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An elementary framework is presented in which both S-wave and P-wave nonleptonic hyperon
decays can be described satisfactorily from a constituent-quark standpoint. The picture is likely to
be of use in future discussions of kaon, hyperon radiative, or heavy-quark decays.

I. INTRODUCTION

Nonleptonic decays of hyperons provide a rich ground
for the study of how weak- (or any pointlike) interaction
processes occur in the presence of strong interactions.
Even though many features of these decays have been un-
derstood for about 20 years, since the advent of current
algebra,! many other questions remain timely. Among
these are the following.

(a) How does one separate long-distance from short-
distance effects? These questions return to haunt us in
studies of the K°-K © system and of weak decays of heavy
(¢,b,. . .) quarks.

(b) Is the AI =+ rule in hyperon (or kaon) decays fully
understood?

(c) What can one predict for rates and asymmetries in
the radiative decays of hyperons, such as 2+ —py?

(d) Can the technology of dealing with the weak nonlep-
tonic interactions be applied to other pointlike processes,
such as proton decay?

In the present article we describe nonleptonic hyperon
decays primarily from a long-distance point of view, with
as much appeal as possible to simple quark-model ideas.
Our intention is to obtain a picture of quality and intui-
tive power similar to that provided by the constituent-

quark description of magnetic moments and magnetic di-
pole transitions in baryons and mesons. Thus, we shall be
satisfied with qualitative (~10%) results at the present
stage. It is our hope that the techniques developed here
may be helpful in shedding light on some of the questions
mentioned above.

We set the stage for the discussion and mention some
relevant previous work in Sec. II. Quark-model calcula-
tions are reviewed in Sec. III. The S-wave (parity-
violating) decays of baryons are discussed in Sec. IV and
the P-wave decays in Sec. V. Possible relations among
amplitudes, motivated by nonrelativistic considerations,
are mentioned in Sec. VI. A summary (and list of future
problems) occupies Sec. VII.

II. PRELIMINARIES AND PREVIOUS WORK

We shall be concerned with the decays listed in Table I.
Also shown are the experimental values for the corre-
sponding amplitudes. For spin-+ baryon decays, we use
the conventions of Ref. 2, taking the effective Lagrangian
for the decay to be

L etr=Grm [ ,(4 +Bys)¥ 14, , 2.1

where Gy is the Fermi coupling constant, so that the am-

TABLE I. Nonleptonic-hyperon-decay amplitudes.

Decays By(4 ' )—m+B,(+7) (from Ref. 2)

Decay S-wave amplitude P-wave amplitude
A—Tp A(A%)=1.47+0.01 B(A%)=9.98+0.24
A—7n A(AY)=—1.0710.01 B(AY)=—17.1410.56
St atn A(2%)=0.06+0.01 B(21)=19.07+£0.07
St —a% A(323)=1.48+0.05 B(3§)=—12.04+0.58
S——mn A(22)=1.93+0.01 B(2Z)=—0.65+0.07
=0 7%A A(=3)=1.55+0.03 B(E3)=—5.56+0.33
E-—1A A(E2)=2.0410.01 B(EZ)=—7.49+0.28

Decays @~ (3 %)M (0~ )+B,(+™)

Decay P-wave amplitude (magnitude)
Q-7 =0 | B(QZ)| =10.0£0.3
Q- —7°=- | B(Qg)| =6.0+0.3
Q- —SK-A | B(Qg)| =30.6£0.6
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plitudes 4 and B are dimensionless. A describes S-wave
(parity-violating) decays; B describes P-wave (parity-
conserving) decays. The corresponding partial width for
B,—mB, is

(Gpmﬂz)z

['(B,—m7B,)= s—q{[(my+my?—m,?]| 4 |?

17'm1
+[(my—m3)*—m,2]|B |}

(2.2)

where g is the magnitude of the final three-momentum of
either particle in the rest frame of B,.

For 1~ decays to m= or KA, we take the effective La-
grangian® for the decay O~ —MB,

L tr=Grm*)(B + Dy s)Y,(#dp /mg) ,

where ¥, is a Rarita-Schwinger spinor describing the Q.

The dimensionless amplitude B describes P-wave decays,

while D describes D waves. The partial width is then

(Grm )

[(Q—MB,)=——"——¢ [(mq+mpP—my*]| B |2,
247, maq

(2.3)

(2.4)

plus a D-wave contribution which we shall henceforth
neglect. We use partial decay widths for Q~ based on the
compilation in Ref. 4 to calculate | B |. We shall not be
concerned here with the Z*7 decays of Q~; discussions
appear, for example, in Refs. 3 and 5.

The amplitudes in Table I satisfy a number of approxi-
mate regularities, some of which we will be able to
describe quite simply.

The AI =1 rule for the transformation property of the
nonleptonic weak Hamiltonian implies

A2 =—V72A], (2.5a)
2I4+V23$=3C, (2.5b)
E-=V2E], (2.5¢)
Q-=v295, (2.5d)

for both 4 and B amplitudes. Deviations from these rela-
tions are small. We shall be treating only contributions
respecting the Al = rule.

The Lee-Sugawara triangle relation,’

A’ +V33¢=25", (2.6)

holds well for S-wave (4) amplitudes but less well for P-
wave (B) amplitudes. For S waves, it is a consequence of
current algebra and partial conservation of axial-vector
current (PCACQ).

The S-wave amplitude 4(=%) and the P-wave ampli-
tude B(2Z) nearly vanish. We shall be able to under-
stand the first result, but the second will appear acciden-
tal.

Early approaches based on current algebra and PCAC
were able to understand the S waves well, but the P waves
less well.%” This situation has persisted until fairly recent-
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ly.>® Explicit long-distance approaches to the problem
have also appeared over the years.>®~!* It appears that
satisfactory descriptions of both S- and P-wave decays
can be obtained if one is prepared to abandon the
current-algebra-inspired link between them. Various justi-
fications for this procedure have been given.> %1314

Our treatment is closest to the spirit of Ref. 3, but more
directly tied to a quark picture. We find an adequate
description of both S waves and P waves, leaving to fur-
ther work the possible relation between the two sets of
amplitudes as well as any connection with kaon decays.

The description of nonleptonic decays most directly
tied to the present understanding of the strong and weak
interactions is based on the short-distance behavior of
operators.! A modest enhancement of the AI =5 part of
the nonleptonic weak Hamiltonian arises in QCD (Ref.
17). Internal quark loops ?lay a role in generating an ef-
fective s—d transition'®!® through the so-called
“penguin” diagrams.!” Short-distance analyses of radia-
tive hyperon decays have been performed; the transition
s—d +v alone does not suffice to explain known data,®
but s—d +7 +(gluon) may do so.2"?** It is necessary to
evaluate matrix elements of short-distance operators via
some theory of the hadrons, whether via lattice,? bag
model,'>'>22 or other methods. Our complementary
long-distance approach should contain at least as many
independent operators as those short-distance ones first
classified in Ref. 18, and we have checked that it does.
Relations among them may be possible; we leave these for
future study.

One crucial aspect of the Al =+ rule in baryon nonlep-
tonic decays involves the subprocess shown in Fig. 1. For
a pair of quarks in an S wave, the nonleptonic weak in-
teraction leaves the final ud pair in su —ud in an I=0
state.* The process must then necessarily carry Al =%
(the isospin of the initial # quark). This process will be
one of several we consider.

Another subprocess in weak decay is loosely related to
the penguin graph'®!® shown in Fig. 2. A quark loop can
lead to an effective s—d transition, as long as at least one
gluon is radiated by the intermediate charge % quark.
Without this gluon, the s—d transition could be rotated
away.?

A further operator suggested by the short-distance ap-
proach is illustrated in Fig. 3. A transition s —d can flip
spin if another quark g flips its spin simultaneously.
Thus, we anticipate an operator of the form o0, in

FIG. 1. AI= -;— four-quark contribution to hyperon decay
from the transition su —ud. Both the initial and final pairs are
in a state with /=0, spin 0, and color 3*, leading to a state with
flavor antisymmetry.



FIG. 2. “Penguin” graph depicting s —d weak transition.

baryon decays. The single gluon shown exchanged in Fig.
3 is only the lowest-order (in a;) contribution to such an
operator. For one-gluon exchange, the contribution is
O(v%/c?). For exchange of more than one gluon such
suppression need not be present.

The penguin graph can manifest itself in another way,
as shown in Fig. 4. There will be an effective s —7"u or
s—u°d decay amplitude, respecting the Al =5 rule. We
find the contribution of this amplitude to be of the same
form as the s —d transition illustrated in Fig. 2.

One contribution which we explicitly neglect in the
present treatment, but which is needed in a complete
description including Al =3 amplitudes, is the “specta-
tor” diagram shown in Fig. 5. Because of color factors, it
can be seen that this diagram predicts amplitudes for
s—m~u which are 3V2 times those for s—#’d, while
this ratio would be —V'2 for a pure Al =+ transition (as
in Fig. 4). The most prominent place to look for this ef-
fect is probably in Q—Zm decays, for which the AJ =—§-
rule predicts a £~ /Z~#° ratio of 2. The experimental
value? is closer to 3.

III. QUARK-MODEL CALCULATIONS

We shall consider only S-wave mesons and baryons.
From this point of view the baryons may be considered as
states symmetric in flavor X spin, since they are antisym-
metric in space X color. It will then be convenient to treat
quarks as bosons (as in Ref. 24) from the standpoint of
creation and annihilation operators. This simplifies the
construction of baryon wave functions; it is irrelevant for
mesons, if we are careful about parity properties.

S Os4 d

q q

FIG. 3. Example of a spin-flipping s—d transition, giving
rise to operator proportional to o, 4,.
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FIG. 4. Special contribution of “penguin” graph to pion
emission in strange-quark decay.

A. Construction of baryon states

We will need quark-model wave functions for octet
(+7) and decimet (%+) baryons. These are depicted in
Tables II and III. The arrows denote components of spin
along the z axis: 1 for J,=17, | for J,= —+. This nota-
tion also applies to the %+ states, for which we will need
only J, =+ spin projections. The operator u *1, for ex-
ample, creates a u quark with J,= + 5 from the vacuum
[0). The states are correctly normalized, by virtue of the
bosonic commutation relations of the creation and annihi-
lation operators.

The magnetic moments of baryons in the quark model
may be calculated by taking the expectation value of

py= 3, (ngy—ng i, , (3.1)

q

where, e.g.,
ng=uttur (3.2)

and so on. One then finds familiar relations such as
Hg=THy— THd (3.3)

and

BA=Hs - (3.4)

B. Meson emission

We shall calculate meson-baryon couplings using the
static quark model, which gives the SU(6) value of
F/D=2%. The nonrelativistic limit of pseudoscalar
meson emission by a quark corresponds to an operator of
the form ok, where k is the meson momentum and o is a
Pauli matrix describing the quark spin. We shall always
take k along the z axis, so the calculation of coupling-

(b)

7’,0

~—

u u

] d
W

FIG. 5. “Spectator” diagrams contributing to pion emission
by strange quarks. (a) 7~ emission; (b) #° emission.
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TABLE II. Quark-model wave functions for octet (%+
baryons with J, =+ %

pt ()W Huttu*ttd*i—uttutid*1)|0)
nt (P)Ad*+1dtiutt—d*rrd rutl)|0)
At () 2utrd*istr—utidt1st1)]0)
St () uttutistr—uttutistl)|0)
St () M utrd st utidtistr—2uttdT1s+1)|0)
0 ($)Ad*H1d st —dtidt1s 1) |0)
0 (3 A(stistruti—stistiut1)|0)
E-t (3 Aststrdti—stistid*1)]0)

constant ratios reduces to the evaluation of matrix ele-
ments of o3 between initial and final baryons. Relativistic
effects renormalize the coupling strength (equivalently,
the axial-vector coupling constant g,) but not the pattern
of couplings.2®

The specific operators which we choose to describe
meson emission are

0" =y*trdt—utidl, (3.5a)
@l e iy dt +

(0] ‘/i(u tut—ulul—d*1dtr+d*idl), (3.5b)

0" =—(d*tut—d*lul), (3.5¢)

OX =ytrst—utisy, (3.6a)

0K = _(d+1st—d+1is1) . (3.6b)

The signs are chosen so that (7~,7%7*) and (K ~,K°)
correspond to isospin multiplets. SU(3) symmetry is as-
sumed in passing from pions to kaons.

As an exercise, we may now, calculate coupling con-
stants for meson emission by +  or -§-+ baryons. These
coupling constants are needed in evaluating the contribu-
tions of pole terms to P-wave nonleptonic hyperon decays.
Typical pole terms are shown in Fig. 6. To calculate the
amplitude for pt—m*nt we evaluate (n1[0™")|pt);
the result is —3. Results of similar calculations are
shown in Table IV. These isoscalar factors (MB’|B) are

TABLE III. Quark-model wave functions for decimet (%+)
baryons with J, = + 5.

At+t (P uttuttuty)|0)
A+t ($)uttuttd*i+2ut1u*1d*1)|0)
A% ($)Ad+1d+tuti+2d+1dtiut1)|0)
At ($)VUd*+1d*+1d+1)|0)

Y*Hr () %uttutrsti+2uttutist1)[0)

YO ()Vutrdtistidutrdtistr+utidtist1)[0)
Y* 1t (P)MAd+id*t1sti4+2dtrdtist1)|0)

E*1 ($)MAstrstruti42stistiut)|0)

E*r (PVAsTistidti42st1stid )| 0)

Q-1 (F)s+1s+1s+1)|0)
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(a) 5 , Hy g
a ——
A

+
/T
2+ Hy p ,’/ n

FIG. 6. Typical pole terms contributing to nonleptonic hy-
peron decay. (a) Hy acts “after” meson emission; (b) Hy acts
“before” meson emission.

related to the amplitude for Bt—MB’t by an isospin
Clebsch-Gordan coefficient:*

A(Bt—MB't)=(MB’ |B)(IBI3B IIMISMIB’I3B‘) . (37)

We have tabulated only those factors needed in subse-
quent calculations.

C. Parity-violating and parity-conserving weak Hamiltonian

The nonleptonic strangeness-changing Hamiltonian is

G
Hy = -\/—FisinOCcosec[tTY"( 1—ys)s]

X[dyu(1—ys)u]+H.c. (3.8
To set the stage for the nonrelativistic discussions which
follow in Secs. IV and V, we note that the parity-violating
part of (3.8) in this limit always carries A/=1 and is of or-
der v/c in comparison with the dominant part of the
parity-conserving part (with A/=0). A similar distinction
applies to the penguin diagrams giving rise to s —d tran-
sitions.

TABLE 1IV. Quark-model predictions for isoscalar factors in
(J;=7)—(J;=7) transitions.

Isoscalar

factor Value
(#N |N) —5/V'6
(2| A) -2
(mA | 2) V273
(72| 2) -3
(7E|E) 1/vV'6
(RN | A) —V73
(RN |3) -+
(RA|E) 1/V'6
(72| E*) 2/V3
(RA|E*) 2/V3
(RE|Q) 4/V3
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IV. S-WAVE DECAYS

A satisfactory description of S-wave nonleptonic hype-
ron decays is possible from many points of view. In par-
ticular, current algebra and PCAC can be used to relate
the amplitudes for B—B'r (garity violating, S wave) to
the matrix elements (B’ | Hyf "' | B ), where PC stands for
parity conserving. These matrix elements then may be
calculated via SU(3). The results involve an f/d ratio
which is approximately the same (—3<f/d<—2) as
that characterizing octet or electromagnetic splittings
(B !AM ,B)‘5,7,10

We would like to see from a quark standpoint how
some of these results arise. The parity-violating weak in-
teraction leads to an effective su—ud term in the effec-
tive Hamiltonian of the following form when both initial
and final pairs are in a color 3*:

HEY o~wtrdti+utid 1) stul—slut)
Futrdti—utidtt)stul+siut) .
4.1)

The form of (4.1) expresses the fact that the PV transition
acts between quark pairs of S=1 (and, incidentally, /=1)
and those of S=0. We consider only those S =I/=1
states with S, =1, =0, as will be clear presently.

The quarks in the initial or final state of the su-—ud
transition must be involved in pion emission in order for a
nonzero contribution to arise in the processes of interest.
Allowed diagrams are shown in Fig. 7. If the pion is not
“connected” to the quarks in H f;v_wd), as in Fig. 8(a), the
initial or final states of the term (4.1) will not match those
of the quarks in the initial or final baryon, because such
quarks are in a relative S wave with respect to one anoth-
er. The effective operators leading to pion emission via
the parity-violating contribution (4.1) then have the form

O,(7—,PV)=x(ut1dti—utidtt)stdi—sidt),
(4.2a)

O, (7% PV)=x(uttdti—utid t)stul—siut)/V?2,
(4.2b)

where x is an arbitrary strength. The result in (4.2a)
comes from Fig. 7(a) alone [Fig. 7(c) will not contribute],

(a) (b)
i.,//‘_’i s u//
s ~ < u u?w* .
xn
e

S u

—_—

iﬂ:l

FIG. 7. Examples of allowed diagrams in parity-violating
nonleptonic decays involving the su — ud transition.

1371
(a) (b) /

(c)
S o /,// d
9

FIG. 8. Diagrams contributing only to parity-conserving
nonleptonic decays. (a) su —ud transition; (b) s—d transition;
(c) s —d transition with a spin flip.

while that in (4.2b) is the sum of equal positive contribu-
tions from Figs. 7(a) and 7(b) and an equal negative con-
tribution from Fig. 7(c). As we shall see, there is no
operator corresponding to 7+ emission from these graphs.

A similar distinction among quarks involved in pion
emission and those which are not applies to PV s—d
transitions generated by penguin graphs. Since such tran-
sitions must involve A/=1, graphs such as Figs. 8(b)and
8(c) cannot contribute to PV decays, while those in which
the final d quark ends up in the meson can contribute.

The distinction between allowed and forbidden contri-
butions to the PV decays immediately tells why 4 (=%)
must vanish. The only potential contribution to this am-
plitude would come from the graph of Fig. 7(b), in which
the meson consists of ud and the quark q is a d. Then, by
statistics, the dd pair in the final state must have S=1,
S;=0. But the emitted pion and the ud pair just after W
exchange also have S=1, §;=0. This amplitude then
vanishes, since the Clebsch-Gordan coefficient (10| 10 10)
vanishes.

To summarize, the only contribution in Fig. 7 comes
from Fig. 7(a); Figs. 7(b) and 7(c) always sum to zero, for
any pion charge.

We shall distinguish between st—dt and sl—d| PV
transitions (recalling that baryons are always being taken
to have J, =+ 7 here). (See Fig. 9.) We then parametrize
the effective operators leading to pion emission as

Y

Y

FIG. 9. Diagram involving s —d transition in which final d
appears in a pion. The K* pole (PV decays) or K pole (PC de-
cays) gives a contribution which may be estimated via this dia-
gram.
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O, (7~ ,PV)=y(uttst)+y(uTisl),
0,(r%PV)=—[yp(dt1st)+y'(dTisV)]/V2.

(4.3a)
(4.3b)

One source of this term can be thought of as the K* pole
discussed (for example) in Ref. 10. The ratio y'/y is
characteristic of the f/d ratio whereby the K* couples:
y' =y for pure f-type coupling, for example.

A further spin-dependent contribution can be anticipat-
ed on the basis of graphs such as those in Fig. 10. We ex-
pect only the graph in Fig. 10(a) to contribute to PV pro-
cesses, of interest here, since the s —d transition involves
Al=1 and hence is forbidden for final ground-state
baryons. The graphs of Figs. 10(b), 10(c), and 8(c) can
contribute only to P-wave (PC) transitions. The effective
operators for pion emission then take the form

O3(m7,PV)=2z(04,04)
=z:[(uttst—utisi)gtrgr—qTigD)]:,

Z

03(7",PV) = — —=(04°0¢,)

FIG. 10. Sources of spin-dependent s —d transitions. (a) Al-
lowed for PV and PC decays; (b), (c) allowed only for PC de-
cays. The s —d transition is marked with a cross.

(4.4)

=——‘;_—2-:[(d+fsr—d+lSl)(q+Tq1—q+lql)+2(d+1slq+qu+d+lsrq+fql)]: ,

where the symbol : denotes normal ordering. This ensures
that the quarks g are distinct from those involved in s —u
or s—d.

Here we have used the identity

0,0, =03,03+2(0,0_p+0_a0,) . 4.5)

Again, no 71 emission occurs.
The calculation of decay amplitudes is thus a simple
matter of evaluating

3
O(mPV)= S 0;(m,PV) (4.6)
i=1
between initial and final baryon states of Table II. The
results are shown in Table V. The seven amplitudes satis-
fy the three AI = 3 relations (2.2), the Lee-Sugawara rela-
tion (2.3), and the relation A(Ei)=0. There are thus

TABLE V. Parity-violating nonleptonic-decay amplitudes A4
in terms of contributions of Figs. 7 (x), 9 (y,y’), and 10 (z).

Decay Amplitude A4 Fitted value
3 172 3 172
A% = = 5
5 x + 2 y 1.52
A% —A° V2 —1.08
st 0 0
3 +2y’
¢ —x+ XX 72, 1.44
o V2 3v2
35 Vs 2.03
5= Véx + —Zf"‘—j_—é”— V62 2.01
= ==/ V2 1.42

only two linearly independent combinations of the four
parameters in Table V. Thus, for example, we may define

u=(31"%x+y), (4.7a)
so that

AN )=u=—V24(AY), (4.8a)

AEH=V3u+v=A4(32)/V2, (4.8b)

A(E)=2u +—‘/2—§U=V§A(:-:8) . (4.8¢)

A simultaneous least-squares fit to the amplitudes in
Table I predicts the values in the last column of Table V
with

u=1.525,
v=-—1.203.

(4.9a)
(4.9b)

The agreement is no worse than violations of the AI =+
rule, which we have ignored: for example, experimentally,

V2A(E0)/4(27)=0.93+0.02 .

Notice that although we cannot separate all the contri-
butions from one another, certain ones cannot be ignored.
For example, we cannot assume that a spin-independent
s—d transition alone is responsible for the S-wave de-

cays; the ansatz x=z=0, y=y’' would predict
u/v=—VvV3/2=—-0.87, whereas the fit implies
u/v=—1.27. If we were to insist on a pure s—d

description (without an exchange term, i.e., with x=0),
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we would either need ys4y’ or z#0 (or both). If only the
exchange term (x) were nonzero, we would have
| u/v | = oo, again in contradiction with experiment. A
more microscopic examination in principle could give re-
lations among x, y, y’, and z.

V. P-WAVE DECAYS

Many descriptions of nonleptonic hyperon decays have
encountered difficulty with P-wave (parity-conserving or
PC) amplitudes. A recent summary of such problems is
given in Ref. 5. Part of the problem seems to be the rapid
variation of amplitudes with respect to off-shell pion mo-
menta, as a result of pole terms (e.g., Fig. 6).

We shall adopt a highly simplified description of pole-
term contributions to P-wave hyperon decays. We find
that higher-mass pole terms, which we parametrize in a
simple fashion, appear necessary for a satisfactory
description.

We proceed as in Sec. IV to identify various types of
operators responsible for weak transitions. These are then
incorporated into baryon-pole terms and couplings to
mesons calculated with the help of the quark model
(Table IV). There will also be a contribution from kaon
pole terms (Fig. 11), in which (7| HEC | K ) is taken to
have arbitrary strength for present purposes.

The su-—ud parity-conserving transition is now
described by an operator

HEO ~wtrdti—utid t)stul—siut). (5.1)
The PC s —d transition will be described by
HPC ) ~d*rst+dtisy . (5.2)

Here we do not distinguish between st—dt and si{—d .

If we were to do so, we would find that H ::’S,’,, would not

conserve angular momentum. This is in contrast with the
distinction drawn in Sec. IV, where the final d quark
must end up in a pion.

The spin-dependent s—d transition is described by an
operator

Hffd.,,",~:(d+ts1——d*lsl)(qﬂq?-—q*lql)
+2d*1sigtigr+dtistgrtql):, (5.3)
where, as in Eq. (4.4), the normal ordering : ensures that g

are quarks distinct from those involved in the s —d tran-
sition.

, T

/
i
//K

S

FIG. 11. Kaon-pole term in PC nonleptonic decays.
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Each of the operators (5.1)—(5.3) may be used to calcu-
late transitions between initial or final and intermediate
baryon states. The meson couplings are calculated via the
quark model. The resulting contributions to PC ampli-
tudes will be proportional to arbitrary parameters: X for
(5.1), y for (5.2), and Z for (5.3). The resulting PC ampli-
tudes are summarized in Table VI. Here we have present-
ed relations for the quantities

2
3

172
Ey+m

Y YB
maq

(5.4)

for Q decays, since it is these that are most directly relat-
ed to the B amplitudes for octet baryon decays via quark-
model calculations. The energy Ey is that of the final
baryon Y in the () rest frame. Note that all amplitudes
obey the AI = relations (2.5) (and Q5 = —QZ /V2).

We now discuss the contributions of Table VI in the
context of pole terms. The most crude description, which
would be an unsatisfactory approximation to the data,’ is
based on the assumption that only octet baryon poles (or
E* poles, for Q™ decays) contribute to the P-wave ampli-
tudes. In pole terms there appear energy denominators
which are always proportional to a mass splitting between
states differing by one unit of strangeness. The assump-
tion just mentioned is approximately equivalent to taking
all such energy denominators equal to a common value
+AM: + for graphs such as Fig. 6(b), where the weak
Hamiltonian acts “before’” the meson emission, and — for
graphs such as Fig. 6(a), where the weak Hamiltonian acts
“after” the meson emission. We also would neglect differ-
ences in the momenta of emitted pions in various process-
es when using this lowest-pole approximation. The arbi-
trary amplitudes in the second row of Table VI would
then be related by

Fp=—X1,=%, %,=0, (5.5)
f1-=—}7v :‘;2:0’ (5.6)
Zp=—21,=2, Z;=0 (5.7)

Note, in particular, the vanishing of terms corresponding
to graphs 8(a) (x;), 8(b) (7;), and 8(c) (Z3). This comes
about as a result of cancellation of pole terms of the form
[6(a)] with those of the form [6(b)]. One would then find,

e.g.,

X

A2 = 2= 4P} am D (5.8)
St=_2%—47, (5.9)
EC=(312%4+5/V6+5V6, (5.10)

with remaining amplitudes related to these by the Lee-
Sugawara relation (2.6) and the AI = + relations (2.5).

Indeed, both (2.6) and (2.5) are marginally adequate for
P-wave amplitudes. However, Eqgs. (5.8)—(5.10) them-
selves are not linearly independent, and one finds them re-
lated to one another by

B(A&):%B@:)HB(E:) ,

e (5.11)
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TABLE VI. Contributions to parity-conserving nonleptonic-decay amplitudes B. For (1~ decays the quantities B, defined in the

text, are listed.

Graph of figure:  7(a) 7(b) + 7(c) 8(a) 9 8(b) 10(c) 10(a) + 10(b) 8(c)
Amplitude: 5:'1,, flb fz j;l _‘}72 Zla 2-lb 72
Decay
3 172 2 172 3 172 3 172 2 2 1/2 2 172 2 172
2 - = -|= -|= = -= 2= 2= —2|=
A~ [2 ‘ [3 l 2 2 3 3 3 3
A9 V3 L V3 IR 2 2 2
0 2 3 2 2 V3 V3 V3 V3
5 5 7 13
3t 0 -2 -3 0 2 2 = —==
+ 3 3 3 3
st 1 V3 3 1 2" V2 V3 W2
V2 V2 3V2 3 3 3
_ 1 1 7 1 1
1 0 0 = = - = -
2 3 3 3 3 3
172 172 172
= _|2 0 0 1 1 _ |3 3 1
T 3 Vv’6 v’6 2 2 V6
172
=0 _ l 0 0 __.__1 .__1 _ﬁ ﬁ ___1
-0 3 2V3 2V3 2 2 2V73
2 172 2 172
- 0 0 0 2| 0 0 —4|= 0
2 4
Qg 0 0 0 = 0 0 = 0
o V3 V3
Oz -2 0 0 0 2 -6 2 2

which is not well satisfied. [It gives =~—3.2 for B(EZ)
instead of the experimental —7.5.]

If one relates P-wave amplitudes to S-wave ones by
current algebra and retains only the lowest baryon poles,
an even worse prediction is obtained: B(2%)=0. Discus-
sions of this behavior are given in the second of Ref. 1
and in Ref. 5. Clearly the assumption that P-wave ampli-
tudes are dominated by the lowest baryon poles does not
agree with experiment.

A somewhat less drastic approximation to pole terms is
to ascribe different weights to graphs in which the weak
Hamiltonian acts before or after meson emission. Specifi-
cally, we take

X1a=—X4, Xp=Xxp, X3=Xp—X,4, (5.12)
Vi=yp, V2=yp—Ya > (5.13)
E'IaE—ZA, ZleZB, EzEZB—ZA . (5.14)

The previous limit corresponded to x4 =xp =X, etc. The
models (5.12)—(5.14) allow for some contribution of
higher-mass states, which will not follow the simple pat-
tern leading to (5.5)—(5.7). The limit in which a high-
mass continuum dominates corresponds to x4 = —Xp, etc.
The A amplitudes correspond to Fig. 6(a), in which Hy
acts “after” meson emission, while the B amplitudes cor-
respond to Fig. 6(b), where Hy, acts “before” meson emis-
sion. Note that the present decomposition is equivalent to
that in terms of ¥, and J,, but is more restrictive than
that of Table VI for the X and Z amplitudes. The ampli-
tude 7, in fact should contain a kaon pole contribution in

addition to a baryon pole one, but the two will not be
separable from one another on the basis of phenomenolo-
gy alone.

Applying the assumptions (5.12)—(5.14) to Table VI, we
find

B(A%)=V6(x,—p)+23) Uy, +224)

——‘/%ua—yg), (5.15)
B(21)=3(x,—y4)—5(x5—yp)

+ 3y 422 — Ly +225), (5.16)
B(ZT)=—(x4—y4)—5ya+22,), (5.17)
B(E2)=(2)"x, —y, )+—‘/I—3(yA +22,)

+($)2(yp +225) , (5.18)

with remaining amplitudes given by the Al =+ rule.
These four independent amplitudes (the ones with the

smallest experimental errors) determine the independent
combinations

X4—ya=—327, (5.19)
xp—yg=—24.1, (5.20)
ya+22,4=250, (5.21)
yp+225=11.0. (5.22)
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Comparing Eq. (5.19) with Egs. (5.20) and (5.21) with
(5.22), we see that 4 amplitudes are consistently larger
than B amplitudes. The energy denominator for an A4
amplitude [described by Fig. 6(a)] is Efina — Eintermediates
which is always negative. The energy denominator for a
B amplitude [Fig. 6(b)] is Ejpitiai — Eintermediate» Which is
positive when one takes the lowest intermediate state (be-
longing to the same octet, or decimet for the ) but
changes sign for higher intermediate states. (Note that
our method does not require detailed specification of the
quark configuration of these intermediate states.) Thus,
the continuum can be expected to add to the contribution
of the lowest poles of the type in Fig. 6(a), but cancel that
of the lowest poles in Fig. 6(b). Although our description
of the P waves contains no predictive power (recall we
have restricted our attention to amplitudes satisfying the

=1 rule), the inadequacy of the lowest-pole approxi-
mation can be understood and its magnitude gauged. In
fact, x , —y4 and xg —yp differ by only +15% from their
average, while y,+2z, and yp+2zp differ by +40%
from their average. Continuum effects thus appear more
important for these latter combinations.

Like many other authors (see, e.g., Ref. 3), we have no
natural explanation of why B(2Z)=0. The Lee-
Sugawara relation does not follow aitomatically in this
approach.

The prediction for Q~—Zw decays involves just the
combination yg+2zp:

B~ —E-7%=B(Q7)

=—23)"yp+22p), (5.23)

where B is related to B, the amplitude in Eqs. (2.3) and
(2.4), by
172

B. (5.24)

=

E=+m_=_ 2

3

maq

The amplitude B is what emerges most directly from a
quark-model calculation; it is most closely related to the
corresponding octet-baryon decay helicity amplitude.

We find the predictions

B(Q”)=—13.9 (expt. 10.0+0.3),
B(Q))=—9.8 (expt. 6.0+0.3) .

(5.25)
(5.26)

These are too large, as noted previously.” However, in
contrast with the results of Ref. 3, we do not find any
terms in the Q— =7 decay amplitudes that have not been
encountered previously, and the deviations from experi-
ment are not as large as those which would have been
found in Ref. 3 in the absence of such terms.

The amplitudes for ~—AK ™~ involve new combina-
tions:

E(Q"-»AK‘):Z(xA —y4)+20yp+2z5)+4z, . (5.27)
Given the value of B in Table I, we find
172
~ E
B~ Ak =2 12 B - AK-)
mq 3
=+3.6+0.6 . (5.28)

For the — sign in (5.28), we find

z2,=2.45—>y,=20.1, x,=—12.6, (5.29)
while for the + sign, we find
2,=19.3>y,=—13.5, x,=46.2. (5.30)

It will be interesting to compare these numbers with the
predictions of a more microscopic theory (combining the
present results with S-wave nonleptonic hyperon decays
and kaon decays), but that is beyond the scope of the
present admittedly descriptive work. One could also hope
to apply these methods to two-body decays of charmed
baryons, such as A7 —pK? Z+7° =+q, I+y, 2077,
An*t, Z°K *, and final states involving decimet baryons.

VI. RELATIONS AMONG AMPLITUDES

In most treatments, the P-wave amplitudes have been
expressed in terms of S waves, with unsatisfactory re-
sults.>”® Our P-wave contributions are expressed as free
parameters. At least the lowest-pole terms should be re-
lated to the S-wave decays. However, we have not made a
clean separation between those pole terms and the higher
ones. To some extent this problem has been addressed in
the second of Ref. 13.

A further way in which the connection between S
waves and P waves can be broken has been discussed by
Gronau.l® A large K* pole contribution to the 4 ampli-
tudes will not be related to corresponding contributions to
B amplitude poles. [Gronau’s specific model, utilizing
only pole contributions to P waves, appears to us incap-
able of fitting the data because we disagree with the sign
of his Z° pole contribution to B(Z2).]

Note added. One point still not clear to us is the dif-
ferent result we obtain, in comparison with Ref. 3, for the
P-wave Lee-Sugawara relation (2.6). The SU(6)y ap-
proach of Ref. 3 leads to a modified relation of the form

B(AY)

ma+m,

V3B(3§) 2B(ED)
= , 6.1)

ms+m, m_o+my

which holds to an accuracy of 17% with the values quot-
ed in Table I. We do not obtain the relation (2.6) or any
modifications of it in the most general case [Egs.
(5.15)—(5.18)]. If (2.6) were to hold, the four amplitudes
on the left-hand side of Egs. (5.19)—(5.22) would be relat-
ed by

S[(xq—ya)—(xp—yp)]=6[(y,+22,)—(yp+225)] .
(6.2)

In fact, using the values in (5.19)—(5.22), we find the
right-hand side of (6.2) is nearly twice as large as the left-
hand side, though this discrepancy does arise from a can-
cellation of large contributions. Since our approach has
much in common with one based on SU(6)y,, there may
be a simple assumption that would lead to the P-wave
Lee-Sugawara relation, but we do not see it at present.
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VII. SUMMARY

We have searched for and found a set of long-distance
operators that describes nonleptonic hyperon decays satis-
factorily (except for Q—Z=7) from a constituent-quark
standpoint. This forms a first step toward a more general
program of understanding nonleptonic weak decays. We
outline several questions remaining for future work, some
of which in fact have already been addressed in other con-
texts.

(1) Are there relations among the free parameters need-
ed for our descriptions of S- and P-wave decays? Can
these parameters be related to other quantities measurable,
for example, in nonleptonic kaon decays or even to the
fundamental structure of the weak interaction itself? The
approach to this problem closest in spirit to the present
one was taken in Ref. 10, and a reexamination of those re-
sults in the present context would probably be enlighten-
ing.

(2) What are the contributions from “spectator” dia-
grams and other processes violating the Al = % rule?

(3) What does the present scheme predict for processes

of current experimental interest, such as K°-K © mixing,
matrix elements of the CP-violating weak Hamiltonian,
hyperon radiative decays,’””?® heavy-quark decays; and
proton decay?

We have found that a mixture of contributions is neces-
sary; present data require only certain linear combinations
of these contributions to have nonvanishing values. It is
likely that much more progress in sorting out these contri-
butions is possible if one addresses question (1)—(3) above.
Our purpose in the present article was to present the
descriptive results as a stepping stone to these problems.
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