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Arguments arc given why the nonleptonic weak interaction should, in a quark model with neutral-vector-

boson strong interaction, be calculable in terms of low-energy contributions, which can be estimated from

the knowledge of semileptonic processes. Fair agreement with experiments seems to support this possibility.

The suggestion is also made that this model could be very helpful in understanding many properties of
electromagnetic and weak interactions.

I. INTRODUCTION

' 'HE universal current-current Hamiltonian foi the
weak interactions' has been extremely useful in

cxplalnlng lcptoQlc RDd scmileptonic proccsscs. AD

equally satisfactory understanding of the nonleptonic

decays in this framework, however, has not yet been

achieved.
Interesting results' have, on the other hand, been

obtained by introducing a fcw low-lying intermediate

8tatcs between thc culrcnts, in the current-curlcnt

Hamiltonian, and using the information. available from

semileptonic processes. The picture that emerges from

such a "saturation" scheme is, as we will review, con-

sistent with experiments. This success is quite Surpris-

ing. In fact, even if the current-current form is basically
"correct," the local product of currents may be too

singular to allow meaningful tests via a crude "satura-
tion" approximation. Our experience vrith the calcula-

tion of clcctlomRgnctlc Inass-splittlQgs may also serve

as grounds for pessimism. It has been shown that one

contribution of low-lying states to the Cottingham
formula' fails to reproduce even the correct sign of the
M=1 electromagnetic (e.m.) mass splittings. e ' Such

a failure is relevant to the present discussion, because

the 5-wave decays in the soft-pion limit' are related to
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the parity-conserving (P.C.) matrix elements
(&'(Bn P o jB),' which are very similar (except for
the missing photon propagator) to (8')H, t 8).

It has been recognized that additional "tadpole"
terms, ' reQecting high-energy contributions, must bc
plcscnt and account for' mo8t of thc LI= j mass
splittings"; and it. has been. suggesteds that, thc
DI=—,

' rule in nonleptonic decays should emerge through
a similar tadpole mechanism, thus casting severe
doubts on low-energy saturation.

A possible interpretation of the "tadpoles" has been,

suggested by Bjorken. ' By applying his method to the
virtual "Compton-like"- amplitudes, one 6nds in

general divergent integrals, both in nonleptonic and

e.m. amplitudes. VVC do not think that the occurrence of

such divergencies is disastrous. Motivated by re-

normalization theory, we take the attitude that when

these divergencies occur, they are going 'to supply us

with bscckllcbI8 1cnormRllzRtlon constants. OQ the

other hand, if such divergencies are not present, thc

possibility of calculating such amplitudes in terms of

low-energy contributions seems to be likely. %e would

like to emphasize that this is the basic attitude taken in

thc pl cscDt investigation.

In Sec. II wc show that there exists at least one model

of the strong interactions where the "divergent" terms

have oper'atox' coeScicnts whose matrix elements vanish

between the physical states of the weak decays. Such a
privileged model is the quark model, where the. inter-

action is mediated by a massive neutra, l vector meson

coupled to the conserved baryon current, and the

SUs(xx'Us chiral invariance of the theory is broken

~ Thc Suzukl-Sugawara analysis RssuIncs ccI'tRln commutation
relations between the weak Hamiltonian and the axial charges,
which are true both in the JJ and in the intermediate-vector-boson
pictures.

8 Thc tcrIQ tadpoles wRs Intl'oduccd by S. ColcIYlRn Rnd S.
Glashow, Phys. Rev. 134, 8671 (1964), indicating a general
dynamical enhancement of a particular channel,

9 J. D. Bjorken, Phys. Rev. 148, 14@' (1966).
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only through mass terms in the Lagrangian. '0 It is
worth noticing that this is the only renormalizable
model of thc s'trong lntcl actions which guarantccs
either 6niteness or universality of the radiative correc-
tions to semileptonic processcss. "
II. BJORKEN'f'2 METHOD AND EVALUATION OP

MVERGENT PARTS

A. Intermediate-Vector-Boson Weak Interaction

We write the weak Lagrangian in the form

L2r =gJ&(x)W„(x),
where J„is the Cabibbo current

J„(x)= cos8 (V„+(x)+A„"(x))
+sine (V„x+(x)+A„x+(x)),(2)

and W„(x)is the vector-boson field whose mass 2s'2r

relates the dimensionless coupling constant g to the
Fermi coupling constant, via

g'/ms '= G/v2. (3)

The second term yields a quadratic divergence in (4):

g' d'k

X d's: s—'" *&B'2r
( LJs(x,0),D'(0)7) B). P)

Logarithmic divergencies in (5) may arise from the
third term in (6) and from g„„piecein (4), and accord-
ing to the Bjorken analysis will be given by

( 2g—s) d'k 1

(22r)' 2222'' —k' k'

1
X] &B.[LDt(*),La,D(0)77[B)d«-" *

+ d'x s-" *&B'~([J„'(a),pt, Js(0)77(B) ~, (8)

where 8 is the Hamiltonian of the system.
We now evaluate P) and (8) in the framework of the

above-mentioned quark model, which is characterized
(4) by the Lagrangian

This Lagrangian leads to the nonleptonic amplitude

d'k k„k, T„„
T(B B' )=g'

(2 )' mw') —k'+mw'
L= g(—2y 8+gS+M)q+Ls (9)

T„.= 2d4x e" &B'2r—
~
T*(J„t(s:)J„(0))~ B)

and T denotes the covariant amplitude which repre-
sents the response of the 8 matrix to the second-order
weak vector perturbation. ~

We now apply Bjorken's analysis to T„„.We ana-
lyze 6rst the kI'k "T„„part."By using the chiral algebra
we have

J.& )=C(*)v.(1+")~~( ), (10)

0 cos8 sin8
)+= 0 0 0.0 0 0.

(5) wheie Ls refers to the vector boson B„part,and 3I is
a numerical quark mass matrix. In such a model'the
Cabibbo current has the form

ksk"T„„=k"&B'~i J„(0)i B)

+' d* -' '&B-i V.(*),D (0)7..=.iB)

+2 d S e'"(B'2r~ T*(Dt(X),D(0))
~ B), (6)

where J,(0) is a combination of neutral vector and
axial currents, and D(x)=B„J"(x).The first term
integrates to zero by a symmetrical integration over k.

I Some properties of this model have been considered by M.
Gell-Mann, Phys. Rev. 125, 1064 (1962}and by J. D. Bjorken,
Ref. 9.

II C. G. CaOan, Phys. Rev. 169, 117S (1968};G. Preparata and
W. I. Weisberger, Phys. Rev. , this issue, 175, 1965 (1968}.

~ T~ consists. in general of the time-ordered product of the
currents and additional "Schwinger" terms. Here, and in the
following, we assume that no M=1 "Schwinger" terms are
present so that we can ignore them throughout our discussion.

II We have found that a similar analysis was carried out by
V. S. Mathur attd P. Olesen, Phys. Rev. Letters 20, 152'I i1968).

D(x) =2g(x)SRq(s:),

where script letters here and in the fonowing denote
linear combinations of products of A. matrices with 1,
and pg.

The equal-time commutator in (7) is now

p, (x,o),Dt(0,0)7= 6'(x)2goit'q.

In particular, the part rel.evant to nonleptonic decays
(M=1) is

gott'&" '&q= g(a),s+-px, 72)g,

where n and p are constants.
We analyze next the logarithmically divergent part

(8), and consider first the matrix element

ds~&B
~ [ (Dt(x,o),LII,D(o)77]B).

Using the Hamiltonian H corresponding to (9), and the
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expression (11) for D(x), we find that

g mg(BOBr 47„B~—)tlsrqq ~ (18)

In addition to the quadratic divergence in (17) which

by the above argument may be absent, there are
logarithmic divergencies. If the Bjorken analysis can
be pushed this far, the coeKcient of this divergence is
[J„t,('ds/dfs)J„j Ev. aluation of this commutator gives
in addition to quark densities (13) expressions of the

dsx&B'~ILgx7'( —8+gB,)q+gx'q)IB). (14) form

The first term in (14) can be written in the form

gory'( —iV, +gB~)q= gJ—T,( iy—8+gB)q
+tl„tt,gKy" ( 28"+g—B")q, (15)

where tt„=(0,1).—
The covariant form corresponding to {15)is obtained

by the substitution' tf„ti„-+k„k./k', yielding the follow-

ing contribution to (8):

~g' d'k 3
&B'tr

I galV'ql B). (16)
(22r)4 k2 (mir' —k') 4ms '

A similar calculation applies to the second term in {8).
The crucial observation is that within the framework

of this model the S= j. scalar and pseudoscalar den-
sities can be expressed as four-divergences of the corre-
sponding current operators. ""

Matrix elements of these densities therefore vanish
between states of equal energy and momentum (pro-
vided such operators are, as they indeed are, non-

singular). As a consequence we find that the coefficients
of both the quadratic and logarithmic divergencies

I Eqs. (13) and (16)) vanish for the physical decay
P1OCCSS.

This is diferent from what one finds, within this
same approach, for the second-order e.m. mass shifts.
There the coeScient of the leading logarithmic di-

vergence' is

which are quite diferent from a quark density, and
their matrix elements may well be much smaller than
those of the e.m. tadpole (16'). This, together with the
fact that the leading quadratic divergence is absent
leaves open the possibility that the unknown appro-
priately cut-oG high-energy contribution to the non-
leptonic amplitude is relatively small compared with
the calculable low-energy contribution. This may serve
as a motivation for the analysis of the low-energy part
of thc weak aQlplltudcs to which wc now proceed.

6 1
Ti.„(B—+ B2r)=-

42 32m'
d(—k')

vmax

( k2+ o2) 1/2

ds ImT(ks, o,s}, {19)

QI. LOW-ENERGY CONTRIBUTIONS

Since we are interested in the region of small virtual
momenta (k2(& experimental lower limit of ms2),
Eq. (17}is an adequate starting point for the calculation.
The kinematics of the amplitude T„„,which appears in

Eq. (17), is sllowll ill Fig. 1.
In order to evaluate the contribution of the low-lying

sta'tes 111 (17)) I't Is most useful to wii'te down a Cotting-
ham-like formula, '

when e Is the 3X3 charge matrix. This density catttsof

be written as a four-divergence, and therefore its
relevant matrix elements wiH in general bc non-

vanlsh1Ilg. Indccd, 1f wc wlshto attribute thc promHlcnt
AI= j mass diGerences to such tadpole terms, these
matrix elements should be quite large, as we will

discuss Iatcl on.

ImT(ks, o, s) =-2'(22r)4+ 54(P —P—k)

X&B'sl~.t(o) ls)&sl J.(0) IB) (2o)

and o=k pe/ms, s=k 41/lkl I21 I, where 21 is the pion
momentum in the rest frame of the decaying baryon B.

v~, is a cutoff energy de6ned by the condition

B. Current-Current Interaction

%c may obtain the current-current interaction
formally from (4) by letting mio2 ~ ~,14 giving

and 3P will be speci6ed below.
In (19) there are three different types of intermediate

states 22: ts, containing no disconnected parts (Fig. 2a),

G d'k
T(B +B'tr) =——

v2 (22r)4
(17)

"'Footsoto 42fAtf is proof. After completion of this work, we
learned that a similar observation has been made by C. Bouchiat,
J. Iliopoulos, and J. Prentki, Nuovo Cimento 56A, 1150 (1968).

«4 We must, however, warn that this procedure may be meaning-
less due to the possible bad behavior of the theory at small
distances. B'(p')

Fxo. l. Kinematics of the
amplitude T„„.
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Fxo. 3. The general rveak pion-
production amplitude.

B(p

n&

20

lr~
m' (q)

s a(ql

this and our approach of using PCAC in the weak meson
production amplitudes is relatively small.

We consider the general weak meson production
amplitudes T„N(k,q) (see Fig. 3). If we assume that
T„(k,q) —T„s(k,q) (where T„sis the Born amplitude)
is a smooth function of q when g

—+ 0,"we may write
the amplitude

T„'(k,q)—T„'n(k,q)+I T„(k,o)—T„~(k,o)g. (22)

Making use of PCAC and the chiral SUB(3SVI algebra,
we have

T„.(k,o)—T„(k,o)'= ——(B'(p') I 2„(0)I A (p))

+lim —iq' rf se' '(BI T*LA '($)JJ,(0))IB)

—T„(k,q)s, (23)

Flo, 2. Intermediate states contributing to formula (19).

rs„containing a disconnected pion (Fig. 2b), and. n,
contalnlng a disconnected baryon (Flg. 2c).

In the following we will keep only the two lowest
SU3 multiplets in the s, u, and o channels. This is
effectively achieved by choosing 3f of Eq. (21) to be
slightly above rrII +INn~1800 Mev. The final result
will in fact not be particularly sensitive to the value
of M'.

Within this approximation the typical contributions
to Im T of Eq. (20) involve weak-current form factors
and weak meson production amplitudes. Following
earlier calculations, ' we take the weak-current baryon
matrix elements from the Gt to the Cabibbo theory and
use universal dipole form factors. Lacking detailed
experimental information about weak meson production
amplitudes, we use the soft-pion limit.

In previous estimates of S-wave decays' ' partially
conserved axial-vector current (PCAC) and the soft-
pion limit were used at the outset, restricting the satura-
tion procedure to the matrix elements of the weak
Hamiltonian between single baryon states. In the
framework of the present model, the PCAC extrapola-
tion may be dangerous, since in the soft-pion limit the
nonleptonic Hamiltonian carries eGectively a mo-
mentum transfer g and the matrix elements of the quark
densities L(13) and (16)j do not vanish any more. In
practlcc, as wc sha, ll show latcrs thc d@cxcncc between

ALE I. %e define BR=I(P') (A —Byg)N(P) as the decay ampli-
tude. The amplitudes satisfy the M= & rule.

Decay 10' expt. ' Calculated

0.335+0.004 0.285
0.001&0.006 0
0.338+0.030 0.40
0.405+0.003 0.57
0.440+0.006 0.50

10'B expt. ts

2.3+0.1
4.2W0.08
2.6&0.4

(—3.4+8.5)X10
1.47&0.12

Calculated

1.48
2.6
1.85
0

1.28

The experimental figures have been taken from N. Cabibbo, in
Proceedings of the Thirteenth Annie/ International Conference on High-
Bnergy PIfysics, Berkeley„ A@66 (University of California Press, Berkeley,
1967), p. 29.

's %e follow the procedure erst used by I . S. Brown and C. M.
Sommerireld, Phys. Rev. Letters 16, Hi (1N6). '

where 2'„~(0)is the result of the equal-time commutator
[A s (x),J„(0)j.If we write T„'(k,q)s using a derivative
coupling, the last term in (23) is identically zero when

q
—+ 0. So in the soft-pion limit we have

T„'(k,q) = T„'(k,q)n —(K/f. )( BIZ„(0)IA). (24)

Equipped. with Eq. (24) for the weak pion-production
amplitude and with the usual weak-current form factors
we now evaluate the contribution to thc nonleptonic
amplitude from n, =m„=baryon octet and decuplet
diagrams.

Fol thc S-wave decays thc donllnallt contrlbutlon
comes from the equal-time commutator term in Eq.
(24), so that we recover formally an 8-wave amplitude
identical with that obtained by direct application of
PCAC' to the nonleptonic Hamiltonian,

S(B-+B'rr ) (V2/f )(B'IB—
I B), (25)

where, Bs is an effective nonleptonic Hamiltonian
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evaluated by saturating a current-current Hamiltonian

by the low-lying octet and decuplet states. In the
SU3-symmetry limit one can write

(B'l8.la)=DD, .+zI,;+rr, ,;,
with D, P, T referring to the D and Ii octet, and 27
coupling, respectively. An estimate of (8'lH l8) was

made by Hara~, who obtained"

D= —3.2&16 ' MeV,

3.8&j.0 5 MeV,

T= —0.1&10 ' MeV.

(27)

IV. CONCLUSIONS

Wc have shown that in a particular 6cld-theoretical

model, a justification can be given to the "saturation"
approach to the nonleptonic interaction. A review of
its implications has shown that, within the approxi-
mations made, it describes correctly the main features
of the nonleptonic baryon decays.

Equations (25) and (28) yield a reasonable prediction
of all 5-wave decays. (See Table I).

In particular the AI= —,
' selection rule seems to emerge

in a dynamical way, because of mutual cancellation of
octet and decuplet contributions.

The corrections to Eqs. (25) and (27) which arise

from the Born term in Eq. (24), and the so far neglected

e,. diagrams, have been estimated. We Gnd that such

contributions give at most 20—30 jo corrections.
YACC turn now to consider the E-wave nonleptonic

amplitudes. Ncglcctlng Rgaln thc stp-type diagrams~ RIll

thc equal-time commutator term in the weak-production

amplitude (24), we obtain from the Born diagrams

electively the results which have been previously
obtained ln .R.cf. j.7, %'hcI'c %C hRvc to Usc for. thc
"spurion" matrix elements the values of Eqs. (27).
As is shown in Table I, this gives a substantially correct
picture of the I'-wave amphtudcs. "We found that the
neglected pieces (equal-time commutators and I,
diagrams) give small corrections without altering the

picture. It ls however, . interesting to notlcc that thc
possible effect of a E'I~ resonance in the I'-wave weak

production amplitude will add a contribution which is

qualitatively of the right structure to improve agree-

ment with experiment. Also here the d,I=-', rule is

dynamically brought in through the matrix elements of

thc %eak "Hamiltonian" between baryon states.

That this situation is signi6cantly diferent from what
we have in the case of the e.m. mass difference, we think
is supported by the following argument. Let us con-
sider the S-wave amplitudes; if the deviations between
the calculated and experimental values for the S-wave
decays are interpreted in terms of additional "tadpole"
contributions, we find for the magnitude of the tadpoles,

lp l+lD l=f.s)t, fo-sMev.

The analysis of the e.m. BI=1 mass diBcrence
lndlcRtcs that thc 10%'-cIMlgy contI'lbutlons nccd bc
augmented by a tadpole term with a magnitude

glvlng

(Fya). = —2.0g MeV,

P/D= —l.g,

l~l+ lDI =6»«.
If we adopt Bjorkcn's interpretation' of thc tadpole

contributions, we would in general expect a ratio

(lal+ lFl)s 6 sin8 cos8

(IDl+ l~l)..-.

d~ (gvv+gAA)

~e.m. ~
g

dk'--

and gyy=g~~=g, as a consequence of the "uni-
versality" of tadpoles. Using for the cutouts the values

A„i,~IO SCV and A, .~100 BCV, we And that r~h

is smaller than "r, ,"by almost an order of magnitiude
and the situation is of course much worsened, f we

increase the value of A„i,'. In spite of the crudeness of
the argument we think that this is a fairly meaningful

indication of the difference between the e.m. and the
weak case, which seems to be incorporated. in the model

dlscusscd prcvlously.
The question now is: What have we learned from all

this' We think optimistically that from the preceding
discussion may emerge the basic adequacy of the
current-current picture for low-energy nonleptonic

interactions, and the interesting role played by this

particular quark model in supplying us with information

going beyond the realm of "current algebra. "%C think

that investigating other features of such a model could

be helpful in understanding the weak and e.m. inter-
actions of the hadrons.

~6Uncertainties in F, D, and T of Eqs. (27) arise from the
insuiiicient experimental information on the vertices (Bjj„(B)
and (B(J„[a).The forms used by Hara for these vertices are
rather simple and appealing. In particular the universal dipole
form factor (my'jkm —esp )~ with my~0. 71 BeV was used in all
cases. %e found only small 'variations ( 15/) when choosing
diferent form factors, incorporating the correct static values
(including the radii).

» C. Itzykson and M. Jacob, Nuovo Cimento 48A, 655 (1967).
'8 The results for the E-wave decays are not as signi6cant as

those for the S-wave, due mainly to some subtle cancellations in
the Born diagrams, which on the other hand are particularly
sensitive to mass SU'3-breaking e8ects.

ACKNOWLEDGMENTS

The authors would like to thank Professor J. D.
Sjorkcn for dlscusslon Rnd leRding of thc manuscript.
We also extend our appreciation to Professor H. Ticho,
Professor K. Abers, Professor S.D. Drell, and Professor

J. D. Bjorken for the kind hospitality received at
UCLA and SLAC, respectively, during the last stage
of this work.


