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I feel quite ashamed no t to be speaking a b o u t any 
indefinite metric. I a m going to confine my r emarks to the 
old familiar relativistic local field theory and discuss the 
p rob lem of creat ing a f ramework for the descript ion of 
uns table e lementary particles. I need n o t apologize for 
this. Of the sixteen k n o w n e lementary particles, only four 
— the p ro ton , the electron, the neu t r ino and the p h o t o n — 
are stable. The p rob lem which exercised us was the 
p rob lem of the cons t ruc t ion of a s tate vector in a rela­
tivistic field theory cor responding to an uns tab le e lementary 
particle. 

Let me briefly recapi tula te wha t one normal ly does 
in order to describe stable part icles. Particles are charac­
terized first of all by eigenstates of the energy m o m e n t u m 
vector 

Pp\P/i,n) =Pfl\Pv,n}. (1) 

H e r e p/ is the mass of the par t ic le a n d this is necessarily 
real . The further charac ter iza t ion of the state vectors is 
provided in general by specifying whether we are dealing 
with in-states or out-s ta tes . This needs a n asymptot ic 
descript ion of these particles a t p lus o r minus infinity of 
t ime in the convent ional fashion. I shall denote these 
state vectors in this form : 

| ... kN} in o r \ k 1 . t . k N ) 0 U t . 

One then postula tes tha t this set of states, b o t h the in­
states as well as the out-s ta tes , satisfy the completeness 
re la t ion which I shall wri te in the following f o r m : 

Z | k x . . . k N > in i n <&!... k N I = 1. (2) 
out out 

I t is clear tha t for an uns table part icle there is n o asymp­
tot ic limit in any sense, a n d it is impossible to use this 
convent ional p rocedure to cons t ruc t o r define any state 
whatever for this part icle . 

H o w does convent ional theory cope with this ? Consider 
a 27-particle, which can decay in to two stable / -par t ic les 
kx a n d k2: 

& i 2 = & 2 2 = m2 • 

One assumes the existence of a ^ -par t ic le s tate | M ° > 
a n d calculates the t rans i t ion ra te 

as if all part icles were stable. T h e n the a t t enua t ion of 
a beam of such particles is given by 

dnjdr = — Xn(r) 

where r is the p roper t ime. 

This may be interpreted as a wave funct ion 

( r | 0 > = e

i M ° r " A I T I / 2 . 

The part icle then appears with a complex mass : M ° + / A/2, 
which is certainly no t consistent with (1), any m o r e t han 
the states | M°) or | 0 ) be long in the completeness 
relation. 

W e wish to p ropose a res ta tement of this p h e n o m e n o -
logical descript ion of long-lived e lementary particles, 
which is consis tent wi th the general scheme described in 
(1) and (2). 

T h e Hilber t space of field theory is spanned completely 
by the stable part icle states \k1k2...y. T o describe 
unstable particles we define a density mat r ix 

Q (m2) is essentially the probabi l i ty of finding the 
Z'-particle wi th mass — or Q-value — cor responding to m. 
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The m e a n mass is then given by 

T h e decay cons tan t is given by the spread in mass 
values, as de termined by the second m o m e n t 

I n order t o relate these definitions to field theory we 
assume the existence of a field 0 (x), satisfying the causality 
condi t ion 

If the 0-field has to satisfy a field equa t ion of the form 

(• -a)0=F[x] , 

then a general t heo rem due to Kal len, Ge l l -Mann and 
L o w and L e h m a n , states tha t 

T h u s : 
a = M ° 2 

as defined above . 

F o r F [%] we may assume : 

Fix] = St • 

If Q is c o m p u t e d by summing pe r tu rba t i on theory we 
obta in 

where A is the vertex p a r t and A(M°) gives the 
conventional ly compu ted life-time to all orders . Clearly, 
the second m o m e n t (suitably defined) is A (M°), giving us 
in this approx imat ion , the convent ional result. 

I mus t men t ion t ha t Peierls has conjectured t ha t the 
one part icle p r o p a g a t o r 

has a pole o n the " unphysica l s h e e t " which gives the 
lifetime a n d m e a n mass of an uns tab le part icle. 

D I S C U S S I O N 

Wataghin: I wan t to r emark that , in a recent pape r 
on non- loca l theories, I discussed the vir tual states in a 
m a n n e r similar to tha t of Salam. I t will be publ ished in 
N u o v o Cimen to 2 ) . I in t roduced decaying vir tual states 
of ba re particles in a non- local field theory, where an 
explicit reference to the p rope r t ime a n d the c m . system 
of interact ing particles is m a d e . 

Low: I t seems to m e tha t in your a p p r o a c h the p roba ­
bility of decaying with some energy is, in fact, given by 
the density function. Accord ing to this, there should 
therefore be a finite probabi l i ty , say, for a A° decaying into 
a p r o t o n and two pions . 

Gell-Mann: Let us pur sue this po in t a little further. 
Y o u say, of course, t ha t you w a n t to consider only those 
states in to which the part icle can actually decay. N o w 
let us consider , as L o w did, the case of the A0 decaying 
into a p r o t o n and a p ion . D o we consider all energies 
of the final s t a te? Y o u did n o t p u t in any cut-off o n the 
mass . 

Salam: Let us consider this case (Fig. 1) where there 
are two h u m p s . N o w this is a s t anda rd case of two 
resonances in nuclear theory a n d one has the s t anda rd 
p rob l em of resolving cleanly the two resonances . I have 
n o solut ion to this quest ion. There is the very simple 
case (Fig. 2) where you first have a sha rp h u m p , then a 

very little tail a n d then a large second h u m p . But suppos ing 
one is dealing with cases where all the h u m p s have the 
same sor t of widths , t hen you m a y well ask to which 
part icle does the region between the peaks belong. I do 
no t k n o w . I a m poin t ing ou t a mat te r of principle, tha t 
f rom this po in t of view there is n o dist inction between 
the peaks , a n d they have all to be t rea ted on the same 
footing. 

Gell-Mann: T h en I c anno t agree tha t this is a very good 
definition. Let us consider the A0- par t icle once more . 
Let me call a t ten t ion to the fact that if you tu rn off the 

Fig. 1. 
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Fig. 1. 
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Fig. 2. 

w e a k in te rac t ion it wou ld be a s table par t ic le . Therefore , 
the re would be a gigant ic h u m p which y o u migh t have t o 
d r a w u p as h igh as the m o o n o n y o u r scale, co r r e spond ing 
to t he s t rong in terac t ion , c o r r e s p o n d i n g to the decay of the 
A0 in to a p r o t o n a n d a K~. T h a t y o u cer ta inly do n o t 
w a n t to include. 

Salam: T h e p robab i l i ty for a A0 go ing in to a p r o t o n 
a n d two n mesons will be equa l t o 

^ weak 

strong. 

This is a b o u t 1 0 - 1 2 . O n e in 1 0 1 2 /L°'s will decay in to 
a p r o t o n a n d two n mesons , p r o v i d e d the exper imenta l i s t 
is willing t o call such a n object a A -part icle . 

Gell-Mann: Let m e con t inue w h a t I was saying. Y o u 
will have a n e n o r m o u s h u m p co r r e spond ing to the A° 
going in to a K a n d a p r o t o n . Of course , this is for energies 
far above t h a t of t he A0. Th i s , of course , y o u do n o t 
w a n t to inc lude in y o u r sum. 

Salam: N o . 

Gell-Mann: H a v e y o u defined clearly which set of 
s tates y o u a re going to s u m o v e r ? P r e s u m a b l y y o u will 
inc lude only those states which viola te s t rangeness conserva­
t ion . 

Salam: T h a t , for example , w o u l d be a g o o d definition. 
N o b o d y h a s discovered h o w to isolate the resonances 
in nuclear physics , except w h e n y o u have selection rules 
of the type given by s t rangeness v io la t ion . 

Gell-Mann: Bu t this is the p r o b l e m tha t y o u have 
a t t acked . 

Salam: N o , n o . I d o n o t c la im to have a t t acked the 
p r o b l e m of separa t ing resonances w h e n they refer to 
part icles wi th the same q u a n t u m n u m b e r s . 

Matthews: If y o u w a n t t h a t definit ion to app ly t o 
the A° y o u s u m only over the p r o t o n + p ion s tate , 

Gell-Mann: W h a t is the difference be tween p r o t o n 
plus p ion a n d p r o t o n p lus t w o p ions ? 

Matthews: T h e final s tates consis t of s table part icles for 
which you c a n use the conven t iona l L e h m a n - Symanz ik -
Z i m m e r m a n p r o c e d u r e to define the s ta tes . 

Gell-Mann: I was n o t a w a r e t h a t cons ider ing the 
in terac t ions y o u could really dis t inguish be tween p r o t o n 
p lus p i o n a n d p r o t o n plus two p ions , since a p i o n incident 
o n the p r o t o n can p r o d u c e t w o p ions . 

Peierls: T h e p o i n t is this . A r e we ta lk ing a b o u t the 
uns t ab le A0- par t ic le as the exper imenta l i s t wou ld define 
it, o r are we ta lk ing a b o u t a phys ica l s t a t e ? N o w , the 
A0- par t ic le h a s n o t existed for ever. I t m u s t have been 
crea ted in s o m e way. I t seems to m e t h a t those curves 
o n the b o a r d re la te t o w h a t h a p p e n s w h e n y o u p r o d u c e 
a par t ic le in any of the va r ious ways t h a t this can be done . 
T h e n of course , y o u get va r ious h u m p s . I n essence the 
process leading to a s table par t ic le o r a n uns t ab l e par t ic le 
o r even to a very b r o a d r e sonance l o o k very similar . T h e 
ques t ion i s : c a n we d o some th ing else a n d descr ibe the 
uns tab le par t ic le by itself, by a wave func t ion? This is 
w h a t Sa lam h a s called 0. H e says very little a b o u t h o w 
he defines it a n d it is clear t h a t it c a n n o t b e defined exact ly; 
because it is only to the extent t o w h i c h the w id th of such 
a p e a k is negligible c o m p a r e d t o the d i s tance t o t h e neigh­
b o u r i n g p e a k t h a t y o u can give a m e a n i n g t o such a th ing. 

Gell-Mann: I t h ink there is still a h o p e t ha t there 
migh t be a n ac tua l definition. T h a t is w h a t I expected 
when this r e p o r t was s ta r ted — a definit ion i ndependen t 
of a rb i t ra ry th ings . T h e p o i n t of view which Sa lam 
a t t r ibu ted t o you , Peierls, s o u n d s m o r e likely to give a 
u n i q u e definition. T o use a slightly different l anguage : 
this ^-function is the imag ina ry p a r t of w h a t w o u l d usual ly 
be called a n ampl i tude . If this ^-funct ion by itself is in 
some way analyt ical ly con t inued so t h a t the behav iou r of a 
funct ion reduc ing to Q o n the r ea l axis c a n be invest igated 
in the complex p lane , I t h ink it w o u l d be found tha t 
poles will a p p e a r off the axis a n d t h a t those poles will be 
u n i q u e in thei r pos i t ion . They will c o r r e s p o n d to a 
par t i cu la r rea l a n d imag ina ry p a r t a n d this m a y some day 
be a real definition of the mass a n d lifetime of a n uns tab le 
part ic le . 

Peierls: I agree wi th tha t . I t seems to m e to be the r ight 
way of descr ibing uns tab le par t ic les . T h e r ea son I said 
this is only a p p r o x i m a t e , is because even w h e n y o u get 
in to regions of h igh energy w h e r e y o u get m a n y b r o a d 
resonances which c a n n o t physically be descr ibed as part icles 
y o u will still get lo ts of poles in the c o n t i n u a t i o n of the 
p r o p a g a t o r G. T h e ques t ion of w h e n t o call such a th ing 
a par t ic le a n d use a special func t ion t o descr ibe it, is 
a quan t i t a t ive one a n d n o t a qua l i ta t ive one . 

Salam: I w o u l d like to p o i n t o u t t h a t I t h ink Peierls 
agreed to some th ing qui te different f rom w h a t I u n d e r s t o o d 
G e l l - M a n n is ma in ta in ing . If t he p r o p a g a t o r is 
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G e l l - M a n n conjectures there a re poles in Q ( M 2 ) in the 
M 2 - p l a n e , Peierls conjectures there a r e poles in the 
" unphys ica l sheets " of G (& 2), a n d b o t h w a n t the poles 
to be a t the s a m e place . 

Gell-Mann: These two things a re exactly the same . 

Salam: Is there such a t h e o r e m ? 

Treiman: W h a t is it the exper imenta l i s t s m e a s u r e ? 
If the answer is, as it m a y be , t h a t it depends on the p r o d u c ­
t ion, then h o w do y o u divorce this discussion f rom the 
p roduc t i on . 

Salam: Y o u canno t . Y o u have to wri te down a 
r a the r compl ica ted fo rmula in t e rms of p 's to t ake in to 
accoun t the p r o d u c t i o n as well. 

Treiman : I see n o reference to the p roduc t ion . 

Salam: T h e p r o d u c t i o n is n o t s imply re la ted. If 
y o u ask m e h o w to m e a s u r e o m o s t cleanly.. . 

Treiman: I n the first p lace the exper imenta l i s t does 
m e a s u r e a lifetime, a t least he th inks he does . 

Salam: O h , n o , n o ! H e measures n o t h i n g of the 
k ind . I n very special cases he measures wha t he th inks 
is an exponent ia l . . . 

Treiman: W h a t is t he connec t ion , w h y is i t t h a t so 
m a n y people a re fooled ? 

Salam: If t he lifetime in decay is very m u c h larger 
t h a n the lifetime in p r o d u c t i o n , t h e n o n e can ta lk a b o u t 
an exponen t ia l . If this is n o t t he case t h e n there is n o 
exper imenta l exponen t ia l . A n d I w o u l d l ike to chal lenge 
the exper imenta l i s t to p r o d u c e one . 

Gell-Mann: M a y I t ry t o answer T r e i m a n ' s q u e s t i o n ? 
In the case of a very n a r r o w re sonance such as a weakly 
decaying par t ic le , the exper imenta l i s ts d o n o t get in to 
m u c h t roub le pract ical ly . I n the case of some th ing like 
the ( 3 / 2 , 3 1 2 ) r e sonance , which is a very b r o a d one , cer tainly 
the answer will depend to some extent o n the exper imenta l 
m e t h o d s . Bu t I t h ink t h a t w h a t is be ing sough t here is 
the possibi l i ty t h a t theoret ical ly there m a y be a cer ta in 
p a r a m e t e r which occurs na tu ra l ly in the theory in the 
descr ip t ion of several processes which go t h r o u g h this 
s ame resonance . A n d I t h ink t h a t is t o be found in the 
poles in the complex p l ane of Q. 

Treiman: B u t t ha t w o u l d have t o be d e m o n s t r a t e d . 

Gell-Mann: Yes . M a y b e s o m e o n e has , I a m n o t 
u p t o da te on these th ings . 

Chairman: I wou ld p r o p o s e n o w , the t ime be ing so 
late, t h a t we close this session which has been so r ich in 
very different r epor t s . 
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