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Enhancement of the parity-violating isospin-changing one-pion-exchange potential for three-triplet gauge
models has been found with respect to the standard weak-Hamiltonian rliodel. In the case of the
Beg-Zee model, which allows for the neutral hadron-current coupling to neutrinos, there is an

enhancement by at le&st a factor of 10. The I.ee-prentki-Zumino and the Georgi-Glashow models are
also discussed. The role of Fierz transformations has been investigated in detail. It has been suggested
that the detection of an angular y asymmetry comparable with circular y polarization in

thermal-neutron capture, as well as larger resonance than expected in the decay process of lithium, can
be meaningful substantiation of unified theories of weak and electromagnetic interactions.

A recent analysis of three-triplet gauge models
of weak and electromagnetic interactions' has in-
dicated a large enhancement of parity violation in
nuclear processes relative to the estimate follow-
ing from the Cabibbo theory. While remarking the
importance of the color-octet parts of currents,
the analysis employed a model which was designed
to exclude the neutral hadron-current coupling to
neutrinos, the existence of which has been in-
dicated in recent experiments. ' Moreover, it sug-
gests that the symmetry of a model with respect
to the interchange of vector and axial-vector cur-
rents (V—A) and its susceptibility to Fierz trans-
formations are essential in determining the SU(3}
s true tur e.

The present paper shows that parity-violating
effects are also enhanced in a model proposed by

Beg and Zee, ' which does exhibit a neutral hadron-
current coupling to neutrons, and estimates the
magnitude of the enhancement. The paper also ex-
amines the role of Fierz transformations (FT) and
the V—A. symmetry of a model in the analysis of
its SU(3) transformation properties. In order to
illustrate the general features of three-triplet
models, we present a summary of the previously
analyzed Lee-Prentki-Zumino (LPZ)' model and a
complete analysis of the Georgi-Glashow (GG)'
model.

The gauge group of the model proposed by Beg
and Zee is SU(2)CSIU(1). The quarks are assigned
to four doublets

projections of the quarks, and as is now conven-
tional

n, (Hc) =n, cos0c+P. , sinHc,

=n, rg z(1+1,)p;,
+ Jj Pjg pp'L (4)

where P~, transforms as (I/W)q +(1)W)no+ m',
o' being an SU(3} scalar. In order to display the
color structure of the currents, we decompose
each current into color-octet (script letter) and
color-singlet (capitalized without color indices)
parts, i.e.,

i 1
+Lj +Lj 3+L &

where P~ =Q;6"~; is the color-singlet piece.
Lorentz indices will be suppressed.

In this notation, the charged current of the mod-
el is

JlI = ~L cos~c++ sin~f.-+IIR

+E L2cos(9c+ +R3

The color-singlet part of the charged current

A. ,~(IIc) =-n, ~sin&c+A, ~cos0c .
In order to exhibit the SU(3) structure of the had-

ron currents of the model, we use meson symbols
to label charged currents and capitalized SU(3)-
quark symbols to denote neutral currents, i.e.,

and the complementary ten singlets. The symbols
(p, n, A ) denote the transformation properties of the
quarks under the conventional group SU(3), while
the indic es (1, 2, 3) character iz e their tr ansf orma-
tion properties under the color group SU(3)'. The
subscripts L and R indicate left- and right-handed

clearly exhibits the current structure of the
Cabibbo model. The neutral hadronic current is

Jp =Jp sin ~w J
2 ( L]. +2 R3 L 1 R2 L1 R3)

—sin 0 3(2P —X- A), {8)
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whose color-singlet part is

l~ul cs = a cos2tlw ~|

a. vector current which cannot contribute to parity-
violating processes. Hence, the enhancement of
such processes, which is a consequence of the neu-
tral current, arises solely from the color-octet
piece.

In terms of charged and neutral currents, the
hadronic component of the Lagrangian is

1

sin6) ~

2e z+ ~

2g JPZPSln (10)

Despite the apparently formidable mixture of
left- and right-handed currents in both charged
and neutral currents, evaluation of the products
of currents appearing, in the effective Hamiltonian
yields a simple result. The parity-violating (pv)
pieces of the Harniltonian are comprised in

1 1 e
Sln

+ sin&ccos&clwI, 'XI, ,'+XI,,' vt, '; —a, lflI.& I, + &I,f)I, ) l
+ (+ —-))

and

2

&z —
~ a l(3fII~I. +~II&r, )+(6'sI&I.~+ iI Ri)l8 Mi sin 26)~ (12)

The indices i and j are summed over, indicating
the color-singlet character of the products of
color octets. Such summations always appear up-
on extracting the color singlet from a product of
color octets % 8 and X ~ because

When we apply this relation to the product of cur-
rents appearing in the effective Hamiltonian and
use the identity

= l3)f3tlp, =0 (14}

repeatedly, Eqs. (11) and (12) result. The sub-
script pv on the identity denotes parity-violating
terms.

The effective Hamiltonians of the Beg-Zee model
display the general features of the SU(3} structure
of any three-triplet model. In terms possessing
V—& symmetry, both products of color-octet
and of color-singlet tensors produce color-singlet
tensors of two types: those resulting from the
product decomposition of the SU(3) octet with it-

I'))fIXI + RIX R XRXI 3ffR3tR lP~

= l(3mi+3Rs)(X +Ms)lp,

self and those from the decomposition of the octet
with a singlet. Color-octet terms, such as
6'~, Qadi;+X~&(P&;, which are antisymmetric under
V—A. , produce the two types of tensors as well.
However, the same linear combination of tensors
always appears, so effectively there is only one
new tensor. Color singlets producing terms anti-
symmetric under V A. cannot appear, since
V+A. currents in semileptonic decays would re-
sult. Since terms appearing in the Beg-Zee model
which are antisymmetric under V A are not
relevant to the following discussion of parity viola-
tion, we defer discussing them until we consider
the Georgi-Glashow model, where they are rele-
vant.

We will denote the tensors symmetric under
V—A according to Table I. Some additional de-
ta, ils can be found in the Appendix. Examina. tion
of the effective Hamiltonian of the Beg-Zee model
reveals that these tensors are present only in two
combinations. The charged current exhibits only
the combination U =0 —

3 T, whj. le the neutral
current is characterized by the tensor V". For
the octet representation V = 0' —( —,')' Q'. The
tensor decomposition and the assumption of octet
dominance then imply the following form of the
parity -violating weak Hamiltonian:

p„1 3 e 11/2
8 1 1/2 8

24 0 g, »n~&«s ~ ~ U, ,i, ,i, + (-. )24 10 sin 0~ M~

~~ ~
IY 1 8

2 Mz cos'8~ sin6)ccos &z
(15)
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TABLE I. The symbols C and R label color and regu-
lar SU(3) representations, respectively. d is the dimen-
sion of the representation.

Bx8 Hxl

[sx sj„,
1xl

Od

z 4

We have neglected any contributions that Higgs
scalars might make in the model. We have also
discarded terms with tensors U~0, V~0, and
U y y/2 y/2 since they are not required in the fol-
lowing discussion.

The implications for parity-violating nuclear
processes of the SU(3) structure of a Hamiltonian
a.re expressed in the sum rule

(—')'/'A(no/ F[2A(A'-)+A(= }]=0, (16)

relating ~S =1 to M = 0 weak processes. ' The
Cabibbo model predicts F~= tan6)~. On the other
hand, the Beg-Zee model implies a sum rule in
terms of two reduced matrix elements,

I+„/+cl & ll —20v/ul . (18)

The computation of F~z has not employed Fierz
transformations of the color-octet contributions
to the Hamiltonian, a procedure which analyses
of SU(3) in three-triplet models commonly assume
necessary. Only the determination of the color-
singlet part of the product of two color octets is
necessary in a discussion of the SU(3) content of a
product of currents, since the SU(3) properties
of those currents are independent of its SU(3)'
properties. Hence, the result (17) does not de-
pend on the assumption that one deals effectively
with the local current-current structure. The
employment of FT is vitally dependent: on this as-
sumption. However, Fierz transformations do

F„=tan8
vM~ 1 1

(17)
u M~' cos'6I~ sin8~cos(9C

In the Beg-Zee model, M~'&M~'cos'6)~. Thus, for
sin~& = 0.22

Applying the equalities to the tensors Uand Vof
Eq. (15) yields

U8~ =2V

+(1 )1/2 T8 + ( P )1/2SB (20)

Hence, Fierz transforming determines the ratio
V/U=-,' of Eq. (18}and indicates that the Beg-Zee
model produces an enhancement relative to the
Cabibbo model of at least a. factor of 10. The en-
hancement is comparable with that predicted by
the d'Espagnat model, ' but is five or six times
smaller than that reported by Bailin elan. in
their analysis of the Lee-Prentki-Zumino model.

The analysis of the LPZ model can be sum-
marized as follows. The charged and neutral cur-
rents of the model are

li pz
= cosa„N +~st nn„Ã ~—cosn„ ll

and

—sinn„ III.,' +cosa& AI, , + sine& A~,

—COS Q p, K L,2
—sin&'y K L2 (21a)

= 2(P~~ +P~2 —%~3 A+3)

—2 sin'e, (S", +f 2 —X,' —A', ), (21b)

respectively. Since the quarks are integrally
charged in this model, even currents diagonal in
SU(3}-quark labels can carry charge, hence, the
appearance of N and A in the charged current.
Application of Eq. (13}to the products of charged
and neutral currents yields effective interactions
comparable with those found by Bailin et f2L. , but
the SU(3) decomposition produces a slightly dif-
ferent ratio

determine the relationship between the tensors 0"
and Q arising from color octets and the tensors
Td and S" arising from color singlets. Relegating
the discussion of FT to the Appendix, we now ex-
hibit the relevant deductions. For the octet rep-
resentations of regular SU(3), the relation is

Q8 T 8 &( 10)1/2/8
Dt 3 3 Q

q8 (5 }I/2TH + LSS

o.'= (Ylf, ) .

~

—[13 —11sin'o q+ 22 cos(o„—n~) —24 cos2e~]t+ [1+sin'oq —2 c (os„oqo)]s(-
[.pz cos a„sinn q(1 1t+ s) (22)

Here s and t refer to the reduced matrix elements
of tensors S' and T' defined in Table I and in the
Appendix. The corrections imply quantitatively,
but not qualitatively, different enhancements rela-
tive to the Cabibbo model. The enhancement is
estimated by assuming n„=eq = Oc and sin&~

=0.22, for which

F~pz 1

Fg sin
35 —24 cos28 +o

11 +cr

where cr = st '. For 0~ = 4m, the dominance of the
octet tensor from the decomposition of 8&8
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(s =0) effects an enhancement by a factor of 70 and

the dominance of the octet tensor of the 8&&1 de-
composition (t =0) produces an enhancement by a
factor of 20. Bailin et al. found factors of 50 and

60, respectively, with the same values of the
Cabibbo and the Weinberg angles. Reasoning
based on the separability of the SU(3} and SU(3)'
representations, as outlined in the Appendix, fixes
o =15/~; thus, for 8„= s it effects an enhance-
ment of a factor of 55. Equation (16) indicates an
enhancement by at least a factor of 10 for a wide
range of values of v.

Comparison of the sum rule determined by the
LPZ model with that of the Beg-Zee model re-
veals two interesting differences. Whereas the
neutral current does not contribute at all to the
enhancement of the LPZ model, the neutral cur-
rent of the Beg-Zee model produces the enhance-
ment. Moreover, the tensors of the effective LPZ
Hamiltonian do not combine in as fortuitous a
manner as they do in the Beg-Zee Hamiltonian.
The relative importance of octet tensors from
8x8 and 8x1 is totally irrelevant in the Beg-Zee
model, but their relative importance in the LPZ

model means a difference in enhancement of or-
ders of magnitude, FL»/Fc.

The LPZ model is particularly simple to ana-
lyze because it employs currents of only one
chirality. Hence, the products of currents ex-
hibit a V—A symmetry which implies at most
two distinct tensors in the interactions. A model
which employs currents of both chirality and ex-
hibits an additional V—A antisymmetric tensor
in the sum rule is the Georgi-Glashow model.
The Georgi-Glashow model employs no neutral
current at all; its charged current is

Z„'= ~J„'~„,+N'„-ll„-', +A,', -K, . (24)

H„,=(e /M„))z„z„+z„z„( . (25)

After the singlet contribution to the product of
currents has been extracted, the parity-violating
part of the Hamiltonian derives from the terms

As the reference to ~4'~„» indicates, only the last
four terms distinguish it from the LPZ charged
current. The effective nonleptonic Hamiltonian
of the model is simply

2
H~"= —,[(sin'u„—1)N~P~+3(1 —sin'u~)II~II+~+3 sin'u~ K~K~24 M2

—3 sin uz AzPz+2 cos(u„—uq)~3K&Kz —NzA J
—casu„sinu&~P Ko +P~K~ —3(II~K~+K~II~)~+ 6(cosu„—si nqu}3II&ks;+(i. c.)), (26)

where (i.c.} indicates additional terms obtained
by interchanging the order of the currents in the
equation. All terms except the last have been
Fierz-transformed to facilitate the decomposition
of the Hamiltonian into the T and S tensors intro-
duced in Table I. The last term

6(cosu„—sinu&, )(3I~,, as, +As, X~, )

is antisymmetric under V—&, and Fierz trans-
formations do not relate it to S or T tensors. The
term, therefore, necessitates the introduction of
another tensor. We denote its reduced matrix by
a.

With this additional reduced matrix element, the
sum rule predicted by the Georgi-Glashow-model
Hamiltonian of Eq. (26) is

( [15sin'u ~
—22 cos (u„—uq)]t+ [3 sin'u ~ —2 cos(u„—u ~)Js + 12(cosu„—sinu ~)a)

cosu„sinu&, (lit+ s) (27)

With the values of a„and nq employed earlier,
the enhancement is

F( (; 1 1+9+
F~ sin'(9 c 11 + cr

(28)

where n and v are ratios, a = at ' and v = st ', re-
spectively. If the V —A. antisymmetric character
of a tensor indicates that its reduced matrix ele-
ments are negligible compared with the corre-
sponding symmetric tensors, then the Georgi-
Glashow model predicts an enhancement by a fac-

tor of 20 for almost any value of 0. If antisym-
metric tensors produce non-negligible effects,
any enhancement might result. Regardless of the
magnitude, an enhancement is, as conjectured by
Bailin equal. , as likely a consequence of the
Georgi-Glashow model as of the LPZ model.

As the sum rules of Eqs. (22) and (27) show, the
enhancements occurring in the LPZ and Georgi-
Glashow models are consequences of the charged
currents. On the other hand, the charged currents
of the Beg-Zee model imply a Hamiltonian whose
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structure resembles that of the Cabibbo model.
Hence, the charged currents produce none of the
enhancement. The neutral current, exhibiting
the coupling of hadrons to neutrinos which the
other models were designed to exclude, is solely
responsible for the enhancement, and its magni-
tude is unaffected by the relative strength of 8x1
or 8 x 8 octet tensors.

The Beg-Zee model, as well as the other two
three-triplet models, effects an enhancement rela-
tive to the Cabibbo model which is comparable with
the (sin'9) ' enhancement predicted by the
d'Espagnat model and has similarly important ex-
perimental consequences.

As originally remarked by Danilov' and sub-
stantiated under numerous wider assumptions by
others, ' the circular polarization of photons emit-
ted in thermal-neutron capture is predominantly
a consequence of the isoscalar part of the parity-
violating weak interaction, whereas the angular
asymmetry results from the isovector part.
Tadic" has approximately estimated that an en-
hancement of the isovector part by a factor of 10
implies an asymmetry comparable with the circu-
lar polarization. Hence, both observables, in-
stead of only the already measured" circular
polarization, would be measurable with present
techniques.

An enhancement of the isovector component
would also increase the observability of the M=1
parity-viol. ating decay of the 3.562-MeV excited
state of lithium in the process

a+d —'Li*- 'Ll+y .

This process was originally studied by Wilkinson"
as a candidate for detecting parity violation in
nuclear processes, but was undetectable at that
time. Recently, Fiorini et&/. "have undertaken
a precise determination of the lifetime with mod-
ern techniques.

The enhancement predicted by any of the three-
triplet models is insufficient to resolve the dis-
crepancy of two orders of magnitude between the-
oretical predictions and experimental measure-
ments in heavy nuclei. " However, the detection
of an angular asymmetry comparable with the
circular polarization in thermal-neutron capture,
as well as larger resonance than expected in the
decay process of lithium, would be meaningful
substantiation of unified theories of weak and elec-
tr omagnetic inte rac tions.

One of the authors (D.T. ) is pleased to acknowl-
edge the hospitality of the University of Cincinnati
and of the GIFT seminar, "Some Topics in Weak
Interactions, " where this work was started.

Pj-Xjkp ~

where

(Al)

Xi)
X2 {A2)

and

(A3)

are the triplet representation of SU(3)' and SU(3),
respectively.

The separability assumption (A1), which seems
to be acceptable as long as all physical interac-
tions are color scalars, is not needed for the
derivation of the relation (19), for which invari-
anee under Fierz transformations alone is suf-
ficient.

In general, a current density B,' transforms as
a color octet M,' and as a color singlet B~

B' =M'+ -5 B'
k

It means that a term of the type BjC'j for ex-
ample, contains two color singlets

(A4)

BjCj & + 9 7 + {nonsinglets }

s 1 f j= —2~M,
T = 8~C)

Terms such as N,'. N~ will further contain two
real SU(3) octets, obtained by the reductions

(A5a)

(A5b)

and

8x8-8g ~ ~ ~ Ts

8xl-8+' ~ T'

(A 6a)

(A6b)

respectively.
If the separable representation {A1) is assumed,

the correspondence with tensors given in Table I is

0 -2~7' ys

@s 2~ TSTs,

z S7'

S Z'

{AV)

APPENDIX

Nine quarks of three-triplet gauge models trans-
forming as a direct SU(3) xSU(3)' product can be
understood to belong to the product representation;
for example,
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In Ref. 1 the FT was used to express everything
in the color scalar T [(A6b)] by transforming

($.'0,')(0&0';) '(-P, 0';)(Pc&,') .

after FT, thus implying

T"=-3~ T'.
Similarly, if one studies the expression

(A8)

Here i,j and a, 6, c, d are SU(3)' and SU(3) indices,
respectively, while the time-space structure has
to be understood.

Invariance under Fierz transformations ob-
viously means a property of the theory beyond the
mere SU(3) or SU(3)' transformation properties,
so it must result in relations among invariant
tensors. They are simply found by equating the
reduced expression before and after FT.

If, in addition, the separability assumption
(Al) is used, all four tensors from (A8) can be
connected. For example,

N,' N~ —(-2W T + ,' T )(P„g„)—
without FT and

N& N;'—T ($„g„)

(p n, )(n'p, ) —(a,'&)(q, q„)(q„q,)
'-' (&',&)(|I',g, )(tI.a.),

8 15 8 (A9)

Thus all tensors in (At) are connectible, as was
used in discussing formula (23).

It is possible to show that relations of the type
(A9) hold for SU(3) tensors of other dimensions,
i.e., SU(3) singlets and 2 t-plets.

in which the FT leaves the color part invariant,
one can, after the real SU(3) reduction, establish
the relation
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