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In reactions involving, for example, n~ + p or p — p 
in the initial states, there are no selection rules which 
favour the production of p ' s rather than co's or vice 
versa. Hence as they have about the same mass 
one may expect to produce them in comparable 
amounts in most experiments. The p is presumably 
a J = l " , / = 1 state and thus can decay into 2n's 
via a strong coupling. The co is probably / = 1~, 
1=0. However, it can also decay into IK'S via the 
electromagnetic coupling, as was first emphasized 
by Glashow x \ Since the co is a 1~ object its decay 
into two pions will necessarily proceed into the / = 1 
2n state. Thus the G-forbidden co decay and the 
allowed p decay lead into the same isotopic channel, 
which is to say, the two decays must be added co­
herently in the description of any process in which 
2%'s are observed coming from a source which is a 
mixture of p 's and co's. 

We have made a theoretical description of this 
situation in terms of a set of coupled time dependent 
Schrôdinger equations which mix p and co states that 
we assume to be isotopically pure at the time of 
production. The resulting mathematical problem is 
classical and the details are given in several places 2 ) . 
One is led to a mass matrix, r+/Af, whose eigen­
values and eigen-vectors express the exponentially 
decaying states, p and cô, in terms of the isotopically 
pure states p and co; i.e., one solves the equation, 

This matrix is not, a priori, symmetric and, as far 
as we can tell, it is only symmetric if one is willing 
to treat the unstable states p and a> as eigenstates of T, 
the time reversal operator. The magnitudes of the 
complex parameters which give the mixing of p with co 
X = im+r and X' = im*+r*9 are not easy to estimate 
precisely but may be as large as <xrnp~5 MeV 1 ) . 
In the numerical work that follows we have taken the 
real and imaginary parts of X to be about 1 MeV; 
probably a conservative choice. 

The most interesting quantities accessible to this 
formalism are the energy amplitudes \l/p(E) and xj/^E) 
that generate the observed 2% and 37i decay spectra. 
These can be written very simply in terms of the iso-
topically pure states |p> and |co> as follows: 

In Eqs. (3) and (4) mp, ma, Tp, rm refer to the 
parameters of the isotopically pure p and o> states. 
In the case of the p they correspond to the observed 
parameters of the charged p; mfi x 750 MeV, 
rp«100 MeV. The parameters m-, m j j , F p , T -

(*) W o r k p e r f o r m e d u n d e r t h e ausp ices of t h e U . S . A t o m i c E n e r g y C o m m i s s i o n . 

where 
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characterize the exponentially decaying states p and To. 

These parameters, presumably, differ somewhat from 

the p, œ parameters. However, in what follows, we 

shall ignore such differences which we are not able 

to estimate reliably in any case, and which appear 

to be small. 

In a typical experiment a linear combination of 

Eqs. (3) and (4) 

it will be interesting to see if these effects persist as 

the statistics improve 5 ) . Since the ratio of co to p 

production may vary appreciably with the incident 

energy, the interference effect could also vary appre­

ciably as the energy is changed. 

F i g . 1 This is a plot of N ( £ ) 2 ^ with the parameters 

m^ = 790MeV, 7 ^ = 100 MeV, 7 ^ = 1 MeV, f = 1 , Re A = 1, and 

\n\À — ^. The scale in both figures is arbitrary. 

In Figs. 1 and 2 the function N(E)2n is plotted 

for a few choices of the parameters. The charac­

teristic feature of all of these plots is the superposition 

of a sharp needle-like co peak on top of the broad 

haystack-like p . The interference between the two 

resonances has the effect of extending the 2n spectrum 

toward the co mass. The details of the shape of 

the spectra are very sensitive to the choice of 

parameters. 

In actual experiments the function given by Eq. (5) 

must be folded into an experimental energy resolution 

function which in present experiments is about 

10 MeV wide. Hence one should not expect to find 

the sharp spectra as given in Figs. 1 and 2. However, 

there can be observable effects such as an apparent 

shifting upward of the mass of the neutral p compared 

to the charged p or even some splitting in the neutral 

p peak. There may be hints of such effects in some 

of the experimental data on neutral p production 4 ) and 

Fig . 2 This is a plot of N(E)2n with the parameters 

= 790 MeV, m~Q = 750 MeV, FQ = 120 MeV, Fâ> = 1 MeV, 

f = 1 , R e / I = 1, and Im À = 1. 

is produced. The ratio, / = /J/a, depends on the 

incident pion energy, is complex and may be of order 

1 in magnitude 3 ) . We use the relations 

where we assume that T is conserved in the decay 

of the pure co and p . This amounts to neglecting 

electromagnetism except in the p— œ mixing. F rom 

this, the 2n spectrum generated by the linear combina­

tion above, in the approximation m(0 m- ; Fœl = T-

is given by 
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DISCUSSION 

F E I N B E R G : I would l ike t o c o m m e n t t h a t m o s t of these 

cons ide ra t i ons h a v e been m a d e i n d e p e n d e n t l y by D r . J . C. 

T a y l o r . 

J A C K S O N : Is t he re any o b v i o u s r e a s o n why t h e in terference 

m i n i m u m occurs o n the l o w side ? I t seems o d d t h a t t h e s igns 

a re such t h a t it a lways h a p p e n s . 

B E R N S T E I N : I d o n o t t h i n k the re is a genera l r e a s o n ; I h a v e 

n o t t a k e n a case numer ica l ly w h e r e t he d ip did n o t occu r o n 

the low side. 

L E V Y : M a y b e the 7090 k n o w s t h e a n s w e r ? 

B E R N S T E I N : M a y b e F e i n b e r g k n o w s the a n s w e r ? 

F E I N B E R G : Y O U c a n get t he d ip o n the h i g h s ide o r n o d ip 

o n t h e low side if y o u c h a n g e t h e sign of the a d m i x i n g p a r a m e t e r , 

for e x a m p l e , since the in terference t e r m is l inear in t he a d m i x i n g 

p a r a m e t e r . 

J A C K S O N : C o n s e q u e n t l y exper imenta l i s t s shou ld n o t be 

l ook ing for t h a t pa r t i cu l a r s h a p e as o p p o s e d to s o m e o the r 

s h a p e . 

B E R N S T E I N : I w o u l d n o t suggest l o o k i n g for t h a t s h a p e , 

bu t it is a p p a r e n t l y a fact t h a t t h e n e u t r a l Q l o o k s different 

f rom the c h a r g e d Q. I t seems as if t h e n e u t r a l Q l ikes t o p u s h 

itself u p t o w a r d s a h igher m a s s t h a n t h e c h a r g e d Q. 

O P P E N H E I M E R : I S it a m o d e l t h a t m a k e s y o u c h o o s e a 1 M e V 

wid th for t he co ? 

B E R N S T E I N : T h e 1 M e V is a n u n d e r - e s t i m a t e w h i c h w a s 

sugges ted by the ca lcu la t ion of G e l l - M a n n a n d Z a c h a r i a s e n 

w h o discussed t h e e l ec t romagne t i c p r o p e r t i e s of the n u c l é o n 

us ing these par t ic les . If y o u t a k e the i r m o d e l t h e n the a d m i x i n g 

p a r a m e t e r ac tua l ly is s o m e t h i n g l ike a t imes t he m a s s of t h e Q, 

which is of t he o r d e r of 5 M e V . So , j u s t to be o n the m o d e s t 

s ide, we t o o k 1 M e V . 

M A N D E L S T A M : If I a m r igh t t he e x p e r i m e n t s t a k e n l i teral ly 

ind ica ted a need le o n the o the r s ide of t h e h a y s t a c k b u t , of 

cour se , t he re m i g h t be s o m e e x p e r i m e n t a l e r ro r . D o y o u k n o w 

w h e t h e r it is app rec i ab ly eas ier t o fit a curve , l ike t he o n e y o u 

showed , t o the expe r imen t s o r t o fit a single p e a k to t h e exper i ­

m e n t , wh ich after all is n o t comple t e ly o u t of the q u e s t i o n ? 

B E R N S T E I N : T h e s ta t is t ics o n these e x p e r i m e n t s a r e so far 

ex t remely b a d a n d t h e conc lus ions y o u d r a w d e p e n d o n which 

of t he e x p e r i m e n t a l g r o u p s y o u t a lk t o . P i c k u p a n d R o b i n s o n 

h a v e a n e x p e r i m e n t a t B r o o k h a v e n t o s tudy b o t h the c h a r g e d 

a n d n e u t r a l Q a n d they h a v e t a k e n a n u m b e r of o u r curves a n d 

h a v e f o u n d a n a t u r a l fit t o the i r d a t a wi th this needle- in- the-

h a y s t a c k effect, b u t i t is n o t comple t e ly c lear they c o u l d n o t 

get a fit w i t h o u t it . S te inberger o n t h e o the r h a n d feels t he re 

is n o ev idence in his d a t a o n t h e n e u t r a l Q for th is p a r t i c u l a r 

k i n d of s t ruc tu re a n d I t h i n k we m u s t wa i t unt i l t he re a r e m o r e 

s ta t is t ics . 

F E I N B E R G : I t m i g h t b e w o r t h w h i l e t o c o m m e n t t h a t exper i ­

m e n t a l curves m a y l o o k very different f rom e x p e r i m e n t to 

e x p e r i m e n t because they d e p e n d o n these p a r a m e t e r s a a n d 

ft wh ich a r e the re la t ive a m o u n t of Q a n d co p r o d u c e d in the 

e x p e r i m e n t a n d t h a t , of c o u r s e , c a n d e p e n d o n all so r t s of 

th ings . 

M A N D E L S T A M : W h a t e v e r y o u r p a r a m e t e r s , y o u still have 

the needle o n the r igh t of the hays t ack , s imply because the energy 

of the co is g rea te r t h a n the energy of t h e o. 

P U P P I : T h e r e is o n e e x p e r i m e n t a l f ea tu re wh ich is s tab le , 

wh ich differentiates clearly t h e n e u t r a l Q f rom t h e c h a r g e d Q. 

This is n o t t he s h a p e of t h e p e a k , because t h e p e a k is very 

bad ly defined in al l t h o s e e x p e r i m e n t s , b u t it is a s t r o n g fo rward -

b a c k w a r d a s y m m e t r y in t h e a n g u l a r d i s t r i bu t ion of the n e u t r a l Q, 

in c o n t r a s t wi th t h e c h a r g e d Q w h i c h a t t he r e s o n a n c e shows 

a perfect s y m m e t r y . If y o u t a k e t h e r e su l t o n t he c h a r g e d Q 

in wh ich the in ter ference c h a n g e s sign a t the r e s o n a n c e (as an 

ind ica t ion t h a t th i s is a r e s o n a n c e ) t hen , unless y o u inven t 

a very p a t h o l o g i c a l m o d e l w i t h waves of different p a r i t y you 

a r e n o t ab le t o exp la in this s t r o n g f o r w a r d - b a c k w a r d a s y m m e t r y . 

Is y o u r m o d e l ab le to exp la in th is s t r o n g f o r w a r d - b a c k w a r d 

a s y m m e t r y a t t h e p e a k ? 

B E R N S T E I N : W e cer ta in ly have n o t cons ide red the a n g u l a r 

d i s t r i bu t ion . 

F E I N B E R G : I n a n y case , in o r d e r t o get a f o r w a r d - b a c k w a r d 

a s y m m e t r y , y o u n e e d a n in te r fe rence be tween a b a c k g r o u n d , 

say, S-wave , a n d this P - w a v e ( the 2 p i o n s c o m e o u t o n a P -wave ) . 

J u s t h a v i n g a Q—OJ a d m i x t u r e by itself is n o t e n o u g h t o expla in 

it . 


