P__11 pu:c) 

In this section, we discuss in detail how the peak at 1220.MeV in 

M- , known as the B meson, 	can be shown to be consistent with the 

hypothesis of kinematic enhancement. The treatment here is similar to 

60 that of our earlier work. 	This work is based on a larger sample.at  

3.2 GeV/c, and the total sample iA somewhat'more refined than the 

sample on which our earlier work is based. 

Throughout this section, we chose the w region to be in the inter-

val 0.76 to 0.80 GeV. Most of our analysis was done on single-u events 

(either neutral pion triplet lies in the w region--but not both). There 
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are 94 double - events (both neutral pion triplets lie in Lhe 	region) in 

our saniple compared with 1867 single-u events. For most of our pur-

poses, the interference effect arising from double-w events is considered 

to be negligible. 

Uike the p3Tr final state, the N*++  (1.238) production is weak in 

the p4Tr final states. In particular, its interference with the piTTh final 

state (and especially the B meson) is negligible for our purposes. To 

demonstrate this, we show for single-u events a scatter plot of M, 1 + 

against M 	with 	 1.0 (GeV/c) (Fig. 34a); there is little enhance- 

ment in the N++  region. This is further illustrated in Fig. 34h, a pro- 

jection onto the M 1+ axis in the 	region (1.12 to 1.30 GeV), For com- 

pleteness, wealso show in Fig. 34c thedistribution of M PTO with similar 

selections. Again, little evidence is 1  seen for the N, interference. 

Therefore, we do not make any cutoffs to suppress Nt +  (1238) 

(nor N), as we did for the p3rr final state. In what follows, we demand 

merely that the M+o 	for an event be in the w region.Tr  

1. B Enhancement and 	Final States 

The Chew-Low p]ot of A against M 	for single-w events shows 

a cluster of events near the B mass (Fig. 35a). The projected histogram 

onto the M1 ._ axis (Fig. 35b) further illustrates the presence of the B 

enhancement. 

We note that the B enhancement occurs mainly in the region of 

the low A 	which suggests a perIpheral mechanism for its production. 
	19 

The exchanged particle could either be iT°  or w (see Fig. 37a). The dis-

tributions of A for all single-w events and for events in the B region are 

J shown in Fig. 36. The distributions in the B region show sharp peaks 
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26i 
near 	0.-a characteristic of "r-exchange procesbes 	 wou 1  

mean that possible spin-parity assignments for the B are 	 3 

etc. 62  However, the possibility of w exchange cannot be ruled out, in 

p 
which case there would be no restriction on the J (except 0 ). 

2 	2 
Figure 35c is a Dalitz plot of 	vs M.. for single..' events 

with 	< O35 (GeV/c)2. 
63 

 We see that the B enhancement tends to occur 

in association with nucleon isobars (see also Fig. 40b). In order to 

further investigate the inter.fernce of isohars and the B enhancement, 

we show in Fig 38a the Chew-Lov plot of A Vs M,._ for si 1ie-

events and the projected histogram in Fig. 38b. It is evident tha the 

isobars are produced in this finai state with low 	which suggests 

a peripheial process (see Fig 37 1,)). 

• 	On the other hand s  Fig. 38c shows that the B enhancement is 

produced mainly with 	 i.0 (0eV/c) 2 , which is also the region 

where most of the isobar events are concentrated, as is clear from 

Fig. 38a (see also Fig. 40). The extent to which isobars and the Ben 

hancement interfere is furthei ,llustr'ted in Fig 38d, the DaLtz plot of 

the piT  Lnai state with 	1.0 (0eV/c) 2  For conwhetenes, we 

present in Fig 39 the aistriDutions in 	eo r  all siugle- events and 
DIr 

also for events with M 	in the B region. 
Tr 

Con9eq.1ently. f the B en'"ancament is  a gunuine resonant state, 

•rr'p interactions at 3 to 4 GeV/ 	o not provide a suitable f.nal state in 

ci 	which to d'termine its quantum numbers Neverthelebs, a simple study 

of the internal correlation for the 'B decay is given in Sec V. B 4 
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2. Interpretation of the B as a Kinematic Enhancement 

Since final states pB and N ° w seem to be so closely associated - 

with each other, one is naturally led to ask: Is it possible to interpret the 

B enhancement as a kinematic consequence of the final state N *o w rather 

than a resonant state? We shall show in this section that this is indeed 

the case in our data.. However, this kinematic interpretation is mean-

ingful only if the observation of the B is limited to 1Tp interactions. -.. 

64 
Recentl.y Baltay et al. 	reported an enhancement at the B mass in the ir 

system from pp annihilations. It would appear that the B as is observed 

in our data is perhaps a superposition of a genuine resonant state and a 

kinematic enhancement. 

In extending a suggestion made by Deck, 43  Maor and O'Halloran44  

pointed out that virtual dissociation of the incident pion, Tr -  w + 

followed by the strongly asymmetric inelastic process, P  + p - 	+ p, 

should result in a broad enhancement in the region M 1 .± 	1200 MeV. In 

this section, we show that such a model accounts naturally for the es-

sential features of the B enhancement as observed in our data. 

To this end, we study in detail the decay correlations of the 

process 71p -+ Ncow, limiting ourselves to single-u events with A 2 < 1.0 
PIT - 

(GeV/c) 2 . We emphasize that this is the region where we observe both 

the B enhancement and the isobars.(see Fig. 40). 

• • • 	 Figure 41 shows the angular distributions for the upper and lower 

vertex of the exchange process (see Fig. 37b). The angles corresponding - 

to this diagram are defined as follows: In the w rest frame, O() and (w) 

-- 

	

	are, respectively, the polar and azimuthal angles of the normal to the 

u-decay plane with the z axis along the incident beam and the y axis along - 
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65 the production normal. 	In the piT rest frame, O(piT ) and (p1T) are, 

respectively, the polar and azimuthal angles of the outgoing proton, in a 

coordinate system with the z axis along the incident proton and the y axis 

along the production normal,  

If the exchanged particle is the p, the Treiman-Yang angles 4(a) 

and (pTr) need not be isotropically distributed; Figures 41b and 41d 

show that the distributions are indeed not isotropic. The hypothesis of 

the p-exchange process can be tested for the process 1Tp- N' 0  (1238), 

Figure 42 shows the same angular distributions for the N °  (1238) region. 

The solid curves which provide a reasonable fit to our data are those 

66.  obtained by Aderholz et al. 	in their analysis of the reaction 

(1238)w at 4.0 BeV/c; the curves are also in good agreement 

with Svens son's calculations 6  based on the p-exchange model with ab 

sorptive corrections. Theoretical calculations are not available for 

higher-mass isobar regions; however, it seems reasonable that the p-

exchange process leading to N*O  (1238) will also produce N*O (1518) and 

N' °  (1688). 

The distribution in cos O(pir) (Fig. 41c) shows a strong peaking 

near cos O(pir) +1. In order to investigate this peak, we show a scat-

ter plot of vs cos O(pir) in Fig. 43a. We see that most of the peak- 

• ing near cos 0(p11) = + 1 comes from the MpiT .. region above N °  (1238). 

The same scatter plot for events in the B region (Fig. 43b) shows that 

most of the B enhancement is associatedwith the peak at cosO(prr) +1. 

• ' 	Conversely, the distribution in MiT  shows a striking enhancement at 

• 	 ' ' 

 

the B mass, when only those events with èosO(piT) >0.6 are plotted (the' 

shaded area in Fig. 40a). 	 ' ' 
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For a more detailed analysis, we divide the 	spectrum into 

five intervals; for each of these intervals, the distribution in cosO(pTr') 

	

• 	is shown in Fig. 44. The shaded regions in this figure were obtained in 

	

• 	the following manner: The Mdistributions for events in each M 
11(A) 	 pTr 

mass interval were plotted separately for cosO(pTr) = 0.6 to 0.8 and 

0.8 to 1.0 (not shown), and the number of B events was estimated; these 

events are shown as shaded areas in Fig. 44. It is apparent that the B 

enhancement and the bulk of the asymmetry in cose(pir) result from the 

	

• 	same events. Cons e.quently, the nearly flat distribution in cosO(pir) in 

• 	 the N (1238) region (Fig. .44a) should not give rise to a strong B enhance- 

	

• 	ment. This is borne out in the MpiT  - distribution for events in the B 

region, which shows a relatively reduced NCO  (1.238) peak (see shaded 

	

• 	• area in Fig. 40b). 

It is instructive at this point to.compare the A 1  and B enhance-

ments. We have shown that both of them are associated with the peak 

at cos.O(pTr) +1.. For the A 1., we have compared the coso(piT) distribu-

tion with the differential cross section for the elastic Trp  scattering and 

thus inferred that the A 1. is a consequence of the diffractive iTp scatter- 

ing. Unfortunately, the same cannot be done for the B enhancement. 

The virtual process pp -' Trp in the isobar regions is below the thresh- 

	

• 	old for p production. 68  We have instead taken the following two ap- 

proaches. 

As a first method, we have fitted the cosO(piT) distribution in 

each isobar region with the Legendre polynomial series (Eq. 2) by the 

least-squares method. The result is shown as solid curves in Figs. 44a, 

c, and d, and the fitted coefficients a are shown in Table VI. Our data 

require up to the second-order polynomial for N* 0 (1238) region, third 



-33 	 UCRL-1.6881 Rev, 

order for N °  (1518), and fourth order for N °  (1688); these results are 

consistent with the spin-parity states known to exist in these regions. 69  

In general, one would not expect to get these results if the asymmetry 

in cosO (plr) were entirely the reflection of a genuine resonant state. 

Our second method is to compare our data with the virtual process 

pN - Trp that might occur in a different final state.. For this purpose, we 

investigate the reaction 11Th - piTr from our deuterium data at 3.2 

GeV/c. 	The A 
p 	pll• and M - distributions in Figs. 45a and 45b show 

evidence of isobar productions through a peripheral mechanism, which 

is presumably a p ° .-exchange process (see insert in Fig. 45a). The 

cos O(pir) distributions for this reaction are shown in Figs. 45c through g. 

We see that these distributions are rathei similar to those in Fig 44 

Especially, the peak at cosO(piT) +1 is seen in both reactions, although 

we do not in general expect identical angular distributions for the two 

71 reactions. 

Judging from the evidence we have presented, it appears likely 

that the strongly peaked cos O(plT) distribution is intrinsic to the process 

pp -  lrp and is not a reflection of a resonance in the M 11.- spectrum. 

We therefore conclude that the observed correlations are consistent with 

the model for the B enhancement, as suggested by Maor and O'x-Iallo ran. 44 

i 	 i The low 2  distribution n the B region (noted n the previous section) 

is accounted for by the strongly peaked cos O(pi) distribution resulting 

from the process pp-o.'Trp. In particular, the model provides a natural 

explanation forthe strong tendency of the B enhancement in our data to be 

associated with the isobar production. However, as was the case in the 

A1  enhancement, the possibility of a genuine resonant state superimposed 

ona background due to the N0w  process cannot be ruled out, 
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3. Possible Anomaly of the 's Associated with the B 

Since the J 
P  of w is - •, the decay distribution in the w Dalitz 

plot should be peaked in the center and vanish on the periphery. 72 

The refo.re , by selecting events in the central part of the 	Dalitz plot, 

we should be able to reduce the relative amount of background associated 

with the w peak. For this purpose, we first define a quantity r by 

r= 	IImaX 	 (5). 

where flis the matrix element for the W decay. The central region 

is then defined  by the condition r >0.7, and the peripheral region by 

r < 0.7. The value of r was chosen so that in the absence of background, 

equal numbers of w should be contained in the two regions. In Appendix 

B we give the analyti.c expression of the contour on the o Dalitz plot for 

a given value of r, as well as a brief description of the Dalitz plot. 

73 
Recently, Goidhaber et al. 	reported possible anomalous 

behavior of w mésons associated with the B enhancement. They ob-

served a clear B enhancement for events in the peripheral region of the 

Dalitz plot; within statistics, no enhancement was apparent for the 

central region. In addition, the Dalitz plot density for os associate.d 

with the B enhancement differed significantly from theoretical predic-

tion for a meson with J. 

In order to investigate the possible anomaly of w in our data, we 

first show in Figs. 46a and b the M+o 1 ..- distributions for r> 0.7, and r < 0.7, 
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respectively. As is expected, we observe a markedly reduced back-

ground in the w region for r >0.7 in Fig. 46a. The number of w events 

above background in Figs. 46a and b is consistent with each other within 

statistics, as is expected. 

In Figs. 47a and b we give the w Dalitz plot for single-u events 

and for double-u events. The peaking in the center of the Dalitz plot is 

apparent for single-u events, but not for double-u events. This is be-

cause double-u events are constrained to lie within the lower left part of 

the Dalitz plot (see Fig. 47b). For this reason, in what follows we treat 

single- and double-u events separately. 

The radial density distributions are given in Figs 47c and d for 

single-w events inside and outside the B region. The background has 

been estimated from the M- 11.o 11. spectrum plotted separately for each 

interval of r. Agreement with the theoretical curve is good in both cases 

(the confidence levels inside and outside the B regions are 7416 and 37%, 

respectively). 

The M 	 distribution for single-u events for the central (r.>0.7) 

and peripheral (r<0.7) regions of the w Dalitz plot are shown in Figs. 

48a and b. Within statistics, the number of B events above background 

for the central region (92±21) is consistent with the number in the pe-

ripheral region (83±22). The M 11 . distributions for double-ca events are 

shown as shaded areas in.Fig. 48. Although these distributions are peaked 



-37- 	 UCRL-16881 Rev. 

somewhat below the B peak, it is clear that the inclusion of these double-

events tends to favor the peripheral region. 74  

Therefore, we conclude that the w events observed in our data 

are consistent with a meson with J = i for both inside and outside the 

B region. 

4. Spin-Parity Analysis of the B.enhancement 

In this section, we briefly discuss a simple spin-parity analysis 

on the B enhancement, assuming that it is a genuine resonance. 75  

For this purpose, we first introduce an angle (iT - ç3) which is 

defined as the angle between the normal to the u-decay plane and the 

Thachelor' iT (not in c) evaluated in the w rest frame. Theoretical 

distributions in cos for various J assignments are given in Appendix C. 

In order  to increase the signal-to-background ratio for the B, we 

take single-c events with A < 0.35 (GeV/c) 2 . The MiT_c  spectrum for 

these events, as well as for those events in the central region of the 

Dalitz plot, are shown in Fig. 49a. Figures 49b and c give the distri-

butions in cos i for both inside and outside the B region. 

We see that the distribution in the B region shows approximately 

2 a. s in 1 distribution, but the distribution outside the B region is rela- 

tively isotropic. The curve in Fig. 49b is that of sin 2 3 normalized to the 

number of events above a uniform background assumed to be about 40. 

If we took this result at face value, we would conclude that the 

P -  + 
likely spin-parity series is J = i , 2 , etc. However, this result can- 

not be taken seriously, because, as we have shown, the B region is 

highly contaminated with the channel N*O.  Furthermore, a.J assign-

ment of 1 would mean that the B should decay into irir and Kg, and 

these decay modes have not been observed so far.62 
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C. Reaction iTp -.ptT 

	

As noted earlier, there is evidence of 	71 production in our 

data (Figs. 30a and32a). In order to study the mechanism for the r 

production, we give in Fig. 50a the Chew-Low plot of A vs M 71.... We 

see evidence for 	A2  production in the region of low L, suggesting 

a peripheral mechanism for its production (see Fig. 51.a). On the other 

hand, the Chew-Low plot of 	vs 	(Fig 50c) shows evidence 

for the N <°  (1238) and N' °  (1688) production, again in the region of low 

This evidence would suggest that the isobars are produced through 

aperipheral mechanism which is presumably an A 2 -exchange process 6  

(see Fig. 51.b).. 

The situation here is analogous to the final states pTrp° and 

plc; •there seem to be two competing channels leading to the final state 

piT. In order to indicate the extent of A 2  and N °  interference, we show 

in Figs. 50b and d the Dalitz plot of M 2 . 	 for events with 

< 1.0 (GeV/c) 2  and also for events with A 	 < 1.0 (GeV/c) 2 . However,pTr  

our sample of r events is not large enough for any detailed analysis. 

Figure 52a shows the A 	 distribution for 11 events The peaking 

at low 	attests to the peripheral character of the il production. We 

•show in Fig. 52b the Mplc  spectrum for events with 	< 1.0 (GeV/c) 2 . 

Note that the N*O  (1 51.8) production is relatively low. We recall that the 

pràduction of this isobar is stronger in the final state prrp° and plrw. 

Figure 5Zc gives the M 	 distribution for events with A < 1.0 

(GeV/c) 2 . Although 	A2  production is evident, there is little evidence 

for 	A 1  production. The same distribution for events with A 	 < 1.0 

(GeV/c) 2  is shown in Fig. 52d; evidence for the A2  is not so strong. 
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This is, of course, to be expected, as the selection of events with a cut 

in A 	 would enhance the N' ° i channel. However, this does demonstrate 

that the enhancement we observe in the A 2  region is not related to the 

final state 

VI. n 7r 1TFINALSTATE 

We present in Figs. 53 through 56 all the effective-mass distri- 

butions obtainable from this final state. The curves drawn in each histo- 

gram are the phase-space curves normalized to the total number of 

• 	combinatjons, 

From these figures, we find that no resonance is produced strongly 

in this channel, except for some evidence for N' (1238) production in 

and p °  in M rr+ 7r _ The cross sections for N and p °  are estimated 

to be 150 and 65 fib, respectively, at 3.2 GeV/c, and 170 and 70bat. 

4.2 GeV/c. Errors in these values are about 30%. 

• 	 We have also looked for. the 4w decay mode of f 0  (Ref. 77); no 

evidence is seen at 3.2 GeV/c, but there may be some evidence of f0  at 

4.2 GeV/c (see Fig. 56h). Rough estimates on its cross sections are 

• .0±20 4b at 3.2 GeV/c, and 30±15 4b at 4.2 GeV/c. 

There is no evidence in our data for the 47T decay mode of p °  

(see Figs. 54h and 56h). We give 2 4bas the upper limit for the cross 

7. 	section of the process Trp- np °  (p° - 2Tr+21r) at both 3.2 and 4.2 GeV/c. 

• . 	At 3.2 BeV/c, Jacobs 7  finds that the cross section for 11p 	np0 (pO+7) 

is 1. I ± 0 1 mb Consequently, the branching ratio p 	2Tr/p 

3  is smaller than 2X10. 	 . 
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VII. p+MM FINAL STATE 

In this section, we discuss briefly the final state piT 7r 7r + MM, 

where MM stands for the mass of unobserved neutral systems (in this 

case MM.? 2m11 o). 

This final state of course cannot be fitted; in particular, it, cannot 

• 

	

	be distinguished from the final state 4ITMM, except by the ionization 

density for those events with low-momentum protons. For this reason, 

we have selected for our analysis only those events with A < 1.0 (GeV/,c). 

We examined all the effective-mass plots obtainable from charged 

particles in the final state, but saw little evidence for resonance produc- 

• 	tion. We show in Fig. 57a the distribution in MM, the effective mass of 

the missing neutrals. Here we observe evidence for the neutral decay 

mode of r. A rough estimate of its cross section is 6±3 b at 3.2GeV/c 

and26±0bat4.2GeV/c. 78  

• 	 The apparent width of r in the MM'spectrum is roughly 80±20. 

MeV. The large experimental width reflects the poor resolution inherent 

• 	in this final state; this is not surprising, however, if we recall that the 

• 	p37rMM final state cannot be fitted. One may compare this value with the 

typical resolution of about 15 MeV for M 11.+_ in the p3iT final state (4C fit) 

and with the resolution of abbut 25 MeV for M1.+o_ (:near the mass of 

w) in the p4rr final state (iC fit). 

Recently, Kiènzle et al. '" reported a negatively charged resonance 

X(962) with a width of about 15 MeV, produced in a reaction iTp-  pX 

• 

	

	at the piori incident momenta ranging from 3.0 to 5.0 GeV/c. The meson 

was found to decay into the final states (i1 + neutrals) and (TriT1T + 

• 	neutrals). It was suggested that this may be a charged mode of the 

80 
X ° (960) (generally considered to be an isoscalar).  
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Assuming that their peak indeed represents a decay mode of a. 

charged X°(960), we have looked for its decay into 7rTr°fl(1-. 1T+7r TT ° ) in 

our data. Using a cross section of 4.6 ± 1.5 b for the above decay chain, 8  

we expect to see about 3 0 ± 10, events in the M+.rJ._.11._MM  distribution (see 

	

• 	Fig. 57b); but we see no events at all in this region. We thus conclude 

that we do not have evidence for the X(962) production in our data. 

	

• 	 However, if X(962) is an object which has different quantum 

	

• 	numbers from X ° (960), it can decay into 1Tr. The distribution in M11...  71 

• 	 at 3.2 GeV/c (see Fig. 33c) shows an enhancement near the regiOn of 

960 MeV, although the evidence is not striking, due to poor statistics. 

We quote 8±4 jj.b as the cross section for X(962) - rrr1 (including the 

• 	 neutral decay mode of 

By restricting the MM to the r region (0.5 to 0.6 GeV), we have 

	

• 	searched for evidence of X ° (960) decay. Figure 57c shows the M.Tr+ll._l 

distribution in our data; we see little evidence for X ° (960). Its cross 

section is estimated to be about 2±2 tib  at 3.2 GeV/c, 4±3b at 4,2 GeV/c. 

We have also searched for the decaymode of the A 2  into TrY1 in 

the M.rr±Y1  distributions, but saw no evidence for it. In addition, we have 

looked for the possible decay mode of the A 2  into rr'X ° (960), but found 

• 	little evidence for it either. 
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VIII. SUMMARY AND CONCLUSIONS 

In all the reactions studied here, we have seen that the peripheral 

processes are mainly responsible for the production of resonant states. 

In particular, we have observed that the resonances N +(.1238)  and p °  

are produced mainly via peripheral processes in the pTr Tr TT finaistate, 

and that the A and A 2  enhancements are produced peripherally in the 

0 	 +0 -  pi p channel. In the prr it ir ii final state, we have found that peripheral 

processes are again responsible for the production of 11  and w mesons, 

and that the B enhancement is also produced peripherally in the channel 

p ,lT_(. 

We have found that the regions of the A and B enhancements are 

strongly contaminated by the channel of the neutral isobar formation. In 

addition, we have demonstrated that the diffractive scattering at the 

isobar vertex may explain the A and B enhancements in our data, con-

sis tent with the kinematic model proposed by .  Deck43  and Maor and 

O'Halloran. 44  Consequently, if the A and B are genuine resonant states, 

we may conclude that the Trp interactions in the energy range 3 to 4 GeV/c 

do not provide suitable final states in which to study these resonances. 

The A2  enhancement, unlike the A. has been shown to be con-

sis.tent only with the hypothesis of a genuine resonant state. Assuming 

a noninte rf e ring. , background, we have shown that its spin-parity is 

uniquely assigned to be 2+.  Thus one may conclude that the A 2  is the 

same particle as that observed in KK effective mass; 52  the branching 

ratio F(A- K)/t'(A- irp) is estimated to be (5.4±22o. 77  We have 

also seen evidence for the Trr decay mode of the A2. 





Table Vu. 	Cross sections for resonance production. 

Cross sections .(b) 

Final states 3.2 GeV/c 4.2 GeV/c 

590 ± 70 590 ± 70 

pi(p°  (including A) 480 ± 70 520 ± 70 

p7r 	(including B) 230 ± 30 185 ± 25 

0- 
7r7r7r 

irTh (including A 2 ) 30 ±10 21 ± 	7 
I 	•+o- 
L97r7r7r 

p -. 117r P 140 ± 60 160 ± 60 

pA - pr p 150 ± 50 175 ± 45 

12± 7 5±5 

-7r7r7r : 

pB -+pTr 0 110 ± 30 67 ± 20 

I 	+0- 
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APPENDICES 

A. Angular Distributions for A— iT + p °  

Here we list explicitly all the matrix elements assumed for the 

spin-parity analysis on the A and A 2 . 

A general formalism for describing a three-pion system has been 

developed by Zemach. 82  Adopting his notation, we write the matrix 

element for the A decaying via iTp intermediate state as 

=a 1 M 	 - 	 (A-i) 

where MkjmS  an antisymmetric function in im, and a is the propa 

gator for p ° . It is given by 

r 
= 	2 	

p 	 (with kim, cyclic), 	(A-2) 
• 	 (M-M)+iMF 

	

Im 	p 	pp 

where F is the width of p ° . 
p 

Let P1 , F21  and P be the momenta of the three pions in the 37r 

center-of-mass system, with their energies denoted by E, E 2 , and E 3 . 

Let us further define Xp andtk 	i 	m In terms of these 

• 	quantities, the matrix element assumed for each JP and orbital angular 

momentum (fl is 	 • 
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1 ,23 

1 

+ 
2 

0. 	E2 -E3  

• 	 1 	 l 	
1 	2 	

- 

1 (-2) 	(p1 t1 )p1  -. p1  t1  

2 (l) 	(p 	+ 	

2 

2 (- =3) 	(p1  t1)p1 -i- (p1 .t1 ) - _f (p1  + t 1 ) 

where I is a unit dyadic. 

We emphasize that the above matrix elements are different from 

• 

	

	those of Diebold 53  for 1 and 2. The quantity t1  used above Is evalu- 

ated in the 37r rest frame, whereas Diebold used t, which is evaluated 

- in the p rest frame. In a phenomenological approach, both methods may 

be considered equally va1id. 8  We have tried both methods for our spin-

parity analysis, the results obtained did not depend critically on the 

method used. 

• 	• 	Next we present the production correlations predicted for various 

JP assignments. The angle we have chosen for the purpose is z, which 

is defined as the angle between the normal to the decay plane.of the A 

and the incident beam. The most general distribution for this angle 

has been given by Berman and Jacob. 	Since, in our case, we have two 

identical particles (two 7('B), the angular distribution 1(z) is pro-

portional to: 
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• 	 1(z) 

i 
	

POO 
	+ p11sin 2z 

+ 3 	2 	 2 	2 	 2 	2 2 	p 
00

sin 2z + p 1 , (cos z + cos 2z) + p,(l 	cos z)sin z • 	 '+ 	 .i.j. 	-. 

O 	const. 

+ 
1 	p00s1n2z + p11 (i + C06 2z) 

2 	a13p0 sinz + 1 pll (1 + cos 2z)sin2z + p22 (sin 4z + 8cos 2z)) 

+ bLp00 (l - 3.cos 2z) 2  + 3p11s In 22z + 3p22sinz] 

where p, is the density matrix element, for the A. Constants a and b 

• appearing in 1(z) for 2 depend in general on the internal structure of 

the 37r system. In writing down the distributions in (A-u), we have also 

• 

	

	used a symmetry property on p,; with the production coordinate system 

as defined In the text, we obtain, for:parity-conservjng reactions, -85  

• the relation 	 • 

= ()m-m' 	
(A-5) 

If we assume that the A is produced via the p ° -exchange process and 

that absorptive effects are negligible, the angular momentum conserva-

tion at the meson vertex demands that certain matrix elements be iden- 

• tically zero. With this condition, (A-Li) simplifies to. 
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JP 	 1(z) 

• 	 l 	sin'z 	 . 

+ 	2  2 	cosz+cos 
22z 	 - 

0 	const. 
(A-6) 

1 	sin z - p 11 (1 - 3cos z) 

2 L813sin4z - 2 3j(l 	5cos 2z) sth2z] 	 S  

22 	 2 
+ bt(l - 3cosz) - 2p1,(i - 12cos z + 15cos z)) 

B. )Da litz Plot 

We describe briefly the w D1itz plot and give an expression 
+ 

for the equal-probability contour on this plot. Lt the mass of ir be• = 

end that of 7r0  be ji 	 i). In the C)  rest frame, we denote the 

morneta of 7( 	 and 7r by P, P, and P. 

We define the decay matrix element squared of the W decay as 

2 	 22 	2 	2 	22 • 	 I Y1  I 	< 	 + 	- (+ +  p -  - )•. 	- ' 

The rnrximum value of fl1 	can easily be shown to be 

• 2 - 	 2)2 	 (-2) 

lere W is the effective mass of the 31r aystem (mass of (A3) end E is the 

: energy of the if o at the point where 74
2

Is at its raaximu.rn, which is 

givenby 	 S 	 • 

E12 
- 	

+ 	~ [( 2 4 2 + 2)2 + 12d202/2} 
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The energy of the 7r 	at the point I fli  I I?fl 12 is then simply given ex 
by 

(B-u) 

Using these quantities, we define the polar-coordinate variables p 

and 	(both unitless quantities) by S  

T 	= (E 	- 	 + 0 )(pcos 1) 	; 

T+ = (E 	
- 

- 	)(E:I : 0 )]  

T 	= (E0- 
+)+( )J' 

where T0 , T+,  and T_ are kinetic energies of the three pions, and p 

varies from 0 to.l. 

We now choose the origin of the polar-coordinate system.to  be the 

point where 	I Th 12 	(see Fig. 58). An arbitrary point P on 

the 	Dalitz plot 'is 	then 	described by the polar-coordinate vari- 

ables 	E(E 	- 	J. 0 )p, S  

Next we de±'ine a function f(p,(P) by 

I?fl 	1 2  
S 	

f(p,,)  S 	

S 	
ITh 	2..  

S 	 S 	 S 	 max 

The contour on the t) Dalitz plot of the equal probability for the () 
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decay is then given by 

r, for 0 	r 	1. 	 (B-?) 

In particular, we note that the bounda±yof the w Dalitz plot is simply 

given by 

f(p,) = 0. 	 (B-8) 

The explicit expression for f(p,) can be derived by substituting 

(B-5) into (B-L): 

= 	- (a+ b cos)p 2  - cp3 cos 3, 	(B-9) 

where 

a = 3E(W 2  - ZWE + 
2)/  W(E 0  + 

b = 4E[W(3E 0  - W) + 	- }/w(E0 + 	 (B0) 

C 2E(E 	0)/(E + 

If we put 4= , we have E 0 = W/3, so that 
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3(W 2 + 3)/(W+ 3)2 

• 	 ,b=O; 	 (B-il) 

2 
c=ZW(W -3)%(W +.3) 

With these values, Eq. (B-8) reduces to an expression for the boundary 

given, by Lee. 86 

The expression for the boundary (B-8) is, of course, independent of 

the J state assumed for the 37r system. In partiular, it describes the 

boundary for the i  Elitz plot with W set equal to the mass of . Note 

that (B-8) can also describe the boundary of the Dalitz plot for the 

decay mode of the r or X° (960), if we put 40. 

In addition, it will also describe the boundary for the irir decay 

mode of the X° ( 960), if we set P equal to the mass of r(in this case, 

p can be larger than 1). 

C. Angular Distributions for B-'ir + 

We describe here the angular distributions for the decay B -'ir + w. 

As defined in Sec. V.B, (ir - ) is the angle between the normal to the 

decay plane and the "bachelor" pion (not in ') as evaluated in the () rest 

frame. In terms of this angle, the angular distribution i() predicted 
P 

for each J assignment is: 
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JP 	
I() 

- + 	 2 
sine 

0 	 COS 

• 	 i(o) 	1 

+ 	 2 	 (c-i) 
+ 3cos 

J 	2 2- (ti) 	1+cos 

2 (3) 	1 + 2cos 2  . 

As is well known, the above results can be.derived by using the tensor 

represntation of angu1ir momenta. 8  It is instructive, however, to 

derive the above results within the helicity formalism. 

In the B rest frame, we denote the density matrix of the B (spin J) 

by p, evaluated in a coordinate system fixed by the production vericbles. 

ifl this coordinate system, the momentum of w is along the direction 

In the Orest frame, the normal to the C)  decay plane is along the direc-

tion (3,a) ma coordinate:systemwjththe zaxis alongthe direction of 

the w momentum. 

• 	In terms of the helicity amplitude 	the decay amplitude T for 
• 	 ••• 	

88. the B is given by 

	

Tm cc 	 (c-2) 

where the magnetic quantum number in refers tothe spin states ofthe B 

in the production coordinate system and D 	is the standard rotation mra 

8  matrix eement. 	The decay angular distribution is now given by 
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• 	 I(e,Q;,a) cc T, Tp,T*,.
in  

m m 	 c-3) ( 
• 	 , 

if we integrate i(O,;,a) first over a and then over 

and 0, we obtain 

(c-a) 

where we have used the condition tr p  1 We note that I() does not 

contain p 	so that it is independent of the production mecha' -iicm of 

•theB. 

The helicity amp1itudeg may be expanded in terms of partlaiwave 

amDlitudes:
90  

= 	a(2 + 1)1/2(O]Xl) , 	 (C5) 

where ap is the -c-wave amplitt.de and(j 1m 1 j 2m2 Lmi) are the Clebsczi-

Gordan coefficients. Using (C-u) and (c-5), we . can readily calculate 

all the distributions in 	 For example, for 2 	we merely 

put all a)'s to zero except 5 3  , so that 

	

• 	
• 

 

9%  = 	c3(3OI 2 ) ,. 	.. 

	

and 	 • • 

• 	 cc(30 	2)2[d(1)J2 	1 + 2cos2 
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D. Experimental Details 

1. Beam 

Throughout the year 1963 and part of 1964, the 72-inch bubble 

chamber was exposed to the 1T  beam from the Bevatron; the momentum 

of the ii beam ranged from 1.6 to 42 GeV/c. The beam was originally 

designed for the ir beam by George H. Trilling, Gerson Goidhaber, 

John Kadyk, and Benjamin Shen, and later by Joseph Murray for the 

separated K beam. The details of the beam are described elsewhere. 92  

For this experiment' on four-prong events, we selected the film 

exposed at the 1r beam momenta of 32 and 4.2 GeV/c. 

• 2. Scanning and Measuring 

For the incident pion momentum at 3.2 GeV/c, approximately 

22 000 four-prong events, i. e., events with four outgoing charged tracks, 

were measured. Inabout 43% of these, which were scanned and,meas-

ured at the early stage of this experiment, all the four-prong events 

within the fiducial volume were accepted (the normal sample). For the 

rest of the pictures 1  scanners were instructed to flag" those four-prong 

events for which one of the positive tracks could be identified as a 

proton, and only such events were measured and processed (the selected 

sample). 

For the pion incident momentum at 4.2 GeV/c, a total of aporox-

• imately 15 000 events were measured and all four-prong events within 

the fiducial volume were used. • 

A summary of the quantity of film used for this experiment is shown 
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in Table VIII. In Fig. 59, we show the spectrum of the beam momentum for 

the three samples. 	S  

Table VIII. Summary of measured.filrn. 

Beam 
Number of 	momentum 

Sample 	 aE/b 	events measured 	(GeV/c )b 

3.2 GeV/c, normal 	•' 1.24 ± 0.04 	9 100 	3.220 ± 0.035 

3.2GeV/c, selected 	 --- 	 12 1 00 	3.200 ± 0.020 

4.2 GeV/c 	 1.56 ± 0.03 	15300 	4.16o ± 0.015 

ased on the number of events given in Table I. See Sec. D.4. 

bsee Fig. 59' for the spectrum of.beam momentum. 

All the measurements were done either on the SMP (Scanning and 

easuring Projector) or on the Franckenstein. The measured events were 

• 	. 	then processed through the standard data-reduction system of the Alvarez 

Group.  

After the first measurement, events that were ambiguous and 'resolv-

able 	were looked at by physicists and trained scanners for 3.2 GeV/c 

normal and 4.2 GeV/c samples. As for the 3.2 GeV/c selected sample, if 

an event fitted the hypothesis (its.confldence level was greater than 

0 .5%) for which the outgoing proton track is the same as that identified 

by the scanner, the hypothesis was considered to be the correct one for 

that event. When the computer and the scanner did not agree on a given 

hypothesis for an event, it was looked at by trained scanners, provided 
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the event was resolvable. 

If an event failed to fit any hypothesis (its confidence level was 

smaller than 0.5%)  or did not have enough missing mass to be consistent 

with a missing-mass (MM) hypothesis, it was automatically remeasured. 

If it again failed to fit any hypothesis (including MM hypotheses), it 

was looked at on the scanning table by trained scanners, after which the 

event was either measured again or discarded if there was a reason to do 

so (e.g., two-prong event with a Dalitz pair, or strange-particle events 

"faking' four-prong ones). In this way, an event was measured as many as 

four times. At the end of this series of measurements, there remaIned 

only about 2% failing events. 

3. Separation of Hypotheses 

Types of reactions that have been tried are shown in Sec. II In 

reactions (la) through (le). 	 - 

Note that the reaction (la) is a four-constraint (4C) fit, while 

(m) and (IC) are one-constraint (ic) fits. The reactions (ld)and (le) 

are unfittable hypotheses. An event was tried for (id) and (le) only 

If It failed to fit hypotheses (la), (31), or (ic). 

After the series of measurements described in Sec. D.2, events were 

distributed among various hypotheses as shown in Table IX. This table 

shows, for fitted events, the correlation of the best hypothesis with 

the second-best hypothesis. We see that a great majority of events has 

a unique assignment to a given hypothesis; ambiguous events amount to 

less than l for all three hypotheses. Also, there is very little 



Table IX. Distribution of events among different hypotheses. 

Best hypotheses 
Second-best. 
hypotheses - 

. 	 .• 	p71 71 71 

	

- 	 ++_ - 

	

p7171 ir 71 	fliT ir it 7t 	Total 

9 780 338 if 	10 129 

825 10 950 567 	12 3 1 2 
- 

JT• 71 it it . 	 15 551 	3 612 	. 	 178 

Total 	 10 620 	11,839 	4 190 	26 69. 

ambiguity (less than 2%) in the identification (by the comter) of the 

proton track. Of course, this is. largely because much of the film was 

looked at by the scanners, and the proton track was uniquely identified 

on the basis of ionization density. . . 

In order to Investigate the nature of the ambiguous events and 

further separate the events among different hypotheses, extensive use 

was made of the confidence 1eve1 (c.L.) for each hypothesis. Figure 60 

shows the distribution of the C.L. for all fitted events. 9  It is 

relatively flat, as it should be, except at smaller values of the C.L. 

The character of the distribution remains essentially the same when 

even,ts with the different hypotheses (la), (ib), and (1c) are plotted 

separately. The excess of events at smaller values of the C.L. is pre- 

surnably caused by factors such as small-angle scattering and bad measure-

ments. In addition, one suspects that it is to a large extent due to 

the contamination of misassigned hypotheses. 
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In order to further distinguish the p4rr final state from the p3rr 

final state and the MM final state, we examine the 	 distribution, 

where we observe a sharp peak due to the u-me son production, charac-

teristic of the p4Tr final state. 

Figure 61 shows the effective-mass distribution of the neutral-

pion triplet from the p47T final state, when we select only those events 

that are ambiguous with the p31T final state and whose C. L. is smaller 

than 5%.  There are very few w events in this sample compared with the 

same distribution of all p41T final states. In addition, the phase space 

is grossly distorted. Therefore, we conclude that this sample of p4Tr 

events is largely composed of p31r events. This is easy to understand; 

the 40 •p3iT final state is much harder to fit than the. 1.0 p4Tr final state, so 

if an event had an acceptable C. L. for p3Tr, it is in reality p3 1r, even 

though it may have higher C. L. for p4ir. Itis estimated that about 80% 

of this sample is in reality p31T events. So this sample has been deleted 

altogether from the p4Tr sample (the deleted sample amounts to less than 

3% of the total). 

• . 	 In order to further investigate other possible contaminations in 

the p4w events, we plot in Fig. 62a the missing mass squared (MM 2 ) for 

all p4Tr events calculated from the measured (unfitted) quantities. As is 

expected, there is a huge peak at the mass (squared) of, Tf °  Partly on the 

basis of the shape of this distribution and partly on consideration of the 

threshold for Zir ° .production, the MM 2  cut was chosen in the range 

-0A2 to 0. (GeV) 2 . Figure 62b shows the distribution of the neutral-

pion triplet only for those events whose MM 2  is outside the aforemen-

tioned cut and whose C. L. is less than 5%;  there are hardly any events 
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in the sample! We therefore concluded that this sample certainly does 

not belong to the p4TT events, and again we deleted this sample from the 

p4T1 events (less than 4% of the total). The sample consisting of events 

with MM2  outside the cut and with the C. L. greater than 5% showed 

some w events, and we decided to keep this sample in the p47r events. 

Inasmuch as n4ir events (the reactionc) are 1C fits, one would 

expect contamination similar to that in the p47r events. Unfortunately, 

however, there is no sharp resonance like w in the sample. Neverthe-

less, we chose a MM2  cut from 0.52 to 1.20 (GeV) 2  in a similar fashion. 

If an event had a MM 2  outside this range and a C. L. less than 5%,  it 

• 

	

	was dropped from the n4ir sample (this amounted to about 6% of the total 

sample). 

• 	The p31T events constitute a rather pure sample, since it consists 

of events with a 4C fit. Nonetheless, if an event fell outside the MM 2  

cut rchosen to be in the range -0.02 to+0.02 (GeV) 2 ] and had a C. L. 

less than 5%,  it was dropped from the sample (less than 2% of the total 

sample). The deleted sample showed very little evidence for p °  produc-

•tion, whereas the total p3Tr sample showed strong p °  production. 

4. Cross Sections 

For the purpose of cross-section calculations, we have decided 

• 	to count, in a special cross-section scan, the number of four-prong 

interactions along with the total number of all interactions, and then 

normalize it to the existing precise measurements of the tOtal Tr p cross 

section taken from counter experiments. 
6 
 For this purpose, every 

• 	• 	fifth frame of the entire quantity of film at 3.2 and 4.2 GeV/c was 

scanned. 
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We note that small-angle elastic scatterings can easily be missed 

by scanners. This effect, which is a serious one for two-prong final 

states, has been studied in detail by Jacobs. 
7 Using the result of his 

analysis, we have made a correction to the total number of interactions 

(from the cross-section scan); this correction amounts to about 8% at 

3.2 GeV/c, 716 at 4.2 GeV/c. 

In order to obtain any reliable cross sections, one must also cor-

:rectfor the scanning efficiency of the scanners. Based on two separate. 

s.econd scans of 15 rolls (about 3 000 events) of film each, the scanning 

efficiency was found to be (96 ± 2)% for the first scan. 

In addition, for partial-cross-section calculations, we have cor-

rected for the contamination in each category resulting from erroneously 

assigned hypotheses (see Sec. D. 3). 

The resulting cross sections, after all these corrections have been 

made, are shown in Table II for both 3.2 and 4.2 GeV/c. Of course, only 

• 	• . 	the 3.2-0eV/c normal sample was used to calculate the cross sections at 

that momentum. 

We point out here that cross sections were calculated from the data 

that had no cutoff based on the fiducial-volume criterion. For subs e- 	• • 

quent analysis in Secs. IV through VIII, however, the rigid fiducial-volume' ' 

criterion was applied The events failing to satisfy the criterion (about 

11% of the total) showed a poor resolution, based on the width of w from 

this sample This is, of course, because these events are largely from 

	

• ' 	the periphery of the bubble chambe.r and they tend to have short tracks; 

• this results in poor measurements. 	' 	' 	 • 
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We have also applied a cutoff at ±2 0  for the dip angle of the beam 

evaluated at the interaction vertex, thereby eliminating about 2% of 

the total events. The number of events shown in Table I is that obtained 

after these cutoffs were applied. 
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Figure Legends 

Fig. 1. Distributions in the square of four-momentum transfer to the 

proton for final states p3'1, p41r, and p37rMM: (a) 3.Z-GeV/c normal, 

and (b) 3.,2-GeV/c selectedsamples. 

Fig. 2. Summary of cross sections for multipion production at various 

ir beam momenta, taken from the results given in Refs 8 through 

17. The curves drawn are freehand fits to the data. 

Fig. 3. (a-g) All effective-mass distributions for the p3 final state at 

3.2 GeV/c (h) The M_ distributions for events at 3.2 GeV/c with
IT  

M + in the N*++  region (LIZ to 1.32 GeV),. (i) The M + - - dis-

tributions for events at 3.2 GeV/c with M+ -  in the p 0  region (0.66 •. 

to 0.84 GeV). The horizontal scales are, in GeV, and the vertical 

scales are for the number of combinations per 40 MeV. In each 

histogram, the total number of combinations is shown after the head- 

• 	. 	ing "TOTAL." The curves represent 42% phase space, 32% N*++ 

(1238), and 24% p°  except on (a) and (c), where the N*+± and p °  con- 

• 	.. .• 	tributions are left out in turn. On (g) and (i) the curves are normal- • 

ized to the region above 1.45 GeV (see Ref. 8), 

Fig. 4. Same effective-mass distributions as in Fig. 3 for the 4.2-. 

• 	. 	 GeV/c data,' 	. 

Fig. 5. Scatter plots relating to the final state 	 at 3.2 and 4,2 

• • ' • • 	GeV/c: (a) Ap.+'  vs M+  for all events (see Ref. 22); (b) M 

• 	M + 	
( 2 - < 	

2 ); (c) M - 	vs cos O(iir), and (d) M - 	• . • 	• 	' 	• 	ir ir 2 	pr 	p,r 	. 	'rr i 	 ,, rr 	VS 

• 	• . . 	4rr). In (b), (c), and (d) we have taken events with M+  in the 
PiT 

2  N*++ region'L2. to 1.32 GeV and with 	<0.5 (GeV/c). See
PIT 
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Sec. IV. B for the definition of angles 0(1r-1) and  

Fig. 6. One -pion-exchange diagram for the process Trp N*+rr. 

Fig. 7. Various distributions relating to the final state N*+ 4 , r _ 7r_ at 

3.2 GeV/c: (a) Histogram of 	for events (see Ref. 22) with 
PIT 

M + in the N*++ region 1.12 to 1.32 GeV. (b) The M + distribution
PTr  

with 	< 0.5 (GeV/c) 2 . (c, d) The M 	and MT4Tr distributions 

( 2 	< 
	for events with M + in the interval 1.12 to 1.32 

piT 2 	 iT 

GeV and with 	< (GeV/c) ; (e, f) the histograms of M 
pir 	 pir and 

• 	 M + 	with the further requirement that M + - 

	

Ti iT 1 1T2 	prr1 	• 

lie in the p 0  interval 0.66 to 0.84 GeV. 

Fig. 8. Same distributions as in Fig. 7, but for the 4.2-GeV/c data. 

• 	 Fig. 9. Angular correlations for the OPE process leading to the final 

• 	state Nirr: (a-d) angular distributions at the neson and isobar 

vertices for 	events at 3.2 GeV/c [1.12 GeV M+ 1.32 GeV 

• 

	

	 and 	< 0.5 (GeV/c) 2  ; (e-h) same angular distributions for 

• events at 4.2 GeV/c. The shaded histograms are for those N* 

• events with M + - 
( 2 - <2 	

outside the D  interval 0.66 to 
• 	•• 

 
7rrr 2 	piT 1 	pir 2 	 - 

• 	 0.84 GeV. The curves drawn in (c) and (g) are least-squares fits to 

the data. See Sec. IV. B for the definition of the angles used in these 

• 	 figures. 
•  

• Fig. 10. Cos O('irrr) distributions as functions of M - - for N + 

events [1.12GeVM+ < 1 .32GeVand 2 + <0.5(GeV/c) 2 j: 

(a-d) events at 3.2 GeV/c; (c-h) evel?ts at 4.2 GeV/c. The curves 

are least-squares fits to the data (see Table III). 

Fig. 11. (a) Scatter plot of A vs M 7T o, and (b) the projection onto 

the M 	0 axis for p 0  events (0.66 GeV < M + - 0.84 GeV) at both 

	

Tip 	• 	 in 
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•momenta (see Ref. 22); (c). scatter plot of A - 
piT 	pit 

vs M 	and (d) 

projection onto the M_ axis for thç same events (see Ref. 37). No 

N 	events are included in these figures (see Ref. 24). 

Fig. 12. (a) The p °  -exchange and (b) the 	-exchange diagrams for 

the process itp 	pirp 0 . 

Fig. 13. Correlations between the pit and the 1r'p 0  systems for p °  

events at both momenta (see Refs. 22, 24, and 37): (a) Daiitz plot of 

M 2  - vs M 2 _ ; (b, c) the M - spectra in theA 1  region 
pit 	up 	 pit 

(1.0 GeV M - o 	:1,20 GeV) and in the A region (1.20 GeV < M 

1.42 GeV); (d)scatter plot of A 	 vs Mo;  (e, .f) Dalitz plot of 
PIT 

- vs M 2 _0 with A 	<and > 0.55 (GeV/c) 2 , respectively. 

Fig. 14. The 2  distributions for p 0  events (see Refs. 22 and 24) 

(a) the A 1  region (1.0 GeV M0 L2 GeV) and (b) the A 2  region 

(1.2 GeV M0 	1.42 GeV) at 3,2 GeV/c; (c, d) the A 1  and A 2  

regions at 4.2 GeV/c. 

Fig. 15. The A 	 distributions for p °  events (see Refs. 22, 24, and 

37): (a) the A 1  region (1.0 GeV 	 1.2 GeV), and (b) the A 2  

region (1.2 GeV 	 1.42 GeV) at 3.2 GeV/c; (c, d) the A 1  

and A 2  regions at 4.2 GeV/c. 

Fig. 16. (a-d) Cos O( ir+ ir _) distributions for various M li - p o intervals, 

where we have taken the p 0  events at both momenta with A 2 < 0.65 
p 

(GeV/c) 2  (see Refs. 24 and 37). 

Fig. 17. (a) The M 	and (b) M0 spectra for p 0  events at both 

momenta with 	0.55 (GeV/c) 2  (see Refs. 24 and 37).
pTr 

Fig. 18. Angular correlations at the meson and isobar vertices (see 

Fig. 12b) for p 0  events with 	<0.55 (GeV/c) 2  (see Refs. 24 and 
PTr 
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37): (a-d) 3.2-GeV/c data, (e-h) 4.2-GeV/c data, and (i-i) the N' 

region [t.t2 M. 1.32 GeV and 	< 1.5 (GeV/c)2 ] at both 

momenta. See Sec. IV. C. 2 for the definition of angles used in these 

figures. The curves drawn in (a) and (e) are the least-squares fits 

• 	 tothe data. 

• 	Fig. 9. The 	dist•ributions for 	events at both momenta (see 

• . 	 Ref. 24); (a) in the diffraction region and (b) outside the diffraction 

region. The diffraction region contains p 0  events with 	_ <0.55 
PTr 

(GeV/c) 2  and cos O(p) > 0.8 (see Ref. 37). 

Fig. 20. Scatter plots of (a) M_ vs ços O(pTr), and (b) M• vs. 4(prr) 

• 	 for p 0  events at both momenta with A 	 < 0.55 (GeV/c) 2  (see Refs. : pTr 
24 and 37) 

Fig. 21. Cos O(p) distributions for several M 	intervals, where we 
PTr 

have taken the p 0  events at both momenta with A 	<0.55 (GeV/c) 2  
PTr 

• 	 (see Refs. 24 and 37); the horizontal bars represent the number of 

events normalized to each bin size, and the vertical bars are the • 

errors in these numbers. See Sec. IV. C. 2 for the explanation of the 

curves in these figures. Due to small statistics in (e), we have • 

indicated only the slope in the diffraction region by a dotted line. 

Fig. 22. The MpTr_  spectrum for p °  events (outside the diffraction 

region, see Fig. 19) at both momenta with 	<0.65 (GeV/c) 2  (see 

ReIs. 24 and 37); the shaded histogram is for events in the A 2  region 

(1.20 GeV M - o < 1.42 GeV). 	 . 

Fig. 23.. (a) The M0 spectrum for p °  events (outside the diffraction• 

region, see Fig. 19) at both momenta with A <0.65 (GeV/c) 2  (see 
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Ref. 24). The vertical dashed lines indicate the A 2  region as well 

as the control regions, and the horizontal dashed lines indicate 

background levels in the A 2  region.. (b, c, d) Distributions in cos 

for the three M 	intervals indicated in (a). See Sec. IV. C. 3 for 
lip 

the definition of the angle . 

Fig. 24, Variations of X 2 (19 degrees of freedom) for various 

assignments for the A 2  asa function of the backgroundlevel. 

Fig. 25. Comparison of the experimental cos 3 distributions in the A 2  

region at the 50% background level with the theoretical curves for the 

p 	- + + 	 - 
J 	1 , 2 , 1 (f = 0) and 2 (f = 1). 

Fig. 26. The M_0 spectrum for p °  events at both momenta with 

<0.65 (GeV/c) 2  (see Ref. 24). The dashed lines at M0 = 1.0, 

1.20, 1,42, 1.62 GeV delineate the A 1  and A 2  regions as well as their 

control regions. 

Fig. 27. (a-d) The distributions in cos 1 for the four Mpo  intervals 

defined in Fig. 26, (e) Variations in X 2 (19 degrees of freedom) for 

various J assignments for the A 1  as a function, of the background 

level. (f) Comparison of the cos p distribution in the A 1  region at 

the 50% level with the theoretical curve of J = 1+ (1 = 0). See 

Sec. IV. C. 3 for the definition of the angle P. 

Fig. 28. The distributions in cos z for the four M li-p o intervals defined 

in Fig. 26. The solid-line histograms correspond to events at 3.2 

and 4.2 GeV/c, and the shaded histograms correspond to events at 4.2 

GeV/c alone; two points are plotted for the double-p °  events and one 

point for the rest. The dashed-line histograms correspond to events 

at both momenta with two points plotted for each event. See Sec. PT. C. 3 
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for the definition of the angle z. 

Fig. 29. Effective-mass distributions obtainable from the p4rr final 

state at 3.2 GeV/c. The horizontal scales are in GeV, and the 

• 	vertical scales are for the number of combinations per 40 MeV. The 

total number of combinations for each histogram is shown after the 

heading 'TOTAL." The curves in each histogram are the phase-

space curves normalized to the total number of combinations. 

Fig. 30. Additional effective-mass distributions from the p4r final 

state at 3.2 GeV/c. Scales are as on Fig. 29 except in (a) where the 

vertical scale corresponds to the number of combinations per 20 MeV, 

and the phase space is normalized to the portion of the histogram for 

M + 0 - above 0.9 GeV. 
• 	.• 	IriTli 

Fig. 3. Same effective-mass distributions as inFig. 29 for events at 

4.2 GeV/c. 	 •• 

• 	 Fig. 32. Same effective-mass distributions as in Fig. 30 for events 

at 4.2 GeV/c. 

Fig. 33. (a, b) The M 	and M 	spectra for events at 3.2 GeV/c 

with the remaining three-pion mass in the w region (0.76-0.80 GeV). 

• • (c, d) The M ,1 _ and Mprr_  spectra for events at 3.2 GeV/c with the 

remaining three-pion mass in the vi region (0.53 - 0.57 GeV). (e-h) 

The same effective-mass distributions as in (a) through (d) for events 

at 4.2 Ge.V/c. 

Fig. 34. (a) Scatter plot of M 	vs M -  for single-c events at both 

	

pT+ 	ir 

momenta with 	<LO (GeV/c) 2 . (b) The M+  spectrum for
pirpir 

events at both momenta with M - in the B interval (L2 - 1.30 GeV). 
1T) 

(c) The M0 spectrum for the same events. 	 • 
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Fig. 35. (a) Scatter plot of A vs M 	and (b) the M,T_  projection for 

single-u events at both momenta (see Ref. 22). (c) Dalitz plot of 

- vs M2  with the further selection 2 < 0.35 (GeV/c) 2 . 

Fig. 36. The A distributions for single-u events (see Ref. 22): 

(a) 3.2-Ge V/c data, and (b) the B region (1.42 	 4.30 GeV) atIT 

3.2 GeV/c; (c) 4.2-0eV/c data, and (d) the B region at 4.2 GeV/c. 

Fig. 37. (a) The rr (and/or )-exchange diagram, and (b) the:p-exchange 

diagram for the process 1Tp 	prrTh. 

Fig. 38. (a) Scatter plot of 	vs M,1 _ and (b) the Mp,T_  projection for 

singie-w events at both momenta; (c) scatter plot of 	_ vs M 	 for
IT 

the same events (see Ref. 22); (d) Dalitz plot of M_ vs 	with 

the further selection 	<1.0 (GeV/c) 2 . 

Fig. 39. Distributions in A 	 for single-w events (see Ref. 22): (a) pTr 

3.2-0eV/c data, and (b) the B region (1,12 GeV M 	 .30 0eV) 

at 3.2 GeV/c; (c) 4.2 GeV/c data, and (d) the B region at 4,2 GeV/c. 

Fig. 40. (a) The 	spectrum for single-c events at both momenta 

with A 	< 1.0 (GeV/c) 2 ; the shaded region indicates events with 
pTr 

cos O(plT) >0.6. (b) The M 	spectrum for the same events; theIT - 

shaded region indicates eventsin the B region (1.12 to 1.30 GeV). 

Fig. 44. Angular correlations at the meson and isobar vertices for the 

p-exchange process (see Sec. V. B. 2); single-a events at both momenta 

with <1.0 (GeV/c) 2  have been ued. The shaded histograms are 

for events at 4,2 GeV/c alone. The curve in (a) is the best fit to the 

• • 

	

	• data obtained by the least-squares method (the fitted coefficients for 

the polynomial in Eq. 2 are: a 0  = 91.70 ± 3.03, a 4  = -0.09 ± 5.50, and 
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• 	 a 2  = 24.06 ± 7.27). 

Fig. 42. Same angular correlations as in Fig. 41 for events with 

Mr,,... in the N ° (238) region. See Sec. V.B.2 for the explanation of 

the curves. 

• 	Fig. 43. (a) Scatter plot of Mp.ri._  vs cos O(plT)  for single-u events at 

both momenta with 	<.0 (GeV/c) 2 ; (b) the same scatter plot in 

• 	 the B region (L2 to 1.30 GeV). 

Fig. 44. Distributions in cos O(plT)  for various M_ intervals (in GeV). 

See Sec. V. B. 2 for explanations of solid curves and shaded areas. 

Only single -w events at both momenta with IT  <LO (GeV/c) 2  are 

plotted. 

Fig 45 (a) The 	distribution (two points per event) for the reaction 

11n - pr1T taken from the deuterium data at 3.2 GeV/c (see footnote 

70); (b) the M, distribution (A 	 for events with 	< 

1.0 (GeV/c) 2 , (c-g) the cos 0(p1T) distribution for various PIM  

intervals (in GeV). 

Fig. 46. The M IT  + IT  o  Tr  spectra for (a) the central (r  >0.7), and (b) the 

peripheral (r <0.7) regions of the 31i Dalitz plot. Events at both 

momenta were used in these figures. 

Fig. 47. (a) The w Dalitz plot for single-u events at both momenta, and 

(b) for double-ca events. (c) Radial-density distributions ofW decay 

(single-u events) for the B region (1.12 to .30 GeV), and (d) outside 

the B region. The dashed-line histograms represent the total number 

of events in each category; the solid histograms correspond to events 

with background subtraáted (see Sec. V. B. 3). Curves fitted to the 

solid-line histograms are those expected for the decay of a 
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J P = 	meson. 

Fig. 48. The M,,._ spectra for (a) the central (r >0.7) and (b) the 

peripheral (r < 0.7) regions of the single-w. Dalitz plot (3.2- and 

4.2-GeV/c data combined). The shaded areas are for double-u events. 

Fig. 49. (a) The 	spectrum for single-() events atboth momenta 

with 	<0.35 (GeV/c) 2 ; (b) the distributions in cos P for the B region 

(in GeV) and (c) outside the B region. The shaded histograms are 

for events in the central region (r: > 0.7) of the w Dalitz plot. See 

Sec. V. B. 4 for explanation of the curve in (b). 

Fig. 50. Scatter plots for events at both momenta in the final state 

piTfl (0.53 GeV 	 0.57 GeV): (a) A vs M 	 and (c) 

vs 	(see Ref. 22); Dalitz plots with (b) 	<.0 (GeV/c) 2  
PIT

and (d) p7r -<. 0 (GeV/c) 2 . 

Fig. 51. (a) The p ° (n?)-exchange and (b) the A 2 -exchange diagrams for 

the process rp 	piTri. 

Fig. 52. (a) The A 	 and (b) Mp,T_ distributions f9r rl events at both 
pTr 

momenta (see Ref. 22). The M_ spectra for 77 events at both. 

momenta with (c) <.0 (GeV/cand (d) <.0 (GeV/c) 2 . 

The shaded histograms are for events at 4.2 GeV/c alone. 

Fig. 53. Two-body effective-mass distributions from the n4lT final 

state at 3.2 GeV/c. The horizontal scales are in GeV, and the 

vertical scales are for the number of combinations per 40 MeV, The 

total number of combinations is, given for each histogram after the 

heading "TOTAL. " The phase-space curves drawn in each histogram 

are normalized to the total number of combinations. 

Fig. 54. Three- and four-body effective-mass distributions from the. 
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n4rr final state at 3.2 GeV/c. 

Fig. 55. Same distributions as in Fig. 53 for events at 4.2 GeV/c. 

Fig. 56. Same distributions as in Fig. 54 for events at 4.2 GeV/c. 

Fig. 57. (a) Distribution inMM for p31rMM events at 3.2 and 4.2 GeV/c 

with A < 1.0 (GeV/c) 2 ; (b) distribution in M+,1._T1._MM for the same 

events; (c) distribution in M.l.+Tr_, for events with MM in the 77 region 

(0.50 to 0.60 GeV). The shaded histograms are for events at 4.2 

GeV/c alone. 

Fig. 58. The w Dalitz plot (M = 0.783 GeV). The inner contour 

corresponds to r 0.7, and the outer contour (boundary) to r = 0. 

Fig. 59. Beam-momentum spectrum for (a) the 3.2-GeV/c normal, 

(b) the 3.2-GeV/c selected, and (c) the 4.2-GeV/c sample. 

Fig. 60. Distribution in the confidence level for all the fitted events. 

Fig. 61. The M +1T011' 
spectrum for p4Ir events ambiguous with the 

	

p37r hypothesis and with C. L. less than 5%. The phase-space curve 	: 

is normalized to the total number of combinations. 

•Fig. 62. (a) Spectrum of the square of the missing mass (MM 2 ) calcu-

lated from the measured quantities for all p41T events. (b) The 

2 
spectrum for events outside the MM cut (dotted lines in Fig. a) and 

with C. L. <5%. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Corn-
mission, nor any person acting on behalf of the Commission: 

Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information containedin 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 

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 behalf of the 
Commission" includes any employee or contractor of the Corn-
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. 






