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-ABSTRACT. 

' ' ' ' - + - 0 
We report here the study of the reaction p + p- 3v + 3'11' + nTT 

at 1.61 BeV /c, (E .. , .· ~ 2 •. Z90 BeV), ·~th the ai~ ~f 4etecting multipion 
c.m. 

resonances in the final states • 
f o! 1 .• . . l . ·... ' 

The experiment was performed in the Lawrence Radiation 

Laboratory' s 7 2.-i~ch liquid hydroge~ bubble chamber.' The tot'al number G 

'of ~ix-prong e~ents in the sample is 715. The events were measured with 

th~ Franckenstei~ meas.~ring projector. The events were analyzed by 

using the PANG, KIC~ and EXAMIN programs with IBM 704, 709, and 
. ,' 

7090 computers. 
'I' 

The cross sections of various processes are found to be 

' - + - ' . ' ' 
0' (p + p ; 311' + 3v ) = 1.16 :1: 0 .. 1 mb, 

- 3+ - 0 0 0' (p + p - v + 3TT + v ) = 1.8 : .zs mb, 

- + - 0 ' 
O'(p + p- 3TT + 3tr + 2'11'. ) : 1.05 :i: 0.Z5 mb. 

The angular distributions are symmetrical for all three types of events. 

The existence of the w meson (T = 0 three-pion resonance at 

780 M;eV) is further confirmed. With the hypothesis o£ G-parity conservation 

in the decay process (strong decay), the spin and parity of the ,~, meson is 

confirmed as 1 .... by the Dalitz-plot method. Even with the hypothesis of 
~: 

G-parity nonconservation in the decay process (electromagnetic decay)., 
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the ~-- spin-parity assignment is still strongly suggested by the small 

values of the ratios of R( (c.> - 4v)/ (w - TT + 11' • 11' 
0 )] and 

RR",·- neutral)/(w- TT+ + TT .. + '11'
0)]. We do not observe any T = 0 three-pion 

resonance at 550 MeV (T') meson). , 

The neutral four-pion effective mass M4 distribution shows a 

suggestive peak at 1.04 BeV. 

The distribution of the two-pion effective mass M 2 of the 

p +. p- 3~+ + 3:~- events shows a big difference between 101 =-.2. (for like

pion pairs) and Q = 0 (for unlike-pion pairs) at the low .. val'+e region of M 2: 

At this region the M_z distribution ofJike pion pairs lies above that from 

phase-space calculations, and the on~ of unlike-pion pairs is well below. 

We tentatively .attribute this effect. to the Bose-Einstein effect on the pions. 

The ratio R[;(:p'±- tr* t: 'l followed by 11- tr+Tr-'11'
0 )/(p:t:- ·TT::TTO)] 

is determined to be l.Z. :i: Z.Oo/o. This small ratio. agrees with a o·+ 

assignment for spin, parity and G parity of the T') meson, but cannot rule 
. . . . ' 

out the ~-- possibility •. Upper limits of some other. decay. rates of p and 
' I 4 ' • 

c.> mesons are presented. 

0 
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SEARCH FOR MULTIPION RESONANCES 
- + - 0 *t IN THE REACTION p + p- 31r + 3w + nw 

Nguyen-huu Xuongt and Gerald R. Lynch 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California. 

June 13, 1962 

I. INTRODUCTION 

It is a little paradoxical that a search for more resonances or 

unstable particles can be introduced by a theory that tries to reduce the 

1 .fundamental particles to three: the "Eightfold Way" Theory. 

In this theory Gell-Mann, using the Sakata Model2 with only three 

fundamental particles p, n, A (and their antiparticles P• n, A), ?-nd supposing 

that mesons are formed of fundamental baryons and their antiparticles 

interacting via a "gluon, 11 predicts the existences of two seta of mesons, the 

pseudoscalar set of o- mesons (spin = 0, parity odd), and the vector set of 

1- mesons (spin 1, parity odd).· Each set is divided into a singlet and an octet. 

. + + 
He also conjectures the existence of the scalar 0 and 1 axial-vector mesons. 

These mesons are shown in Table I. 
. . 

The decay of these proposed particles is governed by the conservation 

laws of strong (or electromagnetic) interactions. Here we are mostly interested 

in nonstrange particles (S = 0). Table II shows the prediction of the decays of 

these particles. 

Though the mesons presented in Table II include all possible 

combinations of spin, isotopic spin, and parity with neither spin nor isotopic 

spin exceeding unity, they represent only half of the possible states because 

only one of the two possible G-parity assignments haa been indicated. Thuo 

Table II ia not merely a listing o£ all possible states but rather a prediction 
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of which of the possible states should be found. A very similar prediction 

is obtained by predicting that only those states which can be represented 

by a nucleon-antinucleon system can exist. The particles allowed by this 
,. ' . . . . + · .. 

rule include all those· in Table II as well as two other 1 mesons, one with 

I= 0, G = -·1 a~d'the other with I~ i~ G = +1 (see Appendix). 

In the vect9r theory o! strong interactions Sakurai predicts the 
• · I 1 • . t 

existence of three v.ector mesons: one with isotopic spin 1 corresponding 

to the p and coupled to the isotopic spin current, and two with isotopic spin 

0, of which the heavier, corresponding to Bin the Gell·Ma.nn notation, is 

coupled to hyper~harge current and the' lighter w to the ba~yonic current. 3 

0 . . .. . . 4 ' 
The X has also been predicted by many theorists. 

The existence of the p meson has much more theoretical basis 

due to the calculations by Chew et al., by Federbush et al.-, and especially 
. . . ' . ' ' " . ' 5 

by Fraser and Fulco on the isovector form factor o£ the nucleon. The 

existence ofthe· ~ meson is suggested by Nambu to explain the isoscalar form 
. . . 6 

factor of the nucleon. 

Here we propose to search for these mesons in the reaction 

- + .. - 0 p + p - 3'1T + 31'1' + ntr by calculating the effective mass of t·wo, three, four, 

and five pions, to study their di~trfbution to see H they show any striking peaks, 

and to see i! any of these peaks can be identified with the proposed meson 

decays. 
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II. SELECTION OF EVENTS 

The events that have been analyzed were from interactiona of 

1.61-BeV /c antiprotons in the 72-inch hydrogen bubble chamber. The 

design o£ the "separated" antiproton beam was patterned after the 1.17 -BeV I c 
. ' . ' 7 . 

K beam of Eberhard, Good and Ticho. The details of the beam have been 

described elsewhere~ 8 

. - + - 0 . The reaction p + p - 3Tr + 3Tr + n'l'l' can be recognized by a 

negative beam track producing a six-prong event. Figure 1 shows a typical 

six-prong event. 

Measurement~ were made ,only on events that occurred inside a 

specified fiducial volume in an edited .film. sample. 9 ln this sample there 
. \ 

were 16,586 interactions, of which 14,560 :t: 300 were antiproton interactions, 
' ' . 9 

including .715. six-prong events. 

! 



-4- UCRL-1012.9 Rev 

Ill. MEASUREMENT AND FITTING OF EVENTS 

Of the 715 six-prong events 57 were rejected on the scanning 

table because they showed characteristics of a Dalitz pair, and 63 were rejected 

because they were unmeasurable. The remaining S95 events constitute an 

~ + - . 0 
almost pure sample of p + p- 3v + 3v + nv • Of these events less than 

lo/o are rr- + P, ~ p + 3.rr. + 2,/ + nrr0• 10 Likewise, George Kalbfleisch has 

shown that less tha~ 1% of these events are annihilations involving kaona; 8 '" 

the biggest contamination came from events with four charged pions and 

a Dalitz pair. But theae events can be eliminated after fitting because they 

show a negative missing 'energy or an imaginary missing mass. All 595 events 

were measured with the Franekenstein measuring projector for the 72.-inch 
11 . 

bubble chamber. The track reconstructions were performed with the 

I 12 BM computer program called "PANG." This program computes the 

momentum, azimuthal angle, and dip angle for each track. 

After track reconstruction, a least-squares fit of the events wao 

performed with the IBM program KICK. 13 We tried' to fit the evei:l~s to the 

reactions 

- + -p + p - 3rr + 3rr , 

- + - 0 p + p - 31'1- + 3v + rr • 

.. 
(1) 

(2) 

For each fit, a X 2 function is computed which measures the goodness of 

the fit. 

Normally KICK can handle only seven particles and can at most 

fit Reaction (1). We have to fit Reaction (2.) by considering the antiproton 

plus proton as a body which decays into seven pions. (Before fitting the decay 

of a pp particle of zero momentum and zero energy into seven pions, we add 

the appropriate momentum and energy to the particle: momentum = momentum 

of p; energy = energy of p + mass of proton). 
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This way we must igr1ore the uncertainty in the momentum and 

angle of the p. But by making use of the known characteristics of the beam, 

we reduceah,e uncertain~¥ .~I\ ~he .momentum of p to less than 2.o/o, and because·, 

the incident track is generally long, the measured momentum error is often 

lese than ;1. D-;to: also, the errors on the angles of the beam are small. To 

make a check we fit t:he .Hypothesis (1) in the normal way and in the new way 

(pp body decaying into sbc pions). We find that all the fitted values are about . 
. . . . 2 . 

the same and that the ratio of the average of the new X to the average of the 
. 2 . ' . . . . 

old x is about 1.6, which agrees. more or less with a theoretical estimate 

of 18/15. 

An event is considered-fitted to Reaction (1) when it has x 2 ~ 30.0 

for this hypothesis. It is con'sidered fitted to Reaction (2.) when it has 

x 2 ~ 5.1 for this hypothesis and x 2 .;. 30.0 for Hypothesis (1). 

. ' 2. 
For Reaction (2.) {one constraint) a X of 5.1 corresponds to a 

confidence level o(3~o. For Reaction (1) (four constraints), the same 

confidence level would correspond to a X 2 of about 10, but - as we will see 
.. 

later - our experimental distribution of this reaction see~s to be three times 

that expected; this gives us 30 as a reasonable cutoff value. ~ 

When an event does not fit either Reaction (1) or Reaction (2) 

and has a missing mass'~ 2.70 MeV (minus 1 standard deviation) it may 

have two or .more neutral pions missing. Such events were put in a third 

category called 11 8w events. " 

Every event that was rejected by PANG or by KICK or that had a 

measurement error greater than 50% on the momentum of any track was 

examined on the scanning table and sent back to be remeasured. 

Of the 595 events measured, 

153 fitted Hypothesis (1): let us call them "61r events"; 

2.39 fitted Hypothesis (2.), and were called 11 711' events"; 

.. 
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139 were classified as "8Tr events"; 

28 were found to have a negative energy o1• imaginary 

missing mass and could be attributed to a Dalitz pair 

associated with !our-prong events· 

36 rem~ining were due to bad measurements. 

The total.number of Dalitz pairs associated with four prongs is 

thus 57 + 28 = 85; ~his agrees very well with the prediction (84) of a Lorentz

invariant statistical model. using an interaction volume of 5(4n/ 3)( 1/rn c )3, 
'IT 

which gives a good charged-pion multiplicity at various energies. 
14 

· It is interesting to see that the x 2 distribution for Hypothesis (2) 

(Fig. 2), which has only one constraint, :can be compared somewhat to the 

theoretical curve, whereas the one for Hypothesis (1) (Fig. 3), which has 
. . - . 

four constraints, can be compared to the theoretical curve only if we multiply 

the scale of the latter by a factor of 3 •. (This could be due to underestimated 

uncertainties in the measured variable$.) 

On the other hand, the missing-mass dis.tribution of both the 6;r 

events (Fig.· 4) and.the 7n events (.Fig. ·s) look very good and very symmetrical. 

We believe that about 85% of the 139 Sn events actually do have two missing 

pions, because the missing-mass distribution of these events follows, within 

' 
statistics, the effective mass distribution of two charged piona coming from 

the same event (Fig. 6 ). 

An examination of the missing-mass distribution as well as the 

x 2 distribution convinces us that the 7n events contain a contamination of 

less than 17o/o of the "eight-body" annihilations and about 3o/n of the "oix-body" 

annihilations. On the other hand~ roughly 10% of the true seven-body eventa 

have been excluded from the sample and are grouped with the 6n and 81T events. 

Further processing of the events was done by an IBM 709 program 

called EXAMIN. 15 The EXAMIN program consists basically of variouo 
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Fo?-"tran language subroutines which calculate the various quantities of 

physical interest desired by the experimenter. For example, for an event 

it calculates the momentum and the c. m. angle (relative to beam) of each 

particle, and the cosines of the angle between all pairs of final particles 

in the pp center-of-mass system. It also calculates the effective mass of 

2, 3, 4, or 5 pions with all possible combinations of charges. 

The effec;tive mass is given by the equation 

Mn = [ ~~ E/ - I ~ ;Jr/Z . 
where n indicates the number of pions included in the effective mass, and 

-Ei and pi are the energy and momentum respectively of the ith particle. 

We calculated for each value of M an uncertainty o M by using the 
n n 

variance-covariance matrix of the fitted track variables, which is evaluated 

by KICK. 

All the important quantities are stored in one magnetic tape 

called a summary tape. 

Many small Fortran 709 IBM programs then use. this tape to 

pick out the right quantities, make comparisons, or make'histogralns or 
. 

ideograms, or even make further calculations if necessary • 

.. 
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IV. PRESENTATION AND DISCUSSION OF RESULTS 

A. Cross Section, Momentum Distribution, and Angular Distribution 

Cross Section 

To determine the cross sections of. 61r, 711', and 81r events, we 

make use of the kriown antiproton-proton total cross section at 1.61 BeV/c, 16 

a total = 96 :!: 3 mb. 

We estimate about 3mb for the cross section of elastic scattering at very 

small angles, where the recoil proton track is too short to be-:;·detected by 

our scanners. Thus a cross section of 93:!: 3 mb corresponds to 14,556 ± 300 

interactions in our sample, of which 715 - 85 = 630 are six-prong events. 

Because of rejection of events due to difficulty of measurement, we have to 

apply a correction factor of 630/ (153 + 239 + 139) = 1.19 to the number of 6Tr, 

To estimate the scanning efficiency for six-prong events, we make 

an independent second scan of about one-bali of our .sample. By compa:dng 
• 

the result's of this scan with the results of. the first scan we find a remarkable 

efficiency of 99% for each separate scan. 

The cross sections are then found to be 

- ( + -u (p + p- 31i + 31i ) = 1.1~ :!: .1 mb, 

- "+ - 0 : " 
- a(p + p- 31i + 31i . + 1r ) = 1.80:!:.25 mb, 

- + - ' 0 . U(p + p- 31!' + 31T + 211' ) = 1.05:::1::.25 mb. 

Table III shows the· cross sections of antipr,oton-proton processes 

at 1.61 BeY/c. 
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Momentum Distribution 

Figure 7 shows the momentum distribution in the pp center-of-

+ .. + .. 
mass system, respectively for ;r , ;r , and both ;r and 1T , for the 6rr events. 

The curves represent the Lorentz-invariant phase-space calculations. We 

observe that distributio·ns of ;r + and ;r • mesons are alike, as predicted by 

CP invariance, 19 and that both of them agree very well with the phase-space 

calculation. 

Figures 8 and 9 show the momentum distributions in the pp center

of-mass system for the charged pions only in the 7;r events and in the s,. events. 

Here we do not yet have the phase-spa:ce calculation; but we observed that the 

,. +-meson distribution agrees with the ;r:.. -meson distir·ibution, and neither 

shows any significant peaks. 

Figure 10 shows the c. m. momentum distribution of the neutral 

1r of the 7,. events. This distribution agrees very well with the distribution 

of charged pions from the same event (Fig. 8). If a real 6v event were 

mistaken as a 7v event, the fake ;r0 would have a small momentum in the 

laboratory system; in the pp c. m. system its momentum would be about 

100 MeV/corless •. As shown in Fig. 10, we have 14 eventO with PvO ~ 100 MeV/c. 

From the c. m. momentum diStribution of charged pions of 7v events (Fig. 8) 
' I 

we can estimate nine true 7v events (52/6) with p 
0 
~ 100 MeV/c. Thio gives 

. 11' 

us an estimation of about 14 .. 9 = 5 real 6;r events that are mistaken for 

7Tr events. 

Angular Distribution 

+ - . The c. m. angular distributions for ;r and ,. mesons of 6rr, 7-rr, 

and Sr. events are plotted respectively in Figs. 11, 12, and 13. As expected 

on the b~sis of C and CP, 19 the distributions of Tr + appear to be equal, 

within statistics, to the reflections of the angular distribution of the v-' s. 

For the three types of events, we have reflected the ;r .. distributions about 
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cos 0 = 0, added them to the 1r + distributions, and plotted them in the bottom 

histograms in Figs. 11, 12, and 13. All these distributions look very 

symmetrical and become more and more isotropic as the number of pions 

increases. These results are in contrast with the asymmetry found by 
. ' ::t: 

Magli~. Kalbfleisch, a~d Stevenson in the angular distribution of 1r mesons 

coming from the reaction p + p :. 21r + + 21'1' • + nTI' 0 at the same antiproton 

20 . . 21 energy. One explanat1on could come from the Koba and Takeda theory, 

which assumes that about two annihilation pions are emitted from the antiproton 

and proton clouds. Those; pions would be responsible for the asymmetry in 

the angular distribution. In the 6tr, 7w, and Str events the. ratio of "cloud" 

pions over "core" pions is smaller than in the 4tr and 51'1' events 

- + - - + - 0 (p + p - 21'1' . + 211' and p + p - 211' + 2tr + 1r ), and the asymmetry can 

be masked. It is true also that the numbe.rs of 61r• 11r1 and 81r events are 

much smaller than the numbers of 41T and 5tt events (see Table III), so that 

we cannot observe a small asymmetry. 

Figure 14 (a) shows the angular distribution of 1TO from the 71T 

events. CP predicts this distribution to be symmet~ical, 19 but our results 

seem to show a small fo~ward-backward asymmetry and car; be fitted to a 

(1 +a cos 0) distribution with a= 0.26::t:.ll. Although it is only 2..3 standard 

deviations from a =· 0, we have looked at all' possible biases: 

(a) It is P.Ossible that some real 7tt events with backward w
0 have been 

misclassified as 61r events. 

. - + - 0 (b) Another b1as can come from the real 81r background (p + p - 31T + 31T + 21T ) 

. - + • 0 1n our 7tt events (p + p - 3tt + 31T + 'II' ). Let us use the name 11dipi11 for the 

real 2.1r0 system and "fake tt 0" for that calculated when it is fitted to a 7Tr 

hypothesis. - - - . In the lab system we have p (f k 0) ~ p (d' . ) = p ,. but E(f~k ) a e 1f ,,~ lpl a e 

tends to be smaller than Edipi• When the dipi is transformed to the 

pp c~ m. system its momentum becomes · 
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{ 

p'll = 'YP - 'l E...,. "IJ u ~l<pl. 

Pl_. = pl. • 

The c. m. momentum of the "fake '11'011 would be 

. '{ p' 

p' = p 

" 

Since Efak 0 <Ed .. ; this makes the component in the p direction of the e 11' 1p1 

"fake 11'01 :~ too big in the pp c. m •. system, and therefore produces a fake' 

forward peak. 

To check the first bias hypothesis we plot the 11'
0 angular distribution 

of those rs. events which were ambiguous between 11 6'11' - 7-rr" (15' events with 
2 . . 2 . 

X ~ 30.0 for the 6-rr hypothesis and X ~ 5.1 for the 7-rr hypotheses). Thie 

angular distribution is isotropic and cannot produce the asymmetry observed. 

To check the second bias hypothesis we replot in Fig. 14 (b) the 

angular distribution of the 211 7-rr events, excluding the 28 7-rr-8tr ambiguous 

events (events with X 2 ~- 5.1 for the 7tr hypothesis b~t with a missing mass 

~ 270 MeV). This more carefully selected 7-rr distribution is much less 
~ 

asymmetrical and can be co'nsidered as isotropic Within statistics. [A best 

fit gives 1 + (0.15 :1: .12) cos 9.]. We conclude that the small forward-backward 

asymmetry in the angular distribution of 'ti'O was due to the 8tr background in 
~ 

the 7tr events (17%). A ,.0 angular distribution of re.al 7'11' events would be 

isotropic, in agreement with _CP prediction. We have also made sure that 

the association of the 11 7'tl'~811' 11 ambiguous events does not change our other 

results appreciably. 
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B. Effective Mass Distribution of Three Pions 

Existence of the I = 0 Three-Pion Resonance 

For each event we have evaluated the three-pia~ effective mass, 

M3 = [ (El + El + E3)z • (Pl. + Pz + P3)z] 1/z •. 

The 6'1'1' and the 8,.,. events can yield M3 combinations with charge 

101 = 1 ± % + = = = (that is, v . v ,.,. ) and I Q I = 3 (that is, 11' 11' '11'. ). In the 81r 

events we could also form another combination of.M 3 with 101 = 1 (that is, 

:I: 0 0 
.'IT · 1r 1r ). The M3 distributions for these triplets do not show any significant 

peak. These data, howe!Ver, are less useful than for 7'1T events for which 

we can form combinations with I Ql = 0, 1,. 2 and make comparisons between 

their distributions~ 

states 

·Each 7'11' event can yield 33 triplets corresponding to the charge 

Q = 0, 

I 01 = 1, 

I Ql = Z, 

+ - o· 
11' 11' 'IT • 

:t: :t: 0 
11' 'IT 'IT 

(9 combinations); 

(18 combinations); 

(6 co1nbinations ). 

We calculated for each value of M 3 an uncertainty 6 M
3 

by using the 
.-

variance-covariance matrix of the fitted track variables, which is evaluated 

by KICK. The M 3 resolution22 is r 1/z = 9.0 MeV. However, because , reso 

.of systematic errors known to exist in our track reconstruction, our estimate 

of r 
1
/2,.probably should be increased by ..f3 tor 1/2 = 16 MeV. reso . reao 

Figure 15 is a histogram of the M 3 distribution for the 239 7rr events. 

The distributions (a) and (b) are for the charge combinations I Q I = 1 and 2 

respectively. To s~ow the d~fference between the neutral M 3 distribution and 

that for I Ql ~ 1, we have replotted at the bottom of Fig. 15 both the neutral 

distribution and 9/24 of the sum of the I 01 = 1 and I 01 = 2 distributions. 

This latter distribution we use as an estimate of the background. The neutral 

distribution, (c), shows a peak at 780 MeV that contains 79 pion triplets above 
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the background of 238. Figure 16 is a histogram of the neutral distribution 

around the 780-MeV region. 

The peak at 780 MeV can be interpreted as a resonance of isotopic 

spin I = 0, with a hal£ width I' of about 15 MeV. The isotopic spin, the 

energy, and the half width o£ this resonance agree very well with the w 

meson found by Magli~ et al., who analyzed the four•prong annihilations in 

the same experiment. 23 We must also conclude, as they did, that the half . 
width of the experimental peak is so close to our resolution that the true 

width of the' peak is less than 15 MeV and could be zero. 

Of the 239 7Tt events,· 79:!: 18 (or· 33:!: 8%) of these proceed via the 
. . . . 

reaction p + p - w + 2,/ + 2Tt ·, (w - ,/·1r- Tt0), for· which the cross section 

is 0.6:J:.l5 mb. It is interesting to compare this yiell:i with the 130:1::20 events 

(or 12:J:3%) of the 5'11' events (p + p- 2Tt+ + 2Tt- + -:·/, ~tuci.ied by Magli<! et al. 23 ) 

that proceed via the reaction p + p - w + Tt + + Tt-. 

Spin and Parity of thew Meson 

To determine the spin and parity of this :t:esonance (or unstable 

particle) we used a Dalitz 'plot. 24 We used events o£ the center of the peak 

(760 to 800 MeV) and events in a control region (822 to 878 MeV) of the same 

charge state. About 27o/" o£ the triplets in the peak region belong to the 

resonance. Figures 17 and 18 show the Dalitz plot of the peak-region events 

and the control-region eyents, respectively. ·Unit area on a Dalitz plot is 

proportional to the corresponding Lorentz-invariant phase space, so that the 

density of plotted points is proportional to th~ square of the matrix element. 

It is easily shown that the size of the figure is proportional to 

T 1 + T 2 + T 3 = Q = M - (2MTt:J: + MTto). Because of the finite width of the 

peak and the control region, 0 varies from event to event, so we use normalized 

variables, Ti/Q. 
1 
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At first we will take the hypothesis of G-parity conservation in 

the decay of the w meson (strong interaction). In this hypothesis, the G 

parity of the resonance must be the same as that of three pions, i.e., negative.· 

Then there are three possible three-pion resonances with T = 0, J ~ 1: the 

-· ·- +-vector meson (1 ), the· pseudoscalar meson (0 ), and the axial meson (1 ) 

(the first superscript indicates the parity, the second, G parity). Table IV 

shows the three pos.sible hypotheses, with their characteristics. The meaning 

ofthe angular momenta I. and ~ is as follows: the matrix element is analyzed 

in terms of a single pion plus a dipion; the pions of the dipion are assigned a 

momentum q and an angular momentum L (in the dipion rest frame); then 

another pair of variables, p and l, describes the re'maining pion in the rest 

frame. 25 

In Fig. 19b are plotted the curves of density of the population of 

events on the Dalitz plot corresponding to the three possible types of mesons. 

25 These curves have been calculated by Stevenson et al. In Fig. 19a we 

plot the numbers of events per unit area of the Dalit~ plot for the peak region 

and for the control region versus the distance from the center of the plot. The 

number of events per unit area of the control region is normalized 'to be equal 

to the estimated background in the peak regio'n •. Fig. 19b shows the difference 
f 

of the two sets of points in Fig. 19a. We assume that this difference represents 

26 the number ·of events per unit area of the resonance. These data agree very . 
well with the curve predicted by a matrix element of a vector meson (1--), and 

. -- +-not at all with the prediction of a pseudoscalar (0 ) or axial vector meson (1 ). 

Because the width of the resonance is very small, Duerr and 

Heisenberg suggest the possibility of electromagnetic decay with nonconservation 

of G parity. 27· With the present data, 23• 25 they can already eliminate many 

'++ -+ --types of mesons except the 1 , 0 , and 1 mesons. But as we will see in 

I + - 0 the next section, the small value of the ratio R( w - 41T w - 1r 1T 1T ) and 
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R(w -/neutral,/ 'IT,. '11'
0 ) will eliminate 1++ and favc;>r strongly the ~-- spin

parity and c .. parity interpretation for thew meson. 

With the ·spin and ·parity 1- we conclude that the w meson can 

be the particle predicted by Nambu to explain the elec:tromagnetic form 
6 . 

factors of the proton and neutron, and also expected in the vector-meson 

theory of Sakurai, ·3 or as a member' of an octet of vector mesons, according' 

to the unitary sym111etry theo~y. 1 · Chew has pointed out that on dynamical 
. . • . . . 28 

grounds such a vector meson ca~ exist as a bound state. 

C. Effective Mass Distribution of Four Pions . 

Motivation for a Search for a Four-Pion Resonance 

. . . 23 29 30 
Since the discovery of the two-pion and.three-pton resonances ' ' 

the search for a four-pion resonance has acquired much interest. The interest 

is threefold: 

(a) Chew and Frautschi, 31 using the "Regge poles" theory, predict a possible 

resonance (or unstable particle) with spin 2 and other quantum numbers those 

of the "vacuum" (T = 0, parity even) at the region o'f 1 BeV. This particle 

could decay into ·two, four, or six pions. But the four-pion decay could 

possibly be favored because a two-pion decay would require a d wave, 

whereas a four-pion de~ay would need only two pion sets in p wave. {This 

particle was first theoretically predicted by Lovelace, but at 400 MeV. 31 } 

The four-pio.n resonance could also come from a decay of x 0, 

the pseudo.scalar meson·with I = 0, formulated by many theoreticians. 1• 4 

(b) To the w meson has been attributed a spin and parity 1·· (the first 

superscript ~efers to the parity and the second to G parity) if the decay is 

through strong interactions. ~But because of the small width of this meson 

(r /'If not more than 12 MeV, and possibly zero23), puerr and Heisenberg 

suggest the possibility of electromagnetic decay with violation of G parity. 27 
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Four more states will then have to be considered: 0++, 1-+, 1++, and o-·t 

(we consider only states with spin ~ 1). Duerr and Heisenberg eliminate 

the state o++ and 1-+ because their three-pion decay would either not occur 

27. ++ -+ . 
or be extremely weak. ~~r the three-pion decay of 1 or 0 the Dahtz 

plot has uniform density, and these assignrnents cannot be eliminated with 

the present statistics on Dalitz plots. Therefore, the w meson can still have 

one of the three. spin and parity combinations ~--, o·+, or 1 ++. But Duerr 

and Heisenberg ··point out that these three .states behave differently with 
. ' 

respect to the four-pion decay. 27 For. 1·- the !our-pion decay is strongly 

forbidden, and therefore is completely negligible compared with the three-
. . 

pion decay. For 0~+ the four-~ion decay is an allowed transition, but reduced 

to .small va~ue by the fact that two D states and one P state are required for 

the outgoing waves. 27 For i ++the four-pion decay is allowed and can be 
27 . . . 

large. Therefore, the very existence of a neutral !our-pion resonance at 

780 MeV would rule out the 1-- spin parity; its nonexistence would probably 

. ++ rule out the possibility of the 1 spin parity, but not the possibility of the 

-+ 0 spin parity. 

': .. ·,, It would also be interesting to see the decay of the p meson into four 
'I' . 

pions. This decay is allowed by strong interaction, but is not as favorable 

as the two-pion decay. ·Of special interest is the decay mode p - rr + 11• 

with 11- 1r ~ 1r ... 1r
0 ( 11 being the I = 0 550 MeV three-pion resonance discovered 

by Pevsner et al. 30) · Because the G parity of p is +1 and that of 1r is -1, 

this decay mode of p is allowed if the G parity of T) is -1 and forbidden if 

it is + 1. 

Search for Four-Pion Resonances 

For all categories of events we have evaluated tbe four-body 

effective mass 

2. - - - - 2 1/2 M4 = ( (El + Ez + E3 + E4) .. (p 1 + p Z + p 3 + p 4) ] 

for each pion quadruplet. 
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For the 6rr and 8rr events we can get only the combinations Q = 0 

(nine quadruplets for each event) and I Q I = l (six quadruplets for each event). 

For the 7rr events we can also get the I 01 = 1 combination (18 quadruplets 

£or each event). 
.. 

For the 8rr events we can also calculate the effective mass of two 

charged pions and two neutral pions by calculating the missing mass of the 

system consisting of the incoming antiproton, the proton target, and the 

four remaining visible charged pions: 

z - - - - - 2 1/2 M'4 = [ (Ep + Mp - El .. Ez - E3 • E4) - (p • p 1 - p l • p 3 - p 4) ] . 

For M 1
4 , we can form only the Q = 0 an~ I Ql = l combinations. 

We calculated for each value of M4 or M 1
4 an uncertainty oM4 or oM 1

4 by 
. 

uoing the error matrix calculated by KICK. For the Srr events the half-width 

r res/2 of the resolution function of M4 is 13.5 MeV, and for M 1
4 is 14 MeV. 

However, because of systematic errors known to exiat in our track reconstruction, 

our estimate of r /2 probably should be increased by .J3 to r /Z = 23 MeV res res 

for M4 and r /Z = Z4 MeV for M 1
4• res 

For the 61r and the 71T events r /Z is a little smaller. res 
... 

Figure lOa is the histogram of the M4 distribution of the Q = 0 

combination of the 6rr events. The solid-line curve represents the background 

distribution estimated from the I 01 = 2 distribution of the same eventa 
. 

(smooth curve drawn through I Q I = l distribution). 

In Fig. 20, (b) and (c) are the histograms of the M4 distribution 

of the 7rr events, respectively with Q = 0 and 101 = 1. We use the 101 = 1 

and I Q I = 2 distributions to estimate the background distribution (solid-line 

curves). In Fig. 20 (d) we .-renormalize the I Q I = 1 distribution of the 7,. 

events and plot it against the neutral distribution o£ the same events. 

None of these histograms shows any strong disaccord with the 

background distribution. 
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In Fig. 21 we plot separately (a) the histogram of the neutral 

distribution of M
4 
(1/ 'fT .. 'fT + tr ·) and (b) the histogram of the neutral 

distribution of M 1
4 (n-+'fl'•tr0tr0 ) of the ;tr e.venta. The solid-line curves 

represent the background distribution estimated from a smooth curve drawn 

. :t::i::l::.f :t::i:OO. 
through the sum ofthe dtstribution of M4 (tr 'li. 'li 'li ) and of M 1

4 (tr tr tr tr ) w1th 

I Ql = 2 of the same events (Fig. 22a). Figure 22(b) is the histogram of the 

sum of the neutral 4istributions of M4 and M'4• 

The neu~ral M 4 distribution sh~ws a suggestive but inconclusive 

peak at the region of 1.040 BeV. If this peak really exists, it may be a 

resonance with I = 0 or I = 1. It could come from a possible decay of the 

x 0 meson (I = 0, 0-+) or the particle predicted by Chew and Frautschi 

{I = 0, 2 ++).· The latter meson could also decay into two pions or two kaons. 

Ratio (w- 4'1f/w- 'fl'+'tl'•tr0) and Spin and Parity of the w Meson 

I + - 0 . 
To estimate the ratio R(w- 4tr w- 1r 'tl' tr ) we note that we have 

seen in the same sample of pp interactions 79 :t: 18 interactions of the form 

- + - . +- 0 p + p- 21T + 2tr + w, w1th w- tr + tr + tr • If the .w produced by the 

+ - 0 . 0 • 
preceding reaction were to decay by w ... tr + .tr + 'iT + tr we would see them 

\' 

d . ! '(+-00 in our 81r events. But the istrtbution o M 4 'tl' 'iT tr 'iT ) (Fig~ 21) does not show anything 

over the phase-space calculation at the region 780:1::20 MeV. At this energy 

the background is about 26 pion quadruplets: therefore we can estimate a 

maximum of 10 pion quadruplets that could come from the decay of thew, and 

h 1. . f h . ! R( + .. 0 0/ + - 0) . b t e upper 1m1t o t e ratlo o w - tr 'tl' tr tr w - 'iT tr v 1s a out 12%. 

I£ the w mesons produced by the preceding reaction 

- + - + - . (p + p - 2v + 2'fl' + w) were to decay into 2v + 2'fl' we would see them 1n 

the reaction p + p - 4'fl' + + 4v... We have only 4 :1: 2 of the latter reactions. 9 

h . · · f sm £ R( + - + '"'/ + - 0) w T 1s g1v.es a maxtmum o 1o or w - 'II' + tr 1f 'tl' w - 'fT 1r v • e can 

then conclude that the ratio R(w- 4tr/w- 1f+1f·1TO) is less than 17%, and 

can very possibly be zero. 

.l 
I 
l 
I 
1 
' 

~ ] 
I 

l 
i 
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If the w produced by p + p - 21f + + 2w- + w were to decay in the 

neutral mode, it would show in the distribution of the miasing mass of the 

- + - 0 reaction p + p - 2w + 2w + nw • By w - neutral, we mean the decays 

w- 3w0, w- 2.y, and w- w0 + y.t Looking at the latter distribution, 
seeing 17 

J. Button et al. report~d/no 11 peak11 at the region of 780 MeV, and using our 

value of 0.6 :1: .15mb for the cross section of the reaction 

- + ., .. 'h + .. 0 h . p + p - 2w + "''rl' +. w Wlt w - w + 'II' + w , t ey e stunate 

I + - 0 R(w - neutral w - ,. v 11' ) < 0. 5. 

The email value of R(w - 4wl w ~ 11' + 11' .. 11' 0) agrees with a spin and 

-- ++ . . parity assignment of 1 and probably rules out the 1 assignment, but does 

not rule out the possibility of o· for the spin and parity of the w meson. 27 

The ratio of R(w - neutral/ w - w + 11'- 11' 0 ) is estimated by Duerr and 

I -+ -4 Heisenberg to be larger than 3 2 for the 0 assignment and very small (10 ) 

for the 1·· assignment. 27 Our values for the two ratios R(w - 4-rr/ w - 1T + 1r -'ll' 0) 

I + .. 0 . --and R(w- neutral w- 'II' 'II' 'II' ), which can be very small, agree Wlth the 1 
. . 
assignment and disagree with the o·+ as.signment for the spin and parity of the 

w meson. Since all other interpretations of spin and parity (with spin ~ 1) 

can be ruled out by the present data, 25 we conclude that th~ spin and parity of 

thew meson is most probably 1··. This agrees with the conclusion reached by 

Stevenson et al. 25 Table V shows a summary of the experimental determination 

of spin, parity, and Q parity of the w meson. 

Ratio (p - 4Tr)l (p - 21r) 

To estimate the ratio of R(p - 4tr)l (p - · 211') we use some results 

from J. Button et al. 11 They find about 386 p0 with p0 - 'II'+ tr- and about 274 pt:: 

with e= - 'll':t:TTO by analyzing the reaction p + p - 2Tr + + 2'11' .. + 'II' 
0, from a ar .. 1.aller 

sample of the same p picture of our experiment. In our larger sample this 

0 . 0 + - 3 :1: :!:: :1: 0 f would correspond to 482 p Wlth p - 'II' 'II' , and 29 p with p - tr 1r • I 

0 + the p mesons produced by the same mechanism decayed into p - 2tr + l1r-
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and p*-- TI'O + 11'+ + Tr .. + 11':!: we would ~ee them in the M 4 distributions of the 

7Tr events (Fig. 20., b, c). In the region around 750 MeV in these distributions 

we see nothing exceeding phase-space predictions and we estimate a maximum 

0 + .. + -; 0 + - . £ t1f of 2% for R(p - 1r 1r 1r 1r p - 'IT 'IT ) and a max1mwn o 5-,o for 

( 
:!: ::t: 0 + -; :1:: :t:. o, . ·. 

R p - 1r 1r 1r 1r · p - 1r 'IT • A crude phase-space calculatlon pred1cts 

for R(p - 4rr/ p - 2.1-r) a value of >.. 2/4, where >.. = 0/0o• 0 being the interaction 

volume of the· p m~son and 0 0 = (4n/3) (fl/m'ltc)3• Thus an experimental ratio 

R::::; 5o/o would give >..::::; 0. 5 for the p meson. 

:t: := + - 0/ :: :1: 0 To estimate the ratio R(p - 'IT + Tl• 11- 'IT 'IT w p - 'IT w ) we 

analyze carefully· all the 101 = 1 quadruplets with effective mass .M4 in the 

region 750::50 MeV (41 quadruplets). In particular we compare the Q = 0 

distribution· of the effective mass of three pions M
3
(1/ 1r .. 'ITO) coming from these 

quadruplets .with that for I Ql ~ 1, (tr:!:Tr:i:'IT• and 'IT:t::'ll':t:'ITO) (the latter· is u.sed 

here as an estimated background). In the region 548:!: 10 MeV we have 19 

neutral triplets and 15 charged triplets •. This enables us to estin1ate the 

b ' f :1: :!: • h ·+ - 0 b 4 6 d h . num er o p - 'II' + 11 w1t 'l - tr 1r w to e :t: , ~n t e rat1o 

::1:: :!: . +-0/:l: :t:O · 
R(p -'II' + Tl• 11- 1r 'IT 'II' p - n ,. ) to be l.Z:t: 2.0%. This result agrees 

1 

,j 

'l 
'' i 

l 
: 

. . + + ' .. .+ + 0 32 
very well with that of Rosenfeld et al. • who find R(p -rr t 111 '1;neuti:al/ p · -+jr rr )::::; 0. 6 %. 

The actual data on the 11 meson seem to rule out all spin parity assignments 

except 1-- and o·+. The theoretical ratio R(p - 1r + rl p - niT) is very small 

[i.e., proportional to (e 2/flc) 2] foro""+. For 1--, this ratio is not yet well 

determined (25% for a simple phase-space calculation, 31 lo/o after Glashow 

and .Sakurai 33). We conclude that the small value of the ratio 

R(p - rr + rV p - 1r + '11') agrees with the o·+ assignment for the spin, parity, . 
and G parity of the 11 meson; whether or· not this can rule out the 1 :"'- assign

ment depends on a more precise calculation. 
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Effective - Mass Distribution of Five Pions 

The interest in a five-pion resonance is twofold: 

+{a) it could come from the decay of 1r1 mesons, a scalar meson (O ) 

with ifilotopic spin 1 • l; 

(b) it would be interesting to know the ratio of (w - S'fT/w - 'If\/ 'IT 
0

). 

The decay (w- Z1r + + 2v .. + 'J!'
0 ) is allowed by stror1.g interaction but is not 

as favorable as (w - 'IT+ + 1r "'. + ,.. 0), by phase-space considerations. 

We have evaluated the five-pion effective mass for each type of 

event: 

- . 2 - - - - - 2 1/2 M5 - [ (El + Ez + E3 + E4 + ES) .. (p 1 + p 2 + p 3 + p 4 + p 5) ] . 

The 6'1T and 8'11' events can yield only the combination with total charge 

I Ql = 1. The distributions of these quintuplets are quite smooth. Each 

?1r event can yield 21 quintuplets corresponding to the charge states 

+ + - .. 0 
Q = 0, 1r 1r 'IT 'IT 1r , (ni.ne combinations); 

I Ql = l, (six combinations); 

I Ql = z, :1: :I: :1: f 0 
'IT 1r 'IT '11' 1T (six combinations). 

Figure 23(a, b, c) shows the histogram of the distributions of M 5 

of 7'1T events with Q = 0, I Ql = 1, and I Ql = 2, respectively. The smooth 

curves represent the ba~kground distributions estimated from smooth 

curves drawn through the I Q I = 2 distributions. These distributions do not 

show any significant deviation £rom the estimated background. 

This does not mean that the ,.• meson does not exist. Because 

in one event we can form many pion quintuplets, our efficiency of detecting 

new resonances is very poor. (For example, we can form 15 quin.tuplcts with 

Q = 0 or I Ql = l, but obviously, only one quintuplet can come from the 

-rr• meson). 

. + ... 0/ + ... 0 . 
To estima,te the ratio R(w- 211' + 211 + 11' w - '11' + ,. + "~~' ) we 

note that Magli~ et al. 22• 24 have repo~~d seeing 130:t: 20 interactions of 
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- + - . + - 0 th:~·form p + p- w + 'If + 'IT w1th w- 1r + 'IT + 'IT in the same sample of 

pp interaction. If the mesons produced by the preceding interaction decayed 

+ - 0 by w - 211 + 21T' + 'IT , we would see them in our 7'11'. But the distripution of 

M5('1f+tr+ 1tr~1r~;oi)of the 7Tr fiwents (Fla. ~3a) d.oea not show anything at the region 

780±20 MeV, and we can.estimate a maximum o£,1% for the ratio 

R((l.)- 21T'+ 21r- 2'11' 0/(1.)- '11'+'11'-'11'0 ). This result agrees very well with the 

prediction from a crude Lorentz-invariant phase-space calculation which 

gives a value of >. 2/3000 for this ratio, where ~ = 0/0
9
, 0 being the interaction 

volume of the w meson and 0 0 = (41T'/3)(1''1/m11' C)3• For R < -rim- , X. < 5.4, 

which is expected. 

Effective Mass Distribution of Two Pions, and Angular Correlations 

For every event we have evaluated the two-pion effective mass, 

2 ,. - - '2 1/2 M 2 = [ (E 1 + E 2) .. p 1 + p 2 J · • 
The 6,r and 31T' events can yield only pion pairs with charge Q = 0 (11 +'IT-) 

and I Q I = 2(1T:I:'IT::i:) (nine and six .combinations, respectively, per event). 

The 71T' events can also yield pairs with charge 101'= 1('1T:I:1TO) (six 
• 

combinations per event}. We calculated for each value of M 2 an uncertainty 
. 

5M 2 by using the error matrix propagated by KICK. After correction for 

the systematic errors k,nown to exist in our track reconstruction we get, 

for the half width of the resolution function of M~, 

pair of visible pions ('IT+ 'IT· or 1T:I:'IT:I:), and r'res/2 = 
of one visible pion and one neutral pion ('IT:!: 'IT 0). 

I' /2 = 7 MeV for a res 

14 MeV for a pair consisting 

The difference in the resolution function of M 2 comes from the 

fact that the momentum and direction of a charged--therefore "visible"--

pion can be measured, i.e •• be precisely known. The fitting process reduces 

the uncertainty only slightly. But the momentum and direction of a neutral 

pion are given only by the conservation of momentum and of energy in the 

fitting process with much bigger uncertainty (!or example, iip,f> r::: Zo/o for a 

charged pion; it is 10% for a neutral pion). 
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34 
, As Goldhaber et al. have done, we calculated for ea.ch pion 

pair the angle between the two pions in the center of mass of the antiproton-
' 

proton system; 

cos o12 = P' 1 • . :P 2/ I P 1 1 ~ I P 2 1 • 

We also calculated for each pion pair the decay angle of the pion 

in the rest frame o!,the dipion. 

The 6tr events (p + p- 3tr+ + lv .. ) are the best ones to be investigated 

for a possible two-pion resonance. They cannot have the T = 0 three-pion 

resonance, and -- as we have seen-- they do not show any significant peak 

in their three- and four-pion effective-mass distributions. About one-third 

- + - . 0 of the 7-rr events (p + p- 3v + 3v + 1r ) would go b·Y the reaction 

- + -. p + p - 2v ,+ 2v + w. and can complicate the interpretation of the effective. 

mass distribution of two pions of these events. Of the s,. events 

- + .. 0 . (p + p - 3v + 3iT + 2v ), as we dlScuss below, we expect a large fraction 

. - + -to go by the reactlon p + p - Tr +. Tr + leu. 

' Therefore in the following paragraphs we examine the 6tr events 

in much greater detail than the 7rr and 81T events. 

61r Events 

Figure 24 is the histogram distribution of the M2 for the effective 

mass of pion pairs of th~ 6rr events. In Fig. 24(a) we plot the Q = 0 

combination, in Fig. 24(b), the I 01 = 2 combination. The solid curves 

represent the Lorentz•invariant phase .. space calculation. 35 

In Fig. 25 is an alternative way of displaying effective-mass 

correlations. It shows the distribution of angles between pion pairs from 

6rr events as a function of cos (J for Q :: 0 (or unlike pair, rr + 1r -) and 
Tr1T 

.. 

I Qj = 2 (or like pair, ·rr:J:'IT:f::) respectively. The solid curves (identical except 

for normalization} correspond to calculations on the Lorentz ... invariant 

phase-space model; 34 their slopes simply reflect conservation of momentum. 
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Figures 26e 27, and 28 are the dec.r.y-an.gle distribution~ o! one 

pion in the dipion rest frame, (a) for Q = 0 and (b) !or I Q I = 2. The three 

figures correspond to three regions of M2• Fig~ 26 for M2 between 280 and 

460 MeV, Fig. Z7 for M 2 between 500 ancl 600 MeV, and Fig. 28 for M 2 

between 600 and 800 MeV, 

The most striking result seen in these 6'1T figures is in Fig. 24, 

namely, the big difference between the neutral M 2 distribution and the 

I Ql = 2M 2 distribution between 280 and 460 MeV. In this effective-mass 

range the 1 Q 1 :::: Z distribution is above the phase space and the Q = 0 distribution 

is well below. The. decax-angle distributions of those dipions (Fig. 26a and b) 

look the same for Q = 0 and J Ql = 2 pairs (unlike andlike pairs}. Both seem 

to peak at coscp = 0 and decr~ase at coscp = :1:1. The alternative· distribution 

of angles between all the pion pairs (Fig. 25a and b) also deviates strongly 

from the phase-space calculation. The angle 'between the unlike pions (Q = 0) 

is bigger than the value predicted by phase-space calculation. The phase-

space calculation predicts a value of 1. 7 for the rati.o 

. 0 0 
'I = (no. of pion pairs with angle > 90 /(no. of pion pairs with angle < 90 ), 

whereas we observe y = 2.45 :t: .1 for unlike pions.· The .angte between the like 

pions (Q = 2) is found to be smaller than the value predicted by phase-space 

calculation, '{ = 0. 92 :1: • 07. It is interesting to compare our results with the 

results of the analysis of !our-prong events from the same experiment. 

Button et al. do not seem to observe this striking difference between the Q = 0 
. 17 

and I Ql = 2 distribution at the region of M 2 between 280 and 460 MeV. 

. . .. + - 0 
Look1ng at the reaction p + p - 2'1T + 2tr + tr of the same experiment. 

Magli~ et al. 20 report '{ = 1. 56:!::. 08 for like pions against 'I = 1. 7 9 predicted 

by phase space. But they attribute part of this effect to the asymmetry 

observed in the angular distribution of charged pions in the pp center of mass. 

It is also interesting to compare our results with those of Lee et al. , 
36 
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- + - 0 -who analyze the reaction p + p- 211' + 2, + 1T from pp annihilation at 

rest. They find a definite difference in the distribution of M 2 of the pion 

pair for like aD;d unlike: low values of M 2 are .enhanced fQr like pion pairs. 

Also they find a difference betwee~ the angular distributions ,of like- and 

unlike-pion p~irs (yunlike = 2.26:1:.15, ylike = 1.14:1:: .10), even though 

they do not h~ve any asymmetry in the angular distribution. of pions in the 

pp center-,of-ma~s. system~ Possibly the difference and simi,larity of results 

reflect the. fact that .the average en~rgy available for ea.ch pion fC?.r our 6" 

/6 .. + - 0 even~ (E = 2290 = 382 MeV) is less than in the p + p - 21r + 21r + 1r event 
. 1f' . . ' . ' • . ' . • 

of Magli~ et al. (E'Il' = 2290/5 = 458 MeV), but about the same, as .111 t}+e ' 

- .+ - o I 6 p + p - 2Ti + 211' + 'II' at rest (E = 1880 5 = 39 MeV). . . . . 1f' . . ' 

We cannot attribute the differences between the distributions of 
• I . • , 

M 2 in the region 280 to 460 MeV and in the angular-correlation distribution 

between unlike (0 = 0) and like (J OJ = 2) pion pairs to the asymmetry of 

angular distribution of pions in the pp center of mass, because we do not 

observe any asymmetry (see Fig. 11); also, the c. m. angular distribution 

. + -is the same for 1r and 1r • 

These differences seem to be best explained by the influence of 

37 the Bose-Einstein statistics for pions, as suggested by Goldhaber et al. 

The Bose-Einstein effect acts like a weak attraction between like pions and 

,a weak repulsion between unlike pions. This would favor small angles for 

the like-pion pair, and therefore enhance the lower part of their effective

mass distribution (Fig. 24b). · This would also favor large angles for the 

unlike-pion pair and therefore depopulate the lower part of their effective-

mass distribution (Fig. 24a). Goldhaber et al. have estimated the Bose-

- . + .. 0 37 
Einstein effect on the reaction p + p - Z1r + Z1r + nv with n = 0, 1, and 2.. 

The corresponding calculation for the reaction p + p - 311' + + 3~- is more 

complicated and has not been done. But with a maximum of three like pions 

instead of two like pions in the p + p - l'11' + t Z1r"' + '11' 
0 reaction, we expect 
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the Bose-Einstein effect to be greater in the reaction p + p- 3w + + 31T •• And 1 

this seems to be verified by our results •. 

At the higher region of M 2 (M2 > 500 MeV) the I 0 I = 2 distribution 
. . + 

follows well the phase-space calculation, but the Q = 0 ('11' 'II''"') distribution 

disagrees completely with the phase-space calculation (.Fig. 24 (a) and (b)). 

. + -
This effect is probably due in part to p mesons which can decay into 1T 1T 

but not Tr :t:: Tr :t::. 

7Tr and 8'11' Events 

Figure 29 shows histograms of distribution of the effective mass 

M2 of the Q = 0, I Q I = 1, and l Q I = 2 pion pairs from the 7w events. Figure 

30 shows distributions of the angle between the a = o.- I a 1 = 1, and 1 a 1 = 2 

pion pairs from the same ev~nts. 

The effective-mass distributions still show a difference at the 

region of lower value of M 2 (280 to 460 MeV) between the like-pion pairs 

(I a1 = 2, w:t::1T:!:) and the unlike-pion pairs (a = 0, Tr:t.'lt'"' or I Q I = l, Tr:TI'o. 
I 

Also at the higher regions of M2 (500 to 800 MeV) th;e I a1 = 2 distribution 

agrees well with phase· space and the neutral distribution seems to show an 

almost continuous enhancement above phase space. 

Figure 31 shows histograms of the distribution of M 2 for Q = 0 
I 

and I Q I = 2 pion pairs from the 811' events. The solid curves are the 

Lorentz-invariant phase-space estimations. Figure 32 shows the distribution 

of angle between Q = 0 and I a I = 2 pion pairs from the same events as a 

function of cos 9 • 11'11' 

Both the a= 0 and 101 ::: 2 effective-mass distribution agree with 

the phase-space estimation. Also the angle correlations are almost the 

same for unlike (Q = 0) and like (I Ql = Z) pairs (yunlike = 1.55 ::1: .07, 

'~like = 1. 40 :1: • 08 ). 
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we· can assume that most of the 8'IT events go by .the reaction 
+ . •' . . .· ·. . 

p + p - Tl' + v .. w +1 wo and that i! a four-pion resonance really existed0 a •• • :: • • < •• • ·~- i 

. . . . .. ,. . . . 0 
big fraction of the 8Tr events would go by this resonance; p + p- 4v + X i :r. 

\ . . ~· . . 0 
and X - 4Tr. We base this assumption on the big difference between the· .· . i' 

' . ' .· .. . · .. + . . ... . 0 ·. . .· ·.· ·:.· 
value of the cross section of the reaction p + p- 311' + 3Tr l+ l'lt · (1.05 :t:: .2m~) .· 

. . . . I .. · 

and that of p + p - · 4,/ + 4v.. (. 02 5: :t:: .01 mb) (Table Ill). · · A statistical calc~l~t.,ion 

would give a ratio Qf 7 !or the rate of the first react.ion. ove·r'the second one: 

we find here a ratio of 40 :t: 10. ThiS assumption ~an expiain·also the absen~e 

. of 'p mesons in the Str ·events. ·· ':· · ' 

/ ·, ;- .· 

~ ! ~ . • •, . r ' 

•• ~ • ' ~~ < -
'1.. 

·.-. 

. ~~ ; ,., . ' l ' . 
·o' ·,: ; I ,- ·, .·\! 

. ·. > · ... 

\. 

... 

·.:,. 

.·· .. ' 

. . . ' 

••• : • ;'"I ·~'·., ' 

·-,. 

: ;. :. 

·.. -~ 

-.j 

.,~ .. ... . 

' 

l· 
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V. SUMMARY AND CONCLUSION 

Let us summarize a few of the interesting findings of this work. 

The cross sections of the three analyzed reactions are found to be 

- + - 6 (p + p - 311' + 311' ) = 1.1 :t • 1 m b, 

- + - 0 . (p + p - 3,. + 311' + tr. = 1.80 ::1: .25 mb, 

- + - 0 (p + p- 311' + 311' + 211') = 1.05:1:.2.5 mb. 

The differe:t?-ce between the cross section of the reaction p + p- 311' + + 31T + Z1r 0 

and the reactionp + p- 411'+ + 41T- (.02.5 :1:.01 rnb) (see Table III) suggests t~at 
the first one would go through resonances whose decay includes neutral pions. 

This can be the known three-pion resonance or a yet undetermined four-pion 

resonance. The angular distributions are symmetrical for all three typeo of 

events (Figs. 11, 12., 13). This result is in contrast with the asymmetry found 

2.0 - + . - 0 by Magli~ et al. . in the reactions p + p - Z1r + Z1r + n1r at the same energy. 

But because the ratio of the number of cloud pions to the number of core pions 

is smaller, Koba-Takeda theory would predict a smaller asymmetry, which 

could be' masked in our case. 

The existence of the w meson (I = 0 three-pion .resonance at 

780 MeV) is further confirmed. With the hypothesis of G-p~rity conservation 

in the decay p1·ocess (strong decay), the w spin and parity is found to be 1-

by the Dalitz-plot method. Even with the hypothesis of nonconse~vation of 

G parity in .the decay process (electromagnetic decay), the 1-- spin and parity 

assignment is strongly suggested by the small values of the ratios 

R{w- 41T/w- ;r + + 1T .. + 1r0 ) and R(w- neutral/w-> ,/ + 1T .. + ;r0 ). These results 
. ' . . ;.· ' 2.4 

agree very well with those of Stevenson et al. 

Ncithcr,we no~..Magli~ et::al.: ha::v~ observed in the pp annihilation 

30 
the T = 0 three-pion resonance at 550 MeV reported by Pevsner et al. 

and Bastien et al. 30 

The distribution of the neut::-c 1 four-pion effective mass M 4 shows 

a suggF;stive buf: inconclusive peak at 1.04 BeV (Fig. 2.1 ). 
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The two-pion effective-mass distributions at 6tr events show a 

big difference between the I a I = 2 or like-pion pairs and the Q = o or 

unlike-pion pairs at the low-value region of M 2 (Fig. 24). At this region 

(M 2 between 280 and 460 MeV) the distribution for like-pion pairs is above 

that obtained from phase-space calculation, and the one for unlike pion pairs 

is well below, This result is similar to the result from the analysis of 

- . + .. 0 34 . .. + - 0 
p + p - 2tr + 2v + tr ·at rest, and d1fferent from that of p + p - 2-rr + 21T + -rr · . 

17 . 
at the same energy. It may be that the similarity and difference may reflect 

the similarity and difference in the average energy available for one pion 

(382 MeV in our case, 396 MeV for 5tr events at rest, and 458 MeV for S1r 

events at 1.61 BeV/c). 
.. 

We tentatively attribute the difference of M 2 distributions in the 

low-value region, at least at present, to the Bose-Einstein effect on the pion 

37 as suggested by Goldhaber et al. But no calculations have been done for 

- + -the p + p - 31T + 3'!1' reaction. 

= +-0/·= :o . · The ratio R(p - tr + 11• 11 - '!l' tr 1T p - 1T 1T } has been determmed 
o' 

to be 1.2: Z.Oo/o. This small ratio agrees with the o·+ ass~gnment for spin, 

parity, and G parity of the 11 meson but cannot rule out the .,.Possibility o:f 

~--assignment. 

Table VI gives the upper limits of some decay rates of the p 

and w mes9ns determined in this experiment. 

In this work, we concern ourselves mostly with the search for 

multipion resonances and the determination of their quantum numbers. We 
: .. '· ,. '. ·,' 

feel that the real behavior of the antip;;ooton-proton annihilation process 

will not be understood until all the mult\pion resonances and their quantum 

numbers are known. Many theories on pp annihila~ions do not include the 

multipion resonance states. The latest statistical model that includes all 
. 38 

the known resonances is given by Kalbfleisch. It gives a good prediction 
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of the rate of diverse pp annihilation processes. But it is semi-empirical 

and still needs a large interaction volume (0 = 4 0 0, where 

n0 = (411/3) (1i/m'ITC~).z. Also, no theory~as ever included the spins of the 

proton and of the antiproton. On the experimental side Button and Magli~ 

by studying the double scattering of antiprotons in hydrog_en, have shown 

that antiprotons can be polarized. 39 The a~ihilation of polarized antiprotons 
. . 40 

on hydrogen has ~ee?- studied in a preliminary way. I~ would be_ interesting 

to push this study forward, because it may give new understanding of the 
.,. ' ' ' l 

antiproton-proton annihilation process_. 

' ' 

.. 

.. 

.:.~ ' 
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APPENDIX 

G Parity and Strong Decay of Heavy Mesons With Zero Strangeness 

as P.roposed by the "Eightfold Way" The~ry 

In the "eightfold way" theory, a heavy meson with strangeness 

S = 0 can be represented by a definite state of N.N (or M). It has been 

· · . · · . s+l+I 
·shown that for such a state the G parity is given by G = ( -1) . . , 

where s, J., and I l'lepresent respectively the spin, angular. momentum,. 

and I spin of the NN. state. 41 Table VII gives the characteristics of t.he 

NN states representing the mesons with S = 0 proposed in the eightfold way 

theory, and the resulting G parity. , 
''.' 

n The G parity of a state of n pions is given by G = ( -1) •. Since 

in strong interactions G parity is conserved, a heavy meson with G parity 

e·ven can decay strongly into only an even number of pions (2, 4, 6, etc. ), 

and a heavy meson with G parity odd can 4ecay strongly into only an odd 

f 
. 0 

number o pions •.. The exceptions.a~e that ax or A meson cannot decay 

into two pions because of Bose statistics and conservation of intrinsic parity; . . 

also the :rr' meson cannot decay into thr~e pions for the same ree::.sons. 
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Table I. Mesons proposed in the "Eishtfold Way" Theory 

A pseudoscalar octet would be composed of three pions (1T +, 0 -
1T ' 1T ), two 

. + K mesons (K , o R !{o .. . o K ). two ( , K ), and one X • -
Unitary spin I ·s PS(O.) ·· V(l.) S(O+) A(l+) 

·-
1 0 1T p 1T' p' 

Octet .1/2 +1 K M K' M' 

1/2 -1 1\. K1 R"• :M• 

0 0 xo O' w' (I) X 

Single~ 0 0 A B . A' B' 

.. 
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Table .II. Prediction o£ decay of some proposed mesons. 

Particle 

. w, B.· 

p' 

a. See Appendix· 

' .·,-.,· 

~ ... . . 

',··. 

. . a 
with strangeness S = 0. 

G parity Strong decay · ·"' Electromagnetic 
decay 

+1 

.· +1 

··-1 

-1 

+1 

+1 

. ~ ., :·:· 

+ 0 + .. .. 0 
1T 1T t11'.11' ,11' 1T 

+ .. 0 
1T 1T 1T 

411' . 

0 
1T y 

. . .· .· · .. o···' ::··,,1·· 
51T, ~X 1T · 2-iry, 41r 

311' 

411' 
.·+ -
,. .11' y, 3Tr 

+ - 0 0 
'IT 1T ,11' 1T 2y 

'I . 

. ~ · .. 

. .. - ·, .. -~-

:· : . " ' -~. 
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Table Ill. Cross sections of diverse processes of pp interactions 
at 1.61 BeV/c (E. · = 2.290 BeV). ., c. m. .. 

(The total cross section is 96:1:3 mb from Ref. 3. ) 

Process 

Elastic 

p+p-p+p 

Charge-exchange 
•. - - 0 p + p - n + n. (and) n + n + 1T 

Inelastic , .· 
- - 0 p+p-p+p+tr 

-ii+p+tr-
- . + 

-p+n+tr 

Hy;eeron-arttihyperon 

p+p- il+A 

Reference · 

16 

16 

14 

14. 

14 

8 

Annihilation involving K mesons and ,. mesons 
- 0 ~ p + p - K + A 14 

- K+ + K- 14-

·: p + p _... K +: K + tr a 
·. 

- K + K+ 2,. 8 

- K + K + 3,. 

- K + R + 4,. 

- K + R + s,. 
Annihilation involving 1T mesons 

- 0 I 

p + p - nn , for n ~ 2 
.. + -p+p-1T. +,. 

k + ... 0 
-11' +tr +tr 

- .,. + + ,. - + n.,. 0 for n ~ 2 
+ . .. 

- 2tr + 2tr 

Annihilation involving tr mesons 
- + - 0 p + p - 2,. . + 2n + TT 

+. ... 0. 
- 2tr + 2n + ntr , for n~Z 

+ -- 3n + 3,. 
+. 0 

- 3n + 3,. + 1T 

- 3tr + + 3,. + z,. 0 

+ -- 4n + 4,. 

- 4n+ + 4tr- + trO 

8 

8 

8 

14 

14 ·, 

14 

14 

17 

17 

17 

18 

18 

• .. '· 

' Cross section (mb) 

33 :1: 3 

7~-a-;: • 55 . 

1.6*.30 

0.96 :i: .22 

1.15:!::~30 

0.057 :i: .018 

~ ... 050 

0.055 ± .• 018 

0. 74:!:: .16 

1. 95 :1: 0 26 

2. 2 :1: • 26 

0.37 :i: .011 
•0 + .02 

- 0 

0.3 + .4 
- • 3 

0.1 :i: .025 

2.5 :i: 1. 5 

14.1 :i: 3 

1.4 :!: .3 

10.-4:1:1.0 

12.0 :::: 1. 3: 

1.2:1: .l 

1.8:!:.25 

1.05 :!: .25 

0.025:!:: .01 

0. 006 :i: • 006 
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Table IV. Possible three-pion resonances with T=O, J~ 1, G parity. 

Meson 

~· J 

v 1'""'· 

PS o·· 
' 

A ·~+-

' ... 
. I 

Matrix element 

1' 
' 
'1 

. 1. and 3 

· 0 and 2 

I .·! 

' 

. ; 

.. 
' ' 

.. · . 

. I 

. . ' 

L 

1 

1 and 3 

1 

Simple example -- -- --(p oXp +>+ <P +><p J+ CP _><p o> 

(E ... ~E0)(E0~E+)(E+ -E0) · 

I 1 

' 
.. 

. I 

·. ;..,. .... 
' . \ 

.. 

,,· t 

.... . ' 

··\' 

Vanishes at 

whole bottndary 

straight ~inea 
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Table V. Summary of experimental determination of spin parity and 
G parity of Cl.) me~~n (1~0, M ~ • 0 :: 780 Me¥). · 

11' 'rl' 'II' . . 

Possible assignment 
(Spin ~ 1, parity, Q parity) Eliminated by 

Dalitz plot 

Parity conservation 

Dalitz plot 
---~----~------~~---••••M•••-~•-•••••••••••••••••••••••---~----•••• 

Dalitz plot and small ratio 

I + - 0 R(CI.) -neutral w - Tr 1r 1r ) 

Parity conservation 

. I + - o Small ratlo R (w - 411' w - 1r 1r 'It' ) 

Dalitz plot, small ratio 

R(w - 411'1 w - 1r +'It'- 'It' 
0) and small 

ratio R(w - neutral/ w - 1T +'It' -'It' 
0) 

' .. :·· .· .·· 

• 

' ! 



Table VI. Upper limits of some decay rates of the 

Ratio 

R(p0 - z.,/ 2.tr-/p0 - tr+'li-) 

:1:: :t:-+0/: :t:O 
R(p - n n tr tr p - tr tr ) 

R(w- neutral/w- ;/ tr- 'lf
0). 

I + - 0 R(w- 4tr w -11' 'If 11',) 

+ -O;· ·+·0 R(w - 2.tr 2.n tr w - 11' 1'1' 11' ) 

I •· 

' I 

.. 

(A) 

.. 

UCRL-1012.9 Rev 

and p mesons 
--

Upper limit 

. I 

0.02. ' 

0.05 

0.5 

0.17 

' 0.01 
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Table VII. Characteristics of RN states representing some proposed 

Meson 

p 

'IT' 

p ,a 

w', B' (a) 

X Ot ,A' 

1 spin 

1 

1 

0 

0 

1· 

1 

0 

0 

heavy mesons and their 0 parities · 

Spin and parity G parity 

' .. 
' ·1 

+1 

-1 

+1 

... 1 

-1 

+1 

+1 

(a) p' ' 
. 3 1 

w' and B' can be represented by either the P 1 or P 1 sta~e, but 

Gell-Mann. (private communication) pr~fers the first state ~or "field theory" 

reasons. '·. 

• 

... 

• 
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Figure Legends 

Fig •. 1. A typical six-prong event. 

UCRL-10129 Rev 

Fig. 2. Compar~son of x 2 distribution for p + p- 311'+ + 311'- + 11'0 events 
. . . 2 . 

(one constraint), -, with theoretical x distribution ....... . 

Fig. 3. Comparison of X 2 distribution for p + p - 311' + · + 311'. events 

(four conotra:ints ), --- , with theoretical 
2 

X distribution, -·-·· 

Scale factor oj 3 for the latter. 

z ·Fig." 4. Di.stribution of the square of the missing mas!~ (MM ) !or t!6rr11 

eve·nts. 

Fig. 5. Distribution of the square of the missing mass for 11711'" events. 

Fig. 6. Distribution of the missing mase of the "81T11 event. The solid 

curve ·is drawn fm m the distribution of the effective mass of two 
( 

charged pions !rom the same events. 

Fig. 7~ Center-of-mass momentum distribution for pions of 1161r11 events, 

- 3 '+ 3 - + - + ·-p + p - 1T + 1r • Top, ,. ·: center, w : bottom, 1T and 1r • The 

' solid curves· represent the Lorentz-invariant phase-space calculation • 

. (153 events.) . 
Fig. 8. Momentum distribution (c. m.) for charged pions oft 71T events, 

- + .. 0 + • + -p + p - 31r + 31r + w • Top, 1r ; center, w ; bottom, 1r and 11' • 

(239 ·events.) 

Fig •. 9. Momentum distr~bution (c. m.) for c~arged pions of 81r events, 

-. + - 0 + •. + -p + p- 31r + 3w + 211' • Top, 1T : center, 1T • bottom, 'If and 11' • 

( 139 events. ) 

Fig. 10. Momentum distribution (c. m.) for neutral pions of 7-rr events. 
' 

Fig. 11. Distribution of cosine of c. m. production angle for individual 

charged pions of 611' events. + ; - + Top, 11' ; center, 1T : bottom, 1T and 
; ... 

reflected 1T • (153 events. ) 

' . 
I 

., 
.• 



'I 
I 
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Fig. 12.. Distribution of cosine of c. m. production angle for individual 

+ - + charged pions of 7tr events. Top, 11' ; center, w ; bottom, tr and 

reflected tr- .. · (2.39 events. ) · 
.. : 

Fig. 13. Diotribution of cosine of c. m. production angle for individual 

+ - + charged pions of 8tr events. T?P• 11' • center, 11' : bottom, Tr. and .. • ' .. 

reflected 11' •• ( 139 events. ) 

Fig. 14. Angulat .. -di,stribdtion~lc.~:in•~)for neutral pions of 7, events 

·(a) for 2.3~ 711' eve.nts, (b) sam.e as (~).except that 28 a~biguous 

events have been excluded. 

Fig. fs. Histograms of the distributions of th~ effectiv~ .masses· (M 3) 

of pion triplets for the 7w events. (a) for the distribution for the 

triplets with 101 = 1 (2.39 X 18 triplets): (b) with 101· = 2(239 X 6 triplets); 

(c), ,with Q = 0 (139 X 9 triplets) •. In (d) the combined distributions of 
' ' . 

. (a) and (b) (shaded area) are compared with the (c) distribution. The 
. ' 

same smooth curve has been drawn on (a), (b), and (c). 

Fig! 16. Histog~ams o~ the distribution of n:~utral M 3 for 7w events around the 

· 780-MeV region. The resonance curve contains 79 <~>.mesons. 
. . . ! ~ 

"' . Fig •. 17, Dalitz plot for 238 events from the center of the peak region 
' 

(760 to 800 MeV); 27 :i: 8o/o of which are due to w mesons,· 
' ' 

. ,·-

Fig. 18. n'alitz plot !or 238 events from the·· control region (822 to 878 MeV). . . . 
Q = M 3 .. (2M,=+ Mwo> = 435 ~ev. · .. 

Fig. 19. The density .of the population of events on the Dalitz plot for five 
' ' 

r~gions of approximately equal area as a function of the average distance 
. ' 

" ::;. of thi9 :regiqn from the center of the ,PaUtz plot. Both scales are in 

arbitrary units. (a) Events in the energy region of the w meson and in 
' ' I ' ' 'l I'' • • !. 

a control region. In the w peak region there are 238 triplets: 79 omega 
• • ., '1 , ! , r • ' ' , . . ' 

and 159 background triplet&. The number of events per ~nit area of the 
' . . • ' • I 
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Fig. 19. (continued) control 1·egion is normalized to be equal to the estimated 

background in the peak region. (b) Difference between the two sets 

of points in (a) (79 triplets). The three curves correspond to the 

predictions for this distribution on the assumptions that the particle 

has apin and parity 1"'-, 1+-, oro·-. 

Fig. 20. Histograms of the distributions of.the effective masses M 4 of 

pion quadruplets; (a) is for distribution for quadruplets of 6'if events . 
with Q 7 0 (153 X 9 quadruplets), (b) and (c) for distribution for 

quadruplets of 7-rr events with Q = 0 and I Q I = 1 respectively 

(239 X 9 and 239 X 18 quadruplets). In (d) the (c) distribution (shaded 

area) is compared with the (b) diotribution. 

Fig. 21. Histograms of the distributions of the effective masses of neutr.o1.l 

' d 1 t f 8 t ( ) . f '' .. t . b t. .c M ( + + - < p1.on qua rup e s o t even e; a 1s or tuc .r'l. u ton o.a. 
4 

1T iT 71' 1T J, 

(139 X 9 quadruplets), (b) ia for distribution o£ M4 (1T+tr-1T0 r.
0 ) 

(139 X 9 quadruplets). The same smooth curve has been drawn on 

(a) and (b). 

Fig. 22. Histograms of the disiributions of the effective masses oi pions 

quad1·uplets of 87!' events; (a) is for distributiorl of qua5iruplets with 

101 = 2(139 x6 quadrupleto), (b) is for quadruplets with Q = o 

{139 X 18 quadruplets). The same smooth curve has been dra•vn on 

(a) and (b). 

Fig. 23. Histograms of the distributions of the effective masses of pion 

quintuplets of 7-rr events; (a) with Q = 0 (239 X 9 quintuplets) (b) with 

IQI = 1(239 X 6 quintuplets); (c) with IQI = 2(239 X 6 quintuplet.) 

The same smooth curve has been drawn on (a), (b), and (c). 

Fig. 24. Hiatograms of the distributions of the effective masses of pic!< 

pairsof 61Tevents; (a)withQ=O (153X9pairs}; (b)with 101 =2 

(153 X 6 pairs). The solid curves are from the Lorentz-invariant 

phase-space calculation. 
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Fig. 25. Distribution of angle between pion paira fron1. 6-rr evet;.to as 

a function of cos e ; (a) for pairs (,/ 11 -) with Q = 0 (153 X 9 pairs); 
~1T . . 

"'" (b) for pairs (1T-'1r±) with IQI = 2 (153 X 6 pairs). The solid curves 

correspond to the Lorentz-invariant phase-space calculation. 

Io"ig. 2.6. Distribution of decay angle of one pion in the rest frame of a .• 

dipion from 61r events with effective xnass M 2 between 280 and 460 MeV,;:" 
'.· 

{ ) f + f + - d' . (b) f. ::1: f. :l: :1: d" . ( . ") . a or 1T rom a 1T Tr 1p1on or 1T rom a 1T 1T 1p1on nyr.nmetr1z~q. • 
. . . . 0 . '~ 

Fig •. 27. Distribution of decay angle of one pion in the rest frame of a dipio~\ . . 
from 6'1T events with effective mass M 2 between 500 and 600 MeV 

(a) for 'IT+ from a ,/'7!'- dipion {b) for rr= from a rr:l:1T± dipion (symmetrized). 

Fig. 28. Distribution of decay angle of one pion in the rest :frame of a dipion 

from _61r events with effective mass M 2 between 600 and 800 MeV (a) for 

+ f + - d" . (b) f :!: f . :± = d" . ( . J) 'IT rom a 1T ~ 1p1on or 'IT rom a "iT 1T 1p1on S}ilmmetrlzec~ • 

Fig. 29. Histograms of the distribution of the effective mass of pion pair;:; 

of 71T event a (a) with Q = 0 (239 X 9 pairs); (b) vvith I Q 1. = l (239 X 6 pairs): 

{c) with I Q I = 2 (239 X 6 pairs). The solid curves correspond to a 

Lorentz -invariant phase- space calculatioa. 

Fig. 30. Distribution of anzle between pion pairs from 7-rr events as a function. 

of cos (J (a} Q = 0 pairs ('IT+ -rr-) (239 X 9 pairs); (b) f~r 101 = 
"'T'ff . 

(239 X 6 pairs); (c) for I a· I = 2 pairs (1T± 'IT±) (239 X 6 pairo). 

4- 0 
1 pair (-,,-'IT ) 

Fig. 31. Histogram of the distribution of the effective masa of pion pairs of 

81r events (a} with Q = 0 (139 X 9 pairs); (b) with Q = 2 (139 >< 6 pairs). 

The solid curve is an estimation of Lorentz-invariant p~ase-space 

prediction. 

Fig. 32. Distribution of angle between pion pairs from 8Tr events as a function 

of cos (J (a) for Q = 0 pairs (1T\i-) (139 X 9 pairs), (b) for 101 = 2 pdro 
il"'il' 

("1T:!:1T*) (139 X 6 pairs). 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

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

B. Assumes any liabilities with respect to the use of~ 
or for damages resulting from the use of any infor
mation, apparatus, method, or pro~ess disclosed in 
this report. 

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




