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In the generalized Sugawara-Suzuki model of nonleptonic hyperon decays all amplitudes are given in
terms of three parameters describing the current-current "spurion. "We attempt to estimate the value of
these parameters by approximately "saturating" the current-current product with $+ octet and $+ decuplet
intermediate states. Fairly good agreement with experiment is found. This seems to show that weak-inter-
action universality holds for nonleptonic as well as leptonic decays and to indicate that the so-called "octet
dominance" arises automatically.

I. INTRODUCTION
' "N this paper we attempt to calculate all the non-
~ - leptonic hyperon decay amplitudes without intro-
ducing @my arbitrary parameters. tA"e use the generalized
Sugawara-Suzuki method' ' and the assumption that
the weak Hamiltonian is of Cabibbo's current-current
form. Our input information consists of the universal
leptonic coupling constant G, the Cabibbo' angle sin8,
and nucleon and ÃX* current form factors. The main
conclusions are the following:

(i) A current-current Hamiltonian seems adequate to
explain 5-wave nonleptonic hyperon decays.

(ii) Octet dominance tends to emerge automatically.
(iii) The factor sine appears to be necessary for non-

leptonic as well as leptonic decays.

The basic idea behind this calculation is as follows.
First, the generalized Sugawara-Suzuki method enables
us to obtain all S- and P-wave amplitudes in terms of
three parameters. These three parameters are the
amount of SU(3) (27}, lSs), and {Su) representations
contained in the matrix element of the current-current
operator product evaluated between single baryon
states. Then we estimate these three parameters by
suxnming over a set of intermediate states inserted
between the two currents. This approach was pointed
out by Sugawara' in his original paper. Here we shall
attempt to "saturate" the current-current product with
only the octet —,

'+ baryons and the decuplet ~+ baryons.
In a previous paper~ we have found that the octet con-
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tribution alone gave qualitatively the three features
mentioned above. Now we note that the inclusion of the
decuplet tends to improve the agreement with experi-
ment. It will be seen that this tendency comes from just
SU(3) factors rather than the details of integration
over form factors.

The absolute magnitudes of the contributions, how-

ever, do depend somewhat on the details of the form
factors as well as the choices of degenerate octet baryon
mass M and degenerate decuplet mass M*. Neverthe-
less, various reasonable fits can be made for diBerent
reasonable values of these parameters. In view of the
present status of experimental information on form
factors, this is probably all that we can hope for.

In Sec. II the general formalism is introduced, the
amplitudes are expressed in terms of the weak spurion,
and the relations among the amplitudes which follow
from SU(3) invariance are given. Section III contains
a discussion of the relevant form factors and brings the
theory to a stage where only numerical integrations
need be done to obtain the final result. In Sec. IV we
give a discussion of the results for a typical choice of
form factors and draw some conclusions. Finally,
Sec. V contains a detailed discussion of various fits.

II. GENERAL FORMALISM

Our initial assumption is that all weak interactions,
nonleptonic as well as leptonic, are described by the
universal current-current Hamiltonian,

6
x ',p„,J„'g~, —-

V2

where G~10 '/M„' and the current is taken to be of
Cabibbo's form '

J =J "'v~""~+cosa/(V ') +(J' ') ]
+ '

t:( ').+( ').3 (2)

In Kq. (2), (Vs')„and (Pse)„are, respectively, the

Work on K decays has been done by E. Ferrari, V. Mathur, and
L. K. Pandit (to be published), and S. K. Bose and S. N. Biswas
(to be published).
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where we have omitted the Lorentz indices and

(F )b' ——g yN ' g'yN—'
(F")b =¹yybNb' Nb'yy—bN, ,

(D")b =N:VV3N b'+Nb'V'73N:

(4a)

(4b)

——sbb g„"yybN ". (4c)

Furthermore, the experimental data indicate that

gA d+f ——1 18, .

vector and pseudovector octet currents. By now it
seems reasonably well established' that sine~0. 26 does
not arise as an SU(3) symmetry-breaking renormaliza-
tion but represents something more fundamental. The
matrix elements of Eq. (2) between octet baryon states
at zero momentum transfer were postulated by Cabibbo
to be of the form

cosg[(Pv)21+d (DA) 1+f(PA) lj
+sing[(P v) 1+ 1E(DA) 1+f(PA) 1j (3)

where A and 8 are defined to be the S- and P-wave
amplitudes for each decay and 8& is the axial-vector
"charge" given by

Bba=i der(Pha) 3

The great simplification achieved in Eq. (7) is that
all matrix elements are taken between one-particle
states. The erst term on the right-hand side contributes
only to S waves' while the second term, which corre-
sponds to baryon pole diagrams, ' contributes only to
P waves.

First let us consider the S-wave amplitudes. Using
the assumed equal-time commutators,

b'(0) Va'(x 0)]=4aPb'(x, O) —bb'Paa(x 0), (8a)

[Bb'(0) Pa'(x, 0)5=baaVb'(x, 0) bb'Vaa—(x,O), (8b)

and inserting Eq. (6) into Eq. (7), we 6nd

d/f~1. 7. (Sb)

The justi6cation for writing only octet terms in
Eq. (3) is, perhaps, provided by the generalizedls

Ademollo-Gatto theorem "
Now we note that the part of Eq. (1) which gives rise

to nonleptonic decays is

G
P N L =—cosg sin8( —',)

V2

X{[(V2'+P2') (V13+Pls)7/y (2 ~ 3)}. (6)

Next we use the technique of Sugawara, ' Suzuki, ' and
Nambu and Shrauner" to obtain the following formula'
for the hyperon nonleptonic decay matrix elements:

2'
(2&o)'"(N'(P') (&) I

&-"' (o) IN(p))
g7rNN

=A 33(p')I(p) Bri:(p') ybN (—p)

v2
=—{(N'(P') I LBb (0),JJ-"' (o)3 I N(p))

gA

((N'(P')
I
Bb'(0)

I ~)
e =baryon

octet

X(23IH„" L (0) IN(p))
—(N'(P') I& "' (0) l~)(~IBb (0) IN(P)&)}, (7)

3 L. K. Pandit and J. Schechter, Phys. Letters 19, 56 (1965);
D. Amati, C. Bouchiat, and J. Nuyts, ibid. 19, 59 (1965);A. Sato
and S.Sasaki (to be published); C. A. Levinson and I.J.Muzinich,
Phys. Rev. Letters IS, 715 (1965);R. Oehme, ibid. 16, 215 (1966).' W. %illis et al. , Phys. Rev. Letters 13, 291 (1964).

rb J. Schechter and Y. Ueda, Phys. Rev. 144, 1338 (1966);
G. Guralnik, V. Mathur, and L. K. Pandit, Phys. Letters 20, 64
(1966)."M. Ademollo and R. Gatto, Phys. Rev. Letters 13, 264 (1964).

"Y.Nambu and K. Schrauner, Phys. Rev. 128, 862 (1962).

v,.-=(N l[v, ,v. j,lN),

P„-=(N
I [P;,P:1+IN).

(10a)

(10b)

It is convenient to introduce the total spurion also:

Sba '= Vba"+Pba". (10c)

This has the following decomposition into irreducible

SU(3) tensors"

Sgg '= rTgg '
+8{(8;D:+b:D;) 2(S;D:+8:D;)}-
+4 {(bb'pa +4'Fb') 3(bb'pa'+4'pb —)}

+0{ba bb' sbb'ba'} (gN)—, (11a)

where 2., b, p, and o are coefficients which, respectively,
give the amount of spurion in the {27},{8s},{8u},and

{1}SU(3) representations. We note that the {10}and

{10}representations do not appear because of the sym-

metry of S&&".Furthermore, we have

(gN)= g "N ",
7'baaa ——(N baNaa+ gaaN ba+ gaaN ba+ gbaNaa)

s(bb'Da'+ba'Db +ba'—Db'+bb'Da')
~(bb'ba'+ba bb')(gN), (11c)'

"S.Okubo, Progr. Theoret. Phys. (Kyoto) 27, 949 (1962).

G sing cosg{ 8 la(vs 3'3+Psb'3+ (2 ~ 3))
2gA

—bb'(V21"+P21"+(2~ 3))

+82 (V3113+Pbll3) bbs(vslla+P311a)} (9)

where the vector and axial-vector "spurions" are de-

fined by
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TABLE I. P-wave amplitudes.

Ago

~0~~ 0

g++
go+
Z:

B'EEq. (16)j
(1/«) E2(f+d) (&+8)+(f—d) (P-8) —(6/5) fr+(2/5)dr j
(—1/v'12) E2 (f+d) (0 +&) +(f—d) (0 —&) —(6/5) fr —(18/5) «j
(-1/«) E(f+d) (@+&)+2(f—d) (@—&) +(6/5) fr+(2 /5) dr j
(1/+12) E(f+d) (P+b) +2 (f—d) (P —8) +(6/5) fr —(18/5) d rj—(4/3)db -2fr —(2/5) dr
(—1/42) L(f—d) (@—&) -(4/5)f +(4/5)d j
(f—d) (4 —&) —(4/3)d&+(6/5)f +(2/5)d

A (iL')+v2A (Ao') =0,

g (E —)+~2g („00)

and the Sugavrara-Suzuki' relations

(12a)

(12b)

a(z -)+42a(z,+)=—A(z,+), (13a)

g (A O)+.2g („—)— 3/q 6+ (Z
—

) (13b)

The three independent S-wave amplitudes which we
take to be A(z++), A(A '), and A(":) are given in
terms of r, 8, and P as follows:

G
A (Z++) = sin8 cos8(—2r),

2gs
(14a)

vrhere D& and Ii& are the symmetric and antisym-
metric SU(3) matrices Las in Eq. (4)j.

In this scheme all the information about the non-
leptonic hyperon decays is contained in the three
parameters r, 8, and P. From Eqs. (9) and (11a) we
obtain the S-wave, A and, 6/= —', relations

Graham, and Rosen'4:

h(A.)+6(")=0,
2~(IS)= (q-, )~(Z)+~(~),

vrhere

(1&)

(18)

a(x) =a'(wo)+Ized'(i40), (19a)

&(™)=~'(=-=)+~»'(=- '), (19b)

a(Z) =a (Z,+)—a (Z:)—V2a'(Z, +), (19c)

h(LS) =8'(A ')+28'(:)—VSB'(Zo+). (19d)

III. CALCULATION OF THE SPURION

From the last section vre see that all the amplitudes
for nonleptonic hyperon decays are given in terms of
the current-current spurion S~q" defined in Eq. (10).
We novr estimate this spurion by summing over a set
of intermediate —,'+ baryon and 2+ baryon. states inserted
betvreen the tvr o currents. Here it is assumed that higher
intermediate states may be neglected. We o6'er no
justification for this assumption but note that the
results we obtain are quite reasonable. In any event a
more complete calculation would involve merely adding
more terms to our results.

This "saturation" of the current-current spurion
involves integration over the vector and pseudovector
current form factors for E-X and E-S* transitions.
Since the former are far better known we discuss the
tvro contributions separately. It is therefore convenient
to write the spurion coefficients of Eq. (11) as sums of
tvro terms:

G 1y
A (h ') = sin8 cos8

~ ( 6/Sr+8—+3&), (14b)
2g~ g 6I

G
A (:)= sin8 cos8 ( 6/Sr+8 3—&) . (14c—)

2gA Q6

'r = 'A+ &10 y

8=88+8M,

4 =A+4io,
0'= &8+0'xo,

(20a)

(20b)

(20c)

(20d)

Furthermore all the I'-vrave amplitudes are given, ~

in this model, in terms of v, 8, and p and the quantities
d and f of Eq. (3). We evaluate the I' wave term of-
Eq. (7) by using the method of Nambu and Shrauner"
and note that

G
(S'~B„~L ~E)=—cos8sin8

X(-;(S„+S„)-(p')(p)) (1S)

gives the 8 amplitudes as

2' G sin8 cosy
gl

vrhere hM is the magnitude of the mass difference
betvreen initial and anal baryons and 8' is given for each
decay in Table I. The (8')'s satisfy two relations for
deviations from octet dominance given byPakvasa,

where ~8, for example, is the contribution from octet
intermediate states and 7.10 is the contribution from de-
cuplet intermediate states.

First let us consider the octet intermediate-state con-
tribution. VVe need the vector and axial-vector form
factors, de6ned by

(&'(p')
I
i'. (0) I&(p))

—iM
~(p') v.L(~i'(c')+lFi" (c'))

(popo')'"

Xp~a pn(3')D o5

&p~gr+ L(~~"(c')+P's" (v'))
2M

XS;——,'Z,.(q2)D;j N(p), (21a)

'4 S. Pakvasa, R, H. Graham, and S. P. Rosen, Phys, Rev. 149,
1200 (1966).
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P'(p') l~. (o) I&(p))
—iM

~(P') V.Vb[f(q')~b +~(q')»'j
(popo' )'"

with

I[G"""(q') —G""(q')3, (22b)
E1+q'/4M'/

1
Gz (q') =—G~ (q') =—G~"(q')

Py Pn

1
I, q in BeV/c, (23a)

1+q'/0. 71/

Gs"(q') =0, (23b)

and @~~2.79, p„——1.91.
We may relate the two axial-vector form factors to

each other by using Nambu's form" of the hypothesis of
partially conserved axial-vector current (PCAC). This
gives

d'(q') = &(q')
q'+M, ' (24a)

f'(q') = f(q')
q'+M ' (24b)

Actually in Eqs. (24) we must replace M ' by M&'
when the relevant current is strangeness-changing, but
this turns out to have negligible sects for our purposes
so that w'e may even neglect this mass.

Finally, we relate d(q') and f(q') to the nucleon elec-

tromagnetic form factors by using chiral SU(3)QxSU(3)
symmetry. Hara'r has pointed out that the [(6,3),

"L. Chan, K. Chen, J.Dunning, Jr., N. Ramsey, J.Walker, and
R. Vhlson, Phys. Rev. 141, 1298 (1966).

'6 V. Nambu, Phys. Rev. Letters 4, 380 (1960).
'7 Y. Hara, Phys. Rev. 139, 3134 (1965).

Zgp+»D'(q)~b+&'(q')» 3 N(p), (»b)
2M

where q=p p'=—(q,iqo), o„„=,'if'-„,y„j' and Db and

are, respectively, the symmetric and antisym-
~etric SU(3) matrices. We have assumed SU(3) in-
variance so that all the vector form factors are given in
terms of the known nucleon form factors. We use the
following" empirical fit to the nucleon form factors:

f 1
p y, n(qo)

(1+4'/43P)

q2

G~~ ~(q')+ G~~ ~(q') (22a)4'

(3,6)$ representation of this group gives the usual

SU(6) results. It also gives the form-factor predictions

d(q') = og"[~'"(q')+P''"(q')], (25a)

f(q') = 5g"[P''"(q') —lF'"(q') j, (25b)

where we have normalized the result to obtain

d(0)+ f(0)=g'=1.18.

Substitution of the form factors of Eqs. (21)—(25)
into the current-current spurion gives the following con-

tribution from octet intermediate states

3P
(E,v 1/9„oE v 4/9E, ~

2x'
8/3p"KoA p 2EoA) (26a)

M'
ho

—— (—9/5E ++1/5p, 'Eo'y4/5E&"
27r2

+24/5p, Km"+9/Sp 'Eo~) (26b)

po= (4/3~ 2Eov+16/3E&A+4" E A)
27r2

(26c)

M'
oo= ( 3/2Egv+3/2—p 'Eov+6Kg~

27r2

+4p Ko"+3/2p, 'Eo~), (26d)

&D(p') I
y '(o) lx(p))

1 )MM*)"'
ob bI—, I

Ds' "(p)
Vr & popo'&

Xpp fg+ippy fo+ps(p+p') fs

+(p p')-psf4j»&-'(—p) (27a)

(D(p') I
z - (o) lx(P))

1 )MM* 'I'
Dn'""(p')

k p.p;

X/8p fx+iP~ @+Ps(P+P ) Co

+(p p')~PPa43& "(p) (—27b)

where we have set p„=—-',y„, the E; are integrals
from the vector-vector part of the spurion, and the E;~
are integrals from the pseudovector-pseudovector part
of the spurion. All these are given in Appendix A.
Details of the evaluation of these integrals will be dis-

cussed in Sec. V. At this point we only note that they
converge rapidly, the dominant contribution coming
from values of qo for which the empirical fit of Eqs. (23)
is known to be good. ' We also remark that the integrals
are somewhat dependent on the degenerate mass of the
baryon octet.

Next let us consider the decuplet intermediate state
contribution to the current-current spurion. We define

the decuplet-octet transition form factors in the SU(3)
limit as
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(q)f2=F2'(q') f2=
M+M* To give this some momentum dependence we adopt the

familiar empirical forms,

Fr (0)
F "(q2)= (29a)

(1+q2/b)'

F '(q')

(M+M*)'

Fpv(q')
fr

(M+M*)2

p A 2(q)
gr=Fr (q) A=

M+M* 1 F2v(0)
F v(q2)—

b+ '/bbr')((1+ '/b)')
(29b)F A(q2) F A(q2)

(M Ma)2 (M+M*)' (29c)Fpv(qp) =F4~(q2) =0.

where the f's and g's are related to the form factors of production analysis'2 that
Albright and Liu' by Frv(0) = —Fpv(0) =5.6,P'v 2

F,v(0).=F4v(0) 0.

(M*)2
rrp= (—1/4)D,

2m'
(28a)

and our normalization, of the decuplet SU(3) wave
function is such that, for example 0 = (1/g 6)D"'. All
the form factors may be taken to be real. M* is the
(degenerate) decuplet mass.

Using Eqs. (27) we may write the general result for
the decuplet intermediate state contribution to the
current-current spurion as

The additional factor in Eq. (29b) was inserted to
assure convergence of the relevant integral appearing
in D. We regard the damping factor b as a parameter
and, in Sec. V, give some arguments as to its correct
value.

For the axial-vector form factors we rely on the
analysis by Albright and Liu" of pion production by
incident neutrinos. They 6nd that a reasonable fit to
the scanty experimental data is provided with

—0.87
(M*)'

(—9/5)D,
2m

(28b)

F A(q2)
(1+q'/&)'

F A(q2) F A(q2) F A(q2) 0

(30a)

(30b)
(M*)2

4»= (3/2)D
2g2

(M*)'
o rp= (15/8)D,

2g2
(28d)

' C. H. Albright and L. S. Liu, Phys. Rev. 140, B748 (1965);
140, 81611 (1965).See this reference for further information on the
experimental data.

where D is given in Appendix B.
Now obtaining D requires us to integrate over the

E-E* transition form factors which are very poorly
known. In spite of this, we see from Eqs. (28) that the
ratios of the decuplet contributions to the various
decays are urriquely axed independently of the details of
integration. These contributions to

A(A ') 2(:), and A(Z++)

are easily seen from Eqs. (28) and (14) to be in the
ratio 1:-2: 1/g6. Comparing this with our previous
results~ for the octet contribution, we see that this ratio
may well improve the agreement with experiment for
2 (h ') and A(:) and only slightly worsen the agree-
ment for A (Z++).

To actually estimate D we need some idea of the form
factors in Eqs. (27). For the vector form factors we
used the results of Gourdin and Salin's pion photo-

for b=0.71 and F;v(0) given as above.
As may be seen from Appendix B, the value of D also

depends on the values of M* and M we choose. We will
show later that with reasonable values of b, M, and M*,
D also turns out to be of the proper value to give fairly
good agreement with experiment for the decay ampli-
tudes. In any event, we emphasize that D is only one
number which could have been regarded as an arbi-
trary parameter if we had been less ambitious.

IV. GENERAL DISCUSSION

In this section we discuss the results for a typical
choice of parameters in some detail and also compare
with experiment. Other choices of parameters will be
discussed in the next section, but the results are quali-
tatively the same.

For the choices, '0 %=1.064 BeV, %*=1.400 BeV,

bb M. Gourdin and P. Saiin, Nuovo Cimento 27, 193 (1963).
However, diferent results are quoted in B.V. Geshkenbein, Phys.
Letters 16, 323 (1965); H. Sugawara and F. Von Hippel, Phys.
Rev. 145b 1331 (1966).

~ This choice has the disadvantage that it gives values some-
what too low for one set of total cross sections for neutrino-pion
production. (See Ref. 18. %'e are grateful to Professor C. H.
Albright for very helpful communications on this matter. ) How-
ever, this choice gives the best p/8 ratio for the weak spurion. The
fact that b here is somewhat low, compared with the corresponding
quantity for nucleon electromagnetic form factors may reflect the
fact that the EÃ* transition form factor has a larger "radius. "
See the discussion in Sec. V.
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TABLE II. Experimental and theoretical decay amplitudes {units of 10 M ).

Aexpt

A theor

(dM/2M) Bexyt

(dM/2M)B, h„,

3.3
3.0
2.42

0.88

App

20 13

—0.88

44
—3.84

1.46

0.43

Process
M 0H

()

3.32

2.72
—0.92

0.06

—0.1
0.6
4.97

1.7

&:3.8)

(2.22)
0.88

—0.48
—0.16

and b=0.40 (BeV)' we 6nd for the coeKcients in
Eqs. (11)

r = rs+ r go =—0.38—0.91=—1.28Mrs,

Q= Ps+$to =6.4+5.4= 11.8M ', (31)
b=&s+Ro=0.64—63=—5.8M '.

Prom Eq. (31) we notice Erst of all that octet domi-
nance (small r) emerges. Secondly, we note that the
basic feature of the weak spurion, that of g dominance,
comes from the octet intermediate-state part of the
contribution. Actually we see from Eqs. (28) that, ir-
respective of the details of the form factors, the decuplet
intermediate-state contribution favors b to P. In spite
of this, the decuplet contribution is sizable and im-
proves the agreement with experiment from the earlier
results with octet alone. (There we used a lower octet
degenerate mass which increased slightly the size of the
octet contribution. ) Thirdly, we note that the ratio g/b
is —2.

Substitution of the above results in Eqs. (14) and
(16) gives all the decay amplitudes which are listed, side

by side with the experimental values in Table II. We
see that the S-wave results agree impressively with ex-
periment. It might bear repeating that this was ob-
tained by using the values of G and sint) from leptotsic
decays.

On the other hand, the P-wave decays come out
roughly in the right ratios but less than one-half too
small. This, however, is a consequence of our modeP '
and is independent of the weak spurion, Presumably
the generalized Sugawara-Suzuki formulation must be
modihed to adequately explain the P waves. We may
remark that the P-wave amplitudes as given in Table I
are rather sensitive to the fine details of the spurion.
Reference to Table I also reveals the amusing point that
if r is nonzero but still small there may nevertheless be
non-negligible violation of the BI=2 rule for A and Z
P waves. This is due to the large coeKcient multiplying
this term.

V. OTHER POSSIBLE FITS AND DISCUSSION
OF N¹FORM FA,CTORS

From Eqs. (14) and (20) and Appendices A and 3
we see that the amplitudes A (A '), A (.:), and
A (Z++) (or alternatively r, P, and b) can be expressed
as complicated nonlinear functions of the degenerate

TABLE III.Octet intermediate-state contribution to decay ampli-
tude versus M. bs =0.71 SeV and A is in units of 10 7 M .

u {aeV)

0.94
1.03
1.064
1.13
1.218

A(X ')

2.9
2.12
1.95
1.65
0.95

A(:)
—2.4-1.83—1.74—1.54—0.88

A {Z,+)

0.4
0.248
0.18
0.145
0.06

~' C. W. Akerlof, W. W. Ash, K. Berkelman, and C. A. Lichten-
stein, Phys. Rev. Letters 16, 147 (1966);M. E.Nordberg and K. A.
Kinsey {to be published)."J.D. Jackson, Rev. Mod. Phys. 57, 484 (1965).

octet mass M, the degenerate decuplet mass 3f*, and
the NN* form-factor parameter b. Since the amplitudes
depend somewhat on these variables (see Appendices)
and only b8=0.71 BeV' for the nucleon form factors is
known accurately, it is desirable to investigate the
e6ect of reasonable variations of the other parameters.
Furthermore, the parameter b is obtained from the
meager data on neutrino N* production"; we will thus
set up simple models by which b is related to b8. To this
end we consider two alternative hypotheses.

(A) Form factors fall off with universal slope, i.e.,
b=b8=0.71 BeV'." Support for this hypothesis may
possibly be found in the measurement of the charge
radius of the m meson, " although the justi6cation for
generalization to X-N* form factors is not entirely clear.

(3) It is eminently reasonable that the size of a
particle increases with its mass (e.g., in nuclear physics).
Now b is inversely proportional to (r'); therefore, we
shall consider the ansatz that b/bs~(M/M*)s Other.
arguments in favor of considerable structure (larger
size) in the vector X i''* form-factors can be found in
the failure of the point-coupling absorption-model de-
scription of the process xN —+xN* via p exchange, "
where anomalous threshold behavior is expected to
occur at the pNN* vertex.

In the following we shall demonstrate that for
reasonable choices of the degenerate masses, it is pos-
sible to obtain predictions for the nonleptonic decay
amplitudes.

In order to illustrate the dependence of the ampli-
tudes on the degenerate masses and the form factor
parameters we refer to Tables III—VII.

We first note from Tables III, IV, and V that the
amplitudes do vary with b, M, and M*.To some extent
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TABLE IV. Decuplet intermediate-state contribution versus b for
fixed M=1.13 BeVand M*=1.4BeV. A is in units of 10 7 M .

b (BeV)

0.3
0.4
0.5
0.71
1.0

A(a o)

0.68
1.09
1.57
5.4
6.65

A(:)
—1.36—2.18—3.4—10.8

1303

A (Z++)

0.277
0.44
0.64
2.2
2.71

TABLE V. Decuplet intermediate-state contribution versus M* for
fixed M=1.13BeVandb=0. 71BeV~.A is in units of 10 'M .

M* (Bev)

1.13
1.25
1.4
1.6

A(Z o)

2.46
2.62
5.4
553

A (™:)
—4.9—5.23—10.8

1143

A (Z,+)

1.0
1.04
2.2
2.3

TABLE VI. Decuplet intermediate-state contribution versus M* for
fixedM=1. 13BeVandb=0. 4BeV'. A isinunitsof10 'M .

M*(BeV)

1.13
1.25
1.4
1.6

A(x o)

0.664
0.74
1.09
4.1

A {=:)
1132—1.44—2.18—7.9

A (Z++)

0.27
0.303
0.44
2.36

TABLE VII. Decuplet intermediate-state con tribution versus
M* for variable b (see hypothesis 8) and fixed M = 1.13 BeV. A is
in units of 10 7 M .

M*(BeV)

1.13
1.25
1.4
1.6

b(BeV)

0.667
0.506
0.4
0.306

A(x o)

2.12
1.23
1.09
6.15

—4.22—2.46—2.18—12.5

A {Z,+)

0.86
0.504
0.43
2.64

this weakens our conclusions since it becomes impossible
to obtain a unique choice of b, M, and M* which fits the
data. On the other hand, we recall that the choice of M
and M* is by no means completely arbitrary.

If we take the hypothesis A of universal form factors,
it perhaps is slightly more consistent to calculate at a
"universal" mass, although the experimental value of
the form-factor parameters are measured for physical
masses. Using the central octet mass, i.e., M =M*= 1.13
BeV, we read from Tables III and V the amplitudes
A (A ') 4.11, A (":) —6.44, A (Z++) 1.15. These
values are clearly too large, but have approximately the
same ratios as the experimental amplitudes. With a
slightly diferent treatment of the axial vector N-N
form factors and a value of vector N-N* form factor
srloller than those of Gourdin and Salin, "Hara' has
obtained values of the above amplitudes evaluated at
the degenerate mass M=1.13 BeV to be in agreement
with experiment. Although we have demonstrated that
the values of the amplitudes change drastically if we

vary the treatment of the form factors, we certainly

TABLE VIII. Most "reasonable" fits: A is in units of 10-~ M .

Fit M (BeV) M*(BeV) b (BeP) A(A ') A ( -) A(g++)

A 1.13 1.13 0.71 4.11 —6.44 1.15
B 1.064 1.4 0.4 3.04 —3.92 0.62
C 1.13 1.4 0.5 3 22 —4.94 0.79

cannot exclude hypothesis A because the large un-
certainty inherent in the form-factor analyses obscures
the calculation.

On the other hand, if we assume that hypothesis 8 is
correct, then we would have the value 0.4 BeV for b.
Since we do admit the variation of b for the octet and the
decuplet, it would be more reasonable to include the
corresponding variation of degenerate masses as well.
Using M = 1.064 BeV and M*= 1.4 BeV, we read from
Tables III and VI the amplitudes

A (A ') 3.04, A (:) —3.92, and A (Z++) 0.62.

This is in reasonable agreement with experiment.
The results for the above-mentioned choices of

parameters are given in Table VIII as fits A and B.We
are aware that there is no clear-cut a priori evidence in
favor of our choices of fits A or 8; however, it is re-
markable that it is possible to obtain a fit consisten. t
with our conclusion of weak-interaction universality
and octet dominance for reasonable parametrization of
the N-N* form factors. With the present knowledge of
3l-N* form factors, it is difficult to rule out any of our
choices. However, our calculation seems to indicate a
tendency to favor faster fall-off for these form factors.
Further experimentation in this direction will be of
great interest.

We note that our fit 8 is not completely consistent
with all sets of the N* neutrino production data, since a
value of b=0.4 BeV' would predict too small a total
cross section for one set of experimental data. "Assum-
ing that the meager data available suggest the value of
b to be higher, say b=0.5 BeV', it is then possible to
obtain yet another fit with a central octet mass of
M=1.13 BeV. This is shown as C in Table VIII. How-
ever, since fit 8 seems to predict the proper spurion
ratio, we shall arbitrarily use J3 as our typical fit.

Finally, we point out that the integral D in
Appendix B would be lirlecrly divergent had we not
introduced an extra damping factor of (1+q'/4M') '
for F,v(q') in Eq. (29b). However, it has been specu-
lated by Wu and Yang" that for very large momentum
transfers, the form factors are exponentially damped.
Such a model would assure us of convergence for the
integrals. On the other hand, we note that for
q'&2 —3(BeV/c)', i.e., the region from which D receives
most of its contribution, the factor (1+q'/4M') ' is
approximately unity. Therefore, we believe that the
introduction of our damping factor is quite reasonable.

+ T. T. Wu and C. N. Yang, Phys. Rev. 137. 8'708 (1965)„
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The integrals appearing in Eqs. (26) are

dx (x'—1)'12Q;

L1+(2M'/0. 71 BeV') (x—1)j4

APPENDIX A

(A1)

dx (x'—1)'~2 Q, (x—1)(x—1+M '/2M'+M gP/2M2)
E;~=/ (x+2)— (A2)

k5/3P g $1+(2M'/0. 713eV') (x—1)]4(x+1)' (x—]+M 2/2M2) (x—1+M~2/2M~)

where Q~
——1, Q2 ——(x—1), and Q3= (x—1)'. In obtaining the above integrals we assumeel-that the initial and Anal

nucleons were at rest. Setting M, =Mz ——0 in Eq. (A2) does not change the result essentially, as noted after
Eqs. (24).

APPENDIX 3

dx(x' —1)'12$(x),

$(x) (x 1)( (f&) +M (x~ 1)L ~s(M2+M*'+ 2xMM*) (f )'——'(M'+M*' —2xMM*) (f4)'

+3(M*' M') faf4 32—(M* M)—fsf3+ 3—(M*+M)f-2f4+';f g(f3+f4) j+M2(x+1) p-', (f2)'(x+2)

+;fgf,/Mj)-+(x+1)((gg)'+M'(x' —1)P—-'(M'+M*'+2xMM*)(g )'
——;(M+M+2—2*MM*) (g,)2+-', (M*'—M') g,g,—-', (M*+M)g,g,——,'(M*—M)g,g4

+-,'gg(g, +g4)]+M'(x 1)$3 (gm)'(—x—2)+-,ggg/Mj) .

In this equation all form factors are functions of q'= 2kDM —M' —M*', and x= ko/M*.


