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We discuss various weak-interaction issues for a general class of models within the SU(2) X U(1) gauge-theory

framework, with special emphasis on the effects of right-handed charged currents and of quarks bearing new

quantum numbers. In particular we consider the restrictions on model building which are imposed by the

small KL-Ks mass difference and by the EI = 1/2 rule, and we classify various possibilities for neutral current
interactions and, in the case of heavy mesons with new quantum numbers, various possibilities for mixing

effects analogous to KL-Ks mixing.

I. INTRODUCTION

The recently discovered P and (I)' resonances'
have been widely interpreted as evidence for new

ingredients of hadronic matter, going beyond the
"usual" SU (3) triplet of 6', X and X quarks. The
possibility of such a proliferation of quarks had
already suggested itself on the basis of other,
earlier considerations ~ A fourth, charmed quark'
had been introduced to resolve certain problems in
the weak interactions (suppression of 4S =2 non-
leptonic transitions and of &S = 1 neutral currents)
and a color tripling of quarks had been proposed
to deal with various issues in the strong inter-
actions (restoration of the connection of spin and

statistics for the quark model of hadrons, imple-
mentation of the ideas of asymptotic freedom,
etc.). The four-quark scheme (with color tripling)
emerged as the simplest picture which, qualita-
tively at least, incorporates the standard phenom-
enology of weak interactions involving ordinary
hadrons. In this framework the g resonances have
been described, alternatively, as color singlets
formed of charmed quark-antiquark pairs, or as
color octets. It is by no means clear yet that
either interpretation will prove to be tenable, and
indeed the new discoveries have already spawned
various schemes involving still more quarks. '
Further progress awaits the discovery of hadronic
states which more directly suggest the existence
of new quantum numbers and correspondingly, on
the quark picture, of new quark types.

We wish to consider here some of the constraints
on the underlying quark structure of matter that
might be extracted from weak phenomena, for
processes involving possible hadrons with new

quantum numbers but also processes involving
only ordinary hadrons. The latter, of course,
provide only indirect information, but this can be
useful. The point is that new, heavy quarks can
have important effects on the weak interactions of
the light, O', 2, and A, quarks:

(1) Nonleptonic weak decays and certain higher-
order weak effects probe momenta of order M~,
the intermediate vector boson mass. At these
momenta all quarks of mass &M~ can have
important dynamical effects, and the ideas of
asymptotic freedom provide a rough quantitative
basis for assessing these effects.

(2) Neutral current phenomena, even for ordi-
nary hadrons, take on a structure which is, of
course, set by the nature of the weak couplings
of the ordinary quarks among themselves but also
in combination with new quarks.

Throughout this paper we adopt for the weak
interactions the general SU(2)&& U(1) gauge-theory
framework of Weinberg and Salam, assigning all
quarks to singlets or doublets of the weak SU(2).
Quark charges are either -,'or -3. When ques-
tions of strong-interaction dynamics arise we
adopt a color gauge theory of the strong inter-
actions, with all quarks assigned to triplets of
color SU(3). The options, therefore, have to do
with the number of quark types introduced as a
basis for hadronic matter and with their assign-
ments in the weak interactions to weak SU(2)
multiplets, left- vs right-handed, singlet vs
doublet. In this enlarged framework we take up
in Sec. II the familiar question of K'-Z
mixing —more generally, the issue of higher-
order effects leading to M =2 transitions. The
smallness of the K~-K~ mass difference imposes
a severe constraint on the structure of weak-inter-
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action theories, and indeed, it was in order to
meet this constraint that one was led, via the
Glashow-Iliopoulos-Maiani (GIM) mechanism, ' to
the postulate of a fourth, charmed quark. In the
standard model the quarks enter into weak SU(2)
doublets only of the left-handed variety, and the
mixing effects can be sufficiently suppressed if
the mass of the charmed quark is not too large.
In models involving both left- and right-handed
doublets, we find that the constraints become
much more severe. In Sec. II we also discuss
the analog of K'-K' mixing for mesons carrying
new quantum numbers. Here we illustrate various
possibilities, ranging from negligible mixing
effects (decay time much shorter than switching
time) to nearly complete mixing. In Sec. III we

discuss the question of octet enhancement for
weak nonleptonic decays. This effect is often
attributed to the dominance of octet operators
in the short-distance expansion of products of
currents. In the standard model, however, based
on left-handed currents, the enhancement
suggested by such considerations seems to be
too modest, as is well known. Right-handed cur-
rents could be of great help here, but these tend
to run into trouble with the KL-K~ mass dif-
ference. We also discuss the nonleptonic decays
of hadron bearing new quantum numbers. Again
there are enhancement effects, but the group
structure is simple only if there is no interaction
between right- and left-handed currents. Finally
we remark on the possibility of intensifying all of

the above enhancement effects by introducing a
multitude of quarks into the strong interactions
(with masses &MI, ), independently of whether

they couple to the light quarks in the weak inter-
actions. In Sec. IV we consider several experi-
mental signatures bearing on the various alter-
natives discussed in the earlier sections, in
particular, the production of muon pairs (of op-
posite or same signs) in neutrino reaction, and

neutral current effects in neutrino reactions.
Appendix A contains the details of a renormaliza-
tion-group analysis of Ko Ko mixing for situations
where one has both left- and right-handed currents.
Appendix B contains some details of the renormal-
ization-group analysis of nonleptonic weak decays.

II. A. , -E~ MASS DIFFERENCE AND RELATED MIXING
EFFECTS

The smallness of the KL-Ks mass difference
has long had a constraining role in weak-inter-
action model building. ' It was this constraint, in
part, that led to the introduction of a fourth,
charmed quark. ' In the standard model, where
the charged currents are exclusively left-handed,
the mass difference is perhaps sufficiently sup-
pressed provided the charmed quark mass is
& a few GeV. ' We want to consider here what
happens when one expands the model to include
right-handed currents. ' The situation is well
illustrated by a scheme" in which the right-
helicity states O'R and XR, rather than being taken
to be two weak SU(2) singlets as in the standard
model, are instead grouped into a weak SU(2)
doublet. In this example the charged current is

jP +L~P L +L~P ~L +R~P +R

where & = & cos 6c+~ sin 6c, & = & cos &c- X sin 6c,
with Oc the Cabibbo angle, and where the sub-
scripts L and A refer to left- and right-handed
helicity projections. The last term is absent in
the standard model.

The KL-K~ mass difference is determined by
diagrams involving a pair of W boson exchanges.
The potentially dangerous contributions arise from
the domain of large boson momenta, of order
iM+,' we deal with this by looking for an effective
Lagrangian that describes the process JL+X
—X+~ in the approximation that the strong inter-
actions are switched off at large momenta. To
within logarithmic correction":, this is in the
spirit of asymptotic freedom provided M~ and

m~. are large compared to typical hadronic
masses (we assume M~»m~. and m~i»m~).
With the strong interactions switched off there are
two diagrams to be considered, as shown in Figs.
1(a) and 1(b). It is only Fig. 1(a) where vertices
involve exclusively left-handed currents, that
enters into the standard model; Fig. 1(b) involves
both left- and right-handed currents. The effective
Lagrangian is computed to lowest order in

m6, . /M„, .
For the left-left case the computation has been

carried out by Gaillard and Lee, who find

LL ~ ~ mg r sin ~c cos tI)c—
ff X, yp (I +y, )X, X,y~ (I y, )+X, +H.c. ,

2 ].6g M~ sin'6~

where Oc is the Cabibbo angle, 6}+ the Weinberg angle, G~ the Fermi coupling constant, and where the

indices i and j run over the three colors.
For the left-right case of Fig. 1(b) we find by similar methods

(2)

2 cos2",", =+ 2 ln ——1 . , [4X, (1 —y, )X, X& (1 —y, )X&+X, c„,(l-y, )SI, X&c""(I—y, )Z&] +H.c.
2 16~ ~ m(p ~ sin 6~

(3)
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FIG. 1. Effective four-quark interaction contributing
to EI-E& mass difference. {a) appears in the standard
theory; (b) reports an additional contribution appearing
in certain models involving right-handed currents.

In order to compute the short-distance contri-
bution to the K~-E~ mass difference one requires
the matrix element of the four-quark operators
that appear in S,g. No exact methods are avail-
able. However, for the left-left case considered
by them, Gaillard and Lee' have argued that a
reasonable estimate can be obtained by inserting
the vacuum state between two currents, in all
possible ways, so that one encounters (suppress-
ing color indices)

On this basis they then find an upper limit of
about 1.5 GeV on the mass m ~ .

Proceeding in the same vacuum insertion
approximation for the operator in 2".gr, we
encounter

where use has been made of the relation

Xy,X = (m~+m~) '8&Xy»y, 3I . (6)

The factor mr/(mz+m ) is presumably of order
unity, or perhaps even somewhat larger, so we
conclude that the matrix elements of the four-
quark operators in Eqs. (2) and (3) are roughly
comparable. However, the cofactor of the
operator in Z,«is larger than that in 8,",",in the
ratio 2[in(M&N/m~ ) —1]sin 'Oc= 50[in(M~/m i) —1].
Relative to the situation for the standard model,
therefore, this implies for the nonstandard model
under consideration a reduction of the upper
bound on m~

' by about two orders of magnitude.
Despite the crudity" of the matrix elements
estimates, this would appear to be unacceptable
and to rule this model out of serious considera-

tion.
The model that we have discussed here, and

rejected, represents a very simple variation on
the standard scheme: No additional quarks have
been introduced but one has grouped 6'~ and X„
into a weak right-handed doublet, leaving 4'~
and A.„as singlets (in the standard model the right-
handed quarks all enter as singlets). An equally
simple alternative would grip 6'„' and ~~ into a
doublet, leaving 6'& and X& as singlets. For this
case 2„,is again given by the right-hand side of
Eq. (3), multiplied however, by a factor
sin '6)~ =0.04. The contributions to the K~-E~
mass difference coming from 8'„and 8,",",- are now
more nearly comparable, the former being
enhanced mildly by the factor 2[ In(M&&, /m~. ) —1] .
The mild reduction in the upper bound on m~
which this enhancement implies may be tolerable.

The discussion so far has been conducted in an
approximation where one neglects the strong inter-
actions, insofar as these determine the effective
Lagrangian. In the context of asymptotic freedom
and to within logarithmic corrections, this
requires that the dominant contributions come
from large momenta in the diagrams that we have
been considering. For Z"„",. there are in fact
important contributions from low momenta, "
owing to the highly convergent character of the
integral. The effective Lagrangian Z,«is on a
somewhat more secure footing —the logarithmic
factor InMI, /m&»i in Eq. (3) signifies the dominance
of large momenta.

The notions of asymptotic freedom suggest that
strong-interaction effects at large momenta
introduce corrections which are only logarithmic,
i.e., powers of 1 nM'«/p', wher, e p, is a scale
factor. The second-order weak effects that we
are concerned with involve products of four cur-
rent operators. If we focus on the contributions to

ff coming from the domain where all space-time
separations are small, then what is needed is a
generalization of the Wilson expression for prod-
ucts of four operators. The machinery for a care-
ful analysis is not yet available. Nevertheless, an
intuitive, though perhaps crude basis for estimat-
ing the corrections to Eq. (3) would be as follows.
The four-quark operator which we meet in Eq. (3)
involves a combination of scalar and tensor
coupling terms (we subsume the 1 —y, factors in
this characterization). The mass factor m~ '
also appears in Eq. (3). It is suggested on the
ideas of asymptotic freedom to treat this mass
factor as a function of loop momentum and
similarly to multiply the four-quark operators by
momentum-dependent factors which reflect their
anomalous dimensions (actually there are two
different linear combinations of the scalar and
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N(p+P„+X).
N(p++ v„+X), (7)

It is the CP even and odd combinations of D' and
D' that have definite decay rates and masses.
Let A. denote the average of the two decay rates,

tensor operators which constitute the objects
having definite anomalous dimension). This ap-
proach ignores other operators that might be
important at small distances, e.g., operators
involving the strong-interaction gluon fields, but
it does incorporate gluon effects for the operators
that are retained. The question, then, is whether
the momentum-dependent factors introduced by
these considerations are substantial enough to
modify Eq. (3) seriously. A discussion along
these lines is carried out in Appendix A. It turns
out that the anomalous dimensions of the mass
operator and of the four-quark operators combine
to produce what is only a rather modest momentum
dependence. There is therefore no obvious reason
to expect a substantial change in the estimate of
Eg. (3)—what is at stake, recall, is two orders
of magnitude.

We turn next to the analog of K'-P' mixing for
mesons composed of a heavy and light quark pair,
i.e., mixing of Do—= (6"F) and D 0(F'd'), where
6" is some new heavy quark. In the present
absence of experimental information on such
states we are no longer dealing with constraints,
but rather with possibilities. For present pur-
poses we ignore effects which might arise from
CP violation. Suppose that the state D' is pro-
duced at the initial time, so that initially the
decay p, '+v„+ ordinary hadrons is allowed, the
decay p, + v„+ ordinary hadrons forbidden. As
time goes on that state acquires an admixture of
D', for which the selection rules are reversed.
With an eye to later phenomenological applications
we therefore take as a conventional measure of
mixing the time integrated ratio of p, and p'
events,

~X the difference, and let ~m denote the mass
difference. The central mass is presumably large
compared to the masses of ordinary mesons, so
one expects that there are many open (and closed)
channels available that couple importantly to D'
and/or D' Th. e differences &X and bm arise only
from these transitions, real and virtual, which
couple D' and D' to common states.

In the absence of mixing, r=0. For small mix-
ing (b.X/X«1, ~/X«1) one has "

(8)

For the K'-Z' system there is the special circum-
stance that, overwhelmingly, the most important
channel is the 2m state, and this is even under
CP This .gives &X/X=1. For a massive D', D'
system, on the other hand, it is likely that many
open channels, with both signs for CP, are
important and that AX/A. is small. As for ~/X
the second-order contributions which come from
channels which are nearly open, i.e., from inter-
mediate states near the mass shell, are similarly
expected to be small. The issue of substantial
mixing therefore hinges on the following two
effects: (i) substantial second-order contributions
from closed channels ranging far off the mass
shell —in the extreme, contributions from the
ultraviolet region, analogous to the effects dis-
cussed earlier for the K', Z' system, where the
object was to suppress such effects; (ii) direct
first-order interactions which couple D' and D,
such as would arise if there were "charm"
changing neutral currents"; this would produce
essentially complete mixing, ~/X» 1, hence
r = 1. x= 1 was suggested by De Rujula, Georgi,
and Glashow' as a possible explanation of
"wrong-sign" dimuon events. '

Let us now consider several models which may
serve to illustrate the various possibilities. We
characterize the models sufficiently by displaying
the weak SU(2) doublets, left- and right-handed:

(6' sinn +6' ' cosa

x R
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Model A. This is the standard GIN model and
the mixing effects, which have already been dis-
cussed in the literature, need only be briefly
summarized. This model has no charm-changing
neutral currents and the second-order contribu-
tions to hm/A, from the ultraviolet region are
small. Therefore, 4~n!A. should be comparable to
aA/X. The off-diagonal elements in the decay ray
matrix are suppressed relative to the diagonal
.elements by tan'6)~ and also by a factor which
measures breaking of strong SU(3) symmetry. We
therefore expect that n.X/X is at most of order
tan'&~. Altogether, therefore, we expect
rattan 6)~-10 '.

Model p. This is the model' already discussed
above in connection with the K~-X~ mass differ-
ence, where it runs into trouble. For the question
of O'-D' mixing, on the other hand, the ultraviolet
contribution to 4m is small: 2,« is again given by
an obvious variation on Eq. (3), with the field
operators X and X replaced by 4" and 6' and m~
replaced by w «rn i. Also, there are no charm-
changing neutral currents in this model. Sub-
stantial D, D' mixing is therefore not to be
expected. The contribution from the open and
nearly open low-mass channels could conceivably
give contributions to hm/X which, though not
large, might be of order unity; but as we have
argued qualitatively, when there are many open
channels involving states with both signs of CP,
we in fact expect that dun/A. and 4X/X will be
small so that r ~ 0.1 seems a reasonable upper
limit.

Model C. This model illustrates what can happen
if we begin a serious proliferation of quarks; in
addition to the standard four, two new quarks 6"
and ~ are introduced here. In order to suppress
the KJ. -E~ mass differences we require that m~"
not exceed a few GeV —for this equation 6'" plays
the role assigned to 6" in model A. Here, how-
ever, we are concerned with D'-D' mixing, where
there are bound states of (6",F) and (P', 6') pairs.
The point of the present model is that if m„ is
made large enough one can achieve a large mass
difference ~, as we see from the obvious
generalization of Eq. (3). That is, with large
enough m, one can achieve large Am/X and there-
fore substantial mixing, r = 1.

Model D. This model is designed to produce a
nondiagonal neutral current with the quantum
numbers of P'6'+0 0" . Thus 4m is first-order
weak, whereas 4X is second-order weak, so
A m/X» 1 and the mixing is essentially complete,
r = 1. The mass of the & quark plays no role here.
For economy we might be tempted to identify &

with the "usual" X quark. This would introduce
right-handed currents for ordinary semileptonic

4S = 0 or ~ = 1 processes. Experimentally there
is perhaps room for such currents at the 10%
level. This degree of suppression could of course
be achieved by choosing a small enough value for
the mixing angle a, n &0.1.

Let us abstract some lessons from these models
and from others that one can contemplate in the
general SU(2)x U(1) framework that we have been
considering. If mixing effects beyond r=10 ' were
to be observed for the O'-D' system (the signa-
tures will be discussed later on), this would al-
most surely make it necessary to abandon the
standard GIM scheme (model A). The simplest
generalization, model B, could produce an ap-
preciable mixing effect, r &0.1, but this model
is in trouble with the E~-K~ mass difference.
Any mixing much above r -10 ' would, therefore,
signal the need for more than four quarks; or, as
in model D with & =A,, for small right-handed cur-
rent effects in ordinary semileptonic processes.
The alternative represented by model D, whether
or not the x particle is identified with an ordinary
quark, introduces another feature that could be
observationally significant, namely an off-diagonal
neutral current which allows neutral-current semi-
leptonic production and decay of charmed had-
rons. "

III. WEAK NONLEPTONIC DECAYS

%'e turn now to first-order nonleptonic decays,
in particular, the matter of octet dominance for
ordinary M = 1, charm-conserving transitions.
Our discussion is predicated on the assumption
that octet dominance is governed by the short-
distance properties" of products of current, hence
by the properties of strong-interaction dynamics
at large momenta. Concerning this dynamics, we
accept the non-Abelian gauge-theory structure
which is suggested by the observation of Bjorken
scaling and by the renormalization-group analysis
of renormalizable field theories. Nonleptonic de-
cays have been analyzed in this framework by
Gaillard and Lee and by Altarelli and Maiani. "
Let us summarize the results of this analysis.

Neglecting the possibility" of important contri-
butions from scalar Higgs meson exchange and
neglecting contributions from neutral currents
(which have to be banished for hS 4 0 transition),
they consider the short-distance character of TV

boson exchange and write the effective Lagrangian
in the form

Gz M~2
g„„= Q Csin, 6~«q2 p

+"small" corrections,
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where p, is a scale parameter and 6}~ runs over
locally gauge-invariant operators of dimension
five or six. The coefficients C~ and fI)& can be
evaluated in a perturbation expansion in the
strong-interaction effective coupling constant,
which is small at large momenta. The local
operators that we encounter are formed out of
quark and gluon fields. In particular, suppressing
color and strong SU(3) and charm indices, we
encounter the operators

gfo) gg2q

6;, =Pi&uk'&" 0i)'andL-R

6' =(0 &u4A&uk)'

(10)

where the a symbol indicates that there are two
possible color structures for the operators and
V' is the covariant derivative; as usual, the sub-
scripts L and R refer to left- and right-handed
projections of the quark fields. Of course,
operators involving the right-handed fields become
relevant only in models which contain right-
handed charged currents. For the anomalous
dimension coefficients (I)~ one finds

12 6
LL 33-2n ' «33-2n '

24 3 () 4
LR 33 —28 ' LR 33 —28 ' LR 33 —2s

where m is the number of quark color triplets that
enter in the strong interactions. The coeff icient
4„'„~, which is relevant for the operator'u 6„'~, was
not computed in the above papers. We have found
that its Wilson coefficient C& vanishes up to
second order in the momentum-dependent strong-
coupling constant. This becomes small at large
momenta and it therefore seems reasonable to
drop the operator 6PLR from consideration. We
note that the operator 6«is symmetric in color
indices, 6«antisymmetric. The former belongs
to the 8 representation of strong SU(3), the latter
also to the 27 representation. In 8L'R the color
indices of the right-handed quarks are contracted
with those of the left-handed quarks; 8LR has a
more complicated color structure. Both 8«and
8«belong to strong SU(3) octets in the models
considered.

The question of octet enhancement" depends
on the logarithmic factors in Eq. (10), on the
Wilson coefficients C~, and on the matrix elements
of the operators 6~. It is in the spirit of the
present discussion to suppose that the matrix
elements of the various 8~ are comparable" for
all E. Similarly, the Wilson coefficients are all

TABLE I. Logarithmic factors (lnM+2/|'p2) ~ multi-»s&

plying various operators 6)z in the effective Lagrangian,
and ratios of factors relevant for the question of octet
enhancement, with M~=60 GeV, p =1.0 GeV. Here n is
the number of color triplets of quarks that enter into the
strong interaction.

n=4 10

OLR

~LR

KL

0LR: 0LL

~LL '0LL

7.5
0.78
2.7
0.60

12.5
4.5

11.1
0.74
3.3
0.55

20.2
6.1

48.5
0.62
7.0
0 ~ 38

128.0
18.4

comparable, apart from obvious factors such as
sin6)~, cos6~, etc. , that arise from the structure
of the weak-interaction model and which distin-
guish one model from another. It is these factors,
together with the logarithmic factors in Eq. (10),
that we want to invoke for octet enhancement. To
get some idea of the importance of these logarith-
mic terms, let us take %~=60 GeV, p. =1.0 GeV
and compute the quantities 1n(M~'/p')~». The
results are set out in Table I for n =4, 6, 10. The
relevant ratios for dominance of 8 over 27 inter-
actions are 6'„/6L~ and 6', /6LL. The observed
enhancement is perhaps of order 20 or more in
many processes, although for K- 3m decays the
hI =& rule seems to fare rather badly. "

Since a general discussion becomes cumbersome,
let us once more consider several illustrative
models and then try to extract some general les-
sons.

Mode/ A. , This is the standard GIN scheme, set
out in Eq. (9). There are no right-handed (charged)
currents and the number of quark species is n =4.
The enhancement of octet over 27 interactions is
only of order 4 or 5, probably not enough to ac-
count for the observed enhancement unless we in-
voke, additionally, extra enhancements2' in the
matrix elements of the octet operator 8«. Such
extra effects, which go outside of the spirit of
asymptotic freedom, are of course entirely possi-
ble; however, the game here is to see what can be
done without invoking such possibilities. There is
an alternative possibility, which is in the spirit of
the present discussion and which could preserve
the otherwise attractive features of the model;
namely, one can imagine a substantial increase in
the number n of color triplets of quarks that enter
into the strong interactions. This would intensify
octet enhancement; yet other effects on present
weak-interaction phenomenology would be negligi-
ble if the new' quarks were not coupled with the
light ones in the weak interactions.
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~ ~

(P 6) r
/ (PI/

Olc z Xc cosa + x sinn z I,
—gc sina + x cosa)

(
6) I

& e»P —»&nj-'I ~ X si np + x eos13

This model is devised to show one way of avoiding
trouble in K -K' mixing while ensuring a large
octet enhancement. The point is that in the mixing
problem quark masses appear multiplying the
couplings of the currents, while in the Wilson co-
efficient relevant for octet enhancement questions
no such factors occur. In the present case if

m~i cosP cosa =m~ ~ sinP sina, (12}

there is no dangerous contribution to K'-K
mixing. If n and P are small, there is large octet
enhancement.

Let us summarize this discussion of octet en-

14odel B. In this model' octet enhancement has
a chance to be quite substantial. The point is that
a right-handed current appears in the model,
hence an operator 6)„'R associated with a large log-
arithmic enhancement, as we see from Table I.
Moreover, the Wilson coefficient which multiplies
this operator does not contain the Cabibbo factor
sin 8~ that appears in the coefficient of 8LL ~ The
net enhancement (for n =4) is therefore of order
12.5/sin&c =60. Unfortunately, as we have already
noticed, this model runs into trouble with the
K~- R~ mass difference.

In Sec. II we also commented on a variant of
model B, obtained by replacing the right-handed
doublet (6'„', 3l's) with (6's, as). This produces the
enhancement factor 12.5 and does not involve any
obvious difficulties for the K~-K~ mass difference.

Model C. This model is identical with the vari-
ant of model B just discussed as far as octet en-
hancement is concerned, except now n =6. The
enhancement factor is 20.

Model D. If "x"in this model is X, then we need
a ~ 0.1 to agree with weak-interaction phenome-
nology, and therefore we are essentially back to
model B, with good octet enhancement, but trou-
bles in the K'-K' system. If "x"is A. w'e get
back essentially to the (O' 'X)s variant of model B.
If X is some new quark, then the right-handed
currents are irrelevant for octet enhancement, so
we have essentially model A. Finally x could be
some linear combination of g or X (not both) and
a new quark. We leave it to the reader to contem-
plate this possibility.

Finally, we wish to mention one more model:
Model E:

hancement. If one sticks to left-handed currents
only, then manifestly the octet and 27 pieces have
the same Cabibbo factors and we can only get en-
hancement dynamically. In models with four
quarks, the dynamical calculation of Refs. 15 and

16 does not seem to yield a large enough factor.
The situation improves if we add more quark spe-
cies, even if they do not couple to the light quarks
via the weak interactions, and with 10 or so quark
species one gets enough. With right-handed cur-
rents, one has bigger dynamical enhancement
factors and the possibility of an extra 1/sin8c
since the left-right current product need not see
a Cabibbo angle accompanying AX. As we have
seen in Sec. II, these same cireumstanees tend
to cause trouble in the Ko —Ko system (cf. model B
above). lt is possible that if one relies only on the
dynamical enhancement and not on the C abibbo
factor (as in model C) one might avoid this diffi-
culty. The dynamical factors in the two cases are
different w'hile the "kinematical" Cabibbo factors
are the same. As mentioned in Ref. 19 we have
some general doubts whether octet enhancement
can be obtained by adding right-handed currents
coupling light to heavy quarks. The point is that
operators such as 5fy&(1+y,}(P'6"y„(1 —y, )X, while

formally "enhanced" in the sense of appearing
with large coefficients in the effective Hamiltonian
for weak ~S = 1 decays, may be expected to have
small matrix elements between low-mass hadron
states. We also demonstrated one tricky way of
suppressing the contribution to K'-K', by having
mixing angles related to quark masses (model E).

The success of current algebra ' in describing
some features of nonleptonic decays also puts
some restrictions on attempts to obtain octet dom-
inance by adding right-handed currents coupled to
g quarks. If the effective Hamiltonian for AS=1
nonleptonic weak decays involves right-handed X
quarks, then the soft-pion predictions for nonlep-
tonic weak decay amplitudes have an opposite sign
from what one gets with left-handed X quarks. The
reasonable predictions are the same as long as
one has purely left-handed or purely right-handed
quarks in the Hamiltonian, but are changed if one
has both. We must therefore make sure not only
that the LR operators dominate over the LL 27-piet
piece, but also that they dominate the LL octet by
a substantial factor.

Finally we should remark on the analog of octet
enhancement for weak nonleptonic decays of heavy
hadrons. Simple selection rules" only occur when

the dominant operator for these processes is of
LL or RR type since only in these cases does the
effective Hamiltonian have two identical currents
and a simple symmetry structure in the color
indices. In all cases the nonleptonic decays should
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be very much enhanced over the semileptonic de-
cays. If this turns out not to be true experimen-
tally, it probably means that the short-distance
explanation of the AI= ~ rule is on the wrong track.

IV. PHENOMENOLOGY

What is common to almost all schemes of the
weak interactions, in the SU(2) xU(1) framework
discussed here but more generally, is the appear-
ance of at least one new quark going beyond the
usual triplet 6', g, ~. This implies the existence
of hadronic states with new quantum numbers. On

this view the unraveling of the weak (and strong)
interactions will rest on discovery of these new
particles and detailed measurements of their
production and decay properties. The GIM scheme
(model A) represents the simplest and perhaps
most attractive possibility that accords with stan-
dard weak- interaction phenomenology. This
scheme introduces a single new quantum number,
charm (C). The weak-interaction structure is
marked by charged currents that are exclusively
left-handed and a neutral current that is diagonal
(aS =0, n, C =0). The weak charm-changing non-
leptonic interactions are dominated by AC =AS
couplings; the mixing effects discussed in Sec.II erg
expected to be small (ra 10 '), and with respect to
SU(3) structure, these interactions are expected to
be dominated by terms belonging to the 6+6 repre-
sentation.

Let us now turn to several rather gross phenom-
enological signatures that might serve as tests for
this model and the other, alternative possibilities
that we have been considering. We focus especially
on inclusive neutrino reactions.

(a) Right-handed current coupling to Bl, quads
and dimuon production. In the usual GIM charm
model, production of 5" quarks requires either a
sin'8c (for production off 31 quarks) or production
off "sea" quarks (X), which is expected to be small.
The observed number of p,

+
p, events" would there-

fore require a very large semileptonic branching
ratio for charged particle decays. As we have
seen in Sec. III, this conflicts with the short-dis-
tance-analysis understanding of octet enhancement,
according to which nonleptonic decays should be
dominant. One is therefore led to consider new
couplings of g quarks, which involve right-handed
currents. As we have seen, if one identifies a
quark having a substantial coupling to right-handed
X quarks with the charmed quark of GIM, one runs
into difficulties explaining the smallness of K -E
mixing. One therefore probably requires a new
quark. This could be accomplished most simply
by adding a new right-handed doublet (~ )z to the

usual left-handed doublets (~~ }~, (~~ )z. A (P"
quark coupled in this way, if it were degenerate
in mass with the 6"quark, could also help to ex-
plain the large value of the ratio R(s) in electron-
position annihilation, without requiring the exis-
tence of new narrow resonances in e'e annihila-
tion" (which have not been observed). '6 Production
of particles containing the new quark would be
copious in high-energy v scattering, so a small
semileptonic branching ratio (as expected theoret-
ically)" would suffice to give a substantial number
of dimuon events with a fast p, . The g distribution
of these events would be normal, since we are
scattering off valence quarks. A clean test for
right-handed currents is to plot the y distribution
for the dimuon events, which should come out
(1 —y)'. The ratio o„/o„- at very high energies
would tend to 4/1, from 3/1 (provided no other
quarks start getting produced} according to the
supernaive parton model.

(6) Right-handed coupling to 6' quaxks. This has
similar effects in v scattering at high energy. The
dimuons would be produced with a fast p.'. The
apparent breakdown of scaling would be dramatic,
since now 1 is competing with (1 —y)' instead of
the other way around. o„/o-„would approach 3/4,
from 3/1. The y distribution for dimuon events
alone would be flat. There is presently little ex-
perimental support for this possibility. Of course,
one can combine (a) and (b).

(c) Production of baryon resonances. In the
ordinary charm picture, production of baryon
resonances by neutrino scattering off nucleons is
a sin'P~ process. If some new quark coupled to a
right-handed 3I quark (again, this probably could
not be the usual GIM charmed quark) then one
could get substantial resonance production. If
some new quark couples to a right-handed 6' quark,
similar remarks apply to v scattering off nucleons.

(d) Diagonal neuh"al currents. We consider the
effects of adding extra right-handed pieces to the
neutral current in the context of the parton model
with valence quarks only. In the SU(2) xU(1) the-
ories under consideration the neutral current in-
volving valence quarks will take the form

Fl.y„5'I, —gl.y„g~ + o'8'„y„d'~ —Pg~y„g~ —2 sin'8 j '„

(13)

with 0 ~ n, P ~ 1. The standard GIM model has
~ =P =0.

In the supernaive parton model under considera-
tion one obtains for the ratio of neutral to charged
current cross sections in deep-inelastic scattering
off an isoscalar target
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1+~ 4 . 2 1 —(y 1 —z 1+~ 4——Sln 8„, + + ——Sln g~

+ ——sin g~ + + -- ——sin g~

1+(y 4 . 2
'

1 —(y
' 1 —a 1+~ 4

2 3
g' =X ——sin2g~ +

2 2 2 3
——Sln g~

1+& 2 . , ' 1-P ' 1-P 1+0 2

(14)

where X is a parameter depending on the neutral
vector boson mass; in the simplest Weinberg-
Salam theory X=1. These numbers have been
plotted in Figs. 2 as a function of sin g~ for the
extreme cases n, P =0, 1. As experimental results
on the neutral current become more precise, we
can expect that a and P will be severely con-
strained.

Further tests of the structure of the neutral
current, for reactions other than deep inelastic
and without using the parton model so naively,
could be carried out following Ref. 28.

(e) P~rong-sign dimuons and trimuons. As was
alluded to above, D'-D' mixing provides a pos-
sible mechanism" which would account for the
observation of p. p. events recently reported in"
a v scattering experiment. The D produced in
the "primary" reaction v+N- p, +D +X may
switch into a D' which then decays into p. +v+X'.
It is important to substantiate these events since,
as we have seen, in order to obtain an adequate
D —D mixing one needs either more than four
quarks or a charm-changing neutral current. It
should be noted, however, that(e. g. , model D)
with a charm-changing neutral current D —D'
may decay into a g'p pair (perhaps accompanied
by hadrons). One would thus expect to observe
"trilepton" events

v+N gp, p, +X.
Such events have not been seen thus far." Of
course, the neutral charm-changing current can
be made small (i.e. , a =0 or —,'v in model D) with-
out substantially changing r from 1. In summary,
the observation of substantial" number of g p,

events (compared to g'p events, say) and the
nonobservation of p, p, +p events would suggest
the presence of degrees of freedon "beyond charm".

(f) Off-diagonal neutral currents. Other effects
of a charm-changing neutral current include di-
rect aC =2 decay of charm baryons (not so easy to
observe) and apparent lepton nonconservation
such as in the process

v+N p, ++X.

This process could come about by neutral current

production of D',

v+Ã-v+D +OX'(C=0),

followed by D'- p, ++ v+&".

APPENDIX A

We will outline here the calculation of the cor-
rection factors due to an asymptotically free
strong interaction. The theory to be considered is
the standard gauge theory with SU(3) color triplets.
In this theory"

p(d = &z'+.

where

r =-, , —.'[11C,(G) -4r(Z)]
(A1)

~ —:[33—2n];
1

n is the number of quark types.
The effective amplitude contributing to the KL -R~

mass difference is given by the time-ordered prod-
uct of four currents joined by intermediate vector
boson propagators. In order to proceed, we have
to make the (dynamical) assumption" that the re-
gion in which the space-time locations of the four
currents are close together yields the dominant
contribution and that the operator-product expan-
sion may be used. As was discussed in the text,
there is no rigorous argument to support the va-
lidity of this assumption. There are suggestive
arguments, however. In any case, we will pro-
ceed with this assumption.

Our task is to find firstly the operators g„which
have definite anomalous dimensions y„. The oper-
ators g„will be a linear combination of the oper-
ators S and T defined by
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FIG. 2. Behavior of R", R', and o'/o" as functions of Weinberg's angle plotted here for typical values of u and P,
two parameters defined in the text. Dashed line: R —, ; dot-dash line: R„solid line: o, /o —, .

S -=A ( (1 +y5}X( Ag (1+y, )&g,
A2

T =—X(o~ s (1 +y, }X(li~o" (1 + y5 }X~ .

(The indices f and j refer to color. )
According to the standard renormalization-group

analysis3' the coefficient function C„appearing in

the operator-product expansion corresponding to

the operators 0~ satisfies the equation

C„(X/X, g, m, M )

exp — —,y„(g(y')} C„(&,g(&),m(~), M).
(A3)

Here M is the renormalization mass. g(&) is the

solution of the equation

(A4}

For P(g) = bg'+ ~ ~ ~ one finds g'(x) ——1/2b in'
(b&0). The effective mass m(A), as is well known,

behaves like

m(X) ~(in'. ') " "for X-~ (A5)

for the standard color-triplet theory. The two
operators S and T, which we will refer to collec-
tively as P~, J=1, 2 are multiplicatively renor-
malized by a four-by-four matrix Z. To determine
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Z we compute the matrix element &TP~qyyy &

and require Z2Z«&TP~gggg & to be cutoff-inde-
pendent. The matrix elements &TP~gggp & are
given to one-loop order by the graphs in Fig. 3.
The computation of these graphs consists of simple
exercises in manipulating identities involving color
SU(3) and Lorentz indices. The result is

g2 A2Z=i-, , in —,(Z-&i},

where

=C~'+0(g') and g„ is an unknown constant re-
flecting the contribution of the low-momentum
region.

In summary, the effect of an asymptotically free
strong interaction is to modify the free quark ef-
fective interaction as follows: Replace m~ by

M 2

@pe (~ 2) gg ln w 12/(33 2n)
c S' ~ c 2

where g is an unknown constant, and the operators
4$+ T

3 12

20 -3
(A6)

[The basis vector is (S, T).] The anomalous di-
mension matrix y is given by

8
y = —Z 'p.—Z

8 /J.

2

(A7)

2 2 C~/2 b

gf,„„(i. ; ) e„.
A=I

Thus, the operator that dominates as M~-~ is 8,
with the dominance factor

2 3(7y 51 8/3)/(33-2tf)
ln

The operators 8„are determined thus by the
eigenvectors of J3~. y„are the eigenvalues of y.
They may be computed to be

y, =(7.51-a3)(-2g'/16m'),

y = (- 2.84 —a)(- 2g2/16m 2) .
(A&}

A=1

A ssociated with each operator 8„ is an enhance-
ment factor

exp — (dh'/X')y„(g(p, )) -q„(lng) &~",

(A9)
according to Eg. (3). Here C„ is defined by y„

The corresponding eigenoperators are (the coeffi-
cient of S defines the normalization)

8, = $+ 0.008T,

8, =$+0.53T.

These equations may be inverted to give

4$+ T =2.148, + 1.8782

For a four-quark model pg =4 and the dominance
factor is (Inhf~2/p2}0'6. It is amusing to note that
the free quark effective operator 4$+ T has been
transformed almost completely into the scalar
operator:

4S+ T- 6.6g, e, = 6.6q, [S+0.008Tj.
It is hoped that the unknown constant g, is of order
unity and may be absorbed into the unknown matrix
element of 8, . Thus, in conclusion, an asymptoti-
cally free strong interaction modifies the free-
ql~ark result only slightly.

One should perhaps emphasize here a rather
obvious point, namely that as in all asymptotic
application of the renormalization group the vari-
ous results will be strictly correct if all large
parameters, such as w~' in the present context,
are mathematically infinite. In actuality, mv'/g'
is certainly large, of order 1000, but finite. With
inNI, /p - 7, one may be concerned that the next-
to-leading operator 8, in Eq. (11) may not be com-
Pletely negligible since (ln Mv'/g')c2 ~"
-(InA"~'/p. ')~'". However, one must be warned
that various terms down by inverse power of
(In%~'/p2) had already been dropped in the renor-
malization-group analysis of course. Thus strictly
speaking the contribution of 8, cannot be taken

seriously.

APPENDIX B

+ permutation'

FIG. 3. The graphs relevant to calculating the anom-
alous dimensions of four-quark operators.

It may appear at first sight that various two-
body operators can contribute to nonleptonic de-
cay. Let us list all two-body operators with canon-
ical dimension ~6 here:
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8, =Ra, 8, =RWA, . 8, =%D„D"X,

8» =%Dq@D"A, 8. , gXyqD„AE".",

Here D„represents the covariant derivative. It is
well known that 8, and 8, may be transformed away.
The Wilson coefficient of 8, in the relevant oper-
ator-product expansion is of order g' and hence
suppressed in an asymptotically free theory. By
using the equation of motion 8, is also related to
the operator gg g„„~F"". 84 is related to
gXy„D„AF"" and has a Wilson coefficient of order

g but is suppressed by the GIN mechanism. The
Wilson coefficient of 8, is of order g~. The oper-
ator 8, is related to 8,. There are other operators
which we have not listed, e.g. , e""P %&pp DpD
However, by using the equation of motion, one can
easily reduce these operators to the ones listed.
Finally the operator PD'g does not mix with the
four-fermion operators to lowest order.

We also remark that in the nonleptonic decay of
charmed particles the GIM mechanism may not be
available to suppress the charmed analog of 84.
For example, in model D of the text the nonleptonic
decay of charmed hadrons will receive a contri-
bution from the SU(3) triplet'» operator cD&QD" (P.
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