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Layout of Thesis,

The following thesis is divided into three chapters, the first of
which is a brief outline of basic concepts, which will be employed in
the following chapters,
In chapter two, afterran outline of K13 decay theory, work done
on the experimental and theoretical aspects of K13 decay is presented
Ain sections 2.2 and 2.3, .
Chapter three consists of an introductory section on the non-leptonic
>decays which is followed by a calculation of the S and P wa?e amplitudes
for non-leptonic hyperon decays.This chapter is concluded with a discussion
of the results of the calculation and a fairly detailed comparison 6f this

calculation with those of other authors. -
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CHAPTER 1.

REVIEW OF BASIC THEORY.

In the first section the advent of strange particles is briefly

reviewed with the concept of strangeness assigned to them, The generalization
of SU(2) symmetry to SU(3), to.include the concept of strangeness is

dicussed in sect., 1.2, and the relation between the matrix and tensor

notation used in the'description of these symmetries is outlined in

preparation for chapter 3. In sect., 1.3. the concept of currents in the

framework of unitary symmetry is discussed, which leads naturally to a

review, in 1.4, of the Vector-Axial Vector (V-A) current—current (c-c)

form of the weak interaction Hamiltonian. Sect., 1.5 deals with the deve-
lopment of the V-A c-c Hamiltonian to the present day phenomenological

form.

The Gell-Mann Current Algebra (CA) hypthesis is introduced in sect., 1.6
and it's relevence to the concept of the universality of the weak interactions
is reviewed., The ideas of Partial Conservation‘of the Vector and Axial-

Vector Current ( PCVC and PCAC resp.,) are also introduced, and will be
used extensively along with the Algebra of Currents in Chapters 2 and 3.
The final section outlines briefly the idea of symmetry breaking. A specific

model is introduced and will be employed in chapter 2.

Section 1.1,
When 'Strange Baryon'particles were first discovered by the character-

istic V! shapéd tracks of their decay products, the absence of leptons in
their decay lead theorists to believe their production and decay were

similar processes. It was envisaged that the decay of the first discovered
'Strange Baryon', the A baryon, was induced by the sfrong production’

process T+ P — AsTT’ . _

in the following chain of eventsy, A—> 1=+ (P/+ TW°) —> T~ + P.

As bothvof_these processes were considered to be strong interaction processes,

compatible rates for both were expected.



The paradox of the different rates, of the order of 10~ %ke for

~'°sec  for the decay, was resolved by Pais( 1 ) in

1952, with the hypothesis of Associated Production. It was suggested that

production, and \O

'Strange Particles' are produced in pairs, and not singly. This necessitated
the introduction of 'Strange Mesons', or Kaon Mesons, as they are now

called, to give rise, for example, to the associated production reaction,
TT7+ P —7 AN+ K9,

In 1958 Gell-Mann and Nishijima (2,3) extended the concept of

isotopic spin to 'Strange Particles'; to account for the occurance of
associated prduction, by introducing the new quantum number, Strangeness(S).

Strangeness was required to be conserved in all strong interactions,
with the consequence that the K%and A were assigned equal and opposite
strangeness. The presence of the 1<° now prevented the A\ decay from being
a strong inverse process under the requirement of conservation of strangeness.
This led to the conclusion of the existence of a new type of weak interaction,
in which leptons play no role,which is the Non-Leptonic decay,forming

the basis of chapter 3.

Section 1.2,

The requirement that S be conserved in all strong interactions, and
that strongly interacting baryons and mesons, of definite spin and parity.
‘are: now specified by two independent quantum numbers, S and ?p led
Gell-Mann and Nishijima to the generalization of charge independence of
nuclear forcgs(2,3), The strangeness quantum number was introduced by
generalizing the relation Q) = Ty + B/2,relating electric charge to the

third component of isospin, I , and the baryon number, 3 , to the relation

@= T+ .5_“’_2.__5_ . Defining the hypercharge quantum number by Y = 5" 8,
the Gell-Mann-Nishijima ( GNN) relation can be written @ =Ty +Y/2 . {1

su(2), the isotopic spin group, was subsequently generalized to
su(3), whose multiplets are now described by the two independent.commuting' '
quantum numbers, S and'%‘ . Baryons and mesons are now assigned to4the irredu.
cible representations of SU(3), according to strangeness and the third
compone nt of isospin associated with the particle. The identification
of the J=%" baryons and the J=o” mesons with the octet or eight—dimensiohal
representation of SU(3) by Gell-Mann and Ne'eman ( 4 ), opened the way for

higher symmetries to play a definitive role in particle physics.
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Su(3), in complete analogy with SU(2) (5,6 ), is the group of all
continuous 343 unitary wmimodualr tq?nsformations(Sj ©), which can be
Iy ‘z:'f(: Al
L= )

represented by the form U= ¢ with the 3X3 traceless

and hermitian matrices A; ( 7 ). These matrices can be constructed
from nine independent fundamental matrices of the form g, ('§°) + 92 (oéo)
( 6,7). The trace condition allows one of these matrices to be expressed
in terms of the remaining eight, and hence there are 1n all 8 independent
2. , which we take in the form chosen by Gell-Mann( %, 8,9 ).

Al play the same role as the 2x2 Pauli o~ matrices of SU(2)( 6 ),

and obey the following commtation relations ( CEs) of the SU(3) group.
L Ai/2, ]J'/z._] = facid'k )\|</; (';)3,'1<=1-"3l)
{ Aiss 'Au'/z.} = 2/y SLJ -_1; + 2oy 1< A

‘ Relinquishing the unimodular condition, the SU(3) group becomes the

U(3) group. Following Gell-Mann, the trace can be introduced by defining
)oz\/—%’ 1 , vhich preserves the CR's, for'i' now ( i=0.....8)e,eq

N {.)'./2.1 —)d‘/l} = IC,CJK

the factor J%‘ arises from the normalization condition

Te(aing) = 285, o dt:

) where

R R

and - f§5\< d;“\\( are respecti_vely the completely anfisymmetric

)
and symmetric structure constants of the SU(3) Lie algebra above, in direct

analogy with the completely antisymmetric structure constants e K. of

su(2). )

The smallest non-trivial representation of SU(3) is the 3-D or

triplet representation ( 3 ), corresponding to the 2-D representation

of SU(2). Denoting the basis functions of this representation by the

three component spinor X invariance under SU(3) symmetry requires -
X X=X = uxy

where the abstract generators F; of the g-roup are defined by Y= e '.O(JF‘.)

and correspond to the infinitesimal generators of rotation in F-spin space,

The corresponding case for SU(2) are the three abstract generators A

T:; (¢=1...3 ) ( 6 ),corresponiing to the infinitesimal generatofs of

rotations of the isospinors for the 2-D representation, in isotopié spin

space, or T-spin space,

In the same way that the ¢ matrices provide a realization of the

+
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T. for the 2-D representation of SU(2), the A provide a realization of the F; in 3-D
F_.S§n1spaceF%om equationt> we find F; = )i/, . Consequently the .
CR's obeyed by the F. are, ‘ | |
CF,F 1= ifeFue. | dob
Unlike the case of SU(2), the conjugate representation %* ,
with basis functions X* , is not equivalent to‘g y a8 there is no 3x3
matrix S which can effect the similarity tra nsformation SAS '= — )\’j

due to the following properties of the ) matrices under conjugation.
(Azsa = N " = -2
2,5,7 1,51 >\ 1,3,%.5,6,8 ~ - Ay,3%,5,6,8. 1-5

SU(3), being a rank 2 group, admits two independent quantum
numbers, S and Ty, or equivalently, Y and T,, whose conservation is-
implied when the theory is invariant under the transformations of the
group. In terms of A;this allows two of these to be similtaneously

diaganalized. Following Gell-Mann ( 8 ), the conventional choice is .
P} g = J‘? (‘ \_2) Q }\3: ( \,‘o) , whose eigenvalues correspond physically
to the two independent commting charges or quantum numbers, Y and-73 .
Although no physically known particles can be. assigned to the ‘

triplet representation ( c/f the 2-D representation of SU(2) ), it is
nevertheless useful to consider the field operators forming the basis
of the §, representation as comprising a triplet X of three equal mass
spin % Dirac fields, denoted in the liturature as Quarks(\®). The assignment
of quantum numbers to the components of the triplet: ) S

X have been made with the octet representation assignments in mind,
and are summarized below,

TABLE, 1.

Q(charge) B(baryon no.,) Y(hypercharge) (third comp
‘ of isospin)

3 % % 3 s
-c,?%_ % . _:];._ »_%_ -. 7(1-
it % -3 0 X

with opposite sighs for )<*, as a consequence of the properties of A[,,
eq.y !|+5 , under conjugation, and the GNN. relation,which is required

to hold. We will often have cause to refer to the idea of a triplet of
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Dirac particles or Quarks, as they are called, at a later stage.

We return now to the CR's [FL , F; = K-Q\Q'\g Fue.

Although true for the 3-D representation of SU(3), these CR's are

generally valid for any higher N dimensional representation of SU(3)( 1l ),
where the F[ are now NxN matrices, providing a realization of the repre-
sentation. In particular, the most important representation for our purposes
is the 8-D or octet representation (i), in analogy with the 3 represent—
ation of SU(2), These representations are called the regular representations
of the groups SU(3) and SU(2) respectively. The matrices F; of these

representations, are constructed from the structure constants f; and .

‘3\4
e in the following way.

W T o= (T i -1eijK '
. = . . = ” ' JK— a .
F\ ‘:'—h (\\: \M‘ L%QK ) ( vy ko= s )

(
In SU(2), the trlpletﬂ} i (\ = 1. 3) of eg., the pion fields, form the
basis of the 3-D representation, and transform as components of a 3-vector -
under rotations in isospin space, In an analogous way, the basis of 2 is

regarded as an octet of operator fields, Q; (i=1..8) , and is said to
transform according to the regular representation, as a vector in the

. cp o -1
abstract 8-D F-spin space, if Qi —> CQ» = uUQ; ‘u’ _

”‘. . F. .
where U(-'-C\ ' \ ( i=\....8 ). Under 1nf1n1te51ma1 transformations

1-6

this implies LF; R j = {$ Qulijc=1.. &) s¥hich henceforth defines 17

the properties of (: given above, for F; = (F;) i .
The 8 generators,F;,correspond to the 8 components of F- spin.

With Gell-Mann's choice of the )\ -matrices ( w ), ) = ( . ) (i1 3)
1 - - —-I...--

and hence F; (1= 1 .3)'can be put in correspondence with the three
components of isospin T; (v =1 .. 3 ), of the three-D representation of
su(2). Further, in complete amalogy with SU(2), the raising and lowering
operators T, = F, +iF. can be introduced. From the SU(2) CR's

LT, T ] = fgge T the following relations are obeyed,

[F% Tj]= +—rj: ) [T+,T—] = 2.F3, | 1

~

Generahzmg these relations to the case of the 8 generators
of SU(3), it is possible to oconstruct the operators
Ug = For i Fy y Vi =.F‘+ths and again T = F'iiF;,’

i = F =2
mth Ta= F3,Y z

Farvlz)z—_(.T:*};Y) _and U;=—‘;(T:.+%._Y) .

a

LR



The pairs Us , Uy , Vi, Vi yand Ty , Ty . form
sets of SU(2) algebras, and obey the CR's, eq., 1-%a ( &6,'2 ), and
can be used effectively to analise the properties of SU(3) by appealing
to the known results of SU(2)( '% ), The action of T+ , U+ ,and V4 as
raising and lowering operators, on any one of the states belonging to
an SU(3) multiplet, generates all states of an irreducible representation
by repeated application ( 11,2). In this way the octet representation
can be diagramatically displayed( Fig 1 ), where the action of the operators
are as indicated. U: and V: act on states, corresponding to the eigenvalues

of V, and U, respectively.

FIG 1.
J3
/
b-i1 ) z Y :
so W15
& N/
o
. I
- Ba\4 I+iz
0% X3 T ‘
i-i2 - > Ts
\ d- << ’
$-iS 6+17

Returning now to the basis functions of the 3-D representation of
sU(2), the @; Li= 1.-3)are related to the T and T° meson field
operators by the following relations. % = L (@, ¥i0,.) M= Qg

Employing fig 1, these particle states are assigned to the 3-D representation

of Su(2) thus, - T° T ,
: < > 7 T3
T-

The assignment corresponds ‘to the action of the isospin raising and

lowering operators T, on the isospin state |7W°7. Bg., T+ |T°>» = |TW¥7,

for SU(2) symmetry holding. 7" is defined as the complex meson field operator

that creates 17~ and destroys ' , with the quantum number assignment

of the 1+i2th state of the 3-D SU(2) representation. - ,
Employing fig.,1, Levinson et al( I12 ) have shown the SU(2 .

algebras formed by V., V,, U,, and U ;can be used directly to generalise

the above results to SU(3). For the J =0~ mesons, the results are summ-.

arised below,
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FIG 2,
i
AGY

( K° :Do Kt (pousLET
— (s \.ET}
- 2245 °( B t
f‘,-‘\"‘“‘“‘"-m’__TL—-—-.«—-M—A\F S
£O > 7 Ty
“ (TRIPLET)

A o)}?"(bou&l—ET)

TABLE 2.
S 7 i Mass.( MEV). ( 13 ),

K 1 % 3 493.82.
K| 1 % -3 | 497.76.
K |-1 3 -3 493.82.
K-1 % % 497.76.
™| o 1 1 139.578.
Tlo 1 -1 139.578.
Tlo 1 0 134.974.
710 0 0 548.8.

The connection between the octet representation,§ ,and the 2

and 3% representations can be seen in analogy with the 2x2 o ‘matrices -

~

of SU(2), where the 3x3 ) matrices can be employed to construct 8 Pseudo-

scalar ( PS ) objects Ql( =1 X12§5 M X = l‘()\\()ij Xi*XS X; _E(i-‘-l--l‘g)) 1.9
K= V.- :
: >
from the triplets X , X;™. , which form a basis for the regular .

representation. This corresponds to the group theoretic result of decomp-
osing the direct product of triplet representations into irreducible

representations, in the following way, 2®3 =1+8, (e,m),

~

1 is the trivial 1-D representation, corresponding to the trace >lo=f% ( ‘.'i)'

An important notation that arises naturally from the considerations

of 3 and },’r, and which will be employed later in chapter 3, is the tensor
notation( 15 ), used extensively by Okubo{(\S). The relationship between

.

Gell-Mann's 8 3x3 hermitian operators F; ( F;= A/, , { = 1-- ¢ ) and the 8

tensor generators F;b( a,b =1--3), is given by the relation( h,16),
8

‘Fqk = Z:l():)qb F"‘
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-
Denoting now X and X as the contravariant and covariant vectors

X® and X, respectively, the ( eg.,Pscalar meson octet) is given by

b y
the traceless tensor Fa *’:Xq‘és X - qu-Xch Ae , corresponding 1-11
to equation 149 , by employing eq.,1-10 ,and the trac;elessness of the
. . b 1
A matrices., Hence we also can write @~ = Y53 %l (Xi)ap ©; o 112

The group theoretic result 3® 3" =1+ 8 (\4) is explicit in the
tensor notation, by considering all possible ways of contracting the
tensor indices, and forming traceless tensors, The trace term corresp-
onds to the 1 representation,

As the quantum numbers are additive under the direct product,
in order to form an octet of spin & baryons, it is necessary to consider
the direct product of three triplets( all céntravariant or all covariant),
to give B =1 and + 1 respectively, from the quantum number assignment
of the triplets(Table 1). In the tensor notation the baryon octet is reached
from T,p. = Aabe (orT sbe qu * Taye ¢ due to opposie

baryon number) through reduction by contraction of indices,
b_ _bAp b _mYA a _ b MY
B.°= ¢ "th— —‘3- S5+ €77 T,  where T; = 3§, e  Tava,

corresponds‘to the baryon singlet. The contraction of indices is equiv-
alent in this case to the reduction of the direct product 3 & 3@3

J

to yield 'Q + g + 8 + 1 () . Unlike the meson octet,
the baryon octet is not self conjugate. ie 3® 3* = 3"® 3 dut
3®IO 3 i 3*® 3*® ™. (s,ii) . Similarly, as for the meson

=)

octet, the relation between the baryon octet (3 ® and the baryon fields is .
b | g °
@q = TE ‘25' ( ); )qb 70{ , whose relation to the physical particle
field operators is given by = - = \—}-l__ (%, t%.), ZTo= ¥y,
- \: v —_— . . — N -
P = = (Xy—v¥s), n= J-':;_ (7‘1"17&7)1 = ‘J'l—i Q”‘*""%S)

= :;5;—; (7('(_*{%1) ,.,\5 v')bg)
and similarly for the antibaryon octet @qb . Explicitly, in tensor notation

—

the PS and baryon octets are,

D ovo . Lo + +
63\ - f57 4+ = T m K
a

v \ _ 1:1%a
™~ :ﬂ°~%f° K :
K‘ b"'o - °
R T =
' 7
!
— /\“*-'—-f" z-)
° ' Loae_ 1
=~ =N = Z° n C1-13b

i
|
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Although the triplet representation is the most basic representation
of the SU(3) group, the philosophy of the Eight-fold-way ( 4,3 ) is the
hypothesis that the E representation forms the basis of all physically
realizable particle multiplets., Ie, apart from the assignment of zero
strangeness and zero isotopic spin particles to the singlet representation,
the smallest irreducible representation into which physically known particles
can be assigned, is the octet. The higher spin particles are then assigned
to the multiplets of higher dimensional repreéentations,formed from the
direct product'of octets, in an exactly analogous way to the methods used

above with the 3-D representations,

After the disco#ery of SU(3) symmetry( 4 )in particle physics,
it became apparent that ‘SU(})furnished a unified basis for describing both
electromagnetic and weak interactions through the advent of 'Current
Algebrat(17,18,19,5),

In the SU(3) symmetry scheme, the weak and electromagnetlc inter-
actions are described by the same octets of currents, J () =4.. “)
(A=o0, .--_3))where j is the }:nltary gpin index, and?\ is the space—’ume

index. The postulate that J JA form an octet of currents in the frame-
s 3 : - R
work of SU(3) symmetry requires [_ Fi, 3‘° (x\] = §id-,< T, 0. 1+

(c/f eqe, 4.7 for Qj ), with F = (F; )ire e
The idea of an octet of currents is made clearer by returnmg
to the octets of baryon fields 7%; . Under SU(3), the 7%; transform as
vectors in the 8-D F-spin space, Using the structure constants f'“-K and
din " ¢ antisymmetric and symmetric linear combinations of the octets
%; can be formed, to give( 11 7) Oia.-. - {3(ij\< fd- Xy, Ois= diju iJXK, 1.8
which have the same transformation properties as )% ; under su(3),
and likewise form. a basis for the regular representation. f(J' 1« and d;\g ,;_
act as Clebsch~Gordon coefficients( \\ ) for the antisymmetric and

symmetric8representations in the direct product decomposition

Cuyee )y 16

i -~ )

§@§ = l ¥ ?" + 9 4+ 10 & io* + 17

o .
to which O and O° belong respectively.
As SU(3) symmetric transformations are only enacted upon the

unitary symmetry indices [J' 1< , these 'bilinear operators! cah
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be generalized with the aid of the 16 independent elements of the Dirac
algebra, 14 ( Th 21,¥~,9L,,i8u¥s,¥,) for the scalar(S) , vector
(V) , antisymmetric tensor('l‘), axial vector(A) and pseudoscalar(PS) elements
respectively. As the bilinears ( eq., 1°5 ) transform as scalars under the
inhomogeneous proper orthochronous Lorentz group Lﬁ, s and the operations

of space reversal(P) and time reversal(T),the corresponding quantities

. — s —
O;a= - 1r'ij\< 7"3 ‘,: Y Ol = clid < r)bd."[: Xy transform as bosons -7

under L_I:. ,P and T with the tensor character of TA (5,1\ ). These objects
are also octets, and hence it is possible to construct with these, octets

of vector and axial-vector currents,in the following way (16, 20) :
VG = FU(-ifge By ¥ )] w0 (i Ty 60 ¥ () 1

Q;A(:t-\ = F (-1 )C K ')0 Y Ys ’x,<(na)) +D (Jijk 7-6\)' (<) ¥, ¥s 'Xz\g(n))) 1-18b

where FI,D',F and D give the relative amounts of antisymmetfic and
symmetric coupling of the baryon octets to form the current. Thefe are
in all 5 independent currents J;h s where the term current will hence-
forth refer to the Dirac bilinears, unless specified otherwise,

Another model which we will have occaision to use later, is the
quark model. Generalizing @, = fkl;)@(XfXguy introducing the 'TL matrices
as above, an octet of objects having the same Space~time properties as
eq's 3-17 can be constructed. In this model the octet of currents belong
to the octet representation of the direct product decomposition 3 QDS *
This model is used extensively by Sakurai( 21 ).

Section 1.4. Weak interaction Hamiltonian,

Currents were first introduced into weak interactions by
Fermi( 22) in 1934, who proposed that the most general weak interaction
Hamiltonian governing the weak /3 decay nN—> P+e” + Ve, .

which is also invariant under the space~time symmetry groups ]_z oP and T,

is given by H{Sz Z C‘P‘E(%wx )(%e_T“’Xayc]-i’}\"-} 1-19
where G, are the weak coupllng- constants, and in the present day term—

inology of SU(3) symmetry, Xnan3 %*¢ +1 X, ‘ etc., and the T,

are as defined in eq., VT . Fermi originally conjectured that

only thé vector currents contributed to Hﬁ s although the possibility

of §,T,A, and P currents was not excluded.
By 1956, studies of the shapes of the beta spectra and the
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angular correlation measurements in the Gamov-Teller transition

He_g — Li%4e 4 Ye ( 23 ) favoured the combination of S and
T currents for the weak interaction Hamiltonian, On the other hand,
measurements of the e~ spectrum in muon decayb H™ — e~ + Ve + Va
confirmed the choice of V and A currents for H},.

With the leptonic decay of the pion requiring an A or P current
to explain the interaction, the possibliity of a universal current-
current weak interaction did not become clear until the suggestion of
non-conservation of parity in weak interactions, by Lee and Yang ( Zy )
in 1956. The non-conservation of parity was promptly verified by a series
of experiments suggested by Lee and Yang(2y), including the e assymmetry
‘from a polarized nucleus in /3 decay( 25 ),and the e assymmetry in the
pion decay(26). The emmission of the neutrino in the parity break-down
experiments led to the observation that the neutrino may piay an important
role in parity violation. It was suggested that the neutrino be described
by the two component Weyl equation ( 27 ). rather than the 4-component
Dirac equation. This formulation automatically explained the zero mass
of the neutrino and built in parity and charge conjugation non—consér—
vation, while maintaining CP invariance, and consequently time-reversal
invariance., )

As the neutrino has zero mass it's spin direction is either
parallel or antiparallel to it's direction of momentum. The two helicity
states, as they are called in the two component neutrino theory, are

projected out by the positive and negative chiral projections 2&5==(li‘5§)?b,
k'S

where X >is the Dirac 4-component spin—s field for zero mass particles,
and the chiral projection operators I+ ¥ and \ - Ys each select
out two components of ¥ to give Y. and X- respectively( 16 ),
with negative and positive helicity respectively, in the notation of Kallen
( 28 ).

Both the validity of parity non-conservation and the introduction-
of the tﬁo—component neutrino theory led to the explanation of the back-
ward e~ assymmetry from the » decay, with either positive or negative
nelicity of the neutrino(29 ) for a V-A current-current interaction. On the
other hand the parity break-down experiments in nuclear  decay could be
explained by either an S-T combination of currents with positive heliéity (23),

or a V-A combination of currents with negative helicity ( 20 ),
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The principle of 'chirality invariance'! put forward by Sudarshan
and Marshak ( 31 ) in 1958, led to a theoretical principle which favoured
the V-A combination, and hence, negative helicity, as per the nuclear
e decay experiments, The proposition was that under the chirality
transformation, ¥g , ¥ (><)=7Ys5x0),Ie invariance under chirality, and
hence,as parity is not conserved, the current-current interaction is in-
different to the choice of ¥ or ¥s¥ and¥ could now be an arbitary
Dirac spinor describing both massless and maessive spin—: particles. This

led finally to a unique V-A current-current weak Hamiltonian

Hy = {[%q?ﬁ(w“&s ’)Ob_][ LTy (14 ¥ %4]+h.c.}, t+20
where the covar1ant bilinears | Xa ¥ %, and 1 X« Tx ¥s X |

are the vector and axial-vector currents respectively, and the /5 factor
| is conventional, with G, the weak interaction constant given by

G=# 1026 % |0~ 5/M;p.c'\’ohl. The universality of weak interactions

( 3% ) meang simply that G is defined as the universal s’crengﬁn of all
weak interactionsdescribed by H., .
The advent of SU(3) symmetry, along with the experimental absence

of neutral leptonic and hadronic currents( 16 ) in the weak Hamiltonian 3

led to the form Hye = - % j T, T 7*} as the universal 1- 20
. 2% .
.weak interaction, withJ, = A, + V5 + L 5 , and similarly for J,.
—  dEefF” .
( I = Tnlr(l— 2 8%“) as ]‘)\:- (J ‘3" ) Aa.ndVare the
charged hadronic currents, L,= *y, F2014%s) % + %yé_ ¥ ( 1+ ¥s Y %e 122
is the leptonic current; and T} = V, 4+ R, is the total hadronic current, "'

Writing H,, out in full, the various components of H,, are;

= - q T - : : . . .
H jeptonic 7= { szl— ) } Purely leptonic weak interactions. 1e L3q

= - 1e223b
H semi-leptonic { La 3'2 }4.}\ ¢ -Semileptonic weak interactions(Chpt.2. )

-5
vz
H non-leptonic - ‘j____ { AR, + VaVy + Vs + V50, }; (Chpt.3.) 123c
‘ Z . :

where { — } denotes the symmetrized product of currents.

In 1958 the conserved vector current (CVC) hypothesis was
introduced by Gell-Mann and Feynman ( 32 ) to explain the near equality
of the observed values of the muon decay constant G, and the vector coup-
ling constant gv ; occuring in the muon and neutron /13 decays .

respectively (5,3%),

M e+ ¥ , n = p +-& * ¥V
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It was originally expected that the vector coupling constant would

be renormalized by the strong interactions, resulting from the presence
of the strongly interacting hadrons in the semi-leptonic decay in

which g, occurs, whereas G,, being the decay constant of a purely leptonic
decay, is only subject to electromagnetic corrections. This

situation is analogous to the equality ©f the renormalized (observed)
charges of the proton and electron, provided the bare charges are equal,
and which is a consequence of the divergence free nature of the electro-
magnetic current J ™. Defining the hypercharge current by V; ={§_Y;\ y

and the third component of isospin current by Vi = Ii s where V§ Lis a
member of the isotopic spin currents V;‘—' I; Li=t..3) of SU(2), J+™ can

" be constructed from these currents 1n the form J‘_)\G-M = VZA + Vls/sfi o

The requirement of the equality of the renormalized charges implies
D5 T %m = 0 , and hence 3,V3 =o , where 3,V (i=1,2,3)=0 for SU(2)
symmetry holding. '
Geil-—Mann and Feynman proposed that the vectof currents respoﬁsible
for p decay ( Vh‘*’ 2 ) be identified with the 1+i2th components of the
divergenceless isospin currentsof SU(2), hence automatically ensuring
the equality of G, and g,up to corrections of the order of the electro-
magnetic interaction. k
From eq., 1-18a, that3 V) {x) = o (i=1,%3)impliés, with the
use of the Dirac equation, — F'figw [ M- mg 1 ')'Zd-yh - Dldid'h. Umntmy L Z; %=c
Hence for m, =m;, D’ =0, The neglect of mass differences for the hadrons’ 1 b
mp and m i in the same isotopic spin multiplet is equivalent to neglecting
electromagnetic mass-splitting effects. To this order then, Vni (L=, 2, 3)
are purely F-type currents, and are divergeﬁceless. For pion /5 decays
the divergence is proportional to the T —T° nass difference, and
the P=N mass difference for the neutron /3 decays.

Section 1.5. Cabibbo Phenomenological V-A Weak Hamiltonian.

The bare V-A universal weak interaction Hamiltonian Hw underwent
a substantial further interpretation in 1963 by Cabibbo( 33 ), in the
framework of SU(3) unitary symmetry.
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Cabibbo proposed that the charged hadronic currents occuring in
eg.jubelong respectively to an octet of vector and axial-vector currents.
Thus »H) (g;+ lgk)h + (gq.-!- iRS)]

and Va = (Vi+ iV )y o+ (Vs ;VS)))

where these are formed from the 1+i2 and 4+ 15 components of an octet,

1

f.2.5

with the corresponding transformation properties under SU(3) holding, as
discussed in sect., 1.2. The electromagnetic interactions, as alluded to
earlier, are described by JA ,belonglng to the same octet of vector
currents as occurlng in the seml-leptonlc and non—leptonlc weak interactions,
The explicit connection between J\ and the octet of vector currents is
through the CVC hypothesis,

Up to this time it had been observed that the strangeness changing

Y4 i5

semi-leptonic (s1) decays induced by J' ywere an order of magnitude

slower than the strangeness conserving sl. decays induced by Jz'*'il -
contrary to the predictions of the bare V-A C-C weak interaction Hamiltonian,

To preserve the universality of strength of the weak interactions
( ie the sl. decays hav1ng the same overall strength as the leptonic and
non-leptonic decays) Cablbbo proposed to introduce the supression of the
strength of the strangeness changing sl, decay by wrlttlng the total hadron »
current J; =A, + V, in the following phenomenological form. 126
Ty = w0 (TieiT)y + 200 (Tys iTs)y |
The requirement that @, be the same for bothAS=o0and AS# 0 components ,
automatically ensurés the universality of strength of the weak interactions
by maintaining the equality of strength of the total sl. weak interactions
with the leptonic and non-leptonic, through the relation G*sin "@L«» ﬁ“cos‘Gg_=q?;

for the strength of’ the sl, inferactions.

Section 1.6. C.A. Hypothesis,

Dynamics was originaily introduced into the group theoretic structure by
Gell-Mann (2,9 Jthrough the'Current Algebra' hypothesis( 9,17). The idea -
proposed was that the underl ying algebraic structure of the grbup is

more fundamental than the group symmetry itself, and that though tﬁe Sy mm—
etry may be broken( through the mass differences in the SU(3) multiplets),
the commutation relations between the generators(eq., |-y ) continue

to hold as equal-time commutators (ETC's). When the symmetry is broken,
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equation !4+ is generalized to [ F.(t) Fj(f3] = (§:3h Fro (4). 127 a
The above hypothesis is made more powerful physically by the
introduction of charges., From the definition of a charge

- V3.~7 o N 3
QL = Sl,bc) Ao = Lj:}w (oc )d ® 22 \-18
~we can define from the electromagnetic current, the electric charge

Q  in the following way. Q fTZMLM dhe = [ VeEtaddx 1a2a

CiLvgeadsy L T YA

(from the GNN relation). Now F.e Ty and Fg«> @.Y, and hence quite
5 ,
generally we can relate the generators F of SU(3) to the physical

‘charges by defining F; \gv o) die , for SU(3) 130
symmetry holding, with Q3 /" = o and JF; YyEe. For broken SU(3)
we have FE(‘:\,= S Ve Ge) d 325; where Om V.:‘ # o rand

the corresponding charges now acquire a time dependence, governed by
the dynamics of the system. ch;/dt.-;:Q, and charge is not conserved,

- With the hypothesis of an octet of axial-vector currents A -,
and their corresponding charges, Ff—(t), the hypothesis was extended VA

by Gell-Mann to include the commutation relations

[ F; L-{- sf,f)_]" §"Jh' F}k ‘»t) ) o 1*%7 b

[ Fs L+, F‘Lt T= thgn Fu Lt I 2Te
Although |.374,s are true in any reasonable field theory( g )

\- 27¢ is more restrictive. Theories which do obey |:271c are the -
quark current model and the octet baryon current modelv.",_ . discussed
above.

The octet transformation properties of A;(x) and V?: () ( JA'(N-)),
. N )\ . . .

require the relation [ Fo | Tj (x) J = ‘fiahiﬁz%’“) to hold,
which in the presence of symmetry breaking, is correspondingly general-

ized to [ F;({-),TJ-AL:;)] = ;‘fid"b; T\-LA(")- To fix the scale 19329
of the axial vector current it was postulated in addition(g,q Ythat the
following CR's also hold. '

[F{SH‘),VJZLM.) ] ‘

1

E'f‘i.jh. A () : )-32 %

[ FL-S (+), ﬂj}‘ () ] = ih«i‘" Vh” (x ) | BEEEI R S0
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These CR's allow a precise statement of the hypothesis of the
universality of the strength of the weak interaction. Gell-Mann's
version of universality, from the once integrated CR's (eq. |-3% )

requires that the hadronic charges defined by Fo.l= 0 S d3x T ),
p=

T
with ¥y = Fi* ( for both V,and Aycharged currents occuring in H ., )
and P2 = -'igdaiﬁji,,(ﬂ-), satisfy the same SU(2) CR's as do the leptonic
charges F.+ :—;jdlﬁ 2 (=) with F,- = F} .

ie [Fm-, Fi- ] = 2F3 , E Fi3, Fk:'] = 2 F# imply

+ Fﬁ , These

[Fo o Fedeaba 0 [Rs, FEd

CR's fix the relative scale of the hadronic and leptonic charged
currents, by restricting F}?to have the same spectrum of eigenvalues as
Fa , With F* and F* both having well defined normalisation with
the same strength ( 35 ).

Further useful CR's are obtained by defining the chiral currents
Li . . "N v . .
j;(‘x)= '!; ( V! Ge) + QA'UQ)“"- T;\ (x) = —%_ (Va' = Ry (ac)) , 133
so called because of the implicit presence of the chirality projection opera-

tors | £+ Y5 respectively. Under equal-time-commutation, the time

components of these currents form two separate SU(3) algebras(eq. ‘-4 )
Lo ® :
E T: C)L)JJ‘:;L (U)]!)&°:3° = i‘g(f‘!‘);i‘jh J-‘,:- °(3L) te34q
[ T;llo L)L), TJ"LO (a)j‘JLozaa = S(&-é)é;dh fh"“’(x_). 1-3nb

with LT 0, Tyl = e ). 3ue
This is the Lie algebra of the direct product group su L:s‘)L(x) Sutad,

which readily follows by taking the appropriate linear combinations

of the CR's [-3% a, b ande . SUl) and su(3)p are the groupsof

tranformations defined by ( ¢/f eq. 13 ) U, = o %4 JZ“ (AjCra¥s )y

€
s (A O-Bg) w s
and fUR = e 2 &=\( v $) J respectively. In the baryon octet

current model, J; transforms as a member of §,6 and J’R as 1 under SU(3)|.3

and vica-versa for SU( 3)K.

It will be important ,when discussing the symmetry breaking model (sect.;1-7)
below to consider the quark model, for which J and J are defined as

CATRY S SYSTE T DY S | L has
Py z L :
(T = VXY 0= X¥e) A X

= (VP;)A- "(‘H&)a
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Hence J, +J_ and Jp-T, transform as members of an SU(3) multiplet of

V and A currents respectively. Making the identifications
Av= 2 (v 85) Xy Ao = va X 1= %¥s) - )+ 36
Anz a(l=%)X y Xp =% Cl+¥s)

with X = X_+ XAp ete., J_ can be written in the form i;T(LXX;\;}",

and similarly for Jg .
In this model the free quark Lagrangian(2,i7,20) L = - 3(_(3’“3“ e )X

has definite transformation properties under SU(3)®SU(3). The kinetic
transforms like ( 1,1), which in the notaton of Gell-~Mann denotes

- ( Right-hand SU(3) repr., , Left—hand SU(3) repr.,). In this case the
right and left hand components of - )( Vu Bu X transform

as scalar singlets under SU(3), and are thus invariant under SU(3). On

the other hand the mass term - m XX = “m(.;{ka+ "3(_‘_7(&)

transforms according to the (_3:%) + (},5) representation of SU(3®sSuU(3),
but is not invariant under the transformations of SU(3)@SU(3),due to the presence
of the mass. Hence this term breaks the chiral symmetry,
This led Gell-Mann( ¢ ) to investigate the behaviour of the nonets
of S and PS quark densities u; = X A; X and v; = -1 X Ai¥s X,
which transform as the mass term under chiral symmetry, and whose
consideration was motivated by the search for a symmetry breaking mechanism
in the frame-work of unitary symmetry( Sect., 1.7).
Assuming the correctness of the SU(3)®SU(3) ETC's for the V, and
A)charg'es, F; and F-. respectively( eqe | .27 ), defined by

Fis = j X 7H Tu¥s X o 3 etc., in the quark current model, the

CR's between the charge operators and the quark densities can be written
LF )ud = ;J-"d.hu“- , LR, ]

[Fix“‘d]“‘;cjfjhvh , LRSI
(L, R = 1...8).
An important subalgebra of the SU(3)®SU(3) Lie algebra c\\aoue 1s the

algebra formed from the 1,2,and 3 components of the vector and axial-

directly as s
C iR Ve 1-38.

i1

.

iJiJLu'k

vector currents and charges.This is the Lie algebra of the group su(2)e

SU(2) In the limit of SU(2)0SU(2) symmetry 2,47 = 0 ( i= 1,2,3), and

9V 0¢i 1, 2,3 ), which also is a consequence of the CVC hypothesis, in the real
world SU(21?~SU(2) is only an approxXimate symmetry, and the axial-vector currents

are only partially conserved.
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The Partial Conservation of the Axial-Vector Current ( PCAC )was first
introduced by Nambu( 36 ), and further employed by Gell-Mann and Levy‘(37), o
clarify and justify the derivation of the Goldberger-Treiman ( GT) relation( 38 ),

relating the pion decay constant f;, to the nucleon axial-vector coupling

constant gn , ie., 7T = 2Mn3A /Guem | Explicitly it was postulated
( 37 ) that Da Bt L) = S—‘Q\’\i); Qltab)ﬁwhere © (L) is the
octet of J=0" meson field operators, and f{ is the strength of the tth 1+ 39

PS meson hadron decay matrix, defined by <o l’auﬂ.}(oﬂkp} 7= Si& gsz/(m)uzﬁﬁ;i;,
The PCAC condition can be interpreted in the sense of the Haag-Nishijima-
Zimmermann theorem( 9 ),which states that the divergence of the A -current .
can be used to define a local pion field operator,in correspondence with
the discussion of the Dirac bilinears in sect.,1.2.

This relation will be used to relate the matrix elements of the

axial-charges to those of the PS mesos' fields ( chapt., 2 and 3 ),Awhich
are known from the analysis of the strong interaction processes involving

these mesons.

When BUAJ = o0,y m;* = o, rather than f; , which is zero only
for mesons stable against decay. In general,3A, # o ( 3-}, 38 ),
as can be seen from equation |-18L . 7

7 .From equation |12« , the strangeneés changing components

Vi (i= ,5,6,7) of the vector currents are only conserved in the .
SU(3) symmetric limit of emlairharggsses,due to the dependence of3,V.! on the
magss differences between particles belonging to different isotopic épin
multiplets in the Q representation. The concept of Partial Conservati_on
of the Vector Current ( PCVC) was introdaced to describe the non-vanishing
of AV (i= w,s,¢,7) .Vitransforms as a scalar boson ( c/f eq.!-I8a )
under Lﬁ ,P and T, The principle of PCVC implies Q. Vi can be used to define
a scalar field operator, belonging to an octet of scalar mesons by the
identity QuV. = Ci 4953 (2a) ( Q;i—» scalar octet). This relation
is trivially fulfilled in the field theoretic model considered by Haag-
Nishij ima~and Zimmerman( 39 ), with C; defined by C;= ({,m;*. The factor
of 'i' is seen to arise from eq. |-84, which is often not made clear in the
liturature using PCVC. Unlike PCAC,BQVM:-—-o implies f; = o and m; # o (uo)
That islthe strange scalar mesons behave as Goldstone bosons in the symmetry

limit( %o, 41 ).
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Section 1.7, Symmetry Breaking.

In the Gell-Mann-Ne'eman symmetry scheme( W ) the strong interactions
are assumed to be invariant under the tramsformation groups SU(3)QSU(3)
and SU(3), which are broken by a weaker,symmetry breaking mechanism
(8,\1))in such a way that hypercharge and isospin are still conserved.

The electromagnetic interaction further breaks down the remaining
symmetry( SU(2) ), such that only hypercharge and the third component of
isospin are conserved, which is the requirement 3., I o= [u (vl + v§ /Jg)

and ensures the equality of the renormalized charges for the proton and
positron,

Finally,for the weak interaction, hypercharge and the third component
of isospin are no longer generally conserved.That the weak interaction
relys on the phenomenon of symmetry breaking can be readily seen by
noting that the decay of a particle into another particle or particles
of mass equal to or less than itself is energetically impossible,

The chain of symmetry breaking processes can be illustrated by
writing the most general Hamiltonian '

H™™ = He+ eH’ + Wem + Hwear , o 1'% 0
in order of magnitude of strength. He4+ e K’/ is the Hamiltonian of the
strong interactions, of order 10°, where H° is the SU(3)€SU(3) invariant
part, and H breaks SU(3)®SU(3) and SU(3) with strength € . Hem is the
ele~tromagnetic interaction term 6 with Strength of the order of the fine -
structure constant | v/ 137 9 and Hni8 proportional to the weak Fermi .
decay constant G ~ 1-0 = 10 /:.. _ .

It was originally proposed by Gell—Ma.nn( 2 ) that the Hamiltonian
density W’ ( SH’OPQS. = H’ ) responsible for the symmetry breaking is
of the form W'z ° “Uo-<ug » W° is defined to be invariant under
SU(3)®SU(3) and u, and ug are assumed to belong to a nonet of scalar
densities( sect., 1.6), transforming according to the (§T§)+(;, ’5) representation of
this group. u, breaks SU(3)@SU(3) but conserves SU(3), while u, violates
su(3).

Employing this model and the Heisenberg equations of motlon,

H’ can be related to the current-divergences by writing

Wap ( Tote, el die = = f2uTuade = i[#, (Tox)dis I
For scalar symmetry breaking terms( ¢ ),this can be written in the
local form Qudulx,t) = 1 [ MCx, ), $j°(§'+) diy ] e

From the CR's (eq. 1:38 )for u_ and u, transforming according to
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3 X . .
(3,3)5(;,3), the current-divergences can be uniquely determined( % )
by the %yark densities in the following way.

Hence from these relations and the CR's (eq., 1-32 ), the charge-current

divergence CR's are uniquely determined in this model of symmetry breaking
(2.%2).

At the time this model was first proposed(8 ) it was believed that in
the limit W' — o ,SU(3)®SU(3) was a degenerate group of zero mass mesons and
baryons, where u, broke SU(3)®&SU(3) down to SU(3), which was considered
to be a good symmetry of the strong interactions.( This case follows directly
by considering the baryon octet current model, sect., 1.3). As a consequence,
it was argued that 'c', the measure of the relative strength of the breaking
of SU(3)®sU(3) and SU(3),was close to zero, due to the expected smallness
of the ratio .of mass splitting induced by u, in SU(3) degenerate multiplets,
to the baryon masses induced by u, .ie 'c' is of the order A™M/y . This
scheme corresponded to the symmetry breaking chain '

Su(:ss@s;uu\ — sula) — sSulz),

In a later paper, Gell-Mann,0akes and Renner demonstrated( ws),with

the use of PCAC and the CR's(eq. 1|:3% ) that 'c' was not small and
close to zero, but rather n,—\-i.s o For 'e' = -3 , W commtes with
F; and F;> (i = 1, », 3 ), and hence is invariant under su(2)esu(2),

which is now considered to be a better symmetry of the strong interactions
than SU(3). W/ —> o now implies an SU(3)gSU(3) symmetry with only .
the F; generating a degererate SU(3) symmetry of non-zero equal mass
baryons, while the F;s are the charge operators corresponding to 8 massless

PS mesons(from the requirement thatd Al = o in this limit, and PCAC).

In the SU(2)®SU(2) symmetric limit, with 'c'=JZ , only Q.A. and
AV, ( i=1,2,3) are conserved, corresponding as above,to an SU(2)
degenerate group, generated by F; (i- um,s),and zero mass pions.This
scheme corresponds to the symmetry breaking chain '
sul3d® sylz) — sulx)® sulz) —> sulr),
and will be employed in section 2.3 in ecalculations involving the K,

~

form-factors.,
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CHAPTER 2.
K .3 DECAYS,

Introduction.

K> decay is the studj of the semileptonic decay modes of the non-
zero-strangeness K meson ’ :
l({—ﬁ T+ e + Y (Kes )

V,K‘—-b"r“‘ ) Y (Kﬂ:’a)'
'The strongly interacting mesons participating in these weak decays belong
to an octet of PS meSOns, with the octet properties and quantum numbers
as illustrated in fig 1. and table 1. of chapter 1.

These decays occur for both the neutral and charged K mesons,
and form a branch of weak interactions known as semi-leptonic decays,
in which both hadrons and leptons participate. -

The theoretical study of K,;3decays, and in general weak decays
involving strongly interacting particles, serves two purposes. The first

is the study of the weak interaction itself, while on the other hand

the weak interaction is used as a probe for exploring the strong interactions
of the baryons and mesons involved, through the occurance of the strong
interaction matrix elements entering into the description of the decays.
Considerable interest has centred around the experimental and -
theoretical problem of the K., form-factor ratio E o= F-ted /{00)
arising from the hadronic matrix element occuring in the decay amplitﬁde
(sect., 2.1 ). Many theoretical attempts have been made to calculate
this ratio due to it's importance in testing models of symmetry breaking
and it's relevance to the mode by which higher symmetries are broken.
The wide spectrum of experimental results, particularly over thé years
1966 to the present time, and the correspondingly large spectrum of
theoretical predictions subsequently obtained, indicate the fluid situation
of the determination ofg.
The experimental difficulties in extracting the value of |3
are easing, particularly with the higher statistics available to recent
experiments, with the result that a clearer idea of the value of}E is
emerging.

The experimental aspects of K. ,and recent results, are discussed
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in sections 2.2 and 2.3 . The two categories discussed are (1) the
branching ratio measurments ( V23 /T'uz ) and (2) the p-polarizaton
measurments, Computer computations were carried out to analyse the
experimenfal gsituation, and compare the methods of obtaining E yto
see whether or not these two approaches are compatible with one another,
Both approaches have led in the past to strongly differing results
for§ s With recent experimental results favouring the original polarization
measurments.Branching ratio measurments indicated § small and positive, while
on the other hand the polarization measurments have favouredf% ~x ~-1.1In
terms of the theoretical calculations of§ these differing values. indicate
entirely different behaviour of the K., amplitudes/sect., »:3),
. The theoretical impoftance of the K, form-factor ratio is centred
around the long standing question of the mode by which higher symmetries
are broken( c/f chapter 1.)’ and it!'s calculation as a testing grotmcll .
for the Current Algebra hypothesis of Gell-Mann( 8 ),and the limit of validity
of the assumptions made when employing this hypothesis to practical
calculations. ?,-' is also a measure of the effect of the symmetry. breaking
upon the hadronic matrix elements appearing in the weak decays. These *:
aspects are discussed in section 2,3 in relation fo a theoretical investig-
ation carried out, of the ratio § ,and a comparison with the calculations

of other authors is made,

Section 2.1 Review of K., decays.

THEORY
That no higher order Atha.n first order for weak interactions is

available, allows only an effective Hamiltonian to be written down, which
describes directly the lowest order weak interaction. This can be seen from
the matrix element for the specific K, decay, IKFCR) = To(R)+ 1M )+ Y(R'). 2+1

s <WeAY | Tlewh (~1 [ HEN GO dbe NDIKs E
for which the corresponding T matrix element is defined by, '
. .3
T Si<meuy | § ORI Gy de T > *
From chapter 1. eqe. -23%b - Hit= -4 { Ikz T..,\,'+='Tka La l).
. " 73 ) I . - .
Substituting this into equation 2.3 ,we obtain
. ' — = 2
T= + 19 <Ly ]5J'+x( J) Ly + Th L7 '.JIK"? 25

Vi
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with :I-;‘ defined by JT*(i-2%,,),¥here ¥ denotes hermitian conjugate,and
5= (‘l ,1J°). Using the fact that leptons do not interact strongly, and
neglecting the electromagnetic interactions of the leptons with the K

and Tr mesons, the weak decay can be factored into hadronic and leptonic

parts, thus(16,23),
‘-—--‘—_-.-

T= ”ci/ﬁgo\“‘ac<'ﬂ'° fﬁ?(x)\l(*>‘ Mymy L
Po’ ko (2T)°
»ule') ¥a LH—‘&s)V(k’\e-ik'>ce-i?'>n, a2
using the definition of L)(eq.,lvl 2 ) V-t
From fig 1 and table 1, we see that only:ﬂ\—sm@'f is eligible to
effect the transition 2:6 , due to the direction of change of strangeness,
and the properties of the octet current operators. Hence F;L)is the only
term contributing, with J;defined by eq., 1. 2¢.
As the hadronic matrix element _<v)f;ll<?must be even under parity,
<Ay ) K>=0r and hence only V can mediate the transition. With the property

of translational invariance, the T matrix becomes

T= - Ganbe (2m)F §¥(P-h=—pP'- k') <T°(R)]|V,* (D;-tv,‘sfo)lk“(r»
: Vi
________,__‘_____.__.—
’('/@:Tﬂ»/MvML/Po’hu [ uce’) ¥a Ci+ ¥s) v CRY) ],
Defining the reduced T matrix by T‘!B = -"'rqh {2 )% $ CPa— Pi), | Z.-flq

we can write T = ¢S /53 - <TmTeolR) | V,"';(o)-iV)‘s(o) | Ikt CP)>
.'/Qn)z/fll’.ﬁ'l%- (TGp)Balrv e ds)VIR')) o —

As P. and kﬂ are the only independent 4-vectors of the hadronic

matrix element, the requirement of lorentz invariance leads to the following

conventional decoumposition in terms of the f-f's f+({‘) and f_ ({)..
< T1me UL)!VL, (6) 4+ ¢ Vs (O)IV"(P)> TR
LIS S LP»L)qH-(a)(r-b u] (4u= fumkp). 208
e - AR ’ L= k).

The p - e universality form of the leptonic current ( ie/u and e
appear symmetrically with the same strength in the total leptonic current
(eq.,mJ)), ensures the samfa form-factors ( f-f's ) apply for both Koy and K,

decays. Further, time reversal invarimce requires f, and f_to be relativély
feal.
Taking the divergence of both sides of equation 2- s, we have,
< e ) 1RV (e ) it (e) > »
I S L MW‘)a‘(i)—‘lF(‘L)] 2
@) JyPene
In the SU(3) symmetric limit, m,>= my.In this limit f_(9*) = o, and hence
-5
¥ = o . On the other hand for broken SU(3), 5# ¢ and 3,V," (o) # o .That

f, (o)=\?'__1‘nfhe U(3)1imit can be seen by considering the integrated form of
- b5

eq., 2-38 . o .
<TroCRY | Fy-is (£) lic*te) 7 = s3(p-k) [ (- o) (Ror Pa) 7+ £ (1.}) -
’ Vrod

« (homr)J e themredty | e
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where F,_;s (+) = j\/:_;s (>)d3®*¢ .In the limit of SU(3) , the momentum

$ function implies k, = B, and thus, ’

< TOo(hR) | Fu-is(o) |t (p)y = S3CE-R) £y (o) A -
Next employing the fact that [ Fu+is Fw—i5]513*§£7’(eq‘> Le27), 2\l

and sandwiching the commutator between < T°| states, and hsing the constraint

that in the SU(3) symmetric limit, only octet states contribute, we find,

[ <% | Fucis Jic*> > = | <me I Fyois Lkt > 15 | 212
where we have used < TT° 'Ia + Y-3, )wey=0. Then sandwiching the comm- -
utator between | (') states and summing over intermediate states, we obtain

jf‘:“‘ SIS CRY | Fu-is (o) 110 CEI> 1> 4 | <Tro(R) | Foe t5<om<fm>l f oo
2T

= <Kkt (pY] Tt ¥4 Y | KH(R)Y> = $2(R-k)
From equations 2-12 and 213 ,we require <Tmelh)) Fyoig (o )|K+Lp)7 = ,1___53(5- k )
2_ 4

with onlythe positive sign possible due toithe sign of the eigenvalues of

the charge operator Fw;is acting on the K state vector. Thus f,lo)=

Ji
fy (o) will come under discussion in the calculation of section 2.4,

where the value'f4(o)— | is a natural consequence of the model chosen, and
the assumptions used in 1t's theoretical evaluation. Any deviation of f (o)
from /5 is due tq renormalization by the strong symmetry breaking forces,
An important theorem,concerning the renormalization of fi, (o) , is the

Ademollo-Gatto theorem( 44 ), which shows that to first order in SU(3)
symmetry breaking, matrix elements of the vector current between single
particle states of the same SU(3) multiplet are hot renormalized in the limit. ,3,—
of zero momentum transfer. Je g@)=éi up to at least second order the symmetry
breaking. For the first three components of the vector current, the theorem
holds trivially, from the CVC hypothesis( 32).

In the case ofthe 4,5,6, and 7 components of the vector current, the

theorem can be demonstrated by appealing to the CR 2. \lq , which from the
C.A. hypothesis of Gell-Mann( & ) i¢ valid for broken symmetry, with time

dependent charges.For simplicity we will sandwich eq., 2-:lla between!f7states,
and sum over intermediate states, In this case only one octet staté“cdn

contribute, with the other contributions arising from outside the octet. -
multiplet. Hence we may write

S"s-“/@np < () Fyags CE) TROCEIICRCE) | Fymts (6D e L) >

r Z {(TF*’LI?-)\F\&«\S({‘) l“><'\'Fw—Ls Lf)lf*(l’h)}
n;tk

o<t ) Fucis () Iny<n | Feris Le) AT L) 2 [
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= TR N T e %Y | )Y = §3 (R -p).

From equation |.4», the relevant part of s S

, to the order to which we
we are working( ie neglecting electromagnetic interactions in the hadron
matrix elements) is 1% e H' Employing the Heisenberg equations of motion

and time translational invariance, we have

<wHCRY ] Fuvis (£)Iny = <undCHY) Fas (£)D10Y/ CET - En) 21y

For |n> = |IK®> | in the SU(3) limit as € —> o JEq* = E zo

Thus Ev*r —Eﬁ.is proportional to € ,and the first two terﬁls are independent

of ¢ . For E_'r ——En( n not a member of the same octet as Tt ) E-n - En

—/£% O as € —> o, and thus terms under the summation are of

order ez in the symmetry breaking. Whence f (o) is only renormalized in the

second order of the symmetry breaking interaction, ie f_ (o) = I/J3 + OLE>) 245
The theorem is generally valid for other octets of particles and their

correspoming f-f's, besides the PS octet example above (4%), In summary,

f+(°)=QL’i(|+OL€L)) , and E(o) = 0 (e)- 2018

It is often useful, when analysing the energy dependence of the

f-f's to decompose the matrix element ( eq., 2-% ) in the following way,

(Vem s e ) am (Prida + (o (08) = £40q2) J(mse= mart)) (p-r)m ] 216

and to consider the f-f's (45 ) "
{40e) <« f.(q+) = (a‘+(1‘) -1 ¥~C1‘)) 211
: Myt~ my ™ ) .
which receive contributions fromonly J = 1~ and J = ot states
respectively, The f-f's f, and fu are usually assumed to satisfy at
most once subtracted dispersion relations ( Sect.,23) with the absorptive
parts of f, and f determined by spin 1 and spin 0 intermediate states
respectively., If f+ and foare assumed to be dominated by single particle
states 7in this aprrox.imation f, and f_can be written as _ A
R E ) Mt s Balel MR

m?r* + q* mp* + 7%
where K™ and k_arewassumed to belong to an octet of J= 1 vector and J= o*

scalar mesons respectiVley, with the quantum number assignment of the
4-i5th state in the above case, '
Although the existence of an octet of vector mesons is well

established by now( 5, !6. ), the existence of the scalar kappa mesons,
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and even more so, an octet of scalar mesons, is much less certain, although
recent evidence of a K- T enhancement of mass ~ 1100 Mev has been
obtained by Trippe et al,, and Crennell et al,,( &6 ),
In the simple pole model, the energy dependence of the f-f's

f‘+ and f, in the physical<f‘range of the decay, can be written to first
order as .‘(.,,(1_1-) = Lo (o)L 14 D4 °1_"/m-rr") »
| '('o (-‘1") = £, (o) (U + Do ‘L"/""T\"')E S’-F(D)(‘ 1+ )oi‘/mw"), 219
for Y, = M""/MK*"-V o-.023and Ao = m'lr"/mh_i- ~ O 0l Y (sect,, 2.3).

~ An important relation relating f, and f_at the unphysical
point q*--m,} , and which will be discussed later in section 2,3, is

the Callan-Treiman ( CT ) relation (4% 7)

:£+ (-tmer)r . (- Mic™ ) = l/E e/ fr _ B 9.-20

This was derived by Callan and Treiman from the matrix element 2.9 ,

by employing PCAC in the soft pion limit ( K, = © ). The use of PCAC
to obtain information on the matrix elements of processes involving soft
pioné ( mgp*=c ) was first introduced by Nambu ( 2¢ ) and later

employed in conjunction with current algegra by Callan a_nd Treiman (see alsgect 3_‘%)

The derivation of equation 2-2c proceeds from the matrix element
. : . : . . A : :
Z-8 by contracting the pion ', wusing pion PCAC, BZA'; = &i mi* Qi /J_Q: ,

and then partially integrating with respect to k»* ..

R | N I RV Sl PR N VS DN
Ru—>o | |
spmo = b Llmemne®) S gn) = et ] N
T wee ke 4 | .
=  jfainn ‘ — B
ko Se« v <o | T Qe o) DY
V29, (am)3

-t ¥

o)) 1> - (k™ mw™)

'Us'in'g, PCAC, and then partially integrating w.r.t, k. , we qbtain,
hrn — g . o -
Moo= J2 Jsetme)< o (§he) [ AT VAT ()] >, -
Ru—mo To— | I ——m ) O M 2-22
: m;{rw \/ZaLD (7_'\“\ P~ .

Evaluating the ETC with the use of the relations .42 and the CH's '(- 3%

"2,22 becomes

VT v, o is ac 1\
ZE [ e S ) aunLt T (e \‘<‘“>((7-;:—z7:§,:)'

frr Vzgs Cxm)® . - A

In the SU(2)®SU(2) symmetric limit ( m“-" = 0 ) ter= —‘/"3: , and hence

from equation i-39 we find,

™M ' -

KJI K - (ei" 7..'2-') — <§*(-MK1) + S-Q-M‘Qz)) m’ﬂ [}
Jrfr - .

which is the CT relation. We will refer to the above method as the soft-pion

method,
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In equation 2.22 we have dropped the term . '
W e ?Chw (A rya<o I T (AT GO, 94 Vat 7)) Nicr > (eme )
which only contributes if there is a single intermediate particle state
which is degenerate in mass with either the initial or final states,
<K*\b and | 0 yrespectively., In this case no eligible single particle state
exists, so this term is vanishing in the soft pion limit,
We also note that as SU(2)RASU(2) symmetry is turned off, we obtain

corrections to the Callan-Treiman relation, of the order (M. % )whlch

indicates the approximate validity of the SU(2)XSU(2) symmetric limit,

. . ) u-—-1is

Ret':urn1ng to the matrix element < qre | V5 | >,
as V.}‘L’”"S is hypothesised to belong to an octet of vector currents ( 32 )
transforming as the 4 - i5 th components of this octet, an immediate
consequenca of this ( fig., 1 and table 1 ) are the following constraints

on the decay.

(1). |as)

"
-

(2). |AQ]
from the GNN relation

1, and hence only |AI,| = % transitions are possible,

(3). AY = AQ, which is a consequence of the properties of the

Vg raising and lowering operators ( Fig., 1 )

(4), As Vv ¥-t3 belongs to an isotopic doublet of currents

P
(v, *-fs , V, 6 {7 ) within the octet, and taking into account-
the properties of the octet operators ( Fig., 1 ), only|AIl = 3 transitions

can be mediated by V:”"s . The|lAL | = % rule is a direct consequence,

4-15.
) L

in this case,of the octet properties of v
Evidence for support of the V - A current - current phenoménological

weak Hamiltonian for the strangeness changing semi-leptonic decayg

comes from the measurements of the e*— energy spectrum in K es decay

( 58 ) and the T and g  spectra in K 4,3 decay ( 59 ). On

covariance grounds alone, both the scalar and the tensor currents could

also contribute to the K decays. Nevertheless, the fit to the energy spectra

experiments is wholly consistent with the vector current alone(58J'S'-'1 ).
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Further evidence for the Cabibbo phenomenological c¢-c weak

interaction arises from considering the 4 possible neutral Kaon decay

modes. o _ - 4 >
e = TT [ AN AY = 66 = Bs
K® = T+ 17 V2
' 223
Ke = T+ 1T+ Y,
' AY = —AQ = AS

K =TT+ 21+t + Y,
The last two decay modes are ruled out by the above weak Hamiltonian,
as both areiAI,|= 2/ transitions, which implies the possibility of
- JA 1= 34 transitionms, ‘ ' ‘
A test of this is obtained by considering the consequences of the
JAIl= % rule in these decays. From the matrix elements of the CR's
[Fota, Vi =0 =[Futn, Vool =0 242w

between the states <m*| and | kK-> , the followinglAI| = % rule relations
A Sr o
follow. ,/Z < T° [ v++;‘ I K-> = <-n--r lv)u—ftb ’ [ ° >’

and similarl - A _ A
VU2 T Viiis 1> = <Kk VWois | K°) 228
The relations between the corresponding decey rates are thus,
— - — - ’ )

T () = TI(Re) ;2T Ckm) = Tl LoD, 2-26
As hypercharge is not conserved in weak interactions, K° and X ° can '
transform into one another through the hypercharge non-conserving inter—

‘ . WERAK WEAK

actions of the form( w g ) Ke = TT‘" + T~ > e,
Thus the appropriate states when discussing weak interactions are the

— o
even and odd CP eigenstates (1t,48 ) (Re+Kk®)/J5 = K ¢ (,l("_:_\}&) = K
vz

Hence thelaA I| = % relations imply
—_ o

T"LK",_) = 27 K")(E 2T(KY) from the CPT theorem)and | L—KS ) = 0,

Experimentally ( w9 ) only K is observed to undergo semi—lépton_ic decay,> ‘

and hence this lends support to both theAY=AQ andAl = % rules,as

required by the Cabibbo phenomenological weak interactign,

With the Cabibbo strangness changing current of the form,

P Hris . w4+ LS
Ih(tnis)“ A e ﬂ + AMGC, Va

consideration of the amplitudes

)

CTolRYS L e)y _(%9m <o AT I TTlR)y = (haf Tr/\/c_;""""““m; T

and thence the ratio 7 (K->e+¥)/T" (4> pry)determines the quantity

. JCK/:;T\' tan QC—_-.{AN@R( 5o ), where QRJ.S simply a parametrization

of the LHS indicating the Cabibbo angle occurs with the axial-vector

current, A determination of @ by Brene et al gives QH_. 0.2655 + 0,0006,
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In the limit of SU(3), fi = fy (m}= m'), and hence (. = € - In
this sense (36 is renormalized by the strong symmetry breaking interactions, .
Similarly, a measurement of T, (K >T+e v v Y €51
determines the quantityJif+(o)AM\eQ= raa@,= 0.21 £ 0,01, where O, again
is a parametrization of the LHS involving G&_occuring with the vector
current, Renormalization of f, (o) by the strong interactions is expected
to be small,by the Ademollo-Gatto theorem, and hence sin Oy = AnB, .
Eliminating (J_between these two experimental determinations, for é\,z B¢ ;
Brene et al find fx /(fr fuo)z) =1.28 * 0.06, indicating that O is
appreciably different from @v for broken Su(3) symmetry when fl«’# fﬁ, .

For f,=fy , in the limit of SU(3), Ba = O, = Qc .
The experimental value for the ratio {k/{wgéﬂwill be importantb

in the next section, when comparing the predictions of the Callan-Treiman

relation with the experimental status of the form-factors f, and f_ ,

‘Section 2.2 Experimental determination of<§ .

Introduction,

By 1967,>thé experimental status cﬁ'g,, from both the neutral
and charged K,, decay had become very uncertain ( 52 ), with the 1arge‘
discrepancy between the value of ‘E és obtained from m-polarization
( Ef) and the branching ratio ( R ) and Dalitz plot experiments, In
particular, up to the Heidelberg conference ( 53 ) g average ( branching
ratio) = 0.64 ¥ 0,3 , whileg}::;“"-—i.zs + 0.35 for K:;decaysv. We will
henceforth specifically consider the decays of the charged Kaons,
although exactly analogous cohsiderations apply for the neutral Kéon
decays.

Up to this time the energy dependénce of the f-f's ( sy )had not
been taken into account in analysing the experimental data, It was
suggested by Cabibbo in 1967 ( S5 ) that the widely differing results
arose from the neglect of the energy dependence of the f-f's, where q>
is an energy variable in the rest frame of Kaon decay. The energy depen—
encebhas since been‘intrﬁgﬁffd for fi:( 1L) by linenrly parametrising w,r,t. q?,
and retaining first order ,. This corresponds from the d%snersion theoretic
point of view, to a single particle pole approximation, expanded to first

order in the energy. In this simple model the standard parametric form
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for ft(cf-) is (5w ). frt(ih) = '§i(°> ( | - s CL:. /mn_z) 2-27
where )*are related to the single pole expressions -f-_.;_. (CL :;i ° m-f

. 2
for A& = ™7 /mi‘_z. mt vt

By introducing the energy dependence, the expressions for E and
R are now dependent on three parameters, namely }\+ )',\_ and g ,with
the cons‘equence that E is coupled to the energy dependence of the f-f's
for it's determination. In this way, for particular values of ]4. and )—J
the values of % obtained from P and R measurements can be made comp-
atible with each other, Very recént experiments show evidence of the
compatibility ofg from the Er and R experiments, in favour of the
results originally obtained from the Al?r,_measurément's, which yields a -
direct determination of g(‘f)( 56 ), and’ is less sensitive to the energy
dependence of the form factors,as shown below.

We outline below the derivation of the theoretical expressions
C 16 )1.8'51') for the branching ratio andu -polarization, which we
subsequently computedjto study theoretically, the degree of compatibility

of the experimental determination ofg from these two approaches,
Section 2,2

K,» branching ratio) and M - polarization.

The branching ratio R is defined by R = ! ., / T;s , where T,
and -\_2'3 denote the decay rates for the processes |( —> T+ i+ ¥V .
and W —> Tr+e &+ VY respectively, As the]Al|= 3 rule requires
\g (_<\_1) is the same for both the charged and neutral Kaon decays (37) we

will henceforth consider the decay |<+(p) > T7° (K ) » FCP" ) x yl.(w)
From equations 2:6¢ , 2.7 , the reduced matrix element,”‘f, for

the process K+ —> TI'" L2 B S is given by
- 2. 2.8
T = 19 pen® Lha2)Gen) 6 (g2 u wyud ( uvcux e V’LPDT/MMI
Ny . VweeRe (am)? avys_ o
The differential rate for the decay can be wwitten in terms of T as
AT s Cam )t S ek — = RV Z | T dSRdPR 3P 229
Ahin

With. the definition ‘

M = ""‘“e\r_q (§+C1)CP+}L)H*§(1)(P K w ( GOy ) Y, (_lfz(s)’\/’t(f‘ )Y,
we can write equation 2-29 as Aok o nl o
. 3 3
= S¥lp—h —p/—h’)|Im|* (D22 - P,
A-rl k g (z,rr‘ L pe ) ° ho’ Po'! ~.2-30
Using the momentgm constraint condition (p - k),,: (p’.g. k’)ﬂ’we have

GrnO T &,(1‘)'P,;4.— _%({-,.Q_’-) —f—ﬁ_")(f’#- k’),u) 231
— \ .

( To ()Y, Cir s Y Cp'D).
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Next, employing the Dirac equation, and the property X/‘x_f—-‘@& M

becomes

M = (\\‘iweﬁ Uy (RIO=Ys ) (-mu S (4 ) my §-(q= )+ ¥ PS4 (@) V2l P7).

Time reversal *invariance ensures the relative reality of the form- factors,

and hence

= Qe st
M* = LCIM Wt L’ ) —-ml-g:,. +M\.‘F—-—LK P*{+\(|—Xs)‘(+uv(h‘)
where the property U= u X has been used and we have dropped the q*
dependence for future convenience, With the Dirac - Pauli represenration
of the ¥ matrices, and the properties )
XL’.’-=1) %‘0\65 =-85Xq. ) '\71‘ LP')= ‘V‘L.'-Kl’_, K.f’*: —-X,F'
M*can finally be wr1tten in the form

M* = (Gam@e T (P ) ( —mifermuf-+iXep f2 )l ds)

Summing over the spins, by means of the spin projection operators PZP.‘V;.(P )Vz e’ )
=-XpPem
we f£ing Z |Hl|1" G 3 ‘Tri((—M‘(\—T)+tYp))(X h,)(‘_aff)((_mz_

MmamMmy
=) .k, P) (Mt iXP )}
}«Naluatlon of the trace then yields

Z M\ = 9% 05> f L app/~2mRe (- (l~‘§))3"'?'

Spin
+ (mr =y C1-5)2plps f/mymny
where f ; has been factored out in the above to obtain the expre851ons

in terms OfE— fy. / £ .

Working in the Kaon rest frame, we have the following conditons holdlng'

PeP/=-mpe’ , P.h!=—rikd, (P-R)*= (P+R")> =%

—Mi* =Mt 2R M = =Mt =y = 2 pL R

and hence f ¢ )= f’(ho o In this three body decay, the maximum energy
+(q." + A )

of the TT is given by .\, = ( M+ MIT™> =M™ Y/ rmK )

for decay of the Kaon at rest, ExpressingZ|M |*in the rest frame of' the
Kaon, and integrating with respect to p’ and the angular variables, we

obtain for the differential decay rate

AT (heype) = = oL Cmpv)8w=dbhe dpl

GT)° mi
X Qrain*0c v}:_f‘j_ag_ E{Mx[zn’e'ho’ —mic (wo-Rhe) ]
m\.m\)‘

+

_:_r_ml (w,—ho)——Ml"}\o } + {m_‘}[ho LWo"ko)]}E | _
rfLme Gmkar 3] s
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The §7*dp°dyp, arises from the phase space factor
O‘Bhw'% 3(‘2;"' ,E!"l' !}”)S(MK“"?—D“‘lol- kul)

- 33
RoPChe’
= (PR &’ /hoPe’ho) § (mi=—he —F' —ko' )
Regarding the direction of the T as arbitrary, only the angular variation
of the direction of U relative to the T 's direction’cl&m_, need be
considered, and hence equationz-%3can be written as
I krdk prde! d can@ § (MK —ho -t —ko ),
h "Lo /I'ko’
where
| h;l*'f,"'-;- Z]ﬂ”klw—-nen-,. (mv=o)f'=o).
Integratlng over cos @, we obtain 3T dho dpo’ - _
From equation 4 .32 the pion energy spectrum is defined by
(A
- 1 * e
AT /dR® = §* mdBef . L- mm-})am-m
f,’mm .
— (mxr=miy, (- 3)2 )(wo ~ke)) + (M Crie=be)
S
+m1(‘_?)) .—IMKP"/.L]OIFo’.
234

To calculate the maximum and minimum values .of the lepton energy p', for

a particular value of k,, we use the constraint,
og

M} le/1* = (e/-m) = (lﬁ,qi‘hl"))

which is a consequence of P’ = CE*I’;')

and hence i oy
Po

( he’ £ 1k} >
2 P*= E".}.h“‘q’- 1“5\\!3__:]%46,
= [Cri-kexlk1”) = M1 /(2 mic— hot 1R]) 235

Integrating over p, we then obtain,

Tl:s/clho= G*an>0Oc £ 1k \(WO""& )"-i_sLMK.L“};,x

Tlem® Wo — Wo+ M/2MK

+

—3—- L n‘\‘ /(_w,, lao + ML"/LMK + Q""m/gMK )(M,g\,‘fmﬂz + 7-MI'JL°)

+ T“: rMe® (mie* = M)

mi

}‘ {‘-:T-mLm(;WO"ho*MLL/LMK) Iil’}. "b36l _

For m, = me, contributions of O( m ) can be neglected in relation to the

2436
other terms, and equatlonhmmpllfles to

AT_:.'i /JLQ = Cil 19¢ MK (Sl_l_(cL )) “:5‘3 7 . '1"31

L8y 3
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For 1 = u in eguation 2 -3¢ CXTLz /i, is the energy spectrum

’
of the ¢ meson for Ki}decay, and similarly o 1:;/.}).., for K:gdecay.
The lepton energy spectra for the respective decays is obtained by
integrating over k, first .

The integration over k (max -min), for the expressions 2~ 3¢
and . 3; was computed, where as for P > the maximum and minimum
values of k, are given by ™7

fry~—-

In the computation we employed the standard parametrization ( |6 , to )
§‘r((tl\) = :)Ct(b)t\'“ Ax (L”/r\f\‘rr’L )
= 5"‘: Co\)z i 4+ )tz(:w”'_k'c"" M},"/’—"’\K)/Mkj

where ‘)\: ) ,m‘t/ mf,f. This parametrization simply corresponds to a Taylor

expansion of f(¢-jabout qQ =0, and can be interpreted in terms of the simple
pole model as discussed in section 2,1,

So far all experiments are consistent with pure vector coupling
( ¢t ), which we have assumed above, In particular Bellotti et al have
found!from the T and ¢ spectra measurements)that the upper 1limit for
the contribution from the scalar and tensor form-factors ( fg and§&) is
less than 9 %(¢2).

The expressions computed for the branching ratio are recorded

below, for which we define the quantity R = We—= 1o+ M;‘“/lmk .

o hoorrens
bs = j o ke z Gran>Ce ;,f’(o)é ( b+ b 5, )
, Y ohe n - jemw3 o ™M

-

X {[ vy k> + Wy ""‘LL“},‘L/B +_T_LL ( mi* F TR 4 2k l"-e)

g™
) 2 o L J ~ < . ;
+—‘:i.’Y\L L MRS~ Mrp E[_o)(\-i— 2%)-_)_@ )+3+_i.'ML‘r5)C§—(o))L
r.‘"K . MK ™MK Lf_ ’ ‘
. (-m-, RA- . R4 )
mMig ’ M jc -
TT — hqw | ) -~ i i
ey = e, q},w\z@c };(O)j[lbl Cha‘—ml“')
YLy e 1613 . Irm?
+ bR, tth’chL-"—'—"\vTrL)] 2
' 3mi

} e = TCmie=rpeste ) emm> [ /2 Cv-rs i)

7 . 3%

2.39

- Yo,
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—_— ,
Taking the computed ratio of l%/ T]e_s , the final result obtained

was

T - - - —
\us/lez = ©0-6H36 4+ o-1c55 "\+ + O"’-‘Lrg + o.0c¢co0( A+§

Fo-es55 % A+ 0~ci‘12(§)1 + 'o-ct).(,_)«v—@)‘ - C-053 .)-\fQE)L’ 2 - b |
A similar relation has been obtained by Cabibbo ( 55 ), We find the first

term of his expression is so.mewhat larger than ours, which is particularly
significant for experimental values of R close to the value of this termn,

In fact Cabibbo obtains 0,6487, which is significant for R -~ 0,64 when
determining § in terms of j+ and ) _,

From equation ,.,, it is apparent that T:s /‘l_l;, is dependent on
the three parameters % k , )\* and ) - , and hence the extraction of the
value of ? from measurements of R is dependent on a knowledge of the
energy dependence of the form—factors. Therefore experiment can only
determine a relation between the three parameters A+, 7 _and E . In fact,
the branching ratio is fairly insensitve to ,\ﬂand we essentially determine
a relation between \g and ),, for different values of the branéhing ratio,
Ea:1y experiments simply ignored 3\',, and )_, which is equivalent to settting
these parameters equal to zero in the above.

Both the sensitivity of 5 to the values of )\, and A., and the’
difficulty in determining \§ from the experimental values of R, due largely
to the lack of conclusive knowledge about A+ and Ao , motivated Cabibbo
and Maksymowicz ( 3¢ ) to point out the desirability of/,.M - polarization
measurements, They showed that due to the zero spin of T and K, and
the definite helicity state of the neutrino, once the kinematics of the
decay are fixed, the meson is totdly polarized along some direction (5¢,¢3 ))
and that the direction of the polarization is very sensitive to fhe value .
of g(_cL?—).

This can be seen below from the ekpressions for the longitudinal
and transverse components of the/m - polarization (s, w]LS)_These are obta‘ined
by projecting the ~ spin onto the z-axis ( quantization axis z lto p,) frlom'
the expressions for the decay rates ( eq.4 2-39 ko )) to give the ra,;:{es

T Cy,+ 'a ) and T(3,-1n) . T'(3+ '7.) are defined to be the
decay rates for the projection of the/M spin onto the z-—axis)having the V&;’Ue‘s
4+ % respectively. This is effected by multiplying the Dirac/u- spin

projection operator :__LE.,LLID,\» by the covarimt spin projection
20
\

operator 5 ( b+ 2W.y / MH) , to give | (S)t i, ) respectively c5 ).

W 3\ is the Pauli-Lubanski covariant spin vector( ¢ % )J which reduces in the
242 :
rest frame of the * to the spin of the Mo and ','ﬁ‘uis defined as the
- 7

' covariant polarization vector' S ( ¢5 ), which coincides in the rest of
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F , to the polarization vector} Sm of the muon, S 1is the experimentally

~ K

observable polarization, in contrast to S which is not in general, except

in the muon rest frame, In this frame 1JV%$] is orthogbnal to p; . Ie
M
; N . (W) '3 ‘ s
Wy . [ azcy 8S in this frame Y2 __, S . @and Py =(c,imu) Since

wy-i,  is a lorentz scalar, it éggt be zero in all frames, and in particular
the muon rest frame,

From equationszfg%}qwtgr(%imjcan be written in the general form
( A ¢ Eé,g ). Hence we can define the 'covariant polarization vector! S

in analogy with the non-relativistic case ( Gu) b%

.Tﬂ(.gjq-nL) -7 (3;"UL) - Ry 'S'}
T3, iy v TV 0y, - 14) A
From the properties L
S.pPi=e Pl\Lz“mM’- , Py =

.S can be written in the general form

752: &)/H-{— &—P'P)’\ .

_—
Fi M M
Introducing the covarlant Spin projection operator in ‘the previous

trace calculation forﬁ_JM] , the expressions | ' (S,i-UL§ are obtained,
By a change of basis,azhe 'Tj(g) 1“;\ are then transformed to the rest

frame of the muon ( (5 ) to obtain the longitudinal and transverse com-
ponents ofthe polarization vector §|{'f The final cdvariant_expression

for Sﬁ‘is then evaluated for the Kaon decaying at rest to yield,
;S,'\z: E/\ﬁ\: {'b(E’-L_EI’}E_)f,')* ["—MK“ __.__l_>__' L”_k"o/
™M s ©

. } - - Ip7)* —,.E}v,_z
r (M =k ))]F’j/ln\,

us1ng the linear parametrization

;(q_l_: ECI—}\—(i /MTT ))/(l“) ("L /Mn )j:fiiiz‘/;_(f—)-

The various quantltles occuring in equation 1 ‘+3 are defined by,

Q/MH = Mic [(l‘ g(b\)L\")-‘L"/MTT" + ')*‘L‘L/MTT‘-)(‘W;-‘Lo)

- 7"(1““"(""{0““30/ )j. |

243,

sa/;"‘.,u = [ﬂ’”(li- M ( i - ;1(03.( i - lu'll/rv\rrl'"_ 7“}"“1?_/0417")
™ .

TRk (= 50 (=2 1 Y een + A 1™ o ) 1.
We = (Mptsy mun =muar)/2micy @22 2Mic(he-we-Mau?/2mie) | K = (M- fo! - Re),
As the muon is totally polarized ( 5¢,¢3) we require ]A\,_IB) The first

term corresponds to the transverse polarization, and the second to the
1ogitudina1 polarization, As time reversal invariance fequires'the relative

reality of the f-f's, both of these components lie in the decay plane
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defined by k x p. This follows due to the fact that components trans~
verse to k.« p transform as pseudo~vectors, and would be required to be

-~

multiplied by imaginary components from \j' , in order to transform over-
all as a vector, Hence this component dos'nt arise.
From equation 2-+%3 §rf § (,\(_lﬁ,ﬁ") is seen to be directly dep-

endent upon ¥ (4+), or in the parametrization we are using, upon % (-) and

% (o) S W ) L/'\,‘ﬁﬂ . Hence a measurement of S , for fixed values
of k. and p_ "offers a direct determination of zﬁﬁ) A measure of the energy
dependence of L can be determined by evaluating clElO}/c{ [Q}*-, _);lc) ) hich
is obtainable from a plot of S S (v) verses 2+ = A=) , and which is

studied below in comparison with the information obtainable from the

- branching ratio measurements,

Experimental determination of E, R

Recent experiments studying the three parameter fit of % . ')4
and X - to the data of the R and Dalitz plot experiments)show that while
£(c)is strongly correlated with 7\, both ), and § are much less
correlated with 7 _ . In this regard A- is difficult to determine
experimentally, particularly in the case of the R experiments for which
o g/d }\r>‘>°’§/6)‘,\_ , as is apparent from the expression for R (eg.,2-&i),
As ). is only weakly coupled theoretically for R,to ? and )\, , measur-
ments of R are not very sensitive to X-. '

~-Polarization, however, depends on §(1 ) = §( )[I 7\‘ “L] so
these experiments are equally sensitive to }\* and A -, and can't disting-
uish between them, However, Chounet ( ({( ), in a very recent compilation of
the experimental deterinination of % , concludes that at the present time
) _is con sistent with zéro. We will follow a number of authors (55‘5. €6 )
in setting ),: Oin the analysis below, andin-particular in the analysis )
of the polarization exi)eriments, to determine the variation'of% with 2 Fe
Theoretically there is no basis for setting \.=0, although it is a téseful
device in comparing the results of the R and P measurements, by reducing
the problem down from a three parameter fit to a two parameter fit.

From the expressions for both longitudinal and transverse polar—
ization ( P, and P+ reSpectively' ), énd the relation for the branching
ratio, we have computed plots for %’ verses /\.+ , on setting A-= 0

( Figs 3  and 4 respectively ),



ST

e

T e




Lo

Patal

—r—r

|
-G




LB S

g

e,

IR

Ty

[2R52 8

e et

s

iy

(SRS pas

TT

[y
—

i

I

B —




37.

In the case of PL and P‘r’ a double integration was first computed
to obtain a plot of7§ verses the weighted average of P, ( P.) ( Ie the
avefage polarization over the region of the Dalitz plot under cons.i.deration)J
for different values of)\, ., We chose the 60-100 Mev muon energy band accross
the Dalitz plot, to integrate over ( Fig & ), as this lies on the largest
and most important band for the reconstruction of the K/, decays for deter-
mining the polarization of the muon ( t77 ). The regions surrounding this
band are excluded either becé.use of the resolution of the polarization, or
because these fall in the physical regions of the 3 and Km decay modes

 which would impair the reconstruction of the K,, mode( ¢7 ),

Fic 6
Ex ( Kinenc) | ) \
’ ‘ (,o\/

o

_ 100 : S Ep L\%lnﬁTlL)
From the computed graphs mentioned above, plots of % vs A _were

readily obtained for different constant weighted average values of PLand
PT(Fig 3 ). Figure 4 is similarly a plot of g ve A4 for varying values
of R, The two plots were then superimposed and are presented in fig ,‘5
Using the graphs as a guide, we will first briefly outline the exper-
imental situatuon regarding: /\4, and \é , R and Pl_( 'PT), for KM:and Ke*_‘g ,
for which there exists more abundant data ( (( ) at present than for the
K,; decay mode. From this discussion and the graphs we then draw some con-
clusions about the compatibility of the R and P, determinationsof 2 , and

finally, we compare a number of simple theoretical model predictions with

the most recent expedmental results,

The most direct way of determining ,\+ is a study‘of the e or W
spectra, given by the expressions cl TL; /J IL/ and Jru/;‘hf respectively
(eq., 2+¢), which amounts to a study of the Kf, Dalitz plot., A recent

determination of the average value of )\, , obtained by Chounet ( ¢¢ )/
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fromthe latest experiments up to 1970 studying the e and 1T energy
spectra, yields /\.r = 0,030 -~ 0.007, Nevertheless, considerable variation
exists in the values correlated, with the more recent values indicating
a trend to higher values of )\, . Bellotti et al ( (2 ) obtained |\, =
0.045 & 0.018 from a Dalitz plot analysis. Similatly Botterill et al ( 6o )
obtained N} as large as 0,08 ¥ 0.04 from a study of the e spectrum,
although a more recent det‘ermination by this group, studying the';fvenergy
spectrum in K_* decay, finds M, =0,045 2 0.015, which is .more significant
by virtue of it's better accuracy.

| A less direct determination of A is obtained from a measurement of
the K ,decay rate |., ,which is related to ), by

TR ) = s @ty (e 35701 A e ) aT-u2xio T (55),
This method requires a priori the value of f,(:) sin (—}C— sinC, for the :

determination of }\ . In a recent determination of T(k;‘), Haidt et al

( ¢7 ) find X - 0,029 £ 0.010 for f,{.)sinl = 0.218 % 0,004, F“or a
small change in f _(.)sinC. to 0.206 £ 0,006 they find ), , increases
sharply to 0.060 ¥ 0.019. In the light of the analysis of Brene et al

( sect., 2.1.) we expect, from the above that )\, lies in the vicinity of
0.04, |

The above values of )+ indicate a considerable increase in ‘the values
over the last two years, from the value 0.020 £ 0,008, estimated to be
the world average up to the 1968 Heidelberg conference ( 33 ),

The increasingly large values are supported further by Chounet (¢ ()
who finds the overall fit to the I(;data, obtained from u -~ polarization
and branching ratio experiments, requires ), = 0.045 ¥ 0,012 for ’)1____ 0
and § = -0.85 % 0.20. Chien et al (¢s ) , in a recent high statistics
experim'ent, have investigated the K:3 Dalitz plot, and find ). = 0,09 £ 0,002
for }_ = 0 and % - =0,68 £ 0,12, The most recent and highest statistics
experiments tend to support X,> 0,04 for ) = O. '

For the determination of % from the polarization measurements, the
most recent , highest statistics'experiments, of in particulx, Cutts et al
( 69 ),Haidt et al ( ¢7) and Bettels et al ( 7¢ ) are all consistent with
£ ~ -1 for K, decay. With )\ _ = 0, Haidt et al find the most likely
. value of &= - 1.0 £ 0.3 forP_0.95 % 0,09 and P 7=~ 0,29 4 0.09,in the
energy range 47 Mev < E, ¢ 94 Mev, This can be seen from the curves of -
fig 3 for the values of P_ and P_above, As the 4 is totally polarized
we plot graphs in pairs of ( P_, P ) for P* + P_:gl (+# 1, as we have
taken a weighted average over a region of the Dalitz plot rather than

values of P and PT_at particular points in the Dalitz plot),The pairs plotted
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are (0,9 , -0,30 ), (0,92, - 0,37 ), (0,90, -0.44 ), all of
which are well within the experimental limits of the latest highest
statistics experiments ({7,::), Large values of % of‘%*l are seen to
require a large component of l:itudinal polarization and a small comp-
onent of of transverse polarization., Cutts et al also find ; = = 0,95 &
0.09 in the/,u energy range 3Ssnew< Y. < 9omMafor A = 0, but
give no values for P,_ and P1, '

A number of earlier experiments (710 ) with statistics
of an order of 10'1ess than the above, found P consistently smaller than
0.80, with large positive values of cg obtained as a consequence, This
-is readily seen from the graphs ( fig.)3,5 ).From the approximate linearity
of the plot of % vs P_from which the graphs were obtained, we expect

positive values for ¥ , Chounet (¢¢ ) finds the best overall fit to the

2
KJS polarization data requires 5 = =1.45 % 0,70 for 2,=0,07 £ 0.15-
and ) _= 0, by fitting a linear variation of A, Wwith the experimental data

\‘x

on the values of Z obtained for bands of qZ accross the Dalitz plot,
We find this variation of { with )\ compatible with the experiment of Haidt
et al from the graph ( fig.3 ) above for their values of P_ and P_. Hence
the polarization data requires g ~=-1. ‘
From equation 2 -ii for R, setting J_= 0, we obtain -
= T‘%/T},_B‘ = O0-06b4S6 T o»\osssu +'0'\’-6Lr§ + o'ooeé—j+§ + o-o:ng’; ‘

(s = D™/ n>) S
for K* decay. In the case of the R measurements, the first term is close
to the experimenatal value of R and hence % and )\, are very sensitive to -

the value of R, Small changes in R mean significant changes in ”5' or ;.

=

For R < 0,6456, as .70 , this implies % is negative, On the other hand
for R) 0.6456 + 0.1055 \,, § is positive. o

The world average obtained by Chounet is R = 0,626 £ 0,019,
which was calculated by averaging separately the data on the decay rates
of K:3and KIS, and turns out to be somewhat lower than the individual
measurements of R, For example, Botterill et al ( 7 ) obtained R =
0.667 ¥ 0,17 , while Auerbach et al ( 73 ) obtained R as large as 0,753 &
0.076. The particle data group ( 14 ),in contrast to Chounet ( éé“), "found
an average value of R = 0.656 £ 0,023 , by averaging values of R,

Many of the earlier experiments (53,6(,67) obtained values of R |
significantly larger than 0.7, with the consequence of laxrge positive results
for % ( eq., 24w ), pérticularl"y as those experiments , up to 1967/ neglected'A
any energy dependence of the form factors in extracting ?; from the .

expression for R, This is espec‘ially important for the energy dependence
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of the J=1" form factor f+{1ﬂ, which if included can significantly
lower the value of g . The error in setting A.= 0 is also compounded
wihh the difficulties in the earlier experiments of the detection of the
K.. mode, due to the difficulty in separating the Kyamode from the back-

ground ( ¢( )

Contrary to the valﬁes above , the recent X2 experiment ( (7 ), which
is the most comprehensive and accurate experiment to date, obtained R =
0.596 £ 0,025 for 2= 0 ( as in all the cases quoted above), which is
significantly smaller than any of the previousvalues of R, and lends support
to a large value of A*., for § in agreement with the results of the
polarization experiments, The essential feature of the recent higher statistics
-experiments, is that they indicate a smaller value of R, and subsequently
with the larger values of ), , as indicated by the most recent Dalitz plot
analyses discuésed above, values of %, compatible with the polarization
measurments are possible,

Haidt et al obtainban overall fit to their polarization, branching ratio
and Dalitz plot analyses with X_. = 0, fopg = - 0,98 £ 0.23 and A\, :0,049 <
0.011. This is to be compared with the overall fit obtained by Chounet({()
in the compilation of the up to date above experiments, who finds for )\-=0

% =~ - 0,8 0,20 and ), = 0.045 2 0.012. We have marked both fhese |
fits on the graph (figvs ). Both fall well within the region of overlap
of the f4-polarization and R experiments, as shown more diagramatically
in fig 5 ’ where the heavy lines lie well within experimental limifs of
the most recent experimental results, Both points fall well within the
the experimental errors of the values for P, and P, and the' experimental
values quoted for the latest velue of R,

It is interesting to compare the apparent consistency between the

R andu - polarization determination ofE and ), from the graph above ( fig
5 ), in the region 0. 08=A\.2 0,02, with a similar analysis carried out
by Auerbach et al ( 75 ). They took Py=~ 0.32 £ 0,08 and R = 0.73 = 0,03
for the average values of these quantities at the time, and concluded that
unl ess )ﬂ.7 0.24 for A -=0, the. - polarization determination of )*_and

g is not compatible with the R determination of these quantities,

This conclusion is apparent from the graph above ( fig U ), and
arises chiefly through the large R value, We argue then that while the p-
polarization measurements of g have remained reasonably stationary, the

recent measurements of R have shown a marked tendency to smaller values
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of R, and that compatibility within experimental error for these two
methods of determination of % 1.y is possible, especially since newer
experiments indicate a larger value of }\1- than before.lIf we regard

the values of P_and P_ ,as obtained by Haidt et al ( ¢ 7),as being

very close to the true values of thes‘e quantities, within <+ 0.07, then
for small values of R persisting, inthe region of R - 0.59, we conclude
from figs4%,5 above, that somewhat larger values of ’/\F)Q )-uf), will

become possible.

We will now briefly compare the predictions of a number of simple

" models relating to the energy dependence of the form- factors, with the

predictions we would éxpect from the trend of the most recent experiments,
The Callan-Treiman relation, discussed in section 2.1, relates the

form-factors f, at the unphysical point qL:—m,: in the following way,

frC-mc) v fo(=mc?) = fx/go 5+ OCen®)
and requires for it's validity that the off-mass shell form-factors,
defined by J,* U’"‘,‘\L’,l’) é.nd [ 1’)Jare smooth functions of b\i' , such
that the extrapolation of bf from zero to the pion mass shell is well
defined, Substituting the standard linear parametrization for: fj(q_L) ,we
can rewrite the Callan~Treiman relation in the form .
Yy s B = Z il ygy — Frioows) £l 4 olmwr)

‘ fele) F- Gt
Using the recent experimental determination of ;M/é(_nﬁ;r‘o)by Haidt et al

(é‘/)} we find for}-=0, (o) = = 0,48 + O(m7) , )\ = 0.060.
% LC) ~ - 0.20 + O(m:}) ’ )-f: 0‘029'

Hence the C-T relation yields values of%u) which are substantially smaller

than recent experiments indicate, unless values of >\k‘> 0.06 are taken,

From the definition of the spin zero form-factor £ Ceqa., 2- =N ),
if we set m%:oand q= -~ m, , corresponding to the unphysical soft pion point,
then

ol ) = (-ric* ) & f_(-my*) = aC.L/’Cﬁ ) (From the C-T relation),

3
g
P —_ :s:a — Ay L) ._ { ’fl( .
so kécﬁ_MK )/{:ﬁ— ("’) - ( "/Jg—‘_.ﬁw)‘:’;;?‘?&v(‘c]‘.: 1,25-approx ( L )‘
In the kappa- dominance model{Kappa pole model), we have ~
Fol=mi) = MR* S
/f‘\ (o) e for A= m;/ my

If m ~1locMsv (i), then for m = 500 Mev we find

MR/ (mpr-mg)=1.26 =~ 1HS to an e.xcéllent approximation, so the
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C-T relation is not in conflict with the dominance of the S-waves by a
kappa meson pole,

Possible conflict comes when demands are made on )\, . In the pole
model approximation, for {, dominated by kappa,and f, by the k™~ meson,

we have from the definition of f.(q*) = §, (*) — 9 f(q)
e - 1

My =T
the following pole model result |
N x L
fota )/ft(ﬂ‘] = Owr- v {M;J—rq_‘ Myl q? J)
for which A_- is fixed and not equal to zero. This treatment requires
5 Lo) (o —mw )(rw;o ‘"—r:_.;.;*\).
FOI‘§ {:}¥=0.85 we recuire .

~ > e r—eawr )/ fei0
= ) Micx = (M 5
085 = 0 -15 — M- whence

which implies a value mﬁ; ~ keO Mev )which is about half the mass of the

usual K* meson, predicting Z; to be ), = m,;/ m_ .= 'L:——i}l -~ 0,09 aprrox,,

in agreeement with upper estimates of ), .

This result follows similarly from the C~T relation which we can write

in the form , »
Cl+ de mk™mpr) v Blo) (e A= ™ wgr) = 4o2s,
where we have used the value of Haidt et al for fk/)c“,ﬁ. _
Setting N_= 0 we find A+ = 0.0 q ,to.—. & (o\:_o<gs.) which is not incom-
patible with the latest data; Hence the C-T relation is compatible with
recent experiments, whether one uses the kappa-K - pole approximation to
take account of the possibility of A_# 0, or one uses a strict linear appr-
oximation for the form~factors with )\ _ set equal to zero, 'provided a large
value for . is taken, '

The above models do not give any indication of why Dy bi.s large,

and in particular the K~ pole model of the spin 1 form-factor, for the

‘exp erimentally observed K*-vector meson at~ 890 Mev, wredicts D\, =

0,023 , which_was'the old world averge( 53 ), but is now in serious disa-
gréement?with the changing experimental scene. Hence if iarge ). persists,
the simplekgole model may have to be substantially modified. Two possible
directions which this may take are by either considering the .
posgibility of inelastic contributions to the form-factor , or by consid-
ering a more complicated parametric form to replace the pole structure,
as for exampie, the dipole form-factor,

An indication that ) - may be approximately'eqdal to zero can
be obtained by considering kappa dominance of the spin zero form-factor,

and equating this to the strict linear parametrizations ( eqs., 2.-19 )
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thus
eVt o Ly - (A Bl ens ')+ % ()A-1" J
Myt e ‘ ARk T > (M w )

equating powers of q, we obtain,

%(u3 = — A+ (-“\\L’MT\'L) + LM‘Q*..__.L"M“—L) 2145
oM My 2. . W
and : .
N5 () = w2 { s )/ M~ 0o 0 3T
For $~ -0.9, we find 2\ _ = -0,003 and )\~ 0, 09.
‘For § ~ -0.8 we find }_ ~ -0,003 and 30.07. On the other hand the

strict pole model yields $(o) D. = Mrrr (M- ™) (T%Lg ~‘£ﬁ{*)
which for the values of $(.)above, again suggests that ) _ is small,

The expression for 5 (¢} from the assumption of kappa dominance alone
( eq., »-%5), is consistent with the experiments for large A:, In particular
we find for %’(o) = =0.6, 7n+:0.07;§=-0.7, A4+=0,08, In the next section,
we show among other things, that a theorem for gia) , recently derived by
Dashen and Weinstein, reduces to the simple kappa model above, with the
assumption of PCVC, and hence we can remark now, that this theorem is also
consistent with the recent experimental results for largé Ay
. In conclusion the main points are,
1). \.> 0,04, in conflict with the Kf-dominance model, and that still
higher values appear feasible, particularly from future values of R,
2).\-is essentially unknown, and very difficult to determine experimentaliy,
due to its verywesak coupling td A, and § in measurements of R, and the
inability of polarization measurements to distinguish between )\, and )_.
3). The increasing compatibility of the R and polarization measurements
in the determination of .g ,due mainly to the smaller values of R
obtained,
4), That despite the very large errors aésociated with the measurements

of P_ and P.( and hence the appareant discrepancy of the predictions fbr

Ny

from P and g,from fig., 3 ), the polarization experiments, together

with. the small values of R)and the larger values obtained for')*;obtainad;

in particular, from the recent e and 1w spectra measurements, indicate that
; is large and negative, and_of the order of - 1.0,

5), While the simple kappa pole model and the C-T relation are compatible

within experimental error with the recent data, the KTdominance of the

J = 1 form-factor is in serious disagreement with experiment, and may have

to be modified substantially.
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Section 2,3, Symmetry breaking and the kappa-meson dominance model,

This section is an account of work carried out in applying the
Gell-Mann-Oakes—Renner ( G,0.R,) symmetry breaking scheme ( +3 ) and kappa
meson dominance of the J= (" form-factor to the analysis of the K,,form-
factors, following the method employed by Dashen and Weinstein ( 7¢ ) in
the derivation of their theorem for the K form-factor ratio % . Assuming
a specific form for the symmetry breaking Hamiltonian, and including the
hypothesis of kappa PCVC, a relationship for $(c) is obtained up to second
order in ¢ ,the SU(3):SU(3) symmetry breaking parameter (eg., !'+°), We
are thus able to obtain second order corrections to the Dashen-Weinstein
( D=W ) theorem using this model, and also that the D-W theorem reduces
to the simple kappa pole model)expanded to second order in the symmetry
breaking, as a consequence of the aséﬁmption of PCVC,

In this regard the kappa meéon model has beén employed to obtain an
explicit estimate of the effects of symmetry breaking upon 5{-), We show
further, that as a consequence of this model, and the assumptions used
in applying it, ffius'is unrenormalized to all orders in the symmetfy
breaking by the kappa meson. A further consequence of this model is a
specific measure of the renormalization of the ratio fx/ fﬁfrom itt'g SU(3)
symmetric value of 1 by the symmetry breaking interaction, We find f, - £

= fi where fhis the decay constant of the kappa meson, which vanishes in
the SU(3) symmetric limit (w0 ),

The work of other authors, related to the above calculations is -
reviewed, and it is shown that seemingly different approaches, using the

same basic assumptions, reach the same conclusions,

Recently Dashen and Weinstein advanced a theorem for %yux, indepen—~
dently of any assumption ooncernihg the structure of the symmetry breaking
Hamiltonian, Writing H = Hgfelf, where H_ is the part invariant under
SU(3)RSU(3), and H'simultaneously breaks SU(3)®SU(3) and SU(3) with the
strength ¢ , they argued that ¢ is small enough for a perturbation ekpan—

sion in ¢ to be meaningful, and obtained for %@J,’up to second ordgr in

& ,the following expression. _
. PP 2 . .
(o) =_L( fic —;bl) _ @ﬁ__:- )A+ r OCe*)
‘? * fw Fic . ( st

Under the requirement that ¢ is small, this theorem is expected to
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i ’
be generally valid for different models of H, and in particular, for the
G.,0,R, symmetry breaking model, which we have briefly reviewed in chapter
1 ( sect,, 1.7.), and which we assume below. ‘
We begin the calculation by introducing the on mass shell m trix

element < T |Dw Vi 755 (o) 11y Juve ke (2T) 3
= — - o> Ly PR > —_ o > _ ( -

LE;F,_LL )LMK At ) L jc Q@ ):( (Sect., 2.1)
= - [(MK"—M’W’)}V- (fL‘-)) o . 2%
where f, and f. are the usual form-factors, and L. is the spin zero f-f,

f, M) and f_ (‘,‘LL) are expanded in the standard form

frq>) = £ (V= Avq > Sem) ‘
J{'c (’L”3= 5"-. (0)(\ - )QCL"/Mn“)) . " g
where .
Se) s FoCd/ fi) = rezomnt) (o= ) 2uq
Using PCVC in the form ' A
. . 2-50
BM\/_‘H‘LS()L) = ‘Jchmhl Lph_(h),
equation 2«1 can be written as
Rk R 3
et <) @Le) lict 7 Juroke (>7) 2054
= ot ANy (q7) (31.1 (M=, mw>, 92 )))
where | ' is the K-7r- k vertex function, normalized such that Ts,0,0) = 1,
and g = 8uicrr , is defined as the strong interaction vertex coupling
congtant ( c-c ). Akl‘f) is the | meson propagator, which will be approx-
imated below by a pole.
Following the method of D-W, on contracting the T’ and K* , and
using the PCAC conditions )
G1i5 ris 2 3
QMH.,. Cos fkm*@pt = DatT ) Qu.p2 = Sfumar Puwe/z = DAY, 2-sa
we obtain for equation 2-5i
i{’thIAhli‘)STﬂ(M|(xJMﬂ1/ ‘l") = ,‘vuv\ N o Q’_)Lﬁ (r)l*mkm)th_‘-*_‘\,‘“.&)_
P"—-J M’K ,'LL,.) M,",’
- C ik g s . )CKLM"‘}IT i -
] ffon,ut“ge'”ﬁe_“ “<o I T (D) Daly) DV TFCe) ) le>, 1053

On removing the limits on the RHS of 2523 , we obtain the off mass shell

expression for the vertex function,

oy, Aw (qr) ST' (P‘,L‘,i") = ()JZ Py e ") Ch ™+ mrr )
o Fm o> :

S{ dk’““l\ ey T < (DadGo) DY) Dy (2) ) o>, 2 osu

In a similar manner, the off mass shell f-f's f_ ' and f, ('e‘l')

7-% ) are defined by - _

feCer k=) Cre b))+ SoCro Ry g 2) Pk, . : .
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= () Jx (‘°1+M\<1)LhL*MW1) /(JCK"\K";‘\TM’T-TzB

. Y0 At 4i0y ik N . , - . :
gS CJ’L‘*‘JQ e Lx(O‘T(Dﬁ()&)D; 5(\3) V): S(n))]o>‘ 2-55%

Using the relation iq_ <— 7, ,where q, - p -~ k is the momentum

transfer, and multiplying both sides of equation 7. -5+ by iq, we obtain,
. IS

Ll e Loy, b qr)ler—kr) « 4o (e kY ) q2

P (Pu=ho )Wz (Premic)(k>+ n)
ff:mMKL fommr

. dodH +1 ~ihoc ‘ ' N e Y
| ff K5 Jﬁ Ple <OI—T(D:\3(>L) D;\q S(J) VM%—Lé (0))Io>"

2-56
By partial integration and evaluation of the resultant E,T,C,
( equal-time-commutator ) terms, using the G,O.R, model ( egq's i-38, 412 ), i
the above becomes ( Appendix B )
N 2 I p o . - R i i 2-51.
‘ng"”‘h_ A}LLCL )3 —r‘LP ; h,") <1L) 4-;—%((’118‘- M ) + \7‘1— G el b—,“). )

Then setting p*= k™= q"= 0 and A,(q*) = 1/(q*+ m,>), We see that
o = lj';“;_ 4’\%(!"11(""‘\47,‘1),; - 1"5’8.
and hence we may write 2.5 as

(p=-h*)

—'J‘.: (ricr=mm?) Mt T pr e Q) + _‘:..(_Mcc"‘MTTl) +
2 _f")k"-}-tL‘ i ey ﬁ-
= PLFe Gy ey gn) (rokm )+ S (ey hs q2) 1> 0.

To prbceed further it is necessary to evaluate

G-

259

A LTS nl C R
V2 ST

= V1 (hvmm )P eai™)

f{d‘”ul “3 Qi—i(’jg—ihx <o l'T(Dﬁ3(JC) D:HS(J) D_J—is(o)) ‘0>. 1 -60
o ot fic et : ’ '

By integrating the RHS by parts sucessively, we obtain six terms involving
E, T,C, terms, which may be evaluated within the G,0,R, model, in the same‘A
manner as illustrated in appendix B for obtaining equation z-57 ,

together with a seventh term of the form

heaPp SS drcdvryemiore +i0y < |7 (R<’ly)A riuﬁs(k)\/ﬂu'—‘zs('o) Ye> x-ei
’ : J .
which is at least fourth power in the momentum variables,

We are thus able to expand the integrai up to quadratic terms in

k™ ,ql , and p” in the form

((a + bqg>+ < pra+ c,lh_")'
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Depending on which of the partial integrations are performed first

(iewrt >,  or ';l.; ) we find |
= 2. — < 5 '
a VI SO LT — 3¢ fresmy?
3¢ wJz —2¢
= JVZ v e x
; < 5'%\ M T - J 5_“_:.”\”1
3¢ — . 263,
l—t(_\n.q—c) : .

= fr i (M=),
The PCAC and PCVC conditions, together with the G.,0.R. ( «3 ) prediction

for the current divergencies hence tell us

c = —Jz (:g’K ™My > —’]Crr "‘"TT‘L)/( ocld""\c‘ + ‘/1-1[‘11""'"“'1)

) Ealid

together with
{—}L(\'\)LL = Hemer = frmw?
These relations, together with the consistency requirement for the expr-

essions involving ' a' lead to a further constraint,

‘S’\‘.Mh"‘ - Cf_K_-}W)L;lQM\Q’-—* gvM_“_,_)

which implies . »
-7 ' c 6T,
fro = fe- fn >

The assumption of PCVC, together with the G.0,R. breaking scheme

) A L-66

leads to the relative fixing of scale of the quantities £ , £, , and |,
in terms of m, ,my- , and mi, . Employing the charge- divergence CR's

( eQq., ]-23% ) (% ) and the conditions ( sect.,, 1.7. )

DuV () = e fp upln) b= 1.--%

'BM Qu; L}k) = '(fz(ﬁ+ C—)‘U_"‘()L) t= 0-- 3‘

JupsL O = v (- A)Vix) (= 4 -1 268

we obtain

fronr Mhpmn = =3¢ /a2 (vive) '
. 2-69.

oo L = =3¢ /3 (a-n) |

and hence from equation w2.t9 we find,

Pl = (mi = met )/ G- i) @

"Fl( /frr = (Nkl— MTrL)/(Mkl—-M1<L) (8

"('”L/‘{'K = (my~ = "”‘”1)/(""}&"-MW1). S 2+-70

These consequences automatically follow from the assumptions above,

although they are not usuailly stated in papers dealing with this subject,
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Insertion of these relations often leads to equivalence of results of
many authors ( below).
One point of difference from the G,0,R, scheme is in the déter—
mination of ' ¢ ', Basic to their derivation is the assumption that f ~f.,
However, the assumption of the existence of the {.-meson, and PCVC (ect., \.¢)
leads to a measure of this approximation through ‘ﬂh‘ = fig,.gﬁ,.
They further assume < o j U |U~>; where u , is the eigth component of

the scalar densities wu; ( chap., 1 sect,, 1. ¢ ). In the above model,

using equations. u(w -  1-¢q Iand the charge-divergence CR's ( eq's 1 3% ),
"we obtain

<ecldsle>» = 2/3 fpu>mp> /.
In this way the k- meson is being used to parametrise the effects of SU(3)

symmetry breaking,
Returning to the integral, we find we may expand the integral as

follows. ( The factor Q}‘w M ) (P M) /;,,N,,zj’u,g mic is understood)., 1-7i¢.

SS o dny S S TP (Da* 9 D' (g) Dt THed ) To>

A . — Y . : : -t . o
.) SS d¥ s d"J e ht“-‘ijSU(a"3°,)<0 IT([H?"‘(X), Dn* S(:j)l qu S(o))|c>

B). _ jf J“)Ld“:’ f-'aih,k e_ir:] SLDLG)<OI[T([F\‘}L”V\)DVHHS(“’)] Dﬂw‘is(o))‘°>
. u ‘ —Ai"'-ﬂ't h - ~is/ . | ‘

O =ik f{dhedty e S Ly o0 <o IT(EAST () ARG GAT D)) o>
K “thso Lt i : | .

D). = ihe ffducdty emieiny $L9e)<el T (A7) 0y ) T ALl G ) e

By, — ket [ drdtyem e S G <o T(L v 5) A2 60T ARt T )

4 » — g -—t-ll)c | { is
F), ~— I{‘V[’ﬁ ;.(5 d e J“J e 14 e 5(35) <o IT([VCQHS(:J.)) Hﬁw-tS(Q)J n_(s(x)))u)

. Vi ' » -.*)' o P ik . _
De v Henfaqu Jf dtcdtye He™ <ot (A6 B0y vy ) e s

P Y
Terms A and C are of the so called o~ type terms (43 | 7¢ ), dis~

regarded by D-W ( 1( ), as they are of higher than first order in SU(3)RSU(3)
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breaking, withy V_ ~ 0(¢ ), and [ A, 23 A ] 2V, ~ 0Ce€ )
The principal contribution comes from terms E and F. As the term G is
of higher order in the momentum, we drop this term henceforth,

We may integrate and evaluate the various terms A-F exactly

( see appendix ® for example ), yielding,

A R —en) Chami )™ 7 Cqrvmie)
K
B). "[(;E'QE'KI‘\]&E..)L/‘*-(@T‘C/z)(__mk"+PL)
C)o l§ x
- ke 2 ™ Y
k™Mb ("’L k= p )/("L"«rmh")
- D) . ) ’ N
° ¢ D . z s
C 5“" MT[L)L /L(.(J?_der)‘(‘sz_MWl)
E). - . ) - .
(;'TI‘LM\TI ('CLL_.“L]-__PL)/L'LM‘TI"_}L]_)
F)e - f'(‘il—k"—-rl) ‘f"l<Lf‘r‘1<"/‘-+(.ma<"+["')‘
: ‘ 21
Counting powers of symmetry breaking & , using the fact that
m>, £ f_ ~ O(l) and f, , w2 , m > ~ OCe ), we find

that A and C are of order €* and D, E and F are of order ¢ .
At this stage the C-T relation ( 47 ) may be easily deduced for
either soft pions or kaons from the above formalism, For example, for

soft pions, k =0, and term G does not contribute, Multiplying the above (e_q's,‘q_.-n.)

by the factor (k>4 my ™ VP v M) , which we omitted
frmum =i )
previously for convenience,‘r—anrzi ta'fkir;g the limits k"= 0, k.= 0, and hence -
@ = p --m, the only remaining term is B, for which we find,
R —y —i3c¢c f i mitrmng> /‘t— (Ji-<h). frmp*fem? = ~¢ 3(l<"1-l<l" fr e 2, 2.-13
Whence from equation ;.sq ,we have : =¥
— M f ch Gyt o;"‘"k’“) + ';'q G’“l&":";""‘kl) = ‘:_(: Jl,‘mkl'—-ffﬂ‘Mﬂl
L/_:
; ‘ . S
. N . e iy _ . . , . '
+ M17: (,MK"'M‘T ) + "/JI'(P -k )} R.H-S, = - l/ (Fig Mk“—.‘g—“—Mrr“*}ﬁ—Mn'):»-'i ]Ckm"
o, Piy-mMi J2 . =K
. fr _ =47
Whence )

\/3- Z&r (—Mk‘-lal-‘-Mk*) + -J:— (—MKLI °,_"Ml<L)] = ';K/}-n-‘_

The equivalent soft kaon theorem is
vz ¢ §+(0)—M‘n’",—m7r") - 7(:, (o,—M‘T{L—-MITL)] = '}TT /’/'K] . ' 2-715

/

which may be obtained by a similar procedure-,

2y

Given the terms A-F, we may expand the integral up to quadratic powers

in k= ’ pL and ql. As G was neglected, no higher order terms than quadratic
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are taken., The expansion obtained from 2-711 is,

- “ g a ; - kS .

VA QAT S [ S G Z |- LI/M»& - P Yl }”/mn‘], ‘ 2.7
which when multiplied by the factor = -1i4q becomes,

Y (R )= 1 e ) TR T

Retaining only quadratic powers for consistency, in terms of the

vertex function, we obtain

= G} (- V/mgr ) = =L Lm&—m‘)mr‘:%;? TP RY 4, o
whence Tﬁtrj ket 1»‘): 1 , correct up to quadratic terms in the momentum,
The simple form of the expansion of the integral above reveals the expected
pole structure, which must exist from the assumptions of the kappa pole
dominance and PCAC and PCVC employed above, |
Using the fact that T—‘Cp‘j k> q+*)=1, correct to quadratic
terms in the momenta, we are only able to deduce fg 0,0,0) and £(0,0,0),
From equation 2-59 , due to the constancy of | ' we have,
feto,0,0) = s, foCo,0,0) = - Vg m—'i:\:;':ﬁrl ' 2-s0
We need to know the dependence of |' up to quartic powersl}n the momentum ‘
in order to deduce anything about the momentum dependence of f*_ and f_ ,
and hence to extrapolate to the physi;al momentum values.
To the extent that the neglect of highef order terms in "rﬂ is

acceptable, we have

— i (M —rag® ) #aci‘) = )Clzf"'h_L A}LL"LL)AT—' (:M\szT"'_‘TrL) 1;)-

~ et T (o,0,0) =L Mh™ CM«‘—mw‘))
1rr o T

or _ §o(1f\ = 1/J§j(qu1)/( ix+rthL

2-81

or (eq., 2-17) %+(1L)(MK‘—MWL)”'114;(1L) = yg”wk”/(iL+mh‘L191

Hence );:erﬁfﬂw;‘iand from equation 2 -yg , the simple h - pole model
yields
Elo) = — M -mw* ), & Mrr-omwt

MM - M-

On the other hand the D-W theorem is

' (o) = ._MK‘-MT("A4 i -fn .
E TR L ‘/h*“(“_/alk).
Thus in the model we have employed the correction to the D-W theorem is
in the second term and arises completely from the inclusion of the

terms A and C, Had we taken account of only the terms E and E', we would
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have recovered the D-W result,
L\t\’\h\ "M“L)/MTT$'>\° = ‘—l}: (§‘< /gr _ -F*;r/;K ). (EC\‘; 1"1}_E “—F)

Inclusion of the terms which are of higher order in & yields simply

- —_2
™ 1< - M }‘: mia"»—- rv\n-"
el Mk
which is the hkappa pole result, as above,

Using the explicit form for f / fﬁ(eq.,,2;1cb), it can be readily shown
that ' 4 |
< (“C‘“/ _ Sw/ Mmoo M M s e 3 ) sy
z {r i - ( Tl - 3
. Sy Z M
so that in this model, the correction to the D-W theorem is small for a
kappa meson around 1 Bev (46),(approx.,~ - 0.03 )

ie ;iﬂ = % (§KMW—-§%4ﬂ)'- (MKI—MWL)hF —l(MK%_MﬁW)+O@ﬂ

- M = Pk 285,
From the above it is also clear that the |z —meson and PCVC reduces the
current algebra result to the standard pole model result of dispersion
relations, This is what we expected, but it does not seem to be generally
recognized in the liturature, where many basically equivalent results are
presented,

5 _ v

Although a large number of different approaches have been applied

to the K-~1-j. system to determine theoretically the quantitiés §<J) vfr(°)
f_(.) and f\ , no definite predictions have yet been made of these withp
out eventualiy assuming .~ pole dominance of the spin zero form-factor,
This arises due to the introduction of unknown parameters and constants
when extending the simple pole dominance model to include finite width
corrections, about which very little is known, let alone the existence
of the k- meson, On the other~hahd , in the kappa pole aﬁproximation, all
quantities are well determined ( ¢/f eq., »-7¢ and 2-€<¢ ) through the
experimentally known quantities m

m fk' f., and hence, in so far as

'ﬂ"
as this model is a good approximation to the truth, definite predictions

i<?

are possible, Results obtained up to the present time foryg () all reduce
to the simple k~ pole model prediction ( egq.,2-%i) on employing the relations

2-¢7 and 2.0 . N

Glashow and Weinberg ( 77 ) assume only that the SU(3)&SU(3)

breaking term of the Hamiltonian transforms as the (§t3)99(§,é> represen—
tation of SU(3)®SU(3). Making a pole ansatz for their two point functions
or propagators, and assuming that the three point function ( ¢/f eq., 2-S4% )
corresponding to the K- -k vertex, is a smooth function of the momentum

variables, in order that an expansion to low orders in the momentum variables *
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is justified, they obtain quite generally for f¥(°),

e = (e s fur = 8 )/ 1$2§« §“-_ >

If we impose a further constraint on the form of &.H 6 by assuming the

o
o

G.0.R, model (4 3 );and use PCVC, on substituting for f,( »-¢7 ) we
obtain f () 7‘45 as previously ( eq,, 2-go© ). We expect thisJas‘the
smoothness assumption for the three point function is identitical in
consequence to assuming € <«<1 , and that only the lowest order terms in
the expansion of the integral ( eq., 2-7iL ) need be retained, In the
particular case of the ké meson dominance, we found this to be justified

by the smallness of the expansion coefficents ( eq's L‘Gl./ﬂlv ¢o ),

"The result éy (o) = y:»implies that in the model approximation we have

made, f (¢) is unrenormalized to all orders‘of the symmetry breaking, in
contrast to the result of the Aﬂemolio—Gatto theorem ( Y% ), but not
in contradiction with it. In other words the i~ -meson pole model produces
no second and higher order symmetry breaking effects on f _(.) .,

It suffices henceforth, when comparing results for ;(o) , obtained
by employing the G,0O,.R. symmztry breaking model with PCVC and .- pole
dominance, to set f,(.) equal to it's:SU(S) symmetric value of /7 .,

A similar smoothness assumption for the three point function (e 1-59)
is made by Deshpande ( 7¢ ), who also assumes H 4 transforms as the
(§f§)3(§,§) repfesentation of SU(3)®SU(3). Starting with equation 2-5j,
and assuming ' .
T Ch*> e q>) = (irp> Wy T st * VT g ) 'T_(o,_v,o))‘

Deshpande similarly obtains\ 2. - 5¢ ,{on making pole ansatzes'in the

specfrai representation he employed for the two point functions))and 2.-91
g(") = f = S ] — CM|<L‘MWLJ“«"}L+(°) +-L-; Z('Mk""mﬂl))(?“) *‘f_‘_";._"'.‘_\s_l__;-g—-
' 2 f ik Trewt MK o2 (VT =)

Employing equations 2,A6L,J@~1)we obtaiq equation 2~'33 ’ ﬁhiéh is
the kappa pole dominance result,

u The above result for'g(CB has also been obtained by Gerstein and
Schnitzer ( 79 ) using the Hard~pion technique ( %, §1 ), This method
has also been employed extensively by a number of other authors ( ~§$2 - ))
including initially Schnitzer and Weinberg ( §¢ ), to obtain expreésions
for ; (o ). The essential assumptions of .the Hard- pion technique are
1). The validity of the chiral SU(3)aSU(3) and SU(2)®&SU(2) current aigebra
(%,17)., 2). PCAC and .CVC ( chapt., 1 and refr's therein) with
single meson pole . ansatzes for the two point functions,aqd 3). that the

meson vertices or three point functions can be approximated by low order .
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polynomials in the momentum. With the assumption that H ‘ transforms »
as the (§1§)® (Q,ﬁ) representation, the Glashow - Weinberg result follows,
plus relations of the form =-%1 . By further imposing the results

of the G,0.R, model and PCVC, the results of the hard pion calculations
reduce to the simplel. — pole model, which can be written down directly

a

from equation 2-4 9 for ). = mu,
The results of the ﬁ;?& - pion technique are reproduced by the
somewhat different but equivalent procedure of using phehomenological
lagrangians ( 3. ). In this approach lagrangians are constructed to
satisfy chiral SU(3)®SU(3) and SU(2)RSU(2) current algebra up to terms .
kproportional to m%awith a chiral symmetry breaking piece added., This
‘corresponds to assumption 1 of the hard - pion technique. The lagrangian
formalism is then treated to lowest order in perturbation theory, or the
so called tree -~ graph approxﬂnation;-in which only diagrams with no
internal loops are retained, and which is equivalent to the retention
of only single particle resonant states ( c¢/f assumption 2 above ), With
the inclusion of only the K™ and | - resonance states ( inclusion of others
leads to a host of undetermined parameters and constants), this method
gives rise to the same results as the dispersion theoretic pole model, In

this case_}(c) reduces to

;(c) = — Mt — et + MKL"mﬂ'L 239
Y T

where in this approach, K ™ vector meson dominance of the J=1" form-factor

f,(1?) implies AF::Mni in equation 2 -y 9 .

The‘disperggzg relation approach has been employed by a number of )
authors to investigate the J=1 and J = 0" form - factors f,. and f_. (284 ))
the absorptive parts of which are determined by spin 1 and Spin'o interme-~ '
diate states respectively. Assuming once subtracted dispersion relations
and taking into account only the K-‘ﬁ'intermediate states, the dispersion
relations reduce to the Omnes equations ( $s ), with the solution
£03+) = £.(2) enh ZJ_§N- o de Sew) J e

T J (M e )2 (9/>—=9q2=i2) - ,
and similarly for f+(1fj . These integrals have been evaluated using.

resonance or scattering length approximations (%*)gc ), although the
solutions obtained are not unique (%5 ), as they may be multiplied-by

a polynomial of degree <X n+1 ( or < n if n integer ) , where n is .
defined by ,{‘;:‘wg (@*Y=nT ( g5 ). Unless it is known that n = 0, nothing
can be said about the behaviour of the f-f's in the decay region, On the
other hand, assuming once subtracted dispersion relations and saturating

the integrals with poles for each form - factor, there is only one
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parameter to be determined,as for example,for the J - 0° form-factor,

£

Folg ), whien takes the form

), .
SLLL) §+ (9)- CLL/Mh"‘-'E—"’E'-‘—_);

M, >4+ 9%
with similar expressions for the other f-f's

-0

The above procedure is commonly replaced by the assumption of -
unsubtracted dispersion relations for f. and.&wﬂh approximation of the
resultant integrals by poles or equivalently zero width Tresonances ( §1 ).
In this approximation the Jr=1”f—f f,(¢*), is approximated by the K" vector
meson pole ( €¢ ) and £.(_), the J= 0 £~f, by the k- pole. In this model
§(o) can be written down directly as

F) = et mic

My, > ™M l’{"‘
which corresponds to the results obtained above,

Results very similar to ours have been obtained by Dahmen Rothe

aad Schulke ( 29 ), using the algebra of charges. In this approach

o, it . + .
the CR's of the charges ( eq's | -2 ) eg.,[jF;“'(+ T}?)];: F;?t) etc. 2.9
( and similarly for the combinations ., i< and T, \k ) =

aresandW1ched between the vacuum and single particle meson states,
and saturated by the lowest lying eligible intermediate single particle
meson states, Using the relation

.<r\" | FLB) ((—) in> —::b (n’\EH/) FQs)(f)]in>/(En'—- Ef\-))

1.'—11.
and the G,0,R, model to relate the CR occuring to the divergence of a
current (43 ) (eq's i-3%, 142 ) , and then employing equation 2%-9 ,
+
relating the current - divergence matrix element to the J=0 form-factor,
Dahmen et al obtain from the above charge- charge CR, .
. . W - i Sz
Mic 3CK = :C‘W ZC“"K*—MW )fc“K(LMK—Mw)‘_‘) + (_M\g — Mﬂ)aﬁo (e e ) )]
i ki |
3 )Lk.z:(Mmf—Mh\)C (,(M\(-—Mh) ) t Cme - Mh_):p (CM[Q%—M}‘_) )1 s 2.-93
evaluated in the rest frame of the intermediate particle state. In'the
above, f'K is defined by ) .
e <
Q—‘\T)3 /Lﬂo(ac <\'¢-(.LL) \g \/u ( \ ‘\Q (‘>)> ""L_(,I\"K’—"Mh") . ‘. 2y

. )
and similarly for the other f-f's, To connect the f-f's at the different.

values of q‘l, Dahmen et al assumed once subtracted dispersion relations
for the f-f's f, of the form «

) 2 (g™ ,
;; (1) folo) + vV J’ Ten £ (97) dq

7//1,('11\—- (Lx) - M ) . -l
Making a pole approximation for the absorptive part of f , and repeating

the process for the other CR's, they obtain, with our normalization,

7(;OWK(,,') = ,3(‘_1’“',\(03 = (AJC“FTL'F ‘J(KL""QCF'.L )/7”5' f‘rrjck) _ 2.9s
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and similarly for f:\KLc) and f‘_‘“fc).. 2.-95 is just the Glashow
Weinberg result ( 17 ). With the assumption of unsubtracted dispersion
relations they obtain directly equation 2-S573 and the relations

Leew, £, o .The algebra of charges approach has also been stressed by
Stech ( <{c ), who points out that the full content of the current algebra
assumptions is obtainable from this approach, We see again that the simple
kappa pole model is returned by agsuming unsubtracted dispersion relations
for the f-f's, The essential feature of this approach is that the J = 0 *

2

f-f is obtained at the two unphysical points q _—(_wng—wurf‘and ‘*LNHgHﬂnﬁ
necessitating the use of dispersion relations to relate f{.({)at these two
“points, Kraemmer and Vilhyalmsson ( 91 ) also use the charge- charge
algebra, in the same manner to Dahmen et al and reéch similar conclusions
to ourselves, . _ ‘

Identical results to the above approach of Dahmen et al have
also been obtained by McKay et al: ( 42 ) who use the dispersive sum rule
method of Fubini and Furlan ( %43 ), which was originally applied by

Ademollo et al ( 74 ) to vertex functions of the form
<o | DAL (), Vulile) J 1Y >,
relevant to the study of Kzs' _With the assumptions of current algebra,

PCAC and PCVC with pole dominance, McKay et al applied this approach to

the above vertex function, and the vertex functions

<o | L Aau (), VoPie) Tl x> , < ol LA™ (o) , HM'3(° ) ] k> .

The method, which is outlined in detail by Carbone et al ( 95§ ),-

essentially begins by defining ‘ . - -
WARY o [desce s O06) < o | D 9wl 0l v B )L T IT o) > aag
and similarly by replacing alternately T ° with h*and k¥ with k¥, ’ .
Partially integrating, this becones o+ f'?/53'(,11"L)M?("T/.(?—_TTP/‘(’""“):
Uy 1o TP = WEpY I,J“Uc e PS5 (56) <ol CYLAT (), Xg(c)]}ﬂ_v({,b
This expression is then evaluated in the collinear frame, defined a la

Fubini and Furlan ( 43 ) by P = ko , 9= b Ch -Jg))

to give ,
ug(\ > ) IKM\WTMV = WTERYTL S /sar*_-_f /53’}“_ k(=) / (2m) ¥ (2h,) ' 299
In this frame there is one independent variable " x ' and hence ]o' T "‘PE’( )

y . - ~y O N

can be written as P,,T“F’KLM ) etc., Choosing the rest frame of the r¥ ,

equation .47 becomes

; o De o< o ‘ . 3 f f/
M e (=) TER¥O) = WYL S™P¥ 6 - 4 &ﬁ%frrmn—l CGi=sc) Jam) (k) 94¢
7__-
As discussed by Fubini and Furlan, and further by Ademollo et al ( 94 ), '
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this choice of reference frame permits only scalar and pseudo~-scalar
contributions to T w PV . Wﬁﬂgwas then assumed to obey an unsub-
tracted dispersion relation ( >, 45 ), and whence, for x = 1, the
following sum rule for W was obtained,

I/ﬁ" S:JaLI'M WY (5) = -—«}—""'ﬁx}“—m“l/(_lw)l/',(,_m‘r)‘/x_
The same proceedé;éuyé_églried out for the other two vertices by McKay et
al ( ﬂ‘l ), and the absorptive parts of W are saturated with single
particle meson states, This leads directly to equations P which
in turn lead to the results obtained by Dahmen et al, and the conclusions
we obtained using the ffamework of the D-W theorem derivation along with

PCVC and the G.0.R. breaking scheme,

Further to the above we obtained definite predictions abouttg(o),

and using a specific model, obtained corrections to the D-W theorem , We i

find . that for the kappé dominance model the second order symmetry
breaking corrections are small, and of the order ~-oc-2o 3 , We finally
draw attention to the equivalence of the approaches discussed above, and
point out that where expressions for %(x:)have been calculated, these

reduce to the kappa dominance model on imposing PCVC,
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' CHAPTER 3,
S AND P WAVE NON LEPTONIC HYPERON DECAYS.

Introduction,

Although many papers have appeared on the topic of non-leptonic
decays of the hyperons ( NLDH ), with many different approaches and models
having been applied ( ¢ ), there still exists in the liturature 1large
uncertainties as to which approach is the correct one, and also the largely
unsolved problem of a consistent calculation of the S and P wave amplitudes,
corresponding‘to the Parity Violating ( PV ) and the Parity Conserving ( PC )
amplitudes of the decay. .
' Despite fhe large number of models proposed, most of these can be
shown to be equivalent to a few standard models, or shown to give rise to
similar results, under thebassumptions employed in applying these models,

The first section is an outline of the théory and predictions of
. NLDH!'s, In the second section an account of a current algebra calculation
carried out for the S and P wave amplitudes is given, and the problems and
features of this calculation are discussed in the following section, in
the 1ight of present day caiculations in this area'and the present status

of the theory of the NLDH's,

Section 3.1, Basic theory of NLDH'Ss,

NLDH's is the name given to decays of baryons of non-zero
strangeness, decaying to baryons of zero strangeness and v mesons, Leptons

play no part in these decays,which distinguishes them from the purely

leptonic and semi-leptonic decay processes,

The decays which will be considered in this chapter are,

TABLE 3 ,

Decay ﬁode. ( Shorthand ) Decay rate ( 971 )iax 10'csec"l
AT Py (Ae) | 0.397 - 0,005
A° —> N T° B c/\"° ) , 0.225 - 0.005
S TS NFET™ | (z=) o 0.610 - 0,047
=t NeTFE (zt) 1.235 - 0,020
S+ pPeTe (zt%) 1,235 ~ 0.020

Z° 5 AT (=2) : - 0.330 - 0.020 .
=T AeT - (=z) . - 0.602 ~ 0.013

and we denote the above precesses quite generally as

B,(P,)

> B (R) 4+ TCq) . 3
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For la ter reference the quantum number assignment of the participating

particles, in summary, is

B TABLE ‘i,
Y T B-i+1 ( 1) B =0 (Jf=0"),
1 % P, N <t KC‘
0 1 =t zez- mr weT
0 0 AO ,‘Lc
-1 % - o = - » —
= . = K K™

As the above decays are neither charge symmetric nor charge independent
they need not conserve strangeness, In fact, from the gq.no., assignment, 4
each decay is seen to proceed via alAY|= 1 change. in hypercharge
( we henceforth use Y in preference to S, where Y=S+B ).

Parity conservation was first brought into question by Lee and Yang
« 9% )}in rélation to the non-leptonic 7— £ paradox phenomenon, Two mesons,
namely 7 and (¢ , were observed to be similar in all respects, except
that T decayed into 37 and G to 27 , with final states of opposite
parity, deduced from the final state pion configuration ( 11 ), Among the
experiments suggested by Lee and Yang to test for parity non-conservationj
as a consequehce of the above paradox, was the measurement of the up-down
assymmetry of the pion..emmitted in A -~ decay, which subsequently helped
confirm the postulate of the non-conservation of parity, and in particular, -
for the NLDH's( 9¢ ). T and ¢were subsequently identified with the

kaon meson,

In transitions between spin 4 baryons, parity non-conservation implies both
the: S and P wave channels are open to the decay. An interference between these
two allowed channels permits the measurement of three effects ( ‘6 ),

1). An assymmetry in the angular distribution of the pion with respect to the

spin of B .(R) 2).and 3): A longitudinal and transverse polarization of B, ,
“This’ is made more explicit by considering the decay in the rest frame ... .-

of Bitpy, If H, is identified as the weak Hamiltonian responsible for the decay,

then to first order-in H,, , the reduced matrix element for the decay process

(eq., 2-74 ) is given by

—~

A

T = — <R.(e) TCLY ) Hote) VB CP ) >, 3o
As the final state can be a linear combination of S and P states, which we.

denote by S and P respectively, then by Lorentz covariance, the above

equation can be written in the form

.-.-L \BsB}. - . ' '
C”m/["?’*{) Sl lsevselute) o 5
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( where capitol letters will denote the masses of the corresponding
particles '), and S and P denote the S and P wave amplitudes respectively,

In general S and P are invariant furctions of the invariant variables

S=-Wrq)* , t=-(r-ri)™, U =~(pP,-q ) , which for on mass shell
decay take the values 8 = -y Btl, t= —-q¢*= = and u = -p,*= E: .

The decay rate 1 is related to S and P by (1cc )

T = C—l{\S\x§- cllp\li

)

~ for which
: ((Bi-6)"~ 7>
I I_%_l (Bi+ B )2 =™ and C»= -— : ) . (io= ),
~ ST B> (&l’s,.*@;_))'-r'ﬁ"')

At centre-of-mass energies of the decay, {f can be written in the non-

relativistic form (ic© )

—

T ==L  X"(as + apeip. )X
where ) : -
ulp)= ((S.fP‘o)-i}ﬁ-le and &g = (P.°+ 8;)5 : 9p = [zle
2.p. V2P (R RB,)
‘/Z g, CP[GF &i) ' '
In isotopic spin space a > and a,will be either in an I= 1 state (= - decay)

or a linear combination of I =4 and % ( A and = decays ), which is

taken into account by writting as = a(ijand a. = a.(T), Experimentally,

|
these amplitudes are determined through the measurement of the'assymmetry
parameters! = , pr Vs which are in turn determined fron the three effects
enumerated above (ico), ‘

=_ is related to the angular distribution of B, relative to the

p-larization of B,( “1t ,i0c0 ) by

D, (6) = comd (14 Pr,een 8 ), :
where Pi‘s is the polarization of B, and £ is defined as the angle between
P, and p , and < = 1K¢CquF)/([qs|L+|qpp)_ (io1)

For an isotropic angular distribution, «=0. This implies either a; -.0
or a; = 0, which implies the conservation of parity. The experimental
verification of anisotropy in the angular distribution ( 102 ) confirmsfj

the non~conservation of parity) and leads to a determination of the product

,%'F&a ’

/5 and ¥ are determined from the polarization of B,)_( 1ol )

<D">B1 = ! . = {'('-(+fal‘.f1)_fl + ﬁ‘(,fgtxfx)
(‘r=heta) _

i +X(,§Lx(‘f\sxfx))}
)
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where J and Y are defined by

p= aTe (asrap )/(last>+ dael®) = (Jasim = —lap ) /(lasy T rlapl®) | 303
For B, unpolarized ( ie Py = 0), < c~7g = ~ P, , which allows a

, 1%
direct determination of .. . A measurement of the B, and B, angular

distributions and the three components of the polarization of B, deter-
mine the values of ~ , X an‘d ¥. . ‘
From the CPT theorem, non-conservation of parity implies either
C or T not conserved, and if Time-reversal invariance ( T ) holds, then
CP must be conserved, The requirement of T is g = 0 . ie the relative
phase of a, and a,is zero. The condition on 4> 1is obtained from a
consideration of the final state interactioné of B, + 7 . As the energy
"of the Bl decaying at rest is below the inelastic threshold of B . + T,

the B. +w elastic scattering phase can be defined by

—_ . _ ) _ 2. y
Ve, T, 1,T0> = |§7_1,““> = Su.hclir‘““:r>= < Slu)!{mw>'o'=s)?)z
where S,_ is the s-matrix for B, - w scattering. With Q,(v)= <, ot | )&,
the condition for T invariance, T W_{o) T-! = }j.(,) » Fequires
< . - =

Fox et | T ML 1RS> = < fapend [Ho VB> o awey .

As T is an antlunltary operator, we have

<“§LIM ]THWT“'|&‘>’—' <’€11le¥11 ;"‘~>/
where the tilde indicates the momenta and spin of the states <p,i,|{yhave
been reversed by the operation of T, However for B, decaying at rest,

only the magnetlc quantum number is reversed, which does not effect the
state due to rotational invariance, Hence we may wrlte

Elhel Fizwm> = 250 gy ot ¥ o e 21 g,

This requires Ayp = QZ"SIU)%% () » and thus we find

() = §(1) ~ §ptx) ;= S, () — SP(I'\ —_ .
Neglecting the final state phase shifts at the small energies concerned,

¢ (T)= 0, and hence as(I )/qPLI-\]is real, which implies /2 = 0, A measure-
ment of the final state phase shifts by Overseth et al(!c 2 ) place an upper
1imit of 10° for gs and SP of the 7T — N final state of = and A
decays, which is consistent with time reversal invariance,

Although final state interactions can introduce small phase differ-
ences between a; and ap , experimentally (ico )/5 - is very small and
consistent with zero. However the accuracy of the measurements is not
sufficient to decide between the final state interactions and the possibﬁity of
very small CP violation in the NLDH's, as was discovered in the non-leptonic
decay of the neutral K mesons(1¢3 ), Nevertheless, CP will henceforth

be considered conserved in the NLDH's for the purposes of this chapter,
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Invariance under Charge-conjugation ( C ), in the same way as the
above, requires < = ¢ , p# o .. Both the anisotropy of the angular
distribution of B, relative to the polarizationc:b,(x+c) and the time-
reversal invariance condltlon/ /2 =¢c , imply the violation of C invariance in
these decays. This is expected from the CPT theorem, which for T invariance
requires CP invariance, As P is violated,. so must C be,

Of equal importance to the space-time symmetries when discussing

the NLDH'S are the internal symmetry properties oteyed by these decays,
The first observation is that all the NLDH's listed proceed via a|AY| =

change in hypercharge. Strong evidence exits against |AY| =2 transitions,

as for example the ratio of the Ay:z2 decay==>nyw to{=T)(iou ) '—‘C= T naw)
.- T (=" AN°+117)

s whlcll lends support tojAY|<1., Further evidence arises from the small

K - K'mass difference( to5 ), This mass difference is propor’cional

tz the natrlx element of the transition K K , involving a}AY] = 2 change

in hypercharge, If theltY! = 2 transition were of comparable strength to the
JAY] = 1 transition, SpM would be of first order in the weak interaction, Gn

the other hand, foriAYI — 2 forbidden, SM could only be attributable to

a second order process ( ie second order in the weak interaction goes as A

the square of the weak coupling-constant § ~ l-oxn_:"s/MP" . Experimentally
the magnitude of M supports the latter, in favour of the{AY| < 1 rule,

From the GNN relation, Q = I » Y/, , conservation ef charge
implies |A1,| =jAY| = % . Inspection of the decay modes listed, assures
that this rule follows from thejAY| =1 rule for the NLDH's,

Although |AT ] = 4 does not imply the corresponding rulejal]| = %,
that this is so,is seen by refering to tables 3 and 4 ., The decay processes
can proceed either by |AI\:-&-V or % change in isospin, However, using the
Wigner~Eckart theorem to relate the various amplitudes through the reduced
matrix elements) and assuming only the]AI]:% channel is open ( 25,101 ), the

following relations follow, ‘
VESIAY) =2 s(A2) -, =JZPCAZ) = P(AZ) .

These imply the branching ratio T (nZ) /(7-1(,\1) FTUAS)) =

which compares f_a'vou,rably with the experimental value of Filthuth

et al of 0.640 £ 0,14 « 941 ) and that of Roenfeld et al of 0,663 - 014( 10 L

Similarly,the relations _ j7 5(:3) _ 5(__) and __J“ p(z2)= p(==-

imply T(‘:’:)/T‘(E: ): 2 ; to be compared with the experimental values



62,
TEY Tz =) = oss o0 97 ),

For Z decay the|sI|=% rule leads to the relation V2 =?! = =+ — = = 3

of 1,68 £ 0.21( 10y, ) and
for both the S and P wave amplitudes., Substituting the experimental results
(ice ) for the corresnonding amplitudes, this relation is satisfied to
within experimental error,

From the above discussion we will not be concerned with the ( A% )
and (= )decay modes, accepting thejAI\::% rule to be valid, although all
three modes of Z will be considered in the calculation below, as a test
that the computed amplitudes do in fact obey thejAl|=% rule,

In summary,the most important features to arise from the experi-
mental analysis of the NLDH's, and which are crucial in determining the

form which H.. can take are,

A, Space-time properties,
i). Parity violation,
ii), Charge ~conjugation violation,

iii)., CP invariance.

B, Internal symmetry properties,

i). |aY) = 1 rule,
i1) ALl = 3 rule.
iii)Jal ) = % rule,

With the above propertiesfdefinite bounds on the form H_,6 can take,
can now be imposed. From A(i) , and appealing to equation 3+3 , parity
violation can be imposed by splitting H_ into . Parity-Violating(PV)

and Parity-Conserving (PC) components, thus Ho = HL™C + HUPY

B(i) indicates that both AY =+ 1 andAY = - 1 are possible, and hence
H  can be further broken into hypercharge raising and hypercharge lowering

ts. i i feax = ¢ = Y |
par Ho = HJAY=1) ¢ WlCaY=-1) 4 uf(ay-1), HPYaY=-1) 3.5

A method of imposing B(ii) and B(iii) properties upon H _ within the
framework of SU(3) unitary symmetry)is to require H_, to transform as a
member of an octet. We will demonstrate how this arises by considerihg the octet

diagram below,

~

Fig, 7. .
AV

(6--”) o o(‘”‘-s)
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The labelling of the diagram is in keeping with the discussion of

chapter 1, where the action of the operators transforming as members of

an octet are indicated by the example of an operator transforming as the

6 + i7 member of the octet, and where the arrow indicates the direction

of action of this operator on the 6 +i7 state function of the octet in
F-spin space. In this particular example, the operator raises the hypercharge
by one unit and lowers the third component of isospin by 1 a unit. If

follows immediately, that for all components. of H, satisfying B(iii), they
must transform as either an I= 3% or I-= -% member of an isospin doublet

within the octet in order to have the correct hypercharge raising and

lowering properties.This ensures the|A I}|= % rule, and employing B(ii),

. ; n AY =

limits U4WP°+ Hafv) A to transform an the 6 +i7 component of an octet,
A= -} ’

and 04NPL + }\wr“) to transform as the 6 - i7 component of an octet,

We now discuss A(ii) and A(iii),On the basis of the octet character
of H , Hv?; can be considered to transform as a member of a scalar octet,
and H:f as a member of a pseudo—scalér octet, denoted generally by S¢
and g respectively. ( c/f chapter 1, where ¢, 1is an octet of,eg PS mesons),

From equationhil,g_is related to the teh§gr octet through [%I:7£ ZELAI\LQO%L
. . vV oa,p

To aid the discussion below, the relation between the tensor notation of

Okubo ( IS ) and the matrix notation of Gell~-Mann( § ) is summarized,

TABLE 5 ,

> B.° £.° O:
—_—3 -
T P IKF 5 (0w-i04)
...I..s "
2 N o
<
s ! Vs (0 -i04)
'3 =0 — .
- <° -
T| | Y5 (‘Oe+t‘07}
3 = - -
— s < R0+ i0s)
" Z+, Tr‘f'
v, Vo ( 0, -"Ox)
___(! 2‘_ i . =
vfi 2 Tl ) Zo c
. i C)3
T, -
s .
’iE i
: . é: ( O, + 1 C)L]
_ /3
s Ty A° .
1 0
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The generalization of the concept of charge-conjugation to the
framework of SU(3) unitary symmetry was introduced by Gell-Mann (ie (¢ )
through the concept of ¥ parity. For a self-conjugate octet ( eg f«"
and S’qh , but not Jﬁr‘i’as Jgn"ﬁ Ea" ) , Gell-Mann (!¢t ) defined the

< parity as the phase factor arising through charge-conjugation thus,

¢ T b c—=t=2 ¢ T Q . X is fixed for the octet by the behaviour of the
completely neutral member ( Q = 0, S = 0 ) of the octet under charge-
conjugation C , This convention is taken as there is no ambiguity in defining
the charge-conjugation properties Qf the completely neutral members decay-

ing into two gammas, For the self-conjugate octets f * and Sﬁl’ , € =1,

The ¢ parity of the octet is refered to as abnormal if it is opposite in

sign to that defined above. For the A and Vself-conjugate octets, € = + 1
respectively. .

From equation 3 - 4 , parity ccn be correspondingly defined for
P. efc. Under charge-conjugation C , P;.f_» e P, , where 2. is defined by
the property of the Gell-Mann >\; matrices under transposition, ’5\,‘ = £; A}

( i- not summed ). This is due to the fact that under C, J’fis transpaosed,

which from equation 3-9 requires ) — ’)v“‘ . From the definition of the
\ matrices (48), £; = -1 for i= 2,5,7 and + 1 for i otherwise,
With the parity of P( and S = 1 resbectively, and the require~

ment A(iii){ ie H_ even under CP, or equivalently CP=+1 for H, ),

there are four possibilities for H , which can be deduced fron the table

below,
TABLE ¢ ,
Parity. Charge-conjugation Octet transformation 'éharacter.
Matrix Tensor
P=-1 (V) €=+l (Normal) As (04) T _ T
P=-1 (PV) ¢ = -1 (Abnormal) e (0¢) T:- T,
. . 2
3
P=s+1 (PC) . €=+ i (Normal) M. (04) T«.3 - T,
. - 2 X
P=+1 (PC) ¢C= -1 (Abnormal) . s CO-;) T;- T1

Hence the possibilities for H  are, 2 . -
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(H. = Pe v nHEv)
1). H, = A,/ S+ APy ~ TABLE (.,
2), H, = 2 Sy AP P(’/ S and P normal octets,

S ,and P’ abnormal octets,

/
3). H. = M 87 APy

/ !
4), H_ = }5 S7 Ar Pé

The above choices of transformation properties of H_ . are important
when discussing and comparing different models below. The final demand
on the transformation property of H., will be made in relation to both
the charge-conjugation properties ( T =1:1) and the ability of the model
to satisfy the Lee-Sugawara relation ( L=-S) (107 )

2X(=)+ X(AZ) =l3x (= F) (X=8,P),

which is obeye;i very closely by the experimental S and P wave amplitudes
C 9,19

This relation was first derived by Lee and Sugawara ( 107 )_)using
the now superseded RP invariance arguments ( 1¢¢ ) for the S wave amplitudes,
and later by Coleman et(a‘ii%or RP invariance;and the requirement that H,iv
"transform as (~ ) A: . The derivation has since been strengthened by a
number of authors (ict,io), and obtained for both the S and P Wave amplitudes,
in the framework of SU(3) unitary symmetry. Gell-giann and Okubo (io¢ , 109 )
show that the L-S relation follows for the S wave amplitudes if sz is
even under CP and transforms as the 6th component of an octet, abnormal
under charge-conjugation, Marshak et al ( & ) have extended Okubo's
approach to show that for HL“M A7 , the P wave L-S relation obtains,

For particular models of H,., and in particular the quark density
model and the current divergence models discussed in sections 3:2 @3- 3,
although H "“and H'' do net ~ ),and A, respectively,when the
methods of CA and PCAC are applied)( see calculation below ) the L-S
relati.ons Elo obtain for both the S and P wave amplitudes. B,W,Lee (iic )
has pointed out that this arises for the P waves when the SU(3) mass~ .
splitting (symmetry breaking ) terms ~ )\ g of the same octet as H f¢

: X PC P :
act”™ in conjunction with H, R to give H:) transformmg effectively

as A, .

The most natural model to be considered to describe the NLDH'S was
the c-c model (32,33 ), which is the logical extension of the weak Hamiltonian

( eq.,lv).sg),and which has been so successful in describing both purely

4
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leptonic and semi-leptonic decays. For NLDH's only products of hadron

currents contribute to H,  where (eq. 1:23¢)

Hkﬂ;n—-\_COTCN*L\ _ 5, i -J?\ ':—:'-7\ % . . 3\
d NEY n" )" . :
( G is the weak interaction constant, with GT lxic~ 5/ P" ) ‘
with =
Tin = (Vieiva )y & CBuvida)a
o 3.4
Trs} - (Vw’ f\/S)A + (ﬂw' (HS))&,
From equation ,, |, , in order for the;nY| = 1 rule to obtain, only

the cross terms of the hadronic currents :.ri'?) 17" can confibute, Thus the piece of H,

responsible for the NLDH's is
i g . N ‘ ~ . -~ £
Ho PAYi= 1) = ‘g/d,;m-ﬂbc_wL/c_’l(gJ'?‘J:{';} + {1«->3§)‘ 31
The hypothesis that the V and A currents belong each to an octet

of currents implies H,, has components belonging to the repre‘sentations

formed from the direct >product decomposition of octets ( [l )
@8 = 1 r S+ 8% v 10 w107 + 27,

obtained (in the tensor notation) by the contraction of indices in the |
product J' J;'), in all possible ways., As H,_, is symmetric und"erthe inter-
change 2<>3 , only the symmetric representations will contribute, 83
and gqare the symmetric' and antisymmetric octets formed from the direct

products of octets thus

_— R _ : ’ _
S E TUT TR - Y T Tut A s T~ T T
and hence the symmetric product of currents in H.. excludes 8,6, Similarly

3-13.

10 and 1f9'.kare antisymmetric ( ii ), while 27 is symmetric. The trivial
1-D representation ~1 does not contribute to H,., as it corresponds to the
trace of the direct product and has only apAY= 0 contributlion. This leaves
8, and 27. ‘ o A
It was originally shown by  Gell-Mann (tc6 ) that tﬁe assumption
of CP invariance of the weak interaction and the c¢c-c nature of H , , with
the currents belonging to the octet representation of SU(3), together
implied that Hrv)(,. of an octet, We can see this from the following consid-
erations, ' '
From Scf’ (eq.,3'3) and the definition of & ( ‘\0_6 ) ,
for self-conjugate octets of currents, TCTfe ! = (T )Ibq' 30y
( J, - are self-conjugate octets for the currents considered as bilinears
of baryron octets,for example, EQ., -1& ) < parity applies separately
for the currént-octets in the product Sq'ﬁ CIE . _
C Sab et = <= (g)ed ) s, 1, ’ ' 3415
Since Hiv is made up of the products VA and AV, the € parity of H_, is ' '

ClR ) 2elv) = ¢(v)rCn) = ~1‘)'
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and hence Hr: is even under CP due to the opposite parity of the

(9
V and A octets, Similarly H_ is even under CP, and hence , considering
the octet representation alone, Hlvand Hlftransform effectively as the

/

6th components of an octet, as seen from table & and the properties of
S

H . and Hffabove.
Despite the desirability of this form for H_, , which if it obtéined,
would allow the phenomenological description of all weak interactions
by the c-c weak interaction, it is faced with the following difficulties
with respect to the experimentally observed properties of the NIDH's (4¢,icc ),

1). As the 27 representation can enter H , , the simple properties
for H_ transforming as a member of an octet must now by modified to include
the contribution of the 27 representation.

2). From the aﬁgular momentum rules for combining I = 1 and I = %
currents in equation 3-i2, both|a I[= % and % contributions are possible,
with equal strength, contrary to thejal| = ¥ rule, which is found to be
valid within experimental error ( 0o - ).

The possible ways out of this are either to generalize equation
to include neutral hadron currents ( 9¢ ) to enforce the[sl] =% rule
by demanding that the|AI)} = 3, contribution of the neptral currents
cancels with the[/AI}| = 3, contribution from the c-c Hamiltonién above, or
to consider a mechanism whereby thebﬂlf =3, component is suppressed by
strong interaction dynamics chpj\). Gell-Mann suggested the predominance
of scalar and PS meson intermediate states, selectively enhancing the

[AII = % contribution to the matrix elements of H_, . Alterﬁatively, if the
27 contribution'were suppressed relative to the 8 contribution, the|AIl = %
contribution would be enhanced relative to the]AI\ = 3/Lcontribution coming
from %?, and an effectivejAIj=" % rule would hold., For the case 6: adding
neutral currents, the weak Hamiltonian can be written in the form

[y —

Ho = - /5 d T TS ,  Wwhere the contributions . TET 2+ J3 j—c
are now possible, with de{i , the symmetric SU(S)‘structure constant acting
as a Clebsch-Gordon <ve ficient for the symmetric coupling of two octets
( 1 ). As neutral currents have not been observed, the inclusion of
these currents would exclude the possibility of a universal interaction
for all types of weék interactions,

3). The factor sing cos G, involving the Cabibbo angle £ , unlike
the case for the semi~leptonic decays, where it was first introduced to -
account for the suppression of the strangeness changing decays relative

to the sfrangeness conserving decays, does not appear to be warranted
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experimentally in NLDH's{ S3 ), and in particular for the P wave
amplitudes, whose theoretical values are consistently smaller than the
experiment without this factor,

4).uite generally it Las been shown that the L-S relation is.
a consequence of CP invariance and chﬁv'j>5 and Hff ~ AY , for the
P and S waves respectively, and hence in the c-c model the L-S relation

does not follow directly for the PC amplitudes ( P wave amplitudes ).

Another model which alongside the c—c model forms the basis of many

calculations in NLDH'!'s is the so called quark-density model ( 1\72- )
" in which H . 1is assumed to belong to an octet, transforming as the 6th
.and 7th components of scalar and PS quark-densities ( 2. = +1 ) for

the PC and PV parts respectively, from the pequirement of CP‘invarince

( table ¢ )., Following the notation of Gell-Mann (-  § ), H _, can

be written as

He = ,wa’v + R = DNV o+ '_)‘, ug . 3 -6
where v, transforms like the 7th component of the quark density ii(xJsts 2()L%

and u , as the 6th component of the quark-density KON XD iz 1,...8).
2.

This model is entirely similar to H_, = Ng S, + A P, (TuuleT. ),
where the scalar and PS octets, S-and Piare normal under charge conjugation .

( table ¢( ). In the quark model the u; and v, are postulated to trans-

form as members of the octet representation formed from the direct product

of the triplets 3 and gk( eq., -4 ), whereas the actua' form of

Sland R need not be specified ( although we chose a specific model for

these above’for which S[and g:belong to the octet representation formed

from the direct product of octets ), as long as they are understood to
transform as members of octets of scalar and PS bosons respectively,

The above two models both satisfy the conditions (A) aﬁd (B) (pg.;él))
although the L-S relation is only apparent“when these models are employed
using current algebraic methods and PCAC( ti¢c ).

Variations of these models, and other related models to thoge
already discussed will be refered to in more depth in section 3.3/ in

comparison with the model calculation below,
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Section 3.2. (Calculation of the $ and P wave amplitudes

In this section we employ a Current-Divergence (C-D ) model,

arrived at indepepdently by the author, to calculate the S and P wave
amplitudes, and we attempt to show;

1). Even though the Hamiltonian used implies a null resu1t>for the
amplitudes; due to the standard approximations involved in employing the

CA hypothesis, the use of CA gives rise to non-vanishing amplitudes,

2)., That the resultant amplitudes obtained from the CD model are identical
in fofm to the amplitudes obtained from the simple dispersion theoretic
pole dominance model, with all first order pole terms retained,

3). That other models, including the dispersion theoretic pole dominance
model obtain non-vanishing results due to the approximations employed.

This is seen by comparing the terms obtained in the CD cakulation with
thogse of other calculations, As we know that the terms obtained in our model
should cancel identically if we were able to calculate exactly, the results
of other models retaining all the terms we do must similarly be potentially
?aniéhing.

4), There are conditions for which some of the resultant amplitudes vanish
identically- but contrary to this we demonstrate that  an excellent fit to
the data for the 10-S and P wave amplitudes can‘be obtained from the
calculation with 4 free parameters, We show that a large number of authors
oﬁtaining essentially the same amplitudes as ourselves, but using different
assumptions and methods to obtain them,attempt fits to the experimental

data as ourselves, the merits of which we lave discussed.

5), Finally we point out that the CA calculations refered to in (4) are

in fact equivalent to assuming the CD model, which the authors have explicity
attempted to avoid by introducing alternative or added assumptions, with
particular reference to the P wave amplitudes; and that the negléct of
certain terms in some of the cases, (which can be traced to the assumptions
made)are responsible,as well ak Yhe inability to calculate exactly, to the

non-vanishing results obtained,

CALCULATION,

~

The current-divergence model approach arose from considering the S and P

wave NLDH's as proceeding through the two-step processes,

S5TrRe NG

N(PL) + T (g ) e— (k) + =—(p) S wave. 3-17
R WEAIC ‘ .
Ke(l) —> Vacuum,



STrRe NG

NCrY + 7w~ (q) < () + = ‘(F.)

kqi)ff;k VAR Cuum

’ P wave, 3-8

for the S and P waves respectively, in the limit as k —> 0, kK and K°

are taken to be the scalar kappa meson and the FS kaon meson, each bel-
onging respectively to an octet of scalar and PS mesons, and transforming
as the 6 + 7 th component of the octet{ sect's.,, 2-1,23-1 ), For the purposes
of demonstrating the calculation we wlll coansider as a specific example

the P wave decay of =~

Writing the covariant amplitude for this process, we have
T o= @T)? )y Jaregee < T NG E () ReGR) >, 394
where ’\r‘ is the strength of the process k°—> vacuum. Contracting the

1O

k meson ( See appendix P for conventions and notatlon) and using PCVC

( eq., 2-s5¢ ) for the R—meson, we obtain

T2 A (a) 3 e Z( (fdee Wy mpr) cor - () NG 1D, V6O T (R)>

ViR M
f, is deflned as the decay constant of the kappa meson by the relation 3o
cle.;:.) R ’
<heIDavl ™ o> = 1fmr/ Cam) 34 Jape | ' 3.2

and hence /\Pr’( fh‘ We use the PCVC assumption to mean here that the matrix
element of 2 _V'°'" is dominated by the kappa meson pole, which implies

T is a smooth function of k, for k,varying in the vicinity of m, This is
the PDDVC (pole domination of the divergence of the vector current ) form.
of PCVC ( 113 ). .. Although not as justified as for the pion or

kaon PDDAC A( 13 ), it will beasssumed that T is a sufficiently smooth
function of k for the extrapolation kﬁ———v 0 to be meaningful( the kﬂf—‘ 0

limit will be taken at a later stage of the calculation,) Thus we find

—_ l‘kx. 1 .
T= Gl { XO'“’SQ < Tl m e ] DV TG | = - e)y Ao /fn

3.1

= “L"‘"T_)f“‘(f’-{"-'f’w‘i,)(zvls”ei)J'Z_{:-<‘rr(1) N(P;)_féq\/‘fﬁlo) I2-(e.) Ap/)( ‘
k

Hence from equations 3 ~z.', 3-3 , T is related to the P wave amplitudes by

T= (2m)¥ S(hirk-rioq) i N-E TGe) (PYs) ule ), 323
Pe pue (2] ¢
where'P! are invariant functions of the invarint variables s:-(p,.fq)
t= - (p|_ p)_) "and u-=-( p, - 4), which approach the physical decay amplitudes
in the limit as kluw—-v 0, for s.:—pl . z", t2 - qt+ T, u= p:= N with
the particle symbols denoting the particle masses), )
Equating equations 3-17— and 3-23 we find,
"‘.(1'”')3“' 2. <T—L TN \ 6riv . A
Lo 1 Pr) 1 2u Vv, e (o 1\2 (r=)>Wf>/JCL g

'-': /< )J(h\ P‘ds u CP..).
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Defining the reduced T matrix by T = i(~m}*§*Lfrk-Po-9q )%ﬁ)
and denoting the LHS of 3 i\ by‘T, we now contract the 7 meson ( Appendix R ),
Using PCAC ( eq., 2 5* ) in the PDDAC sense ( i1 3 ) and taking the Q?wlimit)

as for k = above, it follows from equation}.iu, with the definition

<o 1duhy Ty ) Ty =4, mrr‘/fljf(wr)JJA

that

:I"—- — _;_\_f__ 5(11*:1 <M(_P,)lT(.a-«ﬁu"“_(fj)Buvu‘r'n(°)‘)}i_(P\)>Q—r4—3
Frbe )
:..zi-‘tclu f&—;i“)c]_”jv<N(‘.Pa—l [T (6::—”_(6] D“Vuéi»i'llc.})}z_(?‘)>
h”ﬂ .

- %ﬂ" e T dry < men) TSGR () 2wV T ) 2 -(r) >
TR

The first term is the so called Surface-Term ( ST),and the second term
will be refered to as the Equal - Time -~ Commutator term ( ETC ),

In order to be able to compute the contribution fron the ST, the
Hard-Pion-Approximation ( HPA )(SQA\S)nf) is employed in favour of using
the usual Soft-Pion-Approximation ( SPA ) (1l{¢ ), where we take only
the 1limit q = o0 , father than the Q’A: 0 limit)which is more severe,
in that q = 0 implies E;z q°=0, but q*= 0 does not imply q - q° = 0,
In the Qﬁc 0 1imit the ST only contributes in the limit when the intermed-
iate states are degenerate in mass with the initial or final states ( ilL)
through the enérgy—momentum constraints on the matrix elements occuring in
the ST, By‘taking the HPA in preference, we avoid the ambiguity of whether
to take the mass-degeneracy or q.= 0 1limit first.bA further important
adavntage is that the mass diffefences between the initial and final states
are taken into account ( i+ ), The SPA is in this sense equiQalent to
taking the SU(3) symmetric limit for those matrix elements that involve
mass differences, For this reason the SPA has been found to give poor
results, particularly for the P waves which rely on broken SU(3) for
their evaluation ( Sect., 3.3 ), This has been emphasized in particular
by Okubo ( i1+ )/who has discussed the importance of not neglecting the'

baryon mass differences in ST, and who similarly invoked the HPA to avoid

mass degeneracy,

To evaluate the ETC, the validity of the Gell-Mann -Oakes-Renner
SU(3)8SU(3) charge-divergence algebra ( eq's,, 1-3s, 1*%2> ) (43 ) is :
assumed}along with PCAC and PCVC ( eq's 2-50,2-52), It is important to

stress here the assumption of an octet of scalar mesons in order to just-

ify the use of the GOR symmetry breaking scheme ( 43 ), and the
use of PCVC, Thus for the ETC term we obtain from equations (:3¢ < 1.4
g(j‘) Lﬂon—:m(d) )3“\/“ cn“l(u)] - _5\0(:‘] 3c gng‘ﬂ-ts 5

ICJZ‘C/L) )

3-25

26



72,

where ' ¢? is the GOR symmetry breaking parameter ( +3 ), Hence we have

ETC, = >\ j - ;‘1_‘3 J . Y +is o 3c
AP e 4 < n (e ) sHq YA, s ly) | = - (e, V> 3
Friu J (r) 3 J 2(JZ - )
- o 3 c :
= ‘it& <N [ pl™ S (o) |2 (e > tm oD 3 27
w
We now condider the ST, which with ’) ooad” “'/r , We write as ‘

ST = - “r"fluje—f‘ln d*y < nNes) iT(ﬂ;‘*“(n\,L\;M“”<o)\iz—(p,)> 3-1¢

Expanding out the T—produnt and summing over intermediate states we obtian ,

= = Ap'iqa 254»3 dp.le P ge o —(1°1 (-1)= = = <M(PLHP\L,'“‘(;’H:\>
A spin .

27 Crc —CL‘“'—‘E)

x <Y\]DMV»«C*;1 (0) |:’:_(Pi)>
+ ij‘*:)Jro’e,fr’u'jae_“‘l‘:r L= SINCe) 1T T ) [l >
, ~ 2T N spin —N ‘
(f’«.;/'—'ﬁ_':—-i.i.)

>L<nij I+¢2(J)‘I“(p)>]

( See appendix A for notation and conventions used).

Using translational invariance, the above becomes,

= Q)PI;‘[_H E — f““*a O‘Fol J},” e_‘{Pol:ja e —li—,z Z <N(_PL)}H lf‘z-a)'n>

GmIGTE  (af = qeeie)

x <n 1davetiTee) I==(p,)> @ ( (Fa=ru) Y

joi*jclpc’cﬂr;n e Pt = —(n)] 0. i) In >

(rwi) (> )3 (p, /""l“ —~ce)

3 3¢

x <n AT 'i"(f’.]> }v

It is at this stage of the calculation that we take the k,, = 0 limit,

~

After integrating over Y and p, we have,

ST = hem {%’1” Z‘Jeﬁfn 83 (o =Pt VSNTAL T M) ay -

‘LM-‘)Q
(——Pz.vf- Py\o"‘f_o )

< A VT () | (r) >

-2 b?:jc) e §3(L -0 -1 ) <n I v“”co)in <n AT );z~(r>)>
' (=Paor P o= q2)

3-31 -
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Employing the four-momentum delta function Sq( p”-k—-pl—q ) ( which is

understood in the above ), in the limit as k_, -— 0

(PLCP“‘L”\ = pP,° ) P = LP.C'“‘LU) / fj ='£,_i‘:{: )jx :fl - 1

Hence in this l1limit ST becomes\

ST = Aplq. Zf<l\3(f’;)lﬁ“'“"(olln><n| FJaV T (LY 2 (p‘)>J3p $3(P.-P.)

(in,-r)‘ )
3432

—_ ')\P’Ciu ZJ<NLP}_) iéuv\((!—i'l(b).ln> <‘nlﬂc¢.ril(c) ,f‘[{‘.)>cj 3'!::“ S 3(_£“‘£‘_}
(FLC"‘P:)

In order to evaluate the P wave amplitudes, it will be assumed
that only the single pérticle intermediate states contribute significantly,
In this case the single particle states are single baryon octet states.
This constitutes the single baryon pole dominance approximation( SBPD )

( 117 ). With this approximation, we obtain finally, after integration
ovér momentum,

EI‘CJ,ST:/'f‘

At <nle )|3 Aﬁ“slo)lz (e)> 3¢
2(vz - "/\.)

"

+

e 1w T <N G 1 V‘“’( YIAL) > ACR) | AL, N==le,)>
(A°~N©°)

+ 3./ Qo 2 <NCe) IRV, R (GY 2% >< =950, ) | gq‘“‘(a) = ~(r,)>

(= e—ne)

= _ NZ | - | - | |
(er)B«/(ché') .UU’») ¥s P uLP;),, : 2.33

where the four-momentum g\ function has been cancelad from both sides of
equation 3-24 , and is now $"( P-p,-q ).We take this to be understood in
the above equation. ' P ' are now the physical decay amplitudes, at the
physical values of s,t,u, for the decay process,.

If we return to equation 3-2M}it can be readily seen that the LHS

is equivalent to

~( (2w) 3 Jrge

:{- <Tr(‘L) NL(’L)’guvuéi—i7(o)r3uvb—f7{
k .

M=),
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where;)V~i'i1does not contribute to the matrix element due to the
direction of change of Y . Choosing the minus sign to maintain the reality

of P, we obtain

'C}Tr)

and hence,

e o’_%j:.‘z.u(wrci) NP DLV L) T - (e )Y D)
ho

- (lTr)$/xJ;L—: < Tlq ) nire) | (l__‘_/\__f) IVLTG) [ 2e) >
| Fle
—;/@”)3/xuio T ) (Ys P ) ute,y, 3-34

where $' ( Pp- P-4 ) for on mass shell decay is understood on both sides

of 3.3y . From equations 3-2 and 3 -3 we identify H ‘() with ,
',\r"’bHVu"' (¢) and similarly for the S wave, to give |
Holo) = D "2uViT(e) + A4 dunulle), , 3-35a
where )£’=l%s/fk . : - |
This is the current-divergence model of H“himplicit in this cal-

culation,and which from the discussion of section 3.1 obeys the properties
A(i,ii,iii) and the rules B(i,ii,iii). This model can be readily related
to the quark density model‘using equations Vg2 , relating the current
divergencies to the corresponding scalar and PS charge densities, In
particular, if we interpret the currents in the quark model (&1 1-18 )
we obtain

Hw(ox = Xp Uy + XPﬂlq

which is identical to the quark-density model under the assumption that

7

the Gell-Mann charge-divergence CR's ( eqg's., j-3g% ) hold. As we assume
these CR's to hold,in order to apply the GOR model of symmetry breaking
for quark currents,we are effectively working with the the quark-model,
although from a different point of view, With refefence to table 7 , the

CD model is also directly proportional to

Hote) = Xp P+ s S 3- 35
with the octet baryon interpretation for the currents, although this is

not necessary.

At this stage we point out that 3-34 is vanishing for on mass

shell decay, to which we refer later, and which implies that if we. had

been able to calculate exactly to this point, we would expect the ETC term

to cancel identically with ST, Also for the CR's ( eq's |- 3% ) holding

exactly, and the validity of the qark model interpretation of the currents,
we should expect this model to give vanishing results if calculated exactly.

Nevertheless we pursue this line of approach as it turns out to reproduce
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the amplitudes of a large number of calculations, thus enabling us
to highlight the difficulties facing NLDH's,

Before proceeding to calculate out the final amplitudes, a
numb er of'important remarks have to be made, In evaluating the matrix ]
elements of the current divergencies, the validity of the generalized
Goldberger-Treiman relations ( 11¢ ) are implicitly assumed to be a
good approximation in the light of theq "= 0 and k © = 0 limits taken,
which are necessary in the derivation of these relations. The relevant

Goldberger-Treiman relations are (5, 1tu%)

C\&‘&}\(Ln——x . = . ‘/%kcnx“(M@i*M&\)an(gl—)ﬂ’S/ﬁ
»q&g\k = ‘/fk ~(mn.-M&l\3V(B.—Bm)/J1) 3-37
which arise implicitly ( appendix R ) in the evaluation of the matrix

elements below., In this way the effects of SU(3) breaking are introduced
by‘retaining the physical masses, and it ié possible to avoid taking

SU(3) symmetric values for the strong coupling-constants ( due to lack

of experimental knowledge of these) in favour of using SU(?) symmetric values
for the weak vecfor and axial=-vector coupling-constants.

As both the gﬁ 's and the g:s , to a very good apprcximatioh,
take their SU(3) symmetric values in the q = 0 and k= o limits ( 1i9 ),
this will henceforth be assumed, The validity of this approach is founded
on the Ademollo-Gatto theorem ( 4% ), where for the AY:= 0r1 matrix elements,
to first order in SU(3) symmetry breaking, the mass splitting occurs, but -
the weak coupling-constants remain invariant to this order. The above is
also consistent with the avoidance of the SPA , in which the baryon masses
are degenerate for on mass shell decay, from the four-momentum conservation
constraint%z Pr=ro-9q ),

Finally, a small amount of CVC ( 32 ) breaking is introduced
for theAY ==+ 1 currentg, where the effect is found to be smail,as expected,
This amounts to adding a smll amount of D-type coupling ( eq., i %schapt,1 ),
in the evaluation of the weak vector coupling constants, This is equivalent
to adding some D-type vector current ( eq., |.§« ), As we are taking
symmetry breaking effects into account, this effect will be of second
order in SU(3) breaking. We feel further justified in including D-type
coupling or CVC breaking,in as much as we are employing the GOR breaking

scheme which requires that SU(2)xSU(2) is a better symmetry of the strong
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interactions than SU(3). In the limit of SU(2)®SU(2) O VM; = 0

(i- 1,2,3 ) while D> V'# 0 (i - 4,5,6,7), except in the limit of
SU(S)&SU(S), and hence for the/AY|- 1 currents we may expect some D-type
coupling for SU(2)@SU(2) holding approximately., On the other hand, if we
argue that SU(3) is a good symmetry, this implies) V.= 0 ( i = 1...8 )
in the limit of SU(3), and there can be no D-—type coupling or D—type
component to the vector current, as is apparent from the baryon octet
model for the vector currents ( eq,,i'15),

' . Summing over the spins of the intermediate states, and with the
help of the Dirac equation and the definitions of the current-divergence
matrix elements ( appendix [ ), the final form for the P wave amglitudé

for Z decay is

P(=z) = - e {——E—C———' (N'*im)C~Ffb)——(/\+N)(A+2“} N
. j‘?l'fh_ L(J—"C/;.) | > ) T ZA

(-3F=b')d — (N+ z<)(z°rz-)(F'-0')F })

6 _ P-4
where we have evaluated the amplitude in the p - O frame,in which-
~ :
7 = p°(Appendix f ). F, D and F’', D'are defined in the appendix R

and equations i-ig , where in the limit of CVC "( 32 ), F = 1 and D'= o0,
(Capital letters will henceforth represent the corresponding masses) .
By exactly analogous methods of calculation, the remaining amplitudes

can be evaluated in the same manner and are recorded below, .

S(AZ) = _)_i (l(f cn) (,\_P)(_g,:/ '_)((,)’V‘ - (‘Jf"j__)_(_,\fh))c}:i‘b)

a(Kfn- 3¢ 7.1.4‘
e (3ren) (07— (pe (s +N) (D) Febd )oY~ )
* L+
R —jf_— (_*é—c—_— (NrA)C— 3F =D )(-—(’-)"/L + (l’+—N)(Nt—I\)~LF1—D)
Frofr | 2053 - <) 2 <

* (=3F-pi)()-"m _ (P>+N)(§.++/\)(_‘F'+D')(D)(L)—u‘) ~

2

| ‘ 2zt
S(z2) = As 2 (5 =) C’:——-/\‘)Lg‘:l‘bl)((’)_h ——(A-»—Z')(.Z'ff_)
Fic frr 3¢ 7 " | " ol

)

o DNF D))~ = (A=)
2=°

2

° ‘5 J(3F- b)(—Fr\>)(c)"’L)
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Py = —Jp [ 3c  (aez-)(sFonle) T (AezlETrET)
Frdn | 2i- ) > 13-

JERARR

r» (D)(FirD ) (6) M = (=ccn)l=e+="] (3F ‘~pi)(~F+D) ng)‘_*)

2=°
S(z-) = ‘_)5 ,_(J;—-C/.).CZ-_N)(,_F%D‘) + (N,rA)(AeZ‘)
b EXS . A

x (- 3F-D)B) + (NezZ)(Z°+ z-)CF-» )U;—_))

panal

[A
P(=Z) as above,

-

sGD) = — Ay ( (nep)(Pr z+)(Fed)(—F+D) L (Nen)NE T+ )
—_ 2. —_—
;Ik;ﬂ’ p 7./\.
x(—jp'b)_(.b_.) + N+ =) T+ 'Z"”)CF‘D)(_-:___]F-_;)).
< A

Lz°
 Ea S

""Ap (NrP)(_P{—Z*)CF"'D)L'—F"'D') “(N-rA)LA*‘i+)
Frfe 2-p . * A

¢ 2
. Z.ZD

x (-3F'-p1)(p) — CN*£°)L:=}z+)C—F)CF'~b’))

2(Em ) (=" =P )= F/+ D) 2)"% r(pre)lrrz)
3« . TF—'

S CH * s
2 |

x (Fro)—=Fed)(2) 3 + (r+ st z+ext)(-Frd )(F ) (> )’“'4-)
2+ :

C peet
PED = 4 2 ( 3c
Fofr

—-—-————-CF*— r}—'f ‘h‘__ i +"
ey IRl ) s

% CF*—E)L‘F’#D')(I)‘”‘ p (Prz+)z+ezt) (*F'*D')(F)(l).—"*)’ 3739
23 ¢
From equation 3-%23 we can identify the terms in the amplitudes with the

following simple pole model diagrams, corresponding to the single particle

dominance assumption of the matrix elements through the use of PDDAC and
PDDVC and the retention of only single particle intermediate states in

the sum over intermediate states,
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S and W denote the strong and weak interaction vertices respectively,
and ) denotes the strength of the weak amplitudes K, h° — vacuum, and is
refered to in the liturature as the 'Tadpole contribution ' ( (1} ),

To obtain a comparison of the amplitudes above with experiment
we took the experimentally determined sum F + D = 1,20 = g:"(o)( V20 ))
and varied F and D within the ranges 0.48 > F 2> 0.40 and 0.82 > D>
0.74, with a small variation of F’ and D about their CVC limit values of
1.0 and 0,0 respectively. )f/fk and }S/Jci( have been absorbed into

A" and )s’, and the rounded experimental value of f 7 = 125 Mev was
taken, For ' ¢ ' we used the value of -1.25, as determined by GOR (%3 ), as
this accounts reasonably well for the symmetry breaking interaction,

On choosing the values of F and D -; F = 0,43 é.nd D= 0.77, in
agreement with the experimetal values of these quantities{ 1% ‘;,we obtained
a fit of the amplitudes for the following values of the parameters;_ .

F'= 1,194, d = - 0.120, X' = 0,275 x 107, 2 P 0.254 x 10. We compare
the fitted amplitudes below with two sets of compiled experimental results
for the S and P wave amplitudes, from Berge (i1cec ) and Filthuth ( 97 ) ‘

respectively.



79,

-5 -y

S - 10 sec .

Theory. . Experiment,
Berge, Filthuth,
S(A%) = 1.46 . 1,551 - 0.024 1,52 - 0.02
s(z7) - - 2,46 A - 2,022 - 0,029 - 2,07 - 0,03
sEI) - 1.40 1.861 - 0.017 1.87 - 0,03
sGLY = - 0.04 0.008 — 0,034 " 0.02 - 0.04
Szt) = =1,00 - 1,168 ~ 0.187 - 1,15 - 0.18
P x 10 ° sec 4,
P(AY) - 11.00 11,045 — 0.475 10,44 - 0,33
P(ZD) = 0.20 . - 0.152 =~ 0.386 - 0.55 - 0.43
p(zz) = 6.61 _ 6.628‘- 0.574 | 4,54 - 1,02
P(z!) = 19.11 19,081 - 0,347 19.08 - 0,35
P(z) = 13.59 15.61 - 1,42 ) 15.36 - 1.40

A brief summary of thé assumptions taken in the above calculation
is given below beforethe results are discussed and related to the other
calculations, A

C(i) validity of the kr= 0 1limit to relate the strong interaction
scattering process to the weakinteraction on mass shell amplitudes,

C(ii) Hard pion approximation _

C(iii) PCAC and PCVC for the kaons and the scalar kappa mesons .
respectively; uséd in the PDDAC and PDDVC interpretation.

C(iv) Assumption of an octet of scalar mesons,

C(v) Validity of the Gell-Mann charge-divergence CR's and the’
GOR summetry breaking scheme.

C(vi) Implicit use of the generalized G,T. relations and tﬂ;
validity of the Ademollo- Gatto theorem for taking the SU(3) symmetric -
values of the weak coupling constants.

C(vii) Single octet baryon pole saturation of the surface term,
C(viii) A small amount of CVC breaking.
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From C(i) and C(iii) it is to be expected that the dominant
contributions to the amplitudes arise fron the lowest 1ying intermediate
states,C(vii), from low energy dispersion relation arguments (u 17),
C(vi) and C(iv) rest for their validity upon one another, and both in
turn upon C(i), C(ii) and C(iv), C(v) and C(viii) are extra assumptions,

although to use C(v) we require the first four assumptions.

Section 3.3, Discussion of the results,

We will first demomstrate that the S and P wave amplitudes very closely’
satisfy the L-S relation, by showing this independently for the ETC and
ST, as this wil; be important when comparing the results with other methods.
of calculation, For the S waves the L-S relation is (1o7)
2s(=z2 ) + slnz] = J3 sC=7 ),

From equation 2.39 , for this relation to hold we require,

3("’1‘-2) ( (F;D)L—Ffb)(l)"‘}/x . (F)(‘F?‘D)(l)‘—'/l)

= (prn) —/\fN)(F*'D W -36-b) (Feb )2 )% 4 (prze)ztra)d)-Fen)(z) ™k
N 2=+

y 2 (A+z-)(Z" =-)(p)(F+D )2l

2z T

+ 2(Ans =¢ )(5"4-'_-:')(:3?—[),)(—[:1-0)(1)—3/‘ V T
2= '

If Werregard it as safe to neglect electro-magnetic mass differencés,
then we can regard P= N, T+=Z "= x< | and dividing through by
C AN +=°), we find , apart from very small deviations proportional to .
the mass splitting<%;1 , that the L-S relation holds. A similar analysis
for the P waves yielg; the same conclusions as above, Making the approx-
imation A - = the L-S relation is obeyed exactly for the P waves.This
has also been noted by B,W.Lee ( |ic ) for the dispersion relation pole
model, in which he showed that for '~ A, and A = = , the L-S relation
follows for the P waves,

It is interesting to note that if we demand SU(3) symmetr&
(ie all the baryon masses degenerate, with ' ¢! and D = 0 in this limit),
then the L-S relation holds exactly for both the S and P wave amplitude%,sr's,
with the P wave EIC terms vanishing in this limit. When the SU(3) breaking
is turned on again, there arise small corrections to the L-S relations,
of the order of the symmetry breaking mass splittings,These corrections
indicate the fact that we have chosen to be very careful about retaining

a brokern symmetry situation when calculating the amplitudes,
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Considering now the ETC terms for the S wave amplitudes, we require
for the L-S relation to hold, that
(A=p)=3rr-bt) r2x(=-AN3F-d) = - 3(z-r)(- Fren').

e (A-N)(=3F’-d') + (Aez-2N)(3F/=b") = ~3LI—N)(~F'*°')3

using the Gell-Mann- Okubo mass formula, 2 (Mu+Mz)-3MA-Mz = 0. (w122 ),
\“e find the correction to the above equality holdng exactly, is (2./\ /- 23 b’),
which is third order in SU(3) breaking. Un the other hand for SU(Z)ESﬁ(Z) -

a good symmetry of the strong interactions, the correction only vanishes if

" we take A == . For the P wave ETC terms, the correction is of the order of
~the mass splitting, and vanishes in the SU(3) symmetric limit, In this limit
though, the ETC terms are seen to vanish.(?:;‘g ).

For the S and P wave amplitudes, botﬁ the ETC terms ahd the surface
terms obey theldIl=3% rule Vi ¥! - =% — = , apart from correctoons
of the order of the electromagnétic mss splittings which we are disregard-
ing in comparison to SU(3) breaking corrections, Hence we regard the above
relation as holding exactly, which is to be expected, as thePJl: 1 rule is
explicitly built into the form of the Hamiltonian ( eq., 3354 ); up to
first order of SU(3) breaking, _ ‘

If we turn to S(=}), the condition for this vanishing identically,
which is consistent with experiment, is that D /.F=i.wf§'. Taking the positive
solution, this value is in agreement with experiment ( !zj ), and the
D / F ratio found for the best fit to the amplitudes,

At this stage it is worth pointing out that if we had had a criteria
for retaining only the ETC terms or the ST's of the S and P wave amplitudes,

~the ampiitudes would have been found to obey the relations discussed above,
The second point is that from the table below

TABLE ¥ .

Terms. ‘ Order of SU(3) symmetry breaking.

SU(3) degenerate masses Zeroth order.

( Mp= Mgyt §M ) and numerical constants,
t ¢ ' , mass differences

(m - mg), and £, , Ap. First order, N
D' Second order, X

4 ~
D (mg - my) ete,, Third order,

we see tﬁat there is a mixture of orders of SU(3) symmetry breaking,'namely Oth
1st, 2nd and 3rd orders in the amplitudes, Hence it is not surprising

that the amplitudes obtai ned are non-vanishing, as not all these orders

have a complete complement of terms due to the approximate nature of the
calculation, If we were able té calculate to all orders exactly, we would

have canceling between terms of each order of symmetry breaking to produce
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a vanishing result for both the S and P wave amplitudes, as discussed
in section 3.2, This fact has often‘been overlooked by authors using
similar models to ourelves and will be discussed further in section 3,4,
As an example, if we remove the CVC breaking terms, of second order in
SU(3) breaking, we see P(2Y)- 0 for equal baryon masses. In effect we
have separated out the mass differences to include them with the 1st
order breaking terms,and find that we have a full complément of zeroth
order terms,which cancel among themselves to give P(Zi)i;n the SU(3)

symmetric limit,

Section 3.4. Discussion of models

Dispersion relation approach and pole models,

As the CD calculation above generates the lowest order pole
diagrams of the dispersion theoretic approach,; we compare here the result-
ant amplitudes we obtained with those of the dispersion relation approach,

The simple pole model approach was first advanced by Feldman et al
( w7 ), prior to the advent of SU(3) unitary symmetry, by writing down
all possible simple first order pole diagrams for the weak non—leptonic
hyperon decay./,’?r -l : k;CDVVVF-

Y Y g Y 1§ N

These were first analysed using a generalization of the method employed

by Goldberger and Treiman in their derivation of the GT relation ( 1§ ),
obtained from the pole term in the dispersion relation of the matrix element
of the axial-vector current divergence. Feldman et al argued that the NLDH's
are dominated by pole terms in the same manner, -

These pole diagrams were subsequently employed by Lee and Swift (112.3)

in the framework of SU(3) unitary symmetry for both the S and P wave amplitudes,

using an effective Hamiltonian, transforming as )\, . For HIng')z , the
requirement that HdPv belong to an octet abnormal under charge conjugation

( table ¢ ) implies that Hir' can not be coupled to a baryon-antibaryoﬁ
pair, B-B , or to a pair of PS mescns in the SU(3) symmetric limit when the
meﬁbers of the pair belong to the same octet, Equivalently, the single
particle marrix elements < g, | }j’rw"" le.> = <e, LRI > = o,
as these are not CP invariant in the SU(3) symmetric limit. This can be seen
by writing H:;r'%s , in the general form

Fre®3: L& 21+ ' Te BB 18,24 v JTrAlF
where @ and (7 are baryon and PS meson tensor octets ( sect,, 3.1 ).

Under CP; Hf changes sign (. sect., 3.1 eq.,3.15 and 123 ), and hence

3oga
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the above matrix elements of H are vanishing under CP. Hence for the
PV or S wave decays , Lee and Swift argued that the FMS ( Feldman~ Mathew-—
Salam ) model is only tenable by using K “vector meson dominance, or the

™
diagram 3 ,,’f:y ‘ ,where the above matrix elements do not
i f; K Ba
2/

enter, This corresponds to the decay proceeding via the two step process
B, —> Bair K~ (K& —> T ). Grzi )
- This model has also been employed by Sakurai, to calculate the S wave

amplitudes. Assuming an effective Hamiltonian of the form Z)Jbﬂfbﬂi% VG?
corresponding to the symmetric derivative coupling of an octet of PS mesons
P, to an octet of vector mesons V_, We can readily show by direct evaluation
of the diagram abovethat this model leads to results identical to the ETC

terms of the S waves for pure F - type coupling of the K”_ mesons to the baryons,
apaft from a proportionality constant, dependent on the models used to calcul-
ate the K“contribution. In this particular model the octet transformation prop-

erty, and the A, transformation character is enforced by the SU(3) structure

~constant d LLJ , which acts here as a Clebsch-Gordon coefficiect for the
coupling ( 1| ), and which only obtains for P, and V| belonging to
octets,

As with the discussion of the results ( eq.,3-39 ), for pure F-type
coupling ( ie D = 0),the L-S rule holds identically. Apart from the ability -
of the model to predict the L-S relation for the S waves and the ratios
S(z~)/ s(=%), 8(=2)/ S(A%) within reasonable agreement with experiment, it
has been argued by a number of authors ( iz5 ) that the K™ dominance model
for S waves gives amplitudes which are consistently too small., We will see
that this is attributable in part to the neglect of the surface terms,which
are expeéted to contribute when SU(3) breaking obtains,and < g ’ (ST l&)&¢.o.
On comparing this calculation with the ETC terms of the CD cdlculatﬁcn,
we can at least conclude'that)for conserved vector currents, the derivative
coupling of the vector meson octet to the PS octet gives the same results
as the non-derivative ;oupling of the scalar octet to the PS octet, where in thé‘
CD we have scalar meson pole dominance giving rise to the S wave EPC term,

For the P waves H‘ZC has well defined matrix elements when HS;AG,
in contrast to H EL , and the FMS model is tenable in this case, The
transformation properties of the PC and PV parts of H.. correspond to the c-c
model ( eq., 3-ix ) for the octet parts only cotributing. Lee amd Swift aséumed

however that H‘fL

transforms as the 6th component of an octet of scalar
spurions.( In the two step process B, + S —> R, + 11;(5.-)vnc),s
is called a scalar spurion if it is a scalar quantity with the quantum no,,

assignment of H ., c/f the kappa meson in eq,, 3'1S ), Contrary to the CD
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calculation, they'assumed SU(3) symmetric parametrization of the strong
coupling constants, which as we have pointed out, leads to the neglect of
baryon octet mass differences, We refer again to this in the context of the
dispersion theoretic approach below,

H, Sugawara ( i12.( ) similarly employed the FMS pole model for both
the PC and PV amplitudes with SU(3) symmetric strong interaction vertices,
and H,, ~ )\ ¢,and assumed to obey the |A I| = % rule, which in the Lee-Swift
- paper automatically follows from the octet property they imposed on H., .
It was assumed by Sugawara that the K meson pole contribution is smaller than
. that of the baryon pole terms by arguing that the couplings of the kaon are
smaller than those of the pion, With this criteria he neglected the K pole
diagram for the P waves.

The more recenf dispersion theoretic approach, and in particular
that of M,Sugawara ( 1.7 ),forms a convenient summary of the pole model results
in a more rigorous context, and is a convenient basis for comparison between
the above approach and the CD calculation,

We begin by émploying the reduced matrix formalism for the 2-body
decay amplitides ( eq.., 3-14 )

= <R, (r) T L HLGY YRy (e )Y
= ‘/Q,T—)“l/x ‘/(Z-i ';: 2 ’_G(h) (5+ PXS)U(P‘)’ E RIS
S

defined for off mass shel and P wave amplitudes, considered as analytic
functions in the variables s=-( p.q ) , t=--¢( p,; p,) and u= - ( p, - q ).
Following Sugawara, we assume the Mandelstam representation is valid for

S( s,t,u ) and P( s,t,u ), which allows us to write

R .
S {s,t,u) = vl '7‘: v Ry o+ L [ fj ______ ] g 3oy
’ t -t q"‘Q_o mr y )

and similarly for P. In this way the analyticity of S and P are exploited,

where S and P are defined to be the on mass shell decay amplitudes as s,t and

u approach the values s = m;], t = my, u = The first three terms

m
B,*
correspond to the simple pole model approximation, with the corresponding pole

diagrams,

tt(P—PA : (j’%ii) y’%(h—h\
R.(, B (p \ () o K p=py) AP
) m F'L‘/-l B (P )J __B&L@_B%] rﬁ;(?; ) @ &(P.—rL)QBL( f“x)
& kN
S~ channEl . t - CHAnNEL. U — CRANNEL.

To begin with we will not consider a specific form for H,, , and define

quite generally the matrix elements of H‘J} by for example ( c/f appendix A )

| G A Bon o - -
/\B&P’)]Hw Ce) 'lsn (P)+‘L)> =C2_TT)3/’-\/PBO)BB,, Y ér"*i)( SnxXS "-Pm \ULP\);CTC

3.
and “+5

<Tlq) [Hale) I P (R)> .4_1_ |
(o) 3V wwepe

Mwp . 3-ue¢
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Denoting the strength of the strong vertex by G, ., and employing the
Feynman rules to write down the contribution to the pole diagrams, for the

weak vertices defined above in equations 3-%5 and s+ , we obtain for the

S and P wave amplitudes, evaluated at s = B, t = myand u = B},

S = Genta. S0, v+ Geae.T. 3, + SGaein. Mg

peowe ——— —_—_— s : 3w
R+ B BL + Rn M = e q

RS — M7
P"cL,E = - [ qgng;.q'r-np—nl . + C]‘ﬁn R an — qﬁ‘BLK ml&Tr 3
‘ T — I e—— w1y
2 —Ba Ba— Bn My — mut

- ( Capitol letters denote the masses of the corresponding particles.) Unlike
Sugawara we have included a scalar kappa meson pole term to correspond to the
CD calculation. For the sake of comparison of the pole terms generated by |

the current-algebra approach and the pole terms of the dispersion theoretic .
approach or pole diagram approach,we consider the P(=-) amplitudes, Employing
the generalised GT relations for the G, . 's ( eq., 3-37 ), and substituting
the divergence model for H f_f ( eq., 3355 ),we obtain with the aid of the

expressions for the matrix elements of H ., in appendix

.

?

PP“G(Z—-) = -‘—-,-/\P [‘ﬁ (N?‘ Z_K”F*D) - (/\+z_)(- 3F'T_D1)D— 3:43%
/e Fr b o ¢ ?
. " (z7-z° ) F/-0' )F/a ] _ -
o (=)= Ap TS (nwez-)-Ferv) - (An)(Avz=)(—3F'-0/)D /¢
2(Vi -¢n) A 0 . 3-8
Fufe  _ (."’___._;;:’)(z"vf')(F’r—b’)F/L] '

( NB. the matrix elments of H, (cp) are well defined quantities, even though
the reduced matrix element eq.,, 334 is vanishihg for on mass shell decay.)’
For ' ¢ '= - 1,25 , °%/ayi-<, )~ - 1,08 . On the other hand the mass
fadtors (A+N )/ 2 and (Nr2*)/23° =~ 0.9 . In the GOR model
fr = f, and hence the above are identical,apart from the small mass factor
deviations which arise solely from the the use of PCAC in the current-algebra
calculation, That is the matrix elements are assumed approximately constant
for the q = 0 extrapolation in the CD calculation ( m. =0 ), whereas in the
dispersion relation approach my; is on the mass shell. Hence we not only see
that the corrections to the HPA arevsmall, but that calculating exactly to each
order in symmetry breaking in the dispersion theoretic approach, similarly
ieads to vanishing amplitudes,

In this respect Adler and Dashen ( 7 ) have noted that quite
generally,for H ,f“ ~ )~ ( this obtains in the CD model)  for the simple

pole model, to leading order in SU(3) breaking, the pole diagrams cancel
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against each other and make no contribution to any of the P wave amplitudes,
This is demonstrated by using SU(3) symmetric values for the strong coupling
constants in equation 3-471 , All terms are then of the same order,( O (1) Su(3)-
breaking ;} and cancel identically. Although H.Sugawara uses SU(3) symmetric
values for the strong coupling constants in the P wave amplitudes, the non-
vanishing of his results is attributable to the neglect of the K meson pole.
Okubo ( 11y ) similarly considers the weak decay from a dipersion

theoretic point of view,for the S waves, By temporarily giving up energy-

momentum conservation (i ) for on mass shell decay, Okubo considers the scatt-
ering process SCRY + Balr ) — TWC) v Balen), 34

which corresponds to the physical amplitude in the l1limit k,, = 0, as we have
considered using a current algébra approach.-Droﬁping unnecessary factors

in the reduced T matrix for the decay, we define as Okubo, the matrix

M= TG YL S+ ¥sP 1 ule),
proportional toT for on mass shell decay, For S and P off mass shell, M is
propértional to the pion production amplitude (eq.3-4%) , defined by

M= Tatra) §(Hoe¥ste) & L%k, i¥g 10T =% )} uten)
where H, ,Hl,{ ,J, are in general functions of the invariant variables s, t and
u, as defined above. In order to avoid the soft pion.ambiguity ( sect.,, 3-2 )
Okubo considers the HPA, q* = 0 , For the physical decay amplitudes, M is
related to the S and P wave amplitudes by

S = H (R*, 0, o ) and P = H, (R, v, 0 )lfor'H ( s,t,u ), 3-50
where we have used the relation s+tisu = B,~+ B - q>- k, with s,t
and k ‘chosen as independent variables, and with the understanding that the
hard pion limit, q™* = 0 , is to be taken, For t and szixed, we can write,

following Okubo,an unsubtracted s channel dispersion relation for Hj,

(s, ¢ \lﬂ - f ols’ Im H; (s~ L)v/(s’..g _.‘a) i(=1,2) 3.5
kT
which on evaluatlng the RHS, gives rise to s and u channel baryon pole terms
for H. In order to generate poles in the t channel, Okubo argues on the Regge-~
asymptotic behaviour of H; , the simplest means is to require at least a once-

subtracted dispersion relation,

Hils, 6 k) = HiCso,t, R™) + L (s—s°)j,”cjstMH_(s,f\b)/( ‘ 3-52
] ' T ' oo t ! S —5;,)(5"'5-(5_)
where H (( §;t,k ) is a function of t alone. Formally setting q, = 0,' ‘
we find s = B:; kK *= -t , and hiri]ie at s, = B, in the soft pion limit,
H( st -t) = H(B,t, -t ) = K, (t), and equation 352 becomes
B —oo (si-g,~)(s'-s-izg), ' ‘
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For the physical S wave decay, in the q "= 0 limit, with k_- 0, s = B:and

t- -(p-p)= -(a-k) = o,

S = ,lo)r BI-B. 5 ds' T Hi(s’ 0,0 ) /(570 o) (s/m 2ie)  3su
The important point is that in the soft pion limit, B '8; and the ‘

s and u channel pole terms are eliminated, with only the subtraction constant

or t channel pole term contributing. We can readily show, using the soft pion

theorem ( see sect.,, 2.1 eq's 221, 22..) to calculate S from equations 3-2 and

3.3 , that K, corresponds to the K”- dominance model or the ETC term in the

CD calculation, _
The soft pion theorem ( eq'!s 2-:i,22) was first applied to NLDH'S by Suzuki

and Sugawara (1§, i:.ﬂ])'to the S wave amplitude < @, | H (o) | &, >

By contracting the pion and taking the soft pion limit, q, = 0, with neglect

of the surface terms, it readily follows that, . !

<m.m I BRGy Tac> < <. IR Vle >, o s

This can be seen in the framework of the c-c model for example, for H, ~ J,,

where from the Gell-Mann ( § ) charge-charge-density CR's ( eq's.,, I-27 ),

the proportionality [ 'F'si | “’:")"] <~ (BJS<)* holds, and the above

result follows for the ETC term remaining,on the neglect of the ST's. From

equation 3-55 , Suzuki and Sugawara were able ‘to show for the c-c model that

the ]AI\ = 3 rule obtains for A->Nrmand = 5 A -1 S waves, by noting'

that between single particle octet states A, v and

, A, only the|AI]=1%
component of szcontributes. This gives rise to an effectiye[AI\ =% rule
for these amplitudes in the q x = 0 limit, although for = decay both

A1l = 4 and|AI] = 3/Ltransi{:ions are possible for the matrix element <z | ¥4 S¢InN >,
For Z: decay only the 2\:7 component of H:L is found to contribute to

<zt rP-iN> - This is not surprising, as for only the § component

contributing, as in the CD model, no ETC term is possible for‘ S(Zt), and

hence S(Z: )&‘_:': 0. By relating the amplitudes to the reduced matrix elements

of the components of Hff belonging to the 8 and ’2\’7 representations, Suzuki
finds the condition for the|AI]| = % rule Z - -/ 7 +=Z 1 = 0  for

Z  decay holding is S(z, =0 (= ( S ) ).,= 0 ). This condition autom-
atically holds in the CD model, where we have shown that the[AI}-f rule holds
for the S wave amplitudes, and amounts to the assumption of octet dominance,

Ie ()% = 0, which for Suzuki's analysis implies S(={) = 0, With ( S(=})).;
= 0, Suzuki further shows that the L-S relation obtains for the S waves,

which corresponds in terms of the CD calculation to the EIC terms obeying this

relation,
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An important feature of the soft pion analysis above is the implied

SU(3) symmetry arising from the B -B, mass degeneracy}on taking the q.,-= 0
limit, This property is also apparent in the approach of Okubo, and leads
to the neglect of the baryon pole terms in each case, for the S waves,

On the other hand, for the P waves, in the soft pion 1limit, the
mass degeneracy implies the P wave amplitude <fTTSiK}iP§W5L‘>f&<<B.M¢PV)‘IBL>
is vanishing in this limit, as Lee and Swift ( 12: ) demonstrated in their
application of the c-c model to the FMS pole model, and hence for the c~c
model,no predictions for the P waves can be made in the soft pion limit
defined above, |

The soft pion approach was later extended by a number of authors(lso)15\)
to the analysis of the P waves, In particular we follow Brown and Sommerfeld
( 13c ) in discussing this approach in relation to the DR and CD calculations
of the P waves; The important advance was the extension of the analysis of
Suzuki and Sugawara to include the ST'sS by establishing é well defined
procedure for taking the qi‘z 0 limit .

The calculation proceeds by applying the soft pion fechnidue to the
reduced T matrix ( eq., 3-3 ) for which,

;w:)‘, Tl) = 23, QﬂrP’LJI{: < B ()T TR T Bile) >

L < B (h) IEF‘(o) Ho Co ):“g (b5 & b iqu S,

-~ $er qu—>° -}—_-1;_- 3:6¢

We define the ST, for H_ unspecified, as _

jJ‘* e T e Cy) <Ba (r) I LAY, Hola)Tle,Cr) >, i s
where .
Fi = - ijcl 3y ﬁ»‘(g, o) and 9 S.tl = ST of the CD calculation,to
display quexplicitly.The ambiguity of which limit to take first ( the mass
dégeneracy or the q, = 0 limit ) is overcome by defining the combination
t:;‘ .—CE‘S* + jihmuti);] = f%(1 =0 ), 3- 5%
which is well defined in the q,, = 0 limit, T(Born) are the baryon pole
terms ( ed., 3-w7 ), Writing T(q) = T(Born)(¢) + 'T’(q) where T ’

are the remaing contributions ( apart from baryon pole terms) to T(q) we

find from equation 3-56,

~

T) = T) = Toewn (g 10 mmm ] = 2 <8 () | LS, H-«(v)]l%(l’)7
o . '

B L‘Iﬁ)c -z‘l“ft * Thoaw ]' ’ 3-59

When evaluating T, , ( @™z - m}) for unspecified H_, at q’= - n} ( eq., 3 47 ),

a difference between the results of the current-algebra calculation( eq.,3 39 )

and the pole termstdirect evaluation does arise,in as much as PCAC, with q P 0,

is assumed in the CA calculation, with the amplitude assumed to be a smooth
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function in ql, as q@ — 0, The difference in fact is what we found befo

on comparing the pole diagram terms with the CD terms ( eq's 3-uw%.,and

re
b ).

Hence Ty, ( 4,4~ m;) ~ T, ., (q,a = o ). Substituting for T,__,. (q)

and S, in equation 3-5¢ , and taking qQ,= 0, we find

Tle) = ¢ \/(D__‘”‘_) 3 ) [;‘vas (Sia + ¥sFin)

L)'n)l Pckrci (—mn,.pq\_)

+ Z( .?n'z. + XST’I‘"* ) \65 C\'ﬁ'lnl J ULF.\)

’

n

(P‘Uf m“')’

where § and p are defined in equation 3-45 , and the strong interact

coupling constants can be related to the physical masses through the g

alized GT relations ( eq's,, 331 ) as previously,

3-¢0
ion

ener-

. - > [ . < R

With T, (aq,9"= my) = LTt Thces , the total
amplitude for the PC and PV decays can be written from equations 3 :.5s and 3'59 as
Tle, 1 -0} = -F < n, (e VIL 5;‘1 Hetod T18,00)> & Thine T (o), 3.0
where the assumption is made that T is a slowly varying function of qrasq#-> 0.

Equation 3 ¢1 is essentially the so called soft pion result, where the

A

cancelation of Ty, ( @>=- m;) is implicit from the form of T ( eq., 3-5% )
but is written in the above form in order that the q}h:== 0 1limit is well

defined, For qw<7L7 0, the previous CD terms are returned ,as the Born terms

cancel, and we are left with the surface terms as before,

Using the result from the analysis.of Suzuki and Lee and Swift (nsnzz%
that in the SU(3) symmetric limit <B.» )| 4® &, > = 0, for H"Y of the
c-c¢ form and ~ ), , and also the relation )
<RLIEFRS,BPEd ey = <BLILF HHIIBS < <RLpRIR>, 3.62

obtained from both the transformation property of H,6 and the charge~cu

rrent

CR's ( eq's., !+ 3% 9,15,c), we see immediately in the c-c model foerA4}§n the

soft pion approximation, only the ETC terms contribute to the S waves,

and

only the baryon pole terms to the P waves,We refer again to the fact that

the soft pion limit effectively imposes SU(3) symmetry on the matrix elements

< R, ) BSYIR8.> , and hence the above terms that don't contribute

have been eliminated as a consequence of the soft pion 1limit alone,

Relinquishing the soft pion limit, the neglect of the terms otherwise

contributing to the pole diagrams ( Fig 8 ) is no longer justified, and that

taking the less severe hard pion limit is one step to calculating more
exactly, although the problem of the vanishing of the amplitudes is mo

apparent, as it should be, In as much as the soft pion limit implies

re

the

SU(3) symmetric limit for the matrix elements < p,| B | 8.» ete.,

we remark that on comparing the CD results with the pole model results

, we
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appear to be much closer to an SU(2)»SU(2) symmetric world than an
SU(3) symmetric world, for ' ¢ ' = - 1,25 rather than =~ 0, in so far
as the CD calculation should reproduce the pole model results up to corrections
arising from the PCAC assumption., We also note that contrary to Okubo's
conclusion that the S wave EIC terms vanish in the SU(3) symmetric limit,
the ETC terms for the S waves in the CD calculation are of zeroth order in
SU(3) breaking due to the presence of ' ¢ ' in the denominator, and hencé~
don't vanish in this 1imit, although this is not apparent for the K* and
soft pion models, '

The comparison of the soft pion results with the L-S relation and
the]a,llz-% rules is essentially the same as the analysis of Suzuki, so we
will not repeat it here.

‘ A number of authors have obtained results for the P waves, using the

soft pion techniques with the c-cQﬂLS‘( eq., 3-+2 ), for which the |ALi=%
rules and the L-S relation obtain only in the absence of the 27 c)ntribution.\

~

Apart from setting this contribution equal to zero, and assuming octet
dominance ( Hi;S as a member of an octet only ), a number of attempts have
been made to see if there is any justification for neglecting the g? contrib-
ution in comparison to the octet contribution of H ™% ' |

Chiu et al ( 132> ) have obtained a suppression of the 27 comp-
onent of Hij%n the framework of the soft pion calculation, by saturating
the commutators arising in the S wave amplitudes, namely
< n. (P LRSS H,fvuz)liﬁ,wd7, with both baryon octet and decuplet
intermediate states in order to obtain more information from this term. The
27 component of H:’gis found to be suppresséd by a factor of <« 20 with
respect to the octet component, This is attributed both to the smallneés of
the C-G coeeficients coupling the Ej component to the baryon states ( 7,132 ))
and partly as a dynamica; accident, However‘there is a great deal of uncertain-
tity about which are the important states to keep, and whether the cancelation
of the %? contribution obtains by including all possible intermediate states,
A similar analysis has been conducted for the P waves by Chan and Ram Mahon,
by extending the baryon pole saturation to inc'ude baryon decuplet.stafes
(133, 13+ ), Chan,in particular, employing the hard-pion technique, obtained
reasonable agreemeﬁt with experiment by including the usual baryoﬁ octet states
in the surface term plus one decuplet state, YQ*UQCHSXJ?34). As the coupling
constants for the YﬁUmn)are barely known, let alone all of the octet baryons!,
almost any result can be got by suitably choosing the unknown parameters.'AS

no clearly defined criteria exist for which states to keep, this field is

still wide open to speculation,
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We now briefly compare the CD calculation with similar calculations
attempted by other authors, and point out the similarity between the results .
we obtained and their's, The overriding feature is that the results are
essentially the same, apart from terms of the order of the baryon mass-
splitting, and that despite the various novel assumptions employed in these
calculations, they areone and the same thing. ,

Guralnik, Mathur and Pandit»( 135, ) avoid stating that their model
is of the CD form, by assuming that I{if and Hihre only defined between single

pértlcle stateg, thus 3-43

<l NP IRLY = A 9u <RLUTAMOITRY, <B I BT 1R> = N pVu<B, V0O RY
Clearly this amounts to assuming the CD model, as when applying this model
for H we found that we end up calculating just these matrix elements only,
They insert these matfix elements into the conventional soft pion formalism,
and neglecting the S wave baryon pole terms, obtain the EIC terms of the CD
calculation, On the othef hand fof the P waves they retain both the ETC and
ST's, to obta (n the amplitudes of equation 3-3q , apart from terms of the order
AM / M. Rather than apply SU(3) for the weak vector and AV coupling constants,b
they choose to use three of these as parameters, and take experimental values
for the remainder. Two of the five P wave amplitudes, P(z!) and P(=1) are then usec
as input to the fit, but unfortunately they have negiected the'Z”:baryon pole
contribution to P(ZZ), which casts doubt on the fit.

The divergence model has also been employed recently by Ohya ( 13¢ );
using the GOR symmetry breaking scheme. The divergences have been related to the
corresponding quark densities, with the cons:quence that the F / D ratio for
I{LC—v ue)is taken to be equal to the F / D ratio for the medium strong mass
splitting spurion ({heptl ) u, , assumed to belong to the samé octet as H;fc.

In contrast we related the matrix elements of 3 V. to the physical mess
differences, and used SU(3) symmetry for the weak vector coupling constants,
These two proceedures would be identical ,if instead of taking physical
masses, we chose the masses obeying the Gell-Mann- Okubo mass formula ( f22),
such that the resultant mass differences would be directly proportiqnal to
the reduced matrix elements F and D, of the mass splitting interaction, ug .

To fit the resultant amplitudes,to experiment, Ohya requires the GOR
symmetry breaking parameter ' ¢ ' = 2.1‘, which is inconsistent with the
use of this model, which finds ' ¢ L - 1.25.(:omparing calculations,.wé find
that taking such a large value of ¢ is equivalent to our having to assume v
a very large value for the ratio 7\P/)\ s . ,

Fenster and Panchapakeson( 137 ) employ the quark density model

with HJS S~ ue~ % X A X and WS~ vy ~ 1LiX 2 ¥s X,
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starting from equation 3-x4., We have previously shown that this model is
equivalent to the CD model for the GOR symmetry breaking scheme holding.
Apart from employing SU(3) symmetric values for the strong coupling~ constants,
the results obtained are the same as the CD calculation, as expected, Fenster
et al also retain some CVC breaking for the strangeness changing vector
currents by including some D-type coupling as ourselves, and they obtain
similary SG4Y) = O for D / F = /3 ., Their fit is also good, except for the
P(E:).term, in which they have omitted the proton baryon pole term,

Rather than assume the existence of an octet of scalar mesons,
Kumar et al (i35 ) assumed the existence of a single kappa meson, first
discussed by Nambu et_al ( lZﬂ)'before the idea of an octet of scalar mesons
-had become popular. In order to relate this meson to the four divergence of a
- strangeness changing vector current and determine the constant of proportion-
ality,they drew upon current algebra results outside the realm of NLDH's
and this thesis, The main point is, this was subsequently called Huiﬂ and the
amplitudes obtained are identical to those of Guralnik et al and the CD
calculation,apart from terms of the order of AM / M. The main reason Kumar
et al endeavoured to avoid the assumption ,that»HStransforms as a member of

a scalar octet,will be discussed in relation to a theorem of Coleman et al ( 1)

below, )
We compare for example the amplitude P(A-) with the result of Kumar

et al,
P(AZ) (Kumar ) = —)\p ( = (Arn)C=3F e )(6) ™™ 4 (Nen)(Frp)(-3F b))%

, Frr fu oz -
-— (Afi)(-Fl{-D')(.D)((,)-VL)
PRI (CD ) = - )rf ( 3c (Arn)(=3F -D) ()", (NTAY(NeN)

Frfi- V2A-9) = 2N
. : N . 3'.6‘6

CRep)(=3rimpr) ()%, = (F) (arz)(=F/eat i)t

where we have substituted the SU(3) parametrization of the the weak coupling-
.constants for the strong, and neglected electromagnetic mass-differences,

These examples suffice to show that very similar results are being
obtained by essentially the CD form of }I:C, particularly for the P waves which
we discussed above, despite the varying ;nterpretations of the authors to
avoid the explicit statement of the fact.

The most obvious reason why the CD model implies vanishing results-

is the fact that for on mass shell decay, the reduced matrix elements of the
divergence of a current is vanishing due to momentum -~ energy conservation

( F7,lWO). .
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This is also supported for thePwaves by a theorem first proposed by
Coleman and Glashow ( {ii ), which states that for HJ“; transforming as
the 6th component,u , of a scalr octet, to which also the mass-splitting
interaction, ue , belongs, then by performing a unitary transformation
in SU(3) symmetric space on the total Hamiltonian

]'\: H'u-u-o-t- r Uc + C Ug rju(,r Q(\/'I + HC_M"
it is possible to 'rotate out' identically the u_, contribution ( 4¢, i ),

/

. ‘ ) pe
to give W = Hive + U. + ¢uUs  + Hew - Hence for H "~ u,, no

~predictions for the P waves are possible, and we see the motive behind Kumar

et al's single scalar meson hypthesis,

For the GOR symﬁetry breaking model holding, u, anf v, are related
to the corresponding current divergencies, and the model of Fenster et al
gives vanishing results for the S and P waves, if calculated to all orders of
SU(3) symmetry breaking.Guralnik et al avoided denoting directly Hifby a current
divergénce for the first reason above, but nevertheless ended up with the CD
amplitudes, as they must, _

The applicability of the Coleman-Glashow ( CG ) theorem to models other
than those which can be related to the divergence of a current,can be demon-
strated by using the analysis of Suzuki(12%) with a c-c model of Ht:i{]‘ .

In the soft pion 1imit the S waves are proportional to < B, | F;j“ IR, >

. <:&l\[_F{;’-}+p: 1.y o where B, and B, are members of an octet, Fitting

the S wave decay parameters to experiment ( 1:3 ), one finds that the D / F

ratio for the matrix element of Hzf isvery close to that of <n., | ug |p;>
Followinﬁ Adler and Dashen ( 17 ), this result can be written as the opefator
statement relation < p, | . [ R, Y =~ < B.1 uciR,> sor WSvug | 365
and hence for this model, no predictions for the P waves can be made if equation
3-¢5 obtains. In fact, for octet dominance of the c-c interaction, we expect

this to be the case.

Conclusion,
ﬁﬁat has been achieved by the CD calculation is a synthesis of a large

number of calculations in NLDH's up to the present time, with emphasis on the
underlying problems facing these models, and reference to the assﬁmpéions
employed by the authors to overstep these difficulties, '

The most salient feature is that NLDH's, particularly for the P waves,
are not at all well understood, This is made apparent by the diversity of
the assumptions employed and the recurrence of the simple pole model diagram'.

amplitudes, which emerge in each case., _ ' :
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The natural consequence of assuming PCAC and PCVC together with
current-algebra, is the simple pole model picture, for PCAC and PCVC
implying single particle dominance of the matrix elemets in which they
occur, and thus we are not suprised at the recurrence of the pole diagram
amplitudes, On the other hand the simple divergence model, which leads
naturally to the pole diagrams, gives vanishing amplitudes if calculated
accurately to each order of symmetry breaking. As we have seen that the very
basic calculation attempted with the CD model does not vanish unless certain
severe symmetfy limits are imposed, we can only conclude that this occurs
because of (1) fhe approximations that had to be made in order to apply the
model, and (2) the incomplete hierarchies of orders in the symmetry breaking,
due to (1), This in our opinion is why a large humber of authors obtain
non-vanishing results,-not forgetting the neglect of terms in some calcuhftions,
which would contribute for less restrictive assumptions., We note that by
imposing severe symmetry limits on the amplitudes, one is in effect_sending all
higher order terms to zero and reducing the terms to a subset of terms of
zeroth order in the symmetry breaking, which in the particular case of the CD

model, must cancel ideﬁtically among them§e1ves.
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Appendix A,
Notation

and conventions used in chapters 2 and 3,
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X XSO_;A7\17\ ) HLP‘).

<. o) IV Oy pae >

] : V RiBa 2 N BB -
\/B'R”' a(e) (jvsl&l(_‘lt)‘x.u - “;v : L‘L )O-;'“\ 17‘,-_ vl )
X QU ) ulr),

The d1vergehce of these mairix elements in the q

= 0 limit is defined by
< male) | )“n«lAﬂz !

La)lrS;tP,)):—l\/BiRz

T Le.)
. (.gﬁﬁnﬂu(o) (Mg, + Meo) )“65 utn).

<Bl(?;)' )MVKIAY':I.(.G)!B‘(.PI)> '— -\/'f\l:l U—(PL)

i
B

« jv“i“ftc)( Mg, — MB_L))'utP.)
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Using the SU(3) symmetrical values for the weak coupling constants, tg!
to ewaluate the current-divergence matrix elements above, we define the

/ ’
reduced ma ' rix elements F,D,F and D by

¢ JAYl= 1

<hole) 1A SRR NI

= i\/‘gﬁ_% ‘U (PL)C§§:ij + J:J‘h) (P + mgd ) Y5 ute)

<SBLle) | 9.V 'é‘ﬂzl (oY | myte)>

L= __L ' B}L BJ

St T (idgurt s dyent) Lngf = me ) o).

For the contractions performed on the matrix elements in sections 2,3

and 3.2 we take

<8l T (q) ot | Tly)lleite) >

= cl"")Le_":‘L’“ (— xv.i";’) :.) ' B . . .
— ™ < R]_ Le\.) CL 1 >
IVl T e TN s e

SB-(m) | Ty bRP) T () n >

= RES A RS ( o )
S -+ ™M * < -
Q:W)%J"‘f [ mt) <. (e.) ‘T(T(:]). ‘(’-rr(%))lfsl((’.)?
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Appendix B,
Calculation of equation 2,57, section 2,3,

The T ( time-ordered-product)for three fields is defined by
T ARy e = B oy ) By ) A B C
+ e(na)@'(ﬂaw} Ao ¢ 6(‘30"3L°)@L510)EHC'
P ElYe) G(fng) ‘&AC(A oG l=xe) & (e -Ja)mms

+ G‘-‘ 2 )6 (y.-xo
7 ‘j) ‘j )cl‘sﬂ -

Employing the translation operation for the fields ¢ , e =ty ¢ o) 'y = (p(:j)

the integral on the RHS of equation 2 -5¢ may be written

1q ““ﬁ“‘:‘_\_«jﬁﬁzﬂf—’j Jordng & OISty s ) et
. ! - ¢ Lo | T(DRM6ury) D’ Ce) VU 5 (4)) o Y
. {'ld‘"l:{""M“ * ( ? 3 " j > ®
- . . '3 . b _ _ -
Partially integrating w.r.t. /QJ.‘ , and noting that 3/(33'“@()% J') = - §(e J"),
we obtain ' -

(e y Jz (pH rgl> (Mn‘*"—" jJ c!*)\.c"' X <Duv“'*-i57_~_

fng\l. ”fn MIT

u+is

+ <ol—§(n.,~\j lGLjo)Dﬁ Da

uris \y w-iS
“w .

V' -is + 9()@—3;)5(3;) ])ﬁ»?' Da
4-is

- © (x)sly.) ba3 VL4 Da wr r $U4e - we) 8L Do S Dh3 Vi

u+is

+ S[Jo) 6("7‘»0) Dﬁ“““»s v:-:s DRI _ G(— )(0)3(340."39) VM"?"(S 3 D .
Y+ is DF\3 10>
R.3

C Sy ) Ol ) VT DA b O () s lyeme ) VT D

We readily identify the first term above with the first term of equation z.s7 (eq2-:
Rearranging the remaining terms to form equal-time-commutators, and employing
the trick that © (e —Jo)ék‘jg) = SLU,)GUL‘,) , we may write

the above as ( apart from the first term)

B N E N 1y JOR™ 4—Mn’-)[f {(o'S\j )T(Dh L)uu)[\/c‘r tstd) Dﬁufas( ):“ o>

freme

+ <o|Sly.—x T IOV ), bad bery J T dart o )) 1o >?7 ' By
We now evaluate the ETC's using the GOR model( ‘1'3) with the use of equations :
1.38 and 1.42. Noting that through the use of the contractlon proceedure and

PCAC , (217) % Jare <o lbae+is (o) 1T LP) > _—_ J‘:«Mk _ 25
= e(premict fc]‘*je-'rj<oi‘r(bﬂ By patt (3))0}, and
’ hgrvnc :

applying this result to the terms obtained directly above in B. b ,we immediately

obttain equation 2.57.



