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1 .  - I n t r o d u c t i o n .  

The purpose of this communicat ion is to present  a coherent  summary  of 
the  author 's  theoreticaI proposals [1] concerning the new unstable particles. 

i Section 2 is devoted to some background mater ia l  on e lementary  particles; 
the object  there is to introduce the point  of view adopted  in the work tha t  
follows. In  Section 3 the fundamenta l  ideas about  displaced mnltiplets  are 
given, and in the succeeding section these are applied to the in terpreta t ion of 
known particles. A scheme is thus set up, which is used in Section 5 to predict  
certain results of experiments involving the new particles. 

2 .  - G e n e r a l  r e m a r k s  o n  e l e m e n t a r y  p a r t i c l e s .  

2"1. Par t i c l e  and  ant ipart ic le .  - We begin b y  accepting the postulate  tha t  
physical laws are invariant  under  the operat ion of charge conjugation, which 
carries every  microscopic system into a corresponding charge-conjugate system, 
with equal and opposite cha~'ge and magnetic  and electric moments .  The 
charge-conjugate of a part icle will be referred to as its ~ antiparticle ~>. The 
invariance principle then  requires particle and antiparticle to have the same 
mass and lifetime, charge-conjugate decay products,  and so forth.  I f  the 
electric charge is zero, particle and antipart icle m ay  be identical;  such is the 
case with the photon and neutral  pion~ bu t  not  with the neutron~ which has a 
magnetic moment .  

(*) ~Now at Department of Physics, California Institute of Technology, Pasadena, 
California. 
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2"2. Groups  o] particles.  - The particles of atomic physics seem to fall 
into four groups 

(A) The heavy  particles or (( baryons  ~, including the neut ron and proton  
and all known hyperons~ and their  anti-particles~ the (( ant ibaryons ~). 

All these are fermions obeying an overall conservation law which is~ so 
far  as is known, exact,  viz: the quan t i ty  n, the number  of baryons minus the 
number  of ant ibaryons,  is conserved in all physical processes. 

(B) The light fermions or (( leptons )>, including the muon, the electron~ 
and the neutrino.  I f  X-particles exist tha t  are fermions, they  presumably 
belong in this category. 

(C) The (~mesons ~. The term ((meson ~) will be used here to denote 
pious and heavier bosons exclusively. The muon, for example, is then not  a 

(~ meson ~ bu t  a (~ lepton ~). 

(D) The photon.  

2"3. T y p e s  o] interact ion.  - The interactions amongst  e lementary  par- 
t ides  seem also to have a na tura l  classification. There are three types:  

(i) The strong interactions~ confined to baryons,  antibaryons,  and me- 
sons. These are responsible for nuclear forces and the product ion of mesons 
and hyperons in high energy nuclear collisions. 

(ii) The electromagnetic interaction~ through which the photon is linked 
to all charged particles, real or virtual.  

(iii) The weak interactions~ responsible for ~-decay~ the slow decays of 
hyperons and K-particles,  the absorption of negative muons in mat ter ,  and 
the decay of the muon. 

We will adopt  the point  o2 view tha t  na ture  is most  easily described by  a 
sequence of approximations.  In  the first of these, interactions of types (ii) 
and (iii) are (( tu rned  off ~. Leptons and the photon are then  total ly  non- 
interacting.  Baryons,  ant ibaryons,  and mesons undergo reactions and trans- 
formations obeying laws peculiar to the strong interactions, while decays 
involving leptons and photons cannot,  of conrse~ occur. In  the second appro- 
ximation~ the charges of particles are tu rned  on, so tha t  types (i) and (ii) are 
effeetive~ bu t  still not  (iii). The processes involving baryons,  antibaryons,  
and mesons are now modified by  electromagnetic effects, and decays involving 
photons are permit ted.  The leprous remain nncoupled except  for eleetromag- 
netism. In  the final approximation~ which is as exact  a description of ma t t e r  
as we can conceive of at  present  (apart  from gravitation),  the weak interactions 
are tu rned  on. 
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2"4. The ordinary particles; charge independence. - We shall refer to the 
nucleon (q~), the ant inucleon (qD, and  the  pion (~) as (~ ordinary  particles ~) to 
distinguish them f rom the (~ s t range particles ~), K-part ic les  and hypcrons .  Let  
us review here some convent ional  theoret ical  ideas abou t  these ord inary  par-  

ticles, ignoring the s t range ones for the  t ime being. 
The first approx imat ion ,  in which only the strong interact ions appear ,  is 

character ized b y  the s tabi l i ty  of QT, c~, and ~ (since electromagnet ic  and  ]eptonic 
decays cannot  occur) and  also b y  the principle of charge independence or con- 

servat ion of isotopic spin, which we go on to describe. 
Each  real  or v i r tua l  particle carries an isotopic spin vector  I, and the to ta l  I 

is exac t ly  conserved. Each  part icle  belongs to a r igorously degenerate  mul-  
t iplet  wi th  an isotopic spin q u a n t u m  n u m b e r  I and mult ip l ic i ty  2I -~1 .  The 
components  of each mui t ip le t  are distinguished in charge b y  the z-component  
of the isotopic spin vector  and  are spaced one charge uni t  apar t ,  wi th  increasing 
charge corresponding to increasing I~. The center of charge, or average  charge, 
of the mul t ip le t  varies. For  the nucleon doublet~ the center  is a t  e/2, for the 
ant inueleon doublet  a t -  e/2~ for the  pion t r ip le t  a t  0. We m a y  summar ize  

the distr ibution of charges b y  the relat ion 

n 
(2.1) Q/e = [. + ~ ,  

where Q is the charge and n is defined as in (A), so t h a t  here i t  means  the 

n u m b e r  of nucleons minus the n u m b e r  of antinucleons.  Since Q, Ix and  n are 
all addit ive,  equat ion (2.1) holds for any  sys tem of ordinary  particles,  for 
example  an a tomic  nucleus. The center of charge of a mul t ip lc t  is a lways (n/2)c. 

I n  the  second approximat ion ,  the electromagnet ic  interaction,  w h i c h  is of 
course eharge-dependent~ is tu rned  on. The conserva t ion  of I S is then  violated.  
Moreover,  the isotopic spin degeneracy is lifted so tha t  a mass  difference ap- 

pears be tween the  charged and  neutra l  pion and  between the  neu t ron  and  
pro ton  [2]. (The assumpt ion  t h a t  these mass  differences are e lectromagnet ic  
in origin is somewhat  controversial  and not  essential to our arguments ,  bu t  
we shall adop t  it  a n y w a y  as  fi t t ing in well with the general point  of view). 
The electromagnet ic  in terac t ion  also induces the decay of the  neut ra l  pion 

into two wrays .  
Finally,  wi th  the turning on of the  weak interactions,  the ~-decay of the  

neu t ron  becomes possible and also the decay of the  charged pion into m u o n  
and neutr ino or into electron and  neutrino.  (The ]utter  process has never  

been detected with ce r ta in ty  and is appa ren t ly  ve ry  rare.) 

2"5. Rapid ,  electromagnetic, and slow processes. - We m a y  use  the  ordi- 
na ry  particles to i l lustrate  some i m p o r t a n t  distinctions of which we will m a k e  



T H E  I ~ ' T E R P R E T A T I O N  OF T H E  N E W  P A R T I C L E S  AS D I S P L A C E D  C H A R G E  M U L T I P L E T S  851 

fur ther  use. A process tha t  can occur in the first approximgtion will be called 

<~ rapid >>. Similarly, one tha t  can occur in the second but  not in the first 
approximat ion will be known as an <( e]eetromggnetic ~> process. A process 

tha t  can take place in the third approximat ion only will be called (( slow ~> (*). 

Let  us now examine some decay processes gmong the ordinary particles. 

The nucleon <( isobar ~> tha t  supplies the resonance in pion-nucleon scattering 

in the state with I - -  ~ and J =  ~ m~y be thought  of as a particle tha t  dis- 
integrates into nucleon and pion with a lifetime of the order of 10 -~8 seconds. 

This decay is fully allowed by  conservation of I and is induced by  the strong 
interactions;  it is a typical  rapid decay. The order of magnitude of the life- 

time is given by the nue]egr dimension divided by the velocity of ]ight, since 
there ~re no impor tant  effects of barrier penetrat ion or of unusually limited 

available volume in phase space. 
The decay of the neutral  pion is impossible in the first approximation 

since there is no lighter meson for it to turn  into. With  the turning on of 

eha.rges, however, its decay into y-rays becomes possible; tha t  process is thus 

<~ electromagnetic ~>. The lifetin]e should be o~ the order of (e~/~c) ~ times 10 - ~  s 
bu t  is actually much longer (~  10 -~5 s) for reasons that  are not entirely clear. 

(A simple perturbat ion theoretic calculation in meson theory  gives ~ 10 -~7 s). 
The charged pion e~nnot decay even in the second approximat ion since it 

mus t  emit a lighter charged particle. The weak interactions, of course, induce 
<( slow ,> ]eptonic decay. The lifetime is now very long (~  10 -8 s) because 

the coupling constant  of the weak interactions enters. 

I n  high energy collisions, ~s opposed to decays, the rapid processes are usually 

the only ones observed (for example, pion product ion in nucleon-nucleon col- 

lisions.) Some electromagnetic processes are detectable in high energy col- 
lisions (particularly when a photon is the bombarding particle, as in the photo- 

pion effect.) Slow processes, however, are generally out of the question as 
regards observation on account  of their t iny cross-sections. (For example, 

we should not  expect to observe direct electron and neutrino production in 
nuclear collisions.) I t  is fair to s~y, then, tha t  interactions of type  (iii) can 

be ignored in collisions. 

3.  - The  p r i n c i p a l  f ea tures  of  t h e  m o d e l .  

3'1. Generalized charge indepeT~dence; displaced multiplcts and strangeness. 
- The first assumption on which our interpretat ion of hyperon ~nd K-particle 

(*) Among the slow processes are some, such as the the radiative decay s-> ~-kvd-y, 
~u require the intervention of both we~k and electromagnetic effects. These might 
be called <( slow electromagnetic ~> processes. 
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phenomena  is based is a generalized principle of charge independence.  We 

pos tu la te  t ha t  isotopic spin is exact ly  conserved in the first approx imat ion  not  
only for ordinary  particles bu t  for the entire complex of baryons,  mesons, and 
ant ibaryons.  I n  other  words, all s trong interact ions are supposed to be charge 
independent ,  and all baryons,  mesons, and an t ibaryons  are supposed to be 
grouped in charge mult iplets .  

We abandon,  however,  the restr ict ion given b y  equat ion (2.1) on the  loca- 
t ion of the  center  of charge of each mult iplet .  While re ta ining the principle 
t h a t  Q/e be given b y  ( I , ~ c o n s t a n t )  for each mnlt iplet ,  we do not  require t h a t  
the  cons tant  be n/2, but  allow it  to be arbi t rary .  We shall wri te this a rb i t r a ry  
constant ,  which specifies the center  of charge of the mul t ip le t ,  as n/2~7S/2, 
where S is integral.  We have,  then~ in place of equat ion (2.1) the  relat ion 

n S 
(3.1) Q/e = 5 + ~ + - s  ' 

where S m a y  v a r y  f rom mul t ip le t  to mult iplet .  
The ordinary  particles are characterized,  then, b y  hav ing  S = 0. A par-  

ticle with S ve 0 is a m e m b e r  of a ~ displaced >> mult iplet ,  wi th  center  of charge 
a t  a posit ion different f rom t h a t  wi th  which we are famil iar  among  the ord inary  
particles. For  example,  we migh t  find a ba ryon  tr iplet  consisting of a posit ive,  
a neutral ,  and  a negat ive  member .  The center  of charge is at  zero ra ther  than  
�89 as i t  is for the nucleon doublet.  The corresponding value of S is - -  1. 

We  propose to ident i fy  all known hyperons  and K-par t ic les  as m e m b e r s  
of displaced mult ip le ts  and  to account  for some of their  proper t ies  in t ha t  way.  
Since whe have  S = 0 for ord inary  part icles and  S ~ 0 fer  <~ s t range ~> ones we 
refer to  S as ~ strgngeness ;~. 

I t  should be r emarked  t h a t  in (3.1) the  quanti t ies  Q, I~ and  n all change 
sign under  charge conjugation,  so t ha t  S mns t  also. 

~'2. Conservation o] strangeness; laws o] stability and associated pro- 

duction. - I n  the  first approximat ion ,  our principle of generalized charge inde- 
pendence implies the usual selection rules and in tens i ty  formulae  character is t ic  
of isotopic spin conservation,  as well as t h e  rigorous degeneracy of charge 
mult iplets .  3Iost of these rules become app rox ima te  when the e lect romagnet ic  
interact ions are turned  on. Le t  us concentra te  our a t t en t ion  on one tha t ,  as 
we shall see later, remains rigorous in the second approximation. T h a t  one is 
the  conservat ion of strangeness (*), which follows f rom the conservat ion of Ix 
b y  the strong interactions,  the exac t  conservat ion of Q and n, and equat ion  (3.:[). 

r_. 

(*) I t  should be emphasized that  the conservation of s~rangenes s is nothing but 
the conservation of I~ restated in a more convenient form. 
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The conservation of strangeness gives rise to two impor tan t  qual i ta t ive 
effects : 

1) The law oY stabil i ty:  A strange particle cannot decay rapidly into 
ordinary ones. 

2) The law of associated product ion (*). In a collision of ordinary part-  
icles, there  can be no rapid format ion  of a single strange particle;  there  mus t  
be at  least two of them and the total  strangeness mus t  be zero. 

These laws, while merely  special cases of the conservat ion of N, are quite  
striking. I t  is the law of stabil i ty tha t  gives us a clue to unders tanding the 
long lifetimes of the new particles. Tha t  the metas tabi l i ty  of the particles 
would be coupled with associated product ion has been predicted by  a number  
of physicists [3]. 

3'3. M i n i m a l  electromagnetic interaction. - We still need, of course, the 
result  tha t  the conservation of N remains valid in the second approximat ion,  
so tha t  the decay of strange particles is a slow proeess~ induced on]y b y  the  
weak interactions. This result  cannot  be proved without  an assumption about  
the na ture  of the electromagnetic interaction.  

We shall postulate  a principle tha t  is given wide, though usually tac i t  
acceptance, tha t  of minimal electromagnetic interaction.  Before a t t empt ing  
to s tate  the principle, let us i l lustrate its application to two familiar examples. 

I t  is possible to describe the ~ anomalous ~) magnetic  moments  of the neut ron  
and proton  by  introducing a specific interact ion of the Paul i  t ype  between 
the spins of these particles and the electromagnetic field. In  the language of 
field theory,  one adds to the Lagrangian density a term of the form y ~ i  az,~f~/Tz,-k 
-kF vf=a,,%ie,, where the y's are constants~ /~,~ is the electromagnetic field 
s trength tensor, and the ~'s are field operators describing pro ton  and neutron.  
However,  this description is not  usually adopted,  except  in f rankly  pheno- 
menologicM discussions. I t  is supposed instead, following W~c~c [~], tha t  the  
anomalous moments  appear  as a result  of the vir tual  dissociation of the nucleon, 
say into nucleon plus mesons. The interact ion of the  electromagnetic field 
with the charges and currents in the dissociated system appears in some res- 
pects like a Pauli  interact ion with the nucleon spin. The impor tan t  point  is 
that ,  having int roduced the Yukawa hypothesis  of a meson cloud around the 
nucleon, one does not  need any special electromagnetic interaction. The usual 
coupling of the electromagnetic field to the nucleon and meson fields is sup- 
posed to be sufficient. 

(*) This very apt name seems to have originated with Dr. ~{. G. K. MIGNON. 
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The second example  is the decay of the  neut ra l  pion into two y-rays.  We  
m a y  account  for this process too b y  means  of a special interaction.  I f  ~ is 
the  field opera tor  describing the  s 0  we m a y  write the in teract ion LagTangian 

densi ty  as KWF*F  . Here  K is a constant  and the  s tar  indicates the  dual  tt 

of the field s t rength  tensor.  Here  again such a description is not  cus tomary  
except  as a phenomenological  device. Ins t ead  it is believed t h a t  the  decay 
is due to the v i r tua l  dissociation of the pion, say into p ro ton  and ant iproton,  
and  t ha t  the electromagnet ic  field enters  only through its cus tomary  inter-  
act ion wi th  the  charged vi r tua l  particles involved.  

We  m a y  s ta te  the principle involved roughly as iollows: The photon  pos- 
sesses no interact ions except  the usual one with the  charges and  currents  of 
real  and vi r tua l  particles. Wi th in  the f ramework  of p resen t -day  local field 
theories,  we m a y  give a more  precise s t a t ement :  Given the Lagrangi~n with 
all electri~ charges tu rned  off, bu t  all other  effects included, the coupling of 
the  electromagnet ic  field is in t roduced by  mak ing  the subst i tut ion 

(3.2) ~x z ~ ~xt~ iQAt , (x )  , 

whenever  the  gradient  oceurs act ing on a field opera tor  (Q being the  charge 
of the  part icle annihi la ted by  the  field opera tor  in question);  there  is no other  
e lect romagnet ic  interaction.  

I t  is now easy to show t h a t  the conservat ion of S remains  val id in the 
second approximat ion .  Since for each mul t ip le t  we have  Q = I~ + c o n s t  aff~d 
since the  e lectromagnet ic  coupling is through the charge alone, the  coupling 
H a m ~ i o n i a n  t ransforms in isotopic spin space like a funct ion of-I~ and thus 
comm~%es with the to ta l  I~. I t  follows, t h a t  I ,  is conserved even af ter  the 
charges are <~ t m ~ e d  on }>; and  so, according to (3.1), S is conserved, too. 

I t  is ins t ruct ive  to see how, if the  e lect romagnet ic  coupling is not  minimal ,  
conservat ion  of strangeness m a y  be lost in the  second approximat ion .  Le t  
us imagine a charged meson field with strangeness + 1  for the posi t ive par-  
ticle, B+, and, correspondingly,  - - 1  for the  negat ive  one, B- .  Le t  us fu r ther  
suppose for s implici ty t ha t  the field is scalar. ~*ow since we are dealing with  

s t range part icle the v i r tua l  dissociation p - ~  n + B + is forbidden in the  
first approximat ion .  We could, however~ b y  introducing a special electro- 
magne t i c  interact ion,  allow the dissociation to occur with the emission of a 
photon,  p - > n  + B  + + , / .  We migh t  t ake  for the in teract ion Lagrangian  
densi ty  an expression of the form 

(3.3) 

The  forbidden dissociation could now take  place in two steps : p -~ n -F B+ + y 
and  then  B + +  y -+ B +. Ins t ead  of being a slow process, p--~ n + B+ would 
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be an e lect romagnet ic  one. I t  is in order to avoid si tuations like this tha t  
we require the e lect romagnet ic  in teract ion to be minimal .  

3'~. The  v iolat ion of S -conserva t ion  by the w e a k  in teract ions .  - The weak 
interact ions are responsible for three sorts of processes: those involving leptons 
alon% like the  decay of the muon;  those involving only s t rongly in te rac t ing  
particles (*), like the  decay of the A ~ into p ro ton  and negat ive  pion; and  those 
connect ing leptons with s t rongly in terac t ing  particles (*), like the decay of 
the charged pion or of the neutron.  

We need not  concern ourselves with the  first sort, since our purpose is to 
discuss hyperons  and K-part icles .  The second sort  of process is of considerable 
interest  to us, however.  We recall t h a t  the proposal  is advoca ted  here t h a t  
the  long lifetimes of such particles as the A ~ are to be ,~ t t r ibn ted  to their  hav ing  
S r 0, so tha t  the decay  into ord inary  particles is forbidden in the first and  
secqnd approximat ions .  The decay does, however,  occur in fact ,  though slowly. 
We mus t  suppose, therefore,  tha t  in such decays as A~ p ~ r:- the  con- 
servat ion of strangeness is v iola ted by  the weak interactions.  The weak inter-  
actions involving s t rongly interacting" particles are thus charge-dependent ;  they  
do not  conserve isotopic spin. Indeed,  they  do not  conserve even the  z-com- 
ponent  of the to ta l  isotopic spin, as the e lectromagnet ic  interact ions do. 

The last  sort  of process, like the second, provides slow decay modes for 
particles t ha t  would be stable in the  absence of the weak interact ions.  I n  
this case, however,  the decay products  include leptons,  for which isotopic 
spin and strangeness are p robab ly  not  well-defined concepts. An example  
amongs t  the  new part icles is p rov ided  b y  the  K~+~ events,  in which ~ ~ ~range 
meson apparen t ly  decays slowly into a muon  and a neutrino.  

4. - The  c la s s i f i ca t ion  of k n o w n  part ic les .  

We m u s t  now invest igate  whether  the propert ies  of known hyperons  and  

K-par t ic les  are consistent wi th  the principles of Section 3. Le t  us concentra te  
our a t t en t ion  first on hyperons.  

4"1. T h e  A ~ singlet .  - I f  the A~ is to be considered a m e m b e r  of 
a charge mult iplet ,  t ha t  mul t ip le t  mus t  surely be a singlet, since no charged 
coun te rpar t  of the A ~ has ever  been found with similar mass.  (The l ightest  
charged hyperons  known are heavier  b y  more then  150 electron masses). A 

(*) I.e., baryons, antibaryon, and mesons. 

55 N'upple~ento a~ :Vuovo Cimento. 
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nentra l  singlet is perfect ly  sat isfactory,  of course, and corresponds to a strange- 

ness of minus one. The me tas t ab i l i t y  of the A ~ is then explained;  since it is 
the  l ightest  hyperon,  ~nd since i t  is l ighter  t h a n  a nucleon plus any  K-part ic le , .  
i t  cannot  decay wi thout  violat ing the conservat ion of strangeness. The slow 
decay into ordinary  part icles (nucleon plus pion) is induced b y  the  weak inter- 

actions. 

4'2. T h e  Z t r ip le t .  - The lightest  known hyperons  af ter  the  A ~ ~re the  
charged part icles culled Z + and  Z- ,  which decay slowly into nucleon and  pion 
like the  A ~ bu t  with a much  higher Q-value ( ~  ~15 iVleV). Since no doubly-  
charged hyperons  h~ve been observed, we are forced to  class the Z as a charge 
tr iplet ,  including a hypothe t ica l  Z ~ The strangeness of the Z is then  minus  
one like tha t  of the  A. The m e tas tabi l i ty  of the Z + and  Z -  can be  unders tood 
since there is not  enough energy for q2-~K nor for A ~ .  Fo r  the Z 0, the  
s i tuat ion is different. While q~-~K and A ~ =  are still energetically impos- 
sible modes  of decay  jus t  as for the  charged 2], there is the possibil i ty of an 
electromagnet ic  decay  Z ~ - - > y §  ~ and  Z and A have  equal  strangeness.  
Thus we do not  expect  Z ~ to be metas tab le  bu t  ra ther  to have  a l ifetime 

10 -~~ s, and  we c~n unders tand  why  it  has  not  been  discovered in the  same 
w a y  as the  A ~ The exper imenta l  detect ion of the  Z ~ will be  discussed in the  
nex t  section. 

4"3. Cascade  h y p e r o n s .  - The existence of one other  hyperon  is well es tab-  
lished, and  t ha t  is the  negat ive  cascade par t ic le  .~.-, whieh yields A~ - in 
a slow decay. No posit ive or doubly  charged coun te rpar t  has been  fonnd,  
and  so we have  two choices for the ass ignment  of the  .~: i t  can be a singlet 
wi th  strangeness minus three, or it  can fo rm a doublet  wi th  strangeness minus 
two along with  a hypothe t ica l  E ~ Wi th  ei ther  ass ignment  we can under s t and  
the  me tas tab i l i ty  of the  .~., since there  is not  enough energy for the  emission 
of a K-part ic le ,  and  the decay,  into qT, A or E with  the  emission of pions or 
7-rays is forbidden b y  conservat ion of strangeness. 

4"4. T h e  ru le  A S  ~- ~:  1; the E doublet .  - We m a y  choose between the  
two possible ass ignments  if we add  a new principle to those of Section 3. 
W e  begin b y  remark ing  t h a t  while the process ~ -  -~ 7:- + A ~ has been ob- 
served about  a dozen times, there is no evidence for ~ -  ~-> ~-  Jr n. Le t  us 
suppose t ha t  the  la t ter  does not  in fact  occur. Then apparen t ly  there  is a rule 
governing the change in strangeness when the  weak interact ions act  to induce 
the  decay  of a s t rongly in terac t ing  part icle into other  s trongly in teract ing 
particles. Now we know t h a t  in the  decay of the A into nucleon and pion, 
the  strangeness changes b y  one unit .  The only s i m p l e  rule there  could be is 
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thus (*) 

(4.!) A S  = ~_1 or A I ,  = ~: �89 

We are then forced to assign S = - - 2  to the cascade particle. The slow 

decay into a A is consistent with (4.1) and the unobserved slow decay into 

a nucleon is not.  The .~o must  exist~ according to this assignment, but  we 

can easily see why  it h~s not  yet  been observed; the only slow decay consis- 

tent  with (r is (+) 

(~.2) 2o _+ A 0 + =0 . 

4"5. K - p a r t i c l e  doublets .  - We m ay  now turn to the heavy mesons. I n  
view of our rnle (4.1), any  K-particle tha t  decays into pious with a typical  

strange partie]e lifetime must  be assigned S ~--:j: 1. Since no mult iply 
charged mesons are known, there is only a single possibility for the isotopic 

spin assignments of such mesons, viz:  a doublet with S == :~ 1~ consisting 

of a positive and a neutral  member  (K + and K0), and the charge-conjugate 

doublet with N = - - 1 ,  consisting of a negative and a neutral  membr  (K- 

and K~ The K ~ and the K ~ have opposite strangeness and thus cannot be 

the same particle; the consequences of this situation have been explored in 

another  publication [5] and will not  be treated fully here. Suffice it to say 
that  present direct experimental evidence cannot  decide for or against the 

hypothesis tha t  strange neutral  mesons possess distinct anti-particles. 

4"6. T h e  0 double ts .  - The 0 ~ is presumably  a member  of a pair of doublets 

such as we have described. The existence of charged countersparts  0 + and 0- 

is now fairly well established. Of course without  experimental  proof tha t  
the 0 ~ and ~ are distinct, one might  t ry  to t reat  the 0 as a charge triplet, bu t  

tha t  would clearly be total ly inconsistent with the point  of view developed here. 

The metastabi t i ty  of the 0 is evident in our picture, provided there is no 

lighter meson of the same strangeness. We must  look into this point care- 

fully~ and examine all known decay modes of K-particles to see how m a n y  

distinct varieties of heavy  mesons there m a y  be. 

4"7. T h e  z - m e s o n .  - Besides the 0 ~, at  least one other charged meson of 

roughly the same mass is known:  the T-meson, which decays into three pions 

(*) The rule AS = • l applies when the weak interactions act once in ~he sense 
of perturbation theory. A decay in which they act twice could, of course, have 
A S  = i 2 but t, he lifetime for such a process would be very long, say a second or even 
a day. 

(+) There are Mso the slow eleetromagnetie decays ~o_> ~o+7 and 2 ~ _,~oq_,(. 
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r a the r  t han  two. The work  of DALITZ on the x-meson decay spect rum indi- 
cates t h a t  the 0 and v have  different pa r i ty  and/or  spin and  thus cannot  be  
merely  two decay modes of the  same particle.  

Thus we expect  a second pair  of doublets,  v +, z (~ ~0~, and  v-, with strange- 
ness ~: 1 like the  0. The neu t ra l  par tners ,  if they  are as long-lived as the  
charged ones, could easily have  escaped definite identification. 

The reason for the similari ty in mass  of the v and  0 is of course complete ly  
unknown,  bu t  there  is a fu r the r  puzzle. The masses  are p re sumab ly  not  
exac t ly  equal, and  there  is the possibil i ty of e lect romagnet ic  decay of the  
heavier  into the  lighter, fully allowed b y  conservat ion of strangeness.  Since 
bo th  the  v and 0 are metas tab le ,  something mus t  inhibi t  such e lect romagnet ic  
decay so t h a t  i t  takes  a t  least  10 -9 s to occur. I t  m a y  be t h a t  the  mass  diffe- 
rence is very  small, considerably smaller than  1 ~r say;  or it  m a y  be t h a t  
the v and 0 are bo th  spinless (the v pseudoscMar and  the  (} scalar), in which 
ease we are dealing with  a 0 - +  0 transi t ion.  

4"8. L e p t o n @  d e c a y s .  - Three leptonie decays of K-par t ic les  arc known:  

(4.3) K~ --> y~ + 

(4.4) • --~ ~ + 2 neutrals ,  p resumably  • _~ y. + , + ~0 

(4.5) K~ -~ e + 2 neutrMs, p resumably  K 0 -~ e + ,~ + ~:o. 

AII of these part icles are of roughly  the  same mass  as the  v and  0 and  m a y  
represent  s imply a l te rnat ive  decay modes of those mesons.  I f  t hey  are real ly  
distinct particles,  then  fur ther  theoret ical  problems of degeneracy and  electro- 
magnet ic  s tabi l i ty  are presented.  I t  is clearly mos~ i m p o r t a n t  to have  an 
exper imenta l  determinat ion,  for example  b y  accura te  l i fet ime or mass  measu-  
rements ,  of how m a n y  different mesons there  are with masses  close to 1000 too. 
I n  the meant ime ,  the  shnplest  assumpt ion  is surely t h a t  there  are only the  0 
and  the z and tha t  leptonie decays compete  wi th  decays into pious. 

Leptonic  decays of hyperons ,  for example  

(4.6) A ~  + e-  + ~ , 

should p resumably  occur also. They  m a y  compete  less f avorab ly  wi th  picnic 
decays than  the  corresponding processes for K-par t ic les  and so have  escaped 
observation.  

4"9. S u m m a r y .  - We have  identified, among the  hyper0ns  , a singlet with 
S = - - 1  (AD, a t r iplet  with S = - - 1  (E+, Eo, E-),  and  a doublet  wi th  
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S = - - 2  (E ~ 7~-). Among the K-par~icles, we h~ve the 0 ~nd 0 doublets 

(with S = ~ 1) and the x and ~ doublets (with S = ~ 1). 
We have noted the phenomenologic~l law tha t  ~IS --= • 1 (~]I~ --~ =~ �89 

for slow decays within the complex of baryons,  mesons, and ~ntibaryons. 

Leptonic dec~ys, also induced by the weak interactions (and ~or which ~JS 

is not  a well-defined quant i ty  if we include the ]eptons), m~y compete with 

these processes. 

5. - Predict ions  of p h e n o m e n a  i n v o l v i n g  the  n e w  particles .  

5"1. Conservat ions  o 7 b'trangeness i n  7:-q'~ and  q~-c]7 Collision,s. - We have 

~lready remarked tha t  in ~:_c~ and QT-q7 collisions, since the total  initial strange- 

ness is zero, strange particles must  be produced nt least two ~t a time~ ~nd the 

sum of their S-values mus t  be zero. ~qow that  we have assigned v~lues of S 

to ~ll known strongly interact ing particles, we c~n list which reactions are 

allowed (A) and which forbidden (F) by  conservation of strangeness (*). I t  

should be remarked tha t  any  number  of ~'s may  be added to the reaction 

products  in each c~se without  changing the designation (A) or (F). 
I n  the list tha t  follows we shall ignore all reactions in which a single strange 

particle is produced, since those are obviously forbidden. We shall use the 

symbol B to denote 0~ 0% ~0, or ~+, and B to denote 0~ 0% :~ or z-. 

(5.1) r ~ - q ~ - + A  §  or E §  (A) 

(5.2) = § 2 4 7  or Z + B  (F) 

(5.3) = + cz _>c~ + B + ~ (A) 

(5.4) ~ - ~ c ] 7 - - . A ~ - B ~ - ~  or E - ~ - B ~ - B  (F) 

(5.5) r~ § c~ _~ ~ + B (F) 

(*) If the designation (A) is taken to mean that a reaction so labeled will naturally 
occur with an appreciable cross-section, then use is being made of what we may call 
the (~ Principle of Compulsory Strong Interactions ~>. Among baryons, antibaryons, 
and mesons, any process which is not forbidden by a conservation law actually does 
take place with appreciable probability. We have made liberal and tacit use of this 
assumption, which is related to the state of affairs that is said to prevail in a perfect 
totalitarian state. Anything that is not compulsory is forbidden. 

Use of this principle is somewhat dangerous, since it may be that while the laws 
proposed in this communication are cqrrect, there are others, yet to be discussed, which 
forbid some of the processes that we suppose to be allowed. 
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(5.6) = § ~ -~  E § B (2") 

(5.7) 7: § ~ -~  E + B § B (~)  

(5.s) = + ~ ~ E + ~ + ~, (F) 

(5.9) 7: & c~ _~ E + B ~- B (A) 

(5.10) ~ _ ~ c ~ _ ~ A  §  or  A + E  or E @ E  (F) 

(5.11) c]2 + ~ -~ A + ~ § B or Z § ~ + B (A) 

(5.12) O T § 2 4 7  or E + q Z §  (F) 

The  reader  m a y  easily ex t end  this list to  cover  all reac t ions  t h a t  can be  

wr i t t en  down.  L e t  us no t ice  t h a t  a m o n g  those  we h a v e  inc luded  are some 

str iking predic t ions .  ~ r o m  (5.1) a n d  (5.2) we see t h a t  the  r eac t ion  7=- -? p -+ 
--~ E -  -~ 0 + is al lowed, while the  reac t ion  = -  -~- p --~ Z + ~- 0-  is forb idden.  I n  

fact ,  the  th resho ld  for  0-  p r o d u c t i o n  is m u c h  h igher  t h a n  t h a t  for  0 ~ p roduc -  

t ion.  "While a 0 + m a y  be  m a d e  wi th  the  convers ion  of a nuc leon  in to  a hype-  

ton,  a B -  can  only  be m a d e  a long wi th  a B ~ or  a B + (*). 
F r o m  (5.10)-(5.12) we see t h a t  the  th resho ld  for  s t range  par t ic le  p r o d u c t i o n  

in q7-c22 collisions is m u c h  h igher  t h a n  one would  h a v e  guessed  if one knew 

only  t h a t  two s t range  par t ic les  m u s t  appear .  The  reac t ions  wi th  the  lowest  

th resholds  (q~ -4- q7 -~ two  hype rons )  are all forbidden,  and  s t range  par t ic les  

can  be p r o d u c e d  only  when  there  is enough  ene rgy  for  the  process c27 -~ c~ _> 
- ~ A  & q2 -k B. 

W e  m a y  remark ,  too,  t h a t  in order  to  p roduce  ~ E two B-mesons  m u s t  
be m a d e  a t  the  same t ime (see (5.5)-(5.9)). Thus  the  th resho ld  for  E p rodue-  

t iou  is v e r y  h igh  indeed.  

F r o m  (5.1) we observe  t h a t  besides the  reac t ion  

(5.13) = -  q- p -~ A ~ q- 0 ~ 

the re  is also the  possibi l i ty  of 

(5.1r = -  § P -> E~ --  0~ -~ 7 § A~ + 0~ 

as wel l  as 

(5.15) = -  § p _> A o § 7:o _~ 0 o . 

(*) Unless there exists a hitherto undiscovered hyperon of positive strangeness. 
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Now process (5.14) affords a possibility of detecting the E ~ experimentally [5]. 

In  a magnetic cloud chamber it resembles (5.13) but  with an apparent  lack 
of conservation of energy and momentum.  Of course careful observation is 

necessary to establish the effect and to distinguish it from (5.15), which looks 

similar. 

5"2. The absorption of negative strange particles in nuclear matter. - We 
~re able to predict  in general terms what  will happen when a negative strange 

particle comes to rest in matter ,  and thus in the vicinity of a nucleus. I n  ~11 
such cases tha t  are known there is a rapid exothermie process tha t  can occur. 

Slow processes, such as spontaneous decay, will not  be able to compete. The 

situation is similar to tha t  of a stopped negative pion, which can undergo 
rapid absorption by  a nucleus and thus does not have the oppor tuni ty  to decay. 

l~or the E -  particle, there is the allowed reaction 

(5.16) F~- § p ---> A o § n 

which releases about  80 MeV of kinetic energy. For  the E-, there is the process 

(5.17) E -  + p --~ A ~ + A ~ 

with a Q-value of about  30 MeV. These energy releases are much less than  

w h a t  one would expect in each case if the hyperon were to decay and the 
emit ted pion were to be absorbed by  the mlcleus, a course of events tha t  we 

predict will not  take place. (The energy released in such a si tuation would 

be about  250 MeV for the E and 200 MeV for the .~.) I t  has been pointed out, 

however, by  M. G. K. ME~O~ [7] tha t  in reactions (5.16) and (5.17) (parti- 
cularly (5.17)) an emit ted A ~ m a y  become t rapped in the nucleus (as in the 

so-called ~( hyperfragments  ~)) and much l a t e r  u n d e r g o  a decay, releasing 
176 iKeV in the form of a pion and kinetic energy. I f  this pion is in tu rn  

absorbed by  the nucleus, the full 176 MeV m a y  appear as kinetic energy be- 

sides the Q-value of (5.16) or (5.17). 
A 0- or a z-  particle (for which we shall use the symbol B-) may  be ab- 

sorbed rapidly through reactions such as 

(5.1s) B -  -k p -> A ~ § kinetic energy 

(5.19) B-  -k P -~ A ~ + ~:0 

(5.20) B -  + p -~ E -  -[- u+ 

(5.21) B -  -~- p -> E + -~- To- 
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(5.22) B - ~ - p - + ) 2  ~ 1 7 6  _~A0+7~o 

(5.23) B-  § p - + A  ~ § ~+ + r:- 

(5.24) B -  + n -~ A ~ § ~-  

etc. 
I t  is to be expected tha t  processes such as (5.16), (5.17), and (5.19) in which 

the products  are neutral  m a y  often lead to zero prong stars in photographic 

elT~U]sions. 

5"3. Binding o] strange particles to nuclei; hyper]ragments. - We have 

seen tha t  the known negative strange particles cannot  form metastable com- 
binations with nuclei, but  are instead rapidly absorbed. I t  is known, though, 

tha t  the A ~ does form such combinations,  the (( hyperfragments  ~), in which 

the hyperon is bound by nuclear forces to nucleons. The metastabi l i ty  of the 

fragments containing A~ is perfectly comprehensible in our scheme. The 

bound A ~ cannot  undergo a rapido exothermic reaction in nuclear mat te r  since 
there is no lighter system of the same strangeness. I t  thus survives until  is 

decays spontaneously. The pion released in the decay may  emerge or may  

be absorbed by  the nucleus. 
We may  now inquire whether any  other particles m a y  form (( fragments ~) 

besides the A ~ I t  is easy to show, by  exhibiting reactions such as (5.18)-(5.24), 
tha t  no other known hyperon and no B particle can be metastable  in the pre- 

sence of nuclear mat te r  containing both  neutrons and protons (*). The B par- 
ticles (0 ~ O +, vo v+) may,  however, form metastable bound systems with nu- 

clear ma t te r  provided their nuclear ]crees are attractive and strong enough to bind. 
The strangeness of a B-particle is + 1  and no way is known for this strange- 

ness to be conserved in an exothermic reaction with nucleons. Of course it 
m a y  be tha t  a hyperon Z of strangeness ~21 will be discovered; in order to 

be metastable,  its mass must  be less than  the mass of a nucleon plus the muss 
of a B meson. I f  Z exists, then a B meson is no longer metastable in nuclear 

mat te r ;  however, Z is. 
There are special cases in which heavy  hyperons may  form fragments.  

Dr. W. tIoLLADAY has pointed ou~ [8] tha t  in our scheme a E -  or E--may form 

a metastable f ragment  with neutrons alone. (Reactions (5.16)-(5.17) cannot  
then take place.) The same is true of a Z ~ or E + and protons alone. 

5"4. Interaotions o] strange particles in flight. - We have shown tha t  very  

slow strange particles interacting with nuclei should exhibit two types of 

(*) The reader will notice the appeal to the (~ Principle of compulsory strong inter- 
actions ~). 
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behavior :  A~ and B mesons should retain their  ident i ty  until  t hey  decay  
spontaneously;  heavier  hyperons  and B mesons should be readi ly  absorbed  
b y  the nucleus through react ions like (5.16)-(5.24). The same is t rue  of inter-  
actions in flight of s t range part icles of modera te  energy. Thus we expect  
B mesons to be sca t te red  b y  nuclei (with or wi thout  exci ta t ion of the nucleus) 
but  B mesons to be ei ther  scat tered or absorbed.  

As an  appl icat ion of this type  of reasoning, let us consider the  product ion 
of (A, 0) pairs b y  negat ive  pious impinging  on nuclei th rough  the  react ion  

(5.25) ~-  -i- p --> A ~ -f- 0 ~ �9 

I n  hydrogen  gas, each A ~ should be accompanied  b y  a 0% (Of course each 
part icle m a y  have  some decay modes t h a t  are invisible, such as the  process 
A~ n + n~ We m a y  inquire also wha t  happens  in a block of lead (*). 
The A ~ and 0 ~ m a y  each suffer nuclear  interact ions before emerging. Bu t  in 
our theory,  neither the A ~ nor the 0 ~ can be absorbed [9]. Ins tead ,  the 0 ~ m a y  
undergo charge exchange scat ter ing and tu rn  into a 0 § which m a y  be 
undetec tab le  as such in cer tain exper iments .  Thus we would find a lower 
ra t io  of 0~ to A~ in lead than  in hydrogen  gas. Actual ly ,  the  A ~ if 
sumcient ly  energetic , m a y  undergo a sort  of inelastic charge exchange scat-  
ter ing through the processes 

(5.26) A ~ ~- n -~ E -  ~- p 

(5.27) A ~ 9- p -+ E + + n .  

Also, the A s m a y  occasionally be t r apped  and  form a hyper f ragment .  These 
processes m a y  not  be so impor t an t ,  though,  as the charge exchange scat ter ing 
of the 0. 

5'5. Consequences o] the conservation o] total isotopic spin .  - So far  in 

this chapter  we have  concerned ourselves exclusively with consequences of 
the  conservat ion of strangeness or, wha t  is the same thing', the conservat ion 
of the  z-component ,  I , ,  of the  to ta l  isotopic spin. We  have  postula ted,  how- 
ever, t h a t  I s is conserved as well, a l though here corrections appea r  due to 
e lectromagnet ic  effects. We m a y  now turn  our a t t en t ion  to wha t  follows f rom 
the fac t  t ha t  12 is a good q u a n t u m  n u m b e r  for the  s trange particles.  

One aspect  of this s i tuat ion has been inves t iga ted  by  DALITZ [10], who has 
listed the  possible charge mul t ip le ts  among  the  light hyper f ragments ,  using 
our ass ignment  of I = 0 to the  A~ I-Ie remarks ,  for example,  t h a t  
the existence of q=fe*, (composed of a A ~ a neutron,  and  two protons) ,  for 

(*) Such an experiment has been performed by L. LED]~R~AN (private communica- 
tion). 
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which there is some exper imenta l  evidence, implies the existence of 4H* (com- 

posed of a A ~ two neutrons,  and a proton) wi th  roughly the same binding 
energy.  

Besides implying  the existence of multiplets ,  the conservat ion of 1 ~ mus t  
yield selection and  in tens i ty  rules such as we are famil iar  with among  the 
o rd inary  particles.  We  shall ment ion  a t  this poin t  some of the  more  conspi- 
cuous ones involving the strange particles. I n  an obvious notat ion,  we have  

(5.28) da(~-  § p ~+A ~ § 0 ~ = da(~ + + n - + A  ~ + 0 +) 

or, wha t  is perhaps  more useful, 

(5.29) d a ( ~ - + d - ~ A  ~ ~ 0 ~ + n )  + d a ( ~  + + d - ~ A  ~ + 0 + + p ) .  

Similarly, we have  the  relat ions 

(5.30) da(~-  + p -+ Z -  § ~+) = da(~ + + n -+ Z + + 7:-) 

and 

(5.31) da(~-  + d -+ E -  -~- z: + --  n) = da(~ + + d -~ E + + ~:- + p) . 

Another  such pair  of equations concerns tim absorpt ion & negat ive  K-par -  

t ides  : 

(5.32) d a ( K -  ~- p - + A  ~ + n ~ ~- �89  + n - ~ A  ~ + ~-)  

and  

(5.33) d a ( K - + d - + A ~  ~ = � 8 9 1 7 6  

For  the product ion  of (A, 0) pairs  in nucleon-nucleon collisions we have  the 

equat ion 

(5.34) d a ( n + d - + A  ~ + 0 ~  = d a ( p  + d - + A  ~  0 + + d )  

and  the inequal i ty  

(5.35) d ~ ( n + p - + A  ~  ~  ~  + ~ - n )  

�89 + p - ~ A  ~  + + p )  
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A P P E N D I X  

Can other particles be accomodated in the scheme? 
One is tempted to ask whetlier, if more particles are discoi'ered, they can 

fit into the picture tha t  we have developed. Let  us ask in pa.rtieular what  
possibilities there are for more particles without introducing m~tltipte charges. 

Among baryons we have already a doublet with S = 0 (c~), a sing]et and 
a triplet with S = -  1 (A and E), and a doublet with S = - - 2  (~). The only 
other possibilities are evidently a singlet with S = - -  3, which we may  call ~ - ,  
and a singlet with S = -b 1, which we have  considered briefly in the text  
and called Z +. I n  order to be metastable, Z + must  have a mass lower than 
the sum of the masses of (]Z and B; similarly, the mass of f~- mus t  be less 
than the sum of the masses of ~ and B. According to the rule AS ~ :~: 1, 
the Z + would decay into a nucleon and a pion (or a proton and a ,/-ray if there 
is not  enough energy for a pion). The ~ -  would decay into a ~ and a pion 
(or y-ray). I f  there is enough energy, the ~]- could also decay slowly into a 

and a A or E. 
Among mesons we have already a triplet with S ~ 0 (~) and two pairs 

of doublets with S = ~ 1  (0 and 0, ~ and ~). We might  also have a pair 
of singlets with S ~ ~ 2 (say o~ + and o)-). For  metastabil i ty,  the mass of o~ 
must  be less than tha t  of two B's. The co + would decay into a B plus a pion 
or 7-ray and the o~- into ,~ D plus a pion or y-ray. 

I t  is an interesting exercise for the reader to ascertain under what  circum- 
stances the hypothet ical  f~ and o) particles could form metgstable hyper~ 
fragments. 

We have not discussed the possibility of duplication (that is, two multiplets 
with the same n, I and S) except in the ease where nature has apparent ly  
forced it upon us (the case of the 0 and v). I n  order tha t  the heavier of the 
duplicates be metastable against ~,~decay to the lighter, special circumstances 
must  prevail; for example, the 0 and z have a small mass difference and perhaps 
the transition is 0 ~+ 0 as well. 
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