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L. MAIANI 

Some Features of (3, 3) 0 (3, 3) Breaking 

of Chiral Symmetry**) 

In this lecture I will i l lustrate some general features of 

lagrangian theories of strong interactions where the lagrangian can 

be meaningfully separated into two t e rms : a term X,0 symmetrical 

under the chiral SU(3) (g) SU(3) group, and a breaking term «LB which 

is assumed to transform, under the same group, according to the 

representation (3, 3) © (3, 3). This is the kind of theory one abstracts 

from simple quark models (in these models dig representing just a 

quark-mass term) or from more elaborate cr-models (where «CB is 

related to fundamental scalar fields). As we shall see, the theory 

displays a remarkable degree of symmetry and allows some general 

features of hadron spectrum to be interpreted in a very simple way. 

In the following I will res t r ic t myself to rather general con­

siderations,' without going much into a detailed connection of the 

parameters appearing in the theory with physically measurable 
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quantities (such as m a s s e s , decay ampl i tudes , e t c . ) . These aspec ts 

a r e fully covered in the lec tures by R. Dashen at this School, where 

a lso a comparison with other schemes , different from the one 

d iscussed h e r e , is given. 

Let me conclude this introduction apologizing for not present ing 

any par t icu lar ly new ma te r i a l , except for some speculation on scale 

invariance discussed in the end. 

This lecture has a ra ther pedagogical cha rac t e r , and I hope 

can provide some useful introduction to the wide l i t e ra tu re appeared 

in the las t few years on the subject. 

The relevance of chiral SU(3) ® SU(3) was pointed out by 

M. Geli-Mann since 1962 , in the f rame of what has af terward been 

called the free quark model . So, let me s t a r t by considering a f ree , 

mass ive quark lagrangian: 

£ = i 4>a t^a + + a«r tf^ = i ^ ^ + 4 > e ^ (1) 

e is a 3x3 rea l diagonal mat r ix , represent ing quark m a s s e s , and 

a and /3 run from 1 to 3. 

It is useful to introduce the left and r ight handed quark f ields: 

4» = a . 4/ ; 
La + a 

T R a - T a 
i + r 

a ± = — 

If the quarks v e r e m a s s l e s s , so that J* would reduce to the kinetic 

energy t e r m , Ju would be fully symmet r ica l under the set of t r a n ­

sformations: 

dt -* U di TLa a0 TL0 
d, = V é 
Mia a3 y R0 (2) 

•rtmmJit ^ttsftfi^-Vd 
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U and V being 3x3 uni tary, unimodular m a t r i c e s . 

This set of t ransformat ions , each of which is evidently charac 

t e r i zed by rhe pair of ma t r i c e s (U, V), is the chi ra l SU(3) ® SU(3) 

group. 

Actually the m a s s l e s s vers ion of Eq. (l) is symmet r i ca l under 

the t ransformat ions Eq. (2) even when U and V a re unitary but not 

unimodular , this corresponding to symmet ry under U(3) @ U(3) --

= U(l) ® U(l) ® SU(3) ® SU(3). 

One of the two U(l) groups can be identified with quark number 

conservat ion (corresponding in the rea l world to baryon number con­

servation) and the other one with the quark helicity conservat ion. 

The relevance to the r ea l world of this l a t t e r symmet ry i s , at 

the moment , more dubious than anything I will say in this l ec tu re , 
( 2 ) so that 1 will forget about it in the following . Also, 1 will not 

mention quark number conservat ion anymore , it being implici t in al l 

I will say. SU(3) ® SU(3) symmetry br ings with it sixteen conserved 

c u r r e n t s , which can be wri t ten a s : 

C ( x ) = +1.8 WYM +L aM 

(3) 

aB T R 3 '/i T Ra 

or , in t e r m s of the more famil iar vector and axial vector c u r r e n t s , 

V ^ T r d Z + R " ) ^ - - * Tjl Ì L + 
(4) 

X. being the eight Geli-Mann m a t r i c e s . 

.-*.• &,.*.„ .it ••ift*»^J»*wWé^éi^j^4s^imJm-,:*MU,>v 
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in terms of quark fields we also construct the operators: 

M«B <x) = \ B M *L« <x> 

(5) 

<M + )aB (X) = \e <x> V « 

which again aie connected to the familiar scalar and pseudoscalar 

densities according to: 

uj = Tr (M + M+) Xj = 7> X . y 

(6) 
„. M - M+ . -

v. = Tr : Xi = i i|i X« 7 ^ 

here i goes from 0 to 8. 

The matrices M and M have simple transformation properties 

under the transformations of the quark fields given by Eq. (Z): 

M »» U M V+ 

(U,V) 
(7) 

M+ *> V M+ U+ 

(U,V> 

which reveal that M transforms according to the (3, 3) representation, 

and M according to the (3, 3). We will also consider infinitesimal 

transformations, both left and right-handed: 

(U,V) s ( H i f l i \ , , 1) 

(8) 
6L M ~ i at1 X. M, 6L M+ = - i a* M+ X. 
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(U,V) = (1 , 1 + i 0 \ i ) 

6R M = - i 0* M \ j ; 6 R M+ = i J31 \ j M+ 

(9) 

We conclude t h e s e p r e l i m i n a r i e s by giving the t r a n s f o r m a t i o n 

p r o p e r t i e s of the c u r r e n t s , which can be d e r i v e d f r o m Eq. (3): 

•„ ** U L „ U 
M (U,V) M 

+ (10) 

R +* V Rfl V+ 

M (U,V) ^ 
(11) 

E q s . (10) and ( l l ) i nd ica te tha t I? t r a n s f o r m s a s the (8, l ) and R 

a s the (1 ,8 ) r e p r e s e n t a t i o n s . 

We now in t roduce e . m . and weak i n t e r a c t i o n s in the l a g r a n g i a n 

eq . (1), wr i t ing 

X= i ^ $ ty + + £ + + g WM ty y (1+ y )\,*\>+ h . c . 

+ eA^ i\> y \Q i|i =i ti>L$4>L+ + R M R ) + 

+ ( f R € ^ L
 + ^ L ^ ^ R ) + 2 g Ŵ  fL7^ \ r \ + h.c 

+ e A M (dj -y \ d, + dj T \ JJ ) = 

= £ 0 + Tr (Mc+ M+c) + 2g W" Tr(L„Xw> + h ' c ' 

+ e AM Tr (L 4 R ) \_ 
v M M7 Q 

We fix the c h a r g e s p e c t r u m by r e q u i r i n g 
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{ 0 I (13) 

0 

X. is then determined(by the requ i rements of having charge +1 and 
W ( 3 ) 

of generating with X+ an SU(2) group ) to have the form: 

0 cos 0 sin 6 

Xw = I 0 0 0 | (14) 

0 0 0 

We see that the lagrangian Eq. (12) can be thus splitted into: 

i) a symmetric term X ; 

ii) an SU(3) ® SU(3) breaking term X , transforming as 

(3,3) © (*3, 3); 

iii) e . m . and weak terms , transforming according to (8, 1) © ( l , 8) 

and given in terms of the SU(3) ® SU(3) currents via the matrices XQ 

and X . w 

8 i s (with some qualification to be given later) the Cabibbo 

angle ( 4 ) . 

Properties i) , ii) and iii) are those which we want to abstract 

from quark model, and constitute the basis of our considerations. 

However the breaking term X as given by Eq. (12) is not the 

most general (3, 3) © (3, 3) element, compatible with hermiticity 

of X - . This is rather given by 
B 

X B = T r ( M €
+ + M +

€ ) (15) 
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e being any 3x3 mat r ix . If e i s r e a l and diagonal we get backEq . (12). 

In conclusion, let us wri te our Lag rang ian a s : 

X = X0+£B(e)+«£e.m.(Xi?)+X.wUw) (16) 

X-. and X a r e given by eqs . (13) and (14), JL_ is given by eq. (15), 

€ being any mat r ix consistent with change conservat ion: 

j 

• • \ 

! " 

0 

u 

0 

a 

c 

\ 

b j 

a, b , c , d = a r b i t r a r y complex 

numbers (17) 

c a n „ B 

In the free quark model JL and X»g a r e t r iv ia l , but it i s easy to 

construct more complicated models in which <L and JL- both 

contain non t r iv ia l in te rac t ions , l ike the c -modol or the gluon model . 

Our f i rs t p roblem will be that of determining what symmet r i e s 

X, re ta in or violate 

The f i rs t observat ion is that , if e has the genera l form eq. (17) 

X» seems to violate s t r angeness and par i ty . Why? Let us rewri te 

Eq.(15) as 

comparing with Eq. (16), we see that X» contains t e r m s of the 

form ( n \ ) and i(n y \) i. e. both par i ty (P) and s t rangeness (S) 

violating. Actually there have been a t tempts to connect at l eas t 

p a r t s of the S-violating non leptonic decay ampli tudes to an "effective" 

lagrangian t ransforming as a piece of a (3, 3) © (*3, 3). What we will 
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show now is that , in the scheme rep resen ted b y E q . (16), these pieces 

a r e i l lusory because : 

a) JL can violate P only if it violates a l so CP; 

b) rC is always s t rangeness conserving. 

If X contains other pieces bes ides the (3, 3) © (3, 3) t e r m , 
B 

then b) does not hold any m o r e , whereas a) is s t i l l t r u e . Since the 

main par t of the observed non leptonic decays is CP-conserv ing , 

then a (3, 3) can rep resen t a t most P -conse rv ing , AS = 1 non 

leptonic ampl i tudes , provided JU B contains m o r e t e r m s than in our 

scheme (e. g. an (8. 1 © (1 . 8) p iece) . E lementary cons idera t ions , (0 which I will not repor t he re , show that any 3x3 ma t r ix cr can always 

be wri t ten a s : 

i -
c = U eD V+ e*3 (18) 

U and V being suitable uni tary and unimodular m a t r i c e s , eD a r e a l 

diagonal ma t r ix and <p some r e a l phase (Eq. (18) holds in genera l 

for nxn m a t r i c e s , with the substi tution — 0 "* — (p). 
3 n 

Suppose now to apply to the bas ic fields in X. (whatever they 

a re ) the SU(3) ® SU(3) t ransformat ion (U, V). Then: 

X B - Tr(MV+ t + U + M+U+e V) * Tr(M c D e" 1 3 + M+e e+ 1 3 ) 

X -* e AM Tr (L U+ X. U + R V+ X V) e.m. y n Q n Q 

X *• 2 B w ° W»1 T r ( L u U + \ w U) + h . c . 
'li w , vw 
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Since I € , \ Q I = 0 , we can fur thermore choose U, and V such that 

they commute with XQ , so that «C e r ema ins unchanged. 

Then we see that the lag rang ian eq. (16) is equivalent to: 

1 —' 

£ = -C0 + J.B (CD e 3 ) + £e.m.(V + ^ w (U + \ r U> 

where 

a) c is replaced by a diagonal m a t r i x , so that it has no more 

S-violating t e r m s ; 

b) \ , ~* U Xw U , this corresponding just to a redefinition of 

the Cabibbo angle . 

In fact, since I U, XQ I = 0 

1 0 0 

U = I 0 cos (p s in (p 

3 - s in (p cos (P 

0 cos(0 +<A sin(6 +0) 

U+ Xw U = ( 0 0 0 

This disposes of S-violation. 

As for par i ty , we observe that the now J l B , if cp£ 0,contains 

both t e r m s like p p and t e r m s like i p y p which have not only 

opposite P , but a l so opposite CP (having the same C). 

In conclusion, the b e s t E q . (16) can do is to provide us with CP 

and P violation in AS = 0 channels ( i . e . for example in nuclear levels) . 
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This r e s t r i c t s (p to be extremely smal l , and from now on we will 

assume that e i s such that <p= 0. Actually it is very simple to see 

if a given e will give a CP-conserving theory. F r o m E q . (18) 

det e = e det eD 

i . e . if det e i s r e a l (p= 0 and v iceversa . Two comments , a re in 

order . 

F i r s t observe that if Js*n were invariant under U(3) ® U(3) we 

could put the factor e 3 into U or V , and in this case we could 

always eliminate CP-violation just as we have done for S-violation. 

This means that in free quark models (or even in the gluon 

model) one can never get a CP violation out of Eq. (16). The second 

comment is th i s . If e D i s proport ional to the unit ma t r ix , we can 

make an additional t ransformat ion (U0 , U0) of the bas ic fields such 

that 

(
0 1 0 

0 0 0 

0 0 0 

i . e . in absence of SU(3) breaking, we can always rota te away the 

Cabibbo angle eliminating S-violation a l so from weak in te rac t ions . 

This points to a deep connection between the actual value of 0 

(d ~ 0/22) and the breaking of SU(3) and possibly of SU(3) ® SU(3), 

and to an interplay of weak and strong in terac t ions , which must 

cooperate somehow to produce the b i z a r r e angle observed in na ture . 

This idea has been pursued by var ious authors even with 
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encouraging results, but a real breakthrough has not yet been 
\ 

achieved. 

The value of 6 remains still as one of the most challenging 

problems for theorists. 

From now we will understand e as to be of the form: 

e = 

e l 

0 

0 

0 

€ 
2 

0 

0 

0 

€„ 

(19) 

Using Eq. (6), X» B can be written alternatively, as, (see e.g. ref.(9)): 

in
 = ff0U0+fl,8U8+a3U 

B 

a being related to the e.' s according to: 
0,8,3 

*0 = - ~ K + ^ 2 + € 3 ) 

* 8 = 
2 {3 

(e1 + 6 2 - 2 < : 3 ) (20) 

or, = 7 ( e i - e 2 ) i 2 

Observe that we have left open the possibility that JL contains some 

I-spin violating term. 

Before connecting £, B to experiments (e.g. ratios of e. or ai 

to meson spectrum) one has to be sure that the parametrization 

Eq. (19) is unique, and that there are nokmbiguities. 
( io) - * 

Actually this not so , The requirement that C is diagonal 

does not fix uniquely the e^s. We can still perform SU(3) ® SU(3) 
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t ransformat ions which: l) exchange two tTj's (actually only e2 and e 3 , 

if we want to keep the spec t rum of \ Q fixed), 2) flip the sign of any 

two of them. Any of these t ransformat ions do not change X e m or 

JLW (apart from tr ivia l redefinitions) but dras t ica l ly change the 

pa t t e rn of the p a r a m e t e r s e^ or oti so that it does not make sense at 

the p resen t level to at tach, say, to a, the meaning of an I-spin 

violation. In quark language, these t ransformat ions correspond to 

exchange n andX. quarks and /o r change the in t r ins ic par i t ies of any 

two qua rks . 
( » ) We will fix this ambiguity in the following and will see that 

i ts el imination is obtained only when one takes into account the fact 

that eDby itself does not give a complete descr ipt ion of the symme­

t r y breaking. 

F r o m now on let us neglect X _ _ and X w , and r e s t r i c t to 

We introduce a very important quantity, which is the vacuum 
(12 5 ) 

expectation value (VEV) of the fields contained in M(x) ' ; 

< OIM(X) lo> = < O | M ( O ) | O > s T) 

i) i s , analogously to e , a 3x3 ma t r ix . 

If our theory were exactly invariant under SU(3) ® SU(3), i) 

would vanish. To see th i s , reca l l that it can be shown that, all 
(13) 

symmet r i e s of the vacuum a r e symmet r i e s of the world , so that 

if VL (U, V) is the Hilbert space opera tor corresponding to the element 

(U, V) of SU(3) ® SU(3), then i l ( U , V ) | u > = | o > implies : 

n r : < 0 | M | 0 > = < 0 | U ( U , V ) M l Ì Ì " ( U , V) | 0 

= U < O | M | O > V+ = UTI V+ 
(21) 

"MmumtmMUiiuii^mm-v/i-' 
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for any (U, V). This can be satisfied only if n = 0. 

When X B ^ 0 we have then T̂  / 0. However, in cer ta in models 

it happens that n does not vanish even in the l imi t «£, = 0. This 

situation is usually r e fe r red to as "spontaneous breaking" of 

SU(3) © SU(3) and is the one I will d i scuss h e r e . It corresponds to 

the p resence of stable solutions for the vacuum which display a lower 

degree of symmetry than the lagrangian. In fact in the limit JL =«t»0 

the lagrangian i s symmetr ic under the full SU(3) © SU(3) whereas the 

vacuum is left invariant only by those t ransformat ions such that 

Eq. (21) holds . This phenomenon in tu rn is connected with the appea­

rance of m a s s l e s s spin ze ro bosons (Goldstone bosons) , one for each 
(14 9 ) 

genera tor of SU(3) © SU(3) which does not leave invariant r\ . 

Before touching upon the argument of Goldstone bosons , however, 

let me consider in some detail the symmet ry s t ruc ture of n . 

To visualize the situation, let us consider f i rs t a c lass ica l 

example , that of a ferrornagnet . 

Consider a system of spins in an infinite volume. In absence 

of ex terna l fields, the system is descr ibed by a rotationally invariant 

Hamiltonian ) i . Call | 0> the ground state of 

Usually the magnetization of the ground state 

< o|m| o> 

van i shes . This is cer tainly so if |0> itself is rotationally invar iant . 

However, in the case of a fer romagnet VC0 is such that the 

stable ground state has a non vanishing magnetizat ion m =<0 | TV\, |0>, 

so that J 0 > is not symmetr ica l under the full rotat ion group, but 

only under rotations around m . Of c o u r s e , we can orientate m 

in whatever direction we want, and ground s ta tes with different 
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orientat ions of m are degenerate with respec t to energy. 

These s ta tes do not lie in the same Hilbert space, but ra ther 

each of them corresponds to mathematical ly inequivalent though 

physically identical t heo r i e s . 

Suppose we introduce now a weak external magnetic field H. 

The Hamiltonian is changed into: 

and out of all the infinite number of degenerate ground s ta tes one is 

se lected a s the lowest energy s ta te , this being that one in which m 

is para l le l to H . How a r e m and H connected? For weak fields | m 

depends litt le upon H , and is mainly de termined by rC0 . However, 

no ma t t e r how weak is the external "breaking" H , there is always 
- - • 

a strong corre la t ion in that the stable ground state has to have m 

para l l e l to H . 

Let us now go back to our case . Here r\ is the analog of m 

and in the l imit c= 0 identical theor ies cor respond to m a t r i c e s 

re la ted by SU(3) ® SU(3) t ransformat ions : 

U n V .+ 

Using Eq. (18) then we can always choose a f rame where *1 is 

diagonal so that we have always S-conservat ion. However, when 

€ f 0 the question a r i s e s whether n i s diagonal in the same frame 

where e i s such, i . e . whether c and r\ are in some way constrained 

to be ! : paral le l" as in the ferromagnet analogy. This is actually the 

c a s e . We inser t Eqs . (8) , (9) and (15) in the divergence formulae: 

— »^«^«»*»*WMi^«ilSJ^i«M^^4i<JMiN^«i*feJE(*-
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aM i = à L à t, B 

M 6 a . à<*i 

9 M R* =
 é ^* =

 6 ^ B 
" 6j3i 6)3. 

and we obtain ( e is real and diagonal): 

aM L1 = i Tr ( X1 M - M+ X1 ) e 

(22) 

8** R1 =-i Tr (M \ - \ M+) e 

The VEV of Eq. (22) must vanish by translation invariance and 

this gives us a set of relations between € and r\ . It is then a simple 

matter of algebra to show that these equations imply precisely that c 

and f] can be simultaneously diagonalized by an SU(3) © SU(3) 

rotation. 

It remains the possibility that e and t| may not be relatively 

real. This would give rise to a kind of "spontaneous breakdown of P 
(15) 

and CP" which has the same features and disadvantages as the one 

previously discussed. I will not insist therefore on this, and assume 

that n and e can be both brought into a real diagonal form. This form 

does in general suffer from the ambiguities we mentioned above, but 

now we are in the position to fix them. 

We have already mentioned that -n must possess all the symme 

tries of the vacuum, i.e. of the real world. Now the particle spectrum 

clearly displays a very good I-spin symmetry and a more approximate 

SU(3) symmetry. This implies that it must be possible to choose an 

SU(3) © SU(3) frame such that r\ takes the form: 
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Hi 

0 

0 

0 

'2 

0 

0 

0 

n 

with 

n "- n up to I-spin cor rec t ions 

up to SU(3) correc t ions 

Note that this f rame is now uniquely defined. We a r e not allowed 

any more to exchange *| with n„ or to change sign to any two ^ i ' s , 
In) 

as this would spoil our approximate equalit ies . In this f rame then 

the diagonal elements of both r\ and c. have a physical meaning and 

can be compared r.o physical quant i t ies . Also, this f rame defines the 

physical Cabibbo angle. 

Moreover , if the s y m m e t r i e s of *] a r e also symmet r i e s of the 

vacuum ( i . e . if f] gives a complete descript ion of symmet ry breaking 

in the vacuum) then if we want chi ra l symmetry to be much more 

badly broken in par t ic le spec t rum then SU(2) or SU(3) (as iz is indicated 

by the absence of par i ty doublets) we must a lso require 

*h "*>> i T h - ^j for any i and j 

This statement, however, is more model dependent than the 

o the r s , and we a re unable to prove it in genera l . It is in fact verified 

in the (T -model and we shall a s sume its validity. 

The fer romagnet analogy a l so c lear ly indicates what is the 

connection between r\ and c . In the l imit c "*0 we expect rj to tend 

to a finite value which will display all those symmet r i e s which a r e 

not spontaneously broken, i . e . rea l ized with par t ic le mul t ip le ts . 
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SU(2) and SU(3) s y m m e t r i e s a p p e a r indeed to be of such t y p e , so 

that we expec t : 

l i m n = n cc-0 (23) 
€ - 0 ° 

t| i s d e t e r m i n e d by J L 0 only, and we have a n oc te t of p s e u d o s c a l a r 

m a s s l e s s b o s o n s . When e / 0, we expec t 

1 - " 0 +0(e) (24) 

If Ju B can be c o n s i d e r e d in s o m e s e n s e a s m a l l p e r t u r b a t i o n , n will 

depend v e r y l i t t l e upon e and b e m a i n l y d e t e r m i n e d by«£»c . In th^s 

s c h e m e , i t m a y b e meaningful to apply p e r t u r b a t i o n t heo ry in JLE . 

s t a r t i ng f r o m the spon taneous ly b r o k e n so lu t ion TJ0 , a s d i s c u s s e d 

by Dashen . 

Let m e now v e r y b r i e f ly d i s c u s s p s e u d o s c a l a r m e s o n m a s s 
(12,16) 

f o r m u l a e , a s an i l l u s t r a t i o n of the a r g u m e n t s p r e s e n t e d a b o v e . 

I will r e s t r i c t to ir and K m a s s e s , and , for the sake of b r e v i t y , wil l 

not give any d e r i v a t i o n , but s imp ly quote f r o m ref. (2). Then (neglect ing 

I - s p i n v i o l a t i o n s , i . e . put t ing r? = ^i > "Hj = T12 ) we have : 

(25) „ 2 
T. 

™Z 

™ 2 

m 
7T 

= 

~ 

F * 

1f 

- z 2 

K 

1. 

l i 

= - ze, 

+ , 1 3 

Z , 

(26) 

(27) 

m2
KFK = - ( « , + « 3 ) Z K

 ( 2 8 > 

where we have defined: 
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Z u = <TT I v* | 0 > , ZK = < K | v K | 0 > 

< 1 r | a * 1 A j 0 > = m2
ir F , <K | 3M A* | 3>= m^ F R 

E q s . (27) and (28) can be r e -wr i t t en a s : 

Z , F , = 21 , , , Z K F K ^ +r,3 (29) 

These equations c lear ly display the Goldstone phenomenon: if *] 

r emains finite when e ""•' 0, then by Eqs. (25), (26) and (29) both m u 

and m K vanish in this l imit . Also, if we a s sume Eq. (24) to hold, 

then 

Z* = ZK + ° ( £ ) • F* = FK + ° ^ 

so that , to lowest o rder in e : 

m* 2 e , 

m2
K € , + € 3 

which indicates that e t « e (this cor responds in Dashen 's notations 

to C ~ - H). 

Finally, these equations show that the vacuum breaking t] is 

connected to 1J. and F^ (which in fact display an approximate SU(3) 

symmetry) whereas e is re la ted to the meson m a s s e s , the smal lness 

of pion m a s s indicating that JL is , to a good approximation, SU(2)©SU(2) 

invar iant . 

A complete analysis of the re la t ions linking e and n to the 

observed p - s meson m a s s e s , and to the decay coupling constants F 

and F is beyond the scope of this lec ture and I will not elaborate 

on this any further (see e . g . ref. (2), (9), (16) and also ref. (17)). 
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Rather I will conclude by presenting some further speculations 

on the symmetry structure of «£•, which have recently received some 

attention. 

If we go back to eq. ( l ) , we see that the quark kinetic energy 

term is not only invariant under SU(3) @ SU(3), but also under scale 
(is) 

transformations, as discussed in Prof. Callan's lectures . It i s 

then interesting to see what happens if we conjecture the same to be 

true for the symmetric lagrangian JL 0 appearing inEq. (12), i . e . 

assume that scale invariance is broken only by the same term 
/ v / v f 1 * . 2 0 ) 

which breaks SU(3) ® SU(3) (apart from c-numbers) 

It is very easy to see qualitatively what is going on in this case. 

What happens is that, if in the limit e ~* 0, n stays finite, we will 

have, in addition to SU(3) @ SU(3) breaking, a spontaneous breaking 

of scale invariance. Correspondingly, a scalar Goldstone boson 

(called "dilation") appears. If in the same limit Eq. (23) holds, the 

dilaton is coupled mainly to the SU(3) singlet scalar density u 0 . 

When e / 0, the (mass) of the dilaton i s of order e ( i . e . ~ ir^) and, 
( 20, 21 ) „ 

as a consequence, we will have a systematic enhancement of 
the matrix elements of u0 with respect to the matrix elements of u8. 

(is) Another consequence of this assumption is that, since 

V ( Z 2 ) 

$ being the "improved" energy-momentum tensor and d the 

dimension of JL , the mass of any hadron A is proportional to the 

matrix element of JLB
 : 

M A = - (4 - d )<A| « L j A > (30) 

Eq.(30) may look rather strange since we expect in general MA to be 
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approximately SU(3) invariant, whereas we have seen that X* B is 

far from being so . However, the enhancement of < A | u 0 | A > with 

respect to < A | u 8 | A > that we have juct mentioned compensates for 

the unsymmetrical nature of X»B , and makes MA to have a large 

SU(3) singlet part. 

It is very unclear at present if these considerations are of any 

value especially in view of the anomalies found to appear (in pertur­

bation theory) in the Ward identities derived from approximate scale 
(23) 

invariance . It is however interesting that they are qualitatively 
supported by recent calculations of the «"-term in TT-N scattering, 

cr 

(20,25) 

by Cheng and Dashen and by others . The large value for cr 

there found is qualitatively in agreement with the nucleon m a s s 

as given by Bq. (30) with d = 3 (as in the quark model). It a lso gives 

evidence for the presence of an enhancement of < N|u 0 |N>with respect 

t o < N | u |N>of the right order of magnitude. 
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Riassunto - Alcuni aspetti della violazione della simmetria crurale 
con termini della rappresentazione (3, 3) © (3, 3). 

Si discutono alcuni aspetti generali delle teorie in cui la sim­
metria chirale è violata da un termine che si trasforma secondo la 
rappresentazione (3, 3) © (3, 3). In particolare vengono illustrate le 
connessioni tra la rottura del vuoto e la rottura della lagrangiana e 
il modo in cui si eliminano possibili ambiguità nelle relazioni che le 
gano i parametri della rottura a quantità osservate. Infine vengono 
illustrate alcune congetture avanzate recentemente sulla rottura del­
la simmetria di scala. 

Abstract - Some Features of (3, 3) © (3, 3) Breaking of Chiral Symme 
try, 

In this lecture some general properties of the (3, 3) © (3, 3) 
breaking of chiral SU(3) <§) SU(3) are discussed. These include the 
relations between vacuum breaking and explicit breaking and the 
elimination of possible ambiguities in the connection of the breaking 
parameters to experimentally observed quantities. Some recently 
advanced speculations on the breaking of scale invariance are 
illustrated. 
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