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PION-PION INTERACTION IN THE REACTION 

p + p 	2 u .1.: 2 - ± n11 

Janice Button, George R. Kalbfleisch, Gerald R. Lyflch, 

Bogdan C. Magli, Arthur H. Rosenfeld,. and M. Lynn Stevenson 

Radiation Laboratory and Department of Physics 

University of California, Berkeley, California 

- 	 December 4, 1961 

ABSTRACT 

Deviations from the expected two-pion effective-mass distributions 

- 	+ 	- 	0 
have been found in the reaction p + p - 2ff + Zir  + nT . These occur in two 

regions, 300 Mev and 750 Mev, and could be explained by the T 0, pion-pion 

interaction reported by Abashian, Booth, and Crowe and the widely observed 

p -meson (T = 1, J z 1 pion-pion resonance). The data in the 750-Mev region 

for TT1 combinations (Q = 0) show an apparent double-peak structure- -one 

at 720 Mev (F = 20 Mev), the other at 780 Mev (F = 70 Mev). However, the 

• 	IQ I 1 data (ffTr 0  and if t 0  combinations) are consistent with the previously 

observed single T = 1, J 1 resonance. Our data give M 	767 Mev 

(F 110 Mev). As these parameters alsofit the 0 0 data a detailed dis-

cussion of the statistical significance of the one-peak and two-peak hypotheses 

is given. A search has been made for possible neutral modes of decay of the 

heavy mesons, and no evidence has been found. 

/ 
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PION.-PION INTERACTION IN THE REACTION 

Janice Button, George R. Kalbfleisch, Gerald R. Lynch, 

Bogdan C. Magli, Arthur H. Rosenfeld, and M. Lynn Stevenson 

1 	
Radiation Laboratory and Department of Physics 

University of California, Berkeley, California 

• 	 December 4, 1961 

I. INTRODUCTION 

• 	The 4-1T  interaction, a.subject of extensive theoretical1' 2 9  3 and experi- 

mental inquiry, has been evident in pion-nucleon14' 
6 
 proton-proton, eiectron-

nucleon, 7  and proton-deuteron collisions, 8  and in K*  decay. 3 ' Anderson et al. 5  

established the J = 1 pion-plon interaction as resonant at 750 Mev from the 

fact that the plon-pion cross section reached 1Z 	For the experimental 

structure of this resonance, their data, with that of others, 6  give a width of 

140 Mev (F1 	70 Mev) and a central value of about 750Mev. 

Presented here are our results on the distributions of the invariant 

effective mass, 

M2  = [(E 1  +E2 ) 2  - (P1 +P2)1 , 	 (1) 

of pairsof pions produced in the reactions: 

+p 	211+ + Zir + 	 (2) 

+ p - Zr + 2i 	 (3) 

+ p - 2w + 2i + nil 0 , (n = 2, 3, or 4) 	 1 (4) 

Reactions (2 - 4) contain some unique features for the study of the 11.11 inter- 

action: (a) absence of nucleons in the final state; (b) a variety of charge 

combinations, giving total charge states Q = 0, 1, 2; and (c) a large amount 

of energy available for a two-pion system, covering the range 0.28 Bev 

< M2  < 1.87 .Bev. 
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II. EFFECTIVE-MASS RESOLUTION 

For each value of M2  given by Eq. (1), we calculate an uncertainty 

6M. From a sample of these uncertainties (selected for M 2  750 Mev). 

we can form a resolution function, and measure its half-width at half-max- 

	

10, 
• imum. 	130/2. 	In kinematically fitted 51T 'annihllations 'we find: 

re 

	

'resol 	
10±2 Mev for 0 = 0 (iTt ii 	pairs) and 20 Mev for IQ = 1 (Iii- 

• volving one unmeasured 1T
0).. The 11 6 ,0 annihilatlons yield only unfitted pions; 

pairs of these with 0 = 0 yield freSOl/Z = 15 Mev. 

We have checked our resolution estimates by measuring 90 K 1°  decays 

produced by + p - K 1°  + K + nil We use the unfitted variables for the tracks 

from the K decays and compare the M2  distribution with our Iresoi/=l5 Mev 

for unfitted tracks. From these K 1°  decays we find an M 2  peak with 

r/Z = 13 Mev centered at 499±3 Mev (0.2 % ± 0.616too:.higb), which seems con-

sistent with our &M estimates. 

Ill. IDENTIFICATION OF REACTIONS 

A total of 2, 700 four-prong events, produced by 1.61 Bev/c antiprotons 

(667 Mev/c center-of-mass (c in.) momentum) in the 72-in, hydrogen bubble 

chamber, have been measured and processed through our system. Of these, 

1074 five-plon (Sir) events and 101 four-pion (4il) events were identified by 

using our kinematics program KICK. Since t s ix pionU (61r) events contain 

two or more neutrals, fits cannot be obtained. We have selected a sample of 

931 events of reaction type 4) a.c'co ding to the following criteria: (a) Both 

missing mass and xnis.sing energy must be positive (this reduces the chance for 

wrong mass interpretation or mismeasurements) and (b) the momentum of the - 

beam track must be > 1.55 Bev/c.. This minimizes the number of four-prong 

'events produced by the pion contamination in our beam. (The average momentum 

of the pion contamination was about 1.50 Bev/c). The X and other selection 
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criteria as well as the numbers of events for each of the reactions are listed 

in Table I. The events that did not fit any of the above categories are the 

background, c3rnposed of anninilations into K mesons (uncharged as well as 

charged), four-prongs produced by pions, ambiguous events, and mismeasure-

menta. The 2700 events were processed mainly by a computer. In order to 

select a pure sample of 410S  out of dominantly 59 and 61i events, the crite-

rion for the 4ir events had to be made rather strict; hence a large fraction 

of the real 409 were probably thrown in the 5ff  sample. Some fraction of 

the 11 6ff" events may be poor measurements of 41r and Sir events. 

The formation of a state of total charge Q = 1 requires a neutral 

pion. Consequently, 4aT and "6iv". annth.ilations could not be used for this 

charge state. From the 2106 4Tr, 5ff, and "óir" events, we were able to form 

the numbers of pion pairs shown in Table II. 

IV. RESULTS 

We have studied the M distributions in 1175 fitted 4Tr and Sir re-

actions. Figuresla, b, and c display the results for Q = 0, 1, and 2, 

respectively. The eror flags are N1,  where N is the number of pion 

pairs per I 0-Mev interval. To gain slightly in statistical accuracy, we have 

added (in Fig. 2a and c) the 931 unfitted "60" event.s of type (4) to the Q = Oand 

Q = 2 distributions of fitted data from Fig. 1. The histogram interval was 

chosen to be 20 Mev in thi's instance. In Fig. Zb the same data as in Fig. lb 

are plotted in 20-Mev intervals. Possible deviations from the smooth distri-

butions are observed in two regions of M 2 , which we now discuss. 

A. The 750-Mev Region 

1. Effective-Mass Distributions 

The 0 = 0 data (T1r  pairs of Figs. la and Za) deviate markedly from 

the expected T = 1, 3 = 1 resonant state previously reported. At first inspection 
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there appears to be evidence for.a double peak in this region. 

The fQ I= 1 data (tr+1E and 	pairs of Fig. ib) appear consistent 

with the expected resonance. The 2 state 
(U+iT+ and iiThr pairs of Figs. 

ic and Zb) does not show any significant deviations from a smooth distribution. 

In fact, the X analysis of the data of Fig. Zc for the entire 10 I= 2 M spec-

trum shows that they fit a smoothcurve with a 90% probability level. This is 

an indicatIon that the correlation between pairs of the same event are unimpor-

tant and that the erro±s, 1*4 11 , are realistic. 

To understand the unexpected result in the Q= 0 state, we subject the 

following hypotheses to 	tests. 

Z. Hypothesis 1 (Single, Resonance) 

In this hypothesis we assume that only one T = 1, J 1 resonance exists 

and that the anomalous behavior of the Q =0 state is caused by a statistical 

fluctuation. 

a., x  tests. After making a background subtraction, we have fitted a 	1 

resonance curve of the type 

MLr(M)r 
dn 	P p 	2 	 5 

22 	2Z 
dM2 	 ) +ivl F (M2 ) 

to both charge states, where 

/M \ /M.2  - (ZM 
)2 \3/2 

j •M2 ) 	....J. 	 (6) ' 

P 	 \M2 / \M - (ZM) / 

M is the mass of the p meson, and F its 'width". 

The results of least-squares fits to various combinations of the data are 

presented in Table III. The upper, middle, and lower portions of Fig. 3a display 

the fit to the total sample (4r  + Sir + "6fT") for Q = 0, 1, and 0+ 1, respectively. 
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Uncertainties in the parameters of the fits are difficult to estimate be-

cause of the serious background subtraction. However, comparison of the 

independent 0=0 and Q = 1 samples shows that M fluctuates by a few million 

electron volts, and F by 10 to 20. The value of x and its associated probabil-

ity depends on this background and upon the number and size of bins used. We 

could make the 0=0 fits, appear more probable by using all the data instead of 

the 30 bins near the p peak, but this seems misleading since previous experi-

ments had already focussed attention on this region 
6 
 We could make the 

0=0 fit appear evex leasprobaileby grouping the dátain 20-Mev bins, but in-

stead we prefer to make the analysis discussed below (Sec 4b) 

Tabie III displays the fraction of annihilations in which p mesons are 

produced. When fitted to the neutral M2  spectrum of 1175X4 pion pairs, the 

integral of Eq. (5) contains 496 pairs, representing about 42 5 distinct events 

(because of statistical chance plus physical correlations, some events have two 

pairs under the. 'p  peak). Thus 425/1175 ( 36  4 of these annihilations make 

neutral p. rnesons. When fitted to the Q=1 spectrum (1074X 4 pairs), the inte-

gral contains 274 pairs ( 250 distinct events) corresponding to 
p 
 production 

with .aprobability, of 25/ Accordingly a given Sir annihilation produces a p 

with aprobabilityof>50%(. 36% for p ° and25%for p t ). (The statistical 

0 +  modeipredicts p : p +p of about 0.7:1.0) 

b. Search for decay properties. 	 . 

In spite of the large background, we have attempted to observe the 

decay properties of the p meson. Since the p is a two-.pion T 1 res-

onance, It must have odd J. If the p is polarized or .ligned during pro- 

• 	 duction, then its breakup will be of the form 1 +a 2 cos2 Q (odd powers of 

• 	 .cosO are parity-forbidden; higher even terms could be present for J?3). For 

small a2 , the statistical uncertainty 6a 2  is (45AN.) 
1A 

 where N is the number 

of events. After increasing 6a 2  to account for the fact that in the region 

of the p peak the signal-to-background ratio is 
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about 1:2, we find 8a2  025. Within this uncertainty, we find that the t'decay". 

pion momentum in the p rest frame is not corre1ated with either (a) the p 

direction of flight p • (b) the beam direction • or (c) the production 
—p 	 beam 

normal 	bm>Yp* The p production distribution is also isotropic. 

c. Search for correlations. We find no evidence that p •mesons tend to be 

produced in pairs or in association with w mesons, or that there is momentum 

correlation between either of the two pions that form the p and other pions 

produce4 in the annihilation. 

3 Hypothesis 2 (Double Resonance) 

In this hypothesis we: assume that-there is a double peak in both Q 0 

and IQ I = 1 states. We will refer to the lower-mass peak as p and to the 

higher one as p. These data are best fit by two curves that have the shape 

ofour resolution function. 

The total (4r + 5ir + "6r" Q = 0 data plotted in 10-Mev Intervals, are dis-

played in the upper portion of Fig. 3b. The middle and lower portions display 

Q I= 1 and. our combined total data, respectively. 

a X2  tests. The best fits of two resonance functions with the form of Eq. (5) 

are displayed in Table IV. Although the 0 = 1 data do not suggest a double peak, two 

different fits to them are displayed. The first fit is not constrained.: in any way 

to agree with the 0 = 0 fits, and is not very consistent with them. The second fit 

is forced to have values equal to the best fit for the over-all data, and still has 

a low value of X2 . 

We conclude that the data satisfy very well the hypothesis of two peaks 

at 720 and 780 Mev, with r = 30 Mev and F 60 Mev. It muøtbe noted, how.- 

ever, that while high x2  values discriminate:against wrong hypotheses, low 

cannot be used as evidence for a hypothesis. 
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Finally we note that even if the p 1  and •  p 2  peaks are real, their 

isotopic spin cannot be determined. One or both of them are at least T = 1. 

b. Search for correlations. In a vain attempt to find a difference between 

the events in the p 1  and p.2  regions, the production and "decay" correlations 

discussed earlier for all 'p events we re examined separately for p 1  and 

but again no correlations were seen. 

4. Further Discussi on  

a. Search for neutral decay màdes. We have: searched for a neutral decay mode 

of the p meson 	meson, or any other particle by studying the missing-mass 

(MM) spectrum of the 11 6ffTM data as displayed in Fig. 4. Our experimental res-

olution, 6MM, is about ± 50 Mev, and we estimate that we would surely notice 

a peak if it contained >75 .  events. Seeing no peaks, we can set some upper 

limits on branching ratios. 

First we consider the w meson The same experiment that yielded 

the four-prong events discussed in this paper yielded also 78± 18 six-prong 

annihilationS determied'to be + p 2r+ + Zir + (w + + 0)l0 If the 

branching ratio for 	3 P/o .. ir + +  n + 	were as high as unity, we would have 

been able to observe a peak in the missing-mass spectrum. An upper limit for 

this branching ratio is 0.5. (We did not expect to see this peaks since the 

is thotTght to have isotopic spin zero, and hence its decay into 30 is forbidden). 

Next we conider the p, even though it cannot decay into Zff if it really 

has J=1. The same 6-prong events that yielded 78 w mesons, yielded 110±20  p 

mesons; so again a branching ratio p- neutrals/P - TT cannot be as high as 

unity.  
0 12 

Finally there Is the ti • which has, a mass of 550 Mev and decays into 

or into neutrals with a branching ratio of abo!it. 1
:4. 13  We see no 

evidence for either of these modes, or for the mode t IT4  +T1+, or any 
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charged ri. In Fig. 4 the missing-mass distribution is compared with the 

Q=0. M2  distribution of the "611"data. The differene between these two 

distributions, we believe, can be attributed to the presence of approximately 

30 to 50 o .seven-pion reactions (3'ii ) in the 	r sample. 

b. Monte Carlo test of statistical significance. The 	test is unsatisfactory 

for testing the above hypotheses because it does not takeinto acount the corre-

lations between adjacent points. To obtain a better understanding of how un-

likely it is for the data to look as much like two peaks as our data when in fact 

the resonance has no sti.ucture, we used a computer togenei ate 72 Monte Carlo 

histograms of the M2  distribution for 3022 pion pairs in 10-Mev intervals from 

620 to 920 Mev. The generation was.made according to the fitted single-resonance 

curve (Fig. 3a) These histograms were studied independently by 20 experi-

mental physicists who were asked which of them looked most suggestive of a 

double peak. Unknown to them the real data were also Included in the sample. 

The actual data were the second most frequently chosen histogram. Six of the 

physicists picked it as the most suggestive of 'a double peak. Although such a 

test is an extremely subjective one, we can cOnclude from it that there is about 

a 1 to 3% chance of obtaining data near 750 Mev in any M 2  distribution which 

are as suggestive of a double peak as are our data when only a single resonance 

exists. 

c. Upper limit for the decay 	+ r. 	In our Sir data there are about 100 
10 +. * 	0 rnesons which decay by their normal mode 	4T + r  + IT • If they decay into 

the G - forbidden mode rr + rr with a branching fraction 1, then we would see 

in our .  41r fits lOOf events with a value of M2  near m= 787 Mev (nearthe upper 

half of the 	p peak). 	Among our 101 4ir events; we see fewer than 20 p  and, no  

evidence for extra events near 787, Mev., We conclude that the branching fraction 

f is less than about 101/6. 
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5 Conclusions 

Whether one accepts the double-peak hypothesis ( bO% probable) when 

the expected hypothesis (1) is 	10% probable is a matter of individual judgment. 

We feel that such a judgment cannot be made on.the.basis of our data alone, and 

conclude that further data are needed to settle this question. Indeed, they are 

needed to establish the character of p 1  and p 2  if the double-peak is real. 

B. The 300-Mev Region 

In the 300-Mev region of the neutral M 2  . spectrum we observe a discon-

tinuity in the experimental points, suggestive of the low energy pion-pion inter-

action found by Abashian, B ootho and Crowe (ABC). 
8 
 This is seen in Fig. 5. 

The discontinuity ofthe rise of the points occurs at 320 Mev, which is near the 

central value of the 300-Mev ABC peak. The absence of similar peaks in charge 

states 1 and 2 is also consistent with their aasignment T = 0 to this interaction. 

On the other hand, our data do not exclude the presence of such an effect in all 

these states.. Without detailed knowledge of the phase-space 'background" in 

that region, we do not know how to treat the data. 
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of. data. (b) Double peaks drawn'through the total data. The 
individual peaks drawn here each have F= F 	1 and do not 
correspond exactly to the best fits displayeii °  Table III. 



-29- 
	 UCRL- 9814 

I +—) 

 

 

WE 

U)  60  
0 

50 
0 
0. 

40 
0 

30 
E 
z20 

 

UK 

0." 	
111•11 
	I i.__ 

M(Mev) 	 S  
MU. 25 218 

Fig. 4. Test for a1r 0 r 0  peak inthe "60" events. The hded area 
is the spectrum of the missing mass MM. The heavier solid 
line is the M7  spectrum for visible ir ir pairs. The experimental 
resolution, &J1M, is about 45 Mev when MM is 750 Mev. More 
precisely, we have 6MM = 45 Mev 750 Mev 

MM 



-30- 	 UCRL- 98 14 

c .  
- 	4 

U, 

0 
CL 

0 

0. 

0 

E 

'6O 	300 	'350 - 	400 	450 	500' 
- 	, 	M 2  (Mev) ' 

MU .25 217 

Fig. .5. Evidence for a discontinuity in the Q=0 M distribution at 
.320 Mev. The-shaded area is the spectrum for ( Q 1=1) + ( IQ HZ) 
for the, fitted data. 

•1 



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

Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa-

ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

Assumes any liabilit{es with respect to the use of, 
• 	or for damages resulting from the use of any infor- 

• 	mation, apparatus, method, or process disclosed in 

this report. 

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