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We explore the consequences of the assumption that the direct and induced weak neutral currents in an

SU(2) U(1} gauge theory conserve all quark flavors naturally, i.e., for all values of the parameters of the

theory. This requires that all quarks of a given charge and helicity must have the same values of weak T, and

T'. If all quarks have charge +2/3 or —1/3 the only acceptable theories are the "standard" and "pure

vector" models, or their generalizations to six or more quarks. In addition, there are severe constraints on the

couplings of Higgs bosons, which apparently cannot be satisfied in pure. vector models. We also consider the

possibility that neutral currents conserve strangeness but not charm. A natural seven-quark model of this sort

is described. The experimental consequences of charm nonconservation in direct or induced neutral currents

are found to be quite dramatic.

I. INTRODUCTION

It has been known for many years that there are
no strangeness-changing neutral-current weak in-
teractions, or none with anything like the strength
of the familiar charged-current weak interactions.
We see this from the slowness of such decays as
K~o p. 'p, and K -m'vv, and even more strongly
(and independently of the nature of the lepton cou-
plings) from the size of the EP, -K,' mass difference.
For this reason, until strangeness-conserving
neutral-current weak interactions mere discovered
in 1973,' many physicists were inclined to doubt
their existence in any form.

The observed suppression of the strangeness-
changing neutral currents is so dramatic numeri-
cally that we find it hard to believe that it comes
about because the parameters of the theory just
happen to take certain values. We would prefer
instead to believe that the conservation of strange-
ness by the neutral currents is natmal, that is,
that it folloms from the group structure and repre-
sentation content of the theory, and does not de-
pend on the values taken by the parameters of the
theory.

The gauge theory' that uses four quark
flavors is natural in this sense, but many of
the gauge theories proposed recently are not. In
some of these theories, the conservation of
strangeness by the first-order neutral-current
interaction must be arranged by a careful tuning
of quark masses and mixing angles. Even after
the parameters of the theory are chosen in this
way, weak radiative effects can sometimes produce
corrections to the quark mass of order n, leading
to strangeness-changing neutral currents of order
aG~. In other theories, there are no strangeness-
changing neutral currents, but the exchange of
pairs of charged intermediate bosons can induce

an effective strangeness-changing neutral current
of order eG~. In still other theories, the exchange
of Higgs bosons can produce a strangeness-chang-
ing neutral current of roughly the same order.
In principle these effects may perhaps be elimi-
nated by a retuning of the parameters of the theory
(including in the last case the parameters of the
Higgs-boson interactions), but we would find a
theory much more attractive if the neutral currents
conserved strangeness naturally.

In this paper we explore the implications of the
condition that the conservation laws obeyed by the
neutral current of SU(2) x U(1) gauge theories are
obeyed naturally. In Secs. II and III we consider a
general SU(2) 3U(1) gauge theory, and demand that
the neutral-current interactions conserve all quark
flavors naturally: strangeness, charm, and what-
ever additional flavors may turn out to be neces-
sary. We deduce the necessary and sufficient con-
ditions for this; All quarks of fixed charge and
helicity must (1) transform according to the same
irreducible representation of weak SU(2), (2) cor-
respond to the same eigenvalue of weak T„and
(2) receive their contributions in the quark mass
matrix from a single source (either from the vac-
uum expectation value of a single neutral Higgs
meson or from a unique gauge-invariant bare mass
term). Examples satisfying these very restrictive
conditions are discussed. If we limit ourselves
to models involving quarks of charges 3 and -3
exclusively, the only acceptable possibilities with
natural flavor conservation to order aG are these:
all left-handed quarks in weak doublets and all
xight-handed quarks in singlets; all quarks of each
helicity in doublets. For the latter case (the purely
vector model), flavor-changing neutral-current ef
fects due to Higgs exchange cannot naturally be
excluded. In Sec. IV we relax our condition, and
demand only that the neutral-current interactions



conserve strangeness naturally, for this is the
only conservation law yet established by experi-
ment. %'e discuss an amusing seven-quark model
satisfying the relaxed condition. In Sec. V we ex-
plore the experimental consequences of relaxing
the conservation law for charm by neutral-current
interactions. These consequences turn out to be
quite dramatic. %e may soon be in a position to
say whether or not the neutral currents do con-
serve charm, as they do strangeness.

II. ON THE NATURAL ABSENCE OF FLAVOR&HANGING
NEUTRAL-CURRENT INTERACTIONS

q' = g(1+ y, )U~q+ ~(1 —y, )Usq, (2.5)

with U~ and U„unitary matrices acting on the
flavor index of the quarks. In the new basis, the
tra sformed mass matrix,

M'= U,MU„-', (2.6)

is diagonal, and the matrices F~ and F~ are re-
placed by

arbitrary, but for the requirement that it
conserve charge'. [M, Q]= 0. We may diagonalize
the mass matrix by defining new quark fields

F~ = U~F~U~"', (2.7)

F~= T3~ -2sin 8Q,

Fg= T3g —2 sin 8Q y

(2.2)

(2.3)

where 8 is the usual mixing angle, 7.',~ and 7» are
matrices representing the third component of weak
SU(2) on the left- and right handed quark fields,
and Q is the charge matrix. gf'e proceed to impose
the condition of natural flavor conservation of
neutral-current effects:

Condition I. We demand that the neutral current
naturally conserves all quark flavors: strange-
ness, charm, etc.

In color gauge theories of the strong interactions,
each of these quantities is simply the number of
quarks of a given flavor; each quark flavor cor-
responds to a different eigenvalue of the quark
mass matrix. Hence, we require that the matrices
F~ and F~ be diagonal in the basis in which the
quark mass matrix is also diagonal.

The mass term in the effective Lagrangian is
of the form

-q(1+ y~)Mq —q(1 —ys)M~q, (2.4)

where the mass matrix M need not be diag-
onal nor even Hermitian. M is in general

For the sake of simplicity and concreteness, we
will restrict ourselves throughout this paper to the
familiar SU(2) x U(l) gauge theory of weak and elec-
tromagnetic interactions, though our remarks have
obvious extensions to other gauge theories. Also,
we will tacitly assume that the strong interactions
are generated by unbroken color SU(3) gauge inter-
actions, but we will suppress color indices every-
where. For the moment, we will put no restric-
tion on the numbers and charges of the quarks in
the theory.

The neutral intermediate boson g will in general
couple to a hadronic neutral current of the form

Z~ = qy"(1+y, ) F~q+ qy"(1 -y,}ysq. (2.1)

Here q is a column vector representing the set
of all quark fields, and F~ ~ are matrices

Our condition requires that the neutral current
conserve quark flavor s in this basis, and hence
that F~ and F„' be diagonal.

However, the demand of natural flavor conserva-
tion of the neutral currents requires that F~ „be
diagonal whatever the choice of parameters in the
theory, in particular, whatever the choice of M.
Thus, U~ and U„must be regarded as arbitrary
unitary matrices which commute with Q. In order
for F~ ~ to be diagonal for all such U~ „, it follows
that they must act on any set of quarks with the
same charge as multiples of the unit matrix; they
must in other words be functions of the matrix Q.
It follows from Eqs. (2.2) and (2.3) that the same is
true of the third component of SU(2):

T3i =fi(@ Tss =fs(@)

That is, all quarts saith Ne same charge must
have the same value of T,~ and the same value
of T,s. This condition is clearly necessary and
sufficient for the neutral currents (2.1) to conserve
all quark flavors.

Condition II We deman. d that the effective order
aQ neutral-current coup/ing induced by one-loop
radiative corrections naturally conserve all quark
flavors

Consider the interaction of two fermions (guarks
or leptons) without exchange of charge. The prob-
lem that concerns us here is whether one-loop
diagrams could produce "dangerous" Fermi. inter-
actions of order nGr, such as (sd)(sd) (ruled out
by the E', If 2 mass differenc-e) or (sd)(u p) (ruled
out by the K'- p, 'p, branching ratio). We are not
concerned here with processes that result
from the conversion of a virtual photon into
a lepton pair, such as Z- y. 'u .} We are now
assuming that Condition I is satisfied, so that the
neutral currents themselves conserve strange-
ness, charm, etc. In consequence, the only dia-
grams which could produce dangerous four-
fermion interactions are those shown in Fig. 1.
We will ignore all terms of order &yGr(mlm~)',
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fermion mass renormalization. However, this has
no effect, because Condition I ensures that strange-
ness, charm, etc. are conserved for a// possible
charge-conserving quark mass matrices.

The two diagrams of type (d) together give a con-
tribution proportional to [T„T ] = 2T„so again
Condition I ensures conservation of strangeness,
charm, etc. The same applies to diagram (d').

This leaves diagrams (e) and (f). These dia-
grams induce an effective Fermi interaction of
the form

(2.11)

where E is a dimensionless number of order unity

and K is an effective neutral current

K" = qy" (1+y,)Zzq+ qy"(1 y, )Zsq—

(e)

+ lepton terms

where Z~ and Z„are the matrices

Z~ = 3(T~' —T,~') + 10T,~,
Zs = 3(Ts' —T3s') —»T.s

(2.12)

(2.13)

(2.14)

FIG. 1. Diagrams which can potentially produce
strangeness-nonconserving (or charm-nonconserving)
Fermi interactions of order o.G&. Here straight lines
are quarks or leptons, and wavylines are intermediate
vector bosons. Each diagram must be summed over
the two directions of flow for the W charges.

where m is a quark or lepton mass or momentum,
so the calculations are fairly easy. {In particular,
this justifies our neglect of one-loop graphs in-
volving Higgs bosons. )

Diagram (a), together with the fermion field
renormalization correction induced by diagrams
(b) and (c), produces a change in the neutral-cur-
rent coupling matrix I' in Eq. (2.1) proportional to

t r r.yr +T rT. -l(T., T &y' 'y'&&„T &, --
(2.9)

where T, are the matrices

(A label I, or II must be added everywhere, de
pending on the fermion helicity. ) But T, raise or
lower the values of Q and T„so

y'T, =T,(I'+a), a=1 —2sin'8

and therefore (2.8) gives

t I T,T(r a)+T T,(y+a} —fT„T'tr—

As in the derivation of Condition I, we demand
that Z~ and Zz be diagonal in the basis in which

the quark masses are diagonal, whatever the
quark masses are. This implies that

Ti'=gi(@ Ts'= gs(Q) .

That is, a// quaxks arit the same chm ge nvust
have the same value of Tz' and the same value
Of T~'. This condition is clearly both necessary
and sufficient for the induced neutral current to
conserve all quark flavors, given that Condition I
is satisfied.

Let us see how these two conditions work in
those SU(2) SU(1) theories with quark charges
restricted to —,'and -3. From Condition I me know
that quarks of given charge and helicity must
either all belong to singlets or all belong to dou-
blets. Because left-handed weak currents are
known to exist in nature, we conclude that all left-
handed quarks must be in doublets. The right-
handed quarks can be all singlets, as in the "stan-
dard" unified model, ' or can be all doublets, as in
the pure vector model. 4 Both models would then
satisfy Conditions I and II. However, many other
popular models do not. In particular, neither
Condition I nor Condition II is satisfied by the
six-quark model with doublet structure

a[T„T ] = 2aT, .-- (2.10)

Under Condition I, this automatically conserves
strangeness, charm, etc. The same remarks
apply to diagrams (a'), (b'), and (c').

Diagrams (b}, (c}, (b'), and (c') also require a

Also, neither Condition I nor Condition II can ever
be satisfied in SU(2) x U(1} models in which there
are unequal numbers of charge 3 and charge -&
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quarks.
If we allow other values of quark charges, we

may construct many other models satisfying our
conditions. For example, we may suppose a mod-
el involving six quarks with the multiplet struc-
ture

involving new quarks X and F which have charge
Both r ight -hand ed and 1eft-handed qua rks

decompose into two doublets and two singlets, but
with different charges. All quarks with the same
charge and helicity have the same values for T'
and T', so Conditions I and II are satisfied here.

III. HIGGS-EXCHANGE NEUTRAL CURRENTS

There is a third condition for a natural absence
of neutral-current flavor violation, having to do
with the system of Higgs mesons. Renormalizable
gauge theories of the weak and electromagnetic
interactions generally involve physical scalar
particles, widely known as Higgs mesons. If a
neutral Higgs meson H has off-diagonal inter-
actions such as d+H- s, then its exchange can
produce an effective b,9= 2 Fermi interaction

s+d H s+2. (3.1)

M =M, +1,.(y,.), (3.3)

where M0 is a possible SU(2) (3 U(1}-invariant bare
mass, and ((t»») is the vacuum expectation value of

This shows that the typical value I' of the
coupling of a quark and a Higgs meson is of order

(3.4)

where m, is a typical quark mass (or mass dif-
ference) and ((t() is a typical vacuum expectation
value. Also, the Higgs mass is of order

m„=sf (y), (3.5)

where f is a typical value of the (t(' coupling con-

The observed E,-E, mass difference tells us that
any such interaction must have a coupling strength
t H no greater than -10 ' the usual Fermi coupling
strength G~.

How strong do we expect Higgs-exchange effects
to be~ The interaction of the Higgs field p,. with
the quarks will generally be of the form

(3.2)

where I',. is a matrix which acts on quark flavor
indices. The quark mass matrix is then

stant. Hence the exchange of Higgs bosons pro-
duces an effective Fermi interaction with cou-
pling of order

G„=I'Im„'=m, If(»t»)'. (3.6)

If we take m, = 1 GeV and ((t ) = Gr '~'= 300 GeV,
then Gs/Gr = 10 '/f. But as long as the scalar
fields couple only weakly to themselves, we must
have f« I, so Gs/Gr» 10 '. (Usually one assumes
that f is of order n, in which case Gs/Gr is of
order 10 '.) We see that an off-diagonal Higgs
coupling of the form d-H+ S wouM be expected to
produce much too large a K', -K, mass difference.
Thus we are led to our third condition.

Condition III We d. emand that the couPQng of
each neutra/ Higgs meson be such as naturally to
conserve all quark flavors: strangeness, charm,
etc.

Because of our requirement of naturalness, the
matrix M, must be regarded as an arbitrary SU(2)-
invariant matrix commuting with Q. Similarly,
the matrices I', contain a number of arbitrary pa-
rameters equal to the number of SU(2)-invariant
charge-conserving Yukawa couplings of the Higgs
mesons to the quarks. For all such Mo and for all
such I',. the couplings of the neutral Higgs mesons
must be diagonal in the basis in which M is diag-
onal.

Suppose that the set of quarks with given charge
Q get their mass purely from a single neutral
Higgs meson Po+. Then the mass matrix for these
quarks of charge Q will be

(3.7)

and 1 + is trivially diagonal in the basis which
diagonalizes M(Q). However, if there were more
than one neutral Higgs boson contributing to the
masses of quarks of a given charge, or if there
were both an invariant mass term M, and a Higgs
contribution, then there would be no reason to ex-
pect the couplings of the neutral Higgs bosons to
conserve quark flavor. We conclude that Condition
III is equivalent to the requirement that quarks of
given charge receive their mass either (I) through
the couPlings of precisely one neutral Higgs meson
«(2) through an SU(2) invar»ant mass term-, but
not by both mechanisms. This condition might be
evaded in special cases, as for instance through
the judicious introduction of discrete symmetries.
We have not explored these possibilities in detail.

In the standard model, the left-handed quarks
are all doublets and the right-banded quarks are
all singlets, so the Higgs bosons that couple to the
quarks must all be doublets, and there can be no
bare mass term M,. The right-handed charge + —,

'
quarks must couple to just one neutral Higgs boson
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po, a member of a doublet (@',g ). Similarly,
the right-handed charge -3 quarks must couple to
just one neutral Higgs boson ft)', a member of a
doublet (p",g"). These two doublets may or may
not be charge conjugates of each other. Condition
III is then satisfied.

In the vector model, the left-handed and the
right-handed quarks are all doublets, so the Higgs
bosons that couple to the quarks must be singlets
and/or triplets, and there can also now be an

SU(2)-singlet bare mass term p, . The experi-
mental values of the quark masses and mixing an-
gles indicates that the quark mass matrix for each
charge must have both SU(2)-singlet and SU(2)-
triplet parts, so in this model it does not seem
possible to eliminate the off-diagonal parts of the
neutral-Higgs-boson couplings in a natural way.
Condition III is not satisfied.

IV. MODELS W'ITH CHARM-CHANGING NEUTRAL
CURRENTS

The result of the last twp sections shows that un-
less we introduce exotic new quarks with charges
of z or ', the only SU(2) SU(1) theories in which
neutral-current effects naturally conserve strange-
ness and charm are the standard model and its
generalization to any even number of quarks. It
may involve at most two Higgs doublets (g', P )
and P",P'o) coupled to the quarks.

The vector model involves a neutral current
which conserves charm and strangeness naturally,
and this conservation law is respected by induced
order-nG neutral-current effects. However, the
absence of flavor violation mediated by neutral
Higgs mesons cannot be imposed naturally (so far
a.s we can see). Moreover, the vector model ap-
pears to be inconsistent with data on elastic' and
deep-inelastic' neutrino-nuclear scattering,
which show different neutrino and antineutrino
cross sections.

The standard model may naturally satisfy our
three conditions, but there are indications that it
fails to describe certain data: The reported'
"high-y anomaly" seems to require the presence
of right-handed currents in the charged weak cur-
rent which involve u and/or d quarks. ' Of course,
the present experimental situation must be re-
garded as tentative, but it is sufficiently disturbing
so as to motivate a search for alternative the-
ories. '

The reader will recognize that the three condi-
tions of Secs. II and III result from the require-
rnent that neutral-current effects naturally con-
serve all quark flavors. Yet, the neutral currents
are known only to conserve strangeness. Nothing
is known experimentally about whether or not they

also conserve charm, let alone other proposed
quark flavors. We are therefore free to suppose
that the neutral currents naturally conserve
strangeness and hence conserve all flavors of
quarks with charge -3 but that they may violate
the conservation of the other quark flavors, in-
cluding charm. " By following the analysis of Sec.
II, we see that the quarks of charge ——,

' must all
have the same values of T», T~', T,~, and T~',
but there is no restriction on the SU(2) transforma, -
tion properties of quarks with other charges. Sim-
ilarly, following the reasoning of Sec. III, there
can be at most one neutral Higgs boson which cou-
ples to the charge ——,

' quarks, but any number of
Higgs bosons which couple to other quarks.

To see how this can work in practice, consider a
seven-quark model, with four quarks of charge + —,'
and three quarks of charge -3. To avoid a pre-
mature identification with quarks of definite mass,
we will label the charge+ 3 quarks as P, C, L,A,
and the charge -3 quarks as G, E,S. In order for
strangeness to be conserved naturally, the left-
handed G, E, S quarks must all be singlets or dou-
blets, and likewise for the right-handed G, E, S
quarks. Since the weak interactions certainly in-
volve some left-handed quarks, the left-handed
quarks must be grouped into three doublets and a
singlet,

doublets, A~ singlet. (4.1)c) /f. &

A (') &'i

The only remaining alternatives 'are that the right-
handed quarks may be similarly grouped into three
doublets and a singlet,

(z& fcl) (L& doublets, As singlet, (4.2)

G~ Ez S

or that they are all singlets. These correspond to
modified versions of the standard and the vector
models, respectively.

The seven-quark version of the standard model
still has the problem of not containing right-handed
currents which could account for the high-y anom-
aly. Qn the other hand, the seven-quark version
of the vector model can now provide a neutral cur-
rent with an axial-vector part that could produce
different v-N and v-N cross sections, so let us re-
strict our attention to this case. "

We may define the quark states G, E, S to be just
the charge -3 quarks d, s, b of definite mass. The
quark states P, C, L,A are then defined by (4.1)
and (4.2) in terms of their weak-interaction prop-
erties. Each of these is a linear combination of
the charge —, quarks u, c, t, t' of definite mass, with
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the linear combinations in general different for the
left- and right-handed quarks. In particular, if
the coefficients of the u~ term in A~ and the u„
term in A„are different, the weak neutral current
will contain an axial-vector part involving u quarks.

The Higgs bosons which couple to quarks in the
seven-quark version of the vector model may be
SU(2) singlets, doublets, and/or triplets How-
ever, according to the arguments of Sec. III, at
most one neutral Higgs boson can couple to the
charge -3 quarks G, E,S. The neutral member of
a Higgs doublet (p', p ) does not couple to the
charge -3 quarks at all, so the Higgs fields that
couple to the quarks in this theory can in general
consist of one doublet (P', P } and either one
singlet g" (or a bare quark mass term M,} or one
triplet (P",P",p' '). This appears to be a rich
enough set of Higgs fields to produce realistic
quark masses and mixing angles, but we have not
studied the problem in detail.

pd~ p

or sea quarks,

v p cs,
V P cs ~

(5 1)

(5.2)

(5.3)

If the neutral current is charm-changing, we may
anticipate the additional valence processes

V. DO NEUTRAI CURRENT INTERACTIONS
CONSERVE CHARM?

Following the remarks of the preceding section,
we now want to consider the experimental con-
sequences of a theory in which the neutral currents
themselves, or neutral-current effects induced by
two-W or Higgs exchange, do not conserve charm.

We have seen that it is possible to construct an
empirically adequate model in which Z' is coupled
to a current with b, C=O and b, C= a1 parts. This
current can provide an additional mechanism for
the production and decay of charmed particles,
beyond the expected charged-current mechanism.

Charmed hadrons are ordinarily produced in
high-energy neutrino-nucleon collisions by the
charged-current couplings of either valence
quarks,

pd pQ,
vu- p'd. (5.6)

This is because the charged-current semileptonic
decay of a charmed hadron produced by (5.4) could
yield a final state p,

' while (5.5) could yield a final
state p, . Such events would appear to violate con-
servation of lepton number, and no such violation
has been reported.

Moreover, a charmed hadron produced by the
conventional charged-current processes (5.1)-(5.3)
could decay semileptonically, via the charm-
changing neutral current, producing a charged
lepton pair. Overall, this yields a trilepton event.
Searches for neutrino-induced trileptons or soft
wrong-charge single leptons could provide sensi-
tive limits on the strength of a conjectured charm-
changing neutral current. It would be ironic if
charmed hadrons were observed to decay into final
states including neutral lepton pairs: These are
just the analogs of the strange-particle decays that
charm was invented to suppress.

Thus far, we have considered possible violations
of Condition I which give rise to charm-changing
neutral-current effects of order G. If only Condi-
tion II or III is violated, these effects will be much
smaller. Nevertheless, one or another of the
virtual processes

above charm threshold.
Should a neutrino-produced charmed hadron de-

cay semileptonically, mechanisms (5.1}-(5.3)
would yield dilepton events. But (5.4) or (5.5)
would yield a single charged lepton of relatively
low energy. Events of this kind might be mis-
interpreted as ordinary charged-current events.
However, there would be a very large loss of
energy to the two unobserved neutrinos. Kine-
matically, these events would seem peculiar, and
might even seem to lie outside the allowed region
of the q'-v plot. Conceivably, events induced by
(5.5) could account for at least part of the observed
"high-y anomaly. "

On the other hand, (5.4) and (5.5) probably must
be weaker couplings than the conventional charged-
current processes

VQ vc y

VQ PC .
(5.4)

(5.5)

u +c- W'+ W -u+c
Higgs

(5.7)

Events due to (5.4} or (5.5) in which the charmed
hadron decays nonleptonically would resemble
ordinary neutral-current events, except in that
they involve an energy threshold (and a strange
final state}. Consequently, the existence of a
charm-changing neutral current may lead to an
observable rise in neutral-current cross sections

will give rise to an effective hC = 2 Fermi cou-
pling. In any of these cases, there will be induced
a mass splitting between the CP-even and CP-odd
neutral charmed mesons D', and D', which is much
larger than the D', or D,' decay rates. Even if the
direct decays induced by the charm-changing neu-
tral current are very rare, the effects of the
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vp- p+K'+D'+ p. . (5.8)

If D' decayed normally, we would end up with an
S=O final state most of the time. If D decayed
via D D mixing, S= 2 would be as common for the
final state as S= 0. A charm-chan~ng neut"al-
current coupling (either of order G, of or~ aG,

D j D2 mass splitting on the decay s of neutral D 's
will be spectacular.

In those theories we are considering, the fre-
quency of D-D transitions is large compared to
the decay rate. Thus, D svill be expected to de-
cay into channels appropriate to D as often as
not. If there were no charm-changing neutral-
current effects, the Cabibbo-favored decays of
D' will be into S= -1 final states. If there are,
D' will decay equally into S=+1 final states. (The
decay of D' into an S=+ 1 nonleptonic state is pos-
sible in the standard theory, but is doubly Cabibbo-
suppressed, by the factor tan~8-2 x 10 '.}

Similar remarks apply to the charged-current
semileptonic decays of D'. Normally, such a de-
cay produces a positively charged lepton. In the
presence of charm-changing neutral-current ef-
fects, leptons of either sign are produced equally.

Let us consider the consequences of a large
D', -D', mixing on some experiments of current
interest. Evidence for the associated production
of new hadrons in e'e annihilation has just been
reported. " If these are interpreted in terms of
charm, then the D has been discovered at a mass
of 1.865 Geg, in accordance with theoretical an-
ticipation, "and has been observed to decay into
Km and Kmmm. Two oppositely charmed particles
must have been produced in association, possibly
together with additional hadrons. One would expect
a significant fraction of the weakly decaying
charmed particles produced in e'e annihi-
lation to be D' and D', perhaps the ma-
jority of them. " If the Glashow-Iliopoulos-Maiani
mechanism does apply to charm as well as strange-
ness, we would expect that the final hadron state
would have strangeness zero in the vast majority
of cases. On the other hand, if there are charm-
changing neutral-current effects, they will lead to
complete D'D' mixing, and we expect S = +2 final
states to be almost as common as S= 0 final states.
We are about to learn whether or not neutral cur-
rents conserve charm.

Effects of D', -D', mixing can also show up in neu-
trino experiments. Consider the production of
charmed particles by high-energy neutrinos off
sea quarks, for example

or Higgs mediated) reveals itself if charged-cur
rent b,S= 2, b, Q = 2 events are identified.

Neutrino-induced dimuon events have been de-
tected at Fermilab. " About 100 events have been
seen involving a final pair of oppositely charmed
muons. These may be attributed to the effect of
the conventional b, C = b, Q part of the charged weak
current. The incident neutrino has become the
final p, , while the p,

' is a decay product of a
charmed hadron. Indeed, the observed kinematics
favors this interpretation. " However, some of
the time two p, are observed. These events could
be attributed to the associated production of pairs
of charmed hadrons by neutrinos, with one of them
decaying semileptonically. This could yield all the
p. p. events and some of the p. p,

' events. They
could also be interpreted as "wrong" decays of D'
which have been produced singly by neutrinos in
reactions like (5.4). From the ratio of same-sign
to opposite-sign dimuons, one could tell how often,
among b, C = 1 charged-current events, a D' is pro-
duced rather than any other C = 1 weakly decaying
hadron.

Finally, we consider the possibility that there is
a significant associated production of charmed
hadrons in deep-inelastic muon scattering. Semi-
leptonic decays of the charmed particles would
yield dilepton events and, more rarely, trilepton
events. Without D', -D', mixing, one would expect
only the trimuon charge signature p. 'p. 'p, , de-
pending on whether the incident beam is p,

' or p, .
This is because the C = 1 hadron normally pro-
duces only a positive lepton, and a C = -1 hadron
normally produces only a negative lepton. If there
is D', -D', mixing, we anticipate as well the charge
signatures p, 'p, 'p, ' and p, 'p. p, .

It is evidently important experimentally to learn
whether or not the Glashow-Iliopoulos-Maiani
mechanism extends naturally to charm, and we
have sketched a few experimental ramifications.
It is also important to know if neutral-current
effects are charm-conserving for theoretical
reasons —as a guide to the development of a com-
plete theory of weak interactions.

Note added in Proof. The problems treated here
have been. discussed recently from a rather dif-
ferent point of view by E. A. Pachos [Phys. Rev.
D 15, 1966 (1977)] and by K. Kang and J. E. Kim
[Phys. Lett. 64B, 93 (1976}].

ACKNOWLEDGMENT

We wish to thank M. Barnett, A. De Rujula,
H. Georgi, and B. W. Lee for helpful discussions.



15 NATURAL CONSERVATION LAWS FOR NEUTRAL CURRENTS 1965

*Work supported in part by the National Science Founda-
tion under Grant No. MPS75-20427.
F. J. Hasert et al. , Phys. Lett. 46, 121 (1973); 46, 138
(1973); A. Benvenuti et al. , Phys. Rev. Lett. 32, 800
(1974).

S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967); A. Salam,
in Elementary Particle Physics: Relativistic Groups
and Analyticity (Nobel Symposium No. 8), edited by
N. Svartholm (Almquist and Wiksell, Stockholm, 1968),
p. 367; S. L. Glashow, J. Iliopoulos, and L. Maiani,
Phys. Rev. D 2, 1285 (1970).

3Conceivably, other quantum numbers which, like elec-
tric charge, are exactly conserved remain to be dis-
covered; Q stands for these as well.

4G. Branco et al. , Phys. Rev. D 13, 104 (1976); Report
No. COO-223B-84, 1975 (unpublished); A. De Rujula
et al ., Phys. Rev. D 12, 3589 (1975); H. Fritzsch et al. ,
Phys. Lett. 59B, 256 (1975); S. Pakvasa et al. , Phys.
Rev. Lett. 35, 703 (1975); F. Wilczeket al. , Phys.
Rev. D 12, 2768 (1975).

~D. Cline et al. , Phys. Rev. Lett. 37, 648 (1976).
~A. Benvenuti et al. , Phys. Rev. Lett. 36, 1478 (1976)

and unpublished work; B. Barish et al. , unpublished
work.

A. Benvenuti et al. , Report No. HPWF-76/3 (unpub-
lished).

8A. De Rujula et al. , Rev. Mod. Phys. 46, 391 (1974).
~R. M. Barnett, Phys. Rev. Lett. 36, 1163 (1976); Phys.

Rev. D 14, 2990 (1976); E. Derman (unpublished);
S. Pakvasa (unpublished); V. Barger and D. V. Nano-
poulos Phys. Lett. 63B, 168 (1976); C. Albright, et al. ,
Phys. Rev. D 14, 1780 (1976); F. Gursey and
P. Sikivie, Phys. Rev. Lett. 36, 775 (1976); Y. Achiman
et al. (unpublished); P. Ramond (unpublished).
The theory and phenomenology of charm-changing
neutral currents have been considered before, and
some of our results have been discussed in the litera-
ture. See R. L. Kingsley et al. , Phys. Lett. 61B, 259
(1976); L. B. Okun et al. , Lett. Nuovo Cimento 13, 218
(1975).

"R. M. Barnett cautions that this model may not be
capable of explaining the large observed difference
between neutrino and antineutrino neutral-current
cross sections (private communication).

' G. Goldhaber et al. , Phys. Rev. Lett. 37, 255 (1976).
' A. De Rujula et al. , Phys. Rev. D 12, 147 (1975).
' A. De Rujula et al. , Phys. Rev. Lett. 37, 398 (1976);

K. Lane and E. Eichten, ibid. 37, 477 (1976).
'5A. Benvenuti et al. , Phys. Rev. Lett. 34, 419 (1975);

B. C. Barish et al. , in La Physique du Neutrino a
Haute Energie, proceedings of the Colloquium, Ecole
Polytechnique, Paris, 1975 (CNRS, Paris, 1975),
p. 131.

' A. Pais and S. Treiman, Phys. Rev. Lett. 35, 1206
(1975).


