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We investigate chiral-symmetry breaking within the Kn. system when a Veneziano mod-
el is assumed for various off-mass-shell extrapolations. We derive expressions for the
matrix elements of 0. terms and the divergence of the strangeness-changing current and
discuss the implications to chiral-symmetry-breaking interactions. Application of our
results to the K&s form factors gives f~/f„f+(0) =1.35 and the relation (f&/ls)
= cos (nE "(0)(p~'-p, ') l .

In this note we would like to report on' some results we have obtained on chiral-symmetry breaking
assuming the pseudoscalar-pseudoscalar scattering amplitude to be known from the Veneziano model. '
To relate symmetry breaking to the scattering amplitude we must extrapolate the latter to off-mass-
shell values; however, the Veneziano model can be made to satisfy Adler's self-consistency condition
for both the pion and kaon partial conservation of axial-vector currents (PCAC) and this procedure has
some justification. Representations for the matrix elements of the commutators of charges and cur-
rent divergences (o terms) are related to the Veneziano amplitude and we find that the usual models'
for symmetry breaking whose components belong to a single (3, 3*)O+(3*,3) representation of SU(3)
S SU(3) cannot describe our results. These representations for the o terms are a generalization of
Adler's condition' and provide a connection between the possible existence of exotic resonances and 0
terms carrying these exotic quantum numbers. Finally the matrix elements of the divergence of the
strangeness-changing vector current are determined and the K» parameters are discussed. In partic-
ular we find fz/f, f, (0) = 1.35.

We begin with the following expression for the off-mass-shell pseudoscalar-pseudoscalar scattering
amplitude:

4-=II dx, ' ',' e'q&' I T(0 ~B„A„'(x,)s,A, '(x, )e,A,'(x,)s.A.'(x, )~0),

where (2q, )'/'(0~&„A„J(0)~I'I (q))
—= 5jqfJ)JI, ' (j,k =1,2, ~ ~ ~, 8) and s =-(q, +q, )', t = -(q, +q, )', u=-(q,

+q4) . The o term, which is a measure of chiral-symmetry breaking, is defined in general by

Jdsy [A, '(y, x,), BqA„J(x)]=io~j(x-). (2)

With these definitions we prove some simple theorems relating the matrix elements of o terms to the
off-mass-shell scattering amplitude. Principal among these for our purposes is the case for two par-
ticles on the mass shell. The prototype of relations that can be obtained here are found by integrating
(1) by parts, say, with respect to x, and letting q, -0 with q, and q, on mass shell:

2 S
M(p, ', p, s', s, 0; s, ps', p, ') = ', (4Eps)' '(01&~r(0) IPJ(q&)&1(qs)&

s 4)'s
(3)

The following statements can be made about this equation [similar statements can be made in t and u
channels by keeping a different pair of particles on mass shell].

(a) It is a generalization of the Adler condition'; the factor ps'-s guarantees that M vanish at the
point s = p.,', t = p, 2', u = p, ' but it may further require the off-mass-shell scattering amplitude in some
cases to vanish for all s at I, = p, , and u = @, This happens if o~q =0, as for example when n=A', l=m'
or vice versa and the v term belongs to one or more of the (3, 3*)$(3*,3) and (8, 1)0+(1, 8) representa-
tions of SU(3)SSU(3). Thus the question of the existence of exotic resonances, i.e. , bosons carrying
other than octet or singlet SU(3) quantum numbers, in the off-mass-shell scattering amplitude is equiv-
alent to the existence of the o terms containing these exotic quantum numbers. That this is so for the
on-mass-shell amplitude has not been shown, however, In this regard the above statement is on the
same footing as the Adler condition itself which refers to the off-mass-shell amplitude but is known to
give interesting results if one makes certain smoothness assumptions.

1004



VOLUME 2$, NUMBER 17 PHYSICAL REVIEW LETTERS 27 OGToBER 1969

(4)

and in particular

(b) Under very general conditions the matrix elements of the divergence of the vector current can be
related to the off-mass-shell scattering amplitude. Using the equal-time commutation relations for
the integrated charge densities of SU(3)S SU(3) together with the Heisenberg equation of motion B„F(x)
= -i[P»I (x)], one obtains the following relation in the center of mass of 1 and 2 [q, +qm =0]:

Ipi(e, )Ip(em)& =fngm&OI ~„I'„ II'1(e,)I'p(qm)&

&Ol o„~, c-~+, lk-"v &-= .'z&—ols„V„' "-IK'~-& = 2-"2t&0
I
s „V„~"j K'~0&,

&Ol c~+~0-o~ow+I k'vr'& = -t&OI B„I,' "IK v'& = -2 '"t&0
I

& „I„' "IIf'v'&.

(»)
(6b)

The restriction to the center of mass has the advantage that it minimizes assumptions about the nature
of Schwinger terms in local equal-time commutation relations. Using Eq. (4), the divergence of the
vector current can be related to the scattering amplitude through Eq. (3) and covariance is restored.

Vfe now apply these results to Km scattering within the framework of the Veneziano model. The es-
sential assumption we make is that the off-mass-shell amplitude defined in Eq. (1) can be approximat-
ed by a sum of functions of the form I'(1-n„(t))I'(1—n&(u))/I'(I-n (t)-n ~(u)) together with similar ex-
pressions where s, t, u are interchanged. It will be sufficient to discuss K'm' elastic scattering as
the other charged modes may be obtained from crossing symmetry and isospin invariance. We shall
also assume that o~+„+-=0„+~+=—0 and hence no exotic resonances. Then Mz+„+ can be written as'

ME+~+(s, t, u) ME+~-(u, t, s) =P
I (l-n, (t))r(l-n .(u))

(6)I" 1-n t -e&. u
P

Equation (3) then requires that M~+, + vanish at t= p, ', u= pz', and t= p~', u= p,,' which is the Adler
condition for pion and kaon PCAC, respectively, and is satisfied if nz(p, ') +n~.(pz') = N&(pz'}+ ng (p,„}
=1. This implies' n~. (tL~'}= 2 when n~(p, ') = ,2 is used and a constant universal slope for all trajecto-
ries gives the mass formula m&.2(J) -pg' =m~'(J)-p, ' = (2J—l)[m~.'(1)-p~'] which is well satisfied by
the known resonances, (K*,p) and (K,f). Evidently, n

p and n~* are exchange degenerate with n~ and

n~z, respectively, from (6). Encouraged by these results based on both pion and kaon PCAC we pro-
ceed further to obtain the following relations from (3) and (6);

(4q,k, )'~'(Oi c,-z+(0} iK'(k)w (q)& =
I 2-nz s (7)

(4 k )"(Oi. . -(0)iK (k).-( )&
="'"""-"'"'"'"-"*'"

O'P P OSC+ft- 7i'
~(-'. — ( ))

*
(8)

2 p

where 5 is the slope of the trajectory functions and we have made use of the relations n&(p, ,') = n~.(ping),
= 2 in (8). At this point we make the following observation:

(c) Any model in which o~+„- is proportional to n „-~+ is not compatible with Eqs. (7) and (8) because
they have different dependence on s (nz*e n~). In particular when the symmetry breaking is represent-
ed' by a Hamiltonian II'-=u, +cu, with u, and u, belonging to the same (3, 3*)$(3*,3) representation, one
finds

n~. , = [(R2+c)/(v 2-2c)]o, - ~+.

Thus such a model could not give the results in (7) and (8). This does not mean that symmetry break-
ing necessarily contains representations other than the (3, 3~)(3*, 3) but only that u, and u, cannot be
in the same (3, 3~)$(3*,3) representation. Thus o terms with exotic quantum numbers may still van-
ish. In fact, one can easily convince himself that the pion in (7) and the kaon in (8) may be reduced
without introducing unknown quantities, if (1) no 0 terms carrying exotic quantum numbers of ib.Si =1
and ihIi - 2, (2) the algebra of charges, and (3) the Jacobi identity are assumed. Reducing the kaon in
(7) or the pion in (8) would require knowledge of the commutators [Q, , [Q,', B„A, ]] and [Q,',
[Q, , S„&„' ]]which need a more detailed model for the 0 terms. As remarked above the simple
models based on a single representation of the type (3, 3*) [or (8, 1)]for the symmetry breaking cannot
be used. The interesting question of representations for symmetry breaking will not be pursued fur-
ther here; instead we would like to present other consequences of this model.
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From (5), (7), and (8), we obtain

f, (s)()1 ' )1-,')+f (s)s= 2f-,f &P F,". ', -"
F, -.

'
~

I'(1-~:(~)),I y2 —(v p 8

where Kqs form factors f,(s) are defined by the matrix element

(4VP,)"(0II'„(0)l~'(e)K'(&)) = 2 "~j',(8)(&-q)„+f-(s)(&+a)„f. (10)

(11)

(12)=0.0953,

Notice from (9) that a scalar kaon with the K* mass appears naturally in the Veneziano amplitude and

is associated with the divergence of the strange vector current. We can calculate from (9) the usual

Kz, parameters A, and $ defined by f, (s) =f, (0)(l-k, s/p, ,') ' and ( =f (0)/f, (0). We find

(I/f, (0))V If, ) =1 348,

$ = -0.034.

In deriving (11) we have used P = —(2f,'bw) ' which follows from (7) by reducing the pion further, and

to obtain (12) and (13) we have assumed

f, (s) = V ~'f, (0)/(I ~*' s)- (14)

which seems to be favored by the experiments. ' The result (11) is in good agreement with the Cabibbo

theory relating f, (0) to the measured amplitudes for K„, v,» K», and m» decay,

1 f~ tan&A

f, (0)f, tang y, gg

and the value of $ given by (13) is consistent with the branching-ratio determinations. To calculate

f, (0), we need independent information about f~/f, . A further reduction of the kaon in (8) gives

P = -(2f '&I'(1- (I .'))I"( (P.'))) '

which yields

(f&/f, )'=~11'(o'r (Iu. '))I'(I-n (g, '))j '=cos[b(V '-p, „')]=0.802

so that

f~/f, = 0.895,

f,(0) = 0.655.

(15)

(16)

(17)

We note that (16) implies Ifrl & If I and the symmetry-breaking effect in f, (0) is about 35%, although

it should be only of second order in the SU(3) breaking from the Ademolio-Gatto theorem. ' Moreover,
these numbers would require the Cabbibo angles commonly associated with the vector and axial vector
to satisfy sino &=0.32 and sing&—-0.29 to be compared with the observed values of 0.21 and 0.26, re-
spectively. However, it should be emphasized that (16) and (17) are the result of a larger extrapola-
tion than used in obtaining (11) and are therefore less reliable. A more detailed study of the implica-
tions of this model on the question of symmetry breaking and other applications will be presented else-
where 8
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ERRATA

LIGHT-SCATTERING MEASUREMENT OF CON-
CENTRATION FLUCTUATIONS IN PHENOL-WA-
TER NEAR ITS CRITICAL POINT. P. N. Pusey
and W. L Goldburg IPhys. Rev. Letters 23, 67
(1969)j.

Line 9, column 1 on p. 69 reads "
~ ~ lnI was

proportional to ~T T, ~

~ ~ ~ ." T—his should be
changed to read " ~ lnI' was proportional to
In[T-T,

i

. .»

Reference 11 should read: Benedek, Ref. 4.
Reference 13 should read: See Benedek, Ref.

~ ~ ~

relevant amplitude gives no contribution to " de-
cays.

In summary then, in the SU(3) limit, the b, I= a

rule is proved for all observable pv decay ampli-
tudes, including 0 —:"+v and K- 2m. For pc de-
cay amplitudes, the same is valid for 0 -=+ r,
K-3m, and =-A+n. The deviations from the
AI=2 rule for A and Z decays are related through
the following sum rule:

(—')"'|P(A ')+&2P(A, ')I
= —W2P (Z )+0P (Z, ')-P (Z ).

DUALITY, ABSENCE OF EXOTIC RESONANCES,
AND THE ~I= g RULE IN NONLEPTONIC DE-
CAYS. Ken Kawarabayshi and Shinsaku Kitakado
[Phys. Rev. Letters 23, 440 (1969)].

The statement that there are six independent
conditions on six s-u dual amplitudes for octet
baryon decays is incorrect. Actually, only five
of these conditions are independent.

As a result, for each pv and pc amplitude of
octet baryon decays, contributions from the 27-
piet spurion need not to vanish in general, but
are described by a single s~ dual amplitude.
However, for pv decays, CP invariance requires
that this amplitude should vanish. On the other
hand, no such restriction is found for pc decays.
Explicit calculation shows, however, that the

In the case of broken SU(3), the b,I=-, rule re-
mains valid for 0 —"+w and K-2w(3a'). The
question of whether or not the same rule is de-
rivable, within our approach, for octet baryon
decays deserves further study.

One of us (K.K.) thanks Dr. A. Schwimmer for
pointing out the error contained in our paper.

VENEZLAKO-TYPE FORM FACTORS FOR THE
PION. H. Suura [Phys. Rev. Letters 23, 551
(1969)].

P, in Eq. (1) should have the value P, = 2@~„'in-
stead of g~„,'.

Accordingly, the value of f~ given at the end of
the paper should be corrected to fz'/4m = a+a(m~/

f,)'-2.
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