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We search for a renormalizable gauge theory incorporating our modified weak current. The right-handed

quarks participate to give a .natural explanation for the nonleptonic h, I = 1/2 rule. We argue that extra
quarks and/or extra leptons are necessary. We focus on a vector-like model involving six different quark
"flavors, " each in a color triplet: 18 quarks all told. The model also involves a third charged lepton and

several massive neutral leptons. We compare the predictions of our model with the conventional (12 quarks)
model. Present experimental data are insufficient to discriminate between the two models. We give detailed

analyses and predictions concerning charged-current and neutral-current phenomena, including inclusive

scattering, scattering of neutrinos by electrons, single-pion production, and neutrino or antineutrino elastic
scattering on protons.

I. INTRODUCTION

We have suggested' a modification of the con-
ventional charged weak-interaction current in-
volving unorthodox V+ A. couplings of the charmed
quark. The modified current provides a novel
and simple explanation for the observed enhance-
ment of nonleptonic weak processes satisfying
the 4I-= 2 selection rule, as we recall in Sec. II.
However, the changed charmed current is theo-
retically unacceptable because it upsets the can-
cellation of anomalies of the conventional model. '
Further changes of the current must be made if
the underlying field theory is to be renormaliz-
able."We sketch in Sec. III some of the many
ways these anomalies could be made to cancel,
all of which imply the existence of new funda-
mental fermions besides the conventional 12
quarks and the known leptons. In Sec. IV we focus
on one of these possibilities, which we call the
vector theory. In Sec. V we demonstrate that
present experimental data are unable to discrim-
inate between it and the conventional theory.
P redictions concerning neutral-current effects
are vastly different for the two theories, so that
this failure merely reflects the inadequacy of
presently available experimental data. We dis-
cuss those experiments which can be done in the
near future to determine which (if either) of the
two possibilities is correct. In Sec. VI we show
how our model may be incorporated into a truly
unified theory wherein strong, weak, and electro-
magnetic interactions find their common origin.
Section VII contains our conclusions.

rather than as singlets. In our theory there is a
V+A. term in the weak current

& =&'y (I-y, )~ (4)

The dominant contribution to 4I =-,' strangeness-
changing nonleptonic decays comes from a term
in the effective action associated with the one-
loop diagram shown in Fig. 1. The logarithmical-

interactions based on the group SU(2)&&U(1). In
the conventional theory, the left-handed quark
fields transform under the SU(2) gauge subgroup
as doublets,

(~l
( Xejr,

where &e =&cos6+ csin& and A, e =A. cos~ —Xsin0,
and 8 is the Cabibbo angle. The right-handed
quarks are assumed to be singlets. The hadronic
charged weak current in this theory is the conven-
tional V -A current'

J"=Fy" (1+y, )Xe+ P'y" (1+y, )Ae .
'We proposed an alternative theory in which the
right-handed 6" and K quarks transform as a
doublet,

II. THE CHARGED WEAK CURRENT

In a previous paper' we suggested an explanation
for the nonleptonic 4I =

& rule within the context
of a gauge theory of weak and electromagnetic

FIG. 1. Feynman diagram dominating AI = 2 nonlep-
tonic processes in our model. L (R) denotes the coupling
of W to left- (right-) handed quark fields.
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ly divergent part of this diagram is removed by
mass and wave-function renormalizations. The
leading remaining finite expression

X(i&'- mq)(I —y, )(iP'- mF)X + H.c.

(5)

contributes solely to 4I = —,
' nonleptonic decays.

The only contribution to 4I =
& nonleptonic strange-

ness-violating decays comes from the convention-
al current-current interaction,

(6)

which, of course, also contributes to 4I=-,' pro-
cesses. Because the new term (5) is of order
Gme~q cos8 (where q is a characteristic decay
energy, say mr), the &I = —,

' processes are evi-
dently enhanced relative to 4I = 2. There are two
mechanisms for enhancement: There is no .Cabib-
bo suppression in our new contribution to 4I = ~,
and the mass of the (P ' quark (mt = 1.5 GeV) is
large compared to momenta encountered in weak
decays. More quantitative comparisons are im-
possible without a detailed understanding of
strong-interaction dynamics.

Other experimental implications of our mod-
ified charged current associated with the produc-
tion of charmed particles by neutrinos are dis-
cussed briefly in Sec. VA and elsewhere. "'

Since we have departed from the GIM' coupling
scheme for the charmed quark, we must check
that the suppression of strangeness-changing
neutral-current amplitudes in our theory is con-
sistent with experiment. The neutral intermediate
vector boson, Z, couples to a b S=O current, so
there is no problem in order G. Likewise, radi-
ative corrections of order nG are 4S=O. There
is a potential difficulty in order C'. Consider,
for example, the following &S=2 term in the
effective action':

M
mg'2 2

x [Xy"y" (1 —y, )K][Xy„y„(l—y, )X] + H.c. (7)

This term is associated with the diagram shown
in Fig. 2. It is larger than the analogous diagram
in the conventional theory' because of the absence
of Cabibbo suppression (no sin'6) and the factor
of InMv'/my '. The term (7) contributes to the
K,-E, mass difference as follows:

yields an effect which is positive and more than
an order of magnitude larger than the experi-
mental number. This may not be a serious prob-
lem for several reasons.

1. Because of the tensor structure of (7), there
is a partial cancellation among the various vacu-
um insertions. The contributions of the vacuum
intermediate states would vanish in a theory with
two colors (instead of the usual three). This
partial cancellation may be affected by strong
interactions which could increase or decrease the
estimate of (8).

2. One-pion intermediate states give a negative
contribution to (8). In general, CP odd i-nter-
mediate states give negative contributions while
CP-even intermediate states give positive con-
tributions. Though we know of no reason why the
CP-even and odd contributions should cancel, the
fact that the sign alternates casts considerable
doubt on the usefulness of the vacuum approxima-
tion.

3. Except for the logarithmic enhancement fac-
tor, the term (7) is of the same order of mag-
nitude as the second-order contribution of (5),
the term responsible for 4I = —,

' nonleptonic
strangeness-changing decays. In other words, the
4 S =2 contribution is about what we would expect
on the basis of the observed enhancements of 4I
= ~ nonleptonic processes. The 4 S = 2 prediction
is smaller in the conventional theory simply be-
cause the conventional theory does not account
for the 4I = rule, and in any theory which does
give enough 4I = 2 enhancement, the induced
order 6' 4S =2 terms will be large. This ap-
parent paradox, that either &I= —,', 4S = 1 is too
small or 4S =2 is too big, may be only a reflec-
tion of our ignorance of hadronic matrix elements,
as discussed in I and 2.

4. Another possibility is that the naive estimate
of (8) is more or less correct, but that there is
some competing effect contributing to the Ã, -Z,
mass difference with the opposite sign. In our
theory there is a good candidate for such an ef-

(8)

A naive estimate of (8) (obtained by inserting
intermediate vacuum states in all possible ways')

FIG. 2. A Feynman diagram which contributes to 48
=2 processes in our model.
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feet. The neutral member of the triplet of Higgs
mesons whose vacuum expectation value con-
tributes to the 6" mass is coupled to a strange-
ness-changing scalar (and pseudoscalar) current.
This meson must be very massive. If its mass
is of the order of 6 '" it mediates 4S = 2 effects
with about the same strength as (7). Its contribu-
tion to the K,-K, mass difference (if calculated
naively as discussed above) is negative and could
conceivably cancel (8).

The point of this long discussion of induced
~ S =2 effects is that detailed calculations of or-
der G' terms like (l) are premature in the sense
that they cannot impose serious constraints on
a theory of weak and electromagnetic interactions.
It is enough for the theory to eliminate 4S =2 in
order G and nG. We will state the argument once
more. Even if we could reliably calculate ha-
dronic matrix elements (which we cannot do at
this time) the induced b, S = 2 effects at the order
G' level could always be canceled by the lowest-
order effect of some new interaction which is too
small to be observed in other processes. Indeed,
in the theory we discuss in this paper, a new
interaction with the required properties (but un-
known strength) must exist if the quark masses
are generated by Higgs meson couplings. The
same logic can be applied to discussions of order
t"' contributions to the K~ - p.

'
p, decay amplitude.

A naive calculation in the conventional theory
gives the correct order of magnitude for a second-
order effect of weak interactions (the K,K, mass
difference), ' but does not adequately describe
first-order phenomena (nonleptonic decays). The
new theory gives a natural explanation of first-
order processes, but fails (in an unjustified ap-
proximation) to adequately suppress second-order
effects. Given the choice, we prefer the new
theory.

III. EXTRA QUARKS: EXTRA LEPTONS

exotic things: fermions with their own strong
interactions unshared by known hadrons, quarks
without weak interactions leading to new and
truly stable hadrons, quarks transforming as
other than the fundamental three-dimensional
representation of color SU(3), truly stable heavy
leptons, etc. Unlike the case for the charmed
quark, the logical necessity for the existence of
such entities in conventional models is entirely
absent.

On the other hand, it now seems that the cross
section for e'e annihilation into hadrons (or,
whatever) may be too large to be explained (under
the scaling hypothesis) in terms of the conven-
tional four-quark types with color, and much less
in terms of the original three. Instead of ap-
proaching the value 10/3 (the sum of the squares
of the electric charges of the quarks) character-
istic of four-quark types and no extra leptons,
R =[a(hadrons, etc. )/o(p, p. )j seems to remain near
5 at center-of-mass energies of 5-6 GeV." It
has been noted in the literature" that the ad hoc
(i.e., motivated solely by this experiment and
not at all by theory) introduction of extra quarks
could explain the large cross section. So also
could the existence of heavy charged leptons. In-
deed, by positing the existence of not more than
two new fermions chosen from among new quarks
(Q =-, or ——,) and new singly charged leptons, one
obtains as a predicted asymptotic value for 3B
any integer value between 10 and 18, inclusive
(See Table I).

If our V+A addition to the weak current is
really present, a purely theoretical justification
is found for the existence of extra ferrnions.

Our modified weak current is

TABLE I. Asymptotic value of R in several models
with extra quarks or leptons. The model on top is the
"old model. " The model on bottom is our new "vector
model. "

Just three kinds of quarks (O', K, X) suffice to
construct the observed hadrons, excluding the
newly found resonances g or J and g'. The neces-
sity for a fourth charmed quark 6" to make weak-
interaction theory sensible was pointed out years
ago. ' The new resonances may confirm the exis-
tence of the new quark, for it offers a plausible
explanation for what they are: states of char-
monium. " Four quarks —each in three colors-
and the observed leptons (30 Weyl spinors) are
the basic building blocks of many a current theo-
retical development.

Beware that in no known way is nature limited
to just these fundamental fermions. Other leptons
or other quarks could exist. So also could more

Number of extra Number of extra
quarks with charged leptons

Q 2
3

Asymptotic
value of R in

e+e annihilation

3.33
3.67
4, 00
4.33
4.67
4.67
5.00
5.33
5.67
6 ~ 00
6.00
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K„=J' +J„+ v, y„(1+ y, )e + v„y„(1 + y, )p, , (9)

where the first term is our addition. In order
that the anomalies cancel [in SU(2)& U(1) models
where all Weyl fermions are either weak doublets
or singlets], it is necessary and sufficient for the
sum of the electric charges of the left-handed
fermions in weak doublets (Qz, ) to equal the cor-
responding sum (Qs) for right-handed fermions.
For the conventional current Q~ =Q~ =0; but for
our new current Qz, =0, Q„=l. (We use the fact
that each type of quark is a color triplet. ) There
are no possible further additions to our weak
current (9) involving only the four familiar quark
types and the known leptons which satisfy the
following three conditions:

(1) The weak current must reproduce the known

phenomenology of leptonic and semileptonic de™
cays [as is the case for (7)] .

(2) The weak current must correspond to a gen-
erator of weak SU(2) and must be a color singlet.

(3) The assignments of fields to representations
of weak SU(2) must satisfy Q~ =Qs.¹wfermions are needed Observ. e that the
conjectured new fermions are neither a replace-
ment for nor an alternative to charm. They are
merely an addition to the charm picture. The
usual theoretical arguments resulting in the pre-
diction of charm remain entirely unchanged. But
both experiment (e+e annihilation) and theory
(the demand for renormalizability in a theory in-
corporating our new explanation for the nonlep-
tonic &I =-,' rule) are telling us that there must
exist more fermions.

A simple way to make our modified current
anomaly-free involves the introduction of a new
neutral heavy lepton coupled to a ~iat-handed
electron or muon:

I& =K„+[Xy„(1—y, )e or I'y&(1 -y, )p. ] .

Either current is anomaly-free and leads to ob-
servable neutral-current phenomena violating
electron-muon universality. But this possibility
does not help us to understand the anomalously
large value of 8 since the new fermion is elec-
trically neutra~.

Another possibility involves a new charged lep-
ton L and its own neutrino v":

Iq=K~+ v" yq(l-y, )L

This current yields a theory with an asymptotic
value of It of P. To be relevant to the e'e an-
nihilation experiments and to be consistent with
known limits, the mass of the new lepton must
be near 2 GeV."Note that L is coupled to a neu-
trino with the unorthodox helicity: The leptonic
decays L —p, + v" + v' or L - e + v" + v will

display a Michel parameter p =0 and the mean
energy of a decay electron (or muon) in the rest
frame —,', M~. On the basis of the nominal
strengths of the currents, we estimate that the
branching ratio into each leptonic mode is - —, ~

Above L'L threshold, e'e annihilation should
produce such a pair about 20/p of the time. Ex-
periment should quickly determine whether the
new lepton exists. "

The anomaly may be removed in another way:
with extra quarks rather than an extra lepton.
Imagine a new pair of quark types (each a color
triplet)(P" with Q=-', and X"with Q=- —,'. The
current

I q =Kq + (P"yq (1 + y, )K" (12)

F = ' d'x(P"y, (P"+5"y,K").

Among the hadrons containing just one P" or 6'"
quark, at least one (and probably two) will be
absolutely stable.

The reader will have realized that there are
many ways to choose a current that satisfies all
our requirements. The particular choice which
we shall describe in detail in the next section is
evidently not unique, nor even the simplest. We
choose it in part because it makes predictions
about the neutral currents which differ radically
from the conventional theory, and in part because
it lends itself to the kind of unification which we
believe necessary for the construction of a
rational theory of elementary particle physics.

IV. OVR MODEL

We choose a model involving both extra quarks
and extra leptons. The extra quarks are re-
quired in order that the charged weak current
may be "vector-like, ""with all charged fermion
fields transforming under weak SU(2) as doublets.
There is a basis of Weyl spinors in terms of
which the weak currents are purely vector cur-
rents are purely vector currents with no axial™

is anomaly-free with Q~=Q„=1.This possibility
gives 8 =5, asymptotically. There are three
varieties of charmonium ((O'O'', P "6'", and 2"Ot")
in this model. Arguments based on asymptotic
freedom would require that each charmonium
state be made up of purely one kind of quark-anti-
quark, unless the masses of two or more of the
new quarks were very nearby. Moreover, since
we have not introduced (and may not, if we are
to preserve universality) interactions permitting
X" or 6'" quarks to change into other quark types,
there is a new and rigorously conserved quantum
number,
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vector admixture. Of course, this is not the basis
in which the fermion mass matrix is diagonal.
Extra neutral leptons are necessary for the lep-
tonic weak current to be vector-like, and an
extra charged lepton is required to preserve
quark-lepton symmetry. Among theories incor-
porating the changed charmed current, ours has
five evident virtues:

(1) Vector-like theories are always free of ano-
malies. " The anomaly is independent of the mass
matrix, and clearly vanishes in the basis wherein
the current is purely vector. For these theories,
there is no seemingly accidental cancellation:
The absence of anomalies is natural. "

(2) Vector-like theories may be approximated
by lattice gauge theories, while many theories
with intrinsic, irremovable y, 's may not be."
Because many of our ideas about quark confine-
ment emerge from the lattice picture, "it seems
desirable —and may be essential —that the theory
be put on a lattice.

(3) With a vector-like theory, it is possible that
C and P are exact symmetries of the Lagrangian. "
Observed violations of C, P, and CP may be due
to spontaneous symmetry breaking. They too
may be consequences of whatever mechanism it
is that generates the observed hadron and lepton
mass spectrum and the Cabibbo angle.

(4) Our model has a rich structure of unobserved
massive leptons: three neutral ones and a
charged one. We have noted elsewhere" that re-
cent cosmic-ray evidence" suggests the existence
of a long-lived neutral heavy lepton, and we are
therefore inclined to favor a theory which incor-
porates such a particle.

(5) In a vector-like theory where all the fermions
transform as weak doublets, it is necessarily
true that the neutral current (except for terms
involving electrically neutral fermions such as
neutrinos) is purely a vector current. This is a
virtue if only because it makes a number of very
definite predictions:

(a) There should be no parity-violating inter-
action in order G between electrons (or muons)
and nucleons.

(b) There should be no axial-vector contribution
in the scattering of neutrinos or antineutrinos
from hadrons via the neutral currents. In partic-

ular, the neutral-current cross section on any
target must be the same for incident neutrino or
antineutrino.

(c) In the scattering of muon neutrinos or anti-
neutrinos from electrons, the effective coupling
is simply proportional to (ey„e)[v'y& (1+y, )v'] .
That is to say, g„=0.

(d) Nonleptonic b.S = 0 parity violation arises
solely from the charged-current weak interac-
tions, and receives no contribution from the neu-
tral current. But the usual argument" that the
parity-violating one-pion exchange force should
be -sin'8 fails. It receives a contribution from
our new addition to the charged charmed current,
not suppressed by sin6.

In order to make the hadronic weak current
vector-like, we need six kinds of quarks —two
more than the usual four. Three kinds ((P, (P', (P")
have charge —', and the other three kinds (3I, A., '2")
have charge —3. Each kind of quark is a color
triplet. Six quark triplets are not too many from
the point of view of asymptotic freedom. The
asymptotic freedom of color SU(3) persists so
long a,s the number of quark triplets is less than
16.

Under weak SU(2) the 18 quarks divide up into
nine left-handed doublets and nine right, -handed
doublets. Assuming approximate CP conserva-
tion, we may specify the hadronic part of the
charged weak current in terms of six angles: the
left-handed partners of 6', 6"', and 6'" are de-
termined by an arbitrary orthogonal transforma-
tion of the left-handed X, A.„andX"; the right-
handed partners by an independent 3& 3 ortho-
gonal matrix. Both transformations commote
with color SU(3). Two conditions must be met
for the current to agree with observed phenomen-
ology. The left-handed currents must reproduce
universality: The sum of the squares of the coef-
ficients of Py& (1+ y, )X and Fy& (1+ y, )X must be
unity and the coefficients of Py„(1—y, )K and

+y& (1-y,)& must vanish. We impose these con-
ditions arbitrarily, hoping that a natural explan-
ation for them (or for an approximate version of
them) eventually will be found. We are led to the
following three-parameter expression for the
hadronic part of the charged weak current:

H„=(P y(1+ y, ) [Kcos6+ A sin6] + (P 'y„(1+y, )[(A cos6 —3I sin6)cosqr+ X"sing]

+ P"y„(1+y, ) [K"coscp- (A, cos6 -X sin6)sincp] + (Py„(l—y, )X"

+ P'y& (1 —y, ) [Xcos4+ X sin%] + P"y„(1—y, ) [A. cost'-5i; sin%'] . (14}



A. DE RUJULA, HOWARD GEORGI, AND S. L. GLASHOW 12

The Cabibbo angle is 0. For the special choice
@=+=0, our model reproduces the modified cur-
rent of Ref. 1. More generally, the enhancement
of EI =-,' decay rates (as well as the K,K, mass
difference) involves the factor

(cos4 cosy& my + sin%' sing md ~)'.
We shall not concern ourselves with the values
of these parameters.

For the leptonic part of the charged weak cur-
rent to be vector-like, we must introduce two
unobserved heavy neutral leptons, E' and M'.
Their left-handed parts participate in neither elec-
tromagnetism, .weak interactions, nor strong
interactions. Their right-handed parts transform
as weak doublets together with the right-handed
electron and muon. In addition, we assume the
existence of a new family of leptons, L and L'.
This is necessary for lepton-quark symmetry,
and allows us to embed our model in a superuni-
fied theory. Our theory involves three weak
doublets of quarks of each color, and three weak
doublets of leptons, for each handedness. We
distinguish three simple possibilities for the
structure of the weak leptonic charged current:

L z = vy q(1 + y, )e + Z'y q(1 —y, )e

+ v'y~(l+ y, )V+~'y~(l —y, )p

v" yz(1+ y, )L + Loy~(1 —y, )L [case(i)],
+ I.'yz(1+ y, )L + v" yz(1 —y, )L [case(ii)],

L'y ~(1+y, )L + L'y~(I —y, )L [case(iii)] .

In cases (i) and (ii) the new family of leptons in-
cludes a third neutrino. The coupling of L to its
neutrino is orthodox (V-A) in case (i), and is
(V+A) in case (ii). In case (iii) we do without
a third neutrino, so that the L L' coupling is
purely vector. Suppose that L is heavier than
L'. In cases (i) and (ii) the L' is stable in order
t", but decays according to the scheme

Lo pet +

in order eG. The effective coupling arises from
one-loop diagrams in which L' virtually decom-
poses into L + 8", which may interact electrical-
ly. In case (iii) L' is absolutely stable. (Of
course, it might decay by mechanisms not yet
explicitly included in our model, such as mhat-
ever it is that leads to CI' violation. )

Our fundamental fermions fall into three sets
of chiral states: ordinary quarks and electronic
leptons, strange and charmed quarks and muonic
leptons, and extra quarks and extra leptons. The
theory fits into a superunified model based on

O(9) or O(10) with the fermions transforming as
three 16 dimensional spin representations, and
two [case (iii)] or three [cases (i) and (ii)] sing-
lets.

Both L„andH& are evidently anomaly-free.
The corresponding neutral current, at least in
its dependence on quark and charged lepton fields,
is purely vector.

The asymptotic value of A in e'e annihilation
is 6, but it is unclear at presently studied ener-
gies just what thresholds have already been
passed. It is possible that additional sharp J
=1 resonances will be found at higher energies
corresponding to 6'"6'" or 2"X" charmonium
states. It is also possible that L'L pairs are
being copiously produced at presently studied
energies. These will decay some of the time ac-
cording to the schemes

p, +p+p

p +v +L
+@+ p

e +v+Lo,

depending on which of L' and L is heavier, and
which of the three cases is chosen. These leptonic
modes should have substantial branching ratios.
Since the cross section for producing L'L pairs
in e'e annihilation above threshold is known, it
should be possible to determine whether such pairs
are being produced. The production of L'L pairs
by cosmic rays, leading to the production of quasi-
stable L"s [case (iii)] might explain recent cosmic-
ray data. "

The structure of the charged current requires
that neutrino and antineutrino cross sections be-
come equal at sufficiently high energies. The
relevant ratio of charged-current cross sections,
again called 8, should become unity in the asymp-
totic region rather than the characteristic 3 of
more mundane energies. However, three (pos-
sibly quite different) new hadron threshold must
be exceeded before this asymptotic result should
be expected.

V. EXPERIMENTAL CONSEQUENCES

A. Charged-current phenomena

The predictions of the conventional theory and
of our new theory for charged-current phenomena
coincide until threshold for the production of new
hadrons states (e.g., charmed particles) is
reached. For neutrino energies below -20 GeV,
the ratio 8 =u(v)/o(v) and the ratio of neutrino
cross sections to electron cross sections are
both consistent with the expectations of the naive
quark-parton model, in which the target nucleon
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is approximated by just three valence quarks. '
In the conventional theory there is only one

class of new hadrons involving (P ' quarks. Above
charm threshold the contribution of the valence
quarks to the production of final states containing
one charmed particle vanishes for incident anti-
neutrinos, and is suppressed by sin'8 for incident
neutrinos. This is the only mechanism for quasi-
elastic production of a single charmed particle.

Charm production may also occur in v or v

collisions by virtue of the "sea" of quark-anti-
quark pairs in the nucleon. In the conventional
model it is the AX component of the sea which is
most relevant. Recent experimental data sug-
gest that charm production may be significant at
high energies. " Dramatic effects with character-
istic kinematic signatures have been reported as
the energy of the incident neutrino exceeds an
effective charm threshold of -4 GeV. A recent
analysis" of experimental data in the context of
the conventional theory requires a suspiciously
large admixture of AX quarks to obtain a good fit.
This admixture is just compatible with upper
bounds set by a comparison of electroproduction
data with neutrino scattering data. ' However, the
amount of ~X which is required far exceeds the
upper limits that may be imposed on the P(P and
XX component. It seems unreasonable that the
quark-antiquark sea should contain more AX

quarks than light quark-antiquark pairs.
In our model there are several classes of new

hadrons. We must suppose that the 6" is con-
siderably lighter than 6'" and X", and we shall
reserve the word charm for new hadrons contain-
ing 6" quarks.

In our theory there is no sin'0 suppression of
charm production by incident neutrinos off the
valence quark constituents of the nucleon. Quasi-
elastic production of single charmed hadrons by
neutrinos could be quite copious. Moreover, both
the KK and XX components of the sea are effective
in charm production.

Barger, Weiler, and Phillips' have analyzed
the data using our changed charmed current. They
are able to explain the observed anomalous y dis-
tributions, both at small and large x. If the re-
ported" dimuon events are assumed to have the
same origin (production and leptonic decay of
charmed particles), the angular and energy dis-
tributions of the fast muons are also consistent
with theory.

Let us now recall that there must be more than
one threshold for new hadron production. It seems
that W, -4 GeV is the effective threshold for
charmed hadrons. At higher values of Wthe right-
handed K quark actively participates in deep-in-
elastic charged-current v scattering. There will

a(vP)
a(vP)+ a(vn) '

a(vn)
a(vP) + a(vn)

'

(16)

The quantities U and V should not depend on en-
ergy: They should each equal 3 in any of the en-
ergy regions. However, R should be quite energy-
dependent. We expect (and observe) R =—s in re-
gion I, and we predict R = & in region D and R
=—1 in region III. (Of course, smooth transitions
are expected between the regions. )

If the Adler' and Gross-Llewellyn Smith"
sum rules are sufficiently rapidly convergent,
they also should display characteristic values in
each of the three energy regions. With the nota-
tion

1

B = —,
' [F~ (x) + Fs (x)]dx,

0

the expected results are shown in Table II.
Methods of determining A and B from experimen-
tal data are discussed elsewhere. "

TABLE II. Values of sum rules in various energy
regions. Region I is below charm threshold. Region II
is above charm threshold and below threshold for pro-
duction of hadrons containing X" quarks. Region III is
above both threshoMs. &(p) and &(n) are values of the
Adler sum rule off proton and neutron targets, as
defined in text. B(p) and B(n) are values of Gross-
Llewellyn Smith sum rules, also defined in text.

Energy region A.(p) A(n) B(p) B(n)

I
II

III 0

3
2
0

be a larger threshold, W, & W» for the production
of new hadrons containing an K" quark. Above
this threshold, the right-handed valence 6' quark
also participates, and contributes to inelastic
v scattering. Thus, we distinguish three different
energy regions:

I. below all new thresholds.
II. between 8', and W, .
III. above W, .

Actually, these regions are slices in hadron
mass, but they may be studied by varying E„and
making appropriate kinematic cuts.

The following ratios of charged-current cross
sections may be defined:

a(vP) + a(vn)
a(vP)+ a(vn) '
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l. Inclusive neutrino scattering

We concern ourselves with results off "matter"
targets, containing equal numbers of protons and
neutrons. We have noted elsewhere' that the
study of inclusive neutrino scattering off separate
proton and neutron targets is of little value in
discriminating among different gauge theories.

The ratio R of inclusive neutral-current cross
sections of v to v is independent of a. Its mea-
surement is a crucial test of the vector model.
While in the old model Ris a simple function of
sin'8

1 —2 sin'8+ ~49 sin46
3-6sin'8++ sin~8 '

in the vector model we unambiguously predict

R=l. (20)

Unfortunately, the current experimental status
of R is confused: Published results are in con-
flict'7:

8. Neutral-current phenomena

In this case the predictions of the conventional
model and our new model are vastly different at
all energies. We shall discuss the neutral-cur-
rent predictions in terms of the naive quark-par-
ton model. In this approximation, and for each
mode, the description of neutral-current effects
depends on two parameters: sin'0, the conven-
tionally defined angle determining what combin-
ation of gauge fields is the photon, and Mz, the
mass of the neutral vector boson. It is only for
the simplest Higgs meson structure —suggested
byWeinberg and Salam —that there is a relation
between these parameters:

Mz =Mz =Mw sec&=76 GeV csc20

More generally, the two parameters are logically
independent and must be separately determined
by experiment. It is useful to choose as param-
eters sin'8 and z ~M+/M~ (the ratio of the Z mass
to its value as predicted by Weinberg and Salam).
Evidently, z 4 is a measure of the over-all
strength of the neutral-current phenomena. In
Sec. VI we. argue that in the simplest unified mod-
els, we expect ~ «1 (i.e., more neutral currents
than with the canonical value Mz =M+).

In our comparisons of theory with experiment,
we shall refer to the Weinberg-Salam model, as
generalized to allow independent variation of Mz
and sin'8, as the "old model. " Our new model
is referred to as the "vector model. "

' Harvard-Penn-Wisconsin

R= —= 1+ 0.2 ((E„)-30 GeV),

Gargamelle -=0.5 s 0.2 ((E,) -2 GeV) .

At Gargamelle energies the recoil hadron energy
distributions in charged-current events are known
to disagree with the predictions of the naive quark
picture. Thus. it is perhaps unwise to compare
the low-energy result for R with naive theoretical
expectations. On the other hand, high-energy
data of the Caltech group' seem to favor the
Gargamelle results (although the Caltech results
are published with no error determinations).

Historically, the data have often been presented
as a plot of the ratio of neutral-current to
charged-current cross sections for v and v, with
the theoretical prediction shown as a curve de-
pending on sin'0 with ~ = l.

When both parameters are treated independently
we have

o(g)N ) (—,
' —sin'8+ -'P sin 8}& (old),

( (2 -4 sin'8+ —',o sin48)z 4 (vector),

u(~)„c (-,
' —sin'8+» sin'8)& ' (old),

(22)
(~ —-', sin'8 + —"sin 8)~ ' (vector) .

Of course, charm production is not considered in
these formulas: They are only valid predictions
below charm threshold. In Fig. 3 we display the
experimental data together with the theoretical
predictions for each model, with ~=1. Gargamelle
data are compatible with sin'8-0. 4 in the old
model, and disagree with the vector model what-
ever the value of g. HPW data are compatible
with the vector model with &-1. Again, we can
come to no firm conclusion from such conflicting
data.

Another crucial test of the vector model is in
the hadron energy distribution of neutral-current
events: The results for incident neutrino and
antineutrino must be identical.

We return to the independent determination of
K and sin'8 as we describe what is known about
neutrino scattering on electron targets.

2. Elastic neutrino-electron scattering

This is a very difficult process to measure,
but one not obscured by strong-interaction effects.
It offers itself to immediate and unambiguous
theoretical analysis. The effective coupling is

'~' Gf [P&y"(1+y, )v&][ey„(g~+ g„y,)e] + [v, y (1+y, )v, ][ey (G„+G„y,)e]), (23)
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and in both the old model and the vector model
the following relations hold:

Gv =1+gv

G~= 1+g~.
(24)

(gV gA )

(25)

do G'm I
2

dE~ 2rC&)= ' (g» —gA) + (g»+gA)
P

g2 (gV gA)

where E, is the energy of the recoil electron.
For electron neutrinos, substitute Gv and G„for
gv and g„.In the old model

gv=~ '(--,'+ 2 sin'8),
(26)

. sin 8=0

The differential cross sections for incident muon
neutrinos are

do G'm,

dE, 2m
(V) = '

(g» + gA) + (g» - gA) 1 -
@P

while in the vector model

g» = & '(- 1 + 2 sin'8),
(27)

Measured upper limits" for v&e and v, e cross
sections can be converted into convex domains
in the (g», g„)plane within which, with 90% con-
fidence, the actual values must lie. For v„e
scattering, there is a measured cross section
based upon three observed events. " This con-
strains (gv, g„)to be within an annular domain
excluding the origin. These constraints are dis-
played in Fig. 4.

Figure 5(a) gives a comparison of the old model
with these experiments. Shown against the allowed
(g», g„)domain is the prediction of the old model
with K =1, and the prediction of the old model as
deduced from the inclusive scattering data with
sin'6I and ~ unconstrained. The consistency of
this model with either set of hadronic data is
marginal.

The vector model is compatible with only the
HPW hadronic data. For each value of sin'8,
there is a value of ~ which fits the data, and a
corresponding prediction of (gv, g„).These pre-
dictions are shown in Fig. 5(b) against the allowed
leptonic domain. Values of sin'8 ~ 0.4 (z-1.4) and
0.6 & sin'8 & 0.7 (& -1) are not in conflict with ex-
periment.

It is revealing to combine the inclusive scatter-

X X
gA-

~ ~ ~ ~ ~ ~ ~ ~ ~ ~
~ ~ ~ ~ ~I ~

~ ~

~ ~

I ~ $ J
I g I

gy

0

sin 8 =l

I I

o-(vd vX)
cr(vd p. X)

I

.5

FIG. 3. Ratios of neutral-current to charged-current
inclusive cross sections on matter. Predictions of the
oM model and of the vector model (both with & = 1) are
shown. Experimental determinations of these ratios are
also shown.

FIG. 4. Allowed domains (90% confidence level) for
g~ andgz from neutrino-electron scattering. This is an
updated version of Fig. 9 in Ref. 6.
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ing data and the leptonic neutral-current data into
a figure displaying the allowed values of & and
sin'e. Figure 6(a) shows this analysis for the old
model. The shaded region is allowed by observed
ve scattering data. The two inclusive scattering
data points are also shown. Figure 7 shows the
allowed values of & and sin'8 for the vector model.
Only HPW data are shown since the Gargamelle
data do not support this model. The disconnected
shaded domain is consistent with the data. The
region with z- I and sin'6-0. 68 is favored (both
in the value of & and of sin'8) by arguments based
on superunity presented in Sec. VI.

3. Single-pion production by neutral currents

We shall concern ourselves with pion production
in the vicinity of the 4(1286) resonance in the
vector model. The hadronic neutral current is

&z =2(Py"(P-Ky"K) —4sin'8J",

+ 2((P 'y"(P ' —Xy" X+(P "y (P"-&"y~61")
P

(28)

and it couples to the neutrino current vy" (I+y, )v
with an effective coupling strength G/v 2 &'. With

the assumption that quarks other than 6' and g
quarks do not contribute significantly to the rel-
evant matrix elements of the neutral current, we
can relate the neutral-current production of single
pions to electroproduction data. Good electro-
production data exist for the reactions eP- ePn'
and eP- en'' at low energies. " From the data
we estimate that the I =-,' background contributes
25~/0 to the dominant I =

& resonant amplitude in
the integrated cross section for eP- ePm'+ ePm'

at energies -2 GeV. If it is assumed that the iso-
vector part of the current dominates single-pion
electroproduction, the neutrino-induced neutral-
current cross sections are completely determined
within our model.

Following Albright et al. ,
"we define

Q2
V,„(Nv)= » Q'dc(eP - eNv) .4m'n'

For electrons of -2 GeV, V, (Pm')-0. 12x10 "cm'
and V, (nw') ——, V, (Pn') In ter.ms of these quan-
tities we estimate the neutrino-induced cross sec-
tions at similar energies to be

OLD
MODEL

v+e

MEASUREMENT

HPW
T

I sin 8=1
T l~

P g 1

GARGAMEL LE
(WEINBERG-SALAM)

gA

-- (a ) OLD MODEL

gy1

sin~8=]

~ ~ 0 ~

GARGAMELLE

H HPWzI+
I

~ W
W ~

~
"' """. p+e LiMtT

-- (b) VECTOR MODEL

FIG. 5. Comparison of the experimentally allowed do-
main of g~ and g~ with theoretical model. s, In (a) we
show the predictions of the old model with & = 1, as well
as the predictions of the vector model. with the relation
between & and sin20 determined by the HPVf inclusive
scattering data.

0 .1

L L L L

.2 .3 .4 .5 .7 .8 .9 1.6
sin~ 8

FIG. 6. Constraints on & and sin 8 in the old model
fol. lowing from leptonic and inclusive data. The shaded
region is all. owed by all. leptonic data. Gargamell, e and
HPW inclusive scattering results are also shown.
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o(vn- snab') =o(vn- vnv')

=-', o(vn -vpm ) =-,'(x(vn- vpm )

=-', v(vp- vnm') =-,' v(vp- vna')

=o(vp-. ~pw') = o(vp- vpw')

4(1 —2 sin'8)'
4

= 1.04 ~
' 10 3~ cm'. (29)

K

Of more immediate experimental interest are
ratios of neutral-current to charged-current
single-pion production cross sections. These we
expect to be energy-independent to a good approx-
imation, for neutrino energies & 1 GeV. The con-
ventional definitions of these ratios as well as
their predicted and observed values" "are shown
in Table IG. For the charged-current cross sec-
tions, we use the values predicted by Adler'7
(choosing the characteristic mass of his axial
form factor to be M„'=0.88 GeV'): These are
known to agree well with experiments. " Following

VECTOR
MODEL

the above discussion of neutral-current deep-in-
elastic and leptonic phenomena, we set ~=1 and
sin'0=0. 68+0.08 in the vector model. Our results
are compatible with experiment in cases where
data exist. The large uncertainty in our theo-
retical predictions reflects the sensitivity of the
results to the value of sin'8. In comparing 8„
with the data (on a target consisting of 75% Al
and 25% C), we have reduced the theoretical pre-
diction by a factor of 2. This is because nuclear
corrections (which have been worked out in the
old model) are known to have approximately that
effect.

Perhaps more interesting is to use the HPW
deep-inelastic data together with the observed
single-pion production ratios to determine sin 8

and ~ in our model. This analysis is shown in
Fig. 8. The shaded regions in this figure are the
allowed domains of sin'6 and ~ allowing 1.2v
errors on the experimental data. The agreement
of this figure with Fig. 7 is impressive. Our vec-
tor model is consistent with inclusive data, single-
pion production, and ve scattering. Taking into
account the superunification arguments in Sec. VI,
we conclude that if our model is correct, sin'6
-0.68 and ~ -1. Corresponding to these values,
we predict

M~ = 2 ' ~lan 6 ' ' csc6 = 45+ 1.5 GeV,
/'

/
M~ =KsecGM+ =79+ 12 GeV.

(30)

4. Elastic scattering of neutrinos and antineutrinos by nucleons

1.5

.5

Again, we need appropriate matrix elements of
the weak current (28). The description of elastic
neutrino-nucleon scattering involves the matrix
elements of the isospin operator and the electro-
magnetic current —both of which are known from
elastic electron scattering on nucleons. The re-
mainder of the current measures the contribution
of the strange, charmed, and extra quarks. Its
matrix element at Q' =0 must surely vanish. In
our calculations we shall assume (plausibly, but
without real justification) that this last term makes
no contribution to elastic scattering. It follows
that the differential cross sections for elastic
neutrino-proton scattering are

do(vp- vp) do(vp- vp)
dQ' dQ'

sin 8

FIG. 7. Constraints on K and sin~o in the vector model.
fol.lowing from leptonic and inclusive data. The shaded
regions are allowed by all leptonic data in conjunction
with the HPW measurements.

Q2
, , [A+ C(4mE, —Q')'], (31)8mB„'~4

where m is the proton mass, E„the neutrino en-
ergy, and the convention is such that Q'&0. We
use the following empirical scaling laws for nu-
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TABLE III. Single-pion production by neutrinos or antineutrinos. Ratios of neutral-current
to charged-current cross sections are defined. Their values as predicted by the vector
model are given and compared with available experimental data. The predicted value of Rz
has been reduced by a factor of 2 because these data were obtained from a complex nuclear
target (see text).

Ratio Definition
I

Prediction Experiment Reference

Ro
o-(vp —Vp7r0)

o'(vp p, pz+}
0 13+"4- 0.09 0.40 + 0.22 32' 33' 36

a( vp vm. +)

a(vp p, pm+)
p pg+0 ~09 0.&3+ 0.06 32, 33, 36

a(vn vp7r )
o'(vp p pvr+)

p pg+0 ~ 09-0.06 0.07 + 0.03 32, 36

R0+ R0+R~ 0 22'0.23. 15 0.53+ 0.23 32, 34, 36

~ov
"p"—vpx0)+ o(v "n" vnvr )

2o(v "n" -p. -pm0) p F6+0.16. 11
0.&7+ 0.06 34, 35, 36

a(vp —vp7r0)

a(vp p, +pvr )
0 85~ 59

o.( vp vnvr+ )

a(vp p, +pn )
P»-0.39

a(vn vpz )

o( vp @+p7r )
5g +0.61

R0+ R+ ] 44+ 1~52
Oe98

cleon electromagnetic form factors":

G~s(Q')=—(1+ up) '~i(Q')

'G'(Q')

Q2 2

0.71 GeV'

Gtt (Q2) 0

The parameters in (31) are given by

(32)

Q2 2

g~ =2 (1 —2 sin'8)(1+ p, ~) 1+ 4m' 4m'
(34)

gu = 2 I. (1 —2»n ~)p p
—I n l p

and the p, ~ and p, „arethe anomalous magnetic
moments of the proton and neutron in nuclear
magnetons.

The simplest prediction is for the forward
cross section, which should be independent of en-
ergy,

4m2 gN 4m2 gv + 2 gvgN

do'

dQ' q2,
2G', (1 —2 sin'0)'

G.'(Q')
(1+Q'/4m') '

2 2 1 2 2 Z(Q )
SF +4QAM1

(4 Q2/ 2)

where

(33)

a(vp- vp)
g(vn v, p) q2 ~ q2

o(vp)-vp)
and +v(vp-p, n) q2, q2

For sin'6) = 0.68 and I(: = 1 as estimated from in-
clusive and electron data, we find a forward cross
section of 4.35& 10 ' cm' GeV '.

More easily measured are the ratios of cut
cross sections:
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VI. UNIFICATION

The 51 Weyl fields of our model fit naturally
into three 16-dimensional spinor representations

2 VECTOR MODEL

with Q' exceeding some minimum value. We pre-
sent our results for these ratios in Figs. 9 and
10 for different values of the Q';„cut, as func-
tions of neutrino energy. In computing charged-
current cross sections we have neglected the
muon mass and used the axial form factor F„
= —1.23(1+ Q'/0. 88 GeV2) ' which fits recent ex-
perimental data. "

In Fig. 11 we show the ratios of the correspond-
ing differential cross sections

do(vP-vp)/dQ' do'(vp vP)/dQ'
do(vn-p, p)/dQ' der(vP-p, 'n)/dQ'

as functions of Q' for various values of the inci-
dent neutrino energy. In all our figures we have
chosen sin'6 =0.68 and ~ = 1. For antineutrino
scattering the distributions show a rich and rapidly
energy-dependent structure, providing an ex-
cellent test of the vector model.

of the group O(9) and three singlets. The 36 gen-
erators of the 16 dimensional representation of
O(9) are o„1g,q„(TgTj p3, T, q, p„and @go,p„
wherei and j =1, 2, or 3 and o;, T„q;,and p, are
independent Pauli matrices. The 16 is a real
representation, and the O(9) theory is vector-
like. " The matrices q; generate an SU(2) sub-
group which we identify with the weak interactions
SU(2). The matrices u;(1-T,p, ), v, (l —g,p, ),
(o,r, + a,r, )p„and (o,T, —o,7', )p, generate the
color SU(3). The U(1) generator is (o,+a~+a,v,p, ).
With these identifications, a possible assignment
of the fermion fields into O(9) multiplets is shown
in Table IV. It is easy to see that under the SU(2)
XSU(3) subgroup, the 16 transforms like (2, 3)
+ (2, 3) + (2, 1) + (2.1) so that all the fields except
the Eo„,Moz, and Lo~ are members of SU(2)
doublets.

The O(9) symmetry can be spontaneously broken
down to SU(2)&& U(1)&& SU(3) by a Higgs meson
multiplet transforming like the adjoint representa-
tion with a vacuum expectation value (VEV) in the
"U(1) direction. " Additional Higgs multiplets,
or other mechanisms of symmetry breakdown,
are required to give mass to the quarks and lep-

Z:

(3
A

C3

b b

.5&&

0 .t .2 .3 ,4 .5 .6 .7 .8 .9 I

2.
I

5-
I

7.
sin 8

FIG. 8. Constraints on & and sin28 in the vector model
following from exclusively hadronic data. The shaded
regions are compatible both with HPW inclusive scatter-
ing data and with diverse experiments on single-pion
production by neutrinos.

E„(Gev)

FIG. 9. Ratio of neutral-current to charged-current
"elastic" cross sections for incident neutrinos as a
function of neutrino energy, as predicted by the vector
model. Results with different Q2 cuts are shown.
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tons. Two real 16's are required to give mass to
the E', M', and I'. All components of the 16's
are members of SU(2) doublets, so their VEV's
contribute to the S'and Z masses just as do the
Higgs mesons in the standard Weinberg model 4

with m /m~ =cos6. To give the most general
quark and lepton mass matrix, we also need ad-
ditional Higgs mesons transforming like 9, 36,
84, and 126 dimensional representations of O(9).
If some of these representations are absent there
will be zeroth-order relations" among the masses
and angles. We have not found any of these to be
particularly compelling and we will not discuss
them further. The components of these "tensor"
representations of O(9) transform like singlets
and triplets under SU(2). Their VEV's can con-
tribute to the W mass but not to the Z mass. Un-
less we include unnecessary Higgs mesons, the
mass geitt satisfy m~ & m~/cos8 (i e , z &. 1.). The
inequality becomes an equality in the limit in which
the VEV's of the 16's are much larger than the
VEV's responsible for quark masses.

The VEV of the adjoint representation which
breaks the O(9) symmetry down to SU(2)XU(i)

1.5

.5

1.5

.5

1.5

1.5— E=5

.5

,1 .2 .5 .4 .5 1.

Q~ (Gev~) vEcT0R IvIODEL Q~ (Gev~)

2 II

2.

Q' (GeV') Q (GeV )

5l +
(3

N
1.5~~

Ca +
l~

t
CL

b b

FIG. 11. Predictions of the vector model for the ratios
of neutral-current to charged-current "elastic" differ-
ential cross sections as a function of Q for different
neutrino or antineutrino energies (in GeV). Besults for
neutrinos and antineutrinos are shown.

TABLE IV. Assignment of fermions to O(9) 16' s
fcase (i)]. + = C+* where t" is a charge-conjugation
matrix ~

7)3

0'-'

VECTOR MODEL

sin 8-.68, K-1.2

2.
I I I

6.

1
-1

1

1
1

-1

Ep(Ge V)

FIG, 10. Batio of neutral-current to charged-current
"elastic" cross sections for incident antineutrinos as a
function of antineutrino energy, as predicted by the vec-
tor mode1. . Besults with different Q

2 cuts are shown.

1
—1

1

Lo Eo
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X SU(3) must be very large for two reasons: to
account for the observed difference in strength
between the strong and electromagnetic inter-
action, "and to suppress the rate of proton decay
by making the vector bosons which mediate this
decay superheavy. 4' Ignoring the effect of Higgs
meson couplings, we can estimate the mass of
the superheavy vector bosons by the standard
renormalization-group argument, ' obtaining

where M is the superheavy mass, m is an ordin-
ary mass (a few GeV), and g'(m) is the effective
strong coupling constant at m. A reasonable value
of g'(m) gives M= 10~' GeV. This number cannot
be very reliable because it is very large compared
to the Planck mass (-10"GeV) so gravitational
effects will presumably invalidate the naive cal-
culation. But in any event the superheavy mass
will probably be large enough to suppress proton
decay to experimentally inaccessible levels.

The mixing angle is determined in principle by
the unification. 4' In the absence of renormaliza-
tion effects due to the large mass of the super-
heavy vector bosons, the mixing angle would be
sin'6 =~ . Naive application of renormalization-
group arguments changes this prediction to sin'0
= —,'. Again, this result may be meaningless since
gravity has unjustifiably been ignored, but see
eight exPect 4 &sin 8& 2.

A similar unification can be achieved using the
16 dimensional representation of the group O(10).

VII. CONCLUSIONS

%'e have outlined an alternative to the conven-
tional theory of weak and electromagnetic inter-
actions. The impetus for the construction of the
new model was our earlier suggestion that the
addition of a V+A term in the charm-changing
charged weak current might explain the 4I =-,'.
Our theory may seem radical —it involves six
types of quarks and charged and neutral heavy
leptons —but our approach is conservative in the
sense that we have kept strictly within the frame-
work of a specific theory of the strong interac-
tions. Throughout this work we have assumed
the following: that the strong interactions arise
from a renormalizable asymptotically free44

color-SU(3) gauge theory; that the color sym-
metry is exact, ' the gauge gluons are massless
and electrically neutral, and the quarks are frac-
tionally charged; that color is completely screened
because of the infrared structure of the theory so
that only color-singlet states exist in the physical
spectrum. These assumptions lead to plausible

explanations of electroproduction scaling, ' the
new resonances, 4' and the mass spectrum of the
observed low-mass hadrons, ~' among other things.

To illustrate the constraints imposed on us by
our adherence to an unbroken-color-gauge model
of the strong interactions, we will constrast our
model with another six-quark model, proposed
and discussed recently by Harari. " He suggests
that in addition to the O', X, and A., there are
three extra quark "flavors" with charges 3 3,
and ——,', and that the strong interactions are such
that the SU(3) which treats (P3I& as a 3 and the
extra quarks as a 3 is a useful approximate sym-
metry. He argues that the three new resonances
J or g(3.1), g'(3.'t) and the broader peak at 4.2
GeV are different linear combinations of heavy
quark-antiquark pairs with definite SU(3) quantum
numbers, like the w', q, p' system of pseudoscalar
mesons in the light quark-antiquark sector.

In our theory the symmetry is SU(6)x SU(6)
broken only by quark mass terms. For example,
if the O', X, and A, quarks are approximately de-
generate, while the 6", 6'" and X" quarks are
heavier and not degenerate, the only useful (non-
Abelian) symmetry group will be the ordinary
SU(3) which acts only on the (POl'X triplet and has
nothing to do with the heavy quarks. If the 6", 6'",
and 8" are approximately degenerate, the sym-
metry is not SU(3), but SU(3)&&SU(3), one SU(3)
acting on the light quark triplet and the other on
the heavy quark triplet. We find our SU(3) [or
SU(3) &&SU(3)] more plausible than Harari's SU(3)
for the following reasons. To break the symmetry
down to Harari's SU(3) in the context of renormal-
izable field theories would require (most simply)
the introduction of SU(3) multiplets of fundamental
bosons coupling strongly to both light and heavy
quarks. These would tie together the transforma-
tion properties of both quark types, allowing only
Harari's SU(3) as a conceivably useful symmetry
group. But fundamental charged bosons would
contribute to a longitudinal cross section in elec-
troproduction, conflicting with experiment.

Moreover, the existence of such a second kind
of fundamental strong interaction is difficult to
reconcile with the notion of a renormalizable
gauge theory of weak interactions. While the
color SU(3) interactions are left invariant by weak
gauge transformations, the interactions which
couple together light and heavy quarks are not.

%'e also find the mixing scheme proposed by
Harari unjustifiable. In the p, x, q system, the
closest light-quark analogs of the J' (4), mixing
between different quark-antiquark pairs is ap-
preciable only for the p, u pair and then only be-
cause the 6' and X quarks are very nearly degen-
erate. The q is to a good approximation pure XX,
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and we expect that the J (&jr) is 6"P' to an even
better approximation.

The "success" of Harari's model is that it ex-
plains the large value of B above the resonance
region, at the cost of giving up interpretation of
the g's as a radial excitation of the J (g). But
there are strong theoretical indications that the
f' is a radial excitation. " Experimental indica-
tions (in the form of y rays) may be difficult to
observe. " In our theory we assume that the 6'"
and K" are heavier than the 6". Narrow resonances
associated with tP"P" and X"Z" should exist at
large mass, but have not yet been seen. The fact
that A is observed significantly to exceed —", may
be due to the production of the heavy lepton I.'.
Indeed, such a hypothesis yields a good fit to the
data. " In view of the many successes of the color-
gauge model, we feel that Harari's attempt to go
outside this framework to explain the large value
of 8 is misguided, especially since there is no
satisfactory field theory realizing his model, and
an adequate explanation exists involving the con-
ventional model and one heavy lepton. Of course,
we have no objection to the mere introduction of
extra quarks such as has been proposed by
Barnett and by Wilczek. "

Our vector model of weak and electromagnetic
interactions is a viable alternative to the conven-
tional theory. Both theoretical and experimental
progress is necessary to determine which if either
is correct. Experimental work is needed, partic-
ularly more neutrino scattering data, to check
the detailed predictions of our model for charged-

and neutral-current phenomena. Theoretical
work is necessary to show whether our new ex-
planation of the &I = 2 rule is consistent with non-
leptonic decay data" and to complete our under-
standing of 4S =2 effects.

A distrubing feature of the vector model is the
apparent lack of naturalness. " This appears in
several ways. In the vector model as in the old
model, we have not been able to understand the
hierarchy of quark masses in any simple way.
Isospin symmetry, for example, is unnatural and
must be put in by hand.

In the conventional model, and with the neglect
of the Cabibbo angle, the 6' and X quarks are
symmetrically involved in the weak interactions.
However, in the vector model, even this sym-
metry is lost by the couplings of the right-handed
quarks. The quarks to which the right-handed
6' and 2 are coupled (i.e., 6" and X")must be
significantly different in mass. This makes the
origin of isospin invariance even more myster-
ious. Moreover, the vector theory does not nat-
urally guarantee Cabibbo universality, as the
conventional model does. Further theoretical
assaults on these questions are essential.
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