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I. INTRODUCTION 

The experiment analyzed in this report was performed using a beam 

of Ir mesons from the Bevatron incident on the deuterium-fihled 12-inch 

Alvarez bubble chamber of the University of California 12.wrence Radia-

tion Laboiatory. This exposure was made between August 23, 1966 and 

September 26, 1966. The incident pion momentum covered the range from 

1.1 to 2.4 BeV/c in eight settings. The beam used for this experiment 

	

has been described elsewhere 
1

. 
	

The range-momentum scale factor for 

charged tracks in the deuterium-filled chamber and the liquid deuterilmi 

index of refraction were determined by measuring the range of 

+ 	2 

	

coming from the decay of stopping iT tracks 	A total of 264 000 

pictures were taken, the incident momentum settings and the exposure 

size at each setting are given in Table 1 The method for obtaining 

the path lengths is set forth in Appendix A. 

In addition to the film just mentioned, another exposure of Ir+ 

incident on deuterium at incident momenta around 3 BeV/c and 4 BeV/c 

was made in the spring and sunmier of 1966 in conjunction with the lower 

energy exposure which is the subject of this report In what follows 

we shall refer to the data taken between 1.1 and 2.4 BeV/c as the low-

energy data, and that taken at 3 and li BeV/c as the high-energy data 

The main purpose of this experiment was to analyze reactions of 

the type 

+ 	0 
IT n-pM 

0 	+- 
iT IT , titittial 

0 	++ 
- 

 - 

01 	iT 11 IT 11 • tuti us 
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Thble 1. Momentuni settings and exposure size. 

1. 

p Number of Pictures Exposure Size 
(BeV/c) (approximately) (events/jb) 

1.10 13 000 .111+ 

1.30 13 000 •44 

153 50000 255 

158 13000 1+5 

1 70 50 000 3.00 

1.86 50 000 2.92 

215 50000 297 

2.37 26 000 .81+ 

4 

I 
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Here N°  is a neutral meson, and neutrals means any number of ir ° 's or 

y 's. The target neutron is one of the constituents of deuterium. 

Note that charge symmetry requires that processes such as these be 

identical in their description to 

77 p - n 

- 7r+lr, neutrals 

or M° - 7r+7T7r7r, neutrals. 

A ir beam incident on a hydrogen target is easily obtainable in prac-

tice, but in this case the simultaneous presence of a neutron and the 

other neutrals in the final state does not allow the momentum of the 

neutron and that of the other neutrals to be determined separately, 

hence an analysis of the production and decay characteristics of the 

meson N°  is not possible For this reason the experiment was done as 

+ 
a 7 d. exposure. 

This report deals primarily with the reaction 

+ 	 +-o 
ird - ppirr7r, 

and in particular with the production and decay of i and CL mesons 

via the reactions 

ird - PP1L' 
TI 

-4 yr+7r7rO 

+ 
ird -'ppw, 

+ - 0 
Ci) 	-# 

Other uspects of this experiment which are being investigated are 

() s tt -a i ige paiticle production in this exposure 3  and in the higher- 



- 
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II. 	FINAL STATES. AND SEPARATION OF HYPOTHESES . 	. 

A. 	The Final State Hypotheses 	. 	. 

4 

. 

The three- arid four-pronged events were fit to the following 

reaction hypotheseâ:  

+ 	 + -  
ird 	- 	 pplrlT  

• 	 . 	 . 	 . 
• PP V V V  

- 	 pp IT 'n- 	(mm) (11.3) 

(II. 	
) 

- 	 ppK1( (11.5) 

• 	 . 	. 	 ++- 	 . 
• 	 . 	. 	 -~ 	npir7rlr (11.6) 

-* 	piTlr.IT 	(nun) 	. . 	(11.7) 

• 	irrrir 	(mm) . 	(11.8) 

d IT 	IT 	 . (11.9) 

- 	dirirrir. 	. 	. 

The details of the fitting procedure have been relegated to Appendix B. 

There. were 103 000 four-pronged events with fits out of the 128 000. 

events found on the film; 	of the 93 000 three-pronged events found, 

54 000 were measured, and fits 'were obtained for 414.  000 of these. 

Tables.2 and 3 give the number of events assigned to each reaction as 

a function of momentum setting, for three- and four-pronged events. 

respectively. 	 . 	. 	. 	.. 	. 	 . 	. 	. 	•• 	•• .. 	.• 

At this point we restrict our interest to those examples of 

rt. actions (II 	') and. (ii 4) wiiic 	apptal as four-pronged event topolo- 

ice, 	for wiiicli lot i of tue final state protons had 
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Table 2. 	Number of events assigned to final states vs. beam.momentuni, 

for 3-pronged event topology. 

Beam Momentum 

Final State 1.10 1.3 0  1.53 1.58 	1.70  1.86 	2.15 2.37 

pp 	 1 481 1362 6 755 1 287 	-- -- 	7 491 1 917 

pp 355 671 4 080 816 	-- -- 	6 824 2 095 

- 	 . 	 . 	

. 	 pp 	7r.(mrn) 	. 17 tOl. 89 	-- -- 	1 855 789 

pp 7r7Ty 15 10 73 3 	-- -- 	95 28 

pKIC 0 0 	. 5 -- -- 	 182 62 

• 	
• np 7T v 7F• 8 • 	 107 • 	 822 • 	16 	-- • 	 -- 	 • 	 2 26 802 

++() 	• • • 	 8 	• 123. •• 22 	-- -- 	 ••. 	 976 443 

Tr 	rirr 	(mm)  

d 71+lr+Tr  

dT7rr  

These final 3-pronged topology. states normally do not appear as a 

ir.......... ..... . . .... ... .. . ........... ... ........ ... .... . ...... 
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Thble 3 	Number of events assigned to final states vs beam momentum, 
for fonr-pronged event topology.  

Beam 4omentum 
Final State 1 10 1.30 153 1 . 58 	1.70 1.86 2 .15 2 37 

pp V 7 1 059 1 041 4 596 720 	5 229 4 965 4 51 i 14o 

+-0 
279 535 3 211 559 	4 322 4 865 5 553 1 600 

pp 21 40 468 99 939 1 311 2 273 858 

pp irr -y 57 71 319 56 376 336 405 90 

ppKK 0 0 12 4 41 64 106 34 

pu Tr 7r7r 2991 . 598 5 023 895 	6 606 7 544 8 921 2 806 

p 7T 7T7T(mm) 13 60 819 211 	2 286 3 719 6 065 2 172 

0 2 62 19 154— 236 444 182 

d 11 11 152 13 115 129 187. 71 

a 	++ -O 
3 0 273 61 178 74 71 24 
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• 	 sufficient laboratory.momentum to be visible in the bubble chamber. 

(The lower cutoff on proton laboratory momentum was found to be approx. 

mately 85 MeV/c; this momentum yields a track .15 cm long, which is 

• 	 the practical limit of visibility on the film.) 

In the missing mass plots in this section, and in the physics 

data that follow in this report, the events shown have fulfilled the 

following criteria: 

The kinematic confidence level for the fit is greater 

than 1 per cent, 

The confidence level for the ionization fit is greater 

than 1 per cent, 

• 	 (c) All track measurements were available for the kinematic 

fit (i.e., constraint-reduced events were not used). 

• 	 (d) The event occurred within a preselected. ±'iducial volume 

of the bubble chamber, and the dip and azimuth of the beam track for 

• the event lay within preselected limits for each momentum setting. 

Events fulfilling these • criteria will be referred to as "good" events. 

B. Sepaation of th Final States - 
• 	 pp7r7T'w, ppT1ry.andpp7T7r (mm) 

• 	 Because it is difficult for a final state like pp 7rrr°  or • 

pp 71 iT (mm) to fake a four-constraint fit like pp ir rr , and because 

• • • our selec.tion.procedure favors four-constraint fits over lower con- • 

straint class fits (see Appendix B), the final state pp irir is likely 

to be free of other final states, and complete. This was corroborated 

Iy getierafitig Motite Carlo events (see Appendix B) for reactions (11.1) 
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missing-mass events can be made by drawing a smoother falloff of the 

mm iistogram for the missing-mass events. However, an admixture of 

missing-mass events in the pp T+7r 710 sample will not affect the rj and 

cross section determination, as long as the admixture is distributed 

more or less uniformly over the 7r+7r70  thass spectrum (see Section IV). 

C. Separation of the Final States pp Tr ic Tr
o 
 and np 

These two final states are often ambiguous with each other 

because they are both one-constraint fits. The problem is to identify 

one charged track and the missing neutral particle as a pir °  combina-

tion. or nlr+,  all other tracks in the two fits being the same. The 

identification of a track as a proton vs. a lT in this experiment is 

greatly aided. by the use of pulse height information from the Spiral 

Reader to make a fit to the expected, bubble density for each track-

mass interpretation (see Appendix B). This is particularly helpful 

for the four-pronged events at our beam momentum, where a typical' out-

going track has a laboratory momentum of 500 MeV/c, at which momentum 

a 7r is easily distinguished from a proton bybubble density. 

However, for high-momentum tracks(p lab > 1200 MeV/c) a proton 

and a 'irk  are hard to distinguish by ionization. . If, in ad4ition, the 

momenta of the neutral and the charged track have about the same 

value, p, then the only constraint in the fit, that of energy conser-

vation, determines the value of 

12 	212 	2. 	 .. 	.... 
p +m+ + 'p +m0  , 

where m+ is the hTotiiesized mass of the charged track, and m0 
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that of the neutral track. This expression has the seine value for 

	

- m1 - , in0  = m as for in+ = mp  , m0  = rn 77-. 	In this case, there is 	 -' 

no distinction in the kinematical fit between np 7r 7 v and 

+- 0 
ppTT7TTT. 

A sensitive test of the separation of these two final states is 

made possible by the presence of strong Y and w signals in the 

	

spectrum from the reaction pp 7F 7T 7r 	There are 15 403 "good" 

+-0 four-pronged events, of which 3 079 also fit the hypothesis 

np 7r7r7r 	Figure 2a shows the ir+7r7ro  mass spectrum for "good" 

pp 7T iT0  events with no fit to the np 7T 7r+1T  hypothesis, Figure 2b 

shows tne 3-pion mass spectrum for the pp iTlT1ro  events which also fit 

up V 7r r 	From the reduced signal-to-background ratio in Figure 2h 

with respect to 2a, it is estimated that 20 per cent of the events in 

Figure 2b are actually np ir iT iT events, so that about 20 3000 = 

600 events of the 15 000 pp irirr0 events, or approximately 4 per 

cent are actually up 7T 7r+1T  events. This estimate will be used in the 

T and 	cross section determinations. 

An estimate can also be made of the loss of pp 7+7riTO  events 

that are ca ll ed np ir 77 events. Of the 22 686 " good. 'V  np iT iT iT 

events, 2 602 have a second-best fit to 	 Figure 3 shows 

the Tr+irT mass spectrum for these events when interpreted as the 

pp 7+71T)  final state. The total absence of an rj or W signal in 

tIte,e event.. allows the conclusion that there is effectively no LOn- 

u1tI1tudm oi tile lip 7 7F 7 fil L; L-Lit-c by pp 7T 7 7 events. that io.  

° 110 lo 	of pp 'rrw events into the up 7r Tr ir cliaiiiiel 
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III. THE DEUTERON TARGET 
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of the Hulthn wave function in this report, the average value 

= 6.09 a will be used. 

The Fourier transform of r(r) gives the distribution (p) of 

the momentum of the two nucleons in the deuteron, it is 

p22(p) = C1 p2 [ 1/(p2  + a2 ) - 1/(p2 + 2) 12, 	(III 5) 

where 

f 2 (p)p2dp = 1 

Fie 6 shows 	(i)r2  and 2(p)p2,  the curves show how much of 

the wave function is concentrated at each value of nucleon separation 

r and momentum p 

Experimentally p26?2 (p) can be measured when the impulse approxi- 

+ 
mation for the + d collisions isassumed. This means that theT is... 

assumed to interact with only one of the nucleons in the deuteron, the 

other nucleon going off after the collision with the same momentum it 

had before the collision 

For the reaction lr+n(p) () 

+O 
the notation (p) means 

that one final-state proton is assumed to be a "spectator" to the 

coflision between the iT  and the neutron. The final-state proton 

with the lower laboratory momentum is taken to be the spectator.  

Figure 7 shows the experimental distribution of spectator momentum, 

the steep cutoff in the distribution around 85 NeV/c is due to the 

fact that only events with two visible protons (four-pronged events) 

are used. The curve is the Hulthn distribution p22(p) normalized to 

have the same area as the histogram beten p = 110 MeV/c and 160 MeV/c. 
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A deviation from the Eulthn wave function is exhibited as an excess of 

events with high momentum, that is with momentum greater than 300 MelT/c, 

• 	 which is the practical upper cutoff of the ,Hulthn distribution. 

Forty-four per cent of the four-pronged events in Figure 7 have momen-

tum greater than 300 MeV/c. 

• 	The excess of high-momentum spectators could be explained by one 

or more of the following conjectures: 	. 

(a) a breakdown of the impulse approximation; that is, high-

• 	momentum spectators (p greater than 300 MeV/c) arise from collisions 

on the entire deuteron, 	. 	. 	. 

• 	 (b) rescattering of one or more of the final-state particles 

on the spectator nucleon, 

(c) contamination of the (p)p 7rir°  final state by 

mis1.etifIed events belonging to another final state, in which case 

some of the spectator protons need not even be protons, 

.(d) inadequa.cy of the Hu1thn wave function. 

Points (b) and (c) can be checked by studying the spectator 

momentum distribution as a function of the 7F 7r 7r mass. If the excess 

of high-momentum spectators is due to scattering of the final-state 

pions on the spectator, then conceivably the scattering might be 

different when the three pions form a resonance (ii or ), assuming 

that the resonance decays after it has traveled far enongh to get 

outside the deuteron volume, which is a sphere a few fermis in radius 

• • 	(see Figure 6). For an il (or w) of width 2.6 keV (12.6 MeV) 26 prc- 

duced with a typical laboratory momentum of 800 MeV/c, the mean decay . 

length is 110 000 férmis (16 fermis),. so that these resonances decay 
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after leavng the deuteron volume Figure 8a shows the 7r+1T_7r0 mass 

vs. spectator momentum. r and w production is seen to persist even 

at high spectator momentum; since these resonance signals are uniq .ue 

signatures for the pp 7rT7r0  final state, it is clear that contamina-

tion is not the only source of high-momentum spectators Figure 8b 

shows the spectator momentum distribution for events in the w band 

(760 < m(3ir) < 810 MeV/c 2 ) It is seen that this spectator distribu-

tion conforms somewhat better to the Huithen curve than that for all 

of the pp jT+7rTO  events, in fact only 84 per cent of the events in the 

w band have momentum greater than 300 MeV/c, whereas this fraction is 

44 per cent for the entire sample of "good" pp 1r+1r_7rO  events. 	This 

may iiidicate that a final-state w is less likely to rescatter on the 

spectator proton than three unassociated pions, or it may simply indi- 

cate that some of the high-momentum spectators are caused by contamina-

tion from other final states, since any contamination would form a 

sinafler fraction of the events in the resonance band than of the 

entire sample of events. 

The spectator momentum distributions for other final states can 

also be examined and compared with the Hu1thn distriDutlon, if other 

fiiial states have different spectator momentum distributions, this 

might shed some lignt on the problem of rescattering. Figure 9a shows 

* 

	

	 the spectator momentum for "good" four-pronged events of the final 

sfrte pp rr filL curve is the J{ultlin distribution normalizcd to 

tia. the 	IL area asthe h1bLo1 Ul1 L)O Lwen 110 MeV/c aijd 160 IvlcV/c. 

The ftactioii of tiiese four-pro'ied events with spectator momentum 

greater than 300 IieV/c is 36 per cent, compared to 44 per cent for the 
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four-pronged pp 71+Tr ITO  events 	Figure 9b is the neutron spectator 

momentum distribution for "good" events in the channel (n)p ir IT IT . 

These events are separated from the (p)n 'w ir IT final state by taking 

++- 
the lower-momentum nucleon to be the spectator. The (n)p IT IT IT final 

state appears almost always as a four-pronged topologj, since the 

charged tracks are almost invariably visible (no examples of this final 

state were found in the three-pronged events). Since this sample of 

spectators is complete, the Hulthn curve is normalized to have the 

area of the histogram between 0 and 160 MeV/c. In order to compare 

the fraction of events with fast spectators to the fractions obtained 

for the above-mentioned four-pronged events with visible proton spec-

tators, we take the ratio of the e'vents with spectator momentum 

greater than 300 MeV/c to the number of events with spectators of 

momentum greater than 85 MeV/c The fraction of, "fast" spectators is 

here only 31 per cent. The fact that final states with neutron spec-

tators have fewer high-momentum spectators has also been noted in 

strange-particle production in this experiment.3 Benson21l has con-

jectured on the possible reasons for different final states having 

different spectator momentum distributions. 

B. The riux Factor, Spectator-Beam Angle, and c m. Energy .  Smearing 

The internal motion of the two nucleons bound in the deuteron 

gives rise to two interetiiig effects We first discuss the effect of 

Lhie,  motion on time expLrime1Lilly mti aed angle oetweeii time spectator 

inicit on zuid time incoming piomi beam 
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The proton and neutron bound in the deuteron move at random in 

opposite directions with momentum given by a function like the Hulthn 

distribution. Because of the randomnature of the motion, some 

12,21d 
authors 	have stated incorretiy.that the experimentally measured 

angle between the beam and the spectator nucleon should have an isotro-

pic distribution. This statement, however, fails to take into account 

the fact that when the target particle is moving toward the beam, there 

is a greater particle flux and hence a higher reaction rate than when 

the target particle is receding from the beam. Let e be the angle 

between the spectator and the beam. Since the target nucleon and the 

• . 	. 	spectator nucleon in the deuteron move in opposite directions in order 

to conserve momentum, this means that there will be more events for 

which cos e is greater than 0 than for cos e less than 0.. 

The experimental distribution can be predicted using the invariant 

flux factor of Mller 31 to account for the variation of particle flux 

with the relative motion of the beam and the target particle; it is 

	

2 	22/ 	 . 
= V(Pb Pt) - mbmt /(mbmt)  

Here the momenta pb  and pt  are Livectors, and the subscripts b and t 

refer to the beam and the target partIcle, respectively. The 4-vector 

of the target particle is taken to be that of the deuteron minus that 

of the spectator nucleon. 	. 	 . 

. . 	. 	In order to see what sort of distribution is predicted for, the 

eoine of the wle between the spectator and the beam, Nonte Carlo 

calculations were perfoned and cos e histogramied for incoming pion 

momentum of 1.0 1  1.5, and 2.0 3eV/c separately, assuming the nucleons 



in the deuteron are moving in a random direction with equal and opposite 

momenta described by the Hu1thn distribution Figure 10 shows the 

results of the Monte Carlo experiment performed for a beam momentu.m of 

2.0 BeV/r Figure lOa is the histogram of cos e for all events, and 

Figure lOb is that for proton spectator laboratory momentum greater 

than 85. MeV/c, corresponding to the four-pronged events of this report. 

The nonisotiopy of the distributions is evident In fact, very similar 

histograms are obtained for all three Monte Carlo experiments 

(Pbeam = 1 0, 1 5, and 2.0 BeV/c) The histograms for incident momen-

turn between 1.0 and 2.0 BeV/c are well approximated by a linear 

dependence on cos 9, it is 

f(cos e) = 1 + 10 Cos e 

for all events, and 

f(cos 0) = 1 + .16 cos e 	 (III 8) 

for events with spectator momentum greater than 85 MeV/c. 

Figure 11 displays the comparison between the experimental dis-

tribution in cos 9 (the angle between the spectator and the beam) a]1d 

the distribution given by the flux factor. Figure fla shows the dis- 

tribution in cos 9 for all goodtt  events of the final state 

40 	
pp 7

+
7 7T 	the straight line is equation (111.8) normalized to have 

the same area as the histogram In Pigure lib only the events with 

spectator momentum less than 300 MeV/c are included, and here it is 

I i .t the agreement between blie data and the flux factor predictior 

i 	ood Th .rtctator distribution of Figure and the cos 0 
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distribution of Figure lib indicate that events with spectator momentum 

less than 300 MeV/c conform well to the expectations of the impulse 

model 

It should be ernpriasized that the above prediction for the distri-

bution of cos e holds only if the cross section is assumed to be 

co1mia it over the range of c.m. energies produced in the collisions 

This is necause the number of events is proportional to the particle 

flux times the cross section. However, the assumption of roughly 

cons bant cross section is valid for the pp 
71+

7 
 (.fl.O 

channel, as can be 

inferred from Table 3 and the fact that the sum of the cross seciiocis 

+- 
for the channels pp 71 iT pp IT 71 71 , pp iT 71 y, and pp IT 71 (mm) is 

roughly constant over the energy range of this experiment (see 

Section Iv) 

Another important effect arising from the motion of the nucleons 

in the deuteron is the smearing of the center-of-mass energy distribu-

tion. In a collision of a beam with a stationary target nucleon, 

there is of course a unique c.m energy corresponding to the beam 

momentum When one of the nucleons in the deuteron is the target, 

however, there results a broad spectrum of c.m. energies due to the 

fact that the target nucleon has a range of momentum and is movi ig in 

a random direction with respect to the beam. 

Figure 12 shows the distribution of c.m. energies obtained in the 

Monte .  Carlo expeiiment above for a beam of 2.0 BeV/c pions incident on 

e ± t 	lulCOib in the d.enteron, the  Hulthn distribution is used 

rn tn mom it iwi ditrioutioii of the nttcleons, and the Mller flx 

I 	ii I iid d 	9~ it,  c in e'' i 	I cu the coll sioii is 
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(111.9) 
 PS C.M. 	;( P  

The momenta here are 4-vectors, and the subscripts b, d, and s refer 

to the beam, deuteron, and spectator, respectively. Figure 12a is the 

c .m. energy distribution for all events, and Figure 12b is that for 

the events with spectator momentum greater than 85 MeV/c (correspond- 

• . 	. 	 lug to the four-pronged events of the reaction T+d pp +7T.7O)• 
 The 

histograms are made assuming a constant cross section over the energy 

range shown. The motion of the target nucleon results in a C.M. energy 

spectrum about 300 MeV wide from a single incident beam momentum. 

• 	. . 	 Figure 13 shows.the c.m. energy spectrum for all ttgoodtt  four- 

pronged events in the final state pp 	with spectator momentum 

less than 300 MeV/c; . the distribution is the product of the cross 

section with a sum of distributions like that of Figure 12b. It is 

seen..that the eight incident moñienta between 1.1 and 2.4 BeV/c yield a 

fairly uniform coverage of the c.m. energy range from 1.1 to 2.3 BeV. 

C. Glauber Screening 

In a very intuitive sense one can understand that the cross 

section for a beam colliding with a deuteron is less than the sumof 

the cross sections for a collision with each of the two nucleons in 

the deuteron separately. if the target deuteron is imagined to be two 

billiard balls close together, then part of the time one of the 

billiard balls will occlude the other, reducing the effective cross 

seci;ioii. Glauber32  has derived the expression 	. . . 

- 	(irn) + (7rp) - 	mI)(7rp)/(7r <r >), 	(iiI.io) 
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where < r > is the average separation between the two nucleons. More 

33  
recently Wilkin has derived a modified formula which exhibits charge 

independence; he shows that the correction term should be 

{ () () 	l 	() 	() )2 ] /(47F.<r2>) 

for a charged-pion beam. 

Recently accurate cross sections have been published 34  for lr+ 

and 'iT incident on protons and deuterium over a wide range of energies. 

From reference 34 it is seen that over the range of incident momenta 

of this report, we have the total cross sections 

+ 
a(7T p) 	30 nib 

• 	 . 	 o('iip) 	35 nib = 	(irn), by charge symmetry 

+ 	•+ 	2 	2  
• 	Since [ a(ir p) - o('iT n) ] 	(5 nib) is small compared to 

() a('in), the correction factor of Wilkin (ecjuat'ion (111.11) ). 

is almost the same as the non-charge-independent correction factor of. 

eq,uation (111.10). From reference 34 it is also seen that over our 

range of incident momentum, 	 . 

-2  <r > = .02mb 

The typical value of the cross section defect in this experiment due to 

Glauber screening is from eauation (111.10), approximately 1.1 mb; 

that is the sum of the 7r n and 7rp cross sections is more than the 

Ir d cross section by about 1.1 nib, or 2.4 per cent of the total 7r.d 

cross section. 	. 	. . 	 . 	. 	. 
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How this cross section defect is to be applied to the various 

final state channels is unknown. The method of Section IV for obtain-

ing cross sections for ri and w production in the final state 
 - 

 

I-- O 
is valid if the final states (11.1) through. (II.i-) are each 

depleted by the same fraction; the similarity of these final states 

may justify this assumption. At any rate, even if these channels are 

not all depleted in the same proportion due to .Glauber screening, the 

difference in fractional depletion should not be more than the total 

depletion itself. Since a difference in depletion among channels 

(11.1) through(II.ii-) of.". 2.4 per cent is much smaller than the sta-

tistical cross section errors obtained, the Glauber screening correc-

tion will have no effect on the TI and w cross section determination. 

• 	 D. The Pauli Exclusion Principle and Final. States with Two Protons 

One can easily see that the Pauli exclusion principle will have 

an effect on final states containing two protons. In particular, • 

imagine a very glacing (t o) charge-exchange collision of the ir 

beam with the neutron in the deuteron in which the neutron spin is not 

flipped. A:rter this hypothetical charge-exchange collision there are • • 

two protons close together man S-wave (ignoring the small D-wave • • • 

component of the deuteron) spin-i configuration. Since this configura- 

tion of two identical fermions is symmetric, however, it is forbidden 

by the Pauji exclusion principle. Thus it is seen that in the limit 

of no momentam transfer, such a charge-exchange collisiOn cannot 

ott.t-  Ln thon.b'euce of nuieoti 6pill . flip 	. 	. 	 . . ... . 	. . . 	. . 

The effect of the Pauli exclusion pri1cip1e on charge-exchange 
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+ 
scattering on the neutron in the deuteron has been calculated for K d 

35 scattering.' 6  The expression for the measured cross section when 

there are two final-state protons is 3 	 . 

da/dc1 = (i - 1-1(q) )(d/d) 	+ (i - H(q)/3 )(d/dc) 	(111.12) 
nf 	. 	 Sf 

Here the subscripts nf and sf denote the spin-non-flip and spin-. 

flip cross sections respectively. q = 	 is the momentum transfer 

in the collision., and 11(q) is the deuteron form factor, defined as 

H 
2-iq•r -~ 

11(q) = fI?JI(r)I e 	d.r 	 (111.13) 

Clearly, H(q) =.1forq = 0, which is the limiting case considered 

above.. From the first term of equation (111.12) it is clear that there 

is no. non-spin-flip contribution if q. = 0, as was concluded above. 

Equation (111.12) applies to the final State pp 7TTT°  discussed 

here; it tells us how to correct the production angular distribution 

of the three pions for the suppression due to the Pauli principle.. 

Let us restrict.our attention.to  the specific reactions 

ird -+ 

i(or)- iririr, 

since.it is only the production angular distributions for the resonance 

events whose exact form we are interested in. 	 . 	 . . 

a 

Figure JA shows the deuteron form factor 11(q), calculated using 

the Hu1thn wave function; it has the functional form 5 	 . 

H(q) = 2(a + )/( - a)2  a 	 q 

{ 

tanqj + taii 	-2taii1(a + )] 
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that H(q)is appreciably different from 

and it is only for this range of momentum-

rfects of the Pauli exclusion principle are 

ad VI of this report, where Tj and u produc- 

• 	 •tion angular distribution histograms, the two forward.most of the 

20 bins, (0.8 < cos e < 0.9) and (0.9 < cos e < i.o), cover the 

momentum-transfer-squared range out to at least .1 BeV 2 . •Thus it is 

only the forwardmost two bins that are affected noticeably by the Pauli 

principle, and the calculation of the effect will, for simplicity, be 

restricted to this angular region. We define the suppression factors 

• 	 f 	= 1 - H(q), 	f 	= 1 - H(q)/3. 	 ( 111.15)nf  

taken from equation (111.12). Th.ble ii. gives the value of these 

factors averaged over the production cosines of the forward.most two 

bins (each bin is .1 wide in production cosine) separately for the 

reactions ird - ppTj and ird - pp. It is seen that f f  is signi-

ficantly less than unity in the production cosine interval (0.9, 1.0) 

• 	 for the energies encountered in this experiment,and thus implies a 	• 

large correction. The suppression factors are to be treated as detec-

tion efficiencies in the production cosine interval indicated, the 

events in that iuteval being divided by the appropriate factor (or 

cOmi:ation of factors) to get the number of events that would be 

t'oundjr t.11 k 	 u !ad. collided, with a free neutron. • • To make the cor- • 	• 

• POO 	however, one must know the relat;ive sizes of the spin-flip 
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Table 4a. Spin-flip and spin-non-flip suppression factors due to the 

Pauli principle for the two forwardmost production cosine 
• 	 . 	 bins . for 71+d - 	 ppw. .. . 

Ecm  cos e < 1.0) (0.8 < cos e < 0.9.) (0.9 < 

(BeV) f f  f5f  ff . 	 sr 	. 	. 

1.8. 0.93 0.98 0.91 0.97 

1.9 0.93 . 	 0.98 0.87 0.96 

2.0 0.93 0.98 	. 0.85 . 	 0.95 	• 

2.1 0.94 0.98 0.83 0.95 

22 	• 0.95 • 	 • 	 0.98 • 0.83 0.94 	• • 

2.3 	• 0.96 	• 0.99 0.83 0.94 	 • 	• 

2.4 	• 0.96 0.99 o.84 0.95 

Table 4b. . 	Spin-flip and spin-non-flip suppression factors due to the 
Pauli principle for the two forwardmost production cosine 
bins for 7rd -+ 	pp1. •• . 

(0.9 < cos 9 < 1.0) (0.8 < cos 0 < 0 .9) 
Eem 	.. tnf t sf f . 	 . 	 f8f  

1.1 0.87 . .0.96 . 	 6.74 0.91 

1.8 0.89 	. 0.96 0.73 0.91 

1.9 0.91 0.97 0.73 0.91 

2.0 0.93 . . 	 0.98 . 	0.74. 0.91 	. 	•• 

2.1 0.94 0.98. 0.76 0.92 

2.2 0.95 0.98 •. 	. 	0.. . 	 . 	 0.93 	. 	. 	 . 

2..3 	. 0.96 0.99 . 	 0.79 •• 	093. 	.. 	. 	 . 	 . 

2. 0 97 C 99 0.81 0.94 
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and spin-non-flip cross sections. For this reason the application of 

Table 4 in correcting the ii  and w production angular distributions 

will be deferred until Sections V and VI, where the shapes of the produc-

tion angular distributions indicate the relative importance of the 

spin-flip and spin-non-flip contributions. 	 . 

The upward corrections obtained above are not expected to increase 

the ii and w cross sections obtained in Section.IV, however. This is 

because in Section IV these resonance cross sections are obtained by 

normalizing to the sum of the known cross sections for the charge-

symmetric counterparts to reactions (11.1) through (11.4). All of 

these reactions have two protons in the final state, however, and 

depending upon the particular form of the production angular distribu-

tion in each final state, all should be corrected upward to account 

for the .Pauli principle. The forwardmost two production, bins, which 

contain not more than 20 per cent of the events for. aiy of rections 

(11.1) through (11.4), will be corrected upward typically by about 

15 per cent, so that there will be in general less than about a 3 per 

cent correction to the total number of events in any channel. This 

percentage probably does not vary much for the four final states used 

for normalization, so the cross section obtained for the resonant part . 

of reaction (11.2) will not be significantly affected by the Pauli 

principle. 	. 	. . 	 . 	. 	. . . 	. 



• IV. fltE FINAL STATE (p) p 	it 	GENERAL CHARACTERISTICS 	 H 

In this section attention will be focused on resonance production 

in the final state (p) p 	 in which it is explicitly assumed 

that one of the final-state protons, designated as (p), is a spectator 

to the reaction 

+ 	 + -0 
It fl -3 Pt 	 (iv.i) 

In order to help assure that this is the case, only those "good" 

examples of final state (II 2) which have at least one proton with 

laboratory momentum less than 300 MeV/c will be used in the discussion 

of this section and the two following sections on r and w production 

Spectator protons with momentum less than 300 MeV/c do indeed conform 

well to the predictions of the impulse model, as was seen in the 

previous section, particularly from Figures 7 and lib There are 

8710 events satisfying the above criteria. 

A. Mass Spectra 

Figure 15 shows the most important features of reaction (IV.l). 

Figure 17a is a scatter plot of c m energy vs. the 3-pion mass, a 

prominent ri band at mass 549 MeV/c2  and a very strong w band at about 

785 Mec2  V/ characterize the data The resonant signals show up as 

large peaks in the 3-pion mass spectrum of Figure 15b, the lower his-

togram of which shows the spectrum for events in which -t (from the 

beam to the 3 pions) is less than 0 6 BeV2  

Figures 16-24 display other mass spectra in the same way as the 

5-pion nriss sLLtrum is presentLd The a-part of each figure is a 
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scatter plot of c m 	energy vs 	mass, and the b-part of the figure is 

the mass distribution for all c.m. energies (the projection onto the 

x-axis of the scatter plot) 	The lower histogram in the b-part of 

each figure is the mass spectrum for events for which the beam-to- 

pion(s) momentum-transfer-squared (-t) is less than 0. 6 BeV2 , 	excep- 

+ 	.•-o tions are the lower histograms for the pit , it it , and pit it 	mass 

spectra, for which the events are restricted to have the neutron-to- 

pion(s) momentum-transfer-squared (u) less than 0 )-I- BeV2 . 	This is 

done because a t-cut erthances processes which proceed by exchange of 

a meson, whereas any resonance in the.spectra of the pit, itit °, or 

pit+11O would have to be mediated by the exchange of a doubly-charged 

meson, of which there are no knom examples 	however, baryon exchange 

via a singly-charged baryon is a possible mechanism for the three 

mass spectra mentioned, so a u-cut is applied for these spectra 

Figures 16-24 show the mass spectra for the mass combinations pirr, 

- 	0 	±- 	+0 	-o 	+- 	+0 	 -0 pit, 	pit, 	itit, 	itit, 	irit, 	pitic, 	pint, 	andpinit, 	respectively.  

These figures show none of the prominent structure observed in the 

3-pion spectrum, 	in fact the only structure immediately visible in 

either the uncut or cut histograms is a small amotuit of 1(].236) in 

the pi 	mass spectrum and a suggestion of a slight amount of p produc- 

tion in the 2-pion mass combinations 	It will be seen below that all 

the mass spectra are well described by a fit which includes 1  and w 

4 production in the 3-pion mass spectrum as the only resonances present. 

+ -o B. 	Details of the it it it 	Mass Spectrum 

The 3-pion iruss spectrum will now be investigated more closely.  
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In order to find the amounts of r and (, as well as to fit their masses 

and widths as a function of c.m. energy, the data were divided into 

six c.m. energy intervals, each of which is 100 MeV wide, centered at 

the values E= 1.8, 1.9, 2.0, 2.1, 2.2, and 2.3 BeV. For each 
M. 

interval a separate maximum-likelihood fit to the data was performed 

using the program MtJRTLEBERT? 7  The amount, mass, and width of the two 

resonances were determined by the fit; the values obtained are given 

in Table 5. Because the and w widths are larger than the true widths 

of these resonances,26 the line shape used in the fits was Gaussian, 

and the widths in Table 5 are full width at half maximum. Inclusion 

of 	1236) in the maximum-likelihood fitting procedure was found to 

identify only a few per cent of this resonance, with large errors on 

its amount and width; in addition, the Tj and w parameters were the 

same whether or not L (1236) was included.in  the fit, so for simpli- 

city this resonance is ignored in Table 5. 	 . 

Each of Figures 25-34 shows a mass spectrum fromreaction (IV.l) 

at the six c.m. energy intervals; the curves are the Monte-Carlo pre-

dictions of the maximum-likelihood fits sumnarized in Table 7. With 

the exception of the pTc spectrum, all the mass distributions are well 

described by a. fit involving only Tj and cj signals in the 3-pion mass . 

spectrum. 	.. 	 .. . 	 . 	 .. . 	 . 	 . 	
. 

The momentum-transfer-squared between the beam and the 3 pions in 

• . 

	

	reaction (Iv.1) is plotted vs. 3-pion mass in Figure 35. This figure • 

differs from aChew-icw plot in that it is the mass, and not the • . 

mass-quned of the pions that is plotted against the momentum-

Liii1'r-qua red, and,. more importantly, in that all c.m. energies 



Table 5. Number of events, and amount, mass, and width of Ti and 

in each of six 100 MeV-wide c.m. energy intervals. . 	••. . . 

• 
. number,  . . 	,. . . 

of ••Ti 	•• ••,••• •• • w •. 	 . 

E events fraction 	. in r . fraction . 	m P C.M. Ti .  Ti 	- w 
(BeV) (MeV) (MeV) . (MeV) (MeV) 

1.8 309 .083 5148 214 .503 	. 7814 31 
± .023 ± 3 ±19 ± .o8 . 	± 1 •• 	. 	10 

1.9 1 278 .059 5147 39 .1432 786 38 
±.o08 ±3 ±7 ±6019 ±1 ±3 

2.0 1 972 .033 5149 19 • 	.3114 784. 37 
± 	QQ4 ±1 ±3 ±.015 ±1 ±3 

2 1 1 976 037 549 25 .287 786 39 
±1 ±3 ±.013 ±1 ±3 

2.2 1 611 0214. 5149 11 .274 785 147 

±1 ±2 ±.oiL,. ±1 ±3 

2.3 9514 • 	.012 550 . 	 iii. .202 785 . 39 
± 	0014 ±2 ±3 ±.015 ±2 ±14 

. .. .. . 
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are combined in the plot, so that there is not a well-defined boundary, 

as there would be if the c.m. energy had a single value. Therefore 

the distribution of points in the vertical direction is not equivalent 

to the production angular distribution. However, it is apparent from 

the figure that w's are produced out to -t of over 1.5 BeV2, whereas 

r production occurs only out to about -t = 1 BeV. 

Although there is no obvious structure in the 3-pion mass spectra 

of Figures 15 and 25 above the w mass, we will examine the possibility 

of the presence of the H(990), cp(1019), and A-mesons, all of which 

have 	it °  decay modes reported. 

The H meson, with mass around 990 MeV/c2  and decaying into 

via 	 21b, 21c, 21d, 20g, 38 , has been reported previously. 	 More 

i'ecently Galtieri and S8ding, 39  and Fung et a1., 1°  have shown that the 

evidence for the 11(990)  is not compelling. As noted above in reference 

to Figures 29, 30, and 31, there is only a very small p signal in the 

--_ 	..o 	o 	 . 	. 	. It it 	it 
-- 

it , and - t
- 
 t mass.comb.inations. Nevertheless the it iT it mass 

spectrum has been reexamined under the constraint that the itit mass 

combinations lie in the p mass band (650 MeV/c 2  < m(irit) < 850 MeV/c2 ). 

Figures 36, 37, 38, and 39 show the pit mass vs. c.m. energy and pit 

mass distribution for the combinations p0it0, p+lr_, pT,t, and all pTr I  

respectively. Only the p0ir 0  mass spectrum with -t(beam to 3 pions) < 

0.6 BeV2  shows an enhancement around the hypothesized H-mass of 990 

MeV/.c2 ; it appears as an excess of 30 to 35 events around a mass of 

970 MeV/c2. . However, the total etimated number of decays of the type 

- itit for events with "goodness" and spectator momentum cuts equi-. 

41 valent to those in this report is approximately 120. 	Using the 	. 
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branching ratio 
o 	2 

-71TITI 	q -  it it y(including p y) 
 ) = 3, 

an estimated 40 it+ity  events should appear around the r' mass. Figure 

0 shows the Tr Tr y . mass spectrum for "good" 4-pronged events from 

reaction (ii )-i-) with spectator momentum less than 300 MeV/c There 

appears to be no excess of events around 960 MeV/c 2, and in fact there 

are only 15 events in the mass interval between 940and 970MeV/c2 . 

If we conclude that all the events containing the reaction 

+ 	 +- 
- pi', 	-+itity 	 (Iv.2) 

appear in the p p Jt+st  it final state, then the 30 to 35 event bump in 

the p0jc0  mass spectrum is consistent with the expected 40 events from 

reaction (Iv 2). There remains no evidence for production of the H 

meson in this experiment. 

2 
The p meson with mass 1019 MeV/c has a reported -it it it (including 

26 

	

pit) decay fraction of 20 per cent 	The p decays into K K with a 

listed branching ratio of 48 per cent, so 2. 4 times as many K+K_ 

decays of the p are expected as 3-pion decays. However, the total 

number of events of the reaction 

~ 
it n -* pcp, cp -3KK 	 (Iv.3) 

in the "good" 14.-pronged events is only 30 to 40, so that only 

about 15 events from the reaction 

+ o 
it 	n -p pep, 	— -ititit 	 (iv.Li.) 

are expected It is clear from Figures 15 and 25 that such a small 

number of events will not be detectable. However, since the p -* 3it 

branching ratio of 20 per cent includes p-it events, we can examine the 



c'•3Q 
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pc mass spectra of Figures 36 to 59, which, however, show no p en-

hancement áround 1019 NeV/c2 . The expected 15 p  events is an upper 

limit for the pit decay mode, and since the p has I = 0, the events 

should be divided up in the proportions 

00 	+- 	-+ 
pt 	pt 	pt  

and these three pr spectra are of course consistent with having 5 

extra events apiece arOund a mass of 1019 MeV/c2 . Figure 39, which 

is the sum of all the pt spectra, also shows no noticeable enhance-

ment around the p mass, even with -t < 0 6 BeV2, although it is con-

sistent with the presence of up to 15 p  events. 

It is noted that there seems to be no A1  signal near 1080 MeV/c 2  

in the 3-pion mass spectrum of Figures 15 and 25 or in any of the pt 

spectra of Figures 36-39 At this point it should be stressed again 

that Figures 29-31  indicate that very little p of any charge is pro-

duced, so that the pit spectra which have been examined for resonant 

signals consist of at least 80 per cent background 

Lastly, we remark trivially that no A2(1300) signal is detected 

in the 3-pion mass spectrum, because the highest energy of this ex-

periment just barely reaches the threshold for A 2  production 

+ 	 + C. Cross Sections for the Reactions it n - p ii, Ti n - p w 

The cross sections for rj and w production were obtained by cal-

culating the ratio 1 of the number of resonance (r1 or w) events 

to the number of events fitting reactions (II 1) through (II ), the 

sum of whose cross sections is required by charge symmetry to be 

equal to the sum of the cross sections (call this sum a 	) for the 
sum 
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processes 

_ 	
t n, 	 (1V.5a) 

- 	t (mm). 	 (Iv.5b) 

The resonance cross section is then R 	• a 	. The cross sections res. 	sum 

for reactions (iv.5) have been measured e1sewhere2  over the energy 

range of this experiment; the values of a 	used here are given in Sum 

Table 6. Identical "event goodness' 1  and spectator momentum cuts were 

made on all of reactions (11.1) through (Ii.li.), and the fraction of 

r and u. events in reaction (11.2) was determined in 13 different c.m. 

energy intervals, each 50 MeV wide, centered at the values 1.75,  1.80, 

1.85, ..., 2.35 BeV. The maximum-likelihood method was applied to 

find the fraction of Tj and w events; in this series of fits the 

resonance masses were set at the average values seen from Tab1e 5 

(m = 549 MeV/c2, m = 785 MeV/c2 ), and the widths as a function of 

c.m. energy were also obtained from Table 5 (interpolating where 

necessary). The cross section aum was calculated by interpolating 

from Table 6. Table 7 summarizes the number of events and the fraction 

• 	 of resonant events found in each c.m. energy interval. 

Cross sections were calculated for the processes 

	

it n -•* pr, 	 (iV.6a) 

	

-pw 	 .(Iv.6b) 

and are thus corrected for the branching ratios26 

( 	ni °(or y) )/(ii 	all) 	.29, 	 (IV.Ta) 

( 	 °)/( - all) 	.90 • 	 (Iv.7b) 	• 

In the calculation account was taken of the fact that not all of the 
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Table 6 	Sum of cross sections for the reactions ir 	p  

and 3T p - 	r (mm) as a ftnction of c in energy.  

source E 	 a 
cxii 	 sum 

(BeV) 	(nib)  

1618 	117±06 a) 

1716 	114±o6 b) 

1726 	iOI4.±08 a) 

1795 	io 1 ±o8 b) 

1 .872 	111±03 b) 

2030 	120±07 b) 

2181 	116±o6 c) 

2232 	118±06 c) 

2309 	107±06 c) 

21405 	104±0.5 

2 . 5o4 . 90±04 c) 

a) E. Pickup et al , PR 132, 1819 (1963) 

b) 	T. C. Bacon et al 	PR jj,  1263 (1967) 

c) L D. Jacobs, UCRL 16877  (1966) 
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Table7. Event numbers and resonant fractions as a function of c.m. 

energy in thirteen 70 MeV-wide c.m. energy intervals. 

E w fraction events in events in fraction 
C.M. reactions reaction in reaction in reaction 

(BeV) (ii.i)_(ii.Li.) (11.2) (11.2)  

• 	 1.75 i18 .124 ± .033 . I8O ± .057 

1.80 663 • 259 .071 ±.017 .539 ± .037 

1.85 1 072 44i 	• .099 ± .015 .702 ± .029 

• 	 1.90 1 506 .  622 .050 ± .010 ± .025 

1.97 1 970 8o4 	• .051 ± .008 .377 ± .021 

2.00 2 591 1 032 029 ± 	006 289 ± 017 

2.05 2 570 • 	 • 	1 009 	• .034 ± .006 • .320 ± .017 • 

2 10 2 432 1 009 030 ± 	006 289 ± 016 

2.15 2 298 972 033 ± 	006 254 ± 016 

2 20 1 81 801 029 ± 	006 300 ± 018 

2.25 1 420 603 016 ± 	005 217 s oig 

2 30 1 173 507 .017 ± 	006 205 ± 020 

2.35 653 274 010 ± 	006 210 ± 027 
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events with a 	decay of the r were included in the events as- 

signed to reaction (ii 2) 	In fact, from the lr+lt y mass spectrum of 

Figure 40 an estimated 26 .events remain classified as reaction (ii.L), 

and are not included in the fit From columns 3 and 4 of Table 7, it 

is found that there are around 318 q events in reaction (ii 2), so the 

Ti cross sections were corrected by the factor 344/318 1 08, since 

the branching ratio (Iv 'Ta) is used in the calculation 

As is discussed in Section III, the Glauber screening qf the 

target neutr'Dn by the spectator proton and the effect of the Pauli 

exclusion principle in suppressing low-momentum-transfer processes 

should affect the cross section determination only insignificantly.  

The reason for this is basically that all of the i'eactions 

(II !.), which serve as the normalization cross section, are affected 

in similar proportions, so that the ratio of the number of resonant 

events to the number of normalization events is unaffected to a first 

approximation, in Section III a more c)mplete discussion is presented 

The main uncertainty in the method arises from the spectator 

momentum cut spec < 300 MeV/c) applied to all the events used in 

the cross section determination As was noted in Section III, each 

of reactions (ii i)-(ii Ii.) has a different fraction of events with 

spectator momentum above 300 MeV/c, so that a different fraction of 

events is excluded from each reaction However, as was stressed at 

the beginning of this section, events with spectator momentum less 

than 300 MeV/c conform well to the expectations of the impulse model, 

so that for each of the normalization reactions only those events are 

used for which it is likely that the target particle is a neutron, 
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and not the entire deuteron. Still, if scattering of the final-state 

pions.on the spectator nucleon in reactions (ii.i)_(Ii.Ii.) is the cause 

of most of the high-momentum spectators, then differences in the 

amount of this scattering among the normalization reactions will lead 

to a systematic error caused by excluding different fractions of 

events for the different reactions (ii.i)-(ii.'i.). This systematic 

error could not be large, however, since the normalization reactions 

all have similar fractions of high-momentum spectators (see Section 

III). 

• . It was noted in Section II that about 4 per cent of reaction (11.2) 

is actually contamination from reaction (11.6). From Tabl 7 it is 

seen that reaction (11.2) accounts for only about 40 per cent of the 

normalization reactions (ii.i)-(ii.I.), so that this càntamination is 

about 1.6 per cent of the normalization events. This implies that 

• 	 the cross sections for Tj and w production should be increased by. about 

this percentage, but since 1.6 per cent is so much smaller than the 

typical error of, 15 per cent in.the r and w cross sections, the cor-. 

rection due, to this contamination has been ignored. 	. . 

Table 8 shows the cross sections obtained as described above for 

reactions (iv.6). The errors take into account the uncertainty in the 

resonance fractions of Table 7 and.. the errors in the normalization 

cross section of Table 6. As stated above, the cross sections are 

corrected for unseen and w decay modes. Figures 41 and 42. show the . 

cross sections vs. c.m. energy for reactions (IV.6a) and (Iv.6b), 

respectively. 	 .. 	 ... . 	 . 	 . 	 . . . 

The cross section for ii production has been measured elsewhere, 
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Table 8. 	Cross sections for Tr n - p and it 	n -4 w p as a function 

of c.m. 	energy. 

E w p) 
a (+ p) 

(rev) (mb) (mb) 

1.77 1.29 ± .4 1.149 ± 	.29 

1.80 1.08 ± .35 2.144 ± •35 

1.8 1.65 + .33 2.50 ± .25 

1.90 .86 ± .20 2.09 ± .20 

1.97 .89 ± .19 1.97 ± .19 

2.00 .50 ± .13 1.51 ± .17 

2.07 .59 ± .114 1.67 ± .19 

2.10 .55 ± .14 1.57 ± .18 

2.15 .60 ± .14 1.39 ± .16 

2.20 .55 ± .11i. 1.69 ±19 

2.25 .29 ± .12 1.18 ± .17 

2.30 .30 ± .12 1.07 ± .16 

2.35 .16±.11 1.03±.19 
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both for reaction (iV6a) itself (by Bacon et al.
18c

) and for its 

43 
• 	charge-symmetric counterpart, 	p -* n (by Bulos et al. 	Richards 

• 	et a1., 1 	 , Crouch et a1. t  Wahlig and Mannel1i, 1  and Guisan et 

47 al.), which should have the same áross section.. Likewise the cross 

section for reaction (IV.6b) has been measured at other energies, 

although much less extensively, both for process (IV.6b) itself (by 

179 	 18c 	 12 	 21d 
Kraemer et 	Baconet 	, 	Miller et al., . and Benson 	) 

48 
and for its charge-symmetric version (by Boyd et 	Figure 43a 

is a logarithmic plot of the Tj cross section measured in this experi-

ment, along with the data points of Bulos et al... Bacon et al., and 

Guisan et al. For the sake of clarity, the points of Richards et 

of Crouch et al., and of Wahlig and Mannelli are not. included in the 

figure; the data of Richards et al. overlap and agree well with the 

points of Bulos et al., those of Crouch et al. overlap with those of 

this experiment and of Guisan et al., with which they do not entirely 

agree, and Wahlig and Mannelli have measured one point which agrees 

perfectly with one of the cross section points of Guisan et al. 

Figure i-.3b shows. the w cross section points of this experiment along 

with the data of Kraenaer et al., Bacon et àl., Boyd et al., Miller et 

al., and Benson, which for the most part do not overlap with those of 

this report. 	 . 	.. 	. . 	. 	. 	. 	. 
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V. Ti PRODUCTION AND DECAY IN TUE REACTION it fl -* T p 

Events referred to here as Tj events come from the decay 

ir,iir° (or y). (About 10 per cent are estimated to be itiry decays; 

see Section IV.) The mass cut for the Ti  selection is 

730 MeV/c2  <m( Tr 
+_O) 

< 510  NeV/c2 . 

These events also satisfy the 'goodness" criteria defined in Section 

II and have spectator proton momentum less than 300 MeV/c. 349  such 

events lie within the Ti  mass cut. The cross section for Ti  production 

as a function of c.m. energy is given in the previous section. 

A. The Ti  Decay Dalitz Plot 

Figure 144 is the t.1itz plot for the 3-piori decay of 349 Ti  band 

• events. The x-axis is /(T+  - T)/Q, and the y-axis is 3T/Q - 11  

where T+,  T, and T0  are, respectively, the kinetic -  energies (in the 

3-pion rest frame) of the it, it, and 
O 

d Q = in - m+ - in.. - in0. 

A topic of current interest is the violation of C-conjugation 

• 	invariance in decay into ir+nTirO  and 
+14.9, 50, 	

An excess of 

events on either side of the vertical bisector of the Ti  decay Dalitz 

plot.of the form of Figure 4 is an indication of C-violation; a brief 

discussion of the reason for this is given in Appendix C. The frac-

tional right-left asymmetry, 

A 	(R -: L)/(R + 	 • 	• 

of the Ti - n Dalitz plot has been measuredby a multi-university 

collaboration, 52  which found A - +. 058 ± . 034; by Cnops et 11., 53  who 

found A +.003 - .010; by larribe et al.,15a  who measured A - -.061 

 lI a .00; by Baltay 	.Ü 	Who found A 7 +.072 ± .028; and, most 
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reent1y, by Gormley et 	who found A = +. 015 ± . 005. The 

asymmetry for the 	decay of the rj has also been measured (although 

with less precision than for the it it it decay) by Crawford and Price,
55  

who found A = -.02 ± . 17; by Litchfield et 5l5b who measured 

A -.o- ± . 08; by Bowen et a1., 6  who found A + .015 ± . 025; and 

57 
by Goin1ey et a1., 	who obtained A = +. 02 ± . Oil. 

The right-left asymmetry in the decay Dalitz plot of the ii events 

in this report is A = +.032 ± . 054. 

• 	 . 	 The variation along the vertical direction in the density of 

points in the ii - 	Dalitz plot of Figure 144 is a. well-known 

feature of this decay, and it has been discussed as evidence for the 

existence of an intermediate it t resonance in the decay. 

When the Tj decay into A it IT is fitted with a matrix element of 

the form 	 . 

1 + b (3T/Q - i), 	 (v.1) 
Tr 

Price and Crawford59  find b = -. 5 ± .05, and Cnops et aL 6  find 

b = . 55 ± . 02. 	. 

Figure 45 shows the variation of density ,  of points with the 

y-coordinate 3TQ/Q - 1 for the Dalitz plot of Figure 44. The y-axis 

of Figure 45 is the density of points relative . to that expected for 

uniform population of the Dalitz plot. The density was calculated 

under the assumption that of the events in the rj mass cut, 86 per cent 

are true i1 events, and the rest are background uniformly distributed 

over the i1itz plot. The background estimate is explained below in 

the discussion of the ri production angular distributions. No account 

ts which are ha been taken of the estimated 10 per cent of the ii even  
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really itt7 decays. The straight line is a good fit to the points 

in the figure and has a slope of -1. Since, from equation (v.1), 

1M( - ir+1T_r 0 )I 2 	1 + 2b (3T0/Q - 1) 	 (v.2) 

(assuming that b is real), this gives 

b=-.50±.05 

for the.density variation factor for the r1 events in this experiment. 

B. Production Angular Distributions for lt+ 

The production angle in this reaction is defined in the 

rest frame '(the rest frame of the 14-vector it+  + d - P() ) as the 

angle between the incoming 	beam and the outgoing -  ct °  momentum 

vector. 

Appreciable numbers of events in the.Tj band are found in the six 

100 MeV-wide c.m.. energy intervals centered at.E m  =1.7,1.8, ..., 

2.2 BeV; the first interval has 19 events, and the rest contain 

between 40 and 80 events apiece. From the assumed Gaussian line 

shape' of the Tr it it mass spectrum in the Tj mass region, it is possible 

to estimate the fraction of background events in the ri mass cut in 

each c.m. energy interval, using the widths for the Tj signal given in 

Table 5. The background fraction estimates are .15, .07,  .13, .17, 

.11, and .19, for the c.m. energy intervals centered at 1.7,  1.8, 1.9, 

2.0 1  2.1, and 2.2 BeV, respectively. The overall background fraction 

for all the events in the r1 mass cut is .iL The 3-pion production 

cosine distributions for 3-pion masses somewhat above the r• mass cut 

(there are very few events with 3-pion mass below the il band) are 
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fairly flat at all c.m. energies. Assuming that the production angular 

distributions in this control region are the same as those of the 

background events in the i  mass region, the background events (whose 

fractions are given above) were subtradted isotropically in production 

cosine from the production distributions for all events in the r1 band. 

Figure 46 shows the production cosine distributions in the c.m. 

energy intervals mentioned above for events in the r band, with iso-

tropic background subtracted in the amounts given above. The variable 

in the distributions is production cosine and not momentum-transfer-

squared (.#), because the 100 MeV range of ô.m. energies in each plot 

means that the maximum value of -t varies by typically 25 per cent 

over the plot. As an aid in estimating the t-distributions, Table 9 

shows (-t) 	and (-t) 	for the reaction 	n.-il p at a 
flLlfl]JIIUlfl 	 fl38.XlflluIfl 

series of cm. energy values. The shaded histogram contents in the 

forwardmosttwo bins are the estimated number of low-momentum-transfer . 

• events suppressed by the Pauli exclusion principle. Section III con-

tains a discussion of. this effect; . in particular,. see Table 4b. 

• From the presence of the forward dip in the Tj production cosine dis- 	- 	•- 

• tributions, and from the fact that the nucleon spin-flip amplitude 

must vanish in the forward direction, whereas the non-spin-flip ampli-

tude need not, it is assumed that the Pauli principle correction fac-

tors to be used .for the ii production cosine distributions are those 

for the spin-flip amplitude. 	 - 	. 	•. 	. 

Thesharpness of the forward dip in the q production cosine dis-

tribiitioiis. sl1g'tsts that the dip may be due to an experimental bias 

in the sample of events. 	Lecause only 4-pronged events (events with 



Ecm r 1.9 BeV 	

1Lfl 	
I 

UJ 
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Table 9. 	Limits on momentum-transfer-squared as a function of c.m. 

energy for the reaction it n - 	p 

E cm min.. max 

(BeV) (BeV2 ) (BeV2 ) 

167 032 79 

170 025 95 

175 020 112 

180 016 129 

187 014 147 

190 On 165 

1.95 010 1.84 

200 008 203 

2.05 007 -223 

2.10 006 2.43 

215 006 264 

220 005 285 

225 004 307 
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two visible final-state protons) are used for this report, it is 

plausible that events with low momentum transfer may be lost into the 

sample of 3-pronged events in the following way:. Since the target 

neutron, when it collides with an incoming 	and becomes a proton, 

is moving with a Fermi momentum of around 100 MeV/c in the laboratory 

system, it is possible that for low-momentum--transfer collisions 

many target neutrons are given just enough 3-momentum to make the 

laboratory momentum of the final-state proton below 85 MeV/c. Such a 

proton does not produce a visible track, and the event, which would 

normally appear as a 4-pronged event, is a 3-pronged event and does 

not appear in the sample of ri's shown here. A Monte Carlo experiment 

was programmed to investigate this effect over a few values of c in 

energies covering the c.m. energy range of this experiment. It was 

found that this bias only affects the forwardmost bin of any of the ii 

production cosine distributions presented, and that the correction for 

events lost from this bin into the 3-pronged events and into other 

production cosine bins due to misidentification of the spectator proton 

was at most 4 per cent, and ty-pical1y 2 per cent This correction 

cannot account for the sharpness of the forward dips seen in Figure 

46, and it is ignored because of its smallness It is thus felt that 

the sharp forward dips seen in the figure are a real attribute of the 

data 

C. A Regge Description of the Reaction 	n - 	p 

Using Veneziano-srpe Residue Functions 
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in Figure 46 suggests a description of the production process in terms 

of a t-channel pole, that is, in terms of particle or Regge-pole 

exchange. Figure 47 is a diagram illustrating this process; the 

exchanged pole is the A2 (1300) meson with spin-parity of 2. The A 2  

is the only known particle which can be exchanged in this reaction. 

This is because the upper vertex of the figure requires that an I = 1, 

- object be exchanged; of the four I = 1 possibilities, which are 

i, p, A2, and By  p and B are excluded because they have G = +, and it 

is eliminated by spin and parity conservation, since the TC has J = O 

(its Regge pole equivalent has unnatural spin-parity, i.e. J,P = 

j 
()J+l 

The differential cross section for this reaction, in terms of 

62 i • the invariant amplitudes A and  By 	s 

da 
d(cos8) (nib) 

= 3895 M2(1f{I A j 2 ~ [s_u)2_~k2t]J BI2 

- ( 	
)Re(A B) 	 (v.3) 

• Here s, t, and u are the usual Mandeistam variables, and 

= initial-state c.m. 3-momentum 

q. = final-state c.rn. 3-momentum 	 • 	 : 

k 	t-channel meson momentum 

= 	[t - (m + m)2] {t 
- (rn - m)2] /2I. 

TC 

p = t-channel baryon momentum 

N 	nucleon mass • 
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All masses and momenta are in BeV. The Regge form of the invariant 

amplitudes A and B is the leading order in s of a Véneziano. parametri- 

62 
zation: 

A (BeV) - ar(l - a(t))(l + e_t))(bts)t) 	(V a) 

i (BeV) = br(l - a(t))(i + e_i(t))(btts)t)_1 	(v 14b) 

For a discussion of the invariant amplitudes A and B, and for an 

elucidation of the function r(i - 	as the Veneziano form for the 

Regge residue function, the reader is referred to Appendix Di a(t) is 

the A2  trajectory function, which is taken to be the straight-line form 

a(t) 	2 + b (t - m2  ) = 2 + b (t - 1.69) 	(v.5) 
A2  

This parametrization is similar to the standard Begge treatment of 

helicity amplitudes, 63  but the Veneziano model demands that 

= b' 	b 	 (v6) 

be the universal slope of the linear trajectories Hence, taking the 

universal slope b from experiment to be 1 BeV 2, A and B are prescribed 

up to the real constants a0  and b0, the only parameters of our fit 

A least-squares fit to the shape only of the T1 production angular 

distributions results in the choice 

b/a = 2 	 (V7) 

as the ratio of magnitudes giving the best fit, which is displayed 

upon the six production cosine distributions in Figure 48. The curves 

on the production distributions all satisfy equation (v.7), but they 

are uormalized separitely to have the same area as the respective 

historam in T'i'ure 18 	It will be seen below, however, that a single 
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choice of scale factor, i.e. a unique choice of a and b, fits both 

the shape and absolute scale of all distributions. The zero in the 

curves at t = -1.3BeV2  occurs because the signature factors in ampli-

tudes (v.I1.) go to zero when a(t) passes through -1. 

The energy dependence of the total cross section for this reaction 

and its charge-symmetric counterpart have also been compared to the 

model. The cross sections of references 18c, 43, and 47, as well as 

the data points of this experiment were used to test the validity of 

the energy dependence of the total cross section predicted by the 

model; these data points span the c.m. energy interval from threshold 

for the reaction up to almost 6 BeV, the highest energy at which it 

has been studied.. Figure .11.9 is a plot of the total cross section for 

reaction (IV.6a) and its charge-symmetric equivalent vs. c.m. energy, 

along with the prediction of the Reggeized A 2-exchange model; the 

data points are the same as those in Figure 113a. With b/a0  2.11., 

and the value of a chosen so that the curve passes through the arbi-

trarily selected data point at E 	= 3.46 BeV., the fit is seen to be 

very good over the entire range of energies. The energy dependence 

of the curves is seen to be quite sensitive to the value of b 0/a0 ; 	 . . 

agreement with the. total cross'section data is obtained, only for the 

ratio b/a within ± 5 per cent of the value 2.11., which is the same 

ratio needed, within ± 10 per cent, in order to fit the shape of the 

production angular distributions Furthemorean A2  trajectory slope 

-2 	 .  
of 1 BeV ± 10 per. cent is.necessary.to  fit the width of the experi-

mental production cosine distributions, and this is in accordance with 

2  a universal trajectory, slope of 1 BéV. ..' 	 . 
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The parameter values used to obtain the fit to the shape of our 

production angular distributions and to the total cross section over 

a wide range of energies are 

a0  = 28 .7, 	b 	= 68.8 	 (v.8) 

Figure 50 shows the differential cross section da/dt for 

r p - n , n - 7 i 	 (v.9) 

from reference 47 at c.m. energies above 2.70 BeV, along with the 

predictions of the Reggeized A2-exchange model; the curves are nor-

malized to have the same area as the histograms. The agreement be-

tween the experimental distributions, and the model is seen to be 

satisfactory; the total cross section points of this reference are in 

excellent agreement with the model, as is seen from Figure 49. Figure 

71 shows differential cross section measurements from two more experi-

ments. In Figure 51a the differential cross.section measured by 

Benson21'1' 
21e  is compared with the model. Here the agreement is 

quite good except for the greater number of events at large values of 

-t than is predicted by the model. . However, it should be noted that 

the experimental distribution of Figure 71a includes events from reac-

tion (11.2) with spectator proton momentum greater than 00 MeV/c. 

These are events which are suspected not to arise from it collisions 

with only one of the nucleons in the deuteron, and they are at the 

same time events which are likely to have large momentum transfer 

values, since both final-state protons have laboratory momentum 

greater than 300 . NoV/c. It is further noted that the sharp forward 

dip in Fiture ia is in disagreement with the equivalent distribution 
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of reference 47 shown in Figure 50b. Figure 5lb is the differential 

cross section for reaction (V.9) determined by Wahlig and Mannelli 

at E 	= 4.43 BeV. The distribution is somewhat broader than the 
C.M. 

model predicts; in this connection it is noted that the equivalent 

distribution of reference 47  seen in Figure 50d is narrower than that 

of WahIig and Mannelli and more in agreement with the model, although 

both of these sources obtain the same total cros.s section. 

'a'. 
At the lower, end of the energy spectrum Richards et al. 	have 

measured differential cross sections for reaction (V.9)  which are in 

excellent agreement with those of this report at the energy values 

where they overlap. Only in the differential cross section measure-

ments of this reference around E 
C.M.

1.57 BeV, the mass value of the 

N1(1550) resonance,26 do the data differ markedly from the predictions 

of the Reggeized A2-exchange model. 	 -. 

The simple two-parameter Regge exchange model described here is 

thus sufficient to describe accurately both the production angular 

distributions and the total cross section for reaction (iv.6a) over 

a wide range of energies; this indicates that the t-channel process 

of A2-exchange dominates the reaction from near threshold up to the 

highest energy for which data are available. 

Reference 64 is a list of other (less comprehensive) Pegge fits 

to this reaction, using different 'parametrizations. 	. 
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VI 	PRODUCTION AND DECAY IN THE REACTION qj n - w p 

The 
+•O 

 decay mode of the w is the only one considered in this 

report, and an w event is one for which 

750 NeV/c2  < m( °) <820 MeV/c2  

Only those events are used which satisfy the "goodness" requirements 

of Section II and have proton spectator momentum less than 300 MeV/c 

About 3100 such events lie in the w mass band defined above, the 

background fraction in this cut is estimated to be 17 per cent. The 

reader is reminded that the cross section for ci production as a 

function of c in energy is given in Section IV. 

A. The ci Decay Dalitz Plot 

The rU.tz plot for the 3-pion decay of 3116 w band events is 

shown in Figure 52 T+,  T_, and T are the kinetic energies in the 

i rest frame of the it., A , and it respectively. The prominent fea-

ture of this £1itz plot is the concentration of events near the 

center and the paucity of events near the boundary. This character-

istic distribution of events in the t1itz plot was used to determine 

the spin-parity of the w as 1 in the analysis of the experiment in 

which this meson was discovered and all its quantum numbers deter-

mined 6 
Since then Flatt 	66 

have made a thorough analysis of 

over 4600 3-pion w decays and also conclude that the spin-parity of 

the w is I 	The simplest matrix element for the decay of a 1 par- 

+—O  tine into n JI II is p x p, where p and p are the momentum vectors 

F 
of the 	and the n in the 3-pion rest frame 6 The square of this 

matrix element is displayed on the Dalitz plot of Figure 53 The 
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contours are lines of constant Intensity; the center of the Dalitz 

plot has maximum probability, and the boundary is the contour of zero 

probability. 

The fractional left-right asynñnetry of the events on the w Dalitz 

plot in this report is 

A = (R - L)/(R + L) = 7.024 ± 018 

The significance of .an asymmetry in the decay i - 	has been 

discussed in the previous section. 

B. Production Angular Distributions for 	•- ui p 

The production angle is the angle between the jT beam and the 

final-state momentum vector, in the initial-state 11+ n rest 

frame 

Production cosine distributions were obtained for six 100 MeV-

wide c rn. energy intervals centered at Em = 1 8, 1 9, 	, 2.3 BeV, 

the intervals contain between 200 and 750 events each Using the 

Gaussian widths of the w signals in these intervals (see Table 5), 

estimates have been made of the background fraction in the w mass cut 

for each interval of c.m. energy. The background estimates for the 

intervals centered at Ecm = 1 8, 1 9, 2 0, 2 1, 2 2, and 2.3 3eV are 

• iS, 17,  20, 16, 11, and 14, respectively. The shape of the 

background production cosine distribution was presumed to be the same 

as that for 3-pion combinations with masses above and below the 

mass. The sum of production cosine distributions for 3-pion masses 

above (830 MeV/c2  m(3n) < 930 MeV/c2  and below (6o MeV/c2  < 

2  m(30 < 740 Me\i/c) the w mass was found to be forward-peaked at all 
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c.m. energies except at 1.8 BeV. The shape of the production cosine 

distribution for these 3-pion mass cuts is well approximated by the 

• 	function 

b(cosO) = 1 + h e__C0S/25, 	 (vi.i) 

where h varied between 1 and 5 (except h = 0 at 1.8 BeV). A back-

ground with this shape was subtracted from each production cosine 

distribution in the amount given by the fractions stated above. 

• 

	

	Figure 54  gives the w production distributions for six 100 MeV- 

wide c.m. energy intervals after subtraction of the estimated back-

ground. The shaded area in the forwardmost two bins is the estimated 

number of events suppressed at low momentum transfer by the Fu1i 

exclusion principle. A discussion of this effect is given in Section 

III. The fact that the production cosine distributions at the three 

highest energies have a somewhat flat forward peak suggests that the 

• 

	

	 spin-flip as well as the non-spin-flip amplitude contributes. • It was 

thus decided to take the average of the spin-flip and non-spin-flip 

• Pauli suppression factors of Table 4a in making an upward correction 

to the two forwardmost production cosine bins at each energy. Table 

10 shows (-t) . . and (-t) for this reaction at a number of minimum 	maximum 

c.m. energy values so that the t-distributions can be estimated. 

C. Decay Angular Distributions for A - 

The decay of w mesons from the reaction 1T n - w p will be des- • 

cribed in the rest frame of the w. The decay direction is the direc-

tion of the normal to the plane of the three decay pions. w decay• 

correlation data will he given for two reference frames. 
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Table 10. Limits on momentum-transfer-squared as a function of c.m. 

energy for the reaction n - w p. 

(-t) 
c.m. nan. max. 

(BeV) (Bell2 ) (BeV2 ) 

1.75 .183 : 	 •555 

1 80 121 .790  

1.85 .091 .999 

1.90 .071 1.203 

1.95 .058 

2.00 .o 1 8 1.610 

• 	
2.05 	• .o1 	• 	• 	 • • 	

1.817 	• 

• 	 2.10 .035 2.028 

215 030 2243 

2.20 026 2.462 

2.25 023 2.686 

• 	

• 	2.30 	• 	 • • 	 020 	• 2.914. 

2.35. .018 3 14.7 

• '.• •. . 
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Jackson frame: 

Here the axes in the wrest frame are defined as follows. 

= direction of incoming beam 

= normal to production plane 

- 	•-4 	-4 
x = yxz •  

helicity frame: 

The axes in the w rest frame are 

= direction of flight of the w 

normal to the production plane 

x = y x z 

In both definitions it is important to note that the normal to the 

production plane is taken to be b x w, where b is the 3-momentum of 

the incident beam and w is that of the outgoing w meson. 

The distribution of the normal to the 3-plan plane in these two 

68 
frames is given by 

w(e,() 
= 1 

3 	 1
i 00cos e + 	- p00)sin e 

- p1 . 1sin26cos2cp - /Re( 10)sin2ecoscP] (vI.2) 

• 	 Here p. 	are the components of the w spin density matrix; .a dis- 
1,J. 

cussion of the density matrix of a spin-1 particle is given in 

Appendix F, which also contains an exposition of the method used here 

to find the density matrix. 

• 	 •. • The method of moments was used to determine the values of the 

density matrix elements. If the fraction of w events in the w mass 

cut is. f, then under the assumption that the backgràund events in the 

• 	 cut produce no decay correlations of the form given in equation (VI.2), 
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• the density matrix elements are given by 

= 	+ 	a/f 	 (vi 3a) 

	

= - 	afl/f 	 (vi 3b) 

15 

	

Re(p10) = 	7IFa21/f 	 (VI.3c) 

Here 

a20  = <Y20 (e,cp)> = 	j 	(cose - 	 Ni. 14a) 

15  a21  = 2<Re(Y(0,cp))> = 2<- tJsinecosecosq 	(vI.li.b) 

a22  = 2<Re((e,p))> = 2< 	sin2ecos2, 	(VI ll.c) 

where the Y are the spherical harmonics (see Appendix F) 

At each c m energy the events were divided into production 

cosine intervals such that each interval contained about 100 resonance 

events In each production cosine interval the maximum-likelihood 

fitting program MURTT2BERT37  was used to estimate the fraction of w 

events, the fit was performed leaving the A mass and width to be 

round as well as its fraction The assumption that only the w events 

(and not the background) contribute to the moments of Y, Re(Y), and 

Re(Y) was strengthened by taking moments in the nonresonant mass 

band 830 MeV/c2  < m(3n) < 930 MeV/c2  for each c m energy interval 

and noting that these moments are essentially statistically zero 

Since only w events and background events, whose 3-pion "decay" should 

be isotropic, are assumed to be present in the wmass cut, only the 

three moments listed above should be nonvanishing To check this 

prediction, all the moments of Y, Re(Y), and Im(?) for 2 - 1, 2, 3 

were ealculated. and it was seen that essentially all moments, except 
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the allowed ones, are zero in the w band. 

An independent check on the method was supplied by a series of 

maximum-likelihood fits, in which the decay correlation coefficients 

• 	 a20, a21, and a22  were included in addition to the w amount, mass, 

and width. In a few production cosine intervals no solution could be 

obtained, since a few events yielded negative likelihoods, but in all 

cases where a solution was found, the coefficients were in excellent 

agreement with those determined from the moments analysis. 	- 

The density matrix elements quoted inthis report are the ones 

found from the moments analysis. 

Table 11 gives the density matrix elements in the Jackson frame 

• 	. 	found as described above, and in Table. 12 are found those in the 

helicity frame. The errors take into account the uncertainty in the 

coefficients a20, a21, and a22  as well as that in the w fraction. 

Figures 55, 56, and 57 show the density matrix elements p 	P1 _1, 

and Re(p10), respectively, in the Jackson frame. The curves in these 

figures will be discussed below. Figures 58, 59, and 60 display these 

density matrix elements in the helicity frame.  

It is noted that the density matrix values in the Jackson frame 

for E
m 
 = 2.0 BeV agree well with the equivalent values given by 

Bacon et a1. 
18c 

 averaged over all production cosine. The Jackson . 

frame values of p0 0 are also similar to those found by Miller et a1. 12 

Cohn et al.,
20c 

 and Benson2.' 2le at higher energies: tica11y . 	. . . 

.7, which implies a 1 + cos2 e decay .cosine distribution: 0,0 
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• Table U. (.) decay density matrix elements in the Jackson frame as a 

function of c m 	energy and production cosine interval 

(BeV) cosO P0,0  P1, _ 1  Re(p10 ) 

18 (-1,0) 53± 12 -05± 08 12± 08 

(0,5) 60± 14 -o1± 09 -05± 08 

(,i) 49± 13 07± 10 -08± 08 

39 (-1,-3) 62± 18 -o6±.10 -.oi±.o8 

(-3,1) 61 ± ii -19± 08 -07± 06 

( 	i, 	Ii-) 8 ± 11 01 ± .07 -.10 ± 06 

( 	ii., 	i') 63 ± 11 09 ± 07 - 16 ± .06 

(7,1) 33± ii -06± 10 -.06± 08 

20 (-i,-3) 52±13 00±08 -06±07 

(-3,1) 80± 13 -08±07 -15± 07 

( 	1, 	I) 53 ± .10 - 03 ± 07 -. 214. ± 08 

(,.7) 51± 10 -03± 07 -21±.06 

( 7,1  ) 31 ± 09 04 ± 07 - 18 ± 06 

21 (-1,-2) li.0± 10 -12±.09 -.16± 08 
(-2,.2) 55±.11 -09± 08 -.16± 07 

( 2, 	6) 37 ± 09 .05 ± 08 - 21 ± 07 
20 ± 08 .07 ± 09 - 17 ± 06 

(8,1) 14.2± 09 08± 08 -05± 06 

2 2 (-i. , 0 ) 30 ± 11 -.29 ± 13 - 16 ± 09 

(o,.6) 34 ± ii -09±.10 -27±.09 
(.6,8) 27± 08 .09±.07 -12± 05 

( 85, 1.) 49 ± 09 - 11 ± 07 - 01 ± 05 

23 (-1,.7) 42± 12 -11± 10 -.16± 09 

( 	7,1 ) 49 + 10 08 ± 07 - 16 ± 06 



(Bell) 
cosO 

p0,0 P1, _ 1  Re(p10 ) 

18 (-i,o) 53± 13 -oI1.±.08 -07± 07 
(o,.) 23± 12 -22± 12 01± 08 

(5,1) 40± 12 03± 10 12± 08 

19 (-i,-3) 46± 15 -1± 12 -11± 09 

(-3,1) 36±09 -31±09 -03± 05 

( 	i,.14.) 18 ± 09 - 20 ± 09 02 ± 06 

.15±.09. -.15±;o8 .18±.o6 
•43 ± 13 .00 ± 09 07 ± 08 

20 (-i.,-3) 38± 11 -07± 09 -08± 07 

(-.3,.i) 23± 09 -36±.io -17± 07 

( 	i,.l.) 08 ± 10 - 26 ± 10 13 ± 07 
29 ± 08 - 	ill. ± 08 -- .20 ± 06 

(7,1.) 60± 11 19±o8 07±.o6 

21 (-1,-2) 15± 10 24 ± II -06± 07 

(- 2,.2) .20 ± 09 - 26 ± 10 -.05 ± 06 

(.2,.6) 12 ± 10 - 07 ± .08 16 ± .06 

( 6, 	8) 112 ± 10 18 ± 08 .17 ± 06 

( 	8, 1.) 43 ± 09 .08 ± 08 .12 ± 07 

22 (-i.,o) .17± 13 -36±.14 01± 07 
13 ± 12 -.19 ± 12 .15 ± 09 

( 6, 	85) 33 ± 07 .12 ±1.07 10 ± 05 

( 	8,i.) 11.5 ± 09 - 13 ± .08 04 ± 06 

23 (-117) .30± 11 -18± 12 09± 08 
(.,i) 43± 10 05± 07 15± 06 
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the predictions of the p-exchange model with absorption, for GT 
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D An Attempt to Describe the Reaction 1t+ i w p 

Using a p-Rxchange Model with Absorption 

The forward peaking of the production cosine distributions of 

Figure 54  at the higher c in energies suggests that in this enerr 

region, say for E m ' 1.9 BeV, a description of the production 
C.

process might be obtained in terms of particle or Regge-pole exchange 

Figure 61a shows such an exchange diagram in which the exchanged par-

ticle is the p meson In fact, the upper vertex of the figure shows 

that the exchanged meson must have I = 1, and of the four I -= 1 pos-

sibilities (IC, p, A2, B), Tr and A2  have the incorrect G-parity. The 

p meson has a lower mass than the B meson and might at first consi-

deration be expected to contribute more than the B.  

The postulate of p-exchange as shown in Figure 61a leads to the 

conclusion that 

= Re(p1  ) = 0 	 (VI 5) 
, 	 , 

in the Jackson frame This can be seen easily as follows In the 

Jackson frame the w is at rest, and a p and a i (the beam) come 

together from opposite directions along the z-axis to form the w. 

The 	has J = O, the p has J = l, and the w has J = l, so to 

• 	 satisfy spin and parity conservation the p and Tr must be in a rela- 

tive P-wave Now because the p_it relative angular momentum has no 

component along their line of flight (the z-axis), the P-wave angular 

0. 	 . 
momentum function must be Y in the Jackson frame This angular 

momentum is added to the p spin wave ftnction to form the w spin But 

sin.c Y1 , the p and the w all have spin 1, only the ±1 substates of 
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the w can be populated. (The m = 0 spin substate of the p, when added 

as an angular momentum with Y l, does not couple to spin 1.) The fact 

that no m = 0 substates of the w are populated then implies equation 

(v15) 

It is clear from the nonvanishing values of p 	in the Jackson 0,0 

frame in this and other experiments that the simple p-exchange process 

discussed above does not agree with the data A way around the diffi-

culty is the inclusion of absorptive corrections, that is, the inclu-

sion of diffractive scattering of the initial- and final-state par-

ticles along with the p-exchange This situation is drawn in Figure 

61b J. D. Jackson and his coworkers have developed a theory of par-

ticle exchange, including the effects of absorption, reference 69 is 

a list of papers expounding the theory and summarizing its comparisons 

with many experiments The initial- and final-state absorption 

(diffractive scattering) not only change the value of p 	from that 

expected according to simple p-exchange, but also predict production 

angular distributions narrower than those predicted by the p propagator 

factor alone 

In essence, the two diffraction scattering processes indicated in 

Figure 61b each contribute to the overall process with a phase shift 

given by.  

2 
e212) = 1 - c e72 , 	 ( vi 6) 

where, by analogy with diffraction scattering on a "gray" disc, C 

lv€s the "darkness" of the disc 	1 means an opaque disc, C - 0 

means no diSL at all), and 7 = 2/k2i 2 , where k is the particle momen- 
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turn, R is the radius of the diffracting disc, and 2 is the angular 

momentum. The parameters y and C are known for the initial-state 

scattering (rrn scattering in our example), and for the final-state 

scattering the standard choice6'  of parameters is C = 1, and 

7finai = *75  7initial 	. 

A fit to the reaction jT n - w p at our c.m. energies using a 

70 p-exchange model with absorption has been attempted.. With the ab- 

sorption parameters -y and C fixed as stated in the above paragraph, 

fits were tried for three values of the ratio GT/GV, the ratio of 

tensor to vector coupling at the pnp vertex.69C The model was compared 

to the data of this report for GT/GV = 1, 2, and 3; at all of these 

values.: 'the agreement is in general poor., so that no more detailed 

fitting was attempted. Although vector meson dominance of the nucleon 

form factor predicts GT/GV = 37,69c this value was.not tried since 

the agreement between the model and the data, where present, occurred 

for a ratio of 1. 

The total cross section for this reaction cannot be described by 

the model,, since the experimental cross section drops after reaching 

a peak 'near threshold (see Figure 43b), whereas the model predicts a 

cross section rising uniformlywith enerr from threshold. In order 

- . 	 to ignore this basic discrepancy between experiment and the theory, 

the differential cross section .curves predicted by the model have 

been normalized to have the same area as the histograms of Figure 62, 

which shows the differential 'cross section and.the theoreticalcurves. 

for 	= 1. The curves agree with the experimental production 

distributions only for E 	, 2.2 and 2.5 FeV. The curves in Figures ' 
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Figure 62 	w production cosine distributions for six 100 MeV-wide 

c in 	enerr intervals 	The shaded events are added to account for the 

effect of the Pauli exclusion principle The curves are the predic- 

tions of the p-exchange model with absorption, they are normalized 

to have the same area as the histograms 
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APPENDDC A 

• 	 DERMINATION OF EXPOSURE SIZE 

Three independent methods were used to determine the size of the 

exposure at the eight incident pion momentum settings p = 1.10 

(1.119 ± 01119 and 1 086 ± 01086), 1.30 (1.301 ± .01301), 1. 53 

(1. 525 ± .01525), 1 8 (1.584 ± 0158 14), 1.70 (1.70)4  ± 0170)4), 1.86 

(1.856 ± .025 and 1 868 ± 01868), 2.15 (2 160 ± .0216 and 2 i14o ± 

02114.), and 2 37 (2 360 ± 014145 and 2.384 ± 0)40) BeV/c 	The numbers 

in parentheses are the values used in the beam momentum averaging 

Method 1 Direct Measurement of Path Length 

In a special scan of the film, every 25th frame of 10 rolls of 

film at each incident momentum was scanned, noting the number of beam 

tracks entering the chamber (- N), the number leaving the end of the 

chamber without interacting (= N), the number leaving the sides of 

the chamber without interacting (= Na), and the number having some 

interaction in the bubble chamber (= N  ) N. is corrected for, an es- 
1 	1 

timated 10 per cent of 1-pronged events missed due to the fact that 

their scattering angles were too small to be detected Then at each 

momentum a number of tracks leaving the end and a number leaving the 

sides of the chamber were measured on a Franckenstein measuring 

machine to determine their average lengths, 1.
e 
 and 2'  respectively.  

Table A.1 gives the number of each type found in the scan, and their 

average lengths 

'ince the interaction length g in the bubble chamber is long 

to 	.O nib so jo-'  (1 ft-b)/oO mb 	lo ft) compared to the length 
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Table A. 1. 	Results of path length scan and track length measurement. 

p / 	, BeV/c) 

+ 
£ s 

N 
0 

N. N 
s 

* 
2 e 

(cm) (cm) 

1.10 2 669 756 1 161 156 9 132 

1.30 2 522 780 374 153.6 130 

1.53 3 384 i Ol.O 891 154.1 120 

1.58 3 237 972 929 .,154.8 131 

1.70 3 672 1 156 353 153.8 iiO 

i 86 3 493 1 o44. 179 153.5 135 

2.15 3 703 1 028 92 152.8 121 

2.37 3 076 802 89 151.9 106 

* The error in 
2e  

is typically 1 per cent 

+ The error in i is typically 5 per cent - 
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of the bubble chamber (6 ft), the average length of tracks inter-

acting in the bubble chamber will be taken to be 2e/2  or tF the effec-

tive length of the chamber, i e the beam is not appreciably attenu-

atedin passing through the bubble chamber, and the interactions are 

distributed randomly along the length of the chamber. This can be 

calculated as follows, using the fact that the probability of inter-

acting at a distance x is _d(e"2o)/dx = (e ' o)/2 

= average length of interacting tracks 

f2e (x/2) eto ox 

f e (1/2) e_X/2o dx 
 0.  

= 	2e 	 + 2 
i - ee"o 	 ° 

Le/2o 	 2 Since 	>> 2 e 	1 + 2/'2 + (2e/2o) /2, 

- 2 

1 + £/22 

The path length in the frames scanned is then 

L 	Nt +N2 +N2/2 ee 	ss 	ie 

= (N -N -N)t +N2 +N2/2 
o 	i 	s e 	ss 	ie' 

= (N-N/2-N).g +N2 
o 	i 	S e 	ss 

Table A 2 gives the results of this calculation of the path length 

Method 2 Indirect Determination of the Path Length 

In this method of estimating the total path length, the total 

cross section as measured elsewhere with high precision is 

divided into the total number of events estimated to be on the film, 
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• 	
• Tab1e:A:2. 	Results of direct.measurement of path length. 

path path number 
length length of 

* 	 p in scan per roll rolls total path length 

(ReV/c) (106  cm) (6 cm)  (106 cm) 	(ev/b) 

1.10 330 827 16 13.20 50 

1 30 319 797 15 11,96 .43 

1.53 411 1 029 69 70.98 2 70 

1.58 14.04  1 009 13 113 	12 50 

1 70 14.71 1.177, 68 81.24 3.09 

1.86 453 1.132 71 80.35 3.05 

2 15 14814. 1.211 70 811. 78 3.22 

2 37 402 1.005 26 26.14 99 

r 
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using the relation 

path length (cm) = L = 26 3 o6 
(total events)/att '-

To procedures were used to estimate the total number of events on 

the film 

In a scan of every 25th frame of 10 rolls of film at each of the 

eight momentum settings, the total number of interactions were noted, 

as described in method 1 Extrapolating to the entire sample of 

film, the numbers given in Table A 3 were obtained for the size of 

the exposure 

Using the scan mentioned in a) above, the ratio of 3- and 4-

pronged events to all events was computed Then using the master 

scan list to get the total number of 3- and u-prOnged events found on 

the film, corrected upward by 5 per cent (the scan ine'fiency for 3-

and 4-pr-nged events estimated from a check scan), the total number 

of events on the film was estimated, and the exposure size was ob-

tained as in a) Table A gives a suimnary of the procedure and the 

results obtained 

Method 3 Indirect Determination of the Path Length 

This method of estimating the total path length is similar to 

that of method 2, but instead of estimating the total number of events 

on the film and dividing this number by the total cross section, here 

we estimate the total number of events fitting the reactions 

+ 	 +- 
t n(p)-4(p)p ir t 

+ -0 
(Al) 

+ - 
4(p)pn q 7 
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Table A.3. 	Path length determination using Tc d total cross section 

(method a) 

ev/b 34 
tot 

(BeV/c) (nib)  

110 710 01 

130 698 1 3± 01 

153 71 257± 07 

158 69.6 46± 01 

170 665 2 .97± .07 

186 647 2 .92 ± 06 

2.15 63.8 2.88 ± 06 

237 

14 

632 .84 ± 02 
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Table A 11. Path length determination using ir d total cross section 

(method b) 

* 
corrected ratio of 

no of no 	of 3-, 4_ 
3-, 11- 3-, 	4.- prongs total 34 

p prongs prongs to all events Crt0  ev/1.ib 
(BeV/c) (mb)  

1.10 4 541 f 780 111.5 32 966 71 0 11.6 

1.30 5 367 5 	611. 186 30 371 69 8 44 

1 53 34 977 36 818 204 180 480 71.4 2. 53 

1. 58 6 385 6 721 226 29 739 69.6 43 

1 70 11.3 ill 45 380 226 200 796 66 3.03 

1. 1 86 118 618 51 177 271 188 845 64. 7 2.92 

2.15 59 301 62 1122 317 196 915 63 8 3.09 

2.37 18 11oi 19 369 364 53 212 63.2 811. 

* The correction is inefficiency.  for an estimated 5 per cent scan 
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+ - 
(mm), 

and divide this number by the sum of the cross sections for the above 

four reactions. The sum of these cross sections is known by charge 

symmetry to be equal to the sum of the cross sections for the pro-

cesses 

+ - 
itp - Tt 	it 	fl 

(A.2) 
-fit it (mm), 

the cross sections for which have been measured over the c.m. enerr 

42 
range of this experiment; see Table 6. 

Before displaying the results of this determination of the cross 

section, one comment should be made: For the events fitting the four 

reactions (A.l), we tacitly assume the validity of the spectator 

model.. That is, we assume that one of the protons in the final state 

did not participate in the reaction, even though in many events both 

protons have laboratory momentum greater than 300 MeV/c, which. is the 

effective upper limit for laboratory momentum according to the Hu1thn 

wave function. The inclusion in this procedure of all eventsfitting 

reactions (A.l) introduces some uncertainty. 

Table A.5 summarizes the procedure and the results obtained. No 

results are given at the momentum settings 1.86 and 2.15 BeV/c, since 

no 3-pronged events were measured at these momentum values. The 

errors on the ev/b values are set at 10 per cent, which is the typi-  

cal experimental error on the normalization cross section of reference 

12 . 	 . 	. 	. 	. 	 . 	. 
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Table A.5. Exposure size determination via normalization to 

reactions (A 1) 

112 * 
events 	in a 	for 
reactions reactions 

p (A 1) (A 1) 	ev/.tb 

(BeV/c)  (mb)  

1 10 11 200 11.3 	.37 ± 	04 

130 L669 107 	411.± 	Q4 

153 251180 106 	240± 	24 

18 11.770 iO4 	.116± 	05 

170 - - 	- 

186 - - 	- 

2.15 37 156 12 2 	3.05 ± 	30 

2.37 10 577 10.7 	.99 ± 	10 

* The number of events includes a correction for the passing rates of 

3-pronged and 4-pronged events and for a scanning inefficiency of 5 

per cent 
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Summary of Results 

Table A 6 sunnarizes the results for the path length found by 

the four procedures described above. 

it is seen that the last three methods agree with one another, 

whereas method 1. yields path lengths which are consistently 5=10 per 

cent higher than the values obtained by the other methods This is 

consistent with an estimate of 5-10 per cent of noninteracting muon 

contamination in the beam Because of the above-mentioned uncertainty 

in method 3 due to the inclusion of events with fast spectator protons 

in the method, the average result of methods 2a and 2b is taken as the 

final values for the path lengths, these values are given in the last 

column of Table A 6 

Corollary Result Determination of Tr d Total Cross Section 

As an additional result from method 1, the direct measurement of 

the path length, we can compute the total 7r+d cross section at each of 

the momentum values from the number of events N found in the scan done 

for method 1 above, and the direct calculation of path length, L, via 

the formula 

() 
- 26 3 N/L (106 	) 

Using Table A 1, column 3, to get N, and Table A 2, column 2, for the 

path length, we obtain the results given in Table A 7, along with the 

precisely measured values of Carter et .l 34
.  

Again it is seen that the presence of, about 10 per cent of non-

interactiri muon beam contamination could account for the consistently 

low. i '.ros s. tion values obtained in this experiment 
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Table A.6. Summary of results of exposure size determination. 

final method method method method 
p 1 2a 2b 3 result 

(BeV/c) (ev/pb) (ev/b) (ev/ib) (ev/ib) (ev/b) 

110 50 37 .44 

130 I.5 1.3 .'ai. 

2 .70 1 53 

 

2. 57 2 .53 2 	11.0 2 . 55 

158 50 .i.3 46 .45 

170 309 297 303 - 300 

186 3.05 292 292 - 292 

215 322 288 309 305 297 

237 .99 84 84 99 84 
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Table A.7. 	it d total cross section as measured in this experiment, 

and from reference 34 

a 
tot 

a 	,this tot 
p experiment ref 	34 

(BeV/c) (mb) (mb) 

110 602 710 

130 63 698 

153 66 71.4  

1.58 633 696 

170 646 665 

186 607 6 1 7 

215 558 63.8 

237 

V 

524 632 



APPENDIX B 

SCANNING, MEASURING, AND FITTING 

The entire sample of film was scanned once for all3- and Ii.-

pronged events. A total of 128 000 u-pronged and 93 000 3-pronged 

events was found. A check scan of a small sample of the film revealed 

that the overall single-scan efficiency for finding 3- and u-pronged 

events was 95 per cent; this efficiency was taken into account in 

computing the total path length of our exposure (see Appendix A). 

• 

	

	 Of the events found, all but the 3-pronged events at beam momen- 

tum settings 1.70  and 1.86 BeV/c were measured, using Spiral Reader 

measuring machines I and 1171 .of the Lawrence Radiation Laboratory. 

These new measuring machines afford an order-of-magnitude increase in 

measuring speed over the older Franckenstein digitized microscope 

measuring machines, with comparable accuracy. 72  The average measuring 

rate for the events described here was 80 events per hour. 

The measurements were converted into track coordinates by the 

• 	filtering program POOH. The track coordinates were reconstructed in.•• 

• 	space and fit to the event hypotheses listed in Section II by the 

standard Alvarez-group program package TVGP-SQUAW. 73  As an added fea- 

ture in the fitting of the events, pulse height information on the 

• 	tracks from the Spiral Reader waá used for each kinematic hypothesis 	• • 

to do a separate fit to the expected bubble density of all tracks. 

• 	This procedure was incorporated into SQUAW with program BUBBLE. 74 
 •. • 

About 67 per cent of the first-measured events fit some kinematic 	•• 

hypothesis. All events, failing to fit one of the possible hypotheses 	• 

• • 	were remeasured on the Spiral Reader, and about 40 per cent of the 
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second-measured events then had a successful fit. As a result of the 

first and second measurements, over 80 per cent of all events had a 

successful fit after a total of about 240 000 measurements of 182 000 

events. Table B.l gives the numbers of 3- and 4-pronged events found 

at the different momentum settings, along with their passing. rates 

(fraction of the events fitting one of..the hypotheses of Section II). 

A special procedure was applied in the fitting of 3-pronged 

events; these are almost entirely events with two protons in the final 

state, where one of the protons, the spectator, has momentum so low 

that no visible track is produced Therefore in fitting 3-pronged 

events only hypotheses with at least one 	proton were attempted, 

the momentum of the invisible track was set to zero with errors 

Apx 
= ± 30 MeV/c, zp = ± 30 MeV/c, and ip = ± 40 MeV/c. The larger ,  

error on the z-component of momentum reflects the fact that a proton 

moving in the plus or minus z-direction (along the line of sight of 

the camera) is less likely to be seen The errors give an expectation 

value of momentum magnitude roughly equal to 60 MeV/c, the value at 

which the Hulthn distribution of spectator momentum has its peak 

After completion of the fitting process, most events were found 

to have a successful fit to more than one hypothesis Selection of 

the correct hypothesis was performed by the program CREE 75  a version 

of the program ARROW adapted to the needs of our 3- and 4-prong hypo-

thesis separation. The choice of the most likely hypothesis was made 

by constructing the empirical function 

(2 	
+!(X2 	-( 	) Kin 	kin 	2 ion 	ion 

and sLh.fiu thL hypothesis with the lowest value of b as the 



- 142- 

Table B.1. 	Numbers of, 3- and u-pronged events found, and their 

passing rates 

number 3-prong number 4-prong 
of pass of pass 

p 3-prongs rate 4-prongs rate 

(BeV/c)  

110 2325 85 2216 79 

130 2559 86 2808 84 

1.53 16 148 84 18 829 80 

158 2870 83 3515 76 

170 18361 - 21750 83 

1.86 20 503 - 28 115 83 

2.15 23 339 814. 35 962 80 

237 

7 

7053 87 11348 82 
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"correct't  choice. Here 

= chi-squared for the kinematic fit 
iun 

C 	= number of constraints in the kinematic fit kin 

= chi-squared for the track ionization fit 
ion 

C. 	= number of constraints in the track ionization fit ion 

The quantity B stands for the "badness" of the fit; it increases with 

increasing X 
2 
 and is reduced as the number of constraints grows larger. 

This has the effect of biasing in favor of fits with a large number 

of constraints Since the number of kinematic constraints in the 

hypotheses of Section II is either 0, 1, or It, it is clear that the 

selection of the hypothesis with the lowest value of ttbadnesstt will 

greatly prefer It-constraint fits to either of the other constraint 

classes The contribution of the ionization fit to the "badness" was 

weighted to be one-half as important as that of the kinematic fit, 

note that since all hypotheses have the same number of constraints in 

the track ionization fit (i e they all have the same number of 

charged tracks), the constant multiplying C 0  is taken to be 1 

This procedure of choosing the hypothesis with the lowest value of B 

was found to be preferable to that of making the selection on the 

basis of the highest confidence level (regardless of constraint class). 

The latter procedure was found not to express the fact that a fit to 

a high-constraint-number kinematic hypothesis is likely to be the 

best choice, even if a fit with fewer constraints is obtained having 

a higher confidence level There were two exceptions to the selection 

method described above 

a) If an event was found to fit best to the final state p p  n - 
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and second best to p p + 
	

or p p Ti it, the second best fit was 

taken as the correct choice This is because the final state 

p p Tr iT 7  arises only from the reactions 

+ 
it 

- 
T1 -4 1( 	it 	7 

or 	 3T d 	p p ' ( 960), 
+ - 

T -+T1 	Tr 7 

and gives rise to only a few hundred events, as concluded from other 

and r' decay modes Because there are two orders of magnitude more 

events from the final states p p 1(+ - 0 and p p  A it, and because 

our mass resolution is such that we cannot discriminate very well 

0 	 0  between a missing y and a missing it , many p p it it it and p p it it 

events were found to fit best to p p lt+ 7t y, as evidenced by the 

fact that the 	mass spectrum for these events (assuming that the 

missing neutral was a y) showed a strong w peak for-events with 

p p it 	 second best, and a strong p peak for events with 

p p lt+ it second best By only taking those events as p p 9 	y 

+ -0 	 + - 
events when neither p p ii Ti it nor p p it it is the second best 

fit, a much smaller and cleaner sample of p p it it y events was 

obtained 

b) 	Events with a best fit to p p it irt 	p p it it it0  or p p it+ it y 

and a second best fit to n p 	or p ir+  it it (nun) were found to 

have a poorer spectator proton momentum distribution than the whole 

sample of these events It was found that these events were mostly 

the final state (n) p 	it IT where one jT in the final state was 

misinterpreted as a proton, the (misinterpreted) spectator proton 

momentum diztrioiition then had the appearance of the it momentum 



- 1)4.5 - 



- 146- 

APPENDIX C 

C-INVARIMJCE VIOLATION IN T1 DECAY 

Consider the decay TI 	7+1T1O C is the charge-conjugation 

quantum number, and P is the parity operator. Since c(q) = + and 

Coto ) 	then C(itt) = + But for a spinless boson-antiboson pair, 

CP is the exchange operator, and hence CP = + This then implies 

£ that P(r it ) = + Now P(it+  it- ) = (-) , where 2  is the relative angular 

momentum of the two charged pions in their rest frame, so 2 = even 

This means that the angular distribution of the charged-pions decay 

direction in their rest frame, with respect to their line of flight 

(which is the direction of the recoiling it in the r1 rest frame), must 

be symmetric This is because the amplitude is a sum of P2 (cosO), 

with all g's even, and its square is symmetric in cose 

This says that for every ir °  kinetic energy, the 	invariant 

mass (which is proportional to the it kinetic energy in the r rest 

frame) must be distributed like the Tr -O 
 invariant mass (which is  Tr 

proportional to the irt kinetic energy), so that there are as many 

with kinetic energy greater than that of the it as vice versa 

Thus the Dalitz plot, which has its x-axis proportional to 

T(it) - T(it), must be right-left symmetric if C is conserved in the 

decay.  

For the v 7r 7 decay of the TI  the argument is similar, except 

that 2  may only be odd, and the square of a sum of P 2 (cosO) with 2 

odd is again symmetric in cosO 
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APPEINDD( D 

n - 	r p 	FORMAT ISM OF A REGGEIZED A2-ECCHANGE MODEL 

WITH VENEZIANO-TYPE RESIDUE FUNCTIONS 

The matrix element for a-nucleon scattering, written in tel'ms of 

the invariant amplitudes A and B, is 

M 	= 	- A + hy (q 	+ q)B, (D.l) 

where y 	are the Dirac matrices, and q 	and qf,are the initial- and 

final-state 77 4-momenta in the reaction c in 	The cross section becomes 

da (mb/BeV) 	97(1:L) 	
- kcosetBl 2  

+ Ik 	inbB[2 } ,  

where 

'k 
[t 	 2 

[t 	(m 	M 

= 	t-channel meson momentum 

p 

= t-channel baryon momentum 

The t-channel reaction is it 	q—* n f, and M is the nucleon mass 

cosat  is the t-channel scattering angle, with 

l.pkcose 	s- 

The cross section becomes 

da 3895 	M 	2 	2 	If S - u 2 	k2tli 	2 = 	
+ LM 

- 	(5 
2M)(AB)},  
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• 	and for angular distributions, of course 

cosO) 	2q1qf 	
(D ii.) 

In equations (D 2)-(D Ii.),  q and q  are the initial- and final-state 

3-momentum magnitudes 

TheA and B amplitudes are given the following Regge representa-

tion, which expresses the expectation that the process is dominated 

by the exchange of the A2  meson pole, as is drawn in Figure 7 

A (BeV) = aP(l - a(t))(l + e_t))(bts)t) 	(D 5a) 

B (BeV 2 ) = bF(l - a(t))(l + e(t))(btts)a(t)_1 	(D 5b) 

The function a(t) is the trajectory ftnction of the A2(1300) meson, 

with the linear form 

a (t) = 2 + b.(t - 1.3
2 	 (D6) 

A2  

The expressions for A and B take on a more familiar Regge form when 

the identity 

1" 	 it 	1 
sinca P(a) 

is noted This shows the presence of the usual (sinita) pole term 

explicitly a and b0  are real constants that give the amounts of 

the terms A and B.  

It will now be demonstrated how equations (D 5) arise from the 

Regge limit (s —cop  t fixed) of Veneziano expressions for A and B, 

and, further, how the Veneziano parametrization dictates the values 

of the cinstants b, W. and b" in equations (D 5) and (D 6) 

Veneziano expressions for A and B can be written as 
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• 	 A = á(-(l-T,-a) 

~ (  - 

 

p( - 	 - Cr) 	 (D.8a) 

B = b[ (i - 	
- 	 - 	 (i - 	

- 	 (D.8b) 

Here P is the symmetric function 

(x,y) = r(x)r(y)/r(x + y) 	 (D 9) 

, ,-, and i are, respectively, the s-, t-, and u-channel trajectory 

functions, that is, the trajectory functions for the poles dominating 

the s-, t-, and u-channels 

a(s) = Y ()  + bs 	 (D.lOa) 

	

=
cr  + bu 	 (D.lob) 

T(t) =T + bt 	 (D lOc) 

One of the requirements of the amplitudes A and B is crossing symmetry 

A(s,t,u) = A(u,t,$) 	 (D ha) 

B(s,t,u) = - B(u,t,$) 	 (D lib) 

The amplitudes A and B are constructed to satisfy these requirements, 

which they clearly do, and that is why a. and .x are the same functio'-is 

of their respective variables - the u- and s-channel trajectories in 

this simplest Veneziano-type representation are the same (For a 

complete discussion of the similar example of it N —, IT N, see reference 

62 
) 

It will now be shown that the Veneziano amplitudes (D 8) exhibit 

Regge behavior in the limit s —' cc, t fixed In taking this limit, 

the s-trajectory is given a small positive imaginary part, 

(such that (5 1 (s)/s — 0 as s — co), in order to keep the term i'( - 
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Th&term under consideration is then approximately 

a(-bs)P(1 - T)[cos(l - T) ~ cot(1/2 - 	 sirLq  - T)](+ a)T_l 

Now because of the presence of 

cot7t(1/2 - a) - 	 i as s -4  CO 

and the term becomes 

ijt 
a(-bs)P(1 - T ) e ( 1  - T )(b $ )T _ 1  

= 	aF(1 - T)e_T(bs)T  

The second term in (D 8a) becomes, in the same limit 

1 	 1 
a( 	- 	- 	

- 

a(bs)P(l - T)r( 	- 	 )/r( 	- T - 

a(bs)P(1 - T )( 	- T 
- 	 )T1 

aI'(1 - l.)(bs)T  

The third term in (D 8a) goes as 

-r 	- a)/P(2 - 	 - a)2. 

1 	r(3/2_) _ 

F(const ) F(_ 1/2 + a) 	sinir(3/2 - a) 

using (D 13b) and (D 7), and hence approaches 

const (- 	+ a) 	- 	sim (2 - a) 

= 	const.(- 	+ a)C0h15t /siniT( 	- a) 	- 	 0,  

since the imaginary part of ,  a makes the denominator go to infinity 

exponentially. 	Adding equations (D 15), 	D. 16), and (D 17)  shows 

that 
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APPENDIX E 

NOTATIONS 

Below is a list of notations frequently used in this report. 

E = total energy 

3-momentum, with components p, p, 

p = (,E) = Limomentum 

p1  p2  = EE 	- 	= u-vector dot product 

in = JE 	- 	= mass of a particle or system of particles 

For the reaction 

meson(l) 	+ 	baryon(2) 	- 	meson(3) 	+ 	baryon(I.) 

the Mandeistam variables are, in terms of u-momenta 

s (p1  + p2)2 	= 	(p3  + p) 

t = 	(p1 .-p3 ) 	= 	(p2-pu) 

u 
2 	 2 

= 	(i 1 - ) 	(p2 - p3). 

azimuthal angle in a spherical coordinate system 

0 = polar angle in a spherical coordinate system 

= normal to the production plane in a reaction with a two-body or 

quasi-two-body final state 

= (beam) x 	(outgoing meson) 

The convention c = 1 is cften used, where c is the speed of ligi-it. 
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APPENDIX F 

THE SPIN DENSITY MATRIX FOR A SPIN-I PARTICLE 

AND ITS DETERMINATION USING THE METHOD OF MOMENTS 

Familiarity with the basic theory of the spin density matrix 68  

will be assumed in this discussion The decay of a 1 particle into 

68 
two pions or into three pions gives a decay angular distribution 

with the general form 

Y 	 (F.l) 

this is the distribution of the pion line of flight in the former case 

and of the normal to the plane of the three pions in the latter case 

Restrictions on the form of the decay distribution are supplied by the 

hermiticity of the spin density matrix and by unitarity ,  

+PO,+ 
	 = i 	 (F.2) 

Furthermore, conservation of parity in the production process implies, 

when the quantization axis is in the production plane, that69b 

(F.3) 

Application of hermiticity and the conditions (F 2) and (F 3) yield 

W(e,) = 
	[ p

00cos2O + 	- p00 )sin2 e - 	 ecos2cp  

- Re(P10 )sin2OcoscP] 	 (F.-) 

1 urthermore 

Polo + 2p 	 1, 	 (F.5)
ill 

and P00 l 	and 1 -1 are real 
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Using the spherical harmonics, equation (F.L.) can be rewritten as 

w(O,cp) 
= 	

1 + 	
- i)Y - l2VpllRe(Y) 

+ 12/jRe(p10)Re(Y) ] 
	

(F.6) 

Note that W(e,cp), integrated over all angles, is 1 It can be easily 

seen that the functions 

y, Re(Y'), Im(Y'), m = 1, 2, ..,,g 	 (F.7) 

are an orthogonal set of real functions, they are more useful than 

the complex functions Ym  for expanding a (real.!) decay distribution 

like W(G,q) Since the functions (F.7) are orthogonal, the expansion 

coefficients in the expansion 

w(e,) = 1 	1[a2Y + 	RRe() + ItmIm() )] (F.8) 

are given by the moments expressions 

a2  = 	 (F.9a) 

R 	= 2<Re(Y")> 	 (F.9b) 

IX, = 2<Ini(?')> 	 (F.90 

Here, e g ,<Y 0 >means the average of Y over W(6,q) Comparing 

(F 8) and (F 9) with (F 6), the equations (Vi 3) for the density ma- 

	

trix elements of the decay w - 	are obvious, the factor f in 

equations (vi 3) accounts for the fact that the w decay distribution 

does not integrate to 1 but to f, the fraction of w events in the 

sample 
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