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ABSTRACT

We study the interface between the standard six-quark model and the
observed low-energy weak phenomena. The main processes discussed are weak
decays of kaons and hyperons. We study first the low-energy effective weak
Hamiltonian at the quark level. This is derived using the renormalization group
in leading logarithmic approximation.

Then some properties of this eflective weak Hamiltonian that can be
derived using chiral perturbation theory are studied. A review of chiral pertur-

bation theory is included.

This formalism is used to study the relation between K°K° miving and a
AI=3/ 2 decay. We find that the logarithmic corrections to this relation are
large, making it unreliable. The same formalism is used to discuss a relation
between Kmm, K7 and K-vacuum matrix elements used in most attempts to
compute the Kmm matrix element relevant for the A/=1/2 rule. The domain of

validity of this relation is determined.

A review of inclusion of ba.ryons in chiral perturbation theory is given and
one-loop corrections to the Gell-Mann-Okubo relation; semileptonic hyperon
decays and nonleptonic S and P wave decays are calculated. All corrections are
small except the nonleptonic P wave decays and one S wave decay. The correc-

tions to the Lee-Sugawara relation are large as a consequence of the latter.

Some predictions beyond chiral perturbation theory can be made within
the soliton model of baryons. F/ D ratios are predicted for hyperor. magnetic

moments, semileptonic decays and nonleptonic S wave decays in this model.
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I. INTRODUCTION.

In this work we study the interface between the standard model that
describes leptons and quarks and the observed low-energy phenomena
involving leptons, mesons and baryons. The approach we 'll take is to

. use the standard model to determine which four fermion operators are
important at the weak scale (u=My). We then use renormalization group
equations to determine the operator structure at low energies

(u~1GeV). This is done in Chapter II.

The next problem is to connect this known operator structure to
experiment. We do this by using the symmetries of this operator struc-
ture and reproducing these symmetry properties in an effective theory
involving mesons and baryons. This method is known (for this case) as
chiral perturbation theory and is described in Chapter III for a purely
mesonic theory. Incorporation of baryons is discussed in Chapter VI. In
Chapter IV we use chiral perturbation theory to study some predictions
in CP violating phenomena in the K°-K° system including one-loop non-

analytic corrections to the B parameter.

The next Chapter uses the same techniques to examine the validity
of a relation between Knm, Km and K-vacuum amplitudes that is often
used in attempts to explain the AI=% rule using lattice QCD Monte Carlo

methods.

The last two Chapters deal with processes involving baryons. In
Chapter VI we describe the conventional approach to include baryons in
the chiral Lagrangian. We rederive some classic current algebra results
now, including the leading nonanalytic corrections to estimate théir

theoretical accuracy.
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The last Chapter shows how the soliton model for baryons allows

some predictions beyond those of the previous Chapter.
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II. THE EFFECTIVE WEAK HAMILTONIAN/ !,

1. At the weak scale.

In the standard six-quark model [1,2] the weak current is given by

dg

=22, 5 ) U
P LCLLLY S, (2.1)
V2 J7. by
with
1=75
gL1= 2 q (2.2)

and U a 3x3 unitary matrix that arises from the diagonalization of the

quark-mass matrix. Redefining phases of quark fields allows U to be put

in the form [2]

c, —S3C3 —SS3

U=|sics CiCaca—S253e*® cicasq+s5c3e%0]. 2.3
1v2 16263 2°3 16293 23
8 6

SiS2 CISgCS"l'CgSsE C1SpS3—CaC3€
In (2.3) c;=cos@; and s;=sin;. 6 2,3 are angles in the first quadrant.
The CP violating phase ¢ cannot be removed unless one of the angles is

Zero.

Weak decays are mediated by the graphs of Fig. (1). We will work
here to lowest order in electromagnetic and weak interactions and to
leading logarithmic order in heavy masses in strong interactions (QCD).
Because the quark current appearing in semileptonic decays is partially
Mter follows [3] closely. Inclusion of electromagnetic effects

has been published in [5]. The principle of an effective weak theory has
been discussed in [6].



conserved by the strong interactions the four fermion operators
describing this don’'t scale. We will, therefore, concentrate on purely

hadronic processes in this Chapter.
The effects of one W exchange to leading order in the W mass are
.reproduced by the effective Hamiltonian (only strangeness changing

part) for a subtraction point u=My.f2

Heg =-2—f/%{Ac (0f)+087) + 44(0f*)+ 0f )| (2.4)
In eq. (2.4)
Ac=s1cz(c1c2c3—szs3e-*‘), (2.5a)
Ag=s53(c1S2c3—Cps5e %) (2.5b)
and
Oq{*}=[(5' aua)L(Epdp)Li(5'ada)L(1Tpup)L]—{u-'q]. (2.8)

12 (q.94)1(9p9p)r in eq. (2.8) means o7u(1=7s)9a Ip7*(1+7° )95 ; a and B
are color indices and are summed over.



2. Between My and m;.

The eflective Hamiltonian can be written as
I:I.J:EQ(;L)O", (2.7)
T

where the Wilson coefficients C;(u) satisfy the renormalization group

equation (in a mass-independent subtraction scheme)
[

The coefficients 7;; are defined by the relation between bare opera-

04—75i|C; (k.9 )=0. (.8)

8 a
“au+ﬁ(9)ag

tors 0,9 and renormalized operators 0; via
OJO=Zji0i (29&)
and
— /=1 g
Y§=(Z" )ikl-‘azkj- (2.9b)

The eigenvectors of 7T c_orrespond to multiplicatively renormalized
operators. At one loop and with six quarks these are precisely the
operators 0,,(*). The penguin diagrams from Fig. (2) don't cause mixing
with other operators because of GIM cancellations. In Landau gauge we

have from the diagrams like Fig.(3)

2
7++= e (2.10a)
22 2.10b)
T—"Tem -

Solving the renormalization group equation in the standard way

gives the effective Hamiltonian at u=m; :
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/7

[Ac Ot +4, 0:{ +)]+ s{ily) .

m [.4,; OC(') +4; 0{'4}.

(2.11)

a(My)
a(m;)

H o= —CF [
F= s
Ve

a(u) here is the running structure constant in the six-quark theory.



3. Below m;.

We now treat the top quark as heavy and remove it from the theory.
The diagram in Fig. (2) now causes mixing because GIM cancellation no
longer functions.

Using the QED and QCD equations of motion, Fig. () contributes to
the mixing of four fermion operators. Operators O; and Og are intro-
duced via a photon in Fig. (2). For the other operators electromagnetic

effects are negligible, gince ag>>a,.

The operators needed are

0= (Fad o) (Tup)s (2.12a)
02=(Sadpg)L(igua)L . (2.12b)
O5=Eado)i| (Tgug)i+ @pdg)i+ (545 )i+ (g )i+ (Bgh ! (2.12¢)
O4=(§adﬁ)L[(Egua)L+(gpda)L+(s—ps i+ Ege )i+ Bgb i) (2.124)
05=(s-,,da)L[(1r,u,)R+ (@pdp)r+ s p)r+ (Fpc g+ Bgb)e) (2.12¢)
05=(Eadp)L{(ﬁ'ﬂua)3+(ci_pda)3+(s"gsa)3+ (e Jr+ (B0 ¢x),?], (2.121)

0= ;—,22 e ada)L{("rﬁuﬁ)L—%( dad)L+ (T g g )1~ (5ps p)1—Y% (B gb g)1), (2.12g)
0s= 25 (Fud | Ty o) W o)t (e Gy D HEsb e

(2.12h)

In O, we introduced e?/g'® to make all coefficients in the

anomalous dimension matrix of the same order in g'? /3,

734 similar situation occurred in Ref. [7].
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g' is the rimning coupling constant for QCD with S quarks.

The anomalous dimension matrix is given by

[-1 3 0 0 0 0 8/9 0

3 -1 -1/ 1/3 -1,9 1/3 827 0

0 0 —-11/8 11/3 —2/9 2/3 427 0
, 2 |0 0 22,9 2/3 -5,/9 5/3 -20.27 O
Yigz o o o o 1 -3 4/ o [&13

0 0 -5,9 5/3 -5/9 —19/3 4,27 0

0 0 0 0 0 0 -20/3 =3

0 0 0 0 0 0 0 -47/3

We now diagonalize 7T and run the renormalization group down to
u=m; numerically. The values of C;(m;) are chosen so that matrix ele-
ments of Hgy not involving a top quark are continuous across u=m; to
lowest order in inverse powers of m;. At u=m; we introduce a new set of
operators &,,...,Qs identical to 0,,...,0g except that all b quark
fields have been removed and in @7g g'? is replaced by g"?, the running

coupling constant in the four-quark model.

The anomalous dimension matrix for @, ..., &g is given by
[-1 3 0 0 0 0 8/9 0
3 -1 -1/” 13 -1/9 1/3 827 0
0 0 -11,9 11,3 -2/9 2/3 16 /27 0
) w2 |0 0 23,9 1/3 —-4,.9 4.3 -16/27 0
Y5=g=|o 0o o o 1t -3 8nm o [(B14)
0 0 -4, 4,3 —-4,9 -20/3 87 0
0 O 0 0 0 0 -22/3 -3
0 O 0 0 0 0 0 _47/BJ

Then we run the renormalization group to u=m.. At this scale we
remove the charm quark and introduce operators Py, ..., Pg, P'y and
P'g (with c fields omitted from @;,..., @s and g"? replaced by g"3).

Now, P, is a linear combination of P,, P, and P3. The anomalous
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dimension matrix for the P; without P, is

1+ 3 0o o 88 0
8/3 —2/3 2/9 -1/9 BR7 0
oz |-11/3 11/3 22/9 —2/8 —8/27 0
7"3-,-=%—ﬂ2 0 o 0 .1 0 0 (2.15)
~1 1 273 -1/3 0 O
0 o o o -8 -3
0 0

0 0 0 —1'?J

We then run the renormalization group to a scale u where ag(u)=1.
Defining P;, Pg by g"%/e®x P'5, Py, the eflective Hamiltonian for
strangeness changing weak decays can be written as |

Gr 8
Hyg=——= sjcic5 3" G(W)P,
= \/E ! ,—;1 :

(2.186)

8
where )’ means the sum with P, omitted. Values for the
i=1

coefficients C; using Myp=80 GeV, m;=30 GeV, my=4.5 GeV, m.=1.5 GeV,
ag(u)=1 and A"?=0.01 GeV? and 0.1 GeV? are given in Table 1.
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4. The AS=2 effective Hamiltonian.

This has been derived in [4] using similar methods. The result

(which we will need later) is

=2 GF - 7, I 2y 2 or o T
F =— =3 (aSa)i(@gsg)ilnimé+nemi+2nameln—; |, (2.17)
16m mg
where 77,- is given by
"7~1=Tl131205(c1C2°s—szss€—“)2, (2.18a)
n2=nzs¥s§(cis2c3+c e )2, (2.18b)
773="73$ fs2ca(cic2cs—s2538 ™) (c 1S2c3+casge ), (2.18¢)

For the same parameters as used in the previous section the

coefficients 74, 12, Mg are listed in Table 2.



III. CHIRAL PERTURBATION THEORY.

1. The Lagrangian to lowest order.

The previous chapters contained quarks but the observed strongly
interacting particles are mesons and baryons. Since at present no fun-
damental derivation of the structure of baryons and mesons from QCD
exists, we will use the approximate symmetries present in the QCD
Lagrangian to make predictions about the low-energy states. The sym-
metry we will use is chiral SU(B),xSU(@B)gxU(1)y (U(1)4 is broken by
anomalies). The U(1)y plays no role in the rest of this work except to

conserve baryon number.

Chiral symmetry is broken by vacuum expectation values !
<ﬂgqu>=vz} . (3.1)

v is a scalar with the dimension of mass. i,j are flavor indices. The
3x3 matrix T describes the different vacua connected by SU(3) xSU(3 )g

transformations. Under an SU(3);xSU(3 )z transformation
Q' u=lqy; (3.2a)
¢'m=Fgg. (3.2b)
From (3.1) we then see that

>'=LLR' (3.3)

71 For a review of chiral symmetry, see [8].
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Since £ describes the orientation of the vacuum it should contain

the Goldstone boson degrees of freedom. It is parameterized via

Ezexp%ﬂ (3.4)
and ' ‘
_"0_ 2 + Kt
e <8
M=| %+—\/ﬂ= K | (3.5)
4
B

We now use ¥ to construct a Lagrangian describing the Goldstone

bosons; that is, SU(3);xSU(3)z symmetric 2.

2
Lo= -%— tro,sors’ (3.6a)

to lowest order in derivatives. Terms with more derivatives are

suppressed by is a typical mass or momentum squared and A; is

Acz 9
the chiral symmetry-breakmg scale. A; is expected to be of order 4nf,

[10].

Chiral symmetry is also broken by the "bare” quark masses. We also

%). The first term in this

expand in this breaking (an expansion in

expansion is

Lpy = v tr(mZ+mZ (3.8Db)

72 Different nonlinear realizations of a symmetry are equivalent in the
loop expansion [9].
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with m the quark mass matrix.

m, 0 O
m= 0 mg O] (3.7)
0 0 my

f is measured via the pion decay constant f, and v via the meson
masses. Expanding £ to quadratic order and identifying terms in the
Lagrangian gives

fPmg _f*mi 3, m2

" 4(mg+mg) Bmg 4° 4mg+2myg’

(3.8)

In (3.8) we have set m,=my. Throughout the rest of this work we will
keep this and hence have isospin as a good symmetry.

From (3.8) we see that one power of a quark mass is equivalent to
two powers of a Goldstone boson mass or two derivatives in our expan-

sion of the chiral Lagrangian.

To determine f we derive the left-handed current from (3.6)
;2
la—__ Y \
il _—-L4 tr1°8,58 (3.9)

and in n* decay we define f, to be

<0|j{;“"2]1r"‘>=—% £t (3.10)
where
[ooo
Pzl 0 0 (3.11)
000

Expanding (3.10) then gives

J=fn (3.12)
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2. Weak nonleptonic decays to leading order.

The strangeness changing effective Hamiltonian contains octet and
27 operators. The lowest-dimension operator constructed using £ that

transforms as (8;,1g) under SU(3);xSU(3)p is

0®= g trT;3,584L" + b tr(mT,Z+mI'Ty) (3.13)

and the operator that transforms as (27;,1p) is

0®"=c TH(za,Z)¥(zarTh). (3.14)

For AS=1 nonleptonic decays we have

000
T;={0 0 0 (3.15)
010

and the only nonzero elements of 7% are
T=T¥=TH=T=-TR=-TH =% (3.18)

The term proportional to b doesn’t contribute to on-shell processes

because it is a total derivative for T given in (3.15) if mg#mg /3.

The variation of the Lagrangian (3.6) under an infinitesimal left-

handed transformation 1—-i7y is given by

8L=—itr (mT,S-mZ'T}) (3.19)

and from Noether's theorem

6L=3,jf. (3.20)

731 thank H. Sonoda for this observation.
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Expanding (3.13), (3.18) and (3.20) in powers of M then shows that the

2nd term in (3.13) can be written as a total divergence.

The effective Hamiltonian also contains parts that transform as

(8,,8g). The lowest-dimension operator that transforms this way is

t-rTLZTRZ'. (8.21)
T; is given by (3.15) and Ty is
2 0 0
Te=|0 -1 0| (3.22)
g Q =1

Since (3.21) contains no derivatives its matrix elements are

47rf1r2
- (¢10) larger than those of (3.13) and (3.14).

This is why the electromagnetic effects, corresponding to operators

expected to be 0[

P,, Pg in Chapter II, can contribute significantly to &'/ /4.

Apart from order of magnitude estimates between matrix elements
of operators transforming in different representations under
SU(3).xSU(3)z, more accurate relations can be established between
matrix elements of operatbrs in the same SU(3).xSU(3)f representa-
tion. In this case the unknown numérical constant in front of the opera-

tors doesn'fg matter.

As an example we rederive a relation between a X-»2m and a X-»3w
matrix element[11]. We start with expanding 0® (for on-shell matrix

elements and myg=m,=0).

0®)= ;—‘2‘ (8, M3*M)3+ - -

/4 This parameter is defined in the next Chapter.
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___4a 0
= \/Efza L KO8Hm0+ - (3.23)

<m%m® 0®)| K> gets contributions from Fig.(4). A dark square in

Figs.(4,5) is an insertion of 0®). The result is
<1r°1r°lO(8)|K°>- 73 —=m (3.24)

<0970 0®)| X%> gets contributions from the diagrams in Figs.(5). A
dark circle is an insertion of the lowest-order strong interaction

Lagrangian (3.8). The contributions from Figs.(5b.c) vanish and Fig.(5a)

gives

<m0(k )0k )0 (k 5) | O®)| KOk )>= 4‘;_“

(k-ky+kqks)

+ cycl. perm. in (1,2,3)

2}/4—“ m. (3.25)

Notice that this satisfies the classic current algebra relation

[11,13].
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3. Beyond lowest order.

The chiral Lagrangian method can be used to go beyond lowest
order[12,13]. This is also possible within the framework of current alge-

bra but the calculations are less transparent [14-17].

2
Since we include all terms up to a given order in ic—z in the Lagran-

gian and the operators, we can absorb all infinities into redefinitions of
the bare parameters[12]. In this way the parameters become renormali-
zation point dependent in such a way that physical quantities do not

depend on it.

Higher-order terms coming directly from higher-dimension opera-

2 2
tors will always depend analytically on i—cz and % The nonanalytic

dependence on Goldstone boson masses and momenta has to come from
diegrams with loops and insertions of lower-dimension operators. These
parts of higher-order terms can thus be extracted uniquely from loop

diagrams involving vertices from the lower dimension operators[12,15].

As an example of this we will calculate in this section the leading
nonanalytic correction for mgy, and f, We will only encounter loga-

rithmic nonanalyticities in this section.

Formulas in the remainder of this chapter are correct in two cases,
m,,=mgNmg and m,=my=0, my;#0. In this case we don’'t have to distin-
guish between logarithms with different arguments. All logarithms will be

m
written as log —; where u is the renormalization point.
yn

In all these cases the logarithm would dominate the next order
correction if it was large (which would be the case if the meson masses

were really small). In practice for logarithms involving a kaon mass this
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logarithm is about 4, so there is no reason to expect this piece to dom-
inate the correction. The attitude we take is that if the logarithmic part
is small we believe the total correction to be small and we will use the
lowest-order result with confidence. Ii the logarithmic part is large, we
probably also have a large correction from the higher-order terms and

we will not use the lowest-order result to make predictions.

The field renormalization’® comes from the diagram in Fig.(6). Only
an insertion of (3.6a) with the derivatives acting on the outside legs con-

tributes to Z.

For Zg the relevant terms in Ly are

Lo=- 26 KO3 (n*n~ +

T, "1'1T°1T° + 2K°K° + -g'rm) (3.26)

2

and the loop integral (see App. B) is

m
log — . 3.27
f(z.n.)4 2_m2 1812 og “2 ( )

This leads to

Zx=1+ 617sz12 1c>g7‘——2 +m§log;—§+ émnlogf
=1+F1:5?él§m,z, + gmfllog%f. (3.28)
Sirrﬁlarly, the relevant term in Lg for Z, is
Lo-—L 8,mO3#nmo(4m*n™ + K*K™ + KOKO) (3.29)

6f°
leading to

7% For a definition of Z see Appendix A.



f
Zy=1+ 1 lém,z, + gm}]log-ﬁg (3.30)
3 3 M

In the same way we derive

Lo==3 £20,mokn(K*K™ + KOK) (3.31)
and
Zp=1 + ———1—2m§log—”—t§ (3.32)
n 161l’2f2 “2 ’ :

In all these formulas we used the Gell-Mann-Okubo relation[28]
1
m%:%m}—a m2. (3.33)

This follows from (3.8).
Notice that for m,=myg=mg SU(3)y symmetry is restored in the Z's.

At this level the relations (3.12) and (3.8) are no longer valid.
Evaluating the correction to the matrix element in (3.10) due to field
renormalization and from the diagram in Fig.(7) we get (the relevant

integral here is also (3.27))

m

: (—mE—Bm,z,)log-l—F]. (3.34)

e i [
B g

Using the definition (3.10) of f, this means

! (3.35)

I { o, ME
f—-fnll + m(m%ZMW)log—“—z

The equations (3.28-35) depend on the renormalization scale g, but
this dependence cancels against the u dependence of the coefficients of
the higher-dimension operators so that physical quantities do not

depend on it.
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To calculate the correction to (3.8) we have to evaluate the diagram
in Fig.(6) with the circle an insertion (3.6) with no derivatives acting on

the outside legs.

Using App. A to evaluate the mass corrections and using (3.8) in the

-correction terms we get/®

0 4v 1 [z 8 mg

m‘%_ﬁ (matms) + W[‘Em’%m%J' Emk] 1og_“2’ (3.36a)
2_ Bv 1 r4 2 1”§

m,,-Fmd + Wl—é m#+§m$mﬁ] logF i (3-36b)

2_ Bv , 1 o3 4, 44 2 8 m
me= 2m.+m + —|-——mi%t+—m mi.‘._..m log —.
K 3f2( s¥tma) 1en2le m T 5 u?

(3.36¢)

Notice that here we also have SU(3)y restored when all the quark

masses are equal.

Using this, the Gell-Mann-Okubo relation becomes

3_ 2 1 [ S 4,3 o2 2 mg
= Zm2- gy i fi . L — (887
mag+smg mg T6n2f? 6rn.‘,,+2m.,,m.ﬁ—3m log— (3.37)

The corrections calculated in this section are all small, around 15%
or smaller, indicating that chiral perturbation theory is valid in all these

cases.

78 This disagrees with the results of Ref. [18]. The numericel result how-
ever agrees since we differ only in the (small) m2 dependence.



IV. CHIRAL PERTURBATION THEORY AND K°—K® MIXING.

1. Parameters of CP violation.

An overview of the phenomenology has been given in [19] and refer-
ences therein. All CP violation observed so far has been in the neutral
kaon system. Searches for an electric dipole moment of the neutron and

CP violation in charged kaon decays have only produced upper bounds.

We describe the neutral kaon system by a two-state wave function
a
y;:[b]Ea | K%>+b | K°> (4.1)
and a Hamiltonian

H=H—T . (4.2)

In (4.2) M and I are Hermitian 2X2 matrices.

The mass eigenstates of this system are

- 1 "
KS'L-(2(1+|€|2))” [(1+e)K°;t(1 €)K°|. (4.3)

¢ describes the deviation of the mass eigenstates from the CP eigen-

states KO+ X°.

Defining mgs, m; and I's, I'; to be the eigenvalues of M and I" we have

that

iImI'lg—ImMm

¢ =TT,/ 2+i(ms—my) (4.4)

In the phase convention where

Ao=<(7) 20| Huwear | K> (4.5)
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is real we have that

ImlMa<<ImM;» (4.8)

assuming that I'; comes mainly from the lightest intermediate state

{the 7m intermediate state).

Using then
mg—m;=2ReM;, (4.7)

and the experimental result

ms-mq.“—é (Ts—T1) (4.8)
& reduces to
ImM %
g = — 12 % (4.9)
\/E mg—1my,

In (4.9) we used (4.7) instead of the short-distance prediction for ReM;3
because the long-distance contribution to ReM;; is probably not small
while a small improvement on the experimental limit on Ee: (see further)
makes the 7w intermediate-state contribution to ImM,;; small so that

probably a short-distance evaluation of ImM,;5 is sufficient.

We define

A2=<(TTTT)]=21Hw.ak{KO>. (410)

Using this we can define &'

— T i(6e—80) 2
g'=——e Im{ —|. 4.11
Va [‘40} ! )
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In (4.11) &g, J2 are the phase shifts in isospin 2, 0 mm scattering.

Roughly speaking, ¢ describes CP violation in AS=2 transitions and

¢' in AS=1 transitions.
A

Experimentally e, % and A—z are small. To leading order in these
0
‘quantities we have[20]
<7T+TT-]Hma_kaL>
= Ne+eg' 4.12
i <t Hygar | Ks> ( )
and
<mon0 A, K>
Noo= | Hsat | K1> o (4.13)

<7 Hyoqe| Ks>
Both n+— and ngo are measured to be nonzero and are the only place
where CP violation has been observed so far.

Experimentally we have [19]
|e|~2.3 1073 (4.14)

%m(—4.6¢5.312.4)x10‘3. (4.15)

In the minimal standard model this observed CP viclation has to
come from the phase § in (2.3). The stringent limit on the electric dipole
moment of the neutron[21] makes the & parameter in the QCD Lagran-

gian far too small to account for the CP violation in the kaon system.

From (4.9) and (2.17) we then get

2 2 [ 2 T

s$BGRf ;mpm2s,sss, mf  mf X

ER— = 2 —'n1+17310g——2+n2—2(s§+525306) g %,
16 \/_2-71'2(771. s—mz) Me me

(4.186)
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The dimensionless parameter B is defined as
<K°|0®N| K> =Bf ;m} (4.17)
where

0B =(5,d,4)L(Spdg)1 (4.18)

!

The prediction for % is (using the experimental value of ¢)

™ o

= (4.19)

<(mm) =0l i 'Ci(u) P K°>

i=1

0.1GeV?

6028386

s <(mm) j=z| C7(12) Po+ Cg(1) Py KO>

— 120c5S5S4S
st 0.1GeV?

where the dependence on the mixing angles has been made explicit via

ImGy(w)= (k) °jf:s : (4.20)

and C,, Cg contain agpm.

The mixing angles are constrained via data from g8 decays, hyperon

decays and B meson lifetime and branching ratios experiments [19].

s1=0.22, (4.21)

107**sec

3 | (4.22)

s§+s§+2s,54c GNSXIO—S[
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-12
S§$1X1O—S{M]~ (423)
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2. B parameter to lowest order.
This analysis was first done in [22].

The operator (4.17) and the AI=§ part of the AS=1 effective Hamil-
tonian both transform as (27;,1z) under chiral symmetry. The AS=2

‘operator corresponds to (3.14) with the only nonzero element of T
Tii=1 (4.24)

while the A/=3/2 part has the nonzero elements given in (3.16).

Since these are both (27,,1z) operators, chiral perturbation theory
relates matrix elements of these two operators. The coefficient ¢ in

(3.14) is the same in both cases.

Expanding (3.14) for two matrix elements gives

8
<) 0| 0> =~ ;’;‘5 (4.25)
and
124
<nOm*| 0@ K> =— i § (4.26)
\/Ef3
From (4.17) we then get that
8
B=—f—§ mg. (4.27)

We picked the decay in (4.26) because it is pure A/=3/2. Extracting
the AI=3/2 part from (2.17) leads to

Gp
Hrs/ 2= s,c,c3C O@D (4.28)
2Vz



= 27 =
with
CNO.4. (4.29)

The invariant matrix element for K*-»n%r* decay is

3rGr
8

MK -»nrn0)=— Bsicic3Cmg. (4.30)

Using the measured value of this decay width B is determined to be
| B|~0.4. (4.31)

This procedure doesn’'t determine the sign of B because only its

square enters into the decay width.
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3. The B parameter to one loop.

The results of this section were published in [23]. This section is
concerned only with physical matrix elements and for these setting
m,=my=0 is a good approximation. We then redo the analysis of the
previous section but we calculate the matrix elements (4.25) and (4.286)
to one loop order in chiral perturbation theory.

The correction to <n%r*|0®7|K*> is small, indicating that chiral
perturbation theory is wvalid. Unfortunately, the correction to
<K 0R"|K%> is very large, indicating that chiral perturbation theory is
not valid for evaluations of this matrix element.

This means that the value of B derived in the previous section is
unreliable and should not be used to constrain significantly the parame-
ters of the standard six-quark model[19].

(4.25) gets corrections from field renormalization and the diagrams
in Fig.(8). The black square is an insertion of 0®”) and the dot is an

insertion of the strong interaction (3.8).

Fig.(8a) contributes

26 8omg_mf (4.32)
3 f2 16n°f

and Fig.(8b) contributes
14 8emf _mf (4.39)
3 f2 1en%f

resulting in a matrix element

Bcmp 1 —35. mf
fa l1+1—6ﬂTf2 3 log “2 4 (4.34)

<K°| 0R")| KO> =—
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The correction term here is as large as the leading term for

urR1GeV, mg~N500MeV and f ~ 130MeV.

Similarly, (4.26) gets corrections from the diagrams in Fig.(9) and

field renormalization. The diagram in Fig.(9)(a,b,c,d) contributes

12icmE, 17 7 22
. -, -, = 4.35
so that the total matrix element becomes
12iem3 | 3 mp mg
<m*n® 0RN| KO>=— 1= 5 —— log—|. 4.38
10 V23 2 16m2f2 B2 R

Including in this the relation between f and f, the matrix elements

become

8em3 | 41 . mp
(27)| gO> =— - Bl SUPE o T
<K°| 0@7)| KO> 5 11 5 mKlanfﬁ log—5 | (4.37)

m

<mtn® ORY | K*>=—

12icm [ g mg m}] (4.38)

- = ——a— log—5|.
2f3 [ 2 167T2f,2|- & [.Lz
The corrected value of B can then be obtained from

3iGp

M(K*->n*n0)=— =

55 mg mg
Bs1c1c30m)’(ll + = g 157 2f,,1 g:z-] (4.39)

The size of the correction in (4.39) indicates that this formula should

not be used to determine a value for B.



V. CHIRAL PERTURBATION THEORY AND THE A/=§ RULE.

1. Introduction.

The enhancement of the Al =% amplitude in hadronic weak decays
is a longstanding puzzle. Including large l'ogarithms using perturbative
QCD and the renormalization group gives an enhancement of the octet
(which is pure Al = %) part of the effective Hamiltonian compared to the
27 part (which contains Al = -g) [3,24]. However, a significant enhance-
ment in the matrix elements of the four-quark operators is still needed

to explain the experimental enhancement.

An attempt has been made within chiral perturbation theory to
explain this extra enhancement using the renormalization group. It is,

however, only qualitatively useful[18].

One approach is direct calculation of the matrix elements using lat-
tice Monte Carlo methods. Attempts to do this are in progress [25]. In
the mesonic sector one needs to calculate matrix elements like
<n%7°| 0®)(27)| k0> with 0837 a four-quark operator. 0® and 0®" are
defined in [24]. However, it is easier, using present Monte Carlo tech-
niques, to measure <m|0®@)|K> and <o|0®|K> with <o| the
vacuum. Chiral perturbation provides a relation between these matrix

elements and <mm|0® @) x>

In the next two sections we study this relation further and in the
last section we describe a method to test how close to the chiral limit a

given lattice calculation is.
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2. The loiest order relation.

In [26] a relation between Kmm matrix elements and some matrix
elements involving a lower number of mesons was derived. In this sec-
tion we rederive this relation in such a way that inclusion of the one-

loop results is easy to do.

The weak effective Hamiltonian to lowest order in momenta and
quark masses for AS=1 decays is given by 0® and 0®7. 0o®

transforms like (8;,1z) and 0®7) like (27;,1p) under SU(3); x SU(3)p

0® =atr49,284Ct + btr (M AL + Am L) (5.1)
0 = ¢ T (Z8,ZN: ¥(Za,ZN;*, (5.2)
where
0 0 O
A=|0 0 0|, - (5.8)
o 1 0

and the only nonzero elements of T are

13 _ ;81 _ 13 _ 81 _ ;23 _ 82 _
T Tio=Ty =T ==Tp==T=4. (5.4)

The coeflicients a,b,c are constants independent of the meson masses.
The second term in (5.1) is the divergence of a left-handed current for
mg # mg and doesn't contribute to physical, on-shell, matrix elements

(see Chapter III).

The <nm|0®, 0@7M| K% matrix elements are needed for the physical

value of the meson masses and for these setting m, =my =0 is a good.
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approximation. Expanding (5.1) and (5.2) to lowest order gives

<70 0®| %> = %m (5.5)
<070 0| k0> = Q’-’-‘-’mi (5.8)

And having A] = % enhancement corresponds to having a large ratio

<mon®|0® | K> _ a
<m0 0| K>  Rc

(5.7)

The <n°|0®0R7| k%> and <o0|0|k°> matrix elements don't con-
serve momentum and get contributions from the second term in (5.1).
Since the coefficients e,b and ¢ are independent of the meson masses,
we can calculate every matrix element with different masses. Here we
have m, = my # 0 because in lattice calculations all meson masses are

nonzero. In lowest order, expanding (5.1) and (5.2) results in

<m0 0®| ko> = :_E;éilm'm'" + }/—E(m’, +m'y) (5.8)
<m0 07| KO> = %\g—é o m (5.9)
<0 |0® | K> = 2—;—" (m", —m"y). (5.10)

To obtain g’ we need only values for three independent matrix elements,

so measuring these on the lattice is sufficient.
The Al =% enhancement in meson decays (5.7) can thus also be

measured via

<m?0® k0> _ <m0 0®| KO> +z<0|0®] K>
<m?| 08| k0> ¥ <m0 0B | k0>

(5.11)

with



X m's + m'y i m

z = T = ; - (5.12)
Var M's—m'a gy m'k-m']
m'”m'”"
= 5.13
i (5.13)

This agrees with the result obtained in [268]. We have used eq. (3.8) to

obtain the second relation in (5.12).
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3. The relation to one loop.

In this section we calculate the matrix elements of the previous sec-
tion to one loop and use this to determine the range of validity of (5.11).

The results of this and the next section have been published in [27].

Corrections to the matrix elements (5.5) and (5.6) come from the
diagrams in Fig. (10) and from field renormalization of the meson fields.
A dot is an insertion of the strong interaction Lagrangian (3.8) and a
square is an insertion of 0(®), resp. 0®M, Adding the different contribu-

tions gives

<m0 0®)| k0> = %m}il - %—; Ts—'gf—amg; , (5.14)

and using isospin and the result for <n%r*|0®")|x*> calculated in the

previous chapter we have

_ Bic 3 _mg mg
<TT°7T°]0(27)]K0>— Fmﬂl—émlnﬁg' (5.15)

so that (5.7) becomes

<1r°170|0(8)|K°>. =B 113 _mg mg
<n%n°| 0®N| K°> ~ Rc 54 16m%f% 0 L

(5.16)

@ in (5.14), (5.15) and (5.16) is the subtraction point. The subtraction
point dependence of amplitudes is canceled by the subtraction point
dependence of the contributions of operators that are higher order in
derivatives and quark masses [12,15]. That contribution is not
enhanced by a "large” logarithm and is hence less important. For
fN135MeV;, myR494 MeV and u~1 GeV the correction in (5.14) and (5.15)
is of 0(40%) or less, indicating that chiral perturbation theory is valid

for these matrix elements. The correction is about 25% in (5.16). So the
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correction to the Lh.s. of (5.12) is small.

Corrections to (5.10) come from the diagram in Fig. (11) and field

renormalization and gives

1
16m2f?
Hz llz Ilz
3 m'y 1  ,2,. ™M
=m"%ln—~ + —m"%ln —2 |}
2" K u? 12 7 L2
P 2 2
m m m
—8m"in T +2m"iln —2 + 4m"}ln -—K; )
n 2 n 2 K 2
K 1 K

<o |0®| k%> = %(m"s -m" i -

3 w2y, M
[Zm ,rlnTz"r'l-

ia
b —
16n2f2

(5.17)

For meson masses of O(500 MeV), u~1GeV, fR150MeV and for quark
i
" 3

term of <m°|0®|K%> proportional to a in (5.8) and the correction to

masses such that zN-, the second term is 0(10%) of the lowest order-

the first term is of 0(30%), indicating that chiral perturbation theory is

valid for these parameters for this matrix element.

Corrections to (5.8) and (5.9) come from the diagrams in Fig. (12)

mg

and field renormalization. Assuming that all logarithms are of O(L“L_z')

the results are

—2Vzam' m'y 1 m'%
<m0 0®| k0> = ud 1+ In
| | 12 { 16722 " 42
_rmk 7 oo 29 ., 1
x 9 m'" sm%-'- 9 m Xmﬂ' zm ﬂ];
Va2b { m'%
+ 77 (m's + m'g){1 + 167T2f21n -
x[-—E m'g+3m',m'x— lm'z]l (5.18)
18 " 187
0 27 -— —460 e "e 1 m”'%
<m0 0@ | %> = ——72—m kgl = 161r2f21n 7
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11

9 m27
e X

x[ mul%+2mur1(rn'n:ﬂ+ zm 21 (519)

For the values mentioned earlier the corrections in (5.18) are 0(5%) for
the @ term and 0(20%) for the b term, indicating the validity of chiral
perturbation theory. However, the corrections in (5.19) are large. To
get a correction of O(30%) compared to tree level for f~150MeV,
u~ 1GeV we need to use meson masses of O(150MeV) to calculate
<m0 0'| K°>. Including one-loop corrections, eq. (5.12) is still valid with

the following expressions for z and y'*:

¥ 16;2f2 m”%[ m"y+ fg M”zli (5.20)
Y =#’£L_}E '1—5%1—273 22[! 1514:3 mic
16;2)’2 u? [197 m_.,i: +Imi-Dmiem + Imd]
::2 '
- 16;2)’2 ":sz Z'I:[ 1g7 "k + %m"zl
* 161\1'2_)'2 ";2?( ’%’ﬁmz _m" gm"'y = gm“',z,_]i. (5.21)

which for the values mentioned earlier is a 0(40%) correction to z and a
0(50%) correction to y (with m"'x~ 100 MeV), but the corrections to y

depend crucially on using a small value for m"'g .

The values of f used in {5.14-21) also have to be determined. We
can do this in the standard way: measuring <0 | *2| 1*> where j§® is
711 relation (5.20) we cannot use eq. (3.8) but we have to use the one-

loop expressions to convert the quark mass ratios to meson mass ra-
tions from (3.36). We can however use it to get (5.21).
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the left-handed current derived from the Lagrangian (3.6).
0 0 0
: 22 .
o= =g (regrsst) and P42 = 1 0 0 |. (5.22)
4
0 0 0
We define f, via
<0|jE1* R qt> = —%f,,p,‘,‘ . (5.23)

Expanding (5.22) gives in lowest order f = f, but if we include the con-
tribution from Fig. (13), with the square in Fig. (13) an insertion of

7#'**, and field renormalization we get/:

2 - 2
1 2, g 2 m
=2 il+ ——I~m dmln . 5.24
fﬂ' ff 161r2f2[ Kln 2 m 2 ]; ( )

So the relation (5.11) can be used for determining A/ =% enhance-
ment provided we use meson masses of 0(500 Me V) for <n°|0®| X°> and
<o |0®|K%> but use a smaller mass of O(100MeV) to measure
<m9]0@)| K95 Then (5.11) will give the ratio 2% to about 40 ~ 50%
depending on the value measured for <o |0®|K°>. The value of the
Al =% part can be determined to within 40%, using meson masses of

0(500MeV) by eliminating a and & from éq. (5.14), (5.17) and (5.18)

because it doesn't depend on the value of <7°| 07| K0>.

f2 See also Chapter III.
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4. A test of the chiral limit on the lattice.

There exists another way to measure f on the lattice besides
measuring (5.23). We can measure two matrix elements on the lattice of

the operator
0" =§(1 —v5)d. (6.25)

This is a divergence of a left-handed current for mg # mg [26] and

corresponds in chiral perturbation theory to the (3;,3%) operator
0" = dir AT, (5.286)

with 4 given by (5.3).

At tree level 0" has matrix elements

<n°|0"| K% = 72 (5.27)
<0 |0"|KO> = ?}"Ld . (5.28)

Or at this order in chiral perturbation theory we can also determine f
via the ratio

<o |0"|K%> _ /7. (5.29)

<n?|0"| K%
Corrections to (5.27) come from the graphs in Figs. (12) and field renor-

malization; (5.28) gets corrections from Fig. (11) and field renormaliza-

tion leading tof3

73 We could again use different meson masses for the various matrix ele-
ments.
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Vad 1 mg

01N g - + —L . 11 72
<m0 0" | K> 72 i1 16n2f21n 2 (- 18mK+8me,, 18m,,]i
(5.30)
2
iigos = Zid 1 ME 29 5 13 o
<o |0"|K%> = 7 f1 T '“,2[18"‘K+ T 1. (58.31)

Both corrections are 0(25%) or less for the values of the parameters

used earlier and lead to

2
<o|0"|K°> _ . 1 2
Zr-a]TO_"J-IF;—\/Etf \/_7,f{1+ ﬂ’zfz [ mK Amym, — Em,rf.
(5.32)
So measuring f via f, or via f' should differ by
2
I 1 Mg — 9,2
o 1 161r2f21n 2 [Bmgm, = m5]. (5.98)

Or they differ by 0(12%) using the same parameters as before. This
relation provides excellent means to determine the accuracy of chiral
perturbation theory on the lattice since it has small corrections.
Present lattice calculations, however, seem to be quite far from this

point [R6].



VI. CHIRAL PERTURBATION THEORY AND HYPERON
DECAYS.

1. Introduction

The results of this chapter can be found in [30]. In this chapter we
have m,=myg=0which is a good approximation for real particles.
Lowest-order chiral perturbation theory makes predictions for the weak
nonleptonic decays of hyperons. Experimentally, the predictions of
lowest-order chiral perturbation theory work well for the S-wave
hyperon decay amplitudes but fail badly for the P-wave hyperon decay
amplitudes. In this chapter the leading corrections to lowest-order
chiral perturbation theory for nonleptonic hyperon decays are com-
puted. These corrections arise from one-loop contributions to hyperon
decay amplitudes. For the P-wave amplitudes we find that the correc-
tions to lowest-order chiral perturbation theory are large, indicating a
breakdown of chiral perturbation theory for these amplitudes. This is
consistent with the experimental failure of the predictions of lowest-
order chiral perturbation theory for the P-wave amplitudes. Unfor-
tunately, we find that some of the S-wave hyperon decay amplitudes
also get large corrections. In particular, the Lee-Sugawara relation [32]
gets a large correction indicating a breakdown of chiral perturbation

theory for this relation.

In Section 2 the chiral Lagrangian for the strong interactions of the
baryons and the pseudo-Goldstone bosons is given. The determination
of the parameters in this Lagrangian, to lowest-order in chiral pertur-

bation theory, is reviewed. The leading corrections to the predictions of
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lowest-order chiral perturbation theory for these parameters are com-
puted.

Section 3 contains a discussion of weak nonleptonic hyperon
decays. The predictions of lowest-order chiral perturbation theory are
reviewed and the leading corrections to these predictions are com-

puted.
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2. Chiral perturbation theory for baryon-meson strong interactions

The strong interactions of the pseudo-Goldstone bosons at low
momentum are described by an effective fleld theory that transforms
correctly under chiral SU(3), x SU(3)p symmetry and is invariant under
parity and charge conjugation. The pseudo-Goldstone boson fields are

incorporated in a 3x3 special unitary matrix

21 M

Z =exp e (6.1)
where
[ 1 0 1 +
75 0 + -\75 n ™ K*
M= " - \/Lgnh \/Lg" KO (6.2)
1
K- K0 ~ g]én‘
Under an SU(3); x SU(3)p transformation
ZT-LZIR, (6.3)

with LeSU(3); and ReSU(3)z. We are interested in the interactions of
the pseudo-Goldstone bosons with baryons. The baryon fields are incor-

porated in the 3x3 matrix

el s n | (6.4)
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Under an SU(3);,xSU(3)g transformation
B » UBU!. (8.5)

Here U is a 3x3 unitary matrix defined by the transformation proper-

ties of

£ = exp "7@ = VI, (6.6)
Under an SU(3),xSU(3)p transformation

£+ LEUT = UERT, (6.7)

where LeSU(3); and ReSU(3)p. Note that U is a nonlinear function of

L,k and M. Therelfore, U depends on space-time coordinates.

In lowest-order chiral perturbation theory the strong interactions
of the pseudo-Goldstone bosons and baryons are described by the

effective Lagrangian density
L=1Lg+ L;. (6.8)

The Lagrangian density

2

L0=L’

5 Tro,Lo*L'+ rBid B~ MTr BB

- % Tr ByP[£d, ¢t + £10,¢,5]

+ L2 1r Byhys 60,8t — £10,8, B

+ ¥ 1 Byrysle0,8" - 10,85, (6.9)

is invariant under SU(3);xSU(3)p. The Lagrangian density L, is
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proportional to the quark-mass matrix. Neglecting up and down quark

masses the mass matrix is

00 0
(6.10)

OOmsJ

The Lagrangian density L, transforms like (3,3) +(3,3) under

SU(3),xSU(3)g and is given by I?
Lizatr(mZ +mIN) + b, rB(EmE + ¢m§)B

+ b, Tr BB(Em g + em £). (6.11)
The left-handed current can be derived from L using the Noether

procedure. For this purpose it is convenient to express the chiral

Lagrangian in terms of the baryon fields

By =3 (1-7)B¢ (6.122)
Br= 2 (1+79)¢'Bs, (6.12b)

since ~t.hey transform in the simple manner,
(6.13)

B, -+ LB, L'and By » RERR",

71 The terms ﬁ_§75($’m5'—£m5)3 and TrBysB(fmé-tmg) are
suppressed because By5B vanishes for baryons at rest.
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under SU(3);xSU(3)g. Using this technique we find that the left-handed

current is

L o B 1 5.
Ji == 5 Tr By 8 T°¢B] + 5 DTr By,ys (¢ T°¢, B

1 B t if? t
+ > FTrBy,ys[ €' T%¢B] — y Tr (0,Z) Tt T (6.14)

Matrix elements of J;”s between baryon states are measured in
semileptonic hyperon decays. The matrix element of Jj*‘z between the
neutron and proton is measured in neutron beta decay. In the leading
order of chiral perturbation theory these matrix elements follow from a
tree level evaluation of matrix elements of the current in eq. (6.14).

Explicitly, /2

<plIL*RIn> = 2 Gi=7u + (D+F)7u7siun, (6.15a)

<A|JL*R|EZ> = :/ngmon + Dyuysiug- (6.15b)

<p|Ji*PIA> = #— Uy {37, — (D+3F) 7,75l ua, (6.15¢)
6 .

<A|JRHR|E™> = #E UpAf=37u — (D=3F) 7,750 u= (6.15d)

<n|JE*B|E™> = %u—.,,f‘y“ + (D=F)7.7siug, (6.15€)

<TOJA*8|E™> = 2%_ Ugof=7u + (D+F) 7,75 us. © (B.151)

2

A fit to semileptonic hyperon decays gives F = 0.44 and D=0.81 [29].
Evaluating the tree level matrix element of the left-handed current
JLi**? in eq. (6.14) between a n* and the vacuum gives that

72 In (6.15) up denotes a spinor for baryon B and %g=u}° .
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f = fn™ 134 MeV. (6.18)

Evaluating the masses of the mesons and baryons at tree level, we

find
mg = ‘—:: m? = % ms, (6.17)
My = M —2b; mg, (6.18a)
My =M, (6.18b)
MA=M—-§ (by + by)my, (6.18¢)
M= = M —2b,m,. (6.184)

These equations determine the values of the parameters
M,amg, b;mg and bymg to leading order in chiral perturbation theory.
Combining baryon masses to eliminate b, and b3 gives the Gell-Mann-

Okubo relation for the baryon masses [28]
Suy+ L ug—1 g+ ) =o0. (6.19)
4 4 2 =

The leading corrections to the current matrix elements in egs.
(6.15) are of order mg In mg. These arise from a one-loop evaluation of
the matrix elements of the left-handed current in eq. (6.14). This
correction dominates over the correétions of order mg because of the
"large” logarithm. The corrections of order m; are not computable
since they can arise from a tree level evaluation of matrix elements of
higher-derivative operators in the left-handed current. Only the axial

part of the left-handed current, A;, defined by J; = Vi — A5, gets
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corrections of order mglnmg;. The Feynman diagrams which give
nonzero corrections of this order to the axial current are shown in Fig.

(13). Parameterizing these corrections in the form

mg _
A <B/|AL| B> = — af,p 73 In(mg/ u?) ug, 7, ¥s ug, (6.20)

(4mf)?
we find that
alti® = g D%+ g D?F + g DF® — 2F° — % D- é F (6.21a)
alfi? = \/Lg %7 D3—DFe-D (6.21b)
a;;"“:\/i_g i% pP-2pr-lpr+ I+ 2ps B F}S.Zrc)
ag?:vl-g i—g PP+ 2pF-{DFF-S P+ 2p- 12 F](B.Zld)
aggi5=1—203—%DZF+EDF€+%F€—§D+%F (6.21¢)
agtgf’:vl; E D+ PP+ I DR - 2 -2Dp-2F

(6.211)

These corrections are quite small. For a subtraction point u=1

GeV, none of these corrections exceeds 307% of the'leading contribution.

The leading and next-to-leading corrections to the baryon mass for-
mulae in eqs. (6.18) are of order m3/? [16] and m2 In mg, respectively.
They arise from the one-loop Feynman diagram in Fig. (15a), which con-
tributes directly to the mass, and from the one-loop Feynmar diagram
in Fig. (15b), which contributes directly to the mass and indirectly
through wave-function renormalization of the baryon fields.

Parameterizing these corrections to the baryon masses in the form



MMy 23?5 7&"‘5{2 ¥ 1) (6.22)

we have
nN=—{ig + -4:2\/75 D2 -2+ %]DI’W- 3 + ﬂ/——] } (6.23a)
i = _{'z + %g D? + zpe}, (6.23b)
g = — [ g + 162\7/5 D%+ sFe}, (6.23¢)
nz=—[r§ + 42\4_ D?+|2+ -Ei— DF +|3 + i Fe}, (6.234d)

and
[25 +§9§ Botby 238 DZ—1sDF+12ﬁ] {§D2+4DF+6F3 ]

(6.24a)
72={261 +2by—6Bby (D—F)2—6b, (D +F)2], (8.24b)
yp = {154 (b, +bz)+b2 g D2~ 12DF+6F%|+b, % D?+12DF +6F2 }
(6.24¢c)
~,z={%8 by+2by—by [g D*-4DF+6F% + b, | &2 DZ+1SDF+12F2]}
(6.244)

The corrections np were calculated previously in Ref. [16]. Our

results disagree with those in Ref. [16}/3. The corrections in egs. (6.23)

73 We also calculated ng from the divergence of the vector current. This
was the method used in Ref. [16].
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and (6.24) change the Gell-Mann-Okubo relation to:

-2 My + i Mg—%(MN-fME)
__mk [ _ 2| e — A DR( M — mk mg
T2nf? 1 \/5] (D? — 3F®) — 4D* (M5 — M,) anf In Z|
(6.25)

The first term on the left-hand side of eq. (6.25) is extremely small
and the second term on the left-hand side of eq. (6.25) is about 26 MeV
for a subtraction point u=1 GeV. Experimentally,

3/4Mp+1/4My—1/2(My + Mz) 6.5 MeV.

Finally, we note that there is a one-loop correction to the matrix
element of the left-handed current J:,”z between a 7+ and the vacuum
which gives [16]

mi_ . M (6.26)

f=rr 1+_—(41Tf)2h17 ;
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3. Chiral perturbation theory for weak nonleptonic hyperon decays

The Hamiltonian for weak nonleptonic hyperon decays transforms
like (84,15) + (R7.,15) under chiral SU(3),xSU(3)s. Experiments indi-
cate that the (8;,15) part of the effective Hamiltonian dominates the
decay amplitudes. In the leading order of chiral perturbaticn theory

the (8;,1p) effective Hamiltonian density for |AS| = 1 weak noxaleptonic

decays is
Hy' "'=ar7r E{sfh;,a] +b Tr B[&heB) + hee., (8.27)
where
(0 0 0]
h=|00 1} (6.28)
0 0 0‘

projects out the correct component of the octet. The invariant matrix

elements for nonleptonic hyperon decays have the form
M(B; » Bym) = ug, {A) (B, » Bymr) + 75 AP) (B, » Bym)jug. (6.29)

The parameters A®)(B; » Bym) and APXB; » Bym) specify the S-wave and
P-wave amplitudes, respectively. Isospin symmetry of the strong

interactions implies that
MA-pnm) + Va MA-»nn% =0, (6.30a)
H(E= » An~) + V2 H(Z® » An®) = 0, (6.30b)

Va2 ME* > pn®) + ME™ »nn™) - UE* > nn*) =0. (6.30¢c)
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The isospin relations (6.30) hold for both the S-wave and P-wave decay

amplitudes.

The decay amplitudes for E¥ > nn*, L s> nn", =" > An"and A » pn~
are not related by isospin. Evaluating tree level matrix elements of the
effective Hamiltonian density (6.27) gives the leading predictions of
chiral perturbation theory for these amplitudes. Explicitly for the S-
wave amplitudes [31]

ABNZ* s nat) = 0, (6.31a)
A(E" > nr) = "T’b (6.31b)

A A s pr™) = - a;;_s: (6.31c)
ASN(Z= 5 A = a\b/g"'. (6.31d)

A least-squares fit to the seven measured S-wave amplitudes gives a
= 0.56 and b = - 1.42 in units of G;m,2,+ fx For the P-wave amplitudes
the pole diagrams in Fig. (16) give {31]

A(P)(Z"’ > nnt) =

2 My {D(a—b) . D(a/3+b)}, (6.32a)

S | Mz—My Ma—My
APE ) = 2N { Pm=hl s D(“/s”’)}, (6.32b)

J | Mx—My Mp— My

— _ RMy | (—=a—3b)(D+F) , 2(b—a)D
APYA s pr) = \/gf{ Mam i + Moy }, (6.32¢)
2M _ _
AP oy = | CBoR) ) (o2

The parameters AP) have differences of baryon masses in the denomi-
nator because they arise from pole diagrams. Although the parameters

AP) are proportional to 1/mg, in the leading order of chiral
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perturbation theory, the P-wave decay amplitudes (like the S-wave
decay amplitudes) are independent of the strange quark mass because
up,7s5up, is proportional to ms.

Note that the expressions for the parameters AP (A - pm”) can
be deduced from those for 48P (2~ - An™) by the change of variables:
Mz » My, b »—0b and F» — F. This occurs because the Lagrangians for
the strong interactions in eqs. (6.9) and (6.11) and the Hamiltonian for

weak interactions in eq. (6.27) are invariant under/*

M-MT, B-BT B-H, (6.33)

provided we flip the sign of F, interchange &, and &, and flip the sign of

b. Since eq. (6.33) interchanges p with ==, and n* with n~, crossing sym-

metry implies the relation between 4(5F) (A » p7n™) and 4(5P) (2= » An).
The S-wave amplitudes in egs. (6.31) can be combined to eliminate @

and b. This yields the Lee-Sugawara relation [32]

X
AS) (A > pr) +2 40 (3 » An™) + § 24 (= 2 nn) = 0. (6.34)

The leading corrections to lowest-order chiral perturbation theory
for hyperon decay amplitudes are of order mglnmg. These arise from a
one-loop evaluation of the matrix elements of the effective Hamiltonian
in eq. (6.27). The corrections of order mslnms dominate over those of
order mg because of the “large” logarithm. The corrections of order mg
mmmetry" can also be seen in the matrix elements of the

currents and the baryon masses. The “symmetry” generalizes to higher
derivative operators.
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are not computable since they can arise from subleading operators in
the effective Hamiltonian for |AS| =1 weak nonleptonic decays that

involve a derivative or a factor of the quark mass matrix.

The one-loop Feynman diagrams which give a nonzero contribution
of order mglnmg to the S-wave decay amplitudes are shown in Fig.
(17)3. In Fig. (17) a shaded square denotes a vertex from the weak
interaction Hamiltonian w‘}gq. (6.27), while a shaded circle denotes a
strong interaction vertex from eq. (6.9). Writing the corrections to the

S-wave amplitudes in the form

mg g
A AS)(B; » Bym) = ¢g 5, @nf In(mg/ u?), (6.35)
we find that
$5+n =0, (6.36a)
=2|_3_7 _b|_3.5 p
Prn = 7 273 ! D2+6DF+3F° 7 [ i Lk 10DF+3F%|,
(6.36b)
- 3,19 5 36 [ 3 )
Pap = — {— DR—22DF +9F®|— +L D2—10DF+9F2|
(6.36¢)
a 3,192 36 .
Prp = ——— |=S+=D +22DF+9F‘3] Ip +1ODF’+9F€
Ver 2¥ 3 Var 2 *3
(6.36d)

75 There is also a correction from pion wave function renormalization.
Baryon wave function renormalization does not contribute at order
mglogms.
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The dependence of the corrections (6.35) on the subtraction point u
is canceled by the contribution of operators with one insertion of the
quark-mass matrix [12]. However, none of the subleading operators
with a single insertion of the quark mass matrix contribute to Z* » nn*.
This explains the vanishing of ¢g+,. Note, however, that this does not
mean that there are no contributions to 4® (Z* » nn*) of order mq.
There are subleading operators with a derivative that give such a

contribution®.

For a subtraction point =1 GeV table 3 gives the corrections to
the S-wave amplitudes. The £~ » nn~ and A » pn~ corrections are about

30% of the leading contribution. However, the correction to the S-wave

amplitude for =~ » An~ is large, indicating a breakdown of chiral pertur-

bation theory for this S-wave amplitude. The corrections (6.36) change

the Lee-Sugawara relation to

1

3|2

APV A5 pr) + 240 (E" s A7) + | S| 4AO(E™ » )

2
___1 mEn(mg/u?) (2607 + 4DF + 18F%) +b (—2D? — 60DF — 18F%)},

\/Ef (4mf)?

(6.37)

The large discrepancy between eqs. (6.37) and (6.34) indicates that
chiral perturbation theory for the Lee-Sugawara relation has broken

down.

The Feynman diagrams which give a nonzero contribution of order

mslnmg to the P-wave decay amplitudes are shown in Figs. (18)/7.

78 For example : Tr(Gy*£d, L ¢BEhE).
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Again, a shaded square denotes a weak interaction vertex from (6.27)
and a shaded circle denotes a strong interaction vertex from eq. (6.9).

Writing the correction of order mslnmg in the form

AAP)N(B; » Bym) = wgp, Mlj.)—é In(mg/ u?), (6.38)
we find that
- __RMy 17 p3 g 2
Wyt f(MS—MN){ zp L, DF+ DFe sﬂ]

—b[——D+ Bpsy 31D2F+ lsDFe SFG]}

R My a 5 74
— ~ 2D+ —D3~22D?F + 8BDF®?
¥ - MN){ 2 9
5 38 .3 5
+b —§D+?D — 10D?F + 8DF® (6.392)

_ 2MN 5 __2_9 2
Wgp = f—(ME-MN){ [ SF DF+6DF€+2FG]

—b[— 2r+ P por+ 1013F2+2F°}
RMy a| 5 74 2
S I (| FE o TR O o) =
+f(MA"MN){3[ LR D® — 22 D?F + 8DF®
+b —§D+398D 1ODZF+aDF€H (6.39b)
_ 2 My 5 81 5_ 137, 35
hp = { a.{ (PPl 2o Drmmr FeD+5F8
6f (Mp— My)

77 There is also a correction from pion field renormalization. Baryon
field renormalization does not contribute at this order.
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—36[——(D+F) + 25 pa_ 695D2F+ —F2D+5FG}
oM
+ | —za[—gD—i‘DS+602F+2DFe]
V6 f (Mg~ My) 9
+26[—§D+ 32 p3 g 101)2F+2DF2]} (6.39¢)
2M
sy = 4 {a[-§ (0-m+ 8L p3y —I—S—ZDZF—-E—sDFQ—SFG}
Ver(uz—mpl | 2 S 3
—apl_S¢p_ 253, 65 nep, 1 -
Bb[ 2(0 P+ gD = DF+3DF‘3 sﬂ]}
oM
+ & {2:: {—gD—§D3-602F+2DFe]
Ve (Mz—Hy)
+2b [— 2D+ 392 D® — 10 D?F + 4DF® } (6.394)

As shown in Table 3, for a subtraction point u= 1 GeV, these corrections
are large, indicating a breakdown of chiral perturbation theory for the
P-wave amplitudesf® It appears that the puzzling feature of nonlep-
tonic hyperon decays is not the failure of the predictions of lowest-
order chiral perturbation theory for the P-wave amplitudes® but

rather the success of the Lee-Sugawara relation for S-wave amplitudes.

/8 The leading order P-wave results (6.32) and the corrections (6.39)
are very sensitive to the values of F,D,a and &. However, for any reason-
able values of these parameters the corrections are large.

® For an explanation of the failure of chiral perturbation theory for the
P-wave amplitudes in the chiral quark model see [10,13].



VII. THE SOLITON MODEL OF BARYONS.

1. Introduction.

The results of this Chapter are published in [40]. The strong
-interaction chiral Lagrangian (3.6a), in general, possesses static solu-
tions to its equations of motion. Due to the presence of higher deriva-
tive terms these solutions of the equations of motion can be stable[33].
The Wess-Zumino term, which is added to the action to include the

effects of anomalies[34], implies that these solitons are baryons[35].

- These solutions still include the eflects of the SU(3).xSU(3)z sym-
metry. All the results of the previous Chapter are thus still valid in the
soliton model. The soliton model allows, however, for some predictions

beyond those of the previous Chapter.

In the rest of this Section we will briefly describe the soliton model.
In the next Section we derive F/D for nonleptonic hyperon S-wave
decays, in Section 3 F/ D for semileptonic hyperon decays and in Sec-

tion 4 F/ D for hyperon magnetic moments.

The soliton solutions have the form

T(z)=A4Zo(z)4’, (7.1)

where A is a 3%x3 special unitary matrix and

exp(—iF(r);-a) 0

Zo(z)= 0 1]

(7.2)
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with F(0)=m and F(«)=0. In the semiclassical approximation the soliton
is treated as having a large mass but a fixed size. Then the higher-order
time derivatives in the strong Lagrangian are suppressed. Note, how-
ever, that for baryons there is no sense'in which the higher-order spa-
tial derivatives are negligible. This semiclassical picture for baryons
coincides with the large N limit where baryons are heavy because they
contain a large number of quarks, but their size is fixed by the

confinement scale[38].

The effective Lagrangian in (3.6a) thus describes the strong interac-
tions of the Goldstone bosons and baryons at low momenta. Quantiza-
tion about the soliton solution is achieved by treating the collective
coordinate A as a dynamical variable. The wave functions for the

baryons take the form[37]
Y(A)=L T P D(4), (7.3)
n ab

where D{})(4) is the unitary matrix for the representation (n) of the
SU(3) transformation 4. Each subscript is determined by a set of three
numbers : a=(a,, ap, a3) and b=(b,, b, bs). The index e determines the

hypercharge and isospin quantum numbers

(a'l» az, 03)=(Y, I' 13)1 (74)

while the index b determines the spin quantum numbers
(b1, b2, 3)=(1, S, Sa). (7.5)

The Wess-Zumino term fixes b;, since right multiplication of 4 by

U(1) transformations generated by A® do not alter the soliton



solution[37].
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2. F/ D for nonleptonic hyperon decays.

The effective weak Hamiltonian for weak nonleptonic hyperon and
kaon decays (see Chapter II) transforms as (8, 15)+(27;, 1z) under
chiral SU(3);xSU(3)g. The octet part of the Hamiltonian dominates the

rate for hyperon and kaon decays ¥!

In terms of the field £(z) the (8;,1f) piece of the effective Hamil-

tonian for weak nonleptonic kaon and hyperon decays is given by
=1 — 3 s & %
B35 =a [d3zTr09,L04T'+ - - -, (7.8)

where the ellipses represent terms with more than two derivatives, a is

a constant and O is the matrix

O

1
o oo
o oo

o
1. (7.7)
0

Chiral perturbation theory relates the S-wave hyperon decay ampli-
tudes to matrix elements of the effective Hamiltonian (7.6) between
baryon states at zero momentum. These are determined by the two

reduced matrix elements
<B;|H85Y|B;> = D tr(B}{B;,03) — F tr(B}[ B, 0]), (7.8)

using SU(3)y symmetry. Here B is the baryon matrix (6.4) of two com-

ponent nonrelativistic spinors.

f1 In the semiclassical approximation the A/=Y% rule for kaons does not
necessarily imply one for hyperons. Higher derivative operators in the
(27..1g) that are suppressed for kaon decays are not restricted to be
negligible for hyperon decays.
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Using the semiclassical approximation the F/D ratio can be
predicted. In this approximation time derivatives in the effective Hamil-

tonian are neglected and
5! = — [d32za[tr(4'048,;508;Z0)+ - - ] (7.9)

with Zg defined in (7.2) . The spatial derivatives acting on Zg give 3x3
matrices with zeros everywhere except in the upper 2x2 block. Any 2%2
matrix can be written as a linear combination of the identity and the

Pauli matrices. Therefore, after integrating over space we obtain
AZ=1 ~ tr(A84'04). (7.10)

Here we have expressed the 2%x2 identity matrix as a linear combination
of A% and the 3x3 identity matrix and used the tracelessness of A'o4.
Note that this form for the effective action depends only on neglecting

time derivatives and is valid to all orders in spatial derivatives.

Using the wave functions for the baryon octet we therefore have

<By| HA371| B> ~ Jda D®);(4) DY D, (4), (7.11a)
where
a = (1.%%), | (7.11b)
b = (0,0,0). (7.11c)

This integral over group space can be expressed as a sum over

products of Clebsch-Gordan coefficients [38] :
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_, 8 8 8

n

8 8 n

3\

In the sum over representations n, only the the two octets contrib-

ute. Using (7.12) we find that

SILe

-
= (7.13)

This agrees, at the 20% level, with the experimental data on S-wave
decays. The prediction in (7.13) gets corrections from operators in the

effective Hamiltonian with one-time derivative.
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3. F/ D for semileptonic hyperon decays.

The semileptonic hyperon decays and neutron § decay are deter-
mined by matrix elements of the axial current between baryon states at
rest. SU(3)y symmetry implies that these matrix elements are

parameterized by two quantities which we again denote by F and D.
<By| [d3zA%(z)| B> = D tr(B}o;{Be.Ae}) — F tr(B}o;[B.A%]). (7.14)
The relevant component for weak semileptonic hyperon decays is

a = 4+15 since

A4+‘i5 -

o O o
(ool e]

1
0 (7.15)
0

corresponds to changing a strange quark to an up quark.

In the semiclassical approximation the same techniques that were

used in the previous Section give
[d3asg(z) ~ tr[xiAA%4] (7.16)
and so, for example,
<By| fd%244*5(z)|B;> ~ [d4 DB (A)DP DB, (4),  (7.17a)

where

e =(1.%%), (7.17b)

b =(0,1,0). {7.17c)
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Expres'sing the integral over group space in (7.17a) as a sum over

products of Clebsch-Gordan coefficients we find that

F_5 |
5= & (7.18)

This agrees extremely well with the experimental value F/ D =0.54
[27]. The nonrelativistic quark model with static SU(6) wave functions

predicts F/D =2/3.

Our semiclassical prediction for F/ D gets corrections from opera-

tors in the axial current with a single time derivative.
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4. F/ D for hyperon magnetic moments.

The magnetic moments of hyperons and nucleons are determined

from matrix elements of the magnetic moment operator
1
i = Efdaxejuszf'"(z). (7.19)

The electromagnetic current transforms like an octet under SU(3)y.
Therefore, matrix elements of u; between hyperons and nucleons are

parameterized by two quantities which we again denote by F and D.
<Byluj| B> = D tr(B}o;{B;,Q}) — F tr(B}o;(B;,Q]). (7.20)

Here @ is the quark-charge generator

f
2 )
3 0 0
on-é 0l (7.21)
1
LO 0 31

The magnetic moment operator is the integral of an axial current

over space and in the semiclassical approximation

wi ~ tr[aia'ea). (7.22)
This gives
F_5
D=3 (7.23)

just as in the case of the axial current couplings relevant for semilep-
tonic hyperon decays. Our predictions for magnetic moments agree with

experiments at the 50% level. However, pure SU(3)y predictions for
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magnetic moments are not much better. One-loop corrections for mag-

netic moments are rather large[17].

Predictions for magnetic moments including operators with one-

time derivative can be found in [39].
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VIII. CONCLUSION.

In this work we derived the low-energy effective weak Hamiltonian
for AS=1 decays expressed in quark fields. We reviewed chiral perturba-
tion theory to lowest-order and explained how parts of the higher-order
corrections can be uniquely determined from loop diagrams involving

only the lowest-order operators.

Using chiral perturbation theory, we calculated those higher-order
corrections for a variety of processes. We found that the application of
chiral perturbation theory to X°K® mixing is unreliable. This had conse-
quences for a number of predictions made in the literature using chiral

perturbation theory in the X°K° system [19].

It was also found that Knm matrix elements can be reliably obtained
from K7 and K-vacuum matrix elements. This allows to verify A/=1/2

enhancement in lattice calculations of the latter matrix elements.

Some applications of chiral perturbation theory to hyperon proper-
ties were reviewed and the next-to-leading corrections were calculated.
We found that the lowest-order relations for masses and semileptonic
decays didn’'t receive large corrections. However, the corrections to
nonleptonic P-wave decays and to one S-wave decay were large. The
vanishing of 4()(Z*+n7*) remained true in the next-to-leading order,
but the large correction to AY)(Z -»An") invalidated the Lee-Sugawara
relation. The large corrections to the P-wave decays explain the

discrepancy between experiments and the lowest-order predictions.

In the soliton model for baryons, we derived some relations that are

independent of the specific model for mesons used. These predictions
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provided a test for the semiclassical expansion used in the soliton
model. For the predictions we calculated, the agreement with experi-

ments was at about the same level as the pure SU(3)y predictions.
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Appendix A : Definition of Z and Am.?.

The definition of field renormalization and mass renormalization is
given here for a real scalar field, but we use the generalization to com-

plex scalars and fermions in the text.

The quadratic part of the bare Lagrangian is given by
Lp=Y8,p0kp—Ym fy? (A1)

and for p2 near the physical mass the propagator is given by

iZ
(A.2)
pP-m3,

‘!'.Go=
where mg, is the physical particle mass.

The propagator calculated using perturbation theory to one-loop is,
with iap®+i8 the one-loop contribution without external propagators,

.

% 2 ; , %
1Go= + (iap?+if) — . (A.3)
°"p?-m} p*-mp p?-m}
Treating a, § and Z—1 as small, this leads to
Z(pz—m§)+ap2+ﬁ=pz—m§h. (A.4)

So at this level of perturbation theory we have
Z=1-a (A.5)
m2, = m§+Am?

=mB+ (Z-1)mg - B. (A.8)
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Appendix B : Integrals.

To evaluate the integrals needed we use dimensional regularization.
Since we know [12] that all infinite contributions cancel against contri-
butions from higher-dimension operators we are interested only in
finite parts. Of these finite parts the parts depending analytically on the
mass parameters (mz, qz) are undetermined, too, because they can get

contributions from higher-dimension operators.

As an example of the extraction of a nonanalytic part we evaluate

(3.27).
_ —D(-145) e
(;:r):}:c pz--lm2 = 2—52 (mz)l ¢ (B.1)
(4m) 2

The only nonanalytic dependence on masses here is in m™®. Using

the expansion of the I function and

m~t~ |—¢clogm, (B.2)

we get

f(21r)4 m2 161121°gm (B:3)

Including the u dependence of vertices leads then to
m?
P

-‘L
= B.4
f 21r)4 rn.2 167ralog (B.4)
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Table 1
Coefficients of the AS=1 Hamiltonian. T is given by

-6
= S§+ SoC2S g€
CiCs

table 1 :
Coefficients of the AS=1 Hamiltonian

AR 0.01 GeV? 0.1 GeV?

C —0.99 +0.0337 —0.93 +0.049T
Cs 1.60 —0.0337 1.55 —0.0497
Cs —0.033-0.006T —-0.022-0.0147
Cs 0.018+0.004T 0.011+0.0097
Cs —0.099-0.099T —0.048—-0.01 T
C; | (0.037—0.067T)&em | (0.025—0.0487T)agm
Cs | (0.008=0.11 T)atgm | (0.004—0.08 T)aem
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Table 2

Coefficients of the AS=2 Hamiltonian.

table 2.
Coefficients of AS=2 Hamiltonian
A2 0.01 GeV? 0.1 GeV?
m 0.69 0.99
N2 0.59 0.60
Ns 0.41 0.40
Table 3

The hyperon decay amplitudes A®), 4P) measured in the unit of
Gym?2. D=.81,F=.44,a = .56GymE, fn, b =—1.42Grm2 fr, u=1GeV

are used for calculation.

mode a2 AR | a4l 22 40 a4l
(6.31) | (6.35) (6.32) | (6.38)

tannt | 06+.01| O 0 19.07 .07 1.3 | -4.8

T-snm~ | 1.93+£.01 | 20 -6 -65+.07 | -42 | -3.1

A-pn~ 147401 | 1.5 3 9.98+.24 | 10.4 9.0

E-sAn™ | —2.04£.01 | -2.0 1.5 7.49+.28 | -1.8 | -9.7
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Figure Captions
Weak decays mediated by one W exchange.
Penguin Diagram.
1PI one-loop diagrams for four fermion operators.
Diagram for the decay K%-»n9n0.
Diagrams for the decay K°-»797%n°.

Diagram for meson field renormalization and meson mass renor-
malization.

One-loop diagram for evaluation of f,.

One-loop diagrams for <X°|0®7)| k%>

One-loop diagrams for <m*n®| 07| k9>,

One-loop diagrams for <m%7°| 0®), 0RM| k0>,

One-loop diagram for <o |0®, 0" | K%>.

One-loop diagram for <n% 0®,0®7 0| K°>.

One-loop diagram for <o |j51*%|n*>.

Feynman diagrams that give contributions of order mglnmg to the
matrix elements of the axial current. Here a circled "x" is an
insertion of the axial current and a darkened circle is a strong

interaction vertex from the Lagrangian density in eq. (6.9).

Feynman diagrams that give contributions of order m3/? and
m2lnmg to the baryon masses. Here a shaded triangle is a strong
interaction vertex from the Lagrangian density in eq. (6.11) and a
shaded circle is a strong interaction vertex from the Lagrangian

density in eq. (6.9). Fig. (15a) contributes directly to baryon



16.

17.

18.
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masses while Fig. (15b) contributes directly to baryon masses and

indirectly through wave function renormalization.

Pole diagrams responsible for leading contribution to P-wave
hyperon decay amplitudes. In Fig. (16) a shaded square is a weak
interaction vertex from (6.27) and a shaded circle is a strong

interaction vertex from (6.9).

One-loop Feynman diagrams that give a nonzero contribution of
order mglnmg to the S-wave nonleptonic hyperon decay ampli-
tudes. Here a shaded square is a weak interaction vertex from
(6.27) and a shaded circle is a strong interaction vertex from
(6.9).

One-loop Feynman diagrams that give a nonzero contribution of
order mglnmg to the P-wave nonleptonic hyperon decay ampli-
tudes. In Figs. (18) a shaded square is a weak interaction vertex
from (6.27) and a shaded circle is a strong interaction vertex

from (6.9).
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Figure (5)
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Figure (14)

Figure (15)
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Figure (18)

Figure (17)
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