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S u m m a r y .  - -  The quark model is used for the calculation of the decay 
rates of baryons and mesons. According to this model the 56 states of 
baryons contained in the fundamental  octet and decuplet arc S-states 
of a three-quark system and the 36 states of mesons in the scalar and 
vector octets are S-states of a quark-antiquark system. The states differ 
from each other in the relative orientation of spin and unitary spin of 
the quarks and not much in the spatial wave functions. The rates are 
calculated for transitions between these states which arc: A) by weak 
interaction--emission of lepton pairs, B) by electromagnetic in teract ion--  
emission of ,(-rays or electron pairs, and C) by strong interaction--emission 
of pions. These rates are calculated with the same method for all 
transitions, in  all eases the interaction is transmitted by a spin-flip only 
(mechanical and/or isotopic). In additiml, the same methods lend 
themselves to a calculation of the annihilation of the quark and the 
antiquark in mesons, accompanied by either a lepton pair emission (weak 
or electromagnetic interaction) or a pair of 7-rays. These methods allow 
~hc calculations of 6he rates of all decay processes where the number of 
hadrons remains unch-mged, without any assumptions regarding the 
quark interactions. All that  enters are the known weak. electromagnetic 
and strong coupling constants and the proton magnetic moment. The 
processes where a meson disappears depend also upon the value ]~p(0)12, 
which is the square of the wave function of the quark-antiquark system 
at zero distance. From comparison with the observed rates that  magni- 
tude turns out to be of the order fm -~ and proportional to the meson 

(') Work supported in part  through funds provided by the Atomic Energy Com- 
mission under Contract No. AT (30-1)-2098. 
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mass. The following predictions can be made on ~he basis of our model 
for the partial width of decays not yet measured: E~ 8.3keV, 
r - 0.63keV, p - ~ + y  50keV, ~-+e+e - 1.0keV, o)-+~+y 6.3keV, 
~-->2y 0.45 keV(*), 9 - > ~ - y  0.34MeV, ~-=~ 0.53 eV, ~)-~27:7 0.16keV. 
We find also: p~e+e - 5.8keV, T:~ 12eV, p-+2r: 185MeV, o-+37: 
14 MeV which agree rather well with the experimental data. 

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

In  spite of the problemat ic  na ture  of the quark hypothesis  (1) of ba ryon  

and meson structure,  this hypothesis  presents for the first t ime a single and 
consistent way of calculating a laxge number  of decay processes. Very few 

assumptions are needed for these calculations. Li t t le  needs to be assumed ab o u t  
the quan tum state of the quark system or about  the  forces which keep t h e  
quarks together.  The results of these calculations agree surprisingly well with 
the facts. They  are most ly  within 30 ~o of the observed values. 

I t  must  be said, however,  t ha t  this agreement  should not  be in te rpre ted  as 

an indication tha t  quarks really exist.  I t  must  be emphasized tha t  quarks  
never have been observed, and tha t  serious problems arise when one intends 
literally to in terpre t  the quark model. We ment ion  the problem of statistics 
of the quarks;  Fermi  statistics would require a ground state  of the baryons 
ant isymmetr ic  in its position co-ordinates, a most  una t t rac t ive  feature.  Ano the r  
problem is the fact  t ha t  only triplets of quarks and quark-ant iquark  pairs seem 
to form bound  states. The binding particles seemingly are such as to allow only 
bound states in which the fractional  charges add up to integer ones. 

Moreover, in order to get agreement  with facts we are forced to make  t h e  
following assumption regarding the probabi l i ty  IF(0)I "~ to find the quark and 
the ant iquark  at  the same place within a meson (~0(r) is the internal  wave 

funct ion of the quark-ant iquark  system). We are forced to assume tha t  ]~(0)12 

is propor t ional  to the mass of the meson. This is a ra ther  unexpec ted  result  in 

a theory  which should be approximate ly  invar iant  to S U~ and S U6. 
We will not  dwell fur ther  upon the myster ious properties of quarks,  bu t  

we will apply the model in its most  pr imit ive  form to the de terminat ion  of  
ba ryon  and meson decays. Many results, if not  all, which we will obtain by  

explicit  use of the quark  model, can also be obtained wi thout  ever using this  

(*) We have neglected here ~-~' mixing. An estimate of this effect would give 
~ 2 y  (0.9--1.1)keV (see ref. (13)). 

(1) M. GELL-MANN: Phys. Y~ett., 8, 274 (1964); G. ZW~IG: Cern preprint. 
8479/TH 472 (1964). 
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model, for example  b y  clever appl icat ion of s y m m e t r y  proper t ies  or current  

algebras of which the quark  model  is a special example.  We do not  consider 

the  quark-model  calculations the only way  of obtaining our results. We  consider 

t h e m  as a s imple and  physical ly in tu i t ive  way,  however.  

Most of the calculations in this paper  have  been per formed by  some au- 

thors  (-~). I t  is in tended to collect all of t hem and present  them in a unified 
t rea tment .  

2. - Description ol the quark model.  

We use the  following simple quark  model  for our calculations. We assume 

tha t  ba ryons  are bound  systems of three quarks,  and  mesons are bound sys tems 

of a quark  and  an ant iquark .  The binding is supposed to be such t ha t  the mot ion  
of quarks  in these sys tems is approx imate ly  nonrelat ivist ic .  

I n  this paper ,  we consider only the 56 baryons  of the  fundamenta l  octet  and  

decuplet,  and  the  36 mesons of the pseudoscalar  and  the vector  octet  and singlet. 

These states are combinat ions  of the three fundamen ta l  quark  states,  n, p, X 
t t  p$ ; ~  

a n d i t s  two spin directions ~, ~, which we denote as ~J, n, X; , n, X. The Tables I 
and  I I  of Append ix  I I I  present  a list of the combinat ions  which m a k e  up  the  

56 baryons  and  36 mesons. 

We in tend to m a k e  as few assumpt ions  as possible abou t  the binding forces. 

Our calculations will not  contain any  factors  which depend on these forces wi th  

the except ion of the  value of I~0(o)l ~- for the  in ternal  wave  funct ion in mesons. 

I t  is impor t an t ,  nevertheless,  to discuss the  na ture  of these forces in a quah ta t ive  

way, because their  na tu re  has a bear ing upon our assumpt ions  regarding the 
effective magnet ic  m o m e n t  of quarks  and  upon the  str ingency of our condition 
of nonrelat ivis t ie  mot ion  in the  bound  systems of quarks.  

Le t  us describe the  binding forces approx ima te ly  by  int roducing a potent ia l  
well V(r) which acts  on one quark  and  is caused b y  the  other  quarks  of the  
bound sys tem;  r is the distance f rom the center  of mass.  This well has a dep th  
Vo and a wid th  b. The depth  of the  well should be such as to produce the  
observed mass  of the  bound system, and the wid th  b should be  large enough 

to allow the quark  to move  with nonrelat ivis t ie  velocities within the well. 

I n  order to es t imate  the order of magni tude  of these parameters ,  we will 

first simplify the  s i tuat ion b y  assuming t h a t  the  binding forces are S U, invar iant .  

Under  these conditions all ba ryons  have  the same mass  M s which we assume 

(2) Excellent reviews are: R. H. DALITZ: Quark Models ]or the Elemer~tary 
Particles, Lectures given at Les Houches (1965); R. H. DALITZ: Invited paper 
presented ~t the Ox]ord Trdernational Con]erence (Oxford, Sept. 1965); H. TItIRRING: 
Acta Phys. Austriaca, Suppl. I I I ,  3, 294 (1966). 
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to be the weighted average  of the 56 b a r y o n  s ta tes :  ~V/R = 1300 MeV. All 
36 meson s tates  will then  have  the  same mass  M assumed to be the  weighted 

average  of the  observed meson masses:  M = 7 4 4  MeV. Le t  us call M the 

mass  of a free quark,  which we expect  to be  m u c h  larger:  M >> M~. Then,  

the  potent ia l  depth  Vo for the po ten t ia l  V(r) in mesons or in ba ryons  m u s t  

be so deep t h a t  the  result ing mass  of the  qua rk  is M / 2  or M~/3 respec t ive ly :  

V~2)= M~--  Mm for m e s o n s ,  
;)  

M B  
V ~ ) =  M~--  3 -  for b a r y o n s .  

There we neglect any  kinet ic  energy the  quarks  m a y  have  in the bound  state.  

The two depths  are not  very  different since M > >  M~ and M . ~ M  B. 

The mass  differences be tween  the  56 ba ryons  and  36 mesons are b rough t  
abou t  b y  a g  addi t ional  S U6-violating poten t ia l  V'(r) whose dep th  will be  small  
compared  to V (~) and  V (~) - - 0  - - 0  " 

We can make  two assumpt ions  regarding the na ture  of the binding poten-  

t ial  V: i t  m a y  be the four th  componen t  of a four-vector ,  like the  Coulomb 

potent ia l ,  or i t  m a y  be ~ scal~r potent ia l .  The  two a l te rnat ives  give rise to 

different conditions, which can be easily unders tood  n~der  the  s implifying 

assumpt ion  t h a t  the effect of a given quark  on the  other  qu~rk or quarks  can 

be described b y  a poten t ia l  well of given dep th  ]7o and  width  b. Ins ide  the well, 
the  poten t ia l  has the cons tant  value --V0,  and  the mot ion  of the  qua rk  can 
be described by  a Dirae  equat ion:  

o r  

(~z~ c~- ~ + fl( M~-- E T .  

The first equat ion  holds if V is the four th  componen t  of a vec tor ;  the  second 

holds if V is a scalar. 

I n  the  scalar case the part icle  behaves,  in the well, exact ly  like a par t ic le  

of mass  Me~ f = 3 / - - 3 / o .  This has two consequences. First ,  in order to assure 

nonrelat ivis t ie  behavior ,  the  width  b of the  poten t ia l  mus t  be large compared  
to ( M - - V 0 )  -1, t h a t  is, large compared  to the  Compton  wavelength  of a mass  

M / 2  or M~/3. Hence,  with ou~ choices of M m and  M~, th~ wid th  b m u s t  be  

(a) N. N. BOGOLIUI~OV, et al.: Dubna Report D-1968 (1955), P-2569 (1966); H . J .  
LKeK[N and A. T~VKHELII)SE: Phys. Lett., 17, 331 (1965). 
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chosen quite large, say of the  order of 1 or 2 fm. Second, the Dirac  magnet ic  

m o m e n t  (3) of a bound  quark  would be e/2M~f, t ha t  is abou t  3 p ro ton  magne-  

tons. This is abou t  the m o m e n t  which one ascribes to a quark,  in order to obta in  

the observed mom en t s  of the nucleons in the quark  model. I n  this case the quark  

would have  no or a small anomalous  magnet ic  moment .  

I n  the  case of a vec tor  potential ,  the  nonrelat ivis t ic  behavior  is guaran teed  
for b >~'> M~I; this is a much  less s t r ingent  condition on b t han  in the  scalar 

case. The Dirac  magnet ic  momen t ,  however,  would be the  one of a part icle 

wi th  a mass M .  This m o m e n t  would be very  much  smaller t han  the magnet ic  

m o m e n t  e/2Mo~ ascribed to the quark.  Hence,  in this ease, one mus t  assume 
tha t  mos t  of the magne t ic  m o m e n t  of the quark  is anomalous.  

] t  is tempt ing ,  therefore~ to assume tha t  the SU6-invariant  pa r t  of the  

binding potenti.~l is of scalar character .  The (( actual  )) magnet ic  m o m e n t  of 

the quark  is then  reasonably  well reproduced by  the simple assumpt ion  t ha t  

i t  is equal  to the  Dirac  m o m e n t  wi th  no or a small :~nomalous contr ibut ion.  

I n  this case, however,  one mus t  assume t h a t  the ~ U6-violating potential ,  which 

separates  the pion mass  f rom 1 ] / ,  mus t  be of vec tor  character  so t ha t  

M~ff = Mm/2 also for the pion. This would ensure the nonrelat ivist ic  mot ion  

of quarks  wi th in  the pion for values b ~ 1 or 2 fm, and leaves the magnet ic  
m o m e n t  of the quarks  the s~me in pions as in other hadrons,  an assumpt ion  
which will tm 'n  out  necessary for reaching reasonable  agreement  with the data .  

La te r  on we will find some more indicat ions in favor  of no or a weak anomalous  

magne t ic  m o m e n t  of the quarks,  and  therefore in favor  of a mahfly  scalar 
binding potential .  

I t  should be emphasized again t ha t  nei ther  the depth  nor the width, nor 

the special fo rm of these forces between quarks  will ever enter  any  calculations. 

The foregoing discussions serve the sole purpose  of convincing the reader t h a t  
models are possible in which the magnet ic  m o m e n t  of the quarks is about  equal  
to e'/2Mr with e' being the quark  charge, and with Mef~M~/3~M../2 
and tha t  the mot ion  of the bound  quarks  can be assumed to be approx ima te ly  
nonrelativist ie.  

Similar considerations are b rough t  forward by  ]~OGOLIUBOV~ STRL~VILNSKI, 
TAVKttELIDSE and LIPKIN" (3); the prob lem of relativist ic bound states was 
discussed by  (kAFALONI and MENOTT~ (4). 

3. - The interactions of quarks with different fields. 

I n  wha t  follows, we will calculate t ransi t ion probabil i t ies  of quark  systems 

f rom one q u a n t u m  sta te  to another ,  induced by  the  in teract ion of quarks wi th  

(4))[. CIAFALONI and P. ~ENOTTI: prcprint June 1963. Scuola Normale Superiore, 
Pisa. 
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certain fields. In  short,  we s tudy transit ions between quan tum states of quark 
systems with the emission or absorpt ion of field quanta.  

The main idea is here tha t  baryons  and mesons in teract  with fields via the 
quarks of which they consist. This is in complete analogy with the theory  of 

nuclear structure.  The interact ion of a nucleus with the lepton field or with 
the electromagnetic field is expressed by  the interact ion of the nuclear con- 
sti tuents with these fields. 

3"1. Weak interactions. -We  assume tha t  there is a weak in terac t ion  be tween 

a quark and the lepton field of the type  

(1) f dax~(x)(G'~yt, + G'ayt, ys)(eosOz+ + sin@+)q(x)g(x)y#(1 + ys)v(x) + h.c . ,  

where G'. and G'~ are the renormMized interact ion constants of quarks for 
vector- and axial-vector interact ion;  the prime distinguishes them from the 
corresponding constants for nucleons; q(x) signifies the state  of the quark,  
t(x) the state  of the charged lepton (electron or muon),  v(x) the state  of the 
corresponding neutrino, 0 is the Cabibbo angle, vA are the isotopic-spin raising 
and lowering operators,  a -+ are the corresponding operators of the a-spin which 
changes the X-like quark state  into the protonl ike state. 

We will consider two kinds of transi t ions:  in the first k ind (I), the quarks 

change their  spin, isospin or strangeness; in the second (II),  a quark and an 
ant iquark  annihilate. 

Examples  of the two kinds are: 

(i) 

j~' ~ p  + e + + , J ,  

A - + P  + e - + s ,  

=+ ._~=o + e + + v ,  

K + ~  =o + e + +,~, 

E -  -~ E~ + e -  +~ , 

Z -  --->A + e - + ~  ; 

(II) 

We now take  advantage  of the fact  t ha t  the quarks move nonrelativist ieally.  

Hence, for the processes of the first k ind we may  write the in teract ion in its 
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nonrelat ivist ic form wi th  respect to the quark states: 

,(2) G;/d~x(t(x)(eosOr + q- sinOr q- ys)~,(x) q- 

q- G'~j d3xFl(X)(~(cosOr + q- sinOc;+ )q(x)[ (x)yk(1 q-y~)v(x) , 

where the index k is summed over the three spatial co-ordinates. The constants 

G'~ and G', can be determined by calculating the nucleon-lepton interact ion 
resulting from (2) and adjust ing these constants.  Assuming tha t  the spatial 

par ts  of the quark wave functions ~re the same for all members of an octet,  
and neglecting form factors, we get for the mat r ix  elements of any of the tran-  
sitions (I) the  following expression: 

(3) G~, ,'~F cos 0 ~ r + -? sin 0 ~ a+lS,>~-(0)7o(1 q- y~)v(0)q- 
i f 

+ G<s~lcosO Z , ~  + + sinOy,~l,~,;~i(o)'~(~+ ~,o)~,(o). 
i i 

Here  St, S z are the spin wave functions (unitary and ordinary) of the initial 
and final hadron.  The sums are taken  over the quarks (or antiquarks) contained 
in the hadrons.  The subscript  i of the spin operators o, T, refers to the quark 
(or antiquark) i. 

I f  this expression is applied to the pro ton-neut ron  transition, we see tha t  
the vector  par t  is simple, since ~ r + is equal to the to ta l  isospin opera tor :  

i 

; i ' ] Z r 2 l ~ v ~ = , .  Thus G = G  where ~;~ is the vector coupling constant for 
f 

nucleons. The axial pa r t  gives rise to the mat r ix  element (P]~a~T+]N~ : 
= ~ (Pt(~IN}. Hence we get 

(4) G = -~ G �9 

We obtain f rom the exper imenta l  result  G A : 1 . 2  Gr: 

! i 
(5) G v Gv, G , = 0 . T G  v.  

These values allow us to calculate the reactions of the type  (I) and related 
reactions. The results are identical  with the ones obta ined from the application 
of S U~ symmet ry  and the conserved-vector-current  hypothesis.  

As far as the branching rat io (E--->E0)/ (E-->A) is concerned, one obtains 
the following ratios of the squares of the mat r ix  elements: 1:0 for the vector  

par t  and 1 :~/~/2 for the axial vector  part .  This result  is in agreement with SU~ 
symmet ry  and corresponds to a so-called / ' / D  ratio of 2/3. 



624 ~. VXN ROYE~ ~nd v. F. W:EISSKOPF 

The results concerning the  K - ~ + e ,  ~z+v react ion correspond to:  

TABL]~ I. 

I I Width i Experimental width! 
Process Matrix element (~IeV) (MeV) i 

! K-~ r:q-e +v (Gv/2) sin 0 2.98" 10 -*~ 2.62" 10 -*~ 
i K-+=+Iz+v (ev/2) sin 0 ] 1.93-10 - 1 5  ] 1.82" l0 -15 

We now turn  to the reactions of kind (II) where mesons disappear  and 
t ransform into lepton pairs. Similar calculations were carried out  by  ~r 
STlCUMINSK[ and T&VKILELIDSE ('~). One faces here ~ quark-an t iquark  ~nnihil~- 
t ion f rom the point  of view of the quark picture.  This annihi lat ion is not  s tr ict ly 

nonrelat ivist ic process, bu t  the nonrelat ivist ic  character  of the quark  and 

ant iquark  mot ion within the meson simplifies the mat r ix  elements for annihi- 
lation. The interact ion Hamil toniun (3) contr ibutes  only from its axial-vector  
par t  for mesons with zero spin. These mat r ix  elements are of the form (cf. 

Appendix I) 

/cos 0\ 
(6) A = G~V~(0)C:2[ | ~t(p)yo(l+y~)u~(--p).  

\sin 0/ 

Here  cos0 stands for strangeness conserving, sin 0 for strangeness changing 
transitions.  ~ ( r )  is the value of the nonrelat ivist ic  wave funct ion of the quark-  
an t iquark  system of the meson m at  the relat ive distance r. The t ransi t ion 
probabi l i ty  is then  proport ional  to 1~(0)12 as expected for a,n annihi lat ion process. 
No form factors for the annihilat ion of quarks are introduced.  

I t  is interest ing to compare this matri ' (  e lement  with the phenomenologicM 
one which is usually used for these reactions.  One writes 

(7) c~ 00) P~ 

\sin vzpo 

where p~ is the m o m e n t u m  four-vector  of the meson, a n d / ~  is a constant  wi th  

the dimensions of mass. This is so on the grounds tha t  the hadronic par t  must  

t ransform like a four-vector ,  and the  only four-vector  available is p~. For  a 
meson at  rest  only Po = m =  contributes.  Comparison with (6) allows a deter- 

(5) V. _~k. ~ATVEJEV, et al.: Dubn~ Report P-2524 (1965). 
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ruination of the  cons tan t  J~ on the basis of our quark  model :  

= ~;~. ,~ -1.4 ,~ 

Expe r imen ta l l y  i t  is known t h a t  the value of /M is the  same for the  decay of 

7:- and  K-mesons  and  is approx ima te ly :  /~. = / x  = m = .  I t  should be  empha-  

sized t h a t  this resul t  depends upon  our knowledge of the  Cabibbo angle which 

can be de te rmined  f rom other  decays. Here  we mee t  an interest ing point  which 

casts a certain shadow upon the quark  model:  the above result implies f rom (8) 

~ 3 for w-mesons, a result  which indicates a plau- t ha t  [~(0)[  2 is equal  to ,~m~ 

sible meson ~ size ), of the  order of/i/m,:c,  bu t  also implies t h a t  t~G(O)I"- is t)ro- 

por t ional  to the  meson mass.  I t  should be  four t imes larger for K-mesons  
t han  for 7:-mesons, which is ra ther  puzzling. 

In  more  detail  we find 

(9) 

( G+~+,= G I~'~(o)[:~;~"cos~Om~ 1 - . 4 1 ,  

F r o m  the exper imenta l  va!~e-~ (4) 

we easily get 

/'~+_~ t~+, = 2.6 "10 -14 MeV,  

FK+~+ ~ = 3.4.10 -14 MeV 

] ~ ( o ) l ~  = 1 . 4 - 1 0 o  ( M e v ) 3 ,  

[~0K(0)[2 5 . 1 " 1 0  6 ( M e V )  3 

(compare ~Tith G ="~176 (~eV)~). 

This means  t h a t  we have  a lmost  exact ly  

( t o )  ,,,, co~l , . K . ~ ,  ~ 
2 - -  

~ o r e  suppor t  for  the  p ropo r t i ona l i t y  of ]F(0)[2 wi th  the  meson mass will be 
found in e lec t romagnet ic  decays.  

The quark  model  is based upon  the  app rox ima te  val idi ty  of S U.~ s y m m e t r y ,  

and this s y m m e t r y  would require a similar wave  funct ion for the quark-an t i -  
quark  sys tem in all mesons of the  same mult iplet .  
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How could the symmetry-breaking forces cause this difference in the Values 
of [~(0)] 2? At first, one would think that  stronger binding should lead to a smaller 
quark-antiquark system and therefore to larger values of in contrast 
to our findings. The simple potential-well model shows that  this is not neces- 
sarily so. For example, 1 (0)1 wo~ld be unchanged (apart from very small 
surface effects) if the symmetry-breaking force changes the potential depth 
only and not the width b of the well. If the width b is increased, I~(0)] will 
decrease, but the binding energy will not be very sensitive to changes in b 
since the motion of the quarks is supposed to be nonrelativistic; changes of b 
therefore cause only energy differences small compared to Mr Hence it is 
possible to construct symmetry-breaking forces which give the observed mass 
dependence of ]~v(0)l : add to the potential depth the necessary amount to obtain 
the mass split and also change the potential width such that  the ratio of the 
widths b~ and b~r for meson i and k meson is given by bdbk : (mk/m~) ~, a ratio 
which is not too far from unity. 

Although this example demonstrates a relatively simple form of symmetry 
breaking which gives the desired result, it seems to be amost arbitrary and 
artificial way of arriving at the simple ratio (10) There must be a more natural 
reason for it, which may be connected with the limitations of the quark model. 

3"2. Electromagnetic interactions. - We assume that  the quarks have the 
following electromagnetic interaction energy: 

(l l)  H = f  ~,(x)A,,(x)d3x + f~/[~, ~ A~(x) d3x v 

, u 

where the current j, is given by 

j . (x) = e' ~?~(x) 7~%(x)  

with e' being the charge of the quark, and the magnetization ~ is given by 

where #'4 is the anomalous magnetic moment of the quark. The total magnetic 
moment of the free quark would be 

(v! 
(12) , u ' :  - -  + yq. 

2M~ 

If the quark is in a bound state with nonrelativistic motion, the effective mag= 
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netic moment  would be 

~r 
(~3) # ,=  ', 

M q  

where M* is the effective quark mass as defined in Sect. 2. As was shown in 
tha t  Section, a mainly scalar potent ia l  may  allow us to set the anomalous 

y 
magnetic moment  #o equal to zero. 

We again consider two kinds of electromagnetic transit ions;  in the first 
kind the quarks change their  spin, in the  second kind a quark ~nd an t iquark  
annihilate.  Examples  of the two kinds are: 

(ni) 

A ~ . ~  ~ V +  "~, 

E" -§ A + y , 

~o ~ , x ~  ' ,  

(IV) 

---> e + e  - 

p -+~+ ~ - ,  

(0 --~ e % e  - 

- - ~ +  ~ - ,  

~o --> 2 7 , 

The first kind of t ransi t ion (III)  is a spin-flip process; the spatial wave 
funct ion of the hadron remains unchanged, all t h a t  changes is the direction 

of the spin of one of the quarks. We will again neglect form factors, in 

which case the form of the spatial wave funct ion does not  enter  into the 
calculation. Since the motion of the quarks is nonrelativistic,  the re levant  
mat r ix  element is proport ional  to the operator  ~ / z l a  i where /*i is the to ta l  

i 
mt~gnetic moment  (Dh'ac plus anonlMous) and a~ is the spin operator  of 

the i-th quark. For  these calculations, it  is impor tan t  to know what  fract ion 
of the tot,~l quark moment  is ~nomalous. 
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The calculation of the emission probabil i ty of a y-ray  (or the cross-section 

for the inverse process) in the case of the first two reactions in list ( I I I )  is 

trivial and gives the following results: 

,~* -+ A" + y (9 

3 L  = <:v( �89 ~1, I ~ ' , l a  1)), = <;v(1 ,  _~l~c ,,~a ' ; V  *~3 ~)" 
g l l ~ ' z l  \ 2 ,  2 / I / - - ~ *  zll X 4 ,  '~ / ~ - - - ] ~ p  

i " 3 

wher e /~  is the total  proton magnetic  moment :  t t  = 2 . 7 9 ( e / 2 M ) .  Experimen-  

tally, from the =o photoproduct ion cross-section at resonance, one finds (7) 

( M.)o~ = (1.28 ~ o.o2) - : ~ - / ~ .  

E ~  

~g~= +.n( 1 , ~')l~l y o(~, ~);: = 

An easy calcul,~tion ~'ives then 

1 
~ / ~ "  

_ ~ 3EA l t M  ].k - -  - 8 . : ~ S k e V  

or T,zo = 0.7.10 -17 s. ExperimcntMly,  one only knows 

T~o< 1.0"10 -~4 s .  

I t  is perhaps a little disappointing tha t  the experimentM value of the 

matr ix  element for A ~* -+ A2~y  is higher than tile calculated one. One would 

think tha t  form factor effects would reduce the thcoreticM value even fur ther  (7). 

The calculation of the other processes of the kind (I I I )  which involve 

mesons is almost as trivial. The only slight complication arises from the fact  

tha t  the meson, after emission of the y-ray, has relativistic velocity. This 

brh~gs about  some trivial factors originating from the normalization of the 

outgoing meson wave, and a less trivial correction coming from the fact  t ha t  

the internal wave-function of the outgoing meson is J~orentz-contraeted. 

We have neglected it, since it should not  amount  to more than  a 15 or ,m o/ ~ x ,  / o  

(") C. BEccm and G. ~ORPURGO: Phys. Lett., 17, 352 (1985); R. I[. DALITZ: in 
High Energy Physics (New York, 1965). p. 251. 

(7) R. H. DAHTZ and D. G. SUTItERLAND: Phys. Rev.. 146, 1180 (1966); 
R. G. MOORHO~TSE: Phys. Rev. ZetA, 16, 772 (1966); A. |)ONNACIIIE and G. SHAW: 
CERN preprint T. I[. 673 (1966). 
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correction, together  with a possibly more impor tan t  effect of the form factor 

because of the high momen tum transfer involved. The lat ter  two corrections 

would depend on tile shape of the wave function. 

We calculate the general proeess V - ~ I '  kT (~), where V stands for the 

vector  meson and P for the pseudosealar meson in terms of the transit ion 

magnetic moment  

ffv,. = (/-'l,u,, ~.  - ~'',, o-. 1 V(s: = o).. . .  

Once we have ffvp one gets 

M 2 o 2 ,, ~/~Vp k= , 

where [M[ '2 denotes the squared matr ix element and 

l 
(15) 1,,_.,,+.: (a:~i if,.,,/,,. 

The derivation of this last result for lv_~r+v was based on a nonrelativistic 

calculation, i.e. we assumed the momen tum transfer k very small. I t  is clear 

tha t  this is in most  eases a bad approximat ion because the outconfing pseudo- 

scalar meson is relativistic. 

' [here is however a rather  unambiguous way to take account  of the rela- 

tivistic behavior of the meson in the phase-space contribution. 

Suppose that  we start  calculating lv~ev  from the relativistically invariant  

interaction 

(16) Z~:~:,~ c ...1 . (x)  % 1 ~(x) P(,r) , 

where A~(x), l~(a') and P(x) are the tields associated with the photon,  the 

vector  meson and the pseudoscalar meson. We can then calculate again 

t~v-~p+v and find / 'v~e+v : -  Ck3 where C is a constant .  Comparing now ?,his last 

result with (15), it is clear tha t  the constant  C calculated for the nonrelativistie 

limit remains correct also in tile relativistic case. 

So we take as our final result:  

1 
(17) 1~_,~+~ = (a~i if('"/:3. 

(8) C. B~ccltI and R. ~[O~PURGO: Phys. Rev., 140, B 687 (1965); W. THIm~N~: 
Phys. Lett., 16, 335 (1965); V. V. ANISOVITCH. A. A. ANSELM, YA. I. AZIMOV, G. S. 
DANILOV and I. T. DYATLOV: Phys. Lett., 16, 194 (1965); L. D. SOLOVIEV: -Phys. Lett., 
16, 345 (1965). 
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We  collect t he  results  for  #vv in Tab le  I I .  I t  is useful  for  l~ter c~leulat ions 

to  use the  re la t iv is t ic  i n v a r i a n t  f o r m  (16). A n  easy ca lcu la t ion  us ing (15) gives 

(J 8) ]vv = 2 # ~ ,  . 

- - r r o o o s J  . . . . . . . . .  - I /~w" 

p -+~+y - ( l / v ' ~ ) ~ .  
~--> r r+y  --/~v 
~ o ~ + v  , - ( 1 / ( 3  ,,,~))~ 

,~ ~+~ +~, ! - ~_ , , ~  

Fu calcul. ] Fv-+v+v experim, i 

. . . . . . .  i 

0.12 MeV < 0.4 MeV i 
50 keV 

1.17 MoV 1.2 MeV 
6.3 keV 

0 
0.34 MeV --- 

T A B L E  I I .  

The las t  process  in list ( I I I )  is a double  process.  The  -~-meson emits  two 

y - r ays  b y  going over  i n t e rmed ia t e  s tates.  W e  consider  b o t h  steps as single 

k 2 Y o ~  ,o 
Yt " 

a) b) 

Fig. 1. 

neglect  of all f o r m  fac to r  correct ions,  is as follows. 

an t  ma t r i x  e lement  

nonre la t iv is t ie  spin-flip processes,  

a nd  consider  ~s i n t e rmed ia t e  s ta tes  

only  s ta tes  con ta ined  in the  funda-  

m e n t a l  36-plot.  The  s ta tes  which  

en te r  as i n t e rmed ia t e  s ta tes  are  

vec to r  mesons,  t he  r p mesons  (*) 
(Fig. 1), since the  spin m u s t  flip in 

each emission. The  result ,  wi th  

We  find for  the  inv~ri-  

1 

where  the  s u m  goes over  the  vec to r  mesons  and/~v~, try= are  defined b y  (14), and  

1 
--(1) (1) L f] (2) ' ~lv = : e ~ , , ~ ' ~ ' v / ; ~  ~ "~ ,~  ~ '  1%, 

k~ 

1 _ ~(2)  (2)~. 6(1) 9~D]~.:,,y 

Here  the  four -vec to rs  q(i), e , )  are the  m o m e n t u m  and  po la r iza t ion  of the  i - th  

(*) The r meson does not contribute because the matrix element for O..>=o+y 
is zero. 

V. 
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l ight-quantum, i = 1, 2; kj is the momen tum of the vector  meson in the inter- 

mediate state in the two F e y n m a n  diagrams j = 1, 2 (see Fig. 1). A straight- 

forward calculation leads to (*) 

64:t~m~ j j Z1Jl~o: ~-dEidE,z , 

where E:  and E2 ~re the photon  energies and the summation goes over the 

photon  polarizations. Numerically this leads to 

/:.~0~y = 5.3" 10 -7 MeV. 

I f  we compare this with F~_~2 v (27) calculated below~ we find 

R---- ]7"~-~~ ~ 0.5.10 -3 . 

The experimental situation is not quite clear. D :  GI-C:G~O et al. (9) find a result 

R~p N 0.5 

which is in strong disagreement with our calculations. This experimental 

result was contradicted by  W~nLIG et al. (:o) wire found a smaller upper limit 

for tha t  ratio. 

The processes of kind (IV) involve annihilations. I n  this case it will make 

a difference as to whether  there is an anomalous magnetic moment  or not.  

This is best seen if we write the current operator of a quark in the form 

(]9) 
e i  f 

! 
where p, ,  p ,  are the initial and final momenta.  The second term does not  

contr ibute to the magnetic momen t  /z~ for (p} = 0. Therefore we have 

The annihilation matr ix  elements are proport ional  to ]1. 

The processes ~ -+ e+e -,  ~+:t- and (o --> e+e - ,  ~+:t- are single-quark annihi- 

lation processes. I n  fact, we can interpret  them as a Rutherford scattering 

(') See also: P. •SBIU$ and H. I~ Phys. Lett., 22, 684 (1966). 
(9) G. DI GIUGNO, R. QUE]~ZOLI, G. TROISE, F. VANOLI, M. GIORGI, P. SCHIAVON 

and V. SILVEST]~INI: Phys..Rev. Lett., 16, 767 (1966). 
(1o) ~v[. A. WAHLIG, E. SHIBATA and I. MANNELLI: Phys. Bey. Lett., 17, 221 (1966). 
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of an electron or muon by  ~ quark if we look at  the process in the crossed 
channel (Fig. 2). 

The calculations are s t raightforward and give the following result  for the 
mat r ix  element:  

where the sum over i goes over the quarks 

in the meson V and ]r is the momen tum 

.(_______ 

Fig. 2. 

of the v i r tua l  pho ton ;  a~ is the Clebseh-Gordan eoefftcien~ of qu~rk i in the 
meson V. u: and v~ are the Dirac spinors of the lepton and anti lepton.  The 

lifetime for this dec~y becomes 

. 1_(1 4m'1�89 2 m "  ,d,- ~ G :  ~- ,m~) ~ fil w;(o)l ' ~ "--3 ~,. ,-~. 

The v~lues for p --> t+t - are in good a,greement with the exper imental  values 

Jf we set t, = 1 ~nd l~v(O)[' =(mvlm=)[~=(O)[~ with [w~(o)l~= ~m~ (see (lO)). 
We can express the obtained result  in terms of the relativistic invar iant  

V-y (.oupling of the form 

T o H =/v,:t~,A, 

A straightforward calculation gives 

I t  is also useful for later  calculations to introduce a new coupling constant  

defined by  

f 

(2~) 1.~ = ~ . (0) / .y .  

We collect all the results in Table I l L  
I t  is interest ing to compare the numerical  value one finds for the coupling 

constant  /~v(23) in the quark model with the one based on the p-dominance 

for the isoveetor form factor  of the pion. The quark model gives / ~ = ~ / 2 -  
�9 ~&(0)m~ ~ = 0.177 and the p-dominance model /py= 1/fp= = 0.183 (fp,= is de- 

termined from the p-width /'p=, = (flp=,J4z)~(p3[m~)). 
The calculation of the process ~o _+ 2T is similar to the calculation of the 

annihilat ion of posi t ronium of spin zero into two light quanta .  I n  fac t  the 
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=r :  .-�84 

P r o c ( ~ s s  ~. ,,(e,/,,) 

'l',t mm I lL  
= ~  = : : 

F calculah'd 
(.~[eV) 

l '  experimental 
(McV) 

P _+~z+i z_ 1/ \ /2  0.58" lO : 

6) -> e + e -  I .  2" 10-a  : 
~, +E~+E,_ l / ( a  r , , , ~ a .  l , )  :, _ ~ ( v ' ~ / 3 )  ~1Ii;~ 

] 
. . . . . . . . . . . . . . . . . . . . . . . . . .  i . . . . . . . . . . .  

q0 - - >  O +  e - 

'- [ . 0  "10 a - - ~ M ~ ' ~  _~ [z+ [,- a 

i . . . . . . . . . . . . . . . .  . . . . . . .  : l 

! 
! 

0.6.10 --e 
n.~ • o.2.10 -~ ~/~ M~-~ i 

. . . . . . . . . . . . .  ! 

=~ can be r ea sonab ly  called, (( q u a r k o n i u m  ,. The  only  difference comes 

f r o m  the  fac t  t h a t  the  i n t e rmed ia t e  s ta te  in pos i t ron ium consists of an  essen- 

t ia l ly  free e lec t ron-pos i t ron  pair,  whereas  here  the  

two qua rks  are still s t rongly  b o u n d  in the  in t e rmed ia t e  

s tate .  

We are s impl i fy ing  the  ca lcula t ion  b y  assuming  

that the  i n t e rmed ia t e  st:~tes be long  to  the  36-plet ,  

so t h a t  all t h a t  happens  in the  emission of the  

first q u a n t u m  is again  on ly  a spin-flip of ~ q u a r k  

or a n t i q u a r k  (Fig. 3). This ca lcu la t ion  yields for  

e lement  of the  emission of a pai r  of l ight  q u a n t a  (*) 

v P 

F i g .  3. 

t he  i n v a r i a n t  m a t r i x  

1 
(25) .1 = _ ~ 4 e  ~,v(O) l ~ v , ~ / ; v M , : q . ( e ,  •  

"v' '2 v 

where  e~ are  tile po la r i za t ion  vectors ,  q is defined in Fig.  3, and  #v~ and  
! 

ivy are  g iven  in Tables  I I  :rod I I I .  The  s u m m a t i o n  over  V, the  i n t e rmed ia t e  

vec to r  mesons,  in(,ludes on ly  the  p and  the  (o. This ca lcula t ion  leads to 

theore t ica l  l i fet ime of the  re~ 

1 1 
�9 = ~ E ~ t l  2 

and  this gives 

(*) Wc ~u'(; much h~dcbt, cd to A. DAR for poinihng ou~ ~m error in this result. 

4 1  - l l  Nuovo  Cimento A.  
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whereas the cxper imentM values lie be tween (6.3 ~ 1 )  cV (' ') and (9.2 ~:1.2) eV (~2). 
By  compar ison of these da ta  (using the shor tes t  expcr inwnta l  lifetime, i.e. 

1"~,,_,2y=9 cV) we obta in  ]~Ov(O)]-" 1.2 (mv/m,:)(~m~) in good atzTeenlent wi th  

the wflues we obta ined f rom the  decays V ~[~t - ,  if we choose ]1 1 in 

eq. (21), t ha t  means,  if we assume tha t  there  is no appreciable  anomalous  

magnet ic  m o m e n t  of the quark  (see (20)). 

We can obta in  ;~ similar result  for the "q -> 2,( process, which is not  ye t  

measured.  We find F~_,2 Y = 450eV. I f  we introduce a not  uurcasonabh,  

mix ing  angle for the  ~4-~' of the  order of - - 1 0  ~ we find (~:') 

(27) I ~_~  = (0.9 - -1 .1 )  k e V .  

We have  here a new suppor t  for the p ropor t iona l i ty  of t~0(0)]~ with  the 
meson mass.  We also could consider these results, the good agreement  of 

the ~o l ifet ime as well as the  p - + t + + [  - decay width,  as a suppor t  for the 

assumpt ion  ]1 = 1 (20), t h a t  is for a small  or vanishing' anomalous  magnet ic  

m o m e n t  of the quark,  which would point  towards  a main ly  scalar binding 

potent ial .  We remind  the  reader,  here, t h a t  all our results are based upon 

the assumpt ion  of the same magnet ic  m o m e n t  of the quark  in all mesons.  

The difference in mass  be tweeu mesons within the 36-plet, therefore,  mus t  

be caused b y  potent ia ls  of the  vec tor  type ,  which do not  change the effective 

Dirae  magnet ic  m o m e n t  in the  bound  state.  

3"3. Strong interactions. - I t  is impossible to t r ea t  tile s t rong interact ions 
of quarks  on the same b~sis as we t r ea t ed  the  weak and e lec t romagnet ic  ones. 

The main  mani fes ta t ion  of the  s t rong interact ions  of quarks  are the  binding 
effects which give rise to the  existence of baryons  and  mesons. 

I t  seems possible, however,  to isolate one pa r t  of the  s t rong interact ions  

which is by  its own na tu re  a weak effect. I t  is the emission and  absorp t ion  

of (( soft  )) pions;  this means  pions for which the m o m e n t u m  Ikl is small. Le t  us 
f o r g e t - - f o r  the purpose  of the  a r g u m e n t - - t h a t  all pions are qua rk -an t iqua rk  

sys tems and let us assume tha t  there  exists a pseudoscalar  field ~(x) whieh is 

coupled wi th  the  quarks  according to the  following in terac t ion  energy:  

(28) / t~  = F ['d~x~(x ) ~,~ v~q(x) z~(x) 

(11) Cx. VON DARDEL, D. DEKKERS, R. MER}IOD, J. D. VAN PU~T~N, M. VIVARGENT, 
G. WEBER and K. W I x ~ R :  Phys. T~ett., 4, 51 (1963). 

(12) G. BELLETINI, C. BEMPORAD, P. L. BRACCINI and L. Po~.: Nuovo Cimento, 
40 A, 1139 (1965). 

(la) R. l[. DALITZ and D. O. SUTHERLAND: NUOVO Ci~ento, 37, 1777 (1965); 
38, 1945 (1965). 
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in complete analogy with the coupling of nucleons with a pion field. 
We propose, however,  to apply this interact ion only in the case of the emission 

or absort)tion of pions of low spatial momentum compared to the ba ryon  

masses, t fence we take the noncelativistic linlit of (28), which can be writ ten 
in the form 

q " ~ -" 

(29) )~ J (t:,~'q~(,c)arj,.q~(;~')V ~u(,~ ~) 

for quark transit ions with pion emission (q,, is the quark field), and 

q " 3 ,  ( , �9 �9 

for ,~ntiquark transit ions with pion emission. Here  q~(x) is the field of the 

ant iquark  and f~ -= (#/2 M,f~) F ' ,  where # is the pion mass, which is in t roduced 

as ~ normalizing factor. The supplementary  minus sign of (30) follows directly 
by inserting the four-component  Dirac wave functions of free qu~rks (or anti- 
quarks) into (28). If  expression (29) is applied to a t ransi t ion between those 
quark states which correspond to pro ton  and neutron,  one can easily see 
tha t  one gets the relation 

(31) L=~I ,  

where ] is the well-known coupling constant  of the stat ic l imit of the nucleon- 
nucleon-pion interact ion:  

and has the value 

[ l  ] 2  

- - - -  O.O82 (33) ] -- r ,, M or 4~ ' 

where g~a' is the  =-JT coupling constant :  g~x/4:~= 14.6. We natural ly  use 

here the renormalized values for the coupling constants,  as we have done in 
the case of the weak and the electromagnetic interaction.  

]n  contrast  to tile other  interactions,  we will apply this interact ion only 

to transitions in which the number  of quarks and ant iquarks remains unchanged. 

We will not  consider anlfihilations, al though they are contained in expres- 
sion (28). The reason is t l lat  annihilations would not  contain the gradient  
which we find in (29) and (30) which reduces these interactions to tolerably 
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weak ones. We will, in fact ,  only ealeulate the following' processes: 

AP*-~.)~ p ~ ~ ,  

p - ~ , -  ~ , 
(v) 

The calculation of the first process is s t rMghtforward;  we assume again t ha t  

the spat ia l  dependence of the  wave  funct ion is the same for M1 member s  of 

the 56-plet. We obtain  (~4) 

(34) F -- 80 MeV 

which is somewhat  low, bu t  within 30% of the eorrect vMne. I t  is possible 

to calculate any  t rans i t ion which follows f rom A ~* - ~ N ~ , :  by  an SU~ trans-  

format ion,  such as Y* -+A~:, E~;  ~* -+~-~ ~. Of course, the quark  model  is 
SUa i nva r i an t  and therefore the results are the exact  ~,'Ua t ransforms  of the 

A ~* - + & ' - / ~  process. I t  is known tha t  these t ransi t ions fulfill the  ~U3-sym- 
metr ic  values reasonably  well. 

The react ion ~-~=-~v:  can be described in our te rms  t~s a t rans i t ion front 

a p-meson to a ~c-meson by  emission of a q u a n t u m  of the pion field. I n  other  

words, the  o-meson and one of the pions is considered to be a quark-an t iquurk  
system, bu t  the other  pion is a field q u a n t u m  which is emit ted,  when a quark 

in the p-system commits  a spin-flip and  changes the p-sys tem into a pion 
qua rk -an t iqua rk  system. 

The calculat ion of this process is ve ry  similar to the  calculation of the 
p - + ~ - - y  process. The T-quan tum is replaced by  the  q u a n t u m  of a pion 
field. Again all fo rm factors  are assumed to be uni ty .  The result  of this 
calculation is in ra ther  good ~greement  with the exper imenta l  value.  We get 

for the ma t r ix  element  

(35) M(?(. , .~  = 0) + ~ +  + ~ o ) ~ _  lo (1,.<+, _ k<0,, 
- -  2 ) ,  

where k (+'~ are the m o m e n t a  of the pions, and this gives then  

(36) F~_~= = 1185 MeV 

compared  with  the exper imenta l  vMue of 125 MeV. I n  obtaining this result  

we took into account  the relat ivist ic  mot ion  of the  pions by  app ly ing  the  

(14) C. Bl~cCm and G. HOt~PUaGO: Phys. Rev., 149, 1284 (1966). 

o o  
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s~me method which was used for the det.et'min&tion of l 0-~v (see eq. (15) 

and (17)). The  coupling constant  J ~  defined in the conventionM way by  

(the last factor  is an isotopic vector  product)  turns out to be 

(37) ] ~  2 M(~ 3 ., : ] or  ] ; .~  = 3 . 6 ,  

where~s the experiment~l value gives 

(38) ] ~  - 1.5 Me 3 
Lg O 

or  /t:,~ ~ .4 .  

An intriguing question could be raised here in regard to the fact tha t  e~ch 
of the two pions could be the field quan tum or the quark-ant iqu~rk system. 
Should one, therefore, ~dd the amplitudes for the two alternatives (they are 

equal) ~nd expect  a result  larger than  (37) by ~ factor  four (~)? The ~nswer 
is negative. Each of the two amplitudes gives the correct answer. An intui t ive 

~rgument  e~a be found in turning the process around and h~ving two pleas 
collide in order to focus a p-meson. Clearly, in such ~ c~se, one only should 

be considered ~s ~ field ~nd the other ~s a qu~rk system. A more rigorous 
argument  based upon the PCAC hypothesis is found in Appendix II .  

The process ~o-->3T: cm~ be considered ~s a tr~msition of the ~o qu~rk- 
ant iquark  system by two spin flips, each accompanied by  the emission of 
pion-field qmmtmn.  I t  is quite ~malogous to the -rj - - ~  ]-25, process (see Fig. 1), 
the two light quant~ l~ein(~" replaced by  pions. (Selection rules make the 

--3~: proee, ss impossible wi thout  hi~her-ordcr electromagnetic  per turba t ion ;  
the process (,)-~= b'2y is forbidden by etlarge conjugat ion invari~mce.) 

The calculation of (o-->3r~ on this basis is st, r~fio'htforward. We consider 
only intermedi~te st~tes within the 36-plet, this means that only the p con- 
tributes, and obtain 

(3:~) 

where the number  8.8 comes from the phase space, ]p.~ h~s already beea 
calculated (37), and ]~p~ is the coupling constant  defined by  

(4O) H =  i ] ~ p ~ ,  0 ~, lr~"(x)~,V~(,,,)rc(x) 
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and can easily be calculated in the quark  model  using (29) and (30). We get 

12 ] 

This gives then  for (39) the  value 

(~2) F~_+a = _~ 15 MeV, 

compared  to the exper imenta l  value 

(43) (F,~__~a=)r ~ ~, (11 -~ 1.7) MeV.  

I t  is interest ing to compare  our results now with  the  calculations of the 

Ge l l -Mann-Sha rp -Wagner  (~5) model.  For  the ~ - +  3= decay, they  use exact ly  

the same model  as we used here. However ,  they  use a quite different model  

for the co - - > ~ - y  decay. The model  they  use is essentially the same as for 

o)->3r~; in r  T they  also use a vector  meson as an in te rmedia te  s ta te  

which couples then  direct ly to the photon .  I n  the quark  model,  the  process 

to --> r: ~-y is an e lementary  ver tex .  However ,  i t  is clear t ha t  also in the  quark  

model we could calculate the  process r --> r:~-,( by  vec tor  dominance.  I t  tu rns  

out  t ha t  the two values we find in tha t  way  for F~_~=+r are a lmost  the same. 

The explanat ion  of this agreement  is to be found  in the r e m a r k  we made  af ter  
eq. (24) : there  we found agreement  be tween  the  values for 17~ (23) in the  quark  
model  and in the o-dominance model  for the  isovector  fo rm fac tor  of the  pion. 

This then  explains why  we find also agreement  for the  process (o--> ~q-Y 
because in this case the photon  is an isovector  one, ' !and we can again assume 

vector  dominance.  ' 
Finally,  the process ~q--> 2=-ky  is~analogous to the ~-+ ~ %2y process with 

the rep lacement  of one l ight q u a n t u m  by  a pion-field quan tum.  This process 

is n o t  forbidden and one obtains a t ransi t ion probabi l i ty  

/'-~2=+y = 1.6" 10 -~ MeV.  

The absolute values of the H-decay probabil i t ies  are unknown today.  Our eM- 

culations give us rat ios which can be compared  with  exper iments .  We obta in  

F~_+~ v : I'~_~=+~ : l\__,~+y = 1 : 0.5" 10 -a : 0.12 . 

The rat io  of the first and the th i rd  processes is in reasonably  good agreement  

(~5) IV[. GELL-MANN. O.  [ [ .  SHttRP a,ltd. W.  WAGNER: Phys. l~ev. Lett., 8, 261 (1962). 

g 
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with exper iment :  

]~-~:T / o * ~  0.16 ~ 0.02 . 

The rel,~tive s trength of the-r~-~ = ~2y process is still not  definitely estab- 
lished (see Sect. 3"2). 

We would like to express our appreci,~tion for the gre~t help given by 
B. T. I~ELD ,%t the e~rller s t~ 'es  of this investigation, "rod for most  helpful 
discussions with D. SUTIt:EI~LA.ND 9Ald with V. TELEGDI. ~[OSt of the work 

w~s done in the Theoretic,~l Division of CEBN, and we ~re grateful  for the 
hospitMity extended to us. 

~ - I ' P E N  D [ X  [ 

Bound-state annihilation. 

We give here a short derivat ion to show how the factor  ~(0) enters the 
matr ix  element for the ~nnihilation of a bound state. 

If  ,~ certain meson bound st,~te 5[ is ~ bound system of ~ quark-antiqm~rk 
p~h', we can generally write 

J 

dM(O) ~ ldapJ(p)cp(r, * * �9 = s)r p ) ,  
I 

where d~(0) describes the creation operator  for the boson M of zero momentum 
and a; (p), * b, (p) the qu~rk :rod ,~ntiqu~rk with spin-mlit~ry spin components  r, s. 
](p) is the bound-s ta te  w~ve funct ion ~nd the norm~diz~tion requires 

d . p ! / ( p ) l '  = ~ �9 

Now (2n)gd~(0) 101' is tlle correct  normalized s ta te  vector  to calculate the decay 
of the boson if we require tha t  there is one 1)~rticle per unit  volume. The 
~mlplitude for the annihilation is then 

.1 == (2~)~))[11L~r ~ = ('_'~)~ ~s fd:'pf(p)r iO]Hinr 
r , ~ , j  
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] f  the quarks  move nonrelat ivist ical ly in the bound state, then  we can make  
series expansion of the mat r ix  e lement  in p and  keep only the leading term,  i.e. 

410 1H~,,r . 

We then  find 

A = (27~)~fd3p J(p) ~'r.~ (f(r, s,) <0] H,=t a*(0)b*(0)J 0>.  

F r o m  

if, ~o(r) ---- (~-~)i (p) exp [ipr] d3p 

i t  follows then  tha t  

A = ~(o)(:~)~ Z 7~(r, ,~,)(ol tL.~a~(o)b*(o)I o;~. 
r,s 

R e m a r k  tha t  (2z)~a~(0)b~(0)[0) , is again the correct normal ized s ta te  for the  
quark -an t iqua rk  System. Our result  says then  t ha t  in order to calenlate the 
ampl i tude  for an annihi lat ion process, we only need to calculate the annihi- 
lat ion of two free quarks  with zero m o m e n t u m  and mul t ip ly  the final resul t  
b y  ~(0). Free  is t aken  here in the sense of moving  with an effective mass  Molt 
within the potent ia l  well. Remark  moreover  t ha t  all our results are inde- 
penden t  of Mr 

A P P E N D I X  I I  

PCAC and the quark model. 

We have  seen in Sect. 3"3 how we could calculate s t rong-interact ion ver- 
tices in the  quark  model. I Iowever ,  we should r emember  t h a t  these calcu- 
lations are in a sense outside the quark  model  because we t r ea t  the  s t rongly 
in terac t ing  outeoming pion in an a symmet r i c  way  with respect  to the other  
s trongly in teract ing particles.  We saw tha t  one of the pions was described 
by  a field and this me,ms tha t  we forget  about  the quark  s t ruc ture  of this pion. 

In  the str ict  quark  model, i t  is clearly impossible to calculate the strong 
coupling of say ~ V - ~ V + = ,  because in te rms  of quarks  this is essentially a 
m a n y - b o d y  problem.  I n  order to be able to connect  such a strong ver tex  to 
a nonrelat ivist ie  t ransi t ion ma t r ix  element,  we need ~ supp lemen ta ry  dynam-  
ical assumption.  A possible one was considered in Sect. 3"3. 

In  this Appendix,  we will show how the P t ' A t '  a ssumpt ion  leads in a 
quite na tura l  way to a calculation of strong vert ices;  the l in 'd results are the 
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same ~s those  f o u n d  before.  Moreover,  this m e t h o d  shows in ~ clear w a y  how we 
can solve the  a m b i g u i t y  theft we found  in the calcula t ion of the  ,o::~ coupl ing (a~). 

We first give here  the  ~'enerM der iv~t ion which connects  the  s t rong ve r t ex  
A - ~  B +=( ' )  to  the  w(,:~k tnms i t ion  mat r ix  e lement  A - - B .  The  m~t r ix  ele- 
m e n t  for the  two-1)~rtiele decay  A ~ I~ ~ ( ~ '  i s  connec ted  to the  ve r t ex  func-  
t ion  ~BJ,/")(O)IAI , b y  

(43a) .~&_ ~,,~ = i ( ~ ) ~ ' q , A -  l , , - -  1,.):l~l.r4', ] .-11, 

where  Jl~', is the  source of the  p ion field 

(13b) (-- [~ i- m~)qu)(,r) := J")(.r) 

and  t'*, t'B k ~re the  m o m e n t a  of the  p~rtieles involved.  We can wri te  

ij'(t d.r ~I1._~. - -  exp [ik, x] 13] d(i)(,r)j A '  . 

I n s e r t i n g  (43b) we ge t  

(-t~) M,~n= i / d M e x p [ - - i k . u J ( k  "-+ ! - , n ~ ) ~ l t [ , / ( n ( x ) l A i  . 

We then  t,~ke the  off-m~ss-shelI Limit k~--~O ~md use P ( ' A ( ' :  

( 4 5 )  ~ ") . . . .  %.1~ (,~.) ~m~q,"%,') ( i - -  1, :~, 3) 

I f  we t ake  (45) be tween  t ~ o  nucleon s ta tes  we find 

(: : M.v_ g~ 

where  g~.v/-l.u :: 14.6 and  where  y,, ,~ssumes the  va lue  which our  quq,rk mode l  
yields for  il,: gx = ~; M.v is the  nuc leon  m,~ss. We  remaxk tha,t we use here  
the  nuc leon  mass  amt no t  the  quark  mass  bec~mse we km)w no th ing  abou t  
the  m~tr ix  e lement  of (45) be tween  two [rr,' q u a r k  s ta tes ;  we only  know the  
effective va lue  of ~'.g. q;u)(,,,) be tween  bound qu,~rks mov ing  with a nonrela-  
t ivis t ic  veloci ty .  It, was this la.st ma.trix e lement  whi<.h de te rmined  f~ =:: ~1 
(see (:32)). We  have  then  

(,t6) I / ( d 4 , r  e x p L i / , v ' l  " ' ~ ") ' 

, J  

(14) A simibu. ~q)l)roi~ch h~s be~.u dqwehq)i,d by D. ~UTIIERLANI): ()~]or(~ ~'he.~is (1966) 
(mLpublishrd). 
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If we take now k~-~0, we obtain then for the lowest-order term in /:.: 

f /,.2'(2~),,~(p~- .~,~)(N A2'(x)l A) ] k;/, d~xU~tA2,(x)jA ) : 0 
1 

We apply now this last formula to the calculation of the 9~= coupling 
constant .  Here the two outcoming pions are in a p-wave; because of Bose 
statistics, only the ant isymmetr ic  par t  of the wave funct ion contributes.  We 
have then clearly for this ampli tude 

(~8) ] 1 gh(i) / (J) ,~(i)  \, 1 ( i )  : ( i )  A (D , 3 

This result  allows us to calculate the strong matr ix  element  for p-~r :~  in 
terms of the transit ion matr ix  element for a we~rk decay. In  the nonrelativist ic 
quark model the matr ix  element of, e.g., 

is given by  

(~+1 &~ e+(Sz = 0)> 

i 

where the sum over i goes over the different quarks. For  p+(s~= 0)-~7:+ +~o  
we find then  

(.19) 1 (k(+) ]c(o)~ 

Using then 

2C 2 Movga 5# 

(see eqs. (45), (34), (32)), we get then 

/q 

# 

/ o  
(50) i ~ = ~  (ki §  14~ 

# 

This is the same result  tha t  we found before in Sect. 3"3, eq. (36). 

~ P P E N  ] ) I X  I I I  

Tables for the quark s t ructure  (17) of the 36 mesons and 56 baryons. For  
the particles with spin different from zero, we represent  only the state  with 
the highest z-component.  

(17) V. F. WgISSKOP~': SUe~,~I73-~SU ~, Cern report~ 66-19 (1966). 

ao 
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T h e  v e ( 3 t o r  m e s o n s  

t t  
9 + : . ~ p  

r = (~/v':~) (v P -- ~ ,,) 

t t  
.q- : ~a.~ 

t t  
K*+ __ ).p 

t l  
K*~ = ~..~ 

t t  

t t  
~ z  

t t  I t  
(~I,/~) ( ~ p  + ,~ ,,,) 

t 

K * -  -- 

(;) = 

T s  [ ,  The Meso~,~. 

i 
, T h e  p s m t d o s c a l a r  m e s o n s  

yg, O 

.IL + : :  

[(.0 : :  

1,:o - :  

/ ~ - ~  

,~ - 

I~ ,L t 
(~ lv '~)( ,~-  ~,~,) 

I ~ ~ t  

t ,~ $ t 

t~ ~t  
( ~ / \ ' ~ )  I:- ~,- .t ,~) 

I i  ~ t (V-v ~)(,,: ;- ,* ~) 

t ~ ~ t ( ] / , /~)  (~ ~ . -  ~,~ ;) 

t~ ~I  t~ ~t t,~ ~t  

t~ ~t t~ ~t  t~ ~t  

TABLE [ [ .  --- The baryo~t,s. 

Ll:hc D e c u p ] e t  

t t t  
. h r , +  + __ p p P 

t 1 t  I t 1  t t t  
�9 ,~'*+ - ( ] I  v '~)(p ~, ,~ + v ',,P I- ,<v p) 

t t t  t t t  t t t  

t t t  

t l t  i t 1  

t t t  t t t  

t t t  t t t  

t t t  t t f  

t i t  t t t  

t t t  
m = a a ; .  

t t t  
I -pp  ~) 

i t ?  1 I t  t t t  t i t  

t t ~  

t t ?  
- F p  2~ )  

t t t  
+ n ;t ~) 
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TABLE I I I . -  The baryo~ octet. 

t 4 t  ~ t$  41 t  
P - ( l tv ' l~)  (2p.,~p + 2ppn-#- 2-,tpp 

~ t t  t t ~  t S t  

t ~ t  t t ~  ~ t t  

t$ t I t S  $ t t  t S t  t t $  S t t  
p p n - -  p'~p .... p n p  .n, p p  . n p p - - p p n )  

t 4 t  t1'$ S t t  t S t  t t $  41"t 

t S t  t t $  $ t t  tS t  t t 4  ~ t t  
p p t - -  p 2 p - -  p 2 p - - A p p - - 2 p p - - p p ~ )  

t4. t ,~tt l ' t ~  t S t  $ t t  t t 4  .~ '1 t t $ t  t . l . t  
X ~  ( 2 n 2 p + 2 ) ~ , ~ p § 2 4 7  t t ) . p - - A ~ p - - p , ~ A - -  

i t s  i t s  $t  t t$ t S t t  t t $  ;', t S t t  t t ;  
--_p2n-- ; .pn- -  .~,p2 - 2 p n - -  p 2 n - -  ~ i p - - n p ~ , - - p n 2 - - 2 n p )  

t S t  t t $  S t t  t S t  t t ~  S t t  t S t  t t $  , ~ t t  

t~ ; ~ t t  ~$ I  S t t  i t s  t ~ t  t t ~  t ~ t  ~ t t  
A =(~f~/~) (p.,~,~-p~,~- .,~p~+ %~,~+ ~p,~- ~ p . , ~ - ~ , ~ p + ~ p + ~ . p -  

t t ~  S t t  t t ~  
- - n 2 p - -  p 2 n +  p~~)  

t$~  l t $  S t t  t S t  t t $  ~ t t  t S t  t t $  ~ t t  

t$ t t t ~  S t t  t ~ t  t t $  S t t  t S t  i t s  $? t  

R I A S S U N T O  (*) 

Si usa il modello a quark  per  il calcolo dei rappor t i  di decadimen(,o dei barioni  e dei  
mesoni.  Secondo questo modello i 56 stni~i barioniei  con tenut i  ne l l ' o t t e t to  e ncl decuplct~o 
fondamenta l i  sono s ta t i  ,W di un sis tema di 3 quark,  e i 36 staff  mcsoniei  negli o t t c t t i  
sealare e vett, oriale sono s ta t i  S di un s is tema qua.rk-antiquark.  Gli s ta t i  differiscono 
fra  di Ioro netff ~. orie.ntazio,d rel,%Live, delIo spin c della spin uni~,a.rio d(~i quark  e non molt,o 
nelle funzioni d 'ond~ spaziMi. Si ealeolano i rappor t i  per  lc t ransizioni  fra s ta t i  ehe sono : 
�9 l) per  in te raz ione  debole --- cmissionc di eoppie h~ptoniehe; B) per  in~erazione elet tro- 
magnetie'~ --- emis~ione di raggi y o eoppie di e le t t roni  e. C) per  int~r~tzione for te  
- -  emissione di pioni.  Si eMeolano quest.i rappor t i  con lo stcsso m e , o d e  per  LuCre le t ran- 
sizionL In  tu t t i  i casi l ' in te raz ione  g l,rasmess,~ solo da  uno spin-flip (meecanico c/o 
isotopico). Inolt, re gli stessi metod i  si pres~ano al caleolo della anniehi lazione dei quark  
e an~iquark nei mesoni,  aceompagna ta  o dMl'emissione di una  coppia  di lep toni  
( interazione debole o ele|+romagne~ica) o di una  coppia di raggi y. Questi  me tod i  per- 
inert.one il ealcolo dei rzH)por~i di tu t t i  i processi di deeadimento  in eui il numero  degli 

(*) T r a d u z i o n e  a c~ra del la Ecdaz ione .  
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~*droni r i m a n e  i n v a r i a t o ,  se14za far(, a l m m a  ipo ics i  s t d l ' i n l e r a z i o n e  dei  q u a r k .  Ci si s e rve  

solo del le  n o t e  e o s t a n t i  di  aeeoppiame14to  debo le ,  e l e H r o m t t g n e t i e o  e fort~' e de l  m o m e n t o  
m a g n e t i e o  de l  p r o t o n e .  I p r o e e s s i  in cui  un  m e s o n e  s c o m p a r e  d i p e n d o n o  a n e h e  da l  
v a l o r e  ]~p(0)] 2, t h e  6 il q u a d r a t e  delht  f u n z i o n c  d ' o n d a  del  s i s t m n a  ( t u a r k - a n t i q u a r k  
a d i s t a n z a  nu] la .  Da l  c o n f r o n t o  con  i r a p p o r t i  osscrvat . i  r i su l l a  elm qHest.a g r a n d e z z a  
i~ d e l l ' o r d i n e  de l  fm  a e p ro I )o rz iona lc  alia m a s s a  (tel m e s o n e .  Sul la  base  del  nos~ro 
mode l l o  si poss()no fa re  le s e g u c n t i  pved iz ion i  p e r  le a m p i e z z e  t)arzi~di dei  d e c a d i m e n t i  
n o n  a n e o r a  m i s u r a t c :  L ~ , A-}-y S.9 keV,  o)-->c+c 0.(i3 keV,  ?--+;q ? y  50 kcV.  

9 - + e + e  - 1 . 0 k e V ,  ( ' ) -~"q[T  6 . 3 k c V .  q - ~ 2 y  1.31ie\  r, q ~ - - q - . y  0 . 3 4 M c V ,  -c ,~=~165  
0 . 5 3 e V ,  q - ~ 2 = T  0 .1 ( ikeV.  Si l v o v a  ai~ct14. ~ -e~e - 5 . S k e V .  = t ) - - 2 y  1 2 e V ,  p , 2 =  
185 M e \  r, o)--* 3~ 14 ~IeV. vah)r i  elm si aeem'da,m) abhasl,a,nza, b e n e  c~d da l i  sperime141ali. 

l - l p o H e c c b l  p a c H a ~ a  aRpOHOB H M O ~ e ~ b  N B a p K o B .  

Pe3toMe (*). - ~Jaa BblqHCYlertH~t MHTeHCHBHOCTe~I pacna~oB 6ap140HOB !/1 Me3OHOB 
IlCHO~qb3yeTCa MOJleJlb KBapKOB. COF21aCHO 3TO~[ MOJleJ114, 56 COCl"O~tHI4fi 6apHOHOB, 
BXO~ItUIIIX B qbyH~laMeHTaJlbHblfl OKTeT !4 ~eKyHaex, llpe~lcTaBYlI14OT N-COCTOItHHlt C!4CTeMbl 
Tpex KBapKOB 14 36 COCTOItHH~I Me3OHOB B cKaJlapHOM tt BeKTopHOM OI(TeTax npe)lcTaaJ]fltoT 
N-COCTOIIHHIt CHCTeMbl KBapK-aHTHKBapK. COCTOIIHH~I OTJ1HqaIOTCIt 2tpyr OT ~lpyra OTrlO- 
CldJIDHO~I opnewraue f i  CrlHita 14 yH} tTapHoFO CHHHa KBapKoB,  a TaK~(e HeMHOFO HpOCT- 

pa14CTBeHHblMH BOJ1HOBBIMH (])yHKIltlIIMIt. BblqHCJIIttOTCIt HHTeHCHBHOCTH Jlflll HI3pCxog~oB 

Me)KAy 3TI4MH COCTO~IIfHIIM~I, g O T O p b l e  HpeBcTaBJbtfOT: - l )  c,qaOoe B3aHMOAe~[GTBHe C 
t / 3 n y ~ e H H e M  JleI1TOHHOI~ napbh  I1) 9neKTpoMarmlTHoe B3aHMo~lel~crm4e c ~43nyqeH14eM 
-;-ny'teft r tnu 3JIr Hap, u r CllilbHOe B3aHMoz2e~ICTBtle C 143Yty~feHHeM H14OHOB. 
~ r 1 4  MHTeHCHBHOCTII BbIqHCYI~IlOTCIt C IlOMOlllblO e f lHHO[O MeTO~la ZtJI~ Bcex  nepexo~oB.  
Be BCeX cnyuaax  B3aMMO~CTBMe ocymecrBJ~neTcn XOJlbKO ~ta cqeT nepeBopoTa  CHHHa 
(MexaHHt[ect(oro I4JlH H3OTOIlrlqecKoro). KpoMe TOFO, Te ~Ke MeTO~lbl IaCllOJqb3ytOTC~ )lJq~t 
BB1RHc21eHI4$1 aHI-ItlFHJIItlIHH KBapKa 14 aHT14KBapKa B Me3OHbl ,  KoTopa~ conpoBo~g~aeTc8 
YI1460 H3J]yqeHHeM JIeHTOHHO'~ 17apbl ( cna60e  14nn 9JleKTpOMaFHHTHOe B3aHMOJleflCTBI, le), 
511460 llapbl "j-Jlyqe~'l. "~TI1 MeTOZI, bl rlO3BOYlItlOT BblqHCJ1HTb IIHTeHCHBHOCTtl Bcex npot teccoB 
p a c n a n a ,  rj~e qHcJ]o a/lpOHOB ocTaeTc~ HeH3MeHHblM, 6e3 KaKMXJH460 npe~lHOJIO~KeHHfi 
OTHOCHTeYlbHO B3aHMO~eflCTBHI~I KBapKoB. BCe BXO~I~tLtIHe BeYlHql4Hbl ItBJDttOTCfl 143BeC- 
THBIMtt" nocTonm~bm c a a 6 o ~ ,  3ne~rpoMarnHTttOfi ~ cnnbHO~ CSn3~( H MarHnXHbff! MOMeHT 
npoToua .  Hpoaeccb~,  s KOTOpB~x Me3oH ncqe3aeT, Ta~>xe 3asnc~T OT Ben~,mHbI 17,(0)1', 
~r n p e ~ c x a B n a e r  K n a a p a r  BOJIHOBO~[ qbyHgtlHH CHCTeMbl Kaap~-aHTussap~ n p ~  
uyneBOM paCCTO$tHHH. 1/13 cpaBHeffila c tla6~lro~laeMblM14 14HTeHClIBHOCTItMII ol(a3bIBaeTc~, 
'~TO 3xa BexmaHHa p a s h a  no  a o p ~ y  (qbM)a H n p o n o p r m o r t a n b a a  Macce Me3oHa. 
H a  OCHOBe uamef t  Mo~ieJan MOM(HO cheJIaTb cJ]e~iyroulHe npeJlcKa3aHHfl ~Jl~l naptlHaJ~bHO~ 
tIIrll3IlHbl p a c n a ) l o s ,  KOTOpble e tue  r~e I43MepeHbI: E ~ + A i ' (  8.3 K3B, 6 ) ~  e + e  - 0.63 I~3B, 

p -> ~-I-y 50 ~3B, q~ --> e+e - 1.0 K3B, 6~ - "q i V 6.3 KgB, ~q - 2y 0.45 K3B, qo -- -q ?,( 0.34 M3B,  
q - ~ r : ~  0.53 K3B, ~ -2='," 0.16 ~3B. T a ~ r  oKa3bmaeTc~, UTO: ~-~e+e - 5.8KgB, =~ 
12 3B, p-> 2= 185 MgB,  o~-~ 3= 14 M3B,  XOTOpbm corJmcyeTca  o~er~b x o p o m o  c 3KCHe- 
pttMel-ITaJIblMI~ Jlattttt,IMl'I. 
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