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ABSTRACT

The Thesis is divided into the following two parts:

(1) We examine three aspects of the axial-vector mesons: (i) angular
distributions of the I = 1 states, (ii) mixing of the I = 1/2 states,

and (iii) absence of the I = O states.

Using a model of mesons decaying via production of a quark-
antiquark pair with the quantum numbers of the vacuum, we relate the
angular distributions in the decays Al —px and B > wx, predicting
2(gl/gO)Al = (go/gl)B + 1. This relation is consistent with the
present, somewhat ambiguous experimental data. Also, we describe
satisfactorily, in terms of two parameters, the partial widths of the
o, 1%, and 2° mesons decaying into 17 0 and 07 0" pairs. The
prediction of the model is that SU(G)W x® 0(2)Lz relations hold among
all the D waves and among all the S waves, but not between the two
groups. In fact, our two-parameter fit to the data entails a ratio of
S wave to D wave amplitudes of approximately the same magnitude but
opposite sign to that implied by SU(G)W x 0(2)LZ . Unlike the
widths, the angular distributions are sensitive to the relative sign
and are thus crucial in determining that the fit of our model differs
considerably from the SU(G)w solution.

Parameters of the fit are applied to the l+ kaons, which may

mix with one snother. The results are sensitive to the mixing angle

@, and merely assuming lower bounds on widths of both physical states
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establishes the limits 10° < ¢ £ 35° . As a result of this mixing,
one predicts: (a) the suppression of the K*ﬂ mode of the lower peak,
(b) the suppression of the pK mode of the upper peak, and (c) decay
distributions in the K*ﬁ mode similar to that of the Al for the lower
state and to that of ﬁhe B for the higher.

The properties of the missing isoscalar mesons are described
with particular emphasis on the ninth l++ state. Expected properties
of this meson, the D', include: (a) assignment to a weakly mixed
SU(3) singlet, predicted by duality é,nd confirmed by the Géll-Mann-
Okubo mass formula; (b) a mass of ~950 MeV, predicted by super-
convergence with assumptions about the relative couplings of D and D';
(c) decay modes mnax and ' x 7; and (d) the poséibility of a
suppressed p signal in the x' s spectrum of the = w7y final state,
despite the eipectation that the pions are in g state with I = J = 1.
These features suggest that a recently reported meson near this mass
with decay modes Tnnwx and ﬁ+ﬁ-7 may be a candidate for this state,

4=

although Jpc = 1 is also a definite possibility for the new meson.

(2) Because of the limited evidence for the V-A Cabibbo theory in the
non-leptonic weak decays, we examine the compatibility with experiment
of more general current-current theories. These theories, constrained
by universality,vare constructed from the neutral and charged currents
obtainable in the quark model, i.e., scalar, pseudoscalar, vector,
axial-vector, and tensor. Using current algebra and PCAC, & certain

class of these theories, including Cabibbo's, is found to be consistent



with the S wave amplitudes for the non-leptonic hyperon decays. The
P wave amplitudes remain unexplained. WNevertheless, another class of
theories, also including V-A, plus the assumption of a symmetric quark

model, predict the AI = 1/2 rule.
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PART 1

QUARK GRAPHS AND ANGULAR DISTRIBUTIONS IN THE DECAYS

OF THE AXTAL-VECTOR MESONS

*This work has been published elsewhere as follows:
E. W. Colglazier and J. Rosner, "Quark Graphs and Angular Distri-
butions in Positive Parity Meson Decays," Nuclear Physics B27,
349 (1971).
o 1 o . PC Ff "
J. Rosner and E. W. Colglazier, A Ninth Meson with J~ =1
Phys. Rev. Letters 26, 933 (1971).



I. INTRODUCTION

A significant ad&ance in understanding the spectrum of mesons
and baryons came from the proposal that the group SU(3) is an approxi-
mate symmetry of the strong interactions,<l) With an exact symmetry
of nature, the particles can be classified into irreducible repre-
sentations of the symmetry group since the generators commute with the
Hamiltonian. The particles:belonging to an irreducible representation
are degenerate in mass. With an approximaete symmetry, it may still be
possible to .classify the particles into nearly degenerate multiplets.
Gell-Mann and Ne'eman proposed that there exist eight operators which
(i) have the right commutation rules to be the generators of SU(3),
(ii) approximately commute with the Hamiltonian, and (iii) tie the
strongly interacting particles into nearly degenerate multiplets. The
tremendous success of SU(3) is that all the well-known particles can
be classified into its representations.* The existence of the symmetry

does not indicate which representations are to be found in nature. The

* . ’
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only representations which seem to be allowed experimentally are the
singlet and octet for mesons and the singlet, octet and decimet for
baryons.

Since SU(3) is an approximate symmetry of the Hamiltonian, it
should describe the matrix elements as well as the spectrum of the
strongly interacting particles. For example, the three particle
couplings - or'vertices - should be approximately invariant under
transformations of the group. These couplings can be determined
experimentally from tﬁe strong decays of the hadrons. However, the
extraction of coupling strengths from widths is subject to ambiguities
because of mass factors. Since the particles within a multiplet are
not really degenerate, the value for the coupling depends on the
assumed form for the variation of the matrix element with mass.
Consequently, an unambiguous comparison of SU(3) predictions for matrix
elements is more difficult than for masses. Nevertheless, coupling
strengths determined from the strong decays of the éf baryon decimet

2

¢ *
and the 2+ nonet are in good agreement with the symmetry predictions.

(2)

* +
Comparison of SU(3) predictions with the widths of the = decimet

2
(3)

and 2++ nonet yields (table also continued on next page):

3t o
= s o)
5 decimet Texp(MeV) Fieer 2" nonet TeXP(MeV) S everm
(MeV) (MeV)
KK
A(1238) — N 120 + 5 116 K —=Kn 59 + 4 59
%(1385) = A\ 33 = 6 S A, = qn 16 + 3 14.5
- x5 - 3.6 + 1.5 3.8 A, —> KK 6.5 + 1.3 7.1



Thus, SU(3) provides insight into both the spectrum and the matrix
elements of the hadrons.

The hadronic spectrum in terms of spins, parities, and allowed
representations cannot be understood by SU(3). An incorporation of
spin with internal symmetry to explain these features of the spectrum
was achieved in the quark model of Gell-Mann(é) and Zweig.(5> This
model considers the observed hadrons as being constructed out of a
fundamental triplet called the quarks. The mesons are made of a quark
and antiquark while the baryons are made of three quarks. The quarks
form & triplet representation of SU(3) and are spin %. The spin of
a hadron is determined from adding the spin (8) and orbital angular
momentum (L) of the constituent quarks. Whether the quarks are real
or only a mathematical device 1s not known since they have yet to be
discovered experimentally. Nevertheless, they are extremely useful
in classifying the hadrons and describing many of their properties.

The meson spectrum is described by the quantum numbers of g ¢
pair. The charge conjugation of such a pair is (-l)L+S; and, if the
parity of an antiquark is opposite to that of a quark as it is for

spin % vparticles, the parity is -(-l)L . The lightest mesons

Bt ++

5 decimet rexp(MeV) - 2" nonet rexp(MeV) B e
(MeV) (MeV)
=(1530) = x = 10 £ 3 13 f - nx 150 + 25 154

! > KK 53 + 20 49



should correspond to a q q pair with L = O, which consists of an

octet and singlet (3 +3 = 8+ 1) of J°C = 0" and J°° = 177,
The low lying pseudoscalar and vector mesons do indeed correspond to
these eighteen'states. The next states in the mass spectrum should
correspond to a q q pair with L = 1. More states are now possible
because there are several ways to combine quark spin S and L =1

to obtain the total angular momentum J. In particular, nine states

e

(octet plus singlet) of each of the following P otf(s = 1),

1* (s =1), 2"(s=1), anda 177(5 = 0). Tt is these mesons,
expeclally the axial-vectors, that we shall concentrate on in this
paper. The best known are the nine tensor mesons, whose widths were
seen to be in good agreement with SU(3). Note that the quark model
predicts the sbsence of states with J°° = 07", (0dd)™™ , (even)'™ ;
and no such "exotic" states have been found.

In ordef to quarantee the proper isospin and hypercharge
(Y = average charge in multiplet, i.e., Q ='e[I5 + % 1) quantum
nunbers of the mesons (which are to be associated with the additive
quantum numbers of SU(3)), the three guarks must belong to an SU(3)
doublet (p,n) and singlet (A) in isospin with hypercharges % and

- % y, respectively. Consequently, the quarks are fractionally

charged.
1+
The lowest observed baryon states are the 3 octet of nucleons

3+
and 5 decimet of nucleon resonances. The quark wave functions for
+ 7
the % decimet are completely symmetric in both SU(3) and spin. If

the quarks are fermions, the spatial wave function must be anti-



symmetric which excludes S wave, contrary to what we would expect for

the lowest mass states. However, if the quarks are assumed to obey

+
Bose statistics, the S wave g g q states consist of a % 8 eand
3+ :
5 10. The symmetric quark model is assumed because of this agreement

with the low-lying baryon spectrum. Spin % bosons would seem to
violate the spin and statistics theorem except that real quarks have
not been seen. The next states, of negative parity, should correspond

to L = 1, which consist of & . 2 (8), s

5 (,;l;s 8, 8, ],;,O) » and

2
1-
5 (%, 85 8 Ap) o All these multiplets have been estsblished except
for an 8 g a tremendous success of the symmetric quark
model.

The quark model can give a description of the breaking of
SU(S) as well as predicting the spectrum. Symmetry breaking can be
understood by the obvious and simple model of mass differences between
the quarks. Since isospin is conserved in the strong interactions,
SU(3) breaking can only split the isosinglet A quark from the
isodoublet ©p and n quarks. Assigning s different mass to the A
quark yields the Gell-Mann Okubo mass formula for the mesons:

3 M2 + M2

This prescription also ﬁroduces the equal spacing rule for the baryon
decimet and an equal spacing rule, not the experimentally wvalid

G-M-0 mass formula, for the baryon octet. The mass split between the
/A and I Ybaryons, which both contain one strange quark, results

from differences in their quark wave functions. The G-M-0O mass



formula does not work well for the observed vector mesons, but this
anomaly can also be understood by the quark model. The quark wave
functions for the I = O members of the SU(3) octet and singlet are

. (pp + nn - 2 AA)  and - (pp + nn + AAN), respectively. When SU(3)

N N3

is broken by a heavier A quark, the two states should mix, corre-
sponding to diagonalizing the mass matrix, so that the physical states

are pure strange quark and pure non-strange quark, i.e.,

L, = = .
w = ;ﬁ; (pp + nn) = cos © wi+ sin 6 wg
® = AN = -gi
sin © W, + cos e Wy
where Wy = octet state, wl‘= singlet state, and tan 6 = = . The
2

mass formulae for the physical states which follow from this mixing
are: mg(p) = mg(w) and me(p) + m2(¢) = 2m2(K*) . Consequently,
the isosinglet vector meson states mix naturally in the quark model.*
These various e%amples of symmetry breaking indicate that the quark
model is useful for describing the fine structure as well as the gross
features of the spectrum.

The incorporation of spin in the quark model may be described
in terms of the higher symmetry SU(6), or its orbital extension

Su(6) x 0(3). In a non-relativistic description there are six states

* -
The absence of mixing of the I =0 O T states is now obscure, but
will be resolved by the spin symmetry implied by the quark model.



of the quark when both SU(3) and spin are included. The symmetry
which describes invariance under the unitary transformations of these
six states is,SU(G)S - The "S" refers to static because this descrip-

tion can only be meaningful when the particles are at rest, as only

then are their spins well defined. Thus, SU(6). , unlike SU(3),

cannot be symmetry of the complete Hamiltonian. The separation of

spin from intrinsic orbital angular momentum is the reason for the
failure of SU(6) as a dynamical symmetry. Attempts at a relativistic
generalization by combining SU(S) and the Lorentz group have failed
to produce a universal symmetry that could be valid for the strong
interactions.(6) Yet, SU(8)g X 0(3) dis very successful in
describing the particle spectrum. The pseudoscalar and vector mesons
can be classified at rest into a 35 (two SU(3) octets - 0°F and 17~ ,
plus one SU(3) singlet - 17 ) and a 1 (SU(3) singlet - 0™") of
SU(6)y (6x 6 = 3B +1). (The I=0 07" states are not mixed
because the SU(3) singlet is in a different SU(G)S representation from
the octet.) The positive parity mesons form a 35 L= 1. Similarly,
the baryons can be classified intoa 56 L =0 anda 70 L=1
representation of SU(G)S x 0(3) (and there is considerable evidence
for a 56 L = 2). Also, SU(G)S mass breaking in the spectrum can be
introduced as various forms of S¢S and L-S couplings (L-S needed
for mesons but not for baryons).

We have seen that SU(G)S x 0(3) is very useful as an approxi-
mate symmetry of the spectrum, but not of the dynamical Hamiltonian.

Similar situations have occurred before in physics. For example, the



energy levels of the hydrogen atom possess an extra degeneracy beyond
that giveﬂ by rotational invariance; states of different angular
womentum, but with the same principal quantum number, have the same
energy. This phenomeron can be understood from the symmetry group
0(4) (generators are the conserved vectors of the coulomb problem:
angular momentum 3? plus a new one called the Lenz vector fﬁﬁ. In
the nonrelativistic problem, the generators of 0(4) commute with the
Hamiltonian of the hydrogen atom. A relativistic generalization of
the hydrogen atom (for spinless particles) also yields the same 0(4)

(7).

symmetry of the energy levels. However, the scattering of bound
states does not possess this symmetry. Consequently, 0(4), like SU(G)S,
is useful only for analyzing the spectrum of isolated states, not the
dynamics of particle interacfions.

The question now arises as to what is the dynamical symmetry of
the matrix elements when spin is included. ©Since a complete unification
of SU(3) and the Lorentz group has not succeeded, a less ambitious
approach is required. -'Perhaps certain sets of processes, such as
collinear ones, can be described according to some covariant version
of SU(6). The quark model, which provides an answer for the symmetry
of the spectrum, can possibly do the same for vertices. In the quark

model, vertices can be drawn pictorially as "quark graphs,"(s) which

are especially useful for visualizing the SU(3) structure. The in=

*
In classical physics, the Lenz vector points to the perihelion of
the orbit; and its conservation means that the orbit does not precess.



clusion of spin in quark graphs could provide a clue to the dynamical
symmetry of vertices.

Quark graphs are pictures of hadron vertices (Fig. l) dravwn
according to the following rules: a) each quark or antiquark is
represented by a direcfed line, b) a baryon is represented by three
lines running in the same direction, c¢) a meson is represented by
two lines running in opposite directions, d) each line must begin
and end in a different hadron. FEach diagram corresponds to a possible
way of contracting SU(3) indicies to form an SU(3) scalar. The
coupling constant of a meson vertex is proportional to the number of
quark graphs, each graph being weighted by the product of normali-
zations of the meson wave functions. For meson-baryon vertices, the
graphs are weighted by an additional factor (f +d) or (f - 4)
depending upon whether or not a mesonic quark is contracted vith a
quark that has been symmetrized or antisymmetrized in the baryon wave
function. The couplings determined from quark graphs are no more than
SU(3) results except for the last rule that no disconnected graphs are
(5)

allowed. The effect of this rule, postulated by Zweig, is to

relate the coupling of the singlet to the octet, and is sometimes

(8)

called the nonet anzatz. Results that follow from this rule are
the observed weakness of the & pm, ® N ﬁ, and f' x ® couplings

(f' is the pure'strange quark 2+ meson). All the observed two-body
strong decays are consistent with the quark graph picture of the decay

taking place via creation of an additional quark-antiquark pair in an

SU(3) singlet state, with no disconnected graphs allowed.



Fig.

1.

10

iggﬂﬂmﬂmﬂﬁ spectator quark

Quark graph for a meson-meson-meson coupling.
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Spin can be added to quark graphs in several ways. SU(G)S as
a dynamical symmetry (which, of course, is not possible) would imply
conservation of quark spin; or, in terms of the graphs, the spin of a
spectator quark (see Fig. 1) is conserved and the q g pair is created
in a lSO state. Many of the strong decays are now forbidden, such
as p—xnx and AN x. A more'realistic spin coupling can be
generalized from the fact that the g g pair in a quark graph is created
in an SU(3) singlet state. If the q q pair is assumed to be created
with the quantum numbers of the vacuum, then the conservation of J.
and P requires that the pair be produced in a 3PO state.(g’lo’ll)
If the further restriction is made that in a collinear frame (which
is always possible for a twofparticle decay) the transverse momenta

of quarks in the pair can be neglected compared to their longitudinal

momenta, then

L =8 =0 (1)

(10)

for the 3PO state. If the spin of a spectator quark is assumed

to be conserved in a collinear frame as well, then the prescription
of equationA(l) is equivalent to the collinear symmetry SU(G)w .(12)

The properties of SU(G)W , or its subgroup SU(2)w which
describes the spin coupling, can be derived from equation (1). W
spin, rather than regular §>spin, is the generator of SU(E)W . The
7z component of W-spin can be identified with SZ which is still

conserved in a collinear process (at least for quark graphs connect-

ing q g L=0 states). The x and y components of W-spin, however,
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are different. Since the q q pair is created with the quantum numbers
of the vacuum, the 3PO state with S, = L, = 0 must have W-spin
zero. This assignment can be achieved by defining Wi and W& on

a quark or antiquark to be:

= = b = = L
Wy Pint Sx Pint -2 Wy = Ping Sy Pint 2
% R : . (13)
where Pint is the intrinsic parity of the quark or antiquark.
o} o
(Actually, W# = B 2; and Wy = B 7% where B is the Dirac matrix,

but B is just the intrinsic parity in the rest frame.) These
operators satisfy an SU(2) algebra and are invariant under Lorentz
transformations in the z direction. Consequently, the W-spin classi-
fication for a particle moving with arbitrary momentum along the z

axis 1s equivalent to its classification at rest, so that this group

is a possible candidate for & relativistic symmetfy of collinear
processes. The difference between the W-spin and S-spin classification
of a q q pair can be determined by using lowering operators on the

highest state:

lgfaP) = jw=1,w =1) = |s=1,8 =1)

I

W laTa?h) (W, - W) laTaD = JadaD - Jata )

- 1aah) = (s, -18) [t = [addD + [T

0) = = (Jaat) - Jatdad))

lw=1,w, =0 = [8=0,8 = =
W=0,¥ =0 = [s=1,58 =0 = =(JabdM +aTad)) .

z N
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The interchange between the singlet and triplet states of W and S spin
is called the W-S spin flip. Consequently, a 3PO q 4 state with

LZ = SZ = 0 does have W = O, Note that the W-spin and S-spin
classifications of baryon are the same. The consequences of W-spin
for decays follows immediately from the W-spin classification and the

Clebsch-Gordan coefficients for SU(2). For éxample, the decays of the

p and A are now allowed:

1 1

p(O) N A(2) - N(z)

W=0 W=1 W=1 W
£ 0

W =0 W =0 W . W

Z Z Z Z

Non-trivial predictions are made for the decay of the A into Np :
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Not much evidence is known experimentally for this decay. However,
if the photon is assignéd W = 1, then predictions similar to tﬁose
for the p follow for electroproduction and photoproduction of the
A . The experimental data is in good agreement with SU(E)w .
SU(6)w is constructed by combining SU(3) with W-spin. For
the 0" and 177 mesons, the W-S spin flip requires that the SU( 6)W
singlet contain the SU(3) singlet, helicity zero vector meson rather
than the SU(3) singlet, pseudoscalar meson. The predictions of
SU(G)W can be derived by using this classification and the Clebsch-
Gordan coefficients of SU(6) or by using the quark graphs with
equation (1). Unfortunately, only a few predictions of the symmetry
can be checked for the lowest meson and baryons (L = 0 states in
quark model) because of their small number of two-body strong decays.
The SU(E)W structure is verified in the electroproduction and photo-
production of the A , while the SU(6)W structure is verified in

*

. *
the ratio of W —>gx wx to p - mx  and in the F/D for meson-

*The photoproduction data give
(A<3/2) - n(2/2) 7<l))/(A(l/2) S y(1/2) y l)) = 1.77 £.10  to be

compared with the theoretical value ‘Jéa The electroproduction data
give o for a longitudinal photon less than 20% of o for a trans-
verse photon. (14)

*% _
From the Gell-Mann, Sharp, Wagner model for w - 3x and the known

rate for p = mwx , SU(6)y predicts the width of w - 3n equal

to 7.0 MeV in comparison with the experimentdl value of 10.7 MeV. (15)
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baryon coupling.* Thus, even with the limited evidence, SU(G)w looks
very good for the low-lying states.

SU(G)W, has to be generalized to make predictions for q q
states with L % 0. The most obvious extension, which is called

SU(G)W N O<2)L (17,18,19)

) , assumes that W-spin is still conserved.
Assuming WZ = SZ be conserved along with JZ requires that LZ also
be conserved (the z axis is the collinear axis of the decay). In order
to obtain non-trivial predictions for meson decays, we must turn to the
axial-vector mesons which are 3Pl and lPl in the quark model. |
The axial vector meson states which have been observed experi-
mentally are given in Table 1. These mesons are the only g ¢ L = 1
states that can decay into two g g L =0 states via two partial
waves -—— S and D. The tensor and scalar mesons decay via pure D wave
and pure S wave, respectively. The amplitude describing the l+ decays

can also be written in terms of two independent helicity amplitudes

g, and gy defined by:

o~

amplitude for 17 (helicity 1) » 1~ (helicity 1) + 0~ (2a)

&1

amplitude for 17 (helicity 0) » 1 (helicity 0) + 0" (2b)

1l

o

Of course, the two helicity amplitudes are linear combinations of the

*The ratio of T to D coupling for the pseudoscalar meson-nucleon
vertex can be inferred from weak interaction data using PCAC. (The
baryon matrix elements of the axial-vector current appear in semi-
leptonic decays.) The experimental value of F/D determined from a
fit (16) is .66 * .03 which is to be compared with the theoretical
value 2/3.



TABLE 1

State Al(lO70)

g - 1™ Width 95 £ 35 MeV
Decay modes p
State B(1235)

Jg2¢ - 1*” Width 102 + 20 MeV
Decay modes wre

*
The above data is taken from ref. 20.

KA(1240)
40-130 MeV

*
K w, Kp

KB(1250-1400)

?

*
K 1, Kp

D(1285)
33 + 5 MeV

KKrt, s

2(h)

2(D")

?2(h')

9T
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two partial wave amplitudes. These decay parameters can be determined
experimentally from the decay angular distributions, which has been
done recently for Al - px and B — wx. Thus, the axial-vector
mesons provide a test for models of spin coupling in vertices such
as SU(G)w X 0(2)LZ .

The predictions of SU(6)w X O(2)LZ for B — wn and A} = px
can be derived from the cdnservation of LZ§17’18’19) Since the B
is assumed to be a lPl q g state , its J, must equal its L .
Therefore, according to SU(B)W X 0(2)LZ , the B can decay to wx
only through its JZ = 0 state (gl = 0). Experimentally, the
JZ = £ 1 -decay seems favored.* A similar reversal occurs for
A, = pm . Since the A, is assumed to be a 3Pl a q state, its

JZ = 0 state has no component with LZ =0, i.e.,

(=13 =0|L=11=0;8=18 =0 =0 .

Therefore, SU(6)w X O(2)L predicts a decay from the J =1
z
state (go = 0). Experimentally, the JZ = 0 decay seems to pre-
*3¢ X
dominate, or at least is significant. Therefore, the natural

extension of SU(G)W to q g states with orbital angular momentum fails

* + .20
lgo/gll = .47 | " (ref. 21)
B L]
**lgl/golA = .48 = .13 (ref. 22)
1

**x% + .07
|gl/gO]Al = .89 _ ' (ref. 23)
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severely,which means that the incorporation of spin in quark graphs is
still an open question. The angular distributions of the axial vector
mesons will be the crucial test of future models.

The axial~-vector mesons have interesting features besides their
angular distributions that set them apart from the other mesons. One
is the absence to date of thrée of the I = 0 states predicted by
the quark model: one from the Al nonet and two from the B nonet.

The D, which is the only isoscalar Al meson to be seen, is produced
in 5 p and n-p reactions. The existence of the other three states

is crucial for believing the quark model. The absence of the ninth
l++ mesonr is the most intriguing since the l+- states could have
possibly escaped detection because of extremely large widths predicted
by SU(3) and ideal mixing.*

The strange 1* mesons are also fascinating. The Q region,
which supposedly contains the two 1t K* mesons, has not been defi-
(20)

nitely separated into two resonances. However, the Q peak, which

does not have a simple Breit-Wigner shape, can be fitted reasonably

(24,25)

well to two Breit-Wignefs at all energies. The widths deter-

mined in these fits are sensitive to assumptions about the background.

*SU(3) and ideal mixing predict that Mﬁ = M§ = (1.2 Mev)®

2 2 2 2 -
M, = EMKB - M= (1.5 MeV)™ , Ty _, ox 300 MeV,

iy =~ 70 MeV. The h is certainly wide enough to have

¥ =¥
h'! KK +KK
been missed. The h' probably should have been seen, but the experi-
mental situation may be confused because of a nearby resonance called
the E(1422). The favoured quantum numbers of the E are O-+ .
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The fits of ref. 24 (no background) and ref. 25 (deck background) to

Q data compilations yield the following resonance parameters:

1l

ref. 24: Md 1250 MeV Fa = 220 MeV M = 1400 MeV T, = 220 MeV

B B

ref. 25: Md 1240 MeV Ta 110 MeV M5 = 1420 MeV FB = 120 MeV .

1l
i

In some reactions the Q region can be resolved into two resonances

with even narrower widths:(26’27)

ref. 26: Ma = 1260 MeV TU = 40 MeV MF = 1380 MeV TB = 120 MeV .

Further complications arise from the decay modes of the Q. The two
observed decay modes, K (dominant) and Kp , are both Kmux final
states, as is the one other possible yet unconfirmed mode Ko (o is
an I =20 O++ meson). Coﬁsequently, these modes can interfere with
each other (in the overlapping region of the Dalitz plot, which has a
high concentration of e%rents)° Moreover, interference is possible

not only between the K*ﬁ and Kp  decay modes of a single meson,

but also between the decay modes of the two different mesons. Further-
more, the two 1 kaons can mix with each other when SU(3) is

28 . : .
(28) Mixing phenomena are a common occurence in particle

broken.
physics - examples being (l) W - ® mixing from SU(3) breaking,

(2) k° - %° mixing from the ﬁeak interactions, (3) W - p mixing from
electromagnetism. Exact SU(3) would prohibit a 1™ kaon from mixing
with a l+" kaon since the two states belong to different SU(3)

representations with different € quantum number. (Exact SU(3)

enables & quantum number anslogous to G parity to be defined for
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the kaons.) When SU(3) is broken, however, the kaon states can mix

(their G parity, unlike the G parity for non-strange mesons, is in-

validated by SU(3) breaking of V-spin). This mixing is very similar
to the singlet-octet mixing found in the 17" and 2++ mesons

(approximately 35°) and in the 4 ol = baryons (approximately

2 2
(20)

20°) since all are caused by SU(3) breaking. The simplest and

usual assumption is to +take a phenomenological mixing of the form:

o)

I.KA> cos ¢ - |K;) sin 0 (3a)

B = IKA> sin ¢ + IKE) cos ¢ . (3b)

However, the mixed states are not necessarily orthogonal as they are
with the above unitary transformation. The mass matrix M + i T ,

which is not hermetian, must be diagonalized to yield the decaying
states. In the narrow width approximation or if M and T' commute (as

K° - ° ith CP conservation), the mass matrix can be diagonalized
by unitary transformation so that the physical states are orthogonal.

Unfortunately, Ka and. K like w and ® orf f and f' , are not

5 2
guaranteed to be orthogonal since they have finite widths into common
final states (and it is not obvious that M and T should commute).
Nevertheiéss, mixing from SU(3) breaking into orthogonal states is
usuglly assumed. Thus, the Q region is beset by several experimental
and theoretical complications which cloud our understanding of the

strange axial-vector mesons.

One further interesting problem faces the l+ mesons that are
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produced diffractively. The Deck model(gg) for m p-» pgxp , which is
a double exchange diagram (Fig. 2) for diffractive processes, inter-
prets the x p enhancement as a non-resonant kinematic effect rather
than A, resonance production. Amazingly, the Deck model predicts
the = p mass distribution and momentum transfer dependence of cross-
section in good agreemeﬁt with experiment; the essential feature of
the model is the peripheral nature of pion exchange. (The recent
concept of duslity, which states that the imaginary part of s-channel
resonances is equivalent in some average sense to the imaginary part
of non-diffractive t-channel exchanges, does not seem to relate the
Deck effect to Al production since pion exchange is real.) It is
very possible that a significant fraction, if not all, of the Al bump
results from this.nonaresonant Deck background. The Deck effect also
confuses our resonance interpretation of the Q region since a double
exchange diagram can be drawn there too. Since the determination of
resonance parameters is sensitive to assumptions about the background,
the masses anq widths, and possibly even the existence, of the Al

and KA are subject to doubt. Non-diffractive production of the Al
is unclear although it has been reported in’a few experiments with
poor statistics. The 17" D and 177 B mesons are better established
since they are definitely produced in non-diffractive reactions. We
shall assume the existence of the 17 mesons, as required by the
guark model, while acknowledging the possibility of considerable Deck
background in diffractive production.

The main purpose of my paper is to examine the angulgr distri-
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Fig. 2. Deck diagram for Tp~>rpp.
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butions of the I = 1 axial-vector mesons in order to obtain a descrip-
tion of spin couplings in vertices . The mixing of the I = 1/2 states
and the gbsence of the I = 0 states will also be investigated.

The angular distributions of the I = 1 states indicate that
SU(6)w X OZE)LZ is not a good symmetry. Since SU(S)W is consistent
with the L = 0 meson and baryon decays, the orbital generalization
rather than the complete symmetry is suspect. The shortcomings of

su(e)w X 0(2)L may be dealt with by simply relaxing the condition
Z ¢ .

1]

S

3 ‘
" LZ = 0 on the Po pair in the quark graph and allowing

L
Z

1

¥
+ 1. It is this approach that we shall take. (The neglect of

transverse moments is probably dubious for decays involving Q-values
of no more than a few hundred MeV.) When the q q pair is allowed to
have LZ =* 1 as well as LZ = 0, the A1 and B decay distri-
butions may be described satisfactorily. Moreover, the angular dis-
tributions for Al - px andl B - wx are related by

E(gl/go)Al = (go/gl)B + 1. This prescription for spin couplings
is significantly different from SU(G)w x O(2)LZ , as it involves
considerable modification of all S-wave decay amplitudes for the
positive-parity mesons (including those of the 07 -0~ 0~ transi-

tions). It is then fortunate that we obtain s satisfactory description

of the partial widths of all the ¢ ¢ 3§ L = 1 mesons into 1 0O or

* <
One may also invoke "recoil terms" in a realistic quark picture!so’gl)

Such an approach relies more heavily on details of the wave functions
than the picture we describe here, but there may be some overlap of
results.
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0" 0 pairs. This description involves two independent parameters,
whereas SU(6)W-X O(E)LZ involves only one. (A similar description
was obtained in ref. 9, but not applied to angular distributions.)

It may be summarized as follows: SU(6)W x O(Z)LZ relates all D wave
amplitudes to one another, gll S wave amplitudes to one another, and
D waves to S waves (since a particular helicity coupling is a linear
combination of partial waves). The 3PO prescription with

LZ = 0, * 1 uncouples the D waves from the S waves but otherwise
preserves all the SU(6)w X 0(2)LZ relations. As we shall show, the
physical solution that emerges has approximately the same magnitude
of D wave to S wave, but the opposite sign, from the SU(G)W X O(Q)LZ
solution. Unlike the widths, the angular distributions of the l‘+
mesons are sensitive to the relative sign and are thus cruciasl in
determining that the fit of our model differs considergbly from that
of su(cs)w X 0(2)LZ .

Next the parameters of the fit are applied to the l+ kaons,
which may mix with one another (we assume a phenomenological mixing
via a unitary transformation and ignore possible interference). The
results are sensitive to the mixing angle @, and merely assuming
lower bounds on the widths of both physical states establishes the
limits 10° < @ < 35° . :As a result of this mixing, one predicts
the following results: (i) the suppression of the K*ﬂ mode of the
lower peak, (ii) +the suppression of the pK mode of the upper peak,

*
and (iii) decay distributions in the K n mode similar to that of

the Al for the lower state and to that of the B for the higher.



25

Finally, the absence of the three I = 0 axial vector mesons
is investigated; with particular emphasis on the ninth 1Yt state.
Expected properties of this meson, the D', include: (1) assignment
to a weakly mixed SU(3) singlet, predicted by duality and confirmed
by the Gell-Mann Okubo mass formula; (b) a mass ~950 MeV, predicted
by superconvergence with assumptions gbout the relative couplings of
D and D'; (c) decay modes mnmx and ﬂ+ﬁ-7 ; and (d) the possibility
of a suppressed p signal in the ﬁ+ﬂ_ spectrum of the ﬂ+ﬁ-7 final
state, despite the expectation that the pions are in a state with
I=J=1. These features suggest that a recently reported meson(sz)
near this mass with decay modes nux and ﬁ+ﬂ-7 may be a candidate

+-

for this state, although Jpc = 1 is also a definite possibility

for the new meson.
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IT. ‘ANGULAR DISTRIBUTIONS AND QUARK GRAPHS

FOR THE 117 TSOVECTOR MESONS

1. 8u(s).. x 0(2)L Breaking
Al Z

SU(6)w x O(Q)LZ invariant vertex functions can be calculated
in a collinear frame with non-relativistic wave functions since the
symmetry is invariant under boosts. The same technique can be tried
when the LZ = SZ = 0 restriction on the 3Po state is relaxed. The

wave functions for the L = O and L = 1 mesons gre:

M<O{a25b) = PaB Cab ¥ V(;IB (ev0 C)ab (4a)
(oa) e 1.0 o i .
N g = B 5 € Co Jﬁsﬁ (oi c)ab + AB P €55k €5 (ckc)a]O
&4
+ TB ciJ<Gj C)a'b . (4:b)

The symbols P, V“, BH’ S, AS, and Tuv are 3 x 3 SU(3) matrices

+ -— - i R

for the 0~ , 177, 177, o*t , 1™, o

meson nonets, respectively.
The 2 x 2 matrix C in quark spin space is given by:
V¥
: 4,01 i .
¢ = g, = &(-l O)' The index i represents
a polarization vector for the one unit of orbital angular momentum.

Vertices invariant under-SU(G)w x 0(2)T are constructed by con-
] iy
tracting indices according to the quark graphs:

c Bd
5 Ky e K
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The matrix D = Ti&- ( g é ) = Aj;— o, C quarantees that @b and
2 2

qq in Fig. (1) annihilate in a spin state S =1 §, = 0 . Relaxing

S, = 0 means replacing D by D, = e o, ¥ (Ui C represents a

SPO state by anélogy with the wave fdﬁétion for the scalar meson S
which is also 3PO ). Only one coupling, the SU(B)W. invariant one,
can be constructed for L = O mesons since Di must be contracted on
e, (z unit vector) which is the only direction in the problem. However,
for L =1 states, two'independent couplings can now be contructed,
contracting on e, and;on the orbital index i . The second coupling

obviously breaks SU(6)w x 0(2) as cen be seen in B - wx:

"Ly,
* *
€t & e, 0 =t o) =2 L
S Va2

A ST = % O . The matrix elements for the decays of all the L =1
mesons into PP or PV can be calculated in terms of the two couplings.
(These predictions are given in Table 2 in terms of two parameters S
and D , representing partial wave decay amplitudes, which are Jjust

linear combinations of the SU(G)W X 0(2)L conserving and breaking

z
amplitudes discussed above.)

Unfortunately, the validity of a non-relativistic calculation is
not obvious when the SU(G)W X O(Q)LZ symmetry is broken. Consequent-
ly, we are forced to calculate our breaking prescription in a mani-

festly covariant manner. We shall return later to the significance

of this simple scheme.
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2. Details of the Relativistic Calculation

(a) We guarantee relativistic invariance by using covariant

wave functions:(ls’ss)
W L=0: My(p) = (1+Pm)rgP+7"V,) ' (5a)
a@; L=1: M (p) = (1+%/m)(rs B, + 7’ Cow ) (5p)
where

]

1 i oy . y &
=== (g, - P, p/m ) s +i e 5P A /(N2 m ) + T,

c
DN uv

(5¢)

The matrices MO and Ml refer to the 12-dimensional product space of

SU(3) matrices (3 indices) and Dirac matrices (4 indices). Normali-

zations are given in such a way that
(My(p) My(p)) ~ (BB} + (W)

and (ﬁi“(p) Ml“(p)> ~ (BB) + {ss) + (aa) + (TT)

where the right-hand side refers to traces of SU(3) matrices. ﬁb and

Mlu are given by

Ho(p) = (L - $/m))(-rg BF 49" v )

and ﬁiu(p) = (1 - #/m)(-rg Bu+ + 7" Cuv+ | I
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In equations (5a) and (5b), (mo, ml) is taken as a common mass of the
qaq; L= (0,1) multiplet.

(b) Couplings are consfructed as trilinear traces of the
matrices MO- and Ml obeying charge conjugation invariance and the
rule(5’8) that quark and antiquark lines of & single meson should not
be connected. For example, the SU(S)W,X 0(2)L invariant coupling

z
for the decays of the g g; L = 1 mesons into two q q; L = O mesons

is pg“ T (Mﬁu(pl) [ My(p,), My(ps)1). The orbital index p is
coupled to one of the collinear momenta, implying ALZ = 0.

(¢) Relaxing condition (1) is equivalent to allowing the
orbital angular momentum of the g q; L = 1 mesons to couple to that
of the 3Po pair. By analogy with the wave function for the scalar
meson S in equations (5b) and (5c¢), a 3PO object which carries no
four-momentum and is assumed to be an SU(3) scalar transforms like
¥ o« The 7“ coupled to the orbital index p of the decaying meson

U

breaks SU(G)W.X O(E)L . (For the SU(6)W x 0(2) symmetric coupling,
z

Ly
7“ is coupled to one of the collinear momenta.)
The three most general couplings with one 7“ for the decays of

the g 5; L = 1 mesons are then:

"
6o T () Diglep), (el , ®

e) Tr (i (p,) [M(py) 7, My(p;) +My(p,) 7, M)} )y (7)
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c, Tr ({7“ R I\—/Ilu(pl)} {Mo(pg)’ MO(PS)} ) . (8)

The momenta satisfy pl = p2 + p3 . The structure of these couplings
is illustrated in Fig. 3.

The coupling (6), which conserves SU(G)W X o<2)Lz » leads to
rates for the decays of g i; L =1 mesons to pairs of g i; L=20
mesons which all behave as pg , where Pe is the magnitude of the
final three-momentum, for S and D waves alike (because SU(G)W X 0(2)LZ
predicts.a definite helicity coupling). Any breaking of
SU(6)w,x O(2)Lz that gives an S-wave contribution to the rate
proportional to P would then have large effects on the decays of
the 0" mesons as well as on angular distributions in A, and B

1
(17,34)

decays. In particular, a small symmetry bresking, which we shall

assume, can have a large effect. A contribution proportional to P
for S waves arises from the coupling in equation (7).

The coupling (8) does not seem to have‘any deep physical signifi-
cance. It gives contributions to decay rates proportional to pfS
for both S and D waves. Therefore, as it represents an SU(B)w X O(2)LZ
breaking term whose effects are expected to be relatively limited, we
shall ignore it in what follows.

Actually, couplings (6), (7), and (8) are not the most general
couplings when SU(G)w 2 O(2)LZ is broken. In particular, 7u's
contracted on each other can be added to the three couplings to make

many more couplings (where the spin of the spectator quark can flip!).

However, the inclusion of such couplings would break SU(G)W for



s

(¢)

Fig. 3. Quark graphs for spin couplings.
(a) Strength c_ . SU(6) *0(2)
symmetric. (bS), (c) Strengths 2
¢, C,, respectively. Both break

6) % .
SU( )w O(Z)Lz
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L=0 g9 i states,too. We only wish to break the orbital extension
of SU(6)w since the L = 0 predictions agree with the data. There-
fore, we assume that coupling g yu to one of the qollinear momenta,
is much larger than coupling it to either the orbital angular momentum
or another 7y Therefore, 'c_ (equation 6) is assumed to be much
larger than ¢ (equation 7) and c, (equation 8), and the couplings
with multiple 7“'s are smaller still. Consequently, the coupling

in equation (7) is the only breaking term that can have a significant
effect on the rates and angular distributions.

Typical couplings given by the model are then:

Tg = (0™ 5 0707):

5 m1 + 2 m 5
5000 = |- g {@mm) o+ P @B o} Gy il
(9)
A = pr (17 —-1707)
m + 2mn
1 1 0
mo 0l
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B- wr (177 51707):

7

-2 2 ml(ml+ 2mo') GB*<i)- €w(i)/m02] (B{‘*%ﬂ}) (1=0,1),

(11)
K okn (27 50707):
op
+ 4 iy Sl *(0 *%
g,(27) = 5 ( — cy- 2cl) (*(0)y Py e | K {Kx}),
m, 1 X - .
' (12),
K =g (2 1707):
+ 4 Ryt Sy , o 12
81(2 ) = — ( my ey - 2cl) 1 eyg8 (eK* ) 13N
1 %o
1=
* d X% *
<€K9(H];) PK*7 pK] (" [k, «]), (13)

where the brackets { ) denote traces of 3 x 3 SU(3) matrices. All
partial widths follow from equations (9)-(13) by substitution of the
appropriate SU(3) matrices and polarization vectors. Subscripts on
the helicity coupling constants and indices on polarization vectors
indicate values of JZ . The partial widths are related to these

coupling constants as follows:

(0" - 0707)

i

[g0<o+>] i , (14)

{[gou*)] Lo [glu*)] 2}/3 ; (15)

Il

Tt ->1707)
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2
e | /s : (16)

2
2 [gl(2+)] /5 . (17)

The quantities F refer to partial widths with a phase space factor

]

¥(2" »0707)

~
r(2" -170")

divided out:
T = r°/p.) (18)
i /Pr

In equation (18) M, is the mass of the initial state and p, is the
magnitude of the final three-momentum in the rest frame of the decaying

particle.

3. Angular Distributions in A and B Decays

1

The Al .and B angular distribution calculated from equations

(10) and (11) yield the following relation:

2 <gl/gO)Al = (go/gl)B + l L (19)
Given the present data on B <Elecay(2l> we can compare the relation
. ’ _ (22,23)
with the two experiments on A decay. We shall assume that

1

the observed ratio of helicity couplings is real although the experi-
ments cannot measure the phase accurately.
Let us define x = 2 (gl/go)A - (go/gl)B and compare first

1
with the SLAC data:(gz)

0.03 < x<1.05 for (g,/g)y >0 i.e., np(+)n (20)
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OR

0.87 < x < 1.89 for (go/gl)B <0 i.e., "B(')" » (21)

In either case, one must take (gl/go)A > 0 1in order to satisy
1

&AC(+%)

equation (19). This solution ("Al is the one in which

D-wave decay plays a relatively small role. (For the opposite sign
. w, SLAC (=) |
of (81/8O)Al s deeo, "A) » the decay A, would be pre-

dominantly D wave.)

The BNL data(23) yield:
0.99 <x<1.75 for (go/gl)B >0 i.e., "B(+)" . (22)

" BNL(+)'I

1 and

Here equation (19) can only be satisfied with

"B(+) L

One should stress that the two values of (gl/gO)Al do not
agree with one another, énd hence comparison of equation (19) with
experiment may be premature.

Tt is also possible that the SLAC (16 GeV) and BNL (6 GeV)
experiments are both correct, and that the parameter we call (gl/gO)Al
is indeed dependent on the incident energy of the % in
xp - "Al-" p. (We use quotation marks since, for a real resonance,
the decay angular distribution should obviously be independent of the
energy at which the resonance is produced. Any variation with energy
indicates an improper separation of non-resonant background or the
presence of more than one resonance in the mass range under consid-

eration.)
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If the sign of (go/gl)B were measured, one could remove some
of the ambiguity in comparing equation (19) with experiment. A slight
preference for (gl/gO)A > 0 does emerge from fits‘to the SLAC data(zg)

as a result of interference effects in Al- —9ﬁ-ﬂ-ﬂ+ via two possible
p bands. However, such effects will be smsller for B s
because of the narrowness of the w.
Equation (19) is of interest, aside from comparison with experi-

ment, in view of the following limits: (a) In the SU(6)W-invariant
.case, it reads 00 = © + 1, a corfect if useless statement. (b) In
the case that Al decays via pure S wave, with (gl/go)A =1,

equation (19) predicts that B also decays via pure S wave, with
(go/gl)B = 1. This is because the relative effects of D and S waves

are related in the two decays. A convenient normalization yilelds:

o 1
(gl)AlO->p'ﬁ+ = - ng (28-D) (81)B S " jfg (s + D)
(23)
(gy) = -2 (84D)  (8y)g 4y = - —= (5-2D)
A —~pTx Ve T 3
where

n
f

- (2/3)*? (w)® <am)(my+ 2n0) ep/n P m

1/2

- 4 (2/3)7% (wp+ 20 ) (my + ) cl/m02 , (24)
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D = (2/3)1/2 (mle_ 4mo) [(ml+ 2mo) cy= 2my cl] /mo2 my o, (25)

(One can see that equation (19) follows very directly from equation
(23).)

The incompatibility of the experimental Al and B angular
distributions with SU(6)w X 0(2)LZ is easily illustrated in terms of
the above S and D wave amplitudes. SU(6)W x O(2)LZ corresponds to
D/S = -1, while any set of experimental ratios satisfying equation (19)
requires D/S > 0. Thé SU(6)w z O(E)LZ conserving part of the S-wave
amplitude (the cy term) is depressed by a factor proportional to
pf2 = (mlz/é) - mo2 » SO that the small symmetry bresking c, term can

give a significant S-wave contribution (proportional to Pe rather than

pf5 in the rate). This contribution actually changes the sign of the

net S-wave amplitude.

4. A Fit to Rates and Angular Distributions for O+, l+, and ot Decays

The above interpretation of a small breaking having a big effect
in the S wave suggest a particularly simple 1imit in which to compare
decay rates with the present coupling scheme. Let us assume that:

(a) c.>c but that ( 2 2) c /4m 2 and the bresking term
0 1 ! o/ %/
2

c, are of comparsble size; and (b) ml:: 2mo s l.e., we let Pe -0

but maintain

2 2 =
¢, Pp /ml - const. = ¢ . (26)

(Empirically, pfz/ml2 is quite small.)

In this 1limit the parameters S and D become
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1/2

w0
|

- 16 (2/3) (2¢ + 3c

1)
(27)

32 (2/5)1/2 ¢

g
|

(The effect of a e, = O(cl) would vanish in this limit.)

All decays of ¢ i; L =1 mesons into pairs of g i; L = O_
mesons are now determined by the above two S and D wave amplitudes.
The breaking affects only the S wave. Table 2 lists the rates for
various decays in terms of S and D. These results are the éame as
those obtained in Section (1) using the non-relativistic wave functions,
but where the physical assumptions were not obvious.* Now, however,
the explicit assumptions listed above give a meaning to the simple,
non-relativistic calculationsl scheme.

In Table 2, we include for completeness some processes which
are not used in the fit of the present section. These are denoted by
the square brackets. Since the 1¥ kaons can mix with each other, their
decay properties are treated as derived quantities in the following
section. The other processes not included involve partial widths which
are very small and open to some uncertsinty.

In order to compare the predictions of Table 2 with experiment,

one must decide how to take account of centrifugal barrier effects for

D wave decays. We regard this problem as essentially unsolved. Any

*
The same is true for the use of recoupling coefficients in ref. 9.
~ Equation (19) was not discussed there.
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Table 2
Predictions of decay rates for decays of ¢§; L = 1 mesons
into pairs of ¢§; L= 0 mesons.

0" decays 1" decays
Process f" i Proﬁcifzis- f 8o OF Yo & Ao_l‘_“,:l«_
a) a)
: 2(S ~ 25-D
T‘.‘N-ﬂ nw %32 Al - o7 ;—(432'4“202) ._(_‘S;_[.EQ.). _~——6.~-
3 b) 28 -D b)
o—nr 35 (KaCPp —K'm ges?en? -2 222
‘ c) c)
* o 2 B 8 s g 15624 2 S$+D 25-D
§T— KK S [KA(°Py) = PK] 1(28%+ D% 7 9v3
r s T 2 - 2 20 $-2D S+D
K= Kr s B = wr 1(8%+2D%) -~ 75
b) wn B
(KplPy =K' J(sPr2p? 552 ——SJ(-):]-
- c) c)
1 - L(c2 2 S-2D _S+D
[Kg("Py) — PK] 2 (87 +2D%) -6 3
2+decays
- 070" -170"
Process f Process - f"
Ay = nm %Dz Ay = pT %Dz
o ke Tk
A, — KK -};Do [f'-—*K‘K+K K] %09
f,—am ip* K™ - K7 5D°
= *ok 2
[f, ~ KK 1 p? (K™ = pK] D
f' = KK 2 p? (K™ = wK] #D?
K** - Kn 302
(K™~ Kn) §D?

a) for the charge state A(i - p 7.

by for the charge state Ky B+ - K*o7%,

¢) for the charge state KA, B+ - p"KO,

For 1" mesons, individual helicity amplitudes are also given. Square brackets

indicatg processes not included in the {it for reasons given in the text.



40

statement about such effects invariably involves an effective inter-
action radius. If this radius is very small, D-wave amplitudes may
be expected to contain a factor pf2 no matter how large pf.* Iir
this radius is very large, on the other hand, the pf2 behavior of
D-wave amplitudes will be visible only for values of P much smaller
than those considered here, and may be neglected.

We have thus performed fits for the two extreme cases listed
above:

(i) D has no pfe' behavior and is common to
all processes (28)

and

(i1) D=7 (pf2/p02) , and D is common to all

*
processes (29)

where PO is any convenient normalization that we take here to equal
0.5 GeV/co The physical solution may be expected to lie somewhere
between these two extremes.

One then considers a plane with S as the horizontal axis and
D or 5 as the vertical axis. In order that a solution exist which is
consistent with the present model, all of the following lines must
intersect at a point, corresponding to definite values of S and D or

~o
D:
H

*
This approach is adopted in ref. 9.
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r(* -070") |s| = const. vertical lines ,

r(et 170" or 0707) |Dor B| = const.  horizontel lines ,

r(1*-170") a 82 + b(D2 or 52) = const. ellipses s
A ~

(gl/go) (1" =107 D/S or D/S const. radial lines v

The results in cases (i) and (ii) are shown in Figs. 4a and 4b,
respectively. The experimental input to these figures is taken from
ref. 20 except in the following cases:

(a) We use A, widths based on an unsplit peak, as observed in

2
ﬁ+p ~>A2+p at 7.0 GeV/c (ref. 35). This approach is consistent with

a split A, in TP —9A2-p (ref. 36) if the splitting is due to a
*
narrow, weakly coupled state. The following values were used:(SS)
T'(A, »pn) = 64 MeV s
I‘(A2 —nn) = 16 MeV 5 (30)
r(A, »KK) = 10 Mev 2

(b) The "wide-0" solution(20) is taken:
T'(g - qx) ¥ 400 MeV (31)

The o is assumed to lack strange quarks.

*
(c) We take f' -like mixing for the S and (20)

*
We thank S. Flatte for permission to use these preliminary data, which
may have changed slightly in the final anslysis.
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* -
(S, -»KK) = 80 MeV (32)

(d) The 5PO , I=1/2, |Y| = 1 state, "K" is taken to have a mass

of 1080 Mev and 37
I'(k = Xx) > 200 MeV (33)

(e) The ¢N(980) (ref. 38, 39), ©8(962) (ref. 36), and nN(lOGO)
(ref. 20) are taken as manifestations of the same state which we
(38,39)

identify as the 3PO 5 b=l [YI = 0 state. We thus take

T(ﬁN(980) - nx) = 60 MeV" (34)

One notes that the experimental situation regarding the O+

mesons and their decay widths is still in considerable confusion. For
that reason we cannot take the above assignments and widths too seri-
ously. |

Figure 4 shows only one of the four quadrants of the S-D (or
S;B) plane., Partial widths alone do not determine the sign of S, D,

or'ﬁ, and therefore give no information as to the quadrant. Only the

él and B angular distributions tell us that the solution must lie

in the first (or third) quadrant. Note the arrow in Fig. 4a corre-

*
The arrow in Fig. 4 associated with s — fNx'allows for the possi-
bility, suggested by some of the experiments quoted in ref. (38),that

the width may be somewhat smaller.
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Fig. 4. (a) Comparison of predictions of Table 2 with ex-
periment. Radial sectors indicate regions allowed by A; and
B angular distributions. Negative values of (gl/go) disagree

NL
iLAC: ref. (22); Al

ref. (23); B<*): (go/gl)B:Z,O (see ref. (21). The SU(6)W X O(2)Lz

with eq. (19) and are not shown. A

solution D = -8 is. shown as an arrow pointed into the second
quadrant. Sections of ellipses are based on T(Al) < 130 MeV,
I'(B) = 80 MeV (see ref. (20)). Horizontal lines indicate values
of |D| implied by 2+ decays shown (see refs. (20,35)). Verti-
cal lines indicate wvalues of |S| implied by 0" decays shown
(see, refs. (20,37-39)). The circle surrounding the point of
intersection represents only an "eyeball estimate" of the
probsble errors associated with our fit. (b) Same as (a) with

— 2
D= (0.5 GeV/Pphysical) T
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sponding to the SU(6)W. invariant solution D = -S.* As mentioned
before, relaxation of the condition (1) actually allows D/S to change
sign relative to its SU(ES)w value of -1. We have seen that this is
due to an S-wave contribution whose presence we have every rightgto
expect. This contribution must be compatible with all S-wave decays.
In either fit, this is seen to be the case, but again we point out
that this success should not be taken too seriously. More data on o*
meson decay rates would be welcome.

The expe?imental uncerfainty regarding (gl/gO)Al prevents
testing the model conclusively at present. By comparing Figs. 4a and
4b, one sees that no statements can even be made regarding which
treatment of centrifugal barrier effects agrees with experiment. The
neglect of such effects in D (case (i), equation (28)) yields a fit

(22)

favoring the low side of the SLAC bounds on (g /g ) , as shown
1'=0 Ay

in Fig. 4a. The "maximal" inclusion of such effects (case (ii),
equation (29)) favors the low side of the BNL<23) bounds on (gl/go)A 5

1
as shown in Fig. 4b. In the former solution, D-wave decay accounts

for at least 25% of the A. — on 7partial width, while in the latter,

1

it accounts for at most 5%= However, only the latter value is con-

sistent with an upper bound of 5% obtained for this quantity using

(40)

partial wave analysis.

* e SU(G)W X 0(2)L limit does not exist in the case of Fig. 4b.
z

This symmetry dictates a definite correlation of S and D whose effect
is hard to evaluate if D is paremetrized as in equation (29).
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We therefore conclude that considerasble note of barrier effects
must be taken in the present model. If this is done, we favor the.
experimental values

~ 9, 5
(gl/go)Al 0.8 (35)

and
(8y/8)p = 0.2 (36)

on the basis of the fit in Fig. 4b. Note that these values do not
satisfy the rule (19) exactly. As a result of the barrier factor,

D-wave amplitudes in A = px, are suppressed more strongly than those

1
in the higher @ reaction B —>wx. Consequently, (gl/gO)Al is

slightly larger (less D wave) than the value 0.6 predicted from
(go/gl)B = 0.2 and rule (19).
Recently (after publication of the above predictions), more

data on the angular distribution of B into wx have become available.

(41)

The Illinois group has compiled its data on n p = B p at 5.0 GeV/c

and 7.5 GeV/c, finding

[g0l2 = .18 = .06 , i.e., lgo/gll = 0.68  ,12 . (37)
B

This new value reflects a rather larger value of (go/gl)B in the

765 GeV/c sample, which was not included in ref. (21). Although the

A, - B sum rule is still satisfied with AlBNL(f)

(go/gl)B does not agree with our prediction. However, the most

, this value for

recent data(42) from u*@ —>B+p at 3 and 5 GeV/c yields:
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” . .25
lggl” = .06 £ .10, i.e., lgo/gllB = 8l f.ses (38)

with a relative phase compatible with zero. This result is in complete
agreeement with the old B data and with our prediction, including
the sign which confirms our solution in Fig. 4b. Also, new data(s)

%
on the partial widths ofi K and A, have been reported which improve

2
KX ¥*

the agreement with Fig. 4b: K —K x 26 £ 6 MeV (35),

*% '

K —>Kn 59 t 4.4 MeV (47), A, =>pn 67 & 8 MeV (64),

Ay —>nx 16 % 3 MeV (16), A, —KK 6.5 % 1.3 MeV (10). The old data

are given in parentheses.
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ITI. MIXING OF THE 1' KAONS

We shall apply‘the results of the previous section to the l+
kaons, which may mix with one another as a result of SU(3) breaking.
We assume g phenomenological mixing via a unitary transformation and
ignore possible interference in the various decay modes.(28> We shall
denote the upper and lower of the physical states by « and B which

are then related to the unmixed states by:

|

Il

|KA> cos O - |KB> sin ¢ (39)
IB) = IKA) sin O + |KB) cos O . (40)

In some reactions the physical states can be resolved,(26’27) for

example into peaks:(gs)
M, = 1260 £ 10 MeV I‘a = 40 + 10 MeV (41)
MB = 1380 + 20 MeV I‘B = 120 + 20 MeV . (42)

These masses will be assumed in what follows merely for the sake of

calculating phase space for the decays. The corresponding widths,

which are the narrowest reported, will only be used as lower bounds.
For definiteness, helicity couplings will be defined for given

+u *o + gt

charge states: "K' " =K x or "K' - pk° . These will be denoted

as follows:
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Ky Kg: o B
22 *0 + B Qo
"KW K (3=1) w0 glA 8 g, ng
*0 + A B a
—K = (J,=0) n": &, g & gOB (43)
+ 0 A B o B
»p (J,=1) K ¥y 7y g ¥y
+ o) A B a
e (J,=0) K~: 7o T Py 705

The quantities in equation (43) are related to one another in an
obvious manner as a consequence of equations (39) and (40), e.g.

g, = giA cos § - giB sin @ (i=0,1) . (44)

From Table 1 one then can calculate the partial widths and decay
angular distributions in terms of the parameters b, S, and the mixing
angle .

In the SU(6)W limit S = -D, the partial widths of « and B

* ¥
intc K x® and pK are all independent of ¢ and are all equal to

Bla—»Kx) = (3/4) F(B-owr) = (3/8) T(a, - on) - (45)

One cannot test these partial width predictions in view of the uncer-

* * *

The equality of T(¢—~K n), TI'(B—-=K=x), T(ax-pK), and T(B = pK)
follows in any theory involving a AL, = O transition. See H. J.
Lipkin, ref. (28).
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tainty surrounding the total widths of the states |o) and |B) .
Whereas refs. (26) and (27) favor narrow states sitting above con-
siderable Deck-type background, one may also fit the majority of events
in the "Q" mass region (1100 - 1500 MeV) with two broad resonances.(24z

The following prediction for the angular distributions in «

and B decays follows from SU(6)W and is independent of {J:
o, ay, B, By _ o, oy, B By 1
() /ey Mey /ey ) = (g /7 )07 /7y) = =5 - (46)

For a purely S-wave decay, go = gl, while for a purely D-wave decay,

(42)

go = -2gl . Data presentéd several years ago are consistent with
[gl/gol = 1 throughout the Q region, but, as we see from equation (46),
such a possibility would necessarily violate SU(6)w . However, until
the signs of gloygoa and 816/806 are known, gross violations of
SU(G)W cannot be demonstrated.

We are thus left with Al and B angular distributions as the
best indications of serious breaking of SU(G)w . In what follows,

we shall assume the validity of the fit of the previous section and

derive results for Q decays as a function of ¢.

One then finds the following results:
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1

K*ﬂ mode ¢ glav (D/2) sin(@ + ¢O) - (S/*fé) cos (@ + ¢O)

goa -D sin (¢ + §,) - (s/ N2) cos (f + )

1

P = -(D/2) cos(g + #) - (8/N2) sin (8 + )

1]

gOB ~ Decos (§ + ¢O) - (s/N2) sin (¢ + ¢O)

(47)
K mode: 7%= (D/2) sin (B - #) + (5/42) cos (8 - §)
7o, = -Dsin (§ - §) + (5/~2) cos (§ - §,)
7P = -(D/2) cos (f - §,) + (8/N2) sin (F - 4)
7O§ = Decos (@ - ¢O) + (s/N2) sin (@ - ¢O)
(48)
where
g = tan”t (273 . (49)

The quantity ¢O is only a convenience, and does not appear to have any

physical significance. However, as a result of the f-type coupling in

facs ++ - -

the decays = 1 ~—-»10 as opposed to the d-type coupling in

gP¢ = 1Y 51707 | a very important change occurs between equa-

3

tions (47) and (48)(would be identical if the two couplings were either

both d or both f.) This change leads to qualitative differences between

*
the K x and pK modes of the two physical states o and B.

*
The barrier factors are introduced at this stage. For the K =
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mode, we have

Da~K ) = D pla—K x) (50)

where
* o) 2

p(d =K xn) = (pf / [0.5 Gev/c] ) = 0.35 (51)

and DB~Kx) = D olB~Kax) (52)
where

*
p(B =K %) = O0.6L . (53)

For the pK mode, we have
D(B—~ oK) = 0.287D . (54)

We have to be more careful about D(0 = pK). The prediction of
(o~ pK) depends very sensitively on M, » and should really be
obtained by integrating over a Breit-Wigner distribution. Taking
Ma < 1280 MeV instead to obtain a conservative upper bound, we find

Pe < 100 MeV, and thus
D = pK) =~ 0 . (55)

The net result of these considerations is a set of predictions
for Q and B partial widths as functions of the mixing angle ¢. We
.use the central values associated with the fit of the previous section,

namely
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0.77 GeV " (56)

0
]

=1
i

0.60 GeV 3 (57)

(with errors of about 20%). These predictions are:

r(a—Kx) = [82 - 76 sin® (¢ + ¢O)J MeV (58)
r(p—=XKax) = [20'+ 72 sin® (¢ + ¢o)] MeV (59)
T(a—pk) < [28 cos® (¢ - ¢O)] MeV " (60)
and T(B—~pK) = [3 + 59 B (¢ - ;250)] MeV (61)

and are illustrated in Fig. 5.
*
One notes that equations (58) and (59) predict very small X x
rates for & or B for certain ranges of ¢. Using the estimates

*
based on the data of refs. 26, 27,
%
(¢ =X x) > 15 MeV (62)
, 2 '
and T(B—K x) > 55 MeV (63)

one finds that ¢ is constrained by the bounds (62) and (63) to lie

within one of the ranges:

*

These allow for likelihood of a Ko mode as well as for the observed
Kp mode. (See ref. 26.) Some fits imply considersbly larger widths
(see ref. 24), but none imply smaller.
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100—

——»K*
= g )

60

I'({MeV)

40

ool |
o SN B
Tla—K* 7)215 MeV

LIJIIIl'IIl!'II

=30 0] 30 60
¢ (degrees)

Fig. 5a. Predicted partial widths /(% ->K¥[) and /’(ﬁ—bK*;r) as a
function of the mixing angle #. The bounds ['(X=>K*T) = 15 Mev,
/"(ﬁ—>K*7[) 255 MeV (26) restrict @ to lie between 10° and 35°
(shown by dotted lines) or between 75°and 100° (not shown).
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60~ T'(B=rK)

>
[¢M]
E .
r:: r (0. o K ): I
20i~m, <1280 |
MeV | |
~ |
|
M L ] I ! ] | } ! . ] I ! ]
=50 0 30 60
¢ (degrees)
Fig. 5b. Predicted partial widths F’("‘"”j”() and I"(p—:er) as a function

of . The curve for (¢ pK) represents only an upper bound,
based on the assumption My € 1280 MeV. The dotted lines and the
arrow denote the range of ¢ allowed from fig. 3a.
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I: 100 < ¢ < 35 (64)

or 1II: 715° < ¢ < 100° . (65)

The second solution corresponds to the state p (higher in mass) being
very much like the Al-like object KA' Since we expect the lower mass

o to be more like the Al’ we shall restrict our discussion to

solution I in what follows. (Also, broken duality predicts an unmixed
l++ octet which agrees with the G-M-0 mass formuls using the lower

*
mass K .)

Somewhat less mixing is favored here than in the approach of

(43)

Gatto and Maiani, who do not consider the possibility of D-wave
admixtures in decay amplitudes.

Solution I leads to the predicﬁion of & rather weak K*ﬁ mode
for the «a. This effect may be responsible for the narrowness of «
in the data of ref. 26.

The bounds (64) imply that @ - ¢O is small if not zero. 1In
this case:

(a) The decay B — pK. will be suppressed, as its S-wave contribution
is multiplied by sin® (¢ - ¢O)e

(b) The decay o — pK will have its largest possible S-wave contri-
bution, explaining its observation despite nearly total exclusion by
phase spaceu(26)

One may eliminate ¢ from equation (47) to obtain the following

*
constraint on o and B angular distributions in the K x mode:
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a a B B
1-g /g 1-g,/g %2 * *
a, oy B = p(a =K x) o(p~K=x) .
1+2(g; /g, ) 2+, e, 2s

(66)

As a result of the fit of the previous section, the right-hand side of

equation (66) obeys

0.034 < (3°/25%) ola=K'n) (B =K x) < 0.123 . (67)

Hyperbolae corresponding to these bounds are plotted in Fig. 6, with
only the branch corresponding to solution I shown. The lines cutting
across the hyperbolae indicate contours of constant ¢ for varying 5/S.
The constraints (64) and (67) restrict the predicted ratios to the
shaded area.

At present, as mentioned above, the published angular distri-
butions in both the low and high mass Q regions appear consistent with

(42)

purely S-wave decays. The closest approach to this solution allowed

in Fig. 6 corresponds to glOVgO“ =

gOB/ng ~ 0.6, values whose
~effects should be detectable if background is not an appreciable fraction
of the Q signal.
The quantities g, and &1 give a distribution in &, the angle

between the outgoing kaon and the momentum of the Q (1+ kaon) in the K*
rest frame, proportional to g02 cos2§ + gie sin2§. We thus predict
distributions in £ varying as ay + ba c052§ and aB + bB sin2§

(a,b > 0) for « —aK*n and B —>K*ﬂ, respectively. As ¢ increases,
ba/aa increases while ‘bB/a decreases. These angular distributions

B

thus provide a sensitive test for the mixing angle ¢ if the present
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QOB /ng @, B: pure
S wave

+

smallest
allowed

a pure D wave
B pure S wave

| ~2 2
¢ =352 5/ D /3
_ . ‘\¢)=O°
LARGEST ALLOWED B%/s?
]
-i -5 gla/ga
-5
-1
-1.5
a pure S wave
i _@_pure D wave

Relations between (gf( /g:‘ ) and (gg /g‘a ) implied by the present model.

Fig. 6.
The shaded area represents the range of values allowed by bounds on ¢
and D/S. The sharply curved hyperbola represents the boundary szdfp/zsls 034
while the one passing closer to the origin represents Dzﬂ(ﬁ;/252=.123 )
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*
model is correct.

In view of the predicted suppression of B —pkK, predictions
about the angular distribution in this decay would bé difficult to test.
(The ratio 706/715 will be a sensitive function of @.) It is also
doubtful that enough events of & —pK can be collected to confirm the
prediction (implied by equations (64) and (67)) that 710770a should
be very close to 1.

Interference between O and B has not been considered here.
The present solution implies gla, goa <0 as well as ng, goB <0 .,
If & and B are produced via diffractive dissociation one might
expect them to arise in K+p —>Q+p primarily from K,, in analogy with

A

A1_ production from pions. In this case the positive relative sign in
equations (39) and (40) combines with the positive relative sign just
mentioned to give a coherent sum in the K*ﬁ final state. The inter-
ference region should then consist of a well-defined minimum, and
events taken below and above this minimum might be expected to provide
reasongbly pure samples of & and p decays, respectively.

Interference effects in the pK mode should be destructive,
by similar argumehts, This opposite sign for K*ﬂ and pK modes is
(44)

quite general.

The mixing angle ¢ cannot be too small if diffractive pro-

*We thank D. Lissauver for informing us that the predicted 0082§
modulation may be occurring in o = K*x. The sin2¢ modulation in
B - K*r is not seen. This would tend to weigh in favor of a larger
@ within the bounds (64). '
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duction of KA is the only mechanism by which O and B are produced
in K+p - Q+p . Otherwise the B peak would be anomalously suppressed.
It is not, however, as indicated by the prominent K*ﬂ signal in this

reaction at the mass of the B peak.

The o state, sometimes call "C", has been seen in pp reactions

(45)

at rest, in the final state KKmn. If one naively treats the
initial 381 state as a virtual p if I =1, or w if I = O (annihi-
lation from the JP =0 lSO state is forbidden to produce KQ by

angular momentum and parity conservation%<44) then the present model,
predicting a suppression of B — WK and B — pK by virtue of the
specific value of ¢, would predict a suppression of B production in
NN - KKxt (for those incident ﬁ'energies which allow B production*
but for which the N and N still annihilate in a relative S wave an
appreciable fraétion of the time.) To our knowledge the comparison of
o and B production by antiprotons in flight has not yet been per-
formed.

To conclude, we favor a mixing angle for states in the Q region
lying somewhere between 10° and 350, a range which gives rise to:
(a) suppression of the K'n mode of the lower peak, (b) suppression
of the oK mode of the upper.peak, and (c) angular distributions in
the dominant K*x mode close to those characteristic of pure S wave,
for both peaks, with the lower more longitudinal and the higher more

transverse. The first two predictions, which are the opposite for the

*The B is too massive to be produced at rest in NN - (BK or BK).
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Deck effect, have been subsequently confirmedtfé The absence of one
I =0 wpartner of the Al’ and of both I = O partners of the B,
prevents us from confirming the predicted mixing angle via studies of

mass formulae at present.

= :
See, for example, U. E. Kruse.,<29)
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IV. THE NINTH 17T MESON

La has not been seen

A second isoscalar meson with J°° = 1
experimentally. Together with the isoscalar D(1285), the isotriplet
Al(1070)’ and the lower axial-vector kaon isodoublets KA(124O), such
a meson would complete the set of nine 3Pl states expected from the
quark model. In this section we stress some aspects of this meson,
which we call the D', that are expected on theoretical grounds. These
properties of the D' include: (a) assignment to a weakly mixed SU(3)
singlet; (b) a mass lower than the Al (~ 950 MeV with assumptions
about the relative coupling of D and D'); (c) decay modes nmx and
ﬁ+ﬁ-7, and (d) a possible suppression of the p signal in the ﬂ+ﬂ-
effective mass spectrum of the = x 7y final state.

‘These predictions are of special relevance at present because
of the recent claim for a ﬁeW'meson with properties similar to
(b) - (d)o(Sg) This meson, called M(955)f32) is distinguished from
the 1'(958) only by the absence of any appreciable p in its xa Ty
final state. The n', in contrast, appears to decay to ﬁ+ﬂ_7 pre-

(32,46) While one feels uneasy about a claim for

dominantly via o7.
two states so close in mass sharing common decay modes except for the
difference Jjust mentioﬁed, our theoretical expectation of a

D'(17", I =Y =0) near the 7'(0”F, I =7Y = 0) suggests that this

*
degeneracy may be the case. It should be noted, however, that &

*The possibility of the D' near the n' was mentioned in ref. 47.



64

T, I=1 assigmment instead of 177, I =Y = O for the M(953)

JP¢ = 1
is not ruled out by the data of ref. 32, and will be discussed as well.

1. Unitary Singlet Nature

A hierarchy of constraints based on duality -— in which the
most reliable follow from PP —> PP, the next most reliable from
PV = PV, and the least reliable from VV = VV (P =0, V=1 mesons) —

(48,49)

has been used to predict exchange degeheracies. In such a

system the omission of the "worst" VV constraints predicts nonet

== == +=
s, L , 2 , and 1 , but only octet

structure for mesons of Jpc = 2
structure for O-+ and l++. The unitary singlets of O_+ and l++
do not couple to PP or PV, and hence are not involved in the "good"
constraints, which are assumed to determine the observed exchangé

: S . -+ ++
degeneracies. The remaining eight O and 1 mesons are then

expected to form weakly mixed octets. This is certainly the case for

the =w, K, and 7; it seems to hold as well by considerstion of the
Gell-Mann Okubo mass formula for the Al(lO70), the KA(124O), and
the D(1285):

£ m2(K) - ut (ay)
3

u=(D)

7

1.65 — 1.67 o

The "missing" D' is then identified as a unitafy singlet member, as is
the 1n'.

2. Mass of ~ 950 MeV

The existence of a low-lying (l++, I=Y=0) meson was
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predicted several years ago from the application of superconvergence

(50)

relations (SCR) to sx, wp, 7, and xA, scattering. The extreme

1
saturation assumptions adopted in this work led to many useful pre-

g 2 2
a g
ictions, among them mAl Emp , mU

, I=Y=0) state was required for superconvergence in gd

P

m , and so on. A
p

(l++
scattering, in which it was required to cancel the contribution of the
n' pole, and in nAl scattering, in which it was needed to saturate
the gppropriate Adler-Weisberger relation. The predicted mass was
(X, I=Y=0) = u .
ol

A low-lying D' and the D(1285) may combine to give the "effec-
tive" D of ref. 50. The algebraic approach considered there is con-
cerned with states lacking strange quarks. As we have seen, both D
and D' have components with this property. If they are both incorporated
Transverse

into the SCR of ref. 50, the superconvergent sum rule for ﬂAl

scattering predicts

2 2 2 2 2 2
(mAl = m'Di ) g D'Alﬁ + (mAl = m'D ) gDAlT( = 0 (68)

when all other constraints of the model are taken into account. (A4

single (l++ , I =Y =0) meson coupling to nonstrange quarks would

D
lies lower than the Ale

then have to be at m_ = m, .) Equation (68) predicts that the D'
1

A priori there is no relation between the couplings of the D
and the D' since they are not mixed. Zweig's rule for quark graphs
(eliminating disconnected graphs) relates the singlet and octet couplings

for mixed nonets (such as P17 or 2++). A simple but naive
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assumption would be to extend the quark graph rule to the case of no

mixing. Then the coupling of D and D' to states lacking strange quarks

would be in the ratio: -|gD|/|gD,| = 1/W2, vhich via equation (69)
predicts the mass of the D' to be:(Sl)
m, = \/(Sm 2 w?/2 = .95 gev (69)
D' A "' . ‘

A smaller value of the D' coupling would require an even lower mass for
the D'.

If the D' coupling is given by the quark graph prescription,
then the apparent failure of the D' to be identified in reactions where
the D is produced can only be understood if the D' is actually being
seen but is confused with something else. The predominant decay mode
of D is ﬂﬁﬂ.(46’52) It is interesting that every published experiment
showing an nnw mode of the D also shows an fnnw peak around

(46,52)

960 MeV. This peak may contain some D' as well as the 7'

generally assumed. In such cases the study of "n'" = swxy is of
particular importance.

3. Decay modes nmx and 1w y

The dominant hadronic decay mode of the D' should be nxx, as
oy < 1.13 GeV forbids the KKz channel seen in D decay. Four-plon
modes require at least two units of £ between various pion pairs (as
in D' = pp - 4x), and should be suppressed.

The ML transition 7' — py competes favorably with the hadronic

mode 1n' - mmn, which can proceed without angular momentum barriers.
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(47)

The transition D' — py can be, a priori, both El and M2, while
the D' = xxn  mode involves at least a unit of £ between some particle

and the other pair. Thus one might expect:

r(D' =»xx’y) S (' = 7x"y) (70)
r(d" -»nmx)  ~ (n" = nmx) ’ |

with approximate equality holding if a suppression of EL(D' - py) (to
be discussed) takes place.

Measurements of 77/ﬂﬁ+ﬂ— g 77/ﬁ+ﬁ~7 ratios in the 960 MeV

peak, if found to vary among experiments,(ss) could indicate the presence

of a variable D' "contaminant" in the 1n' signal. (The D' cannot
\(54)

decay to 7y.

4, Apparent suppression of p in n+n_7 mode

The E1 and M2 transitions D' — py may be of comparable

(47,55)

magnitude., An ekample is provided by the vector dominance model

(VDM). The matrix elements for D' — py must have a p pole in the

square of Poy the photon 4-momentum, at peg = mpd . The residue of
this pole must vanish, however, for D' _>pTransverse 7, since a l+

varticle cannot decay into a pair of identical transverse vector
mesonso(54) To the extent that this effect may be extrapolated to

p22 = 0, we then expect
T
(D' »p 7) = ElL+M2 = 0 (71)

so that in the matrix element for longitudinal p production,
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(D' » " y) = EL - M2 (72)

the E1 and M2 constributions are equal. Since M2 = O(kg), we then
expect El = O(ke), where k is the photon energy in the D' rest frame.
In contrast, 7' — py proceeds via ML = O(k). Hence D' ->ﬂ+ﬁ~7
will fevor lower ﬂ+ﬁ- masses than 7' —>ﬁ+ﬁ-7, and one may expect
distortion of the p peak,(sg)

To illustrate this effect, we have compared the Dalitz plot

projections in W for the matrix elements

3

. o ¥y
T,' = 8y Sopp F1 S Pp (9 - 9y) (73)
.and
: 4 o *B _ry B . _ 2
where ¢ + = q; , 4 - = q,, and other indices (1,2) refer to

(n' or D', 7), respectively. The matrix element (74) is the simplest
gauge-invariant one satisfying equaﬁion (71), If gn, and gD, have

a similar dependence on m.. » One finds

o
1
ar(n' »«'=n 7)/dmﬂﬂ

= W(m 2 ,2 75)
a T(D, - ﬂ+ﬂ_7>/dmﬂﬂ O /m,q ) (

where W(e) = AE/(1 -£)° (76)

and A is a suitable normalization constant.
We find the 7' = x x 7 and "M(953)" - 2"y shapes of

ref. 32 are strikingly similar after weighting according to equation (75).
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This fit is shown in Fig. 7. The normalization A was fixed by mini-

mizing the sum of squares of
-1, -1, 2 2
- A
w(m ) LARCOVCWI B SCED (77)

in 0.56 S'mﬁﬁ < 0.80 GeV (R in Fig. 7), the mass range for which both

processes show sufficient events. Here (Nﬂ' ’ NM) are the number of

(32)

win Ty decays (above background) of (n' , M) in 40 MeV bins
(56)

centered on m.
While this example of the distortion is crude (we assumed

equivalent = s  final-state interactions in 1" and M(953) decay,

(32)

for example) it confirms that one need not assume C(M) = - to explain

the apparent suppression of the Y mode. Many such choices of matrix
elements can lead to this suppression. Our particular model, motivated
by VDM, predicts a cos? © distribution in the 7-ﬁ+ angle in the gx
rest frame. Distortion of the type mentioned can occur, however, for
any distribution in ©. To illustrate this, we present in Table 3 four
gauge-invariant matrix elements T, 7\27\3 for D'- [ax"] As y A,
and their sum T 7\27\3 for sxm helicities KS =0, 1. For |
g, +8g, = 0, both 7 gnd T arve 0(k2)° They depend on g, - &,
and 825 respectively, whose relative strengths govern the respective
cos2 © and sin2 0 contributions to the angular diétribution. VDM
gives 8z = gl + g, = 0.

Despite the arguments just given in favor of g D' near 950 MeV,

we are not sble to identify the effect of ref. 32 (the M(953)) as

definitely associated with this state. No significant difference in
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EVENTS 70.04 GeV

Fig. 7.

70
[ [3:m'(62 EVENTS) T
[J: M(953) |

(WEIGHTED AND
NORMALIZED)

0.2 0.4 0.6 0.8 1.0
M(mTtT-) GeV

Comparison of 777~ distributions in ?z'-> 7Y and M=>TICY
The latter distribution is weighed for comparison by the factor
m,:', m;,r /(mf\, - mﬁ,r )2 and normalized by a least-squares fit in

the range R, described in the text. The distribution for M—>x'T¥
above (*) is based on bins with no more than one event and is not
shown.,
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Table &, 'I\\’Iatrix elements for D’ (py)— [t*(g) 7~ (g,) ],\3‘ v(py, Ay). In the expres-
sions for T72™2, we use Q = (m , —dm )12, k= (m prt =D/ 2Mpr , (8,¢) =angles
of r* with respect to y in 7w rest frame.

T1)"‘X”=igieo.576510‘62*%27(’11‘42)6

T 8=ig ¢ apys € e b $p o 4= /m

7 =i, BysP 1a€2*BP27'(41“42)6€1‘P2/’”D’2 f

T N=igeanys €16y i pop e  pilp  lay=a) " mprt

4
P SN o N UL ¥
Tzﬁzz:{Ti23
=

T=Qk(m pr/m ) cosOlgy +g4+k(gy=g )/ mp]
T = Qk sinbe " ¥l gy +g, ~hgy/my) /N2
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Nt Dalitz plots apparently exists between the n' and the M(953)’<57)
whereas one would expect suppression of high nx masses for the latter

since the 7 and nx system must be in a relative P wave. An alter-

native assigmment (J°° = 177, I =1, Y = 0) is indeed as tenable as

that discussed above. The decay 1t — oy can easily give lower m o
values than 1n' — py, as the O is much broader than the p. Furthermore,
the Dalitz plot for l+- - i automatically favors high mjm (as

here the two pions must be in a relative P wave) and thus could resemble

*
that of 1n' - fux. (58}

AG=+, ¢ = 1™ state has the quantum numbers of the

(59)

B(1235). With. nw  the expected dominant decay mode, such a state

should have been seen by now (but it nonetheless worth looking further

for). It would be asembarrassing to the harmonic-oscillator spectrum

(60)

of the naive quark model as g split A2-

i A} assignments(sg) for the M(953) other than J°° = 117 look less
likely: JPC = 1-~ suggests a dominant (unobserved) zmx mode, while
JPC = 0~ implies considerable structure in the nt  Dalitz plot

(unobserved) (57) and suppression of the ratio wy/nuw. (The two
pions in 077 — xwy must have relative L of at least 2 and must be
produced by at least an M2 transition, involving more centrifugal
barrier factors than the mnmn mode.) I = O assignments other than
JgPC = 1+ or 0"t also look less likely: JPC = 1-+ suggests con-
siderable structure in the nax mode.
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V. CONCLUSIONS

We have seen that the lowest-lying O+, l+, and 27 mesons seem
to act as if decayﬁng via production of a g ¢ pair in a SPO, SU(3)
singlet state, as long as one does not restrict this pair to have
LZ = SZ = 0. The angular distributions of the I = 1 axial-vector
mesons played a crucial role in obtaining and verifying this description
of the spin couplings. Opr model can be interpreted as a small breaking
of the collinear symmetry SU(G)W.X O(2)LZ even though the predictions
for the S wave decay amplitudes are considerably different (same
magnitude, but opposite sign).

The model was then applied to the I = 1/2 axial-vector kaons
which are predicted to mix by an angle between 10° and 35° as
détermined from lower bounds on the widths of the physical states.

The mixing predicts & suppression of both the K*ﬂ mode of the lower
peak and the pK mode of the upper peak -— results that have been
subsequently confirmed.(gg)

Lastly, we examined the expected properties of the missing

I =0 axigl-vector meson needed to complete the nine Jpc = 17" states

predicted by the quark model. Our theoretical expectation of this

meson having & mass lower than the A. and decay modes n mx and py

1
(with a suppressed p signal) suggests identification with a recently
reported state having similar properties. However, this new state

cannot be definitely associated with the missing axisl-vector meson.
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PART 2

UNIVERSAL CURRENT-CURRENT THEORIES

AND THE NON-LEPTONIC HYPERON DECAYS
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I. INTRODUCTION

The "V-A theory"(l’e) of the weak interactions has been very
successful in explaining both leptonic processes, such as muon decay
(n = evV), and semi-leptonic processes, such as neutron beta decay
(n -» pev). The "V-A theory" is a phenomenological description of the
weak interactions by an effective Laérangian, the matrix elements of
which are calculated in first order. The effective Lagrangian is

written in terms of currents:

L =\/-2G(J7\Jv+ I3 ) . (1)

The universal coupling G is approximately lO_S/mp2 . The currents are .

a sum of both a lepton and a hadron piece:
= 3t 4 th " - (2)

and each piece is the difference of s vector current and an axial-vector

current. For example, the lepton current is:

2 - 75 = 17s :
J% = vu oY (—5—‘) B+ ¥, Iy ( P J & (3)

where p and VH (e and ve) are the Dirac fields for the muon and its
neutrino (electron and its neutrino). The operator "1—75" insures
a two component neutrino %heory, i.e., that the massless neutrino has
only one helicity. Consequently, the V-A theory (at least for the

leptons) is, in a sense, maximally parity violating.



82

Using the lepton current, the matrix element for muon decay is:

1-75 1l-y

(e v, v, |l w = 2v2c (@ (=) W7 (D W - (@)

The matrix elements of the hadronic current are not as simple because
of complications from the strong interactions (renormalization effects).

Consequently, the hadronic current is written formally as:

h 1l h h)

By = gl &) (5)

and the matrix element for neutron beta decay becomes:
l-y i
- ‘ - A 5 - -
(pev [H_ | n) =2 (87" (=) (e, U, 75 Uy = 8y Uy 7 75 U)- (6)

(the coupling G has been absorbed in gv.) So far, the scale of the
~hadron current has not been fixed.

The remarkable equality (within 2%) of G, which describes the
strength of muon decay, and &y which describes the strength of vector
coupling in neutron beta decay, led Feynman and Gell—Mann(l) to
propose the strangeness conserving hadronic vector current is not
renormalized by the strong interactions. Such a situation has occurred

before in particle physics. The electric charge is not renormalized
by any interaction because the electric current is conserved. Feynman
and Gell-Mann proposed that Vxh

raising part of the conserved isotopic spin current (CVC hypothesis).

be identified with the i-spin

The near equality of G and the unrenormalized gv reinforces the

concept of universality, that the weak interactions have a universal
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strength.
The hadronic axial-vector current is not conserved or otherwise

the massive pion would not decay. The matrix element for = —> puv is:

W gl © = V2o NS v) 0 P KD ()
where |

(0 [Axhl ) = i g £ £ = .96m (8)
(‘7K A% = '0 would imply fJT =0 or m = -0.) 1In other words,

the divergence of the axial-vector current is a pseudoscalar operator .
that connects the pion to the wvacuum, with a proportionality constant
that goes to zero in the limit Mﬂ - 0. Thus ‘7% AA can be inter-
preted as a pion field. If the matrix elements of ‘7X AA in the
interval 0 < q2 < Mﬁ2 (q2 = momentum transfer) are slowly varying
as a function of qe, then they can be replaced by corresponding
matrix elements involving the pion (the PCAC hypothesis).(s) This
hypothesis leads to the famous Goldberger-Treiman relation(4) which
connects the pion-nucleon coupling constant (gﬁNN)’ the axial-vector

coupling constant -in neutron bets decay (gA), and the decay constant

of the pion (fﬂ):

Vr 2
£ - & MN MI( gA . (9)

W 'gﬂNN

the relation is satisfied to within 10%.

The hadronic currént also includes a strangeness changing part
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since both the strange mesons and baryons decay via the weak inter-
actions — K~—pv , A ®p e v, etc. The CVC hypothesis and SU(3)
symmetry suggest the vector currents belong to an octet, with their
charges being the generators of the symmetry group. (A charge is the
spatial integral of JO and is conserved if ‘ZA JK = 0.) The AS =1
vector currents are conserved only in the limit of exact SU(3). If

the axial-vector currents are identified with an octet too, then the

following commutation relations are ‘s consequence of SU(3):
(a,, jS = 189 (10)

5 . 5 ‘
Qs Q 1 = 1 fiae % ’ (11)
The symbols Qi and Q? represent the charges of the vector and axial-
vector currents, respectively; fijk represents the structure con-
stants of SU(3). In a quark model, even with symmetry bresking via

a different mass for the gtrange quark, commutation relations (10) and

(11) are valid plus one more:
5 5 o
(a;, Qj] = 1T, 9 ) (12)

The .vector and axial quark currents are:

; B
Vo= 4 7 F 9 (13)
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5 A,
A

- i ]
N = A7 7 3 4 (14)

Gell-Mann(5’6) proposed that equations (10), (11), and (12) are valid
independent of the quark model and SU(3) breaking. These relations
then give a meaning to SU(3) even when the symmetry is broken.

(7)

Using equation (12) and PCAC, Adler and Weisberger calculated
gA/gV = 1l.24 * .03 in agreement with the experimental number
1.23 £ .01. (Actually, this is Adler's corrected result.)
One problem remained with the AS = 1 semi-leptonic decays —
they are one-tenth the size predicted by universality. This problem - .

was solved by generalizing the concept of universality. Gell-Mann

noticed that the leptonic charges satisfy an SU(2) algebra, i.e.,

defining

o, = [®x3) = () (15)
and x,° = [a g (16)
implies ° [st, in] = % in . (17)

He then postulated that the hadronic charges satisfy the same SU(2)

comutation relationsf<8) This new version of universality fixes the
scale of the hadronic current through the nonlinear commutation
relations. The most general, charged V-A current that satisfies this

postulate is:
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h + vl

_ T .

Jy = cos 8 J, + sin 6 Jy (18)
vhere the superseripts "I ana  "vP  refer to the SU(5)  dndices,
i.e.,

+ + +
vt 1T ™y _ Lyl .o2 ,1 . ,2
O o=5 (N T = 3 (V" + 1 V5 = Ay - 1Ay ) (19)
vioo1 o vt vt 1 4 5 4 5
Iy o=z =AY = 5 (BT iV - AT -14%) . (20)

The angle © 1s not fixed by the commutation relations. Cabibbo(g)
showed that the predictions of this current (with the angle 6 deter-
mined experimentally) agree extremely well wifh the meson and baryon
semi-leptonic decays. Actually, the effective Cabibbo angle is not
necessarily the same for the vector current and the axial current
because of SU(3) breaking. (The Ademollo-Gatto theorem<lo) states
that the matrix elements of the strangeness-changing vector current,
whose charge is a generator of SU(3), are renormalized only ig second
order of SU(3) breaking. The matrix elements of the axial current
can be renormalized in first order.) Recent determinations(ll) of

the effective Cabibbo angle are: (1) 6, = -2688 £ .0006 from

k" o ptv/at s utv, (2) 6y = +222 % .003 from K" = 1% ev/at = 10T,

and (3) 6, = .255 & .012 and O, = .238 £ .018 from a fit to
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the baryon decays.* Moreqver, the small discrepancy between G and &y

is explained by the fact that &y = G cos ©= .98 G in this theory.
The mesons and baryons alsc decay weakly into non-leptonic

final states, e.g. K° - mx s N->pn, Z-pr, =- An. Although

the Cabibbo theory expects such decays, the matrix elements are

almost impossible to calculate because the product of the two currents

cannot be separated as in the leptonic and semi-leptonic decays.

Before examining the limited evidence for the Cabibbo theory in the

non-leptonic hyperon decays, we will discuss the experimental data

on a strictly pﬁenomenological level.

The most general matrix element for the baryon decays is:

T (py) (A+B7) U (p) . (21)

where Py and p2 are the momenta of the initial and final baryon
(see Fig. 1 ). If CP is conserved (as in the Cabibbo theory) and there
is no final state interaction, then A and B are relatively real.
Experimentally, A and B have & small phase difference which is con-
sistent with CP conservation and the predicted'finél state interaction
-y, (11)

from low energy phase shifts (approximately 7° for A - px

The matrix element may also be written in terms of two component

*
with F/D for (B[A h|13) equal to .66 * .03 in agreement with
PCAC and F/D = 2/3 predicted by SU(G)w for PBB coupling.
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spinors:
X, (8 +PT Q) X, (22)

qVZMl

where S =«/E2+M N4, A and P = ————=— B . Thus,

£ ‘ L ‘\]Eé‘+ M2

S (or A) corresponds to an S-wave interaction while P (or B) corre-

sponds to a P-wave interaction. Because of the negative intrinsic
.parity of the pion, the S wave is parity violating while the P wave
1s parity conserving. The interference between the two waves appears

in the angular distribution of the decay from a polarized particle:

P = polarization of initial baryon
W(e) = 1l +a P cos ©
2R (S*P
2Re (8 P)_
- S 5 " (23)
|8]” + || |
, A : . (11) o
The most recent experimental date are given in Table 1. QK_

represents the decay A° = pr Zi represents the decay
B ->n ﬂ+ 5 etc.) The most striking fact is the excellent agreement
of the data with an empirical AI = 1/2 rule for the non-leptonic

weak Hemiltonian. The AI = 1/2 rule implies:

A w2 AS = o (2¢)

—= NJa=® o g ' (25)



Table 1

Rates, decay parameters and decay amplitudes for hyperon hadronic decays

A2 2 >y I - =
RATE|.397+.005 | .610 £.02111.235%,020{1.235* .020] .602% .013| .230+*.020
BR 640 %.014 1 4T72%015].528 £.,015 1 1

o 645 %£,016% [-.060% .047 |.026 *.042 |-.960 *.067|-.425 *.0358-.346+.075
(rdegd] -9t 6 -5 17 | 181 % 22 - -3 6 22% 20
¥ >0 >0 <0 ? >0 > 0
1.52%.02 1.87 £.03 02 £ 04 .53 % .14 207 % .03 | 1.53% .05
i 115+ 18P |
10.44% .33 -.55 ¥ 43 (19.08 *.35 [11.52 %185 {-7.42 % .65 |~4.54%£1.02
B -15.36'% 1.40P
CaB€ 122 .021 -.004 .959 .238 102
®a, anda_- fitted too,e=-285%.026

second solution since sign of Y unknown
CC _<AA A B>
AB Va a2-,B2

RATE and BR. from Rosenfeld tables Aug.68, « and ¢ Jan.69 worlid averages

06
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5" - o2 zF o gt . (26)

One other empirical rule (with some theoretical justification) has

been noticed — the Lee-Sugawars relation:(lg)
2 =7 -A° =Wz =t (27)

The agreement of equations (26) and (27) with the experimental data

(11) (The sign convention of ref. (11) is used.)

is indicated in Fig. 2.
The neutral KO decays are also in good asgreement with the
AI =1/2 rule. The only real evidence for a AI = 3/2 component

comes from the decay K+ - n+1to which cannot go via AI = 1/2 .

The ratio
I‘+ + 0
K =xnxn ~ 1
Fo 500
K =5 x

indicates that the AI = 3/2 component in kaon decays is no more

(13)

than 5% in the amplitude. (Recent accurate data on K° = mx and
K = wxt  indicates a comparasbly small amount of AT = 3/2.) The
neutral kaon decays exhibit one other striking phenomena — a small
violation of CP conservation on the order of .2%.

The Cabibbo theory predicts that the non-leptonic Hamiltonian
is given by:

+ - + -
= Nog [cosa ) {JT 5 JT} + 8inc 0 {JV ’ g7 H (28)

HAs = 0
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= N - gt
Hygo1 = (HAS" l) = N2csine cos @ {JT,JV} (29)

(The notation {A,B} ‘means AB + BA. Also, the 4-vector indices on
the currents have been dropped for convenience.) These Hamiltonians

may be divided into parity conserving and parity violating parts, e.g.,

-
cho - + - +

o o L gin G cos O {VT,VV} + {AT,AV} (30)
AS = 1 oa2

o

- + 4 -
H G sin @ cos © {%T 3 AV }' + {QV s T.} (31)
As =0 242

The AS = 1 Hamiltonian contains both AI = 1/2 and AI = 3/2

pieces, and there is no "a priori" reason to expect a suppression of

the AI = 3/2. In terms of SU(3), the Hamiltonian contains only 8
rand 27 because it is symmetric in the unitary spin of the two currents.
Octet dominance, which is assumed in various dynamical schemes, is
sufficient but not necessary for AI = 1/2 . The Cabibbo AS =1
Hamiltonian has another symmetry property, which for the octet part
corresponds to being the sikth (%6)‘component.(l4) For the baryon
decays, the sixth component of an octet (plus CP conservation) is
sufficient to guarantee the Lee-Sugawa relation for the S waves, but
not for the P waves. Moreover, the sixth component of an octet fofbids
the dominant decay Ki - 7t (Kz 'is the linear combination of K°

and K° that decays into wm via CP conservation). This failure is

not too serious as the decay is only forbidden with exact SU(3), 50

that the matrix element could be quite large if proportional to the
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mass difference of K and x. The small CP violation in kaon decays,
however, is strictly forbidden by Cabibbo's Hemiltonian. A fair
conclusion is that the Cabibbo theory fails to explain many features

of the non-leptonic hyperon decays.

Some success for the Cabibbo theory has been achieved by the
use of the current commutation relations and PCAC. Low energy theorems

. . i P -
are derived which relate (Bg B IHwkl Bl> to (B2[ [Qi (0), Hwk] | Bl>

) . (15,16)
in the limit of wvanishing pion four-momentum. (A detailed

derivation of these relations and the ones that follow is giVen in

(15

Appendix A.) 1In particular, Suzuki ) was able to show that the

parity violating S wave in non-leptonic baryon decays is approxi-

mately given by:

AS=1
(0)1] ) -

i = )~ W, 5
x ]H_p.v° (0)| B,) ~-z1 (B, |[Qi (0), H
e P.V

(B,

(32)

A smooth extrapolation of the physical amplitude to zero four momentum
for the pion can be justified for the S wave, but not for the P wave.
If the Cabibbo Hamiltonian is assumed, then the commutator with the
axial charge is easily evaluated, e.g.,for Qg (0) («° emission in

the original decay):
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S=1 = -
[Q (©), & <oﬂ - - 2‘}\[2 sin © cos 6 |Q3(0), {VT , Av+} + {VV+,AT}

p.v
- + = 4
% . :; sin © cos © {?T ” VV } + {%T ’ AV }}
2N 2

(33)

AS=1 .
The right side is Just proportional to Hp . Similar results follow

for commutation with

— (¥ Q +1Q ) (ﬁ emission in the original decay)
Jb :
AS=1

except that Hp .. 1s in a different SU(3) direction:

' AS=1
[?i— (-Qi(o) + 4 QZ(O)), ) v, (o)] = - j%; . gﬁfé sin @ cos ©

- i - +
x %ﬁ’ fj} + %F, Y (34)

AS=1
— (Q (0) +19 (o)), (o)} = KB

sin 6 cos ©

Jé et s 22
+ +
x {%TS, v } 5 {%TS, A’ } (35)
ut 6 7 Ts 3 T -] 2
where V. = V 4+ 1V, V = V.,V = -iv , ete.

We can summerize these results for the non-leptonic baryon decays as

follows:

o . . Ly ¥
. emission O (B2 | 5 p .. | Bl) (36)
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-
U
o 1 ? '
n emission o (B, |- —H l B, ) (37)
2 \/’2 PeCe 1
+
T,y V
- o =
% emission « (B2| NE H'p.c. [Bl) . (38)
AS=1
Since H contains § and 27 parts, the matrix elements
AS=1

(B2 al . (0)] Bl> can be expressed in terms of three parameters -—
two for the 8 part (D,F) and one for the 27 part (). The seven non-
leptonic baryon decays are then determined by these three parameters.

The four relations(ls) thé.t follow are:

(41)

A+ N2 A2 =0 (39)
=~ N2 Z? = o0 (40)
2= -2 gt =.gt

- o +

e = r 3

2Z7 - A° =43 .z;’ . “[E 2: . (42)

The first two relations are the ATl = l/ 2 rule for A and = decays,
AS=1
which follows from the fact that only the AI = 1/2 part of e

can connect A with the N and = isodoublets. However, only if
5¥ - 0 is the third relation the AT = 1/2 rule for X decays
_.*,——-—_

and the fourth relation the Lee-Sugawara rule. Note that the 2:

amplitude is proportional to « since = and n cannot be connected
AS=1
by the 8 part of Hp .. Empirically, Zi =~ 0 implying O = O, soO

° °

that the fit to the data requires octet dominance. FEquations (41)
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and (42) are then equivalent to the AI = 1/2 rule for I decays and
the Lee-Sugawara relation, respectively. However, octet dominance for
the Cabibbo Hamiltonian is sufficient to guarantee the AI = 1/2 and
Lee-Sugawara rules for the S waves without the use of current algebra.
Current algebra and PCAC do imply one more relation (using octet

dominance, of course):

Thus, the S wave amplitudes for non-leptonic baryon decays are
regsonably well explained by the Cabibbo Hamiltonian although the
reason for octet dominance i1s still mysterious.

The P wave amplitude is not given by the commutator of Q? and
AS=1
H because, for the parity conserving amplitude, the extrapolation

Die €
to zero four-momentum of the pion is not valid.(l7)

Baryon pole terms,
or Born terms as they are called (examples illustrated in Fig. 3),
contribute to the parity conserving amplitude and vary rapidly in the
extrapolation. The Born terms are the contributions of single particle
intermediate states approximately degenerate in mass with either B
1+

or B, (vhich in the case of SU(3) includes any member of the =

1

octet). The contribution of a typical Born term to the physical ampli-
tude is given by:

1

CE > |
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AS=1
The matrix element of Hp - between octet baryon states vanishes

in the limit of .exact 8SU(3), so that the pole terms contribute only
AS=1
to the P wave amplitude. Note that the vanishing of (B al vl Bl)

has another consequence — the commutator terms (32 I[Qi (0),
AS=1
H 1] Bl) contribute only to the S wave because
0 ; 45
[Q; (0), B, (0)1 & H . (0) (45)

Thus, we have the following picture of the non-leptonic baryon decays:

< : : 5
(i) 8 wave ampllﬁudes determined by (B2 [[Qi (0), Hp,v. 1] Bl>
and (ii) P wave amplitudes determined by Born terms. The Born terms
seen essential for obtaining the large size of the P wave amplitudes,
which otherwise would have been suppressed by the angular momentum

. AS=1
barrier. Since the baryon matrix elements of Hp 5 3 which are deter-

mined by the three parameter fit to the S waves, appear also in the
formulae for the Born terms, the current algebra analysis indirectly

determines the P wave amplitudes too.

AS=1
The D/F ratio for (B, 5,... | B,) determined in the fit to
S-wave decay amplitudes is:
D/F = - .31 : (46)

This D/F ratio is amazingly close to that for the baryon matrix elements
of the 8U(3) bresking part of the strong interactions, which is the

eighth component of an octet

D/F & - .31 % .02 - (47)
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If we assume SU(3) for the strong coupling BBm in the formulae for
the Born terms, we can evaluate explicitly the P wave amplitudes.
Three baryon pole terﬁs contribute to the decay with the largest
experimental P‘wave — 5 st However, when the three terms are
evaluated, their sum is zero.(l6) The D/F from the S-wave fit predicts
a vanishing P-wave for Zi in complete disagreement with experiment.'
Meson pole terms contribute along with baryon pole terms to the other
decays, but when they are included the other P-wave amplitudes vanish,
too. (We have used the value for (x |H§j | X) determined from a
current algebra analysis of K - gtt.) The reason for the identically
zero predictions for the P waves can be understood from equations (46)
and (47). The simplest explanation for the similarity of the D/F

AS=1

ratios is that Hp.c. (“%6) and HSU(S)

different components of the same octet. (The proportionality constant

mass breaking (”%8) are

between the two in baryon matrix elements is approximately the same

)

, 16
as in meson matrix elements.)( However, if this is true, there

will be no parity conserving non-leptonic decays because an Su(3)
rotation of the Hamiltonian (HO + gHy + €H6) can remove the parity
conserving weak interaction (HO + g'HB‘). The rotated states would
then be stable except for.the parity violating decays, so that the

AS=1

relation between Hp.ce and HSU(S)

true. However, the relation is correct for the Born terms because the

mass breaking cannot really be

D/F ratios are the samej;and, consequently,the Born terms must cancel
identically. Thus, the P-wave amplitudes for the baryon non-leptonic

decays are not understood by the current algebra approach.
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Recently; further success for the Cabibbo Hamiltonian has been,
achieved through anothér approach — the symmetric quark model.
Feynman(l8),(and others previously)<19) noticed that the V-A current-
current interaction in a Bose quark model (quarks which obey symmetric
statistics) guarantees the AT = 1/2 rule for the non-leptonic decays.
The reason for this fact is the Fierz transformation properties of
the V-A interaction. The Fierz transformation is the permutation of

12 of 3e4 in the following current-current (point) interaction:
Yy r. v. ¥ 1,V (48)

vhere T, are Dirac matrices. For T, = Py (1-75), the interaction
is'antisymmetrical under the Fierz transformation. In the quark
model, Yl, Yg, YS, and Y4 are the dirac spinors of the A, p, p,
and n quarks, respectively. Because of the antisymmetry under the
Fierz transformation, the V-A point interaction is antisymmetric in
space and spin of quarks 1 and 2 or 3 and 4. Since the gquarks obey
Bose statistics, quarks 1 and 2 or 3 and 4 must then be antisymmetric
in unitary spin (either SU(2) or SU(3)). The antisymmetric isospin
state of p and n (3 and 4) is I = 0. The isospin state of A and p
(1 and 2) is automatically I = 1/2 . Consequently, the Hamiltonian
is pure AI = 1/2 . Moreover; with SU(3) symmetry, the Hamiltonian
is pure octet. (A-p and p-n are in 3 representations which can be
connected by 8, but not gj.) Thus, the symmetric quark model implies

the AI = 1/2 rule for.both S waves and P waves and the Lee-Sugawars

rule for the S waves (but not the P waves).
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The current algebra analysis should apply to the weak inter-
actions in the Bose quark model too. The results for the S waves

follow as before except that octet dominance is guaranteed. Two

AS=1
5 ]Hp.ca ] Bl) : one

where the weak interaction takes place on one quark which is pure F

diagrams contribute to the matrix element (B

and one where it takes place on two quarks which is D/F = -1. The
relative size of these two diagrams is not predicted, but they must
contribute in roughly equal amounts to give the experimental D/F°
Thus, the quark model needs another parsmeter besides the overall
normalization to determine the S-wave amplitudes. Unfortunately, the
analysis of the P waves via the Born terms also follows as before,
which means that the Bose quark model does not solve the enigma with
the P waves even though it guaranmtees AT = 1/2 .

Because of the limited evidence for the V-A Cabibbo theory in
the non-leptonic decays, ﬁe shall examine the compatibility with
experiment of more general current-current theories. We shall include
e wider class of currents while retaining the J+J form of the inter-
action. The most obvious source of more general currents is the quark
model, where it is possible to construct neutral and charged currents
with various Lorentz properties — scalar (S), pseudoscalar (P),
vector (V), axial-vector (4), and tensor'(Tx ' Since the quark model has
been & successful source of intuition in the‘past, perhaps all the
currents obtainable with quarks are observable. If these additional
currents do indeed exist, the most logical place for them tb appear

is in the non-leptonic decays. Since the lepton current is charged
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(e and Ve or u and VM form the current) and of the form "V-a"
(right-handed neutrinog), the hadron current in semi-leptonic decays
must be a charged 4-vector, i.e., some combination of vector and
axial. However, no such restriction is imposed on the weak decays
without leptons. Consequently, currents with other Lorentz properties
and chafges may appear in the non-leptonic decays. An interesting
question is whether the presence of these currents is compatible with
or eliminated by the present data.

We shall impose the constraint of universality on these more
general currents, as was suggested by Zacharissen and Zweig.(2o)
Universality will be enforced by requiring the charge of each current
to be the g T i Gy component of an SU(2) algebra, a generalization

of Gell-Mann's definition of universality. Specifically, the Hamiltonian

is assumed to be of the form

s .+
Hwk = Nog i g g , (49)
where . *
o = Zdy wa @0 =[x 0, (0)
with ' +
(04 o 04 (04
[Qa (0), [Qa (0), Q 011 = -2 Q (0). (51)

*Actually, the definition of the charge needs to be made more precise.
The above definition suffices for Lorentz scalars; for Lorentz 4-vectors
the time component of the current is integrated to give the charge; for
Lorentz tensors the best. choice is to integrate the xz or yz com-
ponent.



104

w_n

The index "a refers to the electric charge and Lorentz properties of
each current, while the index "o represents the lepton and hadron
pieces. Of course, we are assuming only the éharged 4-vector current
has a lepton piece. Equation (51) is just the statement that the
charges form an SU(2) algebra. Since the hadron currents are com-
ponents of an SU(3) octet, two independent SU(2)'s exist: one
neutral and one charged. Therefore, the possible hadron currents are
charged and/or neutral S,P; and/or V,A; and/or T,T. T is the éual
tensor to T, i.e., T =4% euvo% To% . The Hamiltonian now appearg

uv
as follows:

s
- 5 O (3] O (0]
Hope Ja e {-i (@) 8; + B; P;) ? (@; s; + By P) $
Ne 2 1 1 1 L
5
+ Nea {'i (of Vo + By Ai“), ? (o oy * By Aiu) }
4+
2 2 - 2 o —
+Neg w{i (o Ty, + 87 Ty ) ? (0 Ty, + B T )} -

(52)

The index "i" refers to the SU(3) quantum numbers of the currents.

The coefficients in front of the currents are severely constrained by
the universality condition.

The commutation relations of the S, P, and T currents are not
known "a priori," but we will again use the quark model as a source
of intuition. The various currents in the quark model and their
commutation rélations are given in Table 2. We shall assume these

algebras independent of the quark model. Séveral things should be
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TABLE 2
i - 7\:'L i
i N 5
T 1 =q o .7.\.:'.‘. - i
v 4 Av 2 9 T')\v
Commutation Relations
Type 1: [QF, @] ='1 £ 3k ot Type 2:
ot QY B ot
T 9 vE al
(] O (@] O -
N AY = AT
(0] (0] _ (8] [0}
AT AT o= st
(e} [e] O
v v al At
(] O
v P! v e
O (o]
i J i
S S vﬁ ol
i pY vg
1 3 Xk
Loy To3 Tos
5 —3 —x
Vs Tos Toz
i 3 .
Toz To3 Vi
—i —3 k
Tos Tos "

Note: Conventions for y matrices, A matrices, d,. , and T,
; ijk ijk

ref.: 6.

~ 2 1 _ JE
A, = J;. (") end 4, = 43

A,
= ot
17 29
&y
q i s 54
A
Q10,7 3 ¢
i Jd1 _
s, QU1 = 1 dijk Q
Q) Qt
gd P
pJ e
pY Ai
3 —x
Toz Tos
s Kk
Toz “Toz
T23 Ao
as in
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noticed about the commutation relations of the scalar, pseudoscalar,
“and tensor ‘charges: (i) dijk as well as fijk type, (ii) nonets
to complete the algebra, (iii) same relations for S and P as for T
and T. The universality condition, with the aid of Table 2, produces
non-linear algebraic equations for the coefficients of the currents.
The solutions yield the universal theories‘to be discussed in Section
II.

We shall use current algebra and PCAC to investigate the
implications of these more general universal current-current theories.
First, however, one more restriction will be imposed. The "V-A"
Cabibbo theory works extremely well for the. semi-leptonic decays, but
universality alone is not sufficient to force the "V-A" form for the
charged 4-vector current. We.want to place a constraint on the uni-
versal theories so that the hadronig current in semi-leptonic decays
is "V-A". The "V-A" theory was originally guessed by assuming a
property of the current-current interaction known variously as

" or "the two com-

"chirality invariance," "maximel parity violation,'
ponent theory." The essence of these hypotheses is the assumption that
the hadrons appear in the J+J interaction with the same projection -
operator ”1—75" as the neutrinos ("1-75" is the negative helicity,
or chirality, projection operator for a massless neutrino). The
"1-75” projection allows the particles to be described by two com-
ponent spinors rather than four component ones in the usual Dirac

theory. Actually, the names "chirality invariance" and "maximal parity

violation" come from the equivalent assumption that the interaction is
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invariant under replacement of any wave function by 75 times itself
(which changes the parity).(e) This requirement excludes everything

except V + A (corresponding to 1 * y_ as the projection operator).

5
Obviously, we need a similar but weaker constraint since we are allow-
ing scalar, pseudoscalar, and tensor currents as well. We shall
generalize "maximal parity violation" by the assumption of "pafity
symmetric currents." Parity symmetry of a current is defined to be
invariance (up to a phase) of the current under the interchange S © P,
or Ve A, or T T ., Parity symmetry plus universality guarantees
that the charged, hadronic 4-vector current is the same as in the
Cabibbo theory.* Moreover, parity symmetric currents might be useful
for duplicating the success of the Cabibbo theory with the non-leptonic
S-wave amplitudes. This success depends on the fact that the commutator

AS=1 AS= 1
of the axial charge and H is proportional to H s & result

poVo pDCQ
that must come from some sort of parity symmetry.
In Section III, we shall see if the parity symmetric, universal,
current-current theories are compatible with the non-leptonic decays.

Current algebra, PCAC, and the Fierz transformation will be used to

determine the consequences of the theories.

*
Actually, an even weaker constraint will do. Universality plus the
assumption that V and A have the same SU(3) structure is sufficient.
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IT. UNIVERSAL CURRENT~CURRENT THEORIES

Universality plus parity symmetry forces the charged, 4-vector

current to be the Cabibbo form:*

Q=1 + . V+
;% = cos © J7\T $ C1¢c sin 6 Jy ' (53)
T+
1 T, .2 1, 2
where I\ = 3 ( Vol VT - AT - 1Ay ) | (54)
vt 1, 4 5 4 '5
I = §(V7\ + 1V - A -1i47) . (55)

The arbitrary phase ¢c ailowed by universality is not measurable as
it can be absorbed in the definition of the phase of strangeness. Thus,
the Cabibbo theory for the semi-leptonic decays is unaltered.

The neutral, 4-vector current is required by parity symmetry

and universality to be:

Q=0 . 25 . . T
Ty = % (cos @N 1) e"1¢N Jg + % (cos GN ¥ l)e1¢N J; + sin © J7\U5
(56)
Ut v\t 1,6 . 7.1, 6 . 1
vhere  Jy = (JX ) = 5 (VK + 1 Vs ) 5 (Ak + 1 Ay ) (57)
U: 18 5 - 8 1 3 8 .
30 = 7 (07 N3 ) e 7 (a7 + V347 (s8)

*
Parity symmetry of the combined lepton plus hadron current does not
allow V + A for the hadron current.
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(The * sign in equations (57) and (58) is not related to the + sign in
equation (56).) This neutral current (plus the Cabibbo charged current )
leads to the Hamiltonian given by Zachariasen and Zweig.(go) The part
of the Hamiltonian coming from the neutral current transforms like a
pure 27 and includes a AS = 2 contribution. The relative phase
difference A = ¢N_- ¢c between the neutral and charged currents
produces a CP violation. Zachariasen and Zweig determined limits on
A¢ and QN from the experimental CP 'violating parameters (A¢ and @N
are then required to be quite small). Because CP violation is a small
part of the poorly understood non-leptonic decays and because we will
have enough phases in ouf universal theories to fit the meager daﬁa,
we shall neglect CP violation in our discussion. The remainder of
our currents will have the phases removed so that the Hamiltonians are
CP conserving.

The commutation relations for T and T currents are completely
analogous to those for the S and P currents. Consequently, the
universal tensor theories are isomorphic to the universal scalar-
pseudoscalar theories. For that reason, only the charged and neutral
S and P theories need to be discussed.

The charged S and P current is required by parity symmetfy,

universality and CP conservation to be:

J = cos 6 J + sin o J (59)

+ .
were &8 = = (Sl + 1 sa)

1 2
5 )

i—%i(P +1iP (80)
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+
4
& o= E(stiis) s %i(P4+iP

5 °)

(61)
Note that CP conservation requires the pseudoscalar current to have a
+*
purely imaginary coefficient.
The neutral S and P theory is more complicated because of the
nonet structure of the currents. Several universal, parity symmetric,

CP conserving solutions are possible. If the current is written as:

Q=0 + -
J = ad’ +80 + 95 s 855% 4+ O ' (62)
vt 1,6 7 1, .8 7

where J =§(s +1i8') = -2-i(P +1P") (63)
B 1,.6 '
JU=-2—(S -iS7)-_+-32;i(P6-iP7) (64)
793 _ % (-53 + N3 38) + % i (-P3 + 3 P8) (65)

3 8

JU0=%:-(~/_Z’>S +S)i%i—i(~./_3P3+P8) (66)
(e} 1l .o 1., 0 ‘
J . ES * *é'lP (67)

then the folloﬁing six solutions are possible:

(A) G=p=cosv, 7y=2sinv, 8=AN=0 (68)

*Bailin(lg) studied the consequences of S and P theories via current
algebra in the non-leptonic decays, but he took the form S = P (as a
generalization of V % A) which is strongly CP.violating. Universality
and CP conservation leads us tc the form S = i P.
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‘ 2
(B) a:B:COSV, 7=25inv’ 5 == ,7\=i '3- (69)

4
(c) O =-p =cos v, 7=0, 6=_——2—-sinv,7\=-—sinv
3 \[é
(70)
(D) o =-B=cos v, y=0,0-= = * 1 - sin v),
V3
2 . .
N = — (*1+2sinv) (71)
Ve
(E) o= —;—(cos v' + cos v), B = %(cos v' - cos v),

. B :
7y =s8in v', 0 = « =— sin v, A

2 gin v (72)
&

3
(F) o= —2-(cos v' 4+ cos v), B = %(cos V' - cos V)
¥ = sin v' , ® = L(iz-sinv),?\= l\/g(il+sinv)

(73)

We have also calculated currents which are universal but not
parity symmetric. These currents are listed in Appendix B, except

for the S and P neutral case which has not been determined.



112
IIT. CONSEQUENCES FOR THE NON-LEPTONIC DECAYS

We shall use the low-energy theorem (equation (32)) to determine
the predictions of the parity symmetric, universal, J*7 theories for
the S-wave amplitudes. Of course, we are assuming that part of the
non-leptonic Hamiltonian results from the charged "V-A" current. At
least for this part, the AI = 1/2 rules, the Lee-Sugawara relation,
and Zi = 0 follow from a fit of three parameters to the data.

The CP conserving "V-A" neutral current (equation (56) without
the phase ¢N) produces a Hamiltonian which, like that for the "V-A"
charged current, has the property:

5 AS=1 | AS=1
Qi'(o) J Hp.v. o Hp.c, ‘ (74)

In this case, however, the Hamiltonian transforms like a pure 27.
Consequently, the baryon matrix elements of the neutral current
Hamiltonian, which appear in the low energy theorem, are proportional

to the parameter "o" (the 27 reduced matrix element) which is deter-

mined to be zero. (The S-wave decay of =t -—>n1c+ , which is propor-

tional to O, vanishes experimentally.) Thus, the success of Suzuki's
analysis is unaffected by the presence of the "V-A" neutral current.
. + " ;
(Of course, the coefficients of Z+ in equations (39) - (42) are
changed by the neutral current, but Zi = 0.)
The "S + i P" charged current (equation (59)) produces &
Hamiltonian which has the commutation property given in equation (74)

+
for two choices of the axial charge (corresponding to 7° or =x
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emission in the decay):

AS=1 '
@t O - 4

2N 2

+ {%T-, PV+} (75)

1 5 .5 AL
L (] (0) + 1.6 (), Ay, <o>]

- +
= - S . G sin @ cos © {%T s SU + PT ,PU

NEERENE

Equations (75) and (76) are completely analogous to equations (33) and

(34) for the Cabibbo current. The results can again be summarized:

-
< S d o, ¥
n emission « (32 15 H o | Bl) (77)
+ 1 T u*
x emission o (B2 - jT; Hp°c0 ! Bl> . (78)

However, the commutator with the axial charge corresponding to T

emission is changed because of the nonet structure of the currents:

PeVe

: “AS=1
L@ (o) +1a3(0)), ® (o>]
Ve | (79)

+

= N2, & sin © cos © {%w, ST + Pw, PT
a2

1, .00

The superscript "w" denotes a particular combination of the 8SU(3)

W
indices "O" and "8", e.g. for S
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e
5 =13 8 ++3F 8 . (80)

(Although there is no connectién, the symbol w is chosen because the
vector meson W ié the analogous combination of singlet and octet.)
Thus, we have:

s

- w,V
% emission « (B2 |~fé H | B

o ) : (81)

1

Since the_current with the superscript w contains both singlet and
. .
octet, the product of currents in H;, ¥ contains an 8 part from

1l x8 and an 8 and .27 bart from 8 x 8. Thus, five parameters are
w, VF
necessary to describe the baryon matrix elements of H -

PeilCo
corresponding to D and F for each 8 and & for the g] (no relation to
D, ¥, and o for the V-A case). Consequently, only two relations are
possible among the seven amplitudes. However, it is curious that if
we treagt the S and P currents as nonets (combining the singlet and

octet into one 3 x 3 matrix in SU(3)) and assume that two currents

couple to form an octet according to the nonet anzatz<22> (the singlet

w, Vt
is not split off as the trace), then the octet part of Hp o, 1s
T, V+ -Ce |
identical to that of Hp3 . If equation (81) had been analogous to

equation (38) (as equation (77) is to equation (36) and equation (78)

is to equation (37)), then = emission for the "S = i P" case would

T,y V*t
have been proportional to the baryon matrix elements of HPSc
w’ V+ e e
instead of Hp " . However, the nonet anzatz for the S and P currents
o T,y V+
3’

implies that the baryon matrix elements of the octet part of Hp o
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+
. w, V
are the same as those of the octet part of Hp 5 . Consequently,
the seven amplitudes are now determined by three parameters instead of

five. The four relstions that follow are:

/\‘_f%\/b/\g= _ s g

5 + (82)
—_— —0 J% +
= N =, = & = Z+ (83)
. 1wt
5 = . =
" - Ne b= 5 = (84)

J3 z;’ + -Jl%: N ZI (85)

N
Il
[ B

§ 2
t O
It

Again because Zi ~ 0, equations (82) - (85) are equivalent to the

AT = 1/2 rules and the Lee-Sugawara relation. Consequently, the
results for the charged S * i P current are equivalent to those for
the charged V-A current. If we had not made the nonet anzatz, we would
have had only two relations inétead of the four. However, the fit ﬁo

(.0,
the data would have required the S and P currents in H to couple

according to the nonet anzatz. Although we do not have a good reason
why the S and P currents do.couple this way, it is certainly true that
the charged S +* i P current is compatible with the non-leptonic
S wave data.

The current algebra analysis follows analogously for the neutral
"s + i P" current (equation (62)). Although the Hamiltonian is not

pure 27 as in the "V-A" case, four relations similar to equations (82)

and (85) (only the coefficients of z: are different) follow with the
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addition of the nénet anzatz.* (Again only two relation are implied
without the nonet anzatz.) Consequently, the neutral "S £ i P"
current is also compatible with the experimental data.

The next question is whether these parity symmetric universal
theories imply something more than the Cabibbo theory, especially with
regard to the P waves.. Both the parity conserving and parity violating
parts of all these Hamiltonians have the symmetry which for the octet
piece corresponds to being the sixth component (even though the p.v.
part of the "S + i P" Hamiltonians consist of 8, 10, and 10, rather
than 8 and g]). Consequently, octet dominance and this symmetry imply
the Lee-Sugawara relation for the S waves, but not for the P waves.
(Also, Ki ~ nxt  is again forbidden with exact SU(3).) Moreover, the
P wave analysis via the Born terms follows exactly as before -—— which
is an utter failure. Thus, the parity symmetric universal theories
imply nothing more than the Cabibbo theory. There exist more general
universal theories which are not parity symmetric (see Appendix B),
but it 1s almost hopeless for these theories to reproduce the success
in the S waves.

With the assumption of Bose quarks, the Fierz transformation
property of the "V-A" Hamiltonian (antisymmetry in space énd spin) leads
to an exact AT = 1/2 rule for both S and P wave amplitudes. The

"S$+ 41 P" and "T = i T"  Hamiltonians, however, have no particular

" .
Except for the trivial solutions (A) and (B) (equations (68) and (69)
where the AS = 1 Hamiltonian has no parity violating piece.
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symmetry under the Fierz transformation. Consequently, they cannot
reproduce the AI = 1/2. rule with either Bose quarks or Fermi quarks.
There exist two other current-current Hamiltonians besides the "V;A"
one which are antisymmetric under the Fierz transformation (as well as
two which are symmetric).(23> The parity-conserving parts of the three

which are antisymmetric are of the form:

CVV + AA (86)
8§ - PP - TT (87)
SS + PP + AA (88)

(The parity-violating parts of these Hamiltonians, which are also
antisymmetric under the Fierz transformation, have a similar structure.)
Only the first one (equation (86)), which comes from "V-A", arises from
a current which is universal. Consequently, the "V-A" Cabibbo theory

is the only universal theory that leads to the AI = 1/2 rule with

Bose quarks.
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IV. CONCLUSIONS

We hgve derived the general current-current theories which are
parity symmetric and universal and have shown that they lead effectively
to the same good predictions as the Cabibbo theory for the S-wave
amplitudes in the non-leptonic baryon decays. The low-energy theorem
from current algebra and the commutstion relations from the quark model
were used to obtain these results. Consequently, the hadronic currents
with other Lorentz properties and charges may actually be present in
the non-leptonic weak interaction. (The semi-leptonic decays are
unaffected by these currents.) However, the presence of more genersal
currents does not solve any of the existing problems with the non-
leptonic decays, nor is it indicated by any feature of the data. The
most significant argument for the Cabibbo theory being the only source
of non-leptonic decays is that it is only universal current-current

theory that leads to the AI = 1/2 ‘rule with Bose quarks.
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APPENDIX A

Application of Current Algebra and PCAC to the Non-Leptonic Decays

We shall review the derivation of the low-energy theorem for

(15,18)

non-leptonic decays. The off-mass shell amplitude for

Bl = 332 T using the notation in Fig. 1, can be defined by:

M(q, i, By By) = i.(ug- q%) [a* x eTIUX (B, [T {9, (x),

o)
B (0)} ] B) (A1)
. . i
where the physical amplitude <B2 7t |HW (0)] Bl) equals

M(q = P, - B, , q2 = ug » 13 Py Pe). (The index i denotes the charge

of the pion.) If the PCAC equation is used to define the off-mass shell

pion field
3 A (x) = = r 20, (x) (a2)
A BV ? |
2. 9% 4 -ig
then M(a, i3 Py Py) = iN2 ; ~ L fa&"xe 4-x
x (B, |T {3, &Y (x), H_(0)} | B,) (83)
2 AL > Tw 1 * .

The following identity
3 T{a) (x), B0} = {3 &} (), B_ ()} +8(x )[42(x), B, (0)]

(A4)



120

implies
2 2 .
M(q, i; Py By) = - P N B=g fgt g o 00X

2
i
e M

x (B, [T { A? (x), 1, (0)} | B,)

> .

- 12 Eod a® x oM (42 (0,%), H (0)] .
f u
Tt

Assuming that Hw (0) is a local operator so that

(82 (0,%), H_(0)] a 8% (x)

we have the relation

= 2. g2 .

— M(q, i; P.3 P.) = -q - fa= x e
1 2 A 2

N2 M

-iqox

x (B, [T{a} (), u, (0} | B)

2 2 5
- 4 & ng (8, |[; (0), H_(0)]| B .

Taking the limit o 0 yields the low-energy theorem:

f
b1

1im - M(q, i; P Rt

13 P2) = -lim N [i* 2 s
q7\-——>0 q7\-——>0

(3, |T {8} (x), H_(0)}] B} -1 (B, |(Q> (0), B_(0)]] B)

(45)

(A8)

(a7)

(a8)



121

The term proportional to q% vanishes unless it has a singularity as

qx —> 0, which can happen with the contribution of a single particle

intermediate state degenerate ih mass with either B or B2.

1
The low-energy theorem is only useful if the physical amplitude,

2

i.e., M(q, i; P P2) at q° = u2 , can be approximated by

K
M(q, i; P Pg) at Q= 0. However, the Born terms in M(g, i; Pl’Pg)
(example illustrated in Fig. 2) do not vary smoothly as I, - 0. The
contribution of & typical Born term to the physical amplitude is given
by

AS=1

(B |H | B) .

1
g e ey
BBgﬂ MBl- MB 1

AS=1
The matrix element for Hp o between octet baryon states vanishes in

the limit of exact SU(3), so that the pole terms contribute only to
the parity conserving amplitude. (Even with broken SU(3) for the
masses, the parity violating part of the Born term is small, i.e.,
0(1) rather than O(ﬁﬁ) like p.c. part.)
The smoothness difficulty disappears if we subtract the physical

Born contribution from both sides of equation (A8). Therefore, let us

define:
R(a, 13 B3 By) = M(a, 15 P35 Py) - My ou(q, 45 Py Py) (49)

then
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f .
i L. R(q, i; P.; P.) = -1i g* o AR
é;fL*O NE s 3 ) q;éiao Ly Jamxe
x (B, |7 {4) (), B, (OF] B) - My (a,15 B; )]
- i (s, |1} (0), B_ (0)]] B . (410)

The remainder R(q, i; Pl; P2) is automaticelly smoothly varying because
the singular part has been removed. Moreover, the term in brackets,

which we shall call ﬁ, has a well defined limit' as ehY

— 0 that can
be calculated. The parity violating part of R (qx = 0) is small and -~
. . PeVe 2 2 . —
vanishes, like Mp oo (¢ = u7), in the limit of SU(3) for
(B lgzéfi| B) . The parity conserving part of R (@ = 0) is of the

2

AM P.C. _ 2
order &, as compared M: oo (¢° = u”) and can be neglected. Conse-

quently, the fundamental equation for non-leptonic decays becomes:
2 2 | — o Cs g 2
M(q-=Pl = P2? q- =“’ 5 l; Pl;Pg) - M:EORN- (q-=Pl = P2’ q. =“‘ 5 1; P ;Pe)
-4 (B I[QS (0), H_(0)1 | B.) . (A11)
2 i > Tw 1

Note that the parity violating part of the decay is given entirely by
the commutator. Moreover, the parity conserving part of the decay is
. : . S PeCo - 2
given entirely by the Born term since [Qi (0), H (0)] is a parity
violating operator whose matrix element between baryon states vanishes

in the limit of SU(3).
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APPENDIX B

Non-Parity Symmetric, Universal J'J Theories

1. V, A charged

Ji=l = O V7T\+ + B e Aff\+ + e (7 VX+ + 8619 A;/\d-) (BL)
oc2 e 82 4 72 4 52 - 1 (B2)
0B cos ® = -y& cos O (B3)

where V§+ = V% + 1 V2 P VX+ = Vi + 1 Vi , ete.
2. S, P charged
JQFl = o ST+ 4B & PT+ + ejx((y SV+ + 8t PV+) (B4)
o + 32 + 72 4 8% - 1 (BS)
0B sin® = -y sin o (B6)
1,2 v 4 5
wvhere S° = S +18, 8§ = S + 18 , etc.

3. V, A neutral (CP conserving)
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Q=0 1 U+ 1 U+
- e LI e - '
(a) J = 4(cos@+cos9 _2)V7\ + 4(cos@ cosG)A?\
1 : u- 1, vy AU
+Z(cos@+cose i2)V7\ +4(cosG-cosO)A7\
L (sin © + sin 0') g P (sin 6 - sin 6') s
*3 A A A
N - i
U U 6 5 sl 3 1 S 8
where Vi o= (V3 ) = Vp + 1V, VT o= (Vs + J3 V3), ete.

(b) same as solution (a), except V ¢ A.
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