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Parameters for anomalous lepton-hadron interactions (such as their signs, V and A char-
acter, and allowed and forbidden nature of certain transitions) are abstracted from the class
of guage models proposed earlier by the authors. This information is used to determine the
strength of the anomalous interactions by fitting e e'-annihilation data. We then make quanti-
tative estimates of the energy dependence of this cross section, the deviation of the ratio of
(e'p/e p) cross sections from unity at high q2, and (apparent) deviations from scaling in ep
scattering. Also discussed are consequences of anomalous interactions (with the restrictions
mentioned above) on enhanced lepton production in hadronic collisions, hyperfine structure
splitting in hydrogen, and leptonic decay modes of ~ and g. On the theoretical side, we
discuss variants of the basic gauge model which allow the anomalous lepton-hadron interac-
tions to be relevant at present energies. An analysis of the data involving e' alone inclines
one to the view that the electron is likely to be "strange" if its interaction with hadrons is
"anomalous" at present energies. Further data are needed to test this possibility and also
whether the muon and the electron neutrino are anomalous and whether parity is conserved
in these anomalous lepton-hadron interactions. It may, of course, be that leptons do possess
anomalously strong interactions but only at high energies proposed in our basic gauge model,
in which case such interactions are irrelevant for SLAC energies. Several intriguing conse-
quences of the maximal SU(16)1,&SU(16)z local symmetry are mentioned.

I. INTRODUCTION

In attempting to unify' baryons and leptons with-
in a gauge-theory context, we postulated' in 1973 a
new class of lepton-hadron interactions which

eventually must acquire the same strength as
hadron-hadron interactions. For the so -called
basic model of leptons and hadrons, which was
examined in detail in an earlier paper, there ap-
peared theoretical limitations, so it was estimated
that the new anomalous interaction would manifest
itself for energies in the region of 104 GeV.

Experimentally, however, the CEA-SPEAR
enhancement' of e ' +e —hadrons might possibly
be indicative of the fact that the mechanism sug-
gested by us may already have become operative
at much lower energies, and this suggestion was
advanced in a letter. ' It was pointed out in this
letter that

(i) experimental studies involving energy de-
pendence and the magnitude of o(e e'- hadrons),

(ii) deviations of the ratios of (e P/e P) and

(p'p/ p, p) total cross sections from unity at high

q, and
(iii) scaling behavior of e+P -e+hadrons and

apparent deviations therefrom

may provide further information on the existence
and nature of such anomalous interactions.

In this paper we give quantitative estimates of
the above effects and discuss other possible tests
including enhancement of lepton production in
hadron collisions. ' In making these estimates,
we rely heavily on gauge models for obtaining the
basic parameters of the anomalous interaction
(like coupling strengths, their signs, V and A

character of these interactions, and the allowed
and forbidden nature of certain transitions). On

the dynamical side we make use of the parton-
model hypothesis in order to get a feeling for the
magnitude of these effects. We are prompted to
make such estimates by the fact that some of the
experiments relevant for testing our ideas are in
progress and some are already completed (in par-
ticular the ratio of e'p/e p total cross sections'
for q up to —15 GeV, while similar data on

p. 'P/p. P are expected' to be available in the near
future. Our chief conclusion is that the electron
is likely to be a "strange" particle and its neu-
trino "charmed" in the sense of our gauge models
(if its interactions with hadrons are to be anoma-
lous at present energies), and this would imply an
enhanced production of @' and q' and possibly also
KK as SLAC energy increases. In Appendix A we
discuss explicit variants of our original model, to
show that limitations on the relevant energies of
the basic model can be relaxed so that anomalous
lepton-hadron interaction can begin to manifest
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action from gauge-theory considerations. As will
be seen, this leads to important experimental
diff erence s from other models" recently proposed
in the literature. In summary, we consider the
following three possibilities for the choices of q,
and qp.II. ANOMALOUS LEPTON-HADRON INTERACTIONS
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itself with requisite strength at the present low
SLAC energies. However, we consider the new

variant to be of a forced model and would hope
that, if the electron does prove to be strange, a
somewhat more attractive version of it emerges.

The anomalous interactions of the charged lep-
tons (e and y. ) with quarks, which arise in the
gauge-theory context of Ref. 2 and which are fur-
ther discussed in Appendix A of this paper, are
given by

a»=f,'(ey. q, )X,'.+f,"(eiy y, q.)X."
+ (e —p)+H. c. ,

where q, denotes the specific quark (in our case it
is either 51 or A} coupled to the electron via the
X's; similarly for q„~ Since there is a triplet of
X's corresponding to three baryonic colors, a
summation over the color index of the quarks and
of the X's is implied. In general, the vector fields
X,"„may not be identical with the axial-vector
fields X, „andparity is conserved. [One may,
however, also consider the case X =X" which
will lead to parity -violating X interactions. Since
there is no a priori reason (theoretically' or ex-
perimentally9) for the interactions in the X sector
to be parity-conserving, we allow this possibility
also. ]

We wish to emphasize that in renormalizable
gauge theories there are restrictions on the
choices of q, and q„owing to the interplay between
the weak and strong gauge groups. For example,
if one assumes that the gauge group has the struc-
ture G = G & G„where G„and G, denote respec-
tively the "weak" and nonchiral "strong" gauge
groups commuting with each other (as considered
in Ref. 2) and that the X's belong to the set of
gauge mesons generated by G„then e can be
coupled via X to either the 'X quark or the ~ quark,
but not to both (see Appendix A}. We refer to these
two situations (e coupled to 2 or X) as situations
u)here the electron is "nonstrange" or "strange, "
respectively. Also (if g and e belong to the same
fermion multiplet} p will couple to the )N. quark,
where e couples with 5f and vice versa. (In other
words, if e is "strange, "

p is not. ) If, on the
other hand, e and p, belong to different fermionic
multiplets (as is the case of the variant model of
Appendix A}, both e and y, may be "strange. " But
in no case can e and JL(. couPle via the X's to the
proton quark or the charmed quark without con-
flicting with the charge and isospin assignments
in the class" of gauge models mentioned above.
In the sequel, though our discussion is phenome-
nological, we abstract the features of the X inter-

(i) (q„q„)=(&, X); e nonstrange, p strange.
(ii) (q„q&)= (A, 5f); g nonstrange, e strange.
(iii) (q„q ) = (&, &') (such a possibility arises in

the so-called prodigal model —see Appendix A).
Both e and p. are strange.

A. Effective 4-fermion interaction; heavy-X case

2

4 4Se Sq + 2 Ve Vq + 2 Ae Aq 4Pe JPqmx~,

f 2

+ 4 4S, S, +2V, V, +2A, A, +4P, P,
e

+(e —u). (2)

(II) Parity-nggconserging case. X; and X"; are
identical fields" with f; =+f"; =f,:-
&x =

2 VeV, +Ae q + VeAqe+A
mx

+(e- u). (3)

Here S„V„A„andP, denote the bilinear lepton
covariants (e(X)I;e(X)) with I;. = 1, y&, iy&y„and
y„respectively; similarly for the quark covari-
ants S, , V, , A, , and P, . The equality relations

In addition to quark mass, two important param-
eters in the model are the square of the coupling
constant (f') and m»'. Two typical cases arise:
(1) f'/4» is small (perhaps as small as = 10 '); in
this case, in order to account for the e e'-annihi-
lation data, X ought to be "light" (M»= 15-30 GeV,
say). The m»' may be exceeded in energy by the
next generation of experiments. We refer to this
as the light Xcase -(m„'-s). (2) f' is large
(f'/4v- 1); in this case X ought to be heavy
(m» —- 100 GeV) to account for the e e -annihilation
data (see estimates later). In this case s (and &)

«mx'. We refer to this as the heagy-X case.
Most of this paper is concerned with the (simpler)
heavy-X case, although in Sec. III B we briefly
consider the case of a light-X mass. (From the
gauge-theory point of view, both cases may be
permissible; see the remark in Appendix A. )

For s and t «m&', one may treat the effective
current-current interaction mediated by the X's
as a local 4-fermion interaction, which for the
sequence of cases mentioned above reads as fol-
lows, after a Fierz r . shuffle has been effected.

(I) Parity-conserving case (X; ), , .„and
(X; ), , „aredistinct fields with f, = +f, =f,:.—
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between fr „andf,"&
for I and II are suggested by

various variants of gauge models. Note that the
over-all sign of the above effective interaction is
fixed in gauge models, since it is a consequence of
a basic vector-type Yukawa interaction. This will
result in the sign of the interference term between
the Xand the photon-mediated amplitudes (in e e'
annihilation and e'P scatterings, for example) be-
ing fully determined.

Under (I), we consider two typical possibilities:
(IA) The mass of the axial-vector meson X" is

much larger than that of the vector meson X, so
that we may drop the axial contribution. Alterna-
tively, vector mass much exceeds axial mass so
that we may drop. the vector contribution. The
two cases lead to identical results for all our con-
siderations, since they differ only in the signs of
the S,S, and P, P, terms, and these terms do not
interfere with any other contributions. %e refer
to the two cases as "vector-&" and "axial-X" in-
teractions, respectively.

(IB) Vector and axial masses are equal; in this
case one has an effective (VV+AA) interaction be-
fore and after Fierz reshuffle with no net S and P
terms. (Consequences of the intermediate situa-
tion of mxg being comparable to m~v can, of
course, be w'orked out from the formulas appear-
ing in the text )In s.ummary, then we have three
cases to consider:

(IA) "vector-X" or "axial-X, " with effective in-
teraction 3 (V V+AA) + (SS+PP );

(IB) (VV+AA) effective interaction, and

(II) (Vs A)(V+A) effective interaction.
For all three cases, only one X mass is relevant

for "low"-energy X interactions involving the elec-
tron and similarly the muon and the superscripts
V and A may therefore be dropped. The strength
of such interactions may thus be characterized by
the two positive parameters c, „defined by

a =-(f /4v)(1/m ')

-=(oe, )/(GeV)' (i=e, g), (4)

where o =e'/4m = 1/137. From now on we drop the

subscript i also, as we consider processes in-
volving the electron only; muon processes can be
obtained by simple substitutions e, —~„,g, -q„.

III. ELECTRON - POSITRON ANNIHILATION

A. Heavy-X case

The contributions of one photon and X interac-
tions (for s«m»') to the cross section for e e'
annihilation into hadrons are in general given by

4»s oPpyy(s) 2o.a»py»(s)
ah(S = 2 +

3 ~ s S
+&x pxx(S)

(5)

where pyy(s) and py»(s) represent the hadronic
tensors for the current correlations (V„' V„' ) and
&(V~™V„+V„V',, ), respectively, with V» =-,'(V, )„
for case (IA) and (V, ) for cases (IB) and (II). The
function p»»(s) represents the sum of contributions
from the correlations (S, S, ), (P, P, ), (V, V, ),
and (A, A, ) with appropriate coefficients, which

e ee
may be worked out for the three cases from Eqs.
(2) and (3).

If s is in the asymptotic region, dimensional con-
siderations and the scaling hypothesis suggest
that all three functions pyy(s), py»(s), and p»»(s)
are essentially constants. " If, in addition, we
assume the validity of the light-cone hypothesis or
parton-model considerations, w'e may evaluate
these constants for a given model" using the gen-
eral formulas in Appendix B. For the case where
the proton quark is not involved, "we obtain

py (s) = —1, p»»(s) = 6, (IA)

py»(s) = —2, p»»(s) = 6, (IB)

Py»(s) = —2, P„»(s)= 12, {II)

while"

(6)

Pyy(s)=Q Q, '

and ~e ~Q; denotes the electric charge of the ith-
type quark. Collecting the formulas (4), (5), a,nd

(6), we obtain" (for the heavy-X case)

with the three rows corresponding to the cases
(IA), (IB), and (II), respectively. Note the de-
structive interference between electromagnetism
and the vector part of the X interaction. This
comes about because Z»' or 2&'" were derived
from a basic vector-type Yukawa interaction to-
gether with the fact that the electric charge of
both 5I and». quarks is" ——,

'
~e ~. The sign of the

interference term is important in determining the
magnitude of e from the annihilation data.

We find that the reported data' for a„(s),with s

varying from 9 to 25 GeV', can be fitted reason-
ably well in all three cases (IA, IB, and II) with

values of e given in Table I and two typical values"
for ZQ, ':
EQ, '= 2 {3 triplets of fractional charges)

(3 quartets of fractional charges). (8)

These values of ZQ are still compatible with
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TABLE I. Values of e from annihilation data.

"Vector X" {VV+AA)eff {V+A) {V+A)eff
{IA) {IB) {II)

1

30
1

25

gq2 t0
3

1

50
—to—1 1

40 50

three quartets of integer-charge quarks, if we
remark that when neither color nor charm is ex-
cited at SPEAR energies, then ZQ, ' = 2, while if
charm is excited but not color, then ZQ, '= ~.
(Note that the values of e given in Table I are in
the same range as suggested in Ref. 4. )

vides an explanation for the known e e'-annihila-
tion data.

From now on, we shall confine our discussions
to the (simpler) heavy-X case, since it allows us
to make definite quantitative predictions. It should
be remarked, however, that if the s dependence is
not as steep for the light-X case, as it is for the
heavy-X case, the deviations of the {e'p/e p) ratio
from unity and departures from scaling in eP scat-
tering would in general be less pronounced for a
light Xthan for the heavy X for a given high s
(=q')

IV. COMPARISON OF (e'p} VERSUS (e p} AND (p.'p}

VERSUS (p, p} IN THE D~EP-INELASTIC REGION

B. Light-X case

For a lighter X mass {m» = 10-30 GeV), the
local 4-fermion approximation to the effective
interaction would be completely inadequate as
available center-of-mass (energy)' s exceeds
50 GeV'. In this situation, the s (and t) depen-
dence of e e'- hadrons will be strongly dependent
on the "structure" of the matrix element and the
particular final state considered and one may no

longer use the simple formula (7), which is valid
exclusively for the heavy-X case (m»'»s, t).
Given the fact that we are dealing with a renor-
malizable theory, we remark that the s depen-
dence of the cross section is not expected to be as
steeply rising as for Eq. (7) when s approaches or
exceeds m»'. [In fact, a variety of different com-
plexions may arise depending upon the precise
value of u s in relation to m», m, (quark mass) and

possibly other masses" in the theory. ] In sum-
mary, the lack of linear rise of the cross section
uith s (at high s) is not to be taken as evidence
against the possibility that the X mechanism pro-

It was stressed in Ref. 4 that the interference
between the vector (which arises from the electro-
magnetic as well as the & interaction) and the
axial-vector interaction (originating from the X
interaction only) should in general lead to a mea-
surable difference between (e'p) and (e p) cross
sections, especially for large q'& 1!~. Below, we

make a quantitative estimate of this difference for
the heavy-& case if we assume q, = X or A. and

make free use of the parton-model hypothesis.
The relevant formula for deep-inelastic e'p-e'+0
cross sections for a general 4-fermion interaction
containing the covariants SS, PP, VV, AA, VA,
and A V is given in Appendix B. The ratio of (e p)
and (e p) cross sections for given values of inci-
dent lepton energy E, scattering angle 8, and mo-
mentum transfer squared q' is given by

do' (E, s, q') X,
do' (E, tj, q') X

where X, for our three cases (IA, IB, and II) are
given by

& 'fa (x)+@ 'f (x)+f, (x) 1
i

cq'+e'q' 2'
1, 4) (4 ]

+(1 y+ y)

,
('&'

+ f, (x)e'q' 0 y'~ ( f (x) —— 1 eq'+e'q' 1 y{2 —y).
I, .) (10)

Here x and y are familiar kinematic variables de-
fined in Appendix B; f&p st ~{x) denote the quark
momentum distribution functions within the pro-
ton; P„=+1for quarks and —1 for antiquarks. In

(10) we have not exhibited the antiquark contribu-
tion or the A-quark contribution in ZQ f;(x),

since the antiquark and A. -quark distribution func-
tions are negligible'9 (less than 5%} compared with

those of the 6' and X quarks at x & 0.2 (i.e. , 4o& 5).
Note, however, that the antiquark contributions
systematically tend to reduce the difference be-
tween (e'p) and (e p} scatterings. This is because,
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on the one hand, they increase the symmetric term
(given by the first two brackets) and, on the other,
they decrease the asymmetric term [the last term
in Eq. (10)] due to the $, factor.

Following the same reasoning, we note that the
ratio (X,/X ) is expected to stay near unity for all
values of q' in the event the elect on is strange
(i e.., q, =h), since in this case, if we assume that
f„(x)=f-„(x)within the proton for all x, the contri-
bution of the A quark to the last term in Eq. (10}is
canceled by that of the ~ quark.

On the other hand, if the electron is nonstrange
(i e., . q, =5I), the ratio (X,/X ) would differ from
unity for all q' c 0, since the neutron- quark and
antineutron-quark distributions within the proton
are very different from each other. The precise
deviation from unity, however, depends sensitively
on the ratio f&p(x)/f~(x). The kinematic region of
interest at which deviations from unity would be
appreciable corresponds to high

~

q'~ & 10 GeV' and,
therefore, low co& 5 given that the energy F- of the
incident lepton at which the SLAC experiment' is
performed is 13.9 GeV. For such low ur [especial-
ly for ~&2, which is appropriate for q'= —15
GeV'], the functions of fz{x) and f~(x) as well as
their ratio vary rapidly, leaving room for con-
siderable uncertainty. Available information on

fz(x)/fat(x) is given by the curves in Ref. 19, which
are based on (ep) and (en) data as well as the fit-
ting of the known sum rules. However, due to
their rapidly varying nature, the precise numeri-
cal estimates of f (6)/xf~( )xfor low w based on
these curves (and therefore the estimates of the
deviations of e'P/e P from unity) should be treated
with some caution; only the qualitative trend may
still be trusted. Be that as it may, we present in
Table II values of (e'P/e P) for the case where the
electron is nonstrange (i.e. , q, =5I) at several
points relevant to the SLAC experiment, taking

(fs/f~) from Ref. 19.

Preliminary experimental measurements' seem
to indicate that the ratio (e'pie p) is unity within
+ 10% for p varying between 0 and —15 GeV'. This
appears to exclude possibilities (IB) and (II) for the
case where the electron is nonstrange (q, =3I).
Case (IA) may still be a.cceptable, if we allow for
the uncertainty in parton-model calculations to-
gether with the uncertainty in fz(&u)/f~(&u) for low
values of u, and allow for the antiquark contribu-
tions as well as the modifications due to the 2-
photon contribution to e'P scatterings. However,
if the experiments preserve the present trend for
high ~q'~ (~25 GeV') and w&1. 5, even case (IA}
(with q, =3I) may be ruled out. This would then
leave us saith the Only possibility that electron is
strange (i e. , q., = A).

Our remarks for the ratio {e'P/e P) apply equal-
ly well to the ratio (p. 'p/u p) if we substitute
e, - e& and q, -q„.Thus, a comparison of e'p
versus e p and (p'p) versus (u p) at high ~q'~

would be most helpful in deciding if either the
electron or the muon ma, y be coupled to the neu-
tron quark" via X with an effective strength" of
order 2&10 'e GeV '.

V. APPARENT DEVIATIONS FROM SCALING IN

(e'-p) AND (p. '-p) SCATTERINGS

As mentioned in Ref. 4, the replacement of the
1/q' photonlike propagator by a constant (-1/mx')
in the X contribution to the scattering amplitude
would reflect itself in an apparent violation of
scaling in deep-inela. stic eP (or uP} scattering,
even though intrinsic scaling may hold in the struc-
ture functions involving quark densities [such as
(V' V' ), (V, V,,), (A, Aq ), (V™A,), (Vq A, ),
and (S, S, }, etc.]. The theoretical formula for the
cross section d'cr/'dxdy for eP scattering in the
presence of axial-vector and vector interactions is
given by

[(1—y) vW2(q', v) +xy'm~W, (q', v) -xy(1 —y/2) vW (q', v)],chdy Q'

where s=(p+k)2 x= 1/w= —{q /2m„v}, y=(p ~ q/p ~ k), and v=(p q)/m„=(E E). The q-uantities p and k
denote the 4-momenta of the incoming nucleon and lepton, respectively, while p is the 4-momentum trans-
fer between the incoming and the outgoing lepton. Note the appearance of the vW, term due to (vector-
axial-vector) density correlation (analogous to the case of neutrino-nucleon scattering). The parton-
model formulas for the functions v+', , and M„+',for our three cases (IA, IB, and II) are given by

("'l
vW, (x, q') =x Q Q f, (x)+f, (x) q' 2&' +q'(Q ) 2e

(4" / &2 )
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1
MW, (x, q ) =— , ("7

Q Q, 'f, (x)+f, (x)q' 0

0)
1 Q Q f;(x)+a (q', (u) (12)

(e/2 )
vW, (x, q') =~2f, (x) Q, q' +q' e

The three rows correspond to the cases (IA), (IB),
and (II), respectively. The sum i runs over O', 5I,
and A. ; ~e ~Q; denotes the electric charge of the
ith quark and f;(x), as before, denotes the i-type
quark momentum distribution function inside the
proton. The factor $, is + 1 for a quark-parton

8
contribution and it is —1 for an antiquark-parton
contribution. The s signs in Eq. (12) correspond
to e'P scatterings. Note that the new terms, which
arise in the presence of & interaction, are pro-
portional to f (x), where q, (x) is A or 5I, depend-
ing upon whether the electron is strange or non-
strange. These terms depend upon q' and q' and
thus provide the scale-noninvariant contributions
to vW, and MW, . The measure of the deviations
from scaling in these two functions is given by

t i, 2(q', ~)
ZQ f (x)

where b,» are defined through Eq. (12).
Since e is small (= —,', ), it follows that D, ,(q', &u)

will be appreciable only for large ~q'( & 15 GeV'.
This, however, corresponds to small &u (&2.5) at
SLAC energies. For such values of cu, it is easy
to see that D, ,(q', &u) should be less than or of
order 5% for ~q'~(25 GeV' in the event the elec-
tron is strange (q, = A). This is because the func-
tions D»(q, u&) are proportional to f, (x) and the

strange-quark content function f&, (x) is at lea.st an
order of magnitude smaller than the non-strange-
quark content functions fs (x) and f~ (x) within the
proton for co&4. These remarks hold for all three
cases (IA), (IB), and (II).

If, on the other hand, the electron is nonstrange
(i.e. , q, =5I), one would in general expect to see
significant violation of scaling for large ~q'~ a 20
GeV'. The precise value of such violation depends
sensitively on the ratio f~(x)/fn(x). As remarked
earlier in connection with the comparison of (e'P)
versus (e P), this ratio does not seem to be well
known for small values of u& 2. This is the value
which is relevant for large ~q'~ &20 at SLAC en-
ergies. Once again, we estimate the degree of
violation for different values of q' by taking fs (x)/
f~(x) from Ref. 19 and listing the corresponding
numbers in Table III. We should stress that the
precise numerical estimates may not be taken
seriously, although the qualitative trend of in-
creasing deviations from scaling with increasing
~q'~ and the effects for the vti', function being large
for cases (II) and (IB) compared with (IA) can be
trusted.

To summarize:
(1) Despite the presence of scalar and pseudo-

scalar interactions for case (IA) (corresponding to
either "vector X" or "axial X"), the deviations

TABLE II. o' ~(E=13.9 q 0=50 )/o ~(E=13.9,q, 0=50') for the heavy-X case (mz»s, t)
with the electron being nonstrange. (If the electron is strange, the above ratio is expected to be
unity for all values of q .) The entries shown are for E

p
Values of q and E are in units of

GeV.

q =-52
q =-10 q =-15 q =-20

f~ (~)/f „(~)
IA (q, =R) "vector X"

IB (q =X) (VV+AA), ff

II (qe ~) (V+A)(V +A) eff

1.8
e'/e = 1.08

e'/e = 1.19

e' /e = 1.23

=2.42

1.16

1.42

1.57

—1.54

3.6
1.18

1.43

1.63

=1.18

1.15

1.42

1.65
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TABLE III. Scaling violations for the case where the electron is nonstrange (q, =X), with

some typical values of ~ and ~=&. (If e is strange, violation of scaling is much less than

5% for ~q I
(25 GeV and ~(4.)

Vector X
(IA) (q~ =X)

(VV +AA) „ff
(IB) (q~ =Jt,')

(V+A) (V ~A), «-

(II) (q, =X)

f~ (~)//f „(~) Dt, D2 D( D)

q =-15

q = —25 1.5

2.6 0.07

0.14

0.09

0.13

0.28

0.50

0.40

0.80

from scaling in M W, (q', u) are tolerable in the

presently available kinematic region for eP scat-
tering. This differs from the conclusion drawn in
Ref. 11, where large deviations from scaling are
noted in the presence of scalar interactions. Such
a difference is in large part due to the fact that all
three quarks (6', 3I, and X) are assumed to share
the anoma, ious interaction with equal strength in
Ref. 11, while only the% quark or the ~ quark is
involved in the anomalous interaction for our case.

(2) While the above estimates are given for (eP)
scattering, the deviations from scaling will be en-
hanced considerably for (en) scattering compared
with (ep} scattering in the event that electron is
nonstra, nge (q, =3(). This is because of the larger
'X-quark content compared with the 6'-quark con-
tent within the neutron relative to the proton. Of

course, if the electron is strange, the effects are
equally suppressed for (en) scattering, as is the
case for (ep) scattering.

(3} A characteristic feature of Eq. (12) is that
the functions vW„v~', (for e ), and MW, must in-
crease with ~q'~ for all q' and fixed ~. This is
because the interference terms in vN', and v&,

[being proportional to (q'Q, )] are necessarily con-
structive for spacelike q'&0 and Q, = —3 corre-
sponding" to the electron being coupled to either
the X or the A. quark via X.

(4} The entries in Table III indicate that devia-
tions from scaling in the v~, function are exces-
sive for case (II) and case (IB) with q, =31. This
appears to be inconsistent with the (ep) data which

seem to a.ssert that scaling holds within 10-15/q.
However, it may not be easy to draw clear-cut
conclusions unless one reanalyzes" the data in
terms of W„, W„and W, functions [Eq. (11)]. We

feel that such an analysis of the data is worth-
while not only in view of testing the possibility of
additional interactions as considered here, but
also to estimate" the 2-photon contribution.

(5} If the electron is strange (q, = A), the con-
tribution of the uW, term vanishes if f~(x) =f~(x)
for all x. This is because the A-quark contribu-
tion to the v~3 term is canceled by the anti-A. -

VI. HYPERFINE STRUCTURE

Due to the presence of axial-vector interactions
of the form (A, A, ) in all three cases (IA, IB, and

II), the X interaction will contribute" to hyperfine
splitting in hydrogen, which is given by

= 1000
V hfs

( /2'}

~

g", parts per million,

(14)

where

g," u~iy„y, u, = (P~q,iy„y,q, ~p—). (15)

quark contribution due to the (, factor in Eq. (11).'Ie

In this case the data may be analyzed only in terms
of the v+", and M~, functions. The deviations from
scaling for these two functions are sma. ll (less
than 5%%uo) in the presently available kinematic re-
gion, since f„(x)/fe ~(x) is small for low ru ((3).
However, such deviations should increase with

&u (see Ref. 24) for a fixed high
~ q ~') 20 GeV' as &u

increases between 3 and 10, since the ratio f~(x)/
f~ ~(x) rises" rapidly in this region.

(6) The remarks made here with regard to (ep)
scattering apply also to (ijp)- scattering experi-
ments being carried out at Fermilab with the sub-
stitutions ~, —e „andq, -g„.It is worth noting
that the higher &u values (together with high ~q'i
values) available in this case (due to high incident
energies) are useful to avoid uncertainty in theo-
retical estimates stemming from the uncertainty
in f&p(~)/f~(~). This applies both to the compari-
son of (tt'P) versus (p, P) (Sec. IV) and to devia-
tions from scaling in (pP) scattering. In view of
remark (5), it is especially interesting to verify
whether deviations from scaling, if any, rise in
this case with increasing &u for a fixed high ~q'i.
If this effect is observed, it may be inferred that
the muon is "strange. "
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If the electron is strange (q, = A}, we expect
g", = 0, so that the above contribution is well
within the theoretical uncertainty" of about 4 to
6 parts per million (in magnitude).

If the electron is nonstrange (q, =5I}, the extent
to which the above contribution may pose a re-
striction depends on the magnitude of g, with

q, =Z. If one accepts the value g" = (1-g„)
=(1 —1.2) = —0.2, for q, =6I, as suggested in Ref.
9, we obtain (setting e= „)

(2
6 Vhfs parts per million (16)

which is still compatible with the theoretical un-
certainty mentioned above. Thus hfs considera-
tions do not, at present experimental and theoreti-
cal accuracy, rule out the possibility of a non-
strange electron. (For the strange electron, of
course, there never was any problem. )

VII. m'~e'e, q~p'p, AND q~e'e DECAYS

The X interaction will in general contribute to
m'- e'e, g —p,

'
p. , and g -e'e decays. Even

though the X contribution is expected to be of the
same order as the 2-photon contribution [since
ne ~ O(u')], the rate of » -e'e decay" for case
(IA) (with "vector X") is in general expected to be
enhanced compared with the cases (IB) and (II) as
well as the 2-photon case by a factor (m, !m,)',
assuming that the matrix elements are of the same
order in all cases. This is due to the presence of
pseudoscalar effective interaction for case (IA),
which is absent in all other cases. Below we
estimate the rates.

7T'-e'e decay. If the electron is strange
(q, = A}, the X contribution to v'- e'e decay is
suppressed in all three cases (IA, IB, and II),
since (AA) is isoscalar while m is isovector.

Thus the X contribution to m'- e'e decay would
be significant only Provided Mat the electron is
nonstrange (q, =61). The rates for the X contribu-
tion in the different cases are given by

Case (IA) ["vector X" (2(VV+AA) —(SS+PP)) effective interaction]:

( '/m ')'
(17a)

(f '/m„')' h,
16m m„

Cases (IB) and (II) [(VV+AA) effective and (V+A) chiral]:

(t'/m ''

(17b)

4 w e (18)

where the constants f„andh, are defined by

1
(ole.ty„y,q. l~'&=-&f.Pry (2 )3/2 (2E.) '"

and

(olq, y, q, l
v ) =—ih„m„( ~,2 (2E„)" .1

~ (5~10-') (IA)I'(v'- 2y) m,

= 2.5 & 10 ' (IB and II) (20)

In going from Eq. (17a) to Eq. (17b), we have

dropped the m, ' term. %e have also assumed for
both (17b) and (18) that f„is of the same order as
the v- pv decay constant, i.e. , f, -m, for q, =5I,
which seems reasonable. Substituting (f '/4'�)m» '
= (n/50) GeV ' in the above formulas, we obtain
the following branching ratios:

for the case of nonstrange electron. A recent re-
view of the data" appears to set an upper limit of
8&&10 ' for the above branching ratio at 9(Pp confi-
dence level. This is certainly consistent with
cases (IB) and (II); but it excludes case (IA)
(vector X) with the nonstrange electron, if h, f„-
-m, . This is presumed to be the case by many
authors (see, for example, Refs. 24 and 28). How-
ever, the constant h, need not be as large as f,.
For example, if one uses the field equations to
equate the pseudoscalar quark density I', with
(I/2m, )(S„A&)where m, is the qua. rk mass, then
one obtains h, =(m„/2m,)f„,which may comfort-
ably be of order (f„!10)for even a moderately
heavy quark. Because of this uncertainty in the
estimate of h„,we conclude that m'-e'e decay
does not as yet yield decisive information to choose
between the cases (IA), (IB), and (II) even for the
nonstrange-quark case, although gowering of the
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branching ratio to the level 10 ' should disfavor
case (IA) (with q, ='X). If the electron is strange,
m'-e'e decay is not sensitive to the anomalous
interaction in any case.

q-L+L decays (L=e, y). In contrast to s0decay,
where (XX) density does not contribute, for q de-
cay such densities are important. Thus q decay is
sensitive to both strange and nonstrange lepton
possibilities. Of course the absolute rate is again
suppressed for cases (IB) and (II}compared with
case (IA} (if the matrix elements are of the same
order) just as for v'-e'e decay. The contribu-
tions to q- LL decay (L =e or p) (using the formulas
for v' decay with the substitution w —g) are given
by'

1 (q - e 'e ) = (h „/m„)'&& (3 eV} {IA)

= (f„/m,)' && (2 && 10 ' eV) (IB and II),

(21)

I'(q- p p )=(h„/m„)'&&(2.1 eV) (IA)

= (f„/m,)'x(6&&10 ' eV) (IB and II).

(22)

The constants f„andh„are defined in the same
manner as f, and h, with the substitution v —q in

Eq. (19). One may expect (barring selection rules)
that f

„

is nearly equal to f„which in turn is of
the same order as the m- p. + v decay constant;
thus f„-m,(within a factor of 2 or 3). On the ex-
perimental side, "there is no number quoted for
the q-e'e decay, while I;„,(q- p'p }=0.057 eV.
This latter number is certainly consistent with
cases (IB) and (II) (for either strange or nonstrange
leptons). The consistency for case (IA) depends
upon whether (h„/m„)may be as small as (—,', ) or
not. [Note that, if we replace the pseudoscalar
quark density P, by (I/2m, )(s„A'„),we obtain
(h„/m„)= (m, /2m, ).]

In summary, the leptonic decay modes of m' and

q are compatible with cases {IB)and (II) (with
either strange or nonstrange leptons) and with
case (IA} for strange leptons; the compatibility
with case (IA) for nonstrange leptons is not easy
to judge (under the present theoretical and experi-
mental accuracy) due to uncertainty in the esti-
mates of h, and h„.In view of the possible exis-
tence of the anomalous interactions, a search for
m'-e'e and q-e'e decays at a level much high-
er than the 2-photon contribution would be helpful.
(We should also urge a search for w'- Pe and
m'- pe decays, as these decays arise in certain
variants of our gauge models and would decide
whether electrons and muons have the same or
different "colors. ")

VIII. MASSIVE LEPTON-PAIR PRODUCTION IN

p+p COLLISIONS AND p+p~l+H

The X interaction will, in general, affect" the
production of lepton pairs in hadron-hadron colli-
sions in a manner very similar to the production
of hadrons in (e +e') annihilation. The general
dependence of the cross section on the invariant
lepton pair (mass) M, —,

2 for the case of heavy X
(M, —, '«mz'} is given by

"
phOtOn +X "

= 1+ 0( )eM, ,
' —+O(e')M,—, ',

where the terms of O(e) and O(e)' can be deter-
mined" in a pa, rton-model framework.

In view of the fact that recent experiments on

P +P - L' + L +H carried out" at BNL and P +p - l +H
being carried out' at Fermilab and at the CERN
ISR seem to indicate that lepton production is as
much as one to two orders of magnitude higher
than what is expected on the basis of 1-photon
diagrams and parton-model formulas, it is tempt-
ing to suppose that the same mechanism which is
responsible for the anomalous behavior of e e'
hadrons may also be responsible for the anoma-
lously large production of lepton pairs. (Note
that in the experiments which so far study P+P
—t+H, one does not yet know whether the observed
lepton is associated with its antilepton. However,
if the above explanation is to apply, this must be
the case. }

Fitting of the data for some specific cases has
been made recently by Soni." %'e may add the
following remarks:

(1) If the produced lepton (e or p, ) is strange,
the cross section will be modified significantly
compared with the 1-photon cross section only in
a region which involves high q'=M, —, and high u.
I What is needed is that f, (&u)f-„(s/M,—, '&u) be large,
where s =invariant (energy)' for the P-P system. ]

(2) The lepton pair produced via the X inter-
action can, of course, be distinguished from that
produced via the decay of vector mesons through
the characteristic mass plot. (This latter mech-
anism has been suggested by many authors" as a
possible explanation of the data. )

(3) We mention a third explanation. Assume
that quarks carry integer charges and are not too
heavy (m, = a few GeV) and that they decay into

(leptons+pions) with lifetimes of order 10 "to
10 ' sec violating baryon- and lepton-number con-
servation. Such a possibility could arise as a
limiting case within our gauge scheme, ' without
conflicting with the known stability of the proton.
In this case, the supposedly large production of
leptons may be attributed to the production of real
{q + g) pairs with cross section of order 10 ' com-
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pared with pion production [sufficiently above

(qq) threshold] followed by decay of the quark to
(lepton+pions}; similarly for the antilepton. With
this mechanism, the production of a lepton need
not always be associated with that of its antilepton.
This provides a distinction from the other explana-
tions. Furthermore, we expect (see Ref. 2) the
quark decays to be parity-violating, i.e. , the lep-
ton to carry net helicity. Of course, for this ex-
planation to hold, it is necessary that there is a
threshold" associated with qq production.

IX. CONCLUSIONS

The purpose of this paper is twofold: (A) First,
we wish to abstract, from the class of gauge mod-
els proposed" to unify leptonic and baryonic
phenomena, information about the types of allowed
and forbidden couplings and their signs and to
utilize this information in making predictions
about magnitude and energy dependence of e'+e
-hadrons, deviations of (e'p/e p) total cross
sections from unity, and apparent deviations from
scaling in (e'P) experiments. (B) Second, we wish
to show (and this is done in Appendix A) that the
severe limitation on characteristic energy at which
anomalous lepton-hadron interactions would mani-
fest themselves imposed by our original basic
gauge model —and which would have excluded
SLAC energies as being low —can be relaxed and
the masses of the exotic X particles responsible
for the anomalous interactions can be lowered,
from being superheavy (&10' GeV) as in the basic
model to being just heavy (= 10' GeV) or even light
(= 15-30 QeV) ~

With respect to (A), the most severe limitations
which our gauge models impose is that X-mediated
anomalous interactions never permit a coupling
of electrons to the (P quarks or to the charmed
quarks, but only to X quarks or to the A. quarks
(referred to as the cases of "nonstrange" or
"strange" electron, respectively' ). Identical re-
strictions apply to the anomalous coupling of the
muon. This has significant consequences for all
processes considered and leads to important
quantitative differences between our predictions
and those of other authors.

Further, we allow for the possibility of the X
particles being light (15-30 QeV) and remark that
this may have the effect that the anomalous cross
sections for e'+e —hadrons do not rise so steeply
with energy as is the case for the heavy X par-
ticles (= 100 GeV). An analysis of present data
(summarized in Table IV) with these points in
mind inclines one to the view that even though we

cannot yet exclude the possibility of the electron
being nonstrange (particularly with a light X}, the

trend of the data is toward a "strange" character
for the electron (and toward its neutrino being
"charmed"). The strangeness attribute of the
electron has experimental consequences —for
example, one may predict a predominant produc-
tion of f 's and q"s and possibly also (KK) in
future e'+e experiments at higher SLAC ener-
gies.

On the theoretical side with respect to con-
structing variant models which should permit a
heavy or light X (instead of a superheavy X with

mass & 10' QeV, which would be irrelevant for
SPEAR energies}, we have succeeded (Appendix

A), but at the unattractive price of doubling the
number of fermions (including quarks) in the new

models. In view of the theoretical difficulties of
constructing an attractive gauge model, we wonder
if it is not the basic gauge model —with its super-
heavy or heavy X—which is, after all, the model
likely to be correct and that at SLAC energies the
anomalous lepton-hadron interaction which we pre-
dicted is really inoperative. Future SLAC, Fer-
milab, and ISR experiments involving both e' and

p,
' may help confirm or remove such reserva-

tions.
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APPENDIX A

In this appendix we consider some of the gauge
models of Ref. 2 and the pattern of anomalous
lepton-hadron interactions they give rise to. As
remarked in Ref. 2, it i an inescapable conclu-
sion of our gauge models which unite leptons and

hadrons that these anomalous interactions must
eventually become as strong as hadron-hadron
interactions. However, for the basic gauge model
of Ref. 2, the energies at which these strong ef-
fects begin to manifest themselves are unreason-
ably large~' [s& (10' GeV)'j and thus irrelevant for
SPEAR. In Ref. 2 we postulated a number of vari-
ants of the basic model which, though they are not
as elegant as the basic model, do permit the low-
ering of this energy. Some of these models have
other limitations; there is one, however, the
"prodigal model, " which appears a "possible"
candidate and which we further examine in this
appendix in this regard. In summary, it appears
that the severest restrictions on gauge models—
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TABLE IV. Summary of the main results (for the heavy-X case with E = ~).

IA ("Vector"-X)
q~ =X q =A,

IB [(VV+AA) eff. int. ] II [(V+A)(V+A) eff. int. ]
qe + qe ~ qe + qe

e+p

eP (q = -15,E = 13.9, 0 = 50') 1.18 1.0 1.43 1.0 1.63 1.0

"Violation of scaling"
(q =-25, cu =1.5)

in MS'&

in vW&

14%
13%

&5'fo

&5'
0
50"7o

0 0
80Vo

0
&54

Hfs splitting (parts per million)

e' e (branching ratio)

Anomalous mag. morn. of e and p

(h~/m~) (5x 10 )

Need M, to be small"

2.5 x 10

Suppressed
(see Ref. 41)

2.5x10 8

Suppressed
(see Ref. 41)

' For details and necessary qualifications, see text. Values of q and E are in units of GeV.
"See Footnote 8 of Ref. 4.

if we wish to lower the energies at which electron-
hadron interactions become effectively strong—
arise from the apparent absence of anomalous v-

hadron couplings at low energies. This, in turn,
leads to the conclusion that the electron must be
strange —a conclusion consistent with the picture
which appears to emerge from the phenomenologi-
cal analysis of the text and which has strong impli-
cations for future experiments (see, however, the
"addendum" }.

1. The basic gauge model and its problems

The basic model assigns the twelve quarks and

the four (4-component) leptons to the fermionic
multiplets:

6', 6' t, v

X, Xb %, e

Ab A.,
Xg Xb Xc

(A1)

with the symmetry group SU&(4)&'SUa(4}
&&SU~,a(4'). For purposes of this appendix, the

SU&(4) and SUs(4) groups —which after gauging of
their SU~(2)XSUa(2) subgroup, give rise to weak
interactions —are basically irrelevant. The anom-
alous lepton-hadron interactions of concern to us
in this paper arise from gauging the color group
SU(4'). In the basic model, freedom from anom-
alies dictates that these interactions be purely
vector. There are seven gauge-mesons which

give rise to leptonic and semileptonic interactions;
in the notation of the second paper of Ref. 2, these
are S'; the exotics X, X, X '; and the anti-

exotics I', X', X''. The relevant interactions
are

)gy2 S P ((P+ iP& + 3I& 31+ + A& Aa + g g +)- obc

—3(vv+ee+ gp+ v'v')

plus the exotic interactions

fX'(vg, +e'X, + pA, + v'y, ),
+fX (v (P, +e 3I, + y A, + v')t~),

+fX '( v(P, +e 3I, + gX, + v')t, ) .

(A2)

The lower limits on the masses of S' and the X
particles are given by the following relations:

(1) The effective S' coupling of v-hadronic inter-
actions is f'/( m)' eat low energy. Since this must
be much smaller than Gr (in order that there are
no unconventional weak-interaction effects at low

ene rgie s }, we conc lude that

(m~)'&Gr 'f'.
With f'/4v- 1, this implies m~& 1000 GeV.

(2) The X particles induce

K'-y. +3(- p, +(X+X)+e'- g +e',
with the effective strength =f'/mz'. Since
K~- p. + p. amplitude = G~n', and no events of

the variety KL - p, '+e' have yet been observed, we

must have f'/mx'«Gza ', i.e. , mr'»G~ 'n '
(mx &3 &&10' GeV}, for f'/4w- 1.

To summarize, if we assume that f'/4a-1, the
X's in the basic gauge model must be superheavy
(&3X10' GeV} in order to suppress the K~-e+ V.

transition. The X-mediated anomalous lepton-
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2. The prodigal model

To forbid the K- e+ p. transition, one possibility
is to make a distinction between the muon and the
electron "colors" L& and L,. In the prodigal mod-
el we assume that the muon is, as it were, the
news-bearer of the existence of a new heavier
fermionic multiplet with "new" quarks and new

muonic leptons MP and M . Thus we work with
two basic multiplets:

6', 6', (P, E'

Xg X~ X~ E

A. ~ A. e

Xa Xb Xg v LR

6". 6,' 6", M'

X,' Xq X' M

A.,' A.&

Xa Xy Xc l, R

(A3)

Here E', E and M', M are heavy leptons" with

L, = 1 and L„=1, respectively, while the primed
particles are new quarks. We assume that the
normal hadrons are made up of quarks in F, (see
remarks later). The ratio of masses of primed

hadron interactions would then become effective
only for energies in excess of 10' GeV and the
model, as it stands, would be irrelevant to SLAC
energies so far as its purely gauge interactions"
are concerned. If the model could be modified so
that K - e + p, is rigorously forbidden, the severe
limitation on X mass might be relaxed. Stated
quantitatively, the e e'-annihilation data require
e- —,', (see text). With (f'/4v) (I/mx')=en GeV ',
this implies a mass mx- 100 GeV (heavy X-
case) if f '/4m = 1. If, on the other hand, f '/4w

is of the order"
happ

to yp we need mx to be as
low as 10 to 30 GeV (light X cas-e).-In the next
section we study how to forbid K- e + p, and thus
bring the X mass down from being "superheavy"
to just "heavy" or even "light. "

One independent remark: In view of the fact that
the rates of K~- pe decays set the scale of energy
at which the new class of interactions mediated by
the & particles become important in the basic
gauge model, we especially wish to urge a search
for this decay mode. (Could it in fact be true that
the rates of these decays are much larger than
what are thought to be the upper limits for these
decays? }

and unprimed quarks (and Ma to Ea leptons} may
be =m„/m, = n ' (possibly as a consequence of a
"natural" symmetry-breaking mechanism where
the masses for the I', multiplet arise from "radia-
tive" corrections of order n to the masses of the
F„multiplet).

In order to gauge, we consider the local sym-
metries

SUi(2) x SU„(2)x SU, (4') xSU„(4')

and the following interaction":

gc(F.z &iF.i ++~ c&c+p z)

+ (L —fl ) +f, V, (F, F,) +f, V,(F„F„).

(A4)

Both V, and V, are distinct vector particles cor-
responding to the color gauge groups SU, (4') and

SU„(4'), respectively. The lighter e -type quarks
and the very massive p-type quarks have no mu-
tual interaction, except the weak and the electro-
magnetic, thus guaranteeing that normal hadrons
may be considered as made up of e -type quarks
only. (If one wished to minimize the mixing of V,
and V, in the Lagrangian after spontaneous sym-
metry breaking, one simple assumption would be
to take all quarks q, and q„to be fractionally
charged. " Another amusing possibility is that
e-type quarks are integrally charged and p. -type
quarks are fractionally charged. In either case
it is only the singlet fields S', and S, contained in

V, and V, which need to be mixed" to generate the
massless photon through the Higgs mechanism. )

With this preparation and writing X, and X, in-
teractions for F, and F„in analogy to (A2), one

can now easily see the following features.
(1) The model forbids Ko-e + g', and also

neutral decays of the type K-e+E provided
PP1,g & PP2g.

(2) Since v, is charmed and normal hadrons are
not, the X mechanism does not affect neutrino
interactions v+H- v+H. The S particles also do
not lead to any anomalous enhancement of the neu-
trino interactions if one assumes that they are suf-
ficiently massive. "

(3) To forbid the enhancement of K- ee as well
as K' —e'+ v, through X mediation, the Cabibbo
rotations must be made for the (3I, X) quarks with

leptons (e,E) [and possibly also (p,M) and (3I', A. ')]
rotated in the same manner. " The unconventional
rotation of leptons has important (though not easily
measurable) consequences for the sequence of
weak-interaction constants. The weak Lagrangian
now reads
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W~[(P('X cos8+ Xsin8)+ v, (e cos8+& sin8)

+ v~(i» cos8+Msin8)] .

Thus P-decay versus p, -decay constants have the
ratio 1:1 rather than cos(9: 1, though K-decay
versus m-decay constants still exhibit the ratio
tan(9.

(4} The charmed character of v, implies that
its doublet partner for SU~(2), i.e. , the electron,
is strange. With X, mass arranged (through the

Higgs mechanism) to be around 100 GeV, we ob-
tain the desired enhancement of e'+e -hadrons
at SPEAR energies, though no anomalous ILL.

'+ p.

-hadron interaction is expected because the muon
is not color-coupled to normal hadrons which are
assumed to be e-type quark composites. (For the
model where e -type quarks are integrally charged
and p. -type quarks are fractionally charged or
vice versa, normal hadrons could contain contri-
butions from both quark types and p. '+ p, - hadrons
could also be anomalous. )

(5) The "strange" character of the electron im-
plies that Q's, q"s would be predominantly pro-
duced" as the SLAC energy goes up. In proton-
antiproton annihilation there will be no anomalous
production of e'+e pairs in the kinematic region
where the A. +X quark amplitude is not significant.
Likewise, for a strange electron, the ratio
(e'+P-e'+H)/(e +P-e +H) would not be affect-
ed appreciably by the X mechanism.

To conclude, for the prodigal model (with new

heavy leptons, with a "strange" electron, and with
two various types of quarks) the exotic gauge par-
ticle mediation can manifest itself as enhancing
e'+e —hadrons at SPEAR energies. Even though
this model provides a natural "niche" for the
muon, the fact that we had to double the number
of fermions makes the model somewhat unattrac-
tive. We ourselves prefer the basic gauge model
where & particles are more massive than 10' GeV
(if f'(4m- 1) and the electron is nonstrange. But
then who can dictate to Nature?

Addendum. It is possible to avoid K- Pe decays
without putting the electron and the muon in dif-
ferent fermionic multiplets, if we introduce an
extended gauge group" as follows:

Assume that the gauge group is SU(16}~&&SU(16)n,
so that the 16-fold set of I"I and the 16-fold set of
F„in the basic model [see Eq. (Al)] transform as
(16, 1) and (1, 16), respectively, under this gauge
group. (Such a gauge group would in any case be
desirable from the point of view of complete uni-
fication of all forces and would involve only one
basic coupling constant if we assume that the the-
ory possesses left right discrete symmetry in
the gauge sector. ) Clearly, this extended group
can contain the gauge group SU(2)~ &&SU(2)„
&&SU(3')~,z of the basic gauge model. The impor-
tant new' feature, however, is that spontaneous
symmetry breaking may allow the four sets of X
particles carrying different valencies (in this case)
to remain unmixed and chiral with their couplings
given by

f((&&)z (vp, )z+(X„)z(en,), z, + (X»)l (i»&, )z + (X»)z(v' })tz)+f((X~ )1(vp~)z + (X„)~(en~)~+ (X„)~(i»A~)~+ (X» )~(v'X~)z)

+f(V4)i(vP. )~+(X.' )( e)&n+(X' )i»(i»~, )&+(X» )i(v'X, )i)+(L -H)+H c, (A5)

where we assume that X~cX„cX),X„and the
masses of all these particles are different. [Note
that the valency quantum numbers (O', X, A, y) of
the fermions and, therefore, of the currents are
fixed essentially by the "observed" weak interac-
tions. In writing the above we have set the elec-
tron to be "nonstrange" with its neutrino v "un-
charmed" and the muon to be "strange" with its
neutrino v' "charmed, " although a priori the op-
posite choice is equally permissible. Note that
Eq. (A5) would reduce to Eq. (A2) if we set X~

=X„=X„=X„].
With X„vX„(unlikethe basic gauge model), the

X interactions may no longer induce K-Pe decays.
They do not, of course, induce K -ee or K - Pp.

decays, if we assume that both sets of (1,3f) and

(i», e) are Cabibbo-rotated with the same angle.

[This is analogous to (X, '2) and (e,E ) being Cabib-
bo-rotated in the same manner in the prodigal
model. ]

Furthermore, with X~tX& and Xz cX~, the X
interactions cannot induce P decays (n-p+e + v, )
and K'- p,

'+ v, decays. This again is in contrast
to the basic gauge model.

The major restriction on the strength of X&p in-
teractions arises from considerations of the semi-
leptonic "neutral-current" processes (involving
"uncharmed" neutrinos), i.e. , v+N- v+H, etc.
Now, if the spontaneous symmetry-breaking mech-
anism [which must preserve SU(3')z, z as a good

symmetry] at the same time forces the ma. sses of
the & particles to be approximately equal, i.e. ,

M& —-M&z -—M~ =Mx„, then the fact that the ob-
served strength of these "neutral-current"- neu-
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trino interactions is of order C„„;would imply
that the X mechanism mill not be relevant for the
observed enhancement of electron-hadron inter-
actions at SPEAR energies. We have not yet in-
vestigated by an actual construction of the sym-
metry-breaking terms if this is indeed the case.
But even if it is, there still remains one interest-
ing exception, which we mention below.

Assume that the Xl's and the X„'s,which are
coupled to left- and right-handed currents, re-
spectively, are eigenstates of the mass matrix
(rather than their linear combinations) and that
it is the X~'s which are light and relevant for the
enhanced electron-hadron interaction with

~x ~~~xL 8

In this case, one should expect enhanced "diagonal"
interactions of only the right-handed neutrinos and
left-handed antineutrinos with hadrons; but the in-
teractions of hadrons with left-handed neutrinos
and right-handed antineutrinos (which the basic
model contains and which on account of the as-
sumed chirality" of the interactions in the present
case can also be massless} would still be sup-
pressed. As far as one knows, experimentally, it
is at least permissible to assume that the available
neutrino beams in the laboratory consist predomi-
nantly of neutrinos of the latter variety (i.e. , vt 's
and vs's). Thus the observed strength of orderG„„;for reactions of the variety v+N- v+H)
(where the neutrinos are predominantly vt 's and

vs 's) does not exclude the possibility that the ef-
fective strength of the X~- mediated interactions
is of order (n/50) GeV . One may therefore at-
tribute the CEA-SPEAR enhancement to the inter-
actions mediated by these X~ particles, which are
coupled to the right-handed currents. If this ex-
planation is to apply, one would predict (i) large
parity violation in e e ' hadrons and other related
processes at SPEAR energies (and similarly for
the muon-induced reactions), and (ii) enhanced
interactions of neutrinos of the unfamiliar heli-
cities (i.e. , v„'sand v~'s) with hadrons at present-
ly available energies (even though neutrinos of the
familiar helicities (i.e. , vz, 's and vs's) may inter-
act with a strength of order GF„;).This would
manifest itself in enhanced rates for decays of the
type ri- v'+ vs+ v~. [Note that the neutrinos in
question must be "uncharmed" (i.e. , those which
couple to the 6' quarks via X. These may be either
v, 's or v„'s, depending on the details of the model.
Rough estimates with f'/mx = 10 ~ indicate that
I'(q-v + vs+ v~)/I'(q-w'+y+y) may be of order
1-10%, which is about four orders of magnitude
higher than what would be given by an effective
interaction strength of 6„„;.

In summary, the chiral nature of the color-

gauge interactions and the assumption of the dis-
tinctions of Xy, X~, X&, and X„from each other
(something which is permissible within the ex-
tended gauge structure, but not in the basic gauge
model) leads to a number of new experimental
possibilities including the lowering of the energy
at which the anomalous electron-hadron interac-
tions mediated via the X particles become effec-
tive. Thus in contrast to the prodigal model, we
have the following two conclusions:

(1} Both the electron and the muon may exhibit
anomalous interactions with hadrons at present
energies with either one of them being "strange"
and the other "nonstrange. "

(2) With the condition Mz»Mz, which provides
one likely solution" for the model to be relevant
to SPEAR results in the first place, one should
expect to see large parity violation in e e'- had-
rons and other related processes as mell as en-
hanced interactions of the right-handed ("unfamil-
iar" helicity) neutrinos permitted by the basic
model (either v, or v„)with hadrons, even though
the left-handed ("familiar" helicity) neutrinos
couple with an effective strength - 6„„;. The
question of parity nonconservation may be tested
by starting with polarized e and e' beams and
looking for possible (o ) p-type correlation (where

p is the momentum of a given outgoing hadron).
On the theoretical side, one needs to examine,

with this extended gauge structure, whether an
allowed pattern of spontaneous symmetry break-
ing" with Higgs-Kibble multiplets would lead to
the desired solutions; in particular, it must leave
the X particles of different valencies unmixed and
must ensure the emergence of a global (or local)
SU(3') color symmetry commuting with the famil-
iar global SU(3) symmetry. The model as it stands
possesses Adler-Bell-Jackiw anomalies, the reso-
lution of which [as long as one assumes a gauge
group of the type SU(n)~ &&SU(n)„with n ~ 3] would
have to involve the unattractive introduction of a
new set of fermions I" (the two sets E and I" ' must
then couple with opposite chiralities to the same
set of gauge bosons and I"' would have to be asso-
ciated with new heavier quarks and leptons}.
Finally, the model contains a whole host of new

currents, which change both color as mell as
valency quantum numbers. The corresponding
gauge mesons are presumably superheavy and in-
effective for the interactions considered in this
paper in the low- and intermediate-energy range.
Notwithstanding these theoretical problems, if
SLAC experiments reveal large parity-violating
effects and also if both electron and muon exhibit
anomalous interactions with hadrons at presently
available energies, one will have to entertain this
model very seriously.
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APPENDIX B

A general electron-lepton 4-fermion interaction, relevant to our discussions in the text, is given by

& =Q [gs(ss)(q;q;) +g j (ey s)(q y q() +gi (ey)}~)(q(y))q() +gA(e&y)}y e)(q(ty)}'Y q()

+ gvA (&y}}e)(q;ty„y,q() +gAv («y})y,e)(q, y})q)] . (Bl)
For the cases (IA, IB, and II) discussed in Sec. IIIA, the values of the coupling constants introduced

above are as follows. [We give below only those constants u)hick ave nonvanishing for the case where the
electron is coupled to the 2I quark (nonstrange electron). The constants for the strange-electron case are
obtained by the substitution X-A. . ]

Case (IA) ["Vector-X"; (-,'(VV+AA) —(SS+PP)}effective interaction]: g~v/4xn gA&/4vn= e/2,

gg+ /4 7 Q =g p+/ 4 7 Q = —E (B2)

where e is defined by Eq. (4).
Case (IB) [(VV+AA) effective interaction]: gp/4((a =gA&/4vu = e. (BS)

Case (II) [(V+A)(V+A) effective interaction]: gp/4T(u=g&/4vn=q

g' /v4A& & =g„",/4)((x =+a . (B4)

If s is in the asymptotic region (so that parton-model considerations may be applied) but not high enough
to invalidate the local 4-fermion interaction approximation given by Eq. (Bl), the cross section for e e
-hadrons is given for the heavy X case by

re/ s t

(e' -sss s)= F(),* ~ g (g,')' ~ (e}')* ~ F[(s',)*+(v')' (s')*+tv', )* ' ()g,')
i

(85)

where ~e ~ Q, denotes the charge of the ith quark and s is the center-of-mass (energy)'.
e'p-e'+H. The ratio of (e'p) and (e p} cross sections for given values of incident lepton energy B,

scattering angle 8, and momentum transfer square q', is given by

do" (Z, e, q') X,
do' (E, &, q'} X

where, with the interaction (Bl) (and the parton-model hypothesis), X, are given by"

(B6)

i 2 i 2 i 2 5 2

X,=g f (x) ~+g—", + ~ + '," + ",' (' —y+ly')+[(g'/e')'+(g'/e')']y'/4
i

5 5 i
~Q ~g& E~ +gvA gAv

(2 )], (B7)

where x=1/(d= (q /2M„v), y=(-p ~ q/p ~ 0), and
v= (p 'q)/M„=B —B'. The quantities p and k de-
note the 4-momenta of the incoming nucleon and

lepton, respectively, while q is the 4-momentum
transfer between the incoming and outgoing leptons.
The factor $,. is +1 for the ith quark and -1 for the

ith antiquark. The function f, (x) denotes the ith-
type quark momentum distribution within the pro-
ton.

Structure functions The general fo. rmulas for
the functions v~„~„andv~', defined by Eq.
(11) are given by

se (
' }=* p}) f(e} s'I (vs) +'(~v) ~ (~.") +( ".") fi( )+s p(s:)})sf (e}]

q4 gi 2 gi 2

MNIVi(q', u) =2+Q f((x)+ —Q ~2 + ~g f((x),
5
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vrhere the + signs are for e'p scatterings.
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Smith (see Ref. 3), p. IV-60.

'L. Hand (private communication).
Quite possibly, all interactions (including strong) may
start as chiral gauge interactions with {V-A) and

( V+A) currents coupled to distinct massless gauge-
mesons Xz, and Xz with equal coupling strengths f I,
and fz. Parity conservation would hold only provided
that spontaneous symmetry breaking arranges itself
to lead to (XI +X+)/ 2 as the eigenstates of the gauge-
meson mass matrix. These, as well as alternative
possibilities where &I and X~ are eigenstates, may be
realized in the context of the prodigal model discussed
in Appendix A.

9Some relevant tests have been suggested in a recent
note by M. A. B. Beg and G. Feinberg, Phys. Rev. Lett.
33, 606 (1974).

~ In the Addendum we briefly consider the possibQity
of gauging the extended group SUL (16)& SU~(16).
For example, I. I. Y. Bigi and J. D. Bjorken in a
recent paper [Phys. Rev. D 10, 3697 (1974)] have
made the assumption for a number of their consid-
erations that all quarks are involved in anomalous
lepton-hadron interactions with the same strength.
This may appear difficult to arrange in a renormaliz-
able gauge theory, and in any case it is not permiss-
ible in our scheme. Owing to this difference, there
are significant quantitative differences with regard to
deviations from scaling with or without scalar four-
fermion interactions. (See remarks later. )

~21n general, in this case one may allow (V+A) as well
as ( V-A) interactions with different strengths.

3A phenomenologieally minded reader may have reser-
vations about the precise values of these constants,
dependent as they are on parton-model considerations.
Since only the K or the ~ quark is coupled to e via X,
one obtains the same result for q, =K or ~. Note
also that the result, in this case, is the same for the
fractionally charged quark (i.e. , electric charge —

~
e~ /3

for all three colors) or the integrally charged quark
[i.e. , electric charges (-1,0, 0}~s~ for the three colors
(a,b, c)].

~ In models with integrally charged quarks, the color
octet of gluons carry electric charges (see Ref. 1),
which should also contribute to p&&(s) above the
threshold.
Formula {7) will need modification if new channels
involving charm and/or color open at some inter-
mediate energy. This will modify the 1-photon con-
tribution to o„(s),leading to a threshold behavior over
a range of energy followed by an increase in P~())(t
sufficiently above the threshold.

'A still higher value of Q())(t like 6 corresponding to
three quartets of integrally charged quarks with both
color and charm having been excited appears not to
give a good fit to the e e+-annihilation data at lower
values of center-of-mass (energy) like s = 7 to 10 GeV2.

~ These would include masses of Higgs particles of the
light variety (5-10 GeV), which do arise in our theory
(see remarks later, Ref. 37). To study the energy
dependence for the light-X ease, we have considered
a simple example of an X-mediated box diagram for
e+ + e- —o. + 0, where the 0's are spin-zero objects,
in the region mx &sSm, , where m, is quark mass,
and find a dependence of the type 74 s (u+())(t/s + 6 + 6
+ 6Vs ), i.e. , less steeply rising than (7).
See, for example, J. D. Bjorken, in proceedings of the
Second International Conference on Elementary Parti-
cles, Aix-en-Provence, 1973 [J. Phys. (Paris) Suppl.
34, C1-385 (1973)].

2 If the muon is coupled to the ~ quark, the ratio of
{p'X/p Ã) cross sections is expected to remain unity
for all q2 and ~ if f &(x) =f &(x) within the nucleon for
all x.

2~We should emphasize that there is no compelling
reason (in the absence of an experiment of the type
p + p, +-hadrons) to assume that the muon is involved
in the anomalous interaction with the same strength
as the electron.
The contribution of the ~R'3 term may be eliminated
by combining (e+p) with (e p) data.
We thank C. H. Llewellyn Smith for emphasizing this
point of us.
This point has been independently noted by A. Soni,
Columbia University Report No. C0-2271-38, 1974
(unpub1ished) .

2~This was kindly pointed out to us by G. Feinberg
(private communication), and has been stressed in
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a recent paper by M. A. B. Beg and G. Feinberg
(Ref. 9). As discussed in the text, the conclusion
drawn in this paper appears to be overstated in the
context of our models. This is because in our gauge
models the electron is never coupled to the 6' quark-
a restriction which Beg and Feinberg do not impose.
For a recent review see B. E. Lautrup, A. Peterman,
and E. de Rafael, Phys. Rep. 3C, 193 (1972), and a
review talk by N. Kroll, 3rd International Conference
on Atomic Physics, Boulder, Colorado, 1972 (unpub-
lished).
7The possible significance of m —e+e decay for our
considerations has been emphasized to us by M. Gell-
Mann and C. H. Llewellyn Smith and has been discussed
in two recent papers (Ref. 24 and Ref. 28; see below).
There appears to be an incorrect statement in Ref. 24
with regard to contributions from ( V+A) and {S-P)
covariants in the starting Yukawa interaction.
J. D. Davies, J. G. Guy, and R. P. K. Zia, Nuovo
Cimento 24A, 324 (1974); also C. H. Llewellyn Smith
(private communications) .
g- e'e decay is discussed in Ref. 11. See, however,
remarks on the value of hz in the text.
Particle Data Group, Rev. Mod. Phys. 45, S1 (1973).
This has also been noted independently by H. S. Mani
(private communications), A. Soni (Ref. 24), and
Bigi and Bjorken (Ref. 11).
See Ref. 24 for evaluation of these coefficients in some
specific eases.

~J. H. Christenson et a/. , Phys. Rev. D 8, 2016 (1973).
~4See, for example, a remark by J. D. Bjorken at the

17th International Conference on High Energy Physics,
London, 1974 {unpublished).

5We thank Professor L. Lederman for this remark.
This is, provided f is large (i.e. , f 2/4n 1). See,
however, remarks later.

'Of course, even in the basic model, it is possible that
Higgs scalars may provide the desired anomalous
lepton-hadron interactions. Some specific possibil-
ity of this kind (involving 6-channel exchanges in
e e'-hadrons) has been suggested by T. Goldman
and P. Vinciarelli, Phys. Rev. Lett. 33, 246 (1974).
If experiments establish a predominantly scalar-
pseudoscalar interaction (possibly through polariza-
tion measurement mentioned by these authors and
in Ref. 11), it is worth remarking that the pseudo-
Goldstone particles of masses 5-10 GeV or their
composites with each other or with the X's in our basic
model could be the objects which are the relevant ones.
Some of these particles would have the quantum num-
bers of X particles ~ For a discussion of the pseudo-
Goldstone particles in our basic model see D. A. Ross,
Phys. Rev. D 11, 911 {1975).
Such a low effective coupling in the X subsector to-
gether with (perhaps) a larger effective coupling in the
SU(3') sector (giving rise to low-energy "strong" in-
teractions) may well arise due to finite renormaliza-
tion effects following spontaneous symmetry breaking.
As pointed out in a general context in Ref. 1, the
effective coupling of X mesons need not be identical to
the coupling of the SU(3') color octet gauge Inesons,
even though these latter particles belong to the same
15-fold set of SU(4') as the X's. This is because
(finite) renormalization effects following spontaneous
symmetry breaking are likely to affect these various

particles differently. We plan to investigate this
question in detail in a subsequent note. As regards the
coupling in the SU(3') sector, a recent estimate, though
crude, suggests that the effective constant f2(p)/4~
renormalized at the mass @=2 GeV may be as small
as &' [H. D. Politzer (unpublished)1. These estimates
apply to our scheme.
That all effective constants may approach the value
=

~~& at sufficiently high energies in a theory with
universality of coupling constants is an idea suggested
recently by a number of authors in the interest of com-
plete unification of all interactions; see, for example,
H. Georgi and S. L. Glashow, Phys. Rev. Lett. 32,
438 (1974); H. Fritzsch and P. Minkowski, Caltech
report 1974 (unpublished) .

4 Note that the heavy-lepton search based on v&-induced
reactions [see, for example, B. C. Barish et al. , Phys.
Rev. Lett. 32, 1387 (1974)] applies to the heavy lepton
M introduced here only to the extent of the Cabibbo
rotation (0&) in the {&',~') and {p,M) spaces. The
amplitude for v&-M + W' is proportional to sin0&
(see remarks later).

4~A second anomaly-free interaction could be written
down with the form f V&{FeI.Fel, +F &&F ~)
+f V2(F &IF&I.+F,+F,z). Here, spontaneous symme-
try breaking must be arranged to guarantee that it is
( Vg+ V2) and ( V& —V2) which are the physical particles
and are vector and axial-vector, respectively. [Strict-
ly speaking, one needs to arrange that parity is con-
served at least in the SU(3') sector, i.e. , V~ (8) + V2(8)
are the physical particles, leaving the possibility that
in the X sector the interactions are still chiral and
parity-violating with X& and X2 as the eigenstates. We
do not exhibit this here, but have verified that such
patterns of mixing are obtainable through the Higgs-
Kibble mechanism. ] One distinct advantage of this
version is that it is V, -invariant in the X sector (in
contrast to our basic model or the prodigal model
[Eq. {A.4)]). This may help preserve the masslessness
of the 4-component neutrino {&, and») without a
necessity for introducing the & fermions (see the
second paper of Ref. 2, Sec. 5.2). Furthermore (due
to y5 invariance), it also depresses contributions to
the anomalous magnetic moments of e and p from
lighter-mass X exchanges. {See the remark in Ref. 4
footnote 8.) This fact is reflected in Table IV. In this
version the two types of quarks {both necessarily
integrally or fractionally charged for parity con-
servation) mutually interact through {at least) [ V&{8)
+ V2(8)] and [ V&(8) —V2(8)] fields. Normal hadrons may
still be assumed to be predominantly e-quark compos-
ites with p-quark composites lying higher due to the
heavier mass of the p quarks. Small admixtures of
{~'~') with {~~) (for example) are of course harmless.
If both types of quarks q, and q& are integrally
charged, the charge formula receives symmetric con-
tributions from SU(4), SU(4'), , and SU(4')

&
generators.

The SU(3') octet of gluons V, (8) must mix with V&{8)
to generate the photon. Remarks made earlier (see
end of previous footnote) with regard to the composition
of normal low-lying hadrons would apply here as well.

4~Once again, we have verified that such a mixing can be
realized through the Higgs-Kibble mechanism. The
scalar multiplets necessary for this purpose and their
potential are simple generalizations of those presented
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in Ref. 2 for the case of the prodigal model with two
different SU(4') groups. These may be presented in
detail elsewhere.

4 Note that the mass of the singlet S can be made as
large as desired compared with the masses of the
exotics mz by introducing reducible Higgs multiplets
of the type (1,1,4x 4x4, 1) to generate U& masses and

(1,1,1,4x4x4) to generate V2 masses. This could
then ensure the possibQity that neutrino interactions
mediated by S are not unduly enhanced at present
energies, whQe electron (and possibly muon) inter-
actions with hadrons mediated by X's are enhanced
to the extent observed at SPEAR. As noted in Ref. 2
(second paper), Sec. 4.5, large reducible multiplets
such as mentioned above are also nedded, if one de-
sires to give masses to the SU(3') color octet of
gluons in a model with fractionally charged quarks.

450f course, in general, one may also allow Cabibbo
rotations for F, and E

&
to be different, which will

lead to the coupling

W~[6 {&cos8e+ ~ s~n8e) + e {ecos8e +E sin8e)

+ v&{p cos8& +M sin8&)].

This will lead to p-decay versus p-decay constants
having the ratio cos8& .cos8, , while E —ev versus
x- ev constants would have the ratio tan8, , etc. Note
that such rotation of leptons (with e and p belonging to
different colors) does not affect the rate of p, -e + y
decay and the 2-neutrino experiment.
If we note that q primarily decays through neutral
modes, this may provide an ingredient to explain the
so-called energy crisis. See, for example, C. H.
Llewellyn Smith, CERN Report No. TH. 1849, 1974
(unpkblished). Note that [since the (~~) density relevant
to the case of the strange electron is isoscalarj the
physical Q and p production in e e+ —hadrons at high-
er energies must be accompanied by at least 2-pion
production or other multiparticle states to balance
isospin and energy-momentum conservation.

4~This formula, in this generality, is due to C. H.
Llewellyn Smith.

4 Details of this extended gauge model, in particular the
scheme of spontaneous symmetry breaking for this
model, are being studied in collaboration with Pro-

feasor R. N. Mohapatra.
~ A second interesting possibility within this extended

gauge model is worth noting. It arises even if Xz is
not lighter than X~ and also even if X interactions are
parity conserving (so that (Xz+Xz)/v2 are the eigen-
states of the mass matrix). Since only the "uncharmed"
neutrinos (which are coupled to the d' quarks via Xd )
can exhibit their anomalous interactions with normal
hadrons if the electron neutrinos are "uncharmed"
{and therefore the muon neutrinos are "charmed"), the
X interactions can induce reactions of the type

Xg
v +N~ v~ +Hq

but not reactions of the type

X
v&+N = v&+H.

On the other hand, the available neutrino beams contain
primarily muon neutrinos (with less than 2% contamin-
ation of electron neutrinos) ~ Thus the observed strength
of order GF„,. for the reactions v + N- v + H can stQ1
allow for the X-induced "diagona/" interactions of
electron neutrinos with hadrons to possess anomalous
strength (as large as 5 to 10 times bigger than GF„,.),
even though muon neutrinos may interact with hadrons
with normal strength (order GF„;).A test of this
possibility with beams designed to contain a large
fraction of electron neutrinos would be worthwhile.
For this possibility to be compatible with spEpg, results,
one must of course assume {f /mz ) to be least an
order of magnitude bigger than (f /mz+ ). Also worth
noting is that if X6 interactions are parity conserving
(i.e. , if (X~ +X~ )~2 are the eigenstates) the
anomalous v, interactions leading to v, + N —v, + H
should possess, in general, large scalar, pseudo-
scalar, vector, and axial-vector interactions after
Fierz reshuffling (see Sec. II). The presence of scalar
and pseudoscalar terms may be desirable if the new
Argonne data on pion production in "neutral current"
processes are sustained [see S. Adler, Phys. Rev. Lett.
33, 1511 (1974)j. If the effect is confirmed, one may
attribute it in this extended model primarily to vector
or axial-vector X-induced neutrino interactions (either
v, 's or v&'s).


