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I. INTRODUCTORY REVIEW 

At the Istanbul Summer School in 1962 I gave lectures on 

"Chiral Symmetries in Weak and Strong Interactions. 11' 

only recently, however, that the basic ideas that were started 

several years ago have begm to bear fruit. We will cover in 

the present lectures more or less the same general field, but 

certainly there will be a lot more res*Ats to be discussed now 

than four years ago. 

It is 

First, let us start with a brief historical review. The 

5 concept of chiral symmetry (or y 

the universal V-A theory of weak interactions by Feynmann and 

Gell-Mann,2 and others.3 This theory assumes that the basic 

Hamiltonian densLty for weak interactions is of the current- 

current type 

invariance) originated in 

where n, m run over basic lepton and hadron f i e l d s .  This is 

analogous t o  the electroma@etic interaction between charged 

particles after the electromagnetic field is eliminated. 

The current j involves only the left-handed components 

of basic fields. 

pairs for the leptons, and some fundamental hadronic field for 

baryons and mesons. 

with regard to the nature of the last one, 

By basic fields we mean (e,v) and ( p , ~ ' )  

A great progress has been made recently 

We can assume, as 



2.  

the simplest model, that this fundamental 
- 

field is the quark 

92' 93) which replaces the old Sakata trip- triplet 3 q = (ql, 

let (P, n, 0 
The strength of the quark model is that it leads to a 

number of correct predictions in strong, electromagnetic, and 

weak interactions in comparison with some other models. One 

way to characterize different models is, as is now well known, 

through the commutation relations and other algebraic properties 

of currents. A n  interesting investigation of different models 

along this line was done recently by Okubo, There are of 

course some difficulties with the quark model if we regard 

quarks as real objects. 

these difficulties but ar? otherwise similar in many predictions. 

It is certainly a very interesting and important problem to 

test various models in their predictions. We will, however, 

not attempt it here, although there will be some discussion of 

models which use phenomenological fields rather than fundamental 

fields. This is only for the sake of conveniently representing 

the symmetry properties of real hadrons, and should not be con- 

fused with the question of what the fundamental fields are, 

which in my opinion belongs to a different level of physics. 

There are also some models which avoid 

I 

The fundamental fields we utilize are all Dirac spin 1/2 

fields obeying Fermi statistics. (Here again there are other 

possibilities which we will ignore.) 

handed components of a Dirac spinor is defined by 

The left- and right- 
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Since this is not a lecture on weak interactions, we simply 

state that the currents j are all charged type: (ve), (VIP)  

for the leptons, and the Cabibbo mixture < q ccse + q1q2 sine 
ct 

1 2  
for the hadrons (sine = 0.21).’ We are igcoring the problem 

Of well known CP violation as well as the possible existence 

of neutral (AQ = 0) and A Q  = -AS currents. 

One of the consequences of the universal current-current 

theory is the non-renormaltzation (equality) of all allowed 

AS = 0 Fermi (vector) transition amplitudes, which should be 

exact in the limit of zero momentum transfer and strict isospin 

conservation.2 

decay and n +  p decay amplitudes to within the somewnat uncer- 

tain electronagnetic correction and the Cabibbo factor cos6 

This is well established between the p + e 

This non-renormalization is, as is well known, due to the dur- 

rent conservation: 

of the vector AS = 0 part of the hadronic current since its 
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f o i i r t r  : c v . ~ ~ - e r ? t  Ls  t:?e Fsr.tq'lc emrent. density. Note that 

Eq. (5) 5.; a dy-ciL::fiml stdtemert meaning t.hat the strong 

interaction Hamilxoniap s o m d t e s  with isospin. 

we can use the Ward iaent.ity, iike in electrodymmics, to 

Technically 

prove that the renormalization factor Gv/Go cos0 = Z2/Z1 = 1. 

Now turning t o  the axial vector (Gamow-Teller) part of 
A the current, j 

it is not obvious that the axd&l vector charge (chirality) 

1(/ y4y5$ = -J/+pl+ is a conserved quahtiw. Nevertheless, the 

near-equality of Gamow-Teller and Fermi constants in nucleon 

@ decay: -GA/GV = 1.18 , stimulated this conjecture of chirality 

conservation. It appears, however, that there is no necessary 

connection between non-renormalization and conservation in the 

case of axlal vector current. On the other hand, it turned 

out that the so-called Goldberger-Treiman relation could be 

"derived" from such an assumption independerLtly of detailed 

we cannot easily make a similar argument since 

6 

dynamics. Let us briefly sketch the argument. 

Take the matrix e1emer.t of the axial vector current 
A =  = i.;ty y Q of a spin 1/2 particle. Its general form jcL - All P 5  

is 
- 

<p'(A,Jp> = il G U P' P P' 

G P = i Y p , Y p l  + Y 5 P 2  q G + Y 5 0 clv (2 v G 3' 

1s \ q = PI-P 

G2' G3 where u u are the initial and final spinors; G1, 

are real form factors which depend on q . This result follows 
P' P' 

2 
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from Lorentz invariance including parity and time reversal. 

Under charge conjugation C, however, the first two terms are 

even, and the third odd. If C is a good symmetry, then the 

odd term (second class current) must be zero, This is true 

of course only if the CP violation is ignored, Now the con- 

servation of a means a a = O or 
CI W I - I  

whether G = 0 or not. From the Dirac equation 3 
- (iT.ptm)u = u (iywpl-m) = O P P' 

follows that 

So Eq.  (7) :&ill Se satisfied if 

7 Eq. (6) becomes thus 

(9 ) 
2 2 

IJ = [ir,r5 + Y59,/9 lGl/q 

2 We have essentially only one form factor Gl(q ). 

term of Eq. ( 9 )  is called the induced pseudoscalar term, which 

is proportional to the gradient of a pseudoscalar density. 

The second 

In the above argument we ignored isotopic spin, but it is 

clear that Eq. ( 9 ) .  w i l i  hold between any two states p and p' 

provided their masses are equal. (Then the G-parity will be 

used instead of C regarding t h e  ques t ion  of G ) 
3' 

Let us pursue the consequences of Eq. (9). For 0 decay 

is small, and G,(g ) - G 2 ( 0 )  is equal to 2 2 (proton-, neutron) q 
Q 
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( P P  ' )/2mN p = 4. 

The spatial part is the main term, but it contains a large con- 

tribution from the induced pseudoscalar term, cancelling com- 

pletely the longitudinal part of the Gamow-Teller operator 0. 

Such an effect is not observed in p decay. 

We run into a more drastic trouble if we apply the same 

argument to ? r p V  decay. 

& q w  must vanish if q a = 0. 

conservation must be ruled out. 

The relevant matrix element <O(a ) ~ ( q ) >  

Therefore, strict axial vectro 
P 

c1P 

The reason for the above large correction for p decay is 
2 that the induced term has a long range from factor .cI l / q  , 

which can be produced only by an exchange of massless pseudo- 

scalar field between nucleon and lepton. No such particles are 

known to exist, but we know that there exist pseudoscalar 

mesons (pions) which couple to the nucleon source. These mesons 

will contribute to an induced term with a characteristic factor 

l / ( q  +mT ) instead of l/q . 
from the pion p o l e  to the weak axial current (Go COS~/J~) <nlaP\p>, 

between proton and neutron is 

2 2  2 More precisely, the contribution 

~ T N N  7'5 
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where \r2 g,3m y5 and -%qp r ep resen t  the  c c ~ ~ p l l r i g  ?f t.he pion to 

nucleon ana t n e  e x t e r n a l  f i e l d  ( l e p t o n  p a i r )  r e spec t ive ly .  Thus 

if we make t h e  assunpt.ion t h a t  t h e  c r i g i n a l  l/q term i s  a hypo- 

t h e t i c a l  l i m i t  m T +  0 of t h i s  pion cont r ib i i t ion ,  we o b t a i n  by 

comparing E q s . ( g )  ar,d (11) 

2 

8 T h i s  i s  t h e  Goldberger-Trieman r e l a t i o n  whicn r e l a t e s  
2 /4T = 14.6), GA (=  l . l ~ ~ l O - ~ / n  ) and gT, t h e  T - Y V  gTNN(g7r NN P 

decay cons tan t .  Origizlally it was obtained us ing  sirnple dynami- 

c a l  assumptions and d i s p e r s i o n  r e l a t i o n s .  

Because i n  a c t u a l i t y  mT # 0, t h e  r e a l  ax id1  v e c t o r  c u r r e n t  

cannot s a t i s f y  < n l a  a Ip> = 0 (un le s s  Gl(qE) has t h e  form 

[ q  / ( q  +mT ) ]  G;(q ), G i ( 0 )  # 0, i n  which case,  however, G1(0)  

= 0 o r  GA = 0, i n  c o n t r a d i c t i o n  w i t h  f3 decay. Thus acLaCL Z 0 

only t o  t h e  e x t e n t  t h a t  mT2 can be ' ignored 9 o q a r e d  t o  Other 

parameters such as q2 o r  m '. I n  t h i s  sense it i s  known as t h e  

p a r t i a l l y  conserved a x i a l  vector current ( P C A C )  hypothesis .  To 

show t h i s  s i t u a 5 i o n  more c l e a r l y ,  we use here  a formulat ion due 

t o  Gell-Nann ar,d L&y.' Take the  i s o t o p i c  z x i a l  vec&br c u r r e n t  

a 

numbers as t h e  p ion  f i e l d  @ . T h i s  i s  ti-ue a t  l e a s t  i f  t h e r e  

a r e  no hidden quantun nuxbers %fiat can d i s t i n g u i s h  then. Then 

we can use  a,awi as t h e  d e f i n i t i o n  of pion f i e l d  a f t e r  proper  

normal iza t ion  

P P  
2 2 2  2 

P 

i i 
= iTy y T q. I t s  divergence a.papi has t h e  sane quantum 

CL c l 5  
i 

i (x) = d ( X )  a Pap (13) 
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where C is a copstant. It is determined by the condition that 
2 2 the asynptotic part, o r  the Fourier component at q = -mT of 

i @ 

Now the pion-nucleon coupling constant gTm is defined by 

~TNN- i u 2 y 5 T u- I = (q2+mT2)<2( Oil 1> (taken at the extrapolated 

has the properly quantized value for a free meson field. 

- i 

value q2 = -M 7J 2), but fron: Eq. (13) this is also = -(l/C)iq I-L 

2 2 2  <21apll> = (1/C) iTj2y5z ul(q +mT )[Gl-q G2] - by using Eq. (6). 

Taking the limit q2 -+ 0 (instead of q2 = -mT ), we get 

i 

2 

where 

In a similar fashion, the T - wv decay constant is defined 

2 2 time gT is defined at q = -mT . 
Thus 

C = dr2 mT2 gT/GocosB (15) 

From (14) and (15) we obtain the Goldberger-Tremain relation (12Iy 

provided that gTNN(0) is used there. Note that Co<mT meaning 2 

that apaP = 0 in the limit mT -+ 0. In this formulation, there- 

fore, one would not have obtained any useful information had we 

put mT = 0 at the beginning. 

the pion field. 

The definition (13) fails to define 

Here it is important to distinguish between 
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2 e x t e r n a l  pion mass q2 and i n t e r n a l  pion mass mT . 
T h i s  t r o u b l e  may be avoided if it i s  p o s s i b l e  t o  wri5e down 

a as 
c! (m a i ( x )  = a bi(x) + 7 1 a p q i ( x )  

I: CI 

where t h e  right-hand s i d e  i s  expressed i n  t e r m  of phenomeno- 

l o g i c a l  f i e l d s ,  acll being a p p r o p r i a t e l y  def ined c u r r e n t s  f o r  

baryons and o t h e r  sources.  The condi t ion  

i 

se rves  both  as a conserva t ion  law and as a wave equat ion for 

m.assless p ion  wi th  coupl ing s t r e n g t h  f .  I f  mT # 0, t h e  wave 

equat ion becomes 

which i s  equiva len t  t o  Eq. (13), with 

f = f TNN (0)/G1(O) = G O C O ~ 8 / J 2  gn 

I n  t h e  following, we sha l l  o f t e n  use the  r ,otat ions of Eqs. 

(18) and (19). Experimentally 

f = G O ~ ~ ~ 8 / d 2  & = G,,/J2 gT = I.OS/m T i  

and 

(mT)/G1 ( 0 )  = 0. e!- /ma. ~ N N  



10. 

-r 11. INTERPRETATION AN9 C R I T I Q U E  OF PCAC RELATIOR 

There renains $he question of interpreting and justifying 

the PCAC hypothesis on a theoretical basis. We will discuss it 

from various angles. 

1). First look at the Gell-Mann-L&y ansatz akak i = C@ i . 
we have remarked already, this in itself should be considered a 

As 

definition rather than an assumption. 

no unique way of defining a phenomenological field for a particle. 
.An appropriate local operator like a a i will do if it has the 
r igh t  quantum numbers and i s  properly normalized. lo 

for example, also use iTy ziq w i t h  equal justification. 

ferent definitions of a field agree by necessity on the mass 

It is known that there is 
I 

C L C L  

We could, 

Dif- 5 

shell of the particle, and may differ only as we go off the mass 

shell. 

krlow what a bare pion field is in the fundamental Lagrangian), 

there is no unique way of defining Oi. Now it so happens that 

the pion is the lightest member of all hadrom, and especially 

Unless we know precisely what a pion field is (e.g., we 

the next states having the same quantum numbers are 37 configu- 

rations with mass > 3m,. 
cont.ributions. 

sniall. it may be reasonable to expect that near the pion mass 

shell C ' .c. g2 < - nTT 9 the ambigcity, if there is any, of q2 depen- 

dence will not be great. 

we mean by gTNN(0) in Eq. 

These belong to the off-mass-shell - 
Bdt sime the mass ratio (m,/3rn,)2 = 1/9 is 

This ambiguity would show up In what 

(14) since it is an extrapolation from 
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2 2 the unambiguous mass shell value %"(q = -xT ). Their differ- 

ence involves contributions from higher states if we write down 

the dispersion relation for gTNN(qs): 

Thus the PCAC assumption actually means the assumption about 
13 the smallness of off-mass-shell deviations. 

2) According to the first interpretation, PCAC was an accident 

in the sense that m, happened to be small compared to all other 

hadron masses. Thus the same idea would not woak nearly as well 

for K mesons, where the q2 extrapolation ranges 0 < q2 < 
= 500 MeV, and the next stateNm has m - > 780 MeV. 

2 
- % '  - 
A more mx 

radical view is that mT is small not by accident, but for good 

reason. We have seen that  i f  we l e t  m T +  0 (Rot q +  0 ) ,  then 

= 0 according to (14) or (15); or we could have postulated awaw 
it as in (17). S o  two things must go together: a is conserved, 

and there exist massless "pions". 
CL 

= 0 means that the Hamiltonian (at least the strong aiLacL 
interaction part) commctes witn isotopic chirality 

xi.= jaoi(x) d 3 x 

and this in turn suggests that xi is a meaningful operator of 
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certain symnetry mder which the Hamiltonian is invariant. If 

we m e  the quark representation, this operation 

means that the left-handed and right-handed quarks are given iso- 

topic rotations with opposite phases. Together with the ordinary 

isotopic rotation 

the combinations 

correspond respectively to isospin rotation on left-handed and 

right-har-ded components. 

x su (2 )R .  
our fundamental assumption, Eq. (24) defines chirality trans- 

formation for all hadrons. The fundamental Hamiltonian, involvirLg 

only quark fields, must somehow have the property that if we 

ignore certain small terms, it becomes invariant under the 

operations ( 2 4 ) ,  and at the same time the pion mass will come 

down to zero, but no other dramatic change will take place. 

The corresponding group is SU(2)L 

Since all hadrons are made up of quarks according to 

This is a very strange requirement, and does not look  at 

all easy to realize. Perhaps it is unnatural, and the last 

interpretation above is the more reasonable one. But the fact 

is that it is possible to set up model systems which do satisfy 

the required conditions. We will postpone the details of such 



examples to a later section. Here we point out some features of 

axial vector conservation. 

a). Even if xi commutes with the Hamiltonian, physical 
eigenstates of H cannot in general be eigenstates of xi. 
is because, first of all, xi is a pseudoscalar. 
a nucleon at rest, or a pion at rest cannot be an eigenstate. 

(Of course in our limit the pion will be massless so one should 

take an S wave packet. ) At any rate, li can still commute with 
H if, for example, has eigenvalue 0, or there are degenerate 

states of opposite parities. In fact t.here might exist a scalar 

0 meson into which .rri will be transformed by Yi. 

This 

So for example, 

The nucleon 

might be coupled to the Sll resonance by yi. For quarks them- 

selves, also a similar situation should exist. (If quarks are 

massless, they can be eigenstates of '>ci. ) 
makes use of the concept of degenerate vacuum, as will be treated 

Another possibility 

later. 

b). The amount of mixing of other states under the operation 

xi depends on the skate of motion. For example, take a single 

bare massive quark.obeying Dirac equation. We have 

where h is the helicity <a*p>/ p . 
enhances positive helicity component over the Other, and as 

W +  1 only the positive one survives. 

For real quarks and baryons there w i l l  be a cloud of (bare) 

The Lorentz transformation 

Thus ?I' becomes diagonal. 

quarks and antiquarks moving inside, relative to each other, so 
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the situation will be more complicated. Bvt i% shows the advap- 

tage of formally dealing with particles with infinite momen-ba 

Pn considering chiral symmetry. 

c). The extension of chiral symmetry to SU(3) is of course 

a natural step. We will then switch off the K and ll masses as 
well, which is a m r e  drast.ic approximation than switching off 

the pion mass. 

among Others, by Gell-Mannll and by Marshak et al. '* 
fr, addit.ion, one more chiral transformation which is possible on 

The relevant SU(3), x SU(3), group was Considered, 

There is, 

the qtrark field, That is the simple y transformation come- 

spcfiding to Eq. (l), and goes with the baryon number group to 
5 

make tJ(l)L x U(ljR. 

associated wi%h this axial current may be the ~'(960). 

is the case, however, it must be a very bad symmetry since the 

7' mass is so high. It is a curious fact that the simpler symme- 

try should be the more approximate one, although it is again pos- 

sible to cook up a model for this. (At any rate the large split- 

ting between pseudoscalar octet and singlet, which does cot seen 

to be the case with vector and higher mesons, cannot easily be 

vcnderstood in the quark model.) 

The SU(3)  singlet pseudoscalar meson 

If this 

3 )  
tinguish between them? What other predictions will they lead to? 

We do not know a satisfactory answer to these, but is rather clear 

that the two are more or less equivalent. as long as we consider 

only a single current operator, namely a single vertex function 

whdah involves cnly one pion. There may be differences if we 

We have mentioned two possible views of the PCAC. Can we dis- 



cons ider  c o r r e l a t i o p a  bc;t,ween nore t.k;a:i OCE: current. .  

switch o f f  t h e  p i m  m a s  In each c?rrren% one by m e s  

i n t o  t h e  p r o b l m  cf Lor-comn-litative i r f r a r e d  pions.  

t.he res1Jlt cf switchixg of cf pion masses invoived depends cn 

t h e  o rde r  i n  which t h e  l i m i t i n g  processes  a r e  c a r r i e d  out ,  

whether we take  q2 -+ 0 or mT -+ 0, e t c ,  

s i n c e  we can rn t  apply t h e  e a r l i e r  a rgu ien t  f'cr t h e  inser . s i t , iv i ty  

of n a t r i x  eler!c?ts on q2 o r  mT2 when t h e r e  a r e  o t h e r  s c f t  pions 

i n  5he process .  The d e t a i i d  benavior of t hese  ampiitudes w i l l  

depend on more than j u s t  t h e  ord inary  PCAC assumptions. 

c-drrent carmdtat ian r e l a t l o r s  w i l l  of course p l ay  an i n p o r t a n t  

r o l e  i n  t h i s  r e spec t ,  b a t  :mre dyrlaxics w i l l  ha-.e t o  be invoked, 

e s p e c i a l l y  f o r  cases  wlth t h r e e  nr m r z  pions,  

As we 

hie r3.n 

Namely 

and 

This i s  ucderstandable  

The 

111. M03ELS OF CHIRAL S34NETZY 

Before w e  embark on p r a c t i c a l  a p p l i c a t i o n s  of PCAC r e l a t i o r s ,  

we would l i k e  t o  look i n t o  some mo6el Hamiltocians having c h f r a l  

symmetry. 

of Sec t ion  11. 

dea l ing  wi th  many-meson problems. 

ral  way of f i n d i n g  c z r r e n t s  s a t i s f y i n g  t h e  c h i r a l  cammutator a lge-  

b r a  which we can r e t a i n  even if t h e  c u r r e n t s  a r e  no t  conserved i r a  

T h i s  may no% be necessary i f  we t ake  t h e  star,dFoir,t 1) 

But we g e t  more i n s i g h t  doipg t h i s ,  e s p e c i a l l y  i n  

Also it pro-Jides us with a gene- 

r e a l i t y .  
The f i r s t .  problem we have t.o f ace  i n  such an a t . t enpt  is. 

- t h a t  t h e  mass t,enr: @@ of a E i r a :  f i e l d  viDla$es y5 spm-e"iy 
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s i n c e  i t  mixes l e f t -  and right-handed comporents: 

D i f f e r e n t  nodels solve i t  fl? d i f f e r e n t  ways. 

1) Gell-Marn-LGvy t-ype model. 9913 Conslder quark f i e l d  q, and 

a 3 x 3 complex x a t r i x  meson f i e l d  h o f  mixed p a r i t y  which cper- 

2 

T h i s  w i l l  be fn-;arial?t under U ( 3 ) L  x U ( 3 ) ,  i I"  we d e f h e  t h e  t r a n s -  

formation p r o p e r t y  by 

where U i s  a cons t ac t  U ( 3 )  t raqsformation n a t r i x  
R 
U 

UL = e x g [ i  C u p - ] ,  i=o 

i^i 3 a 
UR = e x p [ i  C cyE 

i-0 

Eq. (27)  i s  always poss ib l e  s ince  no condi t ion  is imposed on )no 
It i n d i c a t e s  t h a t  332- ()nik) mdst behave l i k e ) ? &  f -(3R 9 3 3  

with  r e spec t  t o  t h e  ind ices  i, k. Under ordinary u ( 3 ) J  we have 
-- + s o  hf+ U ) r z v s .  TJnder y U ( 3 ) 9  we have ITR = u L  , S O  we uL = uR9 5 



have m-+ U+-h?U+. I n  i n f i n i t x s i m a i  form, t h i s  means 

Wri t ing as a sum of H e m i t i a n  and a n t i - H e m i t i a n  p a r t s :  

8 .  
= s + i p ’ =  C A’S + i h i F i ,  i i = O  

we f i n d  t h a t  S and F behave as s c a l a r  and pseudoscalar  r e spec t ive ly ,  

w i t h  t h e  t r a n s f o r n a t i o n  r i l le  

6s = i [a*A,S] ,  6 P  = i [a .A,P]  (iJ(3)) 

6s = ( a * h , F ) ,  6P  = - ( a * A , S )  (Y5 u ( 3 ) )  

The Lagrangian ( 2 6 )  becomes, i n  terms of S and P, 

2 
,O + - (SiSi+PiPi) 2 

The conserved current.s  a r e :  

The ba re  quark mass must be . ze ro ,  bu t  t he  bare  meson mass need 

n o t  be zero. We can c r e a t e  quark mass m # 0 by pv.t.ting i n  a bare  
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mass term mo<q s o  t h a t  

o r  we can assume t h e  r e a l  vacuum t o  be of such a na tu re  t ha t  

<So(x)> = cons t  # G,  s o  m = g<So>, and a 

par ts  : 

s p l i t s  i n t o  two 
cL 

Ir, t h e  case  of U(2)L x U ( 2 ) R ,  we can r e s t r i c t  ourselves  t o  

a 2 x 2 mat r ix  ope ra t ing  on an i s o t o p i c  doublet  q or qN. 

a n d w '  w i l l  behave as ( 2 , 2 * )  and ( 2 * , 2 ) .  Because 2 2*, 

w e  ob ta in  t w o  s epa ra t e  real  q u a r t e t s ,  one c o n s i s t i n g  of a pseudo- 
s c a l a r  i s o t r i p l e t  ar,d a s c a l a r  i s o s i n g l e t  (T -  i , o ) ,  and t h e  o t h e r  

c o n s i s t i n g  o f  a s c a l a r  i s o t r i p l e t  and a pseudoscalar  i s o s i n g l e t  

( ~ ? l , o ~ ) .  

t h e  contex t  of SU(2), x SV(2)R,  and was considered by Gell-Mann 

and L6v-y. This  g r m p  i s  equiva len t  t o  SO:&). 

The forrrer i s  t he  s implest  assignment f o r  t h e  pion in 

u 

There i s  a differept p o s s i 5 i l i t y  i n  a model of  t h i s  type. 

Ins tead  of w a n d  m+, we ma.y de f ine  Hermitian mat.rices -)nL 

afid r/l, which C,rar?sf'orm as 

and couple t o  qJarks like 

belong to (8,l) + (1,8) r a t h e r  than (3,3*) + (3*,3). A t  t h e  

S U ( 2 )  x SU(2) level, the pions w i l l  belor;& t o  ( 3 , l )  + ( l , 3 ) .  

T h i s  model, F L O W C J - J ~ ~ ,  does  n o t  p rov ide  a natlxral relation betwee? 



a quark mass arid t h e  mesons. A s  SOOT: as t h e  quark mass i s  

c rea ted ,  mesons of t.he (3,3*) type w i l l  be induced. 

2 )  Nishijirna-GErsey type model. l4 We can s u b j e c t  t h e  meson 

mat r ix  x ( x )  t o  t h e  u n i t a r i t y  condi t ion  

X+m = cons+, = 1 (34) 

without  s p o i l i n g  t h e  t rar isfom-at ion l a w  ( 2 7 ) .  Eq. (34) may be 

s a t i s f i e d ,  f c r  example, by s e t t i n g  

8 & = expwf  c 
i = o  

or 
8 8 ,  

).yl = (1 + i f c Ai)/(i - . i  f c 
i=3 i=o  

where t h e  @ I s  a r e  9 Fseudoscalsr f i e l d s .  

SU(3), x SU(3)R, 8 f i e l d s  a r e  s t l f f i c i e n t  with t h e  form (35).  

This  does n o t  work w i t h  (35a), however. ) Then 

( I f  we want only 

(35) 

( 3 5 4  

(36) 1 + - 2 a ?q+a,m r u  

By expanding Ffz i n  powers of ai, we f i n d  that  it i s  a h igh ly  non- 

l i n e a r  system, of which t h e  lowest order  t e r n s  a r e  

- 

I n  t h i s  model, we do no t  need independent s c a l a r  f i e l d s ,  3ilt t h e  

@ I S  must undergo a complicated non-l inear  t ransformation i n  such 

Q 
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a way as t.0 sa.tisfy (27). The conserved ccrrents are a l s o  non- 

linear. 
15 RecentJy M. Suga.waya posed +.he questicn of constructing 

vector and axial vector currents which satisfy the ;ell-Mann 

a lgekra  but are expresze5 ir: terms of pseudoscalar TceFoyI- (and 

buyor._) fields oKLy, The G-~r.ey-Ni3hlji~a-tjTpe rr_odEl mer,tioried 

above of cozrse possesses c;;?I)TErLts of t h i s  natgre, but he ccn- 

struz.Cys, working f r m  The comnxtation relations , the foiloviing 
form of axial charge f o r  Pse-Jdoscalar mesons: 

Here @ and II are the meson field and its canonical conjugate, 

each being regarded as a 3 x 3 matrix (nonet of mesons). 

The vector currents are of course given by the usual expres- 

sior? 
(IQab = i(m-l-I@)a b 

( 3 9 )  

It is easy to verify the commutation relations among d's and a ' s .  

However, singularities due to the non-linearity of a. makes these 

relatiors somewhat superficial. mrriing Sugarawa's question 

around, we Kay ask: Is there a Lagrangian that will lead tc 

these conserved currents? 

and has found that the Lagrangian (36) with the choice (35.) of 

J. Cronin14 has studied $his problern, 

leads exactly to the Sugarawa form of meson currents. 

Whether %his Cayiey form is physically more meaningful t.ha.3 the 

exponential form (35) is not clear, 
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3 )  
mental f i e l d ,  we must w r i t e  down t h e  fvndarnental Lagrangiari ir. 

Marshak-Okubo type model. l2 I f  t h e  quark i s  the  only fmda- 

terms of q. A t y p i c a l  one i s  t he  Heisenberg type ndn-lir.ear 

model 

Since qL arid qR are  completely independently of each o the r ,  

t h e r e  i s  no communication between them. The communication must 

be e s t ab l i shed ,  f o r  example, by a "ma l l "  bare mass t e r m  which 

w i l l  break U ( 3 )  x U ( 3 ) R .  Act.ually, possesses  a l a r g e r  

symmetry, bu t  i t s  r e a l  s ign i f i cance  i s  not  c l e a r .  A s  t h i s  i s  

only a madel, perhaps we should not  a t t a c h  too much s igni f icar ice  

L 

t o  t h e  p a r t i c u l a r  f c r x  of i n t e r a c t i o n ,  e s p e c i a l l y  s i n c e  w e  do 

n o t  b o w  whether t h e  r e a l  hadrons a c t u a l l y  can djrf,arnically a r i s e  

from such a Lagrangian. 

4 )  Spontaneous breakdown of c h i r a l  symmetry. Adoptir,g t h e  

quark model as we do, it i s  c l e a r  t h a t  no bare mass i s  allowed 

if exact  c h i r a l  symmetry i s  t o  hold. If quarks e x i s t  as par- 

t i c l e s ,  however, they  a r e  probably very  massive; a t  l e a s t  they 

cannot be massless,  On t h e  o t h e r  hand, we have approximate 

a x i a l  vec to r  conservat ion where t h e  only v i s i b l e  v i o l a t i o n  is @ 
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symbolized by the pion (and K , V )  mass. So the question is 

whether a large real quark mass is compatible with a small vio- 

lation of y syrmetry. 
4; 

breakdown ,, l6 

One answer to that qcestion is the concept of spontaneous 

It meam, essentially, that the system is dynami- 

cally wrxtable against a small perturbation mch as a bare 

mass terwl, which breaks the y symmetry. T h u s  if we introduce 5 
a bare mass mo9 it w i l l  create a finite qcark mass m which, in 

pertarbation theory will be 

m = m  + ClmO-t c m 2 +  ~ m 3 +  . O O  0 2 0  3 0  

e . s ,  depend on the interaction constant, If this where C19 c2 

expansion cocverges, theri m -+ 0 as mo -+ 0. 

However, it may not converge for any finite mo9 and there 

are examples of this. 

to m) in superconductivity. 

t e r m s  of expansion becoKe larger and larger, so the system is 

unstable agaimt forming a finite mass, or tends to create mass 

spontaneowly. We have to treat the problem in a differe2t w L q ,  

nanely first. guess the final answer, and then see whether it is 

One is the energy gap (which cDrresponds 

In s x h  a case, the sxcessive 

is self-consistent. The expamion should be dorie not in terms 

of mO bat in terms of ass-med m (like in renormalizatioz theory), 

and the self-consistency ta.kes the form 

where F(n) will now converge. Then in the limit mo+ 0 we Cai? 



Q get a trivial solution m = 0 as well as a non-trivial one 

F(ml) = 0, ml # 0. 
slightly from the equilibrium position ml. 

For a small finite mo, m will deviate only 

The solution ml, 

however, is not unique when mo = 0. 

limit there is no communication between qL and qR; conse- 

quently the phase difference between them loses physical meaning. 

This is because in this 

of the real particle will change into 

m(<q cos2a + i<r q sin2a) 5 -  ( 4 3 )  

under the y phase .transformation 5 

but it does not mean parity violation. The parity operator must 

be redefined after the y transformation. 5 
The phase a can be fixed only by the phase of the external 

perturbation mo: 

we obtain a finite mass term with a definite phase a as in Eq. 

first give a phase a to mo, and then let mo+ 0, 

This continuous degeneracy of solutions is associated with 

a corresponding degeneracy of llvacuum'l. It turns out that once 

a phase is chosen, we pick up a particular vacuum state, and 

starting from it we get a complete set of physical states. 

Solutions with different phases cannot coexist, namely they 

belong to different physical Hilbert spaces. 



24. 

The situation is similar to ferromagnetism where there are 

an infinity of ferromagnetic states with different orientatiPns 

of magnetization. 

Only an external force (like magnetic field) will do it, which 

breaks the isotopy (rotational symmetry) of the system. In 

The orientation cannot be changed from within. 

superconductivity, the phase a corresponds to the phase of the 

macroscopically occupied Cooper pair states, This phase is 

unobservable in a single superconductor. But disconnected super- 

conducting regions (different "worlds") may have their own phases, 

which show up when communication is established between them, 

like in the Josephson effect. 

The degeneracy of vacuum is accompanied by the existence of 
16,17,18 This acoustic-type (massless) excitations, or zerons. 

statement is the context of the so-called Goldstone Theorem. It 

corresponds to assigning a phase a(x) in the mass term which 

changes from place to place instead of being a constant. The 

corresponding ground vacuum state will now be modified (exCited) 

by virtual creation and annihilation of pairs due to the oscil- 

lating part of a. Choosing <a> = 0, we have, according to (43), 

the effective mass term in the Lagrangiar, becomes 

mss + 2isY59a(x) 

for small a(x). 

a(x) is a pseudoscalar. 

From this we see that the excitation coupled to 

Also we can argue that the excitation 

must be massless from the fact that in the long wavelength limit, 

a(x) + constant, the excitation energy becomes zero because of 

the degeneracy. 
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This massless excitation is the analog of the "backflow" 

introduced by Feynman19 in discussing the motion of excitations 

in a superfluid. The backflow re-establishes the overal con- 

tinuity of matter when an excitation is set in motion. In a 

similar way, when a massive quark is accelerated, it emits a 

massless pseudoscalar excitation ("pion" ) to re-establish the 

conservation of chirality so that the continuity equation 

= 0 is maintained, even if a massive quark alone is not a,a, 
invariant. It is the quark plus the surrounding medium that y5 

has to honor the symmetry of dynanical equations. 

5) Derivative coupling model, Take the Lagrangian 

The mesons are massless, and have derivative coupling to the 

quarks, or for that matter, to the baryons too. 

under Qi + Gi + const. , so there is a conserved current 
&?is invariant 

(45) 

the divergence of which just amounts to the meson equatinn: 

Interestingly, the bare mass of the fermions need not be 

zero since they do not take part in the symmetry operation, 

From this we realize that the symmetry p o u p  is not S U ( 3 ) ,  x 

su(3),. [It is a semi-direct product of SU(3) and a displacement. 
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group.] Since the correct group structure appears to be SU(3), 

x SU(3), from the test of current commutation relations, this 

model may not be of interest. But Eq. (45) is a convenient way 

of effectively describing the content of PCAC from the second 

viewpoint of Section I1 when only matrix elements of a single 

current operator a are considered (but not products of cur- 

rents). In this case one interprets (45) as being expressed 

i 
c1 

in terms of renormalized operators. Thus, in dealing with 

nucleons and pions, we replace it by 

(qr, etc. stands for renormalized operators,) f is equal to 

(0)/G1(O), and clearly the first and second terms are 

responsible for the primary and induced pseudoscalar terms of 

the nucleon current vertex G Eq. (9). In addition (47) con- 
tains an asymptotic meson part - (l/f) Jwari which determines 
the 7r decay amplitude g, = Go/f. 

TNN 

I-I' 

IV. CONSEQUENCES OF PCAC RELATIONS--FORMULA FOR SOFT 
PION EMISSION 

First we will discuss the consequences of the PCAC hypo- 

thesis in problems where only one pion (pseudoscalar meson) is 

involved. As we have seen, there are two interpretations of 

PCAC, and correspondingly two derivations of the result, but 

they are not really different. The one version assumes 
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essentially the chirality conservation to be exact (mn = 0) 

apart from specific violation terms, while the other relies on 
- - I the relation a a = C O I .  Let us try both of them. 

c 1 c I  

a)20,21 We write the total Hamiltonian as 

H = KO + H '  

where 

[Xi, Hol = 0, 

Then 
4 

i j i  = [xi, HI] 

so that xi Out, - - xi in -i Jmw[ xi(", H'(t)]dt = S - I X i n  S 

or 

(48) 
-03 

out where S is the S matrix. xi" snd x cofitain, among o$her 

things, baryon and meson parte: 

and 

= L f /Gijind3x 

according to Eq. (47). 

(49) 

The meson part xM i9in corresponds to a process in which a 
soft meson (k = 0, ko + 0) is emitted o r  absorbed. Thus Eq. (48) 

6 u b  
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leads to a relation bettween an arbitrary process A +  B and a 

radiative process A + B -t T of a soft meson: 

where m and mirad are invariant amplitudes for non-radiative 

and radiati-Je processes. The lirnitfng procedure is for avoiding 

the vanishing of This factor is actually cancel- 

led by the normalization - l/I'ko of the meson wave function. On 

the right-hand side, the first term is computed by insert.ing 

o ~ l y  real intermediate states (energy shell), whereas iiq the 

second term we have run over a compiete set of internediate states. 

The latter can alsG be conputed direct,ly if we know the transfor- 

mation property af HI znder x '. 

XM(k) - I'ko. 

The first term of Eq. (59) can be simply wrftten 

where ( XBi)i,f 1s the chirality -hVhi for the initial or final 

baryons if only one baryoR is involved. So the soft pion 1s 

emitted when the baryon ck:irality cha9ges (the first tern, which 

may be called surface term), or wnen the chirality conservation 

is manifestly distxbed by HI (the second term). If mit.self 

is induced by H! alone, Eq. (50) becomes 

to the first o r d e r  in HI. So is the S matrix due .to Ho alone, 

and symbolizes the final s ta.te inheraction. 0 



b )  Now t h e  second de r iva t i cn .2 '22  The amplitude mrad is 

given by 
A 

2 2  rnT -.a 
d x e  4 ikx C k Y <BlaliilA> 

+ /  
(53)  

By t a k i n g  t h e  l i m i t  k +  0, we have the  f i r s t  term l e f t ,  which i s  I-I 
- x i , in).  

i f  we eva lua te  it f r o g  ( 4 8 ) .  

k +  0, i t  i s  no t  an amplitude f o r  r e a l  meson m i s s i o n .  So the-rt 

is an underlying assumption t h a t  r/2 rad i s  a slowly varying 

This i s  the  sane f o m u f a  as ( 5 0 )  

Since we have taken mSTc # 0, and 

i, out  
r\ 

- i ( m , 2 / C ) (  x 

f u n c t i o n  of id. 
smooth behavior on k2 and M~ , rnaint.aining k2 + m * = 0. 

I n  c o n t r a s t ,  t he  f i r s t  d e r i v a t i o n  assumes 
2 

TT 

I n  case  HI  i s  t h e  s o l e  agent  of t he  r eac t ion ,  w e  can 

e x p l i c i t l y  w r i t e  

332 = -<B Out I H ' ( 0 ) l A i n >  

r a d  = - i / d4x  eikx (*T 2-n2)<Bout [$ i (x) ,H1(0) ]  A I n >  



r ep lace  @ f by ( 1 / C )  a,a, i , arid careful ly  i n t e g m t ~  hy par t s9  

watching t h e  f a c t o r  Q(-xo). 

&n which t h e  su r face  telrrn a r i s e s  from t h e  upper l i m i t  of tPme 

We arznfve a t  t h e  same foraula ( 5 2 > ,  

i n t e g r a t i o n .  

We can analyze t h e  neaning of Eq. (52)  i n  

Feynman d i a g r a m .  The f i r s ?  - L z T ~  fr?.volves tne 

f o r  i n i t i a l  and f f n a i  s i n g l e  baryo;??, YTJS It 

te1-ms of 

ope ra to r  %,I 

c o r ~ e z p o n d s  t o  

meson l i n e s  a t tached  t o  those s i n g l e  baryon l i nes ,  o r  t h e  so- 

c a l l e d  baryor_ pole  diagrams. 

baryon via d e r i v a t i v e  coupling;, as  in Zq. 

has an energy denomfnator E - E 
i n  t h e  l i m i t  k + 0, mTr + 0, No otter grapks wfli prod an,^ this 

type of s i n g u i a r i t y .  Aclual ly  t h c  dcl.reivative couplfng i s  pro- 

p o r t i o n a l  t o  k s o  I n  t h e  a b o w  lfmlt, mrnera5ors and ceRornl- 

Tkze m s o n  i s  couple3 t o  t h e  

( 4 3 ) .  

nLI - * - ~ r  Tr 

Such a t e r n  

m- lii T&h2ch vaniabrs  

P 9  

n a t o r s  cance l  t o  gEve a Sin'Lte value 1- f - hzf'nlhich h o ~ e v e r  

depends on t h e  n,oorC.f:?ate sjw5en i n  which t h e  ?frn:.'t is taken. 

The s i t u a t i o n  5 s  very s P - i . i Z a ~  t o  t h e  in f r a red  p?oS:e:?, 

where t h e  f n f r a r e d  s ing-Jlar9ty caries T r o m  photom emitted f'rorfi 

i n i t i a l  o r  f h a l  par"ifn,le lines, 

The d i f f e r m c e  is t h a t  ir. tke p r e s o z t  case t h e  arflplftxle 

a t  t h e  s i n g u l a r i t y  is ffn5t.e kit r,oi..-uniqae. 

The seeofid $err1 of Eq. ( 5 2 )  , on t h e  o t h e r  k L m d 9  r q r e s e n t s  

con t r ibu t ions  frori? nm-po le  diagmms 112 t h e  l i n i t  k, mT = 0, 

Taking a s p e c i f i c  model HarnSltopiax, w e  cam see how various COE- 
*rr 

t r i b u t i o n a  cancel  each c ther  and t h e  f i n a l  r e s u l t  depends only 

OR t h e  presence of t h e  s y m e t ~ y  v l o l a t f n g  t e r m  H i ,  



The above a n a l y s i s  1:; sini1a.r %o t h a t  of t h e  i n f r a r e d  prob- 

Both a r e  based on t h e  symmetry proper ty  24 lem due t o  F. LOW. 

( y 5  and gauge inva r i ance ) .  P u s  it i s  no t  s u r p r i s i n g  that  i t  i s  

a l s o  p o s s i b l e  t o  de r ive  them by rr:eans of t h e  Ward i d e n t i % y  tech- 
nique. 25 

As a f i n a l  rsmark, we po in t  o - ~ t  t h a t  ",king t h e  l i m f t ,  

k + 0 and nT+ 0, amcmts t o  running away x i t h  th5  meson a t  

l i g h t  v e l o c i t y .  

(massive) p a r t i c l e s  part:cipating f-r, t h e  rea.n,tion Nil1 a l s o  be 

running w i t h  l i g h t  ve loc i ty .  This i s  an i n k e r p r e t a t i o n  of t h s  

p r e s c r i p t i o n  V-, c ( o r  p -, 00) i n  t h e  genera l  fomal i s rn  of Fubir,f 

and Furlan,  26 

t i c l e ,  whetker f r e e  o r  qcas i - f r ee  ( l i k e  i n  a l oose ly  bomd eys.tem 

o r  i n  t h e  s t a t i c  quark nodel of k a i r o z z ) ,  becove diagonal in. 

c h i r a l i t y  ( o r  h e l i C i t y )  becacse t h e  Lorentz %rnn;formation 

enhances one h e l i c i t y  conponent and suppresses t h e  o ther .  

P- 

I n  t h i s  r e f e r e m e  frame a l l  t h e  r e s t  of t h e  

It i s  r a l a t e d  t o  t h e  simple f a c t  that  Dirac par- 

The formula (50)  o r  (52)  shocld apply t o  a l l  cases  fn 

general ,  bu t  so far i n t e r e s t i n g  r e s u l t s  have c m e  ou-t mostly i n  

weak and electromagnet ic  t r a n s i t i o n s  where H' i s  t h e o r e t i c a l l y  

we l l  def ined.  



1) Photo-pion and electro-pion production. 21,23,25 We relate 

the two processes y + N + N and y + N -+ N + $, or e + N 9 e + N 
and e + N +  e + N + r.  
possible only for a virtual y,  actually we regard it as a limiting 

case of the electroproduction via a virtual photon field A (9). CL 

The Hamiltonian HI is in this case 

Since the first reaction y + N + N fs 

1 I HI = -ie<y A qA A = - ( A  + - A s )  
P Q  IJ-’ Q J 3  

and its matrix element between nucleons is 

(55) 

where J is the well-known electromagnetic current vertex 

equipped with electric and magnetic form factors: 
u 

On the other hand, [ 

mation on HI, changing a vector into an axial vector: 

i,H1] corresponds to a chiral transfor- 

Its nucleon matrix element is given by Eq. (9) (with the replace- 
2 ment q 

formula 

+ g2 + m * of course). In this way we obtain the 
I-I 



The f i r s t  term rep resen t s  pion emission from -5he nucleon v i a  

d e r i v a t i v e  coupling, t h e  secopd term i s  t h e  sum of t h e  fndused 

con tac t  term ( a --j 2 - i e A  i n  t he  d e r i v a t i v e  coupl ing)  and 

t h e  photomesic emission term. N0t.e t h a t  only t h e  corztact, t e r n  

surv ives  i n  the  l i m i t  q + 0 a?d pion four-momentum k + 0, and 

lead  t o  t h e  Kroll-Ruderman theorem, I n  facC,, i t s  c o e f f i c i e n t  L E  

efF (0) = e?? (O), ( E q .  (39) does not  sa$i.sfy gauge invaTfanse 

unless  t he  a x i a l  c u r r e n t  G is ; t r i c t . l y  c m s e ~ v e d . ,  For an ad 

hoc prescr ip tLon to avoid <t., sez  Refereme 21. H3wever9 t k e  

b e s t  way t o  u t i l i z e  Eq. 

P P I-I 

1 TrRN 

P 

( 5 9 )  will be  as a bo-mdary conaf-kior, 09 

Brad a t  t h e  unptLysical m e x , n  r n o m c y t u m  k = 0 . )  

2 )  Neutrir?3-2io3 p roc iuc t ix .  * ' , * * 9 * 3 9 ' 5  112 t h e  fasi.iqn as 

above, we cai-i d i 3 c i ~ s s  t.% processes  

v i  N +  e ( v )  + N 

v + N-) €(p) + N +  Ti 

We use tl?e basi=. weak current-cuxrent  i n t e rac t io r?  (1) ins t ead  of 

+,he electrcmagnetic curre2t-curremt interaction, W e  expezC, 

t h e r e f o r e  t o  ob ta in  a formula similar t o  ( 5 9 ) .  A i l e r  afid co- 

workers have made a d e t a i l e d  a n a l y s i s  of the e l e c t r o n  an3 p e ~ -  

tr ino-induced r eac t ions  fol lowing t h e  PCAC. We r e f e r  to t h e i r  

papers  f o r  t h e  d e t a i l s .  

3 )  

have processes  l i k e  

Leptonic decays of baryons a r d  mesons. I n  t h i s  category w e  



f o r  t h e  baryonzjJ and 

)32 : M +  e ( p )  + 9 (Goa ) 

Myad: M - r  e ( p )  + Y + T (Gob ) 

f o r  t h e  mesons (M =- T: o r  K ) .  [Strictly s p e a k h g ,  t ke  l a s t  one 

involves  two WEOFS birt we treat i t  h e r e , ]  The s o f t  ? ion  mis- 

s i o n  from h y p e r o x  Ts e E s r g e t i c a l l y  pcasi 'b le ,  bv t  the branching 

r a t i o  i s  to6 small ( 5  IC) t o  b e  cf ip-kerest .    om investi- 
ga t ions  were done by Lo Ciavzlli.) 

have been t r m t e d  by Cal lan ar,d Trelman, 

-4 

The mesm processes  ( K a 3 )  
2'7 

Separa t ing  c-Jt %-,e i e p t m f c  part,,  It. i s  s u f f i c i e n t  cor-- 

s i d e r  a mat r ix  e lemmt  of t h e  type 

tsl J ~ I  a> 

where J is t h e  rele-Jant hadronic weak z ~ . r r e n t O  T"r:e z h t e  a fs 

K o r  T ,  and b is t h e  vaccurn or" T f o r  tk;2 t ~ o  reat*,Ljo?s (60a) ar2 

(60b). The f i r s t  proeess  is v i a  t h e  a x i a i  veccVor, s i ld  szcond is 

via t h e  vec to r  pa?t  of Juo 

CI 

Se t h e  l a t + t e r  i s  simply of the form 

(6s )  
2 where f+ and f a r e  form f a c t o r s  Seing fursctlcms of q = ( p ! - ~ ) ~ ~  

I n  t h e  l i m i t  of s t r i c t ,  vec tor  2urren.t c ~ ~ ~ e ~ ~ a t i a n  n L= mb3 a 



we expect G V = Go, f + ( O )  = 1, f-(O) = 0, but we do not have a 

theory to compute f+ and f - in general. For simplicity, we 

have suppressed the SU(3) indices in (61). For the process 

(60a), on the other hand, we may replace J by 
c1 

in accordance with Eq. (47) et seq. So 

which should be correct in the limit E ~ +  0. 

(mT = mK), we expect of course fsr = fK = f. Since G~ cos6/fT 

= G 0 1  G (0) cose/fTm(0) = -GA/fTDx(0), (62) is nothing bat the 

Goldberger-Treiman relatiors applied to T and K, apprcpriately 

corrected for tne Cabibbo ar?gle. 

IR the SU(3) limit 

Essentially the same restllts can be derived from t n e  soft- 

pion formula (52). Since nc baryons are ir,volved, only tke 

second term is relevant, where H I  = Jcl. 

qL, for which y = +1. 

to an ordinary SU(3) transformation. This is a special feature 

of the weak ctlrrents. ,Jw] is simply a different i sosp in  

component of the same J octet. In this way we can obtain the 

connection between (60a) and (60b), with the final meson momentum 

p' put equal to zero in Eq. (61) as the soft pion limit: 

%ow J izvolves only the 
cl 

Thus a chiral transformation is eqaivalent 5 

i 
[ X 

c1 

The form factors are to be evaluated at the (unphysical) point 



Taking straight experimental values this 2 
K *  = O , q  = m  

m7r 

equation is actually well satisfied, although there is a large 

experimental uncertainty on the left-hand side (iaee, the ratio 

f-/f+). 

approaches. In the second one, we did not use the K-current, in 

Eq. (62) to compute K * e(p) + v amplit-Jde explicitly, but only 

applied tk;P soft pion formula to relate the two observed am.pli- 

tudes. Hence the appearance of the form factors on the left-hand 

side of (64). One would expect that the large mKJ violating both 

SU(3) (mK # mT) and y 

tion for the K currmts unreliable. It is somewhat surprising 

that w e  have still fT X fK in s p i t e  of the K T mass difference 

(fK/f* - 1.28 if sineA = sinev = 0.21). 

There is a slight difference between the above two 

SU(3) (mK f 0), would make the PCAC rela- 5 

4) Non-leptonic decays of baryons. Non-leptonic processes are 

a more significant test of both the current-current weak Hamil- 

tonian and the soft-pion formula. Here the basic processes are 

3% : B-, 

: B - B ' + T  m r a d  

which are caused by the \ A S 1  = 1 part 



H' = - U (jp(AS = l), j +(AS = 0)) + h.c. 
I-( 2 J2 

of the hadronic current-current interaction, Some general con- 

sequences of this assumption are well known. In particular, 

a) it is CP invariant; b) it, is invariant under the reflection 

q 2 H  q3; c) it consists of S U ( ~ )  spurions 

8(1AII = 1/2) + 27(1AIl = 1/2) + 27()AII = 3/2) 

if the quarks obey Fermi statistics. (For Bose statistics, we 

have only 8(lAIl = i/2l)* 

the IAIl = 1/2 rule within each isotopic muitiplet, and the 

Lee-Sugawara sum rule linking different multiplets for the 

If we assume only the octet part to be present, we obtain 

parity violating amplitudes ( S  wave pion emission). These are 

well satisfied experimentally. 

The application of the PCAC formula was first done by 

Suzukl 28 and by Sugawara. 29 The amplitude a is a S U ( ~ )  
tensor spurion 

which behaves as I AS( = 1, I AI1 = 1/2 or 3/2, AQ = 0 members 

of 8s, 8a and 27. & is further divided into scalar (parity- 
conserving) and pseudoscalar (parity-violating) parts, so that 

* 
This possibility is being examined 
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i 
Applying now the formula ( 5 2 ) ,  the second term [x ,HI] 

gives back spurions @ rotated from by isotopic transfor- 

mation. 

again scalars. 

culated by inserting baryon intermediate states. 

pseudoscalar, and besides of order w since - hr. Thus the 

first and second terms provide p wave and S wave part.s of the 

amp 1 i tud e. 30931'32 

Thus )?? (8) -+ 77?(8)i, m(27) -+ n;t (27)i which are 

On the other hand, the first term must be cal- 

It will be 
i 

There are seven processes to be considered. 

A0 --j p + TT- 

A 0 +n+-iro 

c + + p + 7 r o  

We write each amplitude as A(A ") + y B(A O ) ,  etc. 

amplitudes A satisfy the \ A I 1  = 1/2 rules for A and B because 

only m(8s)i, w(8a)i can contribute to them. Fcr t h e  C 

amplitudes, it turns out that the contributions from 8 and 27 
conspire to produce a sum rule which is different from the 

\AI( = 1/2 triangle except for a sign, and therefore experi- 

The S wave 5 -  - 

mentally indistinguishable. in addition, we get 

+ A(C++). - 
A(A - " )  + 2A(Z- ) =.&5 A ( C  0 + )  
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+ This is equal to the Lee-Sugawara relation only if A ( C ,  ) = 0, 

which requires a(27) = 0, and we are back to octet dominance 

and /AI) = 1/2 rule. Although these results are interesting, 

they are not altogether satisfactory. Especially the p wave 

part seems to vanish like fB in the SU(3) limit. 

One way to improve the Suzuki-Sugawara results seems to be 

as follows. We note that the p wave part comes from the baryon 

pole diagrams which become singular as we switch off the baryon 

mass difference and the pion mass. Thus the limit is actually 

not unique, but depends on the exact limiting procedure. We 

already remarked t h a t  mT+ 0, means going to a reference frame 

in which other particles (%he baryon in this case) are moving 

with light velocity. So if we keep baryon maass diffference 

finite and make mT+ 0, v tends to C.  The p wave contribut.im 

as defined in this sense is not zero but of the same order as 
B 

the S wave. To make the result manifestly covariant, however, 

we should use the acti;al pole dia,grams to express %he p wave 

amplitudes, where we can insert actual baryon and riescn masses, 

Rather interesting results follow along this line if we 

make the simplifying a,ssinmptions 

Both S and F wave amplitudes then satfsfy AI == 1/2 a n d  Lee- 

Sugawara relations, and can he expressed in teras of f.7u-r 

adjustable par.arnet.ers: the sp i l r ions  m ( 8  ,) and (8,) and 5 
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8 the baryon-meson coupling strengths f(8,) and d(8s). 
the data with 3r2(8s)//n(8 ) - -0.5, d/f - 2. 
consistent with the value 1.7 obtained from the leptonic decays. 

There remain, however, various difficulties and objections: 

We can fit 

The latter is a 

a) The absolute values of d and f necessary to fit the 

p-wave to S-wave ratios are sensitive to the mass differepees 

in the pole diagrams, but generally tend to be twice as large 

as the theoretically expected values d - 1, f - 0.5. Individual 

p wave decay amplitudes alsz flGctEate sensitively with the bar- 

yon mass differences and m(8s)/m(8a). 
spurions causing baryon mass differences and the weak spurior_s 

have the same f/d ratio, B(.Z++) becomes zero. 

In fact if the 

* 

b) The parity conserving meson pole diagrams (B 4 B + K, 
K -  T )  do not appear in the fQ-rm-iila, bilt t.hey also exhibit. a 

singularity in the limit 

the commutator term [ 

- m 4 0. They cannot belong to "k T i  

i,H1] because of the CP propert.ies, ) 

c) Pole diagrams are generated by spurions acting or: 

baryons and xesons. These can be transformed away 5y redefinLn& 

the baryon and meson states. B u t  then ws. lose also +,he sLng~--  

larity of pole diagrams which we exploited above in the p wave 

amplitudes. [Of course the weak Hamiltonian H I  cannot be 

transformed away by redefining quark states.] 

It appears thus that the problem of p wave amplitudes is 

not quite settled yet, We also remark that there is a somewhat 

* 
S. L. Adler, private communication 
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d i f f e r e n t  theory of non-lept.oi?ic decays i n  which t h e  spcrior, is 

32a assumed t o  be propoP$ional t o  3 If and a a . P I - I  I - I V  
Ca lcu la t ion  of t h e  spurfon ( se l f - ene rgy)  Eq. (66), 

from t h e  o r i g i n a l  cu r ren t - cu r ren t  Hamilteonfan HI Eq,  (65), was 

c a r r i e d  out  by Chiu and Schechter,33 and by 

They est imated it  by i n s e r t i n g  bayyon and decuplet  int8ermed4ate 

s t a t e s  between t h e  l cu r re r t s ,  and us ing  t h e  known e l ec t ronagne t i c  

form f a c t o r s  t o  provide a cut-off. I n t e r e s t i n g l y ,  t h e i r  r e s u l t s  

f o r  a r e  of the r i g h t  order  of' ?-agr,ftude, and ( 2 7 )  tends 

t o  be small zmpared  t o  ( 8 ) .  We mist say,  however, t h a t  t h e  

meaning of such a c a l c u l a t i o n  i s  riot very c l e a r ,  ':,e?a;xe i t  is 

based on two assunpt ions :  1) s t r i c t l y  l o c a l  :l,:rYen-:-r.1irYert 

i n t e r a c t i o n ,  and 2 )  P i c K i n g  of a ~ i l y  a f t n r  L:.t?mtdLat.; states 

t o  achieve csnveygerLce if, s p i t t .  r,f 1). 

recefit ly.  

Prsceases ir,volTifng more tPLar. G r e  s.oft m?scn dep 

more d e t a i l s  Gf t h e  nat;ure ,?f axLai ",'t 2 ~ '  j.;rrerLt 5 ,  e" g, , thefy 

commutatim r e l a t i o r L L , .  Therefare they can a l ~ ?  give IJS ~ c r k  

information a3out c h i r a l  syrrimetry, 

General f o m u l a s  f o r  n-mesom p r x e s s e e  can b? ! A ~ I  tt,?:l dt-,h 

i n  terms o f  time ordered product? of :I a x i a l  ve:;tc?: c 

t ak ing  t h e i r  divergences, This wit2 done exrj l i  a i t y  by 'vJelv~berg, 
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Complications arise when we take the limit k +  0 for individual 

currents. 

the order in whick we perform it and on the direction of the 

In taking multiple limits the result can depend on 

vectors k. We can see this situation by considering, for 

example, pole diagrams in which N mesons are successively 

emitted from a baryon line at the end or b.eginning 0f.a diagram. 

We have a product of eriergy denominators 

This becomes singcllar as any partial s - m  

n 
C ki --j 0, 
i=l 

although this will be compensated for by the numerator so that 

no infinities will result. The nunerator also contains proc9ict.s 

of vertices which do not cornmite because of the SU(2) o r  SU(3) 

spins. Turning things around, when we are given various n-dtiple 

limits of an amplitude, we have t.c find ar: interpolaticn fczmla 

between these 1imit.s showing the dependence on ki explicitly. 

No general way to do this is known, and it will probaSly depend 

on detailed dynamics. 

Two examples will be discussed here. Ofie is the low erlergy 

It - N scattering acccrding to a version - .. -- due tc Tomozawa,36 Ram&? 

and Sudarshan, 25 and Weinberg. '' The other Is the non-1ept.oni.c 

decays of K meson. 



1) 7~ - N s c a t t e r i n g  

Corxfder t h e  arriplft~tde 

The fir t t  
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i to @ under a chiral transformation, which cannot be fixed by 

the current algebra. If we borrow the language of the 0 model, 

we may write 

i j 4 6(xo-xIo)[Q (x), a. (XI ) ]  = -2ibija(x) 6 (x-XI) (71) 

where the set [Oi, 0 )  belong to a quartet (2,2) of SU(2) x SU(2), 

[The sextet ( 3 , l )  + (1,3) is not possible because it gives the 
k h 

antisymmetric form (X)~'(X-X') for the conmutation (6,4) , 
which violates the crossing symmetry.] Going to the momentum 

space (k' in, koUt), we have 

- 2 
- - -ic ub Mij(k,kl)ua 

( k2+mT2 ) ( k *+rnT2 ) 

+ 2ibijc<b) O(k-kl ) I a> 

- (k+k' ) <blv,k(k-k')la> 

Now iJ (k, k' ) has the general form 

ij (k,k') = A+bij  + A - ieijkTk 

+ iy. (k+kl)(B+iEijk.rk+B - bij) 
and 

<a(k-k')> UbuaFS(k-k') 

(kv+klv)<$'vk(k-k')> + i u T k [.yo (k+k')Fl(k-kt) 
b 

+ CJ ( k+ k I ) cI ( k- k ) vF2 ( k-k ) ] u - ~  P V  

( 7 3 )  

(74) 
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2 A, and B+ - are functions of v = (~+pl)~(k+kI)/4, k , k f 2 ,  and 
- 

k-k', and the ? sign designates signature under crossing: 

If we assume that m can be expanded in v + - v ,  k 

these variables around zero, i.e., k = k f  = 0, we may write 

2 
c) k f 2  

A+ = a 
i- 

B+ = b+ 

up to linear terms in k and k'. 

The left-hand s i d e  of Eq. (72) is proportional to both k 

and k'. So term of Tinear order on the right-hand side would 

have to cancel each other, We must be careful, howeverg since 

mpv contaim pole diagrams, so that the left-hand side can be 

finite in th? limit. k, k 1  --j 0. Explicit evaluation gives the 

result 

Thus, cmparj-ng the two sides, and noting 

v - -~(k~+k'~)/2 - m iy- (k+k1)/2, 
we obtain the relations 



Eq. (77 )  p r e d i c t s  t h e  7~ - W s c a t t e r i n g  l eng ths  a t  k = k '  = 0 

I + -  m 

( 7 7 )  -1 
= 0.10 mT 

-1 
Experimental values  a t  th reshold :  alI2 = 0.17 p 0.005 mTT , 

-1 = -0.088 p 0.004 mTT agree very w e l l  w i t h  Eq. (77) i f  
a3/2 
F,(O) = 0. There i s  no convincing argument t o  show that, t h i s  
U 

36 must be so  ( i n  t h e  l i m i t  k = kl = 0). Adler38 and Tomozawa 

achieve t h i s  by tak ing  t h e  divergence of <Nb + TT 

before,  i n s t ead  of a f t e r ,  reducing i t  w i t h  r e spec t  t o  7. The 

two r e s u l t s  d i f f e r  by the  (7 term (which however vanishes  on t h e  

pion mass s h e l l ) .  Which one t o  choose i s ,  however, a ma t t e r  of 

assumption about a n a l y t i c  s t r u c t u r e .  We must a l s o  bear  i n  mind 

t h k t  t h e  e x t r a p o l a t i o n  from r e a l  amplitudes t o  unphysical l i m i t s  

i s  a d e l i c a t e  one f o r  multi-pion p rob lem.  For example, A+ 

%NN (mB)/mN ( i n s t e a d  of 0 )  when one pion i s  on 

') and t h e  o t h e r  one i s  suck: t ha t  (k = -mT 2 
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-GA/GVe 

as a dispersion integral involving 7r - N total cross sections 
If we express the left-hand side of the second equation 

- a+, we arrive at the Adler-Weisberger relation. 39 (How- %- 
I ever, they applied the PCAC formula directly to the dispersion 

~ integral. ) 

The same technique may be applied to p +  2 7 ~  (Kawarabayashf 

and Suzuki)," ar?d with more caution, to 7r - r scattering 
(Adler, 38 Weinbe~g~~). Kawarabayashi and Suzuki obtained a 

relation 

(78) 
as compared to the experimental value Z 2.5. The results (74) 

and (78) are compatible with the p-meson dominance model with 

universal vector meson coupling (Sakurai4l)* 

2) K +  27r and ~ T J  decays 

The non-leptonic K decays were first treated by Calla-n m d  

Here we follow a more elaborate procedcre. 42 Tre iman. 27 The 

processes 

w2: K +  . r r l +  .rr2 

are linked by successive applications of the PCAC relation. The 

main problem is how to relate the mass limits to the real ampli- n - 

W 
tudes, and take account of the non-commutative nature of limLting 
p roc e dur e e 



. .  
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The task is relatively easy if we only compare nefghboring 

reactions in (79). First, x ,  is given by 

suppressing isospin indices. is related to this in two 

limits 

lim f12 = -i f<sr 2 -  1 [ 3(l,Ht]IK> 
7-r =o 1 

We ignored the "surface terms" coming from possible scalar 

meson poles. Because of the nature of HI, E q s .  (81) relate 

w2 to al by simple isotopic transformation, as in the 
earlier examples. If we again assume octet dominance, we get 

the following relations 

+ f R l ( K +  -j TT ) = -R2(K+ --j sr+ ' ro ;  kfi= 0) 

= N2(K+ + IT + TT 0 .  , kTo= 0) 

( 8 2 )  

In addition, .if we apply the PCAC to the K meson, we find 

( 8 3 )  

We can satisfy these requirements by expanding the vertex 

k, 2 ,  UP 2 function x2 in the three mass variables kK , kTT , 
1 2 



to linear terms. Actually 

muSt vanish at the symmetry point: 

because of the CP properties mentioned after Eq. (59).  The 

solution to Eqs. (82)-(84) is given by 

2 2  - kT- I/IJ 9 
2 2 

N 2 ( K l 0 - +  T+T- )  = -i A[2kK - k7r+ 

where p2 may be taken to be the average mass Of the meson octet, 

and Eq. (82) i s  applied to this symmetry limit. The first of 

Eq. (85) simply expresses the \AI\ = 1/2 rule: 2(K+ + m- 2 0  T ) 

= 0 (to within electromagnetic effects). The second and third 

equations determine the spurion r/zl from the experimental value 
for m 2 ( K 1 0 - +  T + T - ) :  m, = A / f  = 3.9 x lom4 Mev/f. 

Interestingly, the ratio N1/S of the weak spurion and 

Gell-Mann-Okubo (medium strong) mass spurion turns out to be 

roughly equal f o r  the meson case and the baryon case (as deter- 

mined from the baryon non-leptonic decays). 

that the electromagnetic mass spurion Se also satisfies the same 

universality Se/S - const. 
coupling (Coleman and Glashow) seems to be a meaningful one. 

It is known also 

So the concept of universal spurion 

Next we come to the relation between 



Proceeding in a similar fashion, we obtain the relations 

W . ( K +  + TT - TT + TT + #  , kTT-= 0 )  = 

(86) = ~ ( K o - f ~ ~ ~ ; k , + = O ) = O  o +  - 
3 2  

f R 2 ( K l o  + TT+TT- )  = - @,(K+ -j TT - T + TT + *  , k ~ =  0 )  

= - H 3 ( K +  + JT + TT 0 TT 0 .  , k*= 0) 

= M , ( K ~  0 + O f - .  T TT , kTo= o j  

This time, the off-shell interpolation must be done with 

respect to four mass variables as well as the two Mandelstan 

variables. Thus, for exarfiple, 

2 2 2 
= a + bkK + c[k+ + k,-2] t dkTo 

Comparing with Eq. ( 8 6 )  we find 

a = 0, b + e = O ,  c +  d +  e +  f = O  ( 3 9 )  
2 since the relations (86) must hold for arbitrary values of kK 

and kT = kTT * when kTo = 0 ,  In the rest frame of K, 2 

w therefore reduces to 



o o +  - 2 
+ 7r T 7-r ) = (b t f )  mK(mK-2ET0) + (c-b)mT 

(90) 

The linear expansion (88) amounts to keeping only S waves, 

which allows only T = 1 final state at the same time. Experi- 

mentally, these conditions are well satisfied. Further, if we 

use the PTAC relation for the K current, we obtain 

which entails b = e .  

imply, in addition, b = d, so that b + f = 0. These wfll make 

Eq. (90) vanish completely, so we cannot adopt the extreme 

symmetry limit. In reality m 

any rate that the second term of (90) may be ignored. We then 

obtain a formula 

Complete SU(3) symmetry can be shown to 

2 2 >> mTT , and this suggests at; K 

(92) 
which predicts nct only the tot.al decay rate, but the energy 

dependence t o o ,  Experimental data are in good agreeme9t an 

both count,s as is shown by 

(2.43 * 0.03) x 0 + - \  

?&(K2" + 7-r 1 * =  
x [1 - (2ETo/500 Mev)] 



Complication; a r i s e  when 51;e apply PCAC r z l a t i m s  ~ 2 ~ 2 s ~ -  

i v e l y  as we d i d  f o r  t h e  TTN s c a t t e r i n g .  4a Th!is we c b t a i n  

(94) + 2 1  E < n ( ( q k H f )  10 a p f 6  4 ( x - x l >  
+ i j k  

The right-hand s i d e  mitt be s p v e t . r i r ,  under t h e  ii?.:.erchazge 

i o  j ,  xc) X I ,  

t o  N 2 ,  
The first tern gives n3" The r e s t  is r e l a t e d  

and soKe Few processes.  

3 )  Ke4 decays 

Recently Weinberg 4s and C l a v e l l i  4(cr . t reated tke  KE4 deeays a c d  

were able t o  reproduce t.he experimental  data q c t t e  well .  

we fol low C l a v e l l i  who coEkined the  v e c t a r  mescri dominance r m d e l  

w i t h  PCAC. 

TT + ir 

Here 

Consider t h e  decays K+ + 7~ + + TT- + e + + v, 
0 0 + e+ + v ,  e t c , ,  whcst: ar 'pli tudes a r e  del-,oted by 



! 
I '  

By taking different mesons out via PCAC, we get relations betweep 

Ke4 and K arnplft-cdes. In particular, l i m .  Bf;' = 0 ,  

shows, as ir, K +  3s decays, the iTp$rtance of off-mass-ehell cor- 

rections wfthout which agreement between theory acd experL?ent 

is Rot very i n y : ~ e s s f ~ ~ e .  Furthermore, if we take two ~ t s m s  out 

via PCAC,  we f P n d  a hcst of further rela$ions between Ke4 and 

This 
e3 T++o 

amp1 f t u d e  s whPc h Ke2 
c e s s e s ,  F31a exanpie 

depend on the order of two l i r n i t h g  pro- 

?jy ;+ = 0, 

where fK is ",he K e2 

limiting val-cle~~ rot ocly for soft IT but also for sof? K li111It.s~ 

can be reproduced by taking the vector meson dominame model, 

The PCAC relations szrve as boundary conditions which f i x  cerkain 

parameters. 

K* poles, as sho-dn in Fig. 1, As we learned in T - X  scattering, 

the p meson is Irela+,ed to the comwcltator of two TT n!i3so:'i cv-rren-'~. 

Similarly, the K* is related t o  the commutator of TT and K @-_!.Y"- 

rents. The lepton vertex in these diagrams correspz?d to t h e  

a -ial current. <p( a I K> 
to the spirit of FCAC, therefore, they must also cofitain the 

coupling constant. It turns out that these 

T'ne diagrams we consider are those certahing p and 

and <Tla I K*> respectively, According 
I C 1  I-I 
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induced pseudoscalar terms (Fig. 1). It is these induced t e rns  

that play a key role in satisfying the PCAC relations. 

The amplitude M,, has the general form 

where 7~ = kT etc. 

transfer to leptons) ana other variables. 

arid the F's are functions of q2 (morner_tKq 

Clavelli shows that this model makes a prediction about 

a) f+ and f 

factors for Ke4, including their moment-m dependence. 

in this model, and is probably small anpay.) 

experiment is very good. 

2.rr final state int.eraction in Ke4 by means of a TTTT scatterkg 

form factors for K and b) F1, ..., F 3 form e3' - 
F4 = 0 

Agreenent with 

(He further takes into accoant the 

-1 phase shift of -1 mT e 

4 )  Many-mescr, problem in the Ggrsey model. 

We discuss here a possible unified treatment of' nariy-mesop 

processes on the basis of the GGrsey type model (Section III)* 

The underlying assumptions will be that 1) the scalar mesons do 

not exist as well-defined resonances (in cont.rast to the Gell- 

Mann-Levy type mcdel), and 2) we may expand Eon-linear functions 

of meson fields and interpret the latter as eff'ective renormal- 

ized fields. (35)) The choice of the unitary meson matrix (Eq, 



i s  where t h e  dynamics w i l l  corne i n ,  and t h e  resul t ;  will depend 

i n  genera l  on the choice.  

The e s s e n t i a l  p o i n t s  a r e  a s  follows. We f i r s t  t ake  t h e  

meson n a t r i c e s  M(@(x)) and %+(O(x)) which behave as 

(3R,3L*) al?d (3L93R+). We a l s o  have d e f i n i t e  expressions f o r  
I I t h e  veckcr and a x i a l  c u r r e n t s  u and a . These w i l l  be 

i b Q i 0  I n  d i scuss ing  expanded and expressed i f i  terns o f  Q, and 

t h e  lept.orxic decays ~f mesms, we rep lace  the  bas i c  hadronic 

I-L P 

I-I 

c u r r e n t  j 

as an e f f e c t i v e  HamElt.mian, we g e t  au tomat ica l ly  a l l  poss ib l e  

i n  Hw by t h e  above meson current. .  If we regard t h i s  
P 

processes  l i k e  K +  p v ,  K +  p v  + TT, K +  p v  + ~ T T .  I n  the  case Of 

non-leptonic meson decays9 one way may be t o  form a product of 

meson cur ren%s (p robab ly  wi th  a phenomenological coupling con- 

s t a n t  r a t h e r  thar, Go), 

Another way is to int roduce a spurion mat r ix  S -A6, whfzh 

should belong t o  (8  ,1 ) according to t h e  bas i c  cur ren t -cur ren t  

Hamiltonian. We then form an invar ian t ,  w i t h  r e spec t  to 

SU(3), x SU(3)R out of  S, @ and B'. 
form i s  

L R  

A s imples t  norL-triwEal 

The d e r i v a t i v e s  a r e  Recessary s ince  otherwise w x +  -3 1, 3Y 
expanding and m' we can reproduce t h e  r e l a t f o n s  obtained 

e a r l i e r  about K +  TT,  2n, 3~ decays. I n  p a r t i c u l a r ,  t h e  ensrgy 

and mass dependence o f  t he  amplitudes a r i s e s  from t h e  derivat5:ves 

i n  the  above formula. 



. I 57 

Probably this procedure can be generalized to all other 

processes we have considered. 

down an effective chiral invariant local Hamiltonian (to be 

regarded as an approximate 3-matrix at low energy) in terms of 

2)2 (x), a + ( x )  and the phenomenological fields for other 

particles. Work along these lines is being pursued by J. 

The basic point will be to write 

Cronin. 



V 

7r 
7r 

V Yy< R 

K 

Figure 1. Ke4 Diagrams 
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