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We address the question, how many kinds of new quantum numbers (‘charm’) are indi-
cated by recent experimental developments in the study of e*-e” collision phenomena and
dimuon production in neutrino and antineutrino reactions ?

A variety of recent developments has led to the
expectation that one or more new kinds of quan-
tum numbers (“charm,” collectively) are needed
for hadron physics. This note addresses the
question, how many new quantum numbers—new
quark types—are required? It is our main pur-
pose to stress the impact which information on
antineutrino reactions may have on this question.

It is a widely held view that the recently discov-
ered narrow ¢ and §’ resonances, although they
have the quantum numbers of ordinary hadrons,
are built up of charmed quark-antiquark pairs.
At the present writing the most direct evidence
for charm comes from the observation' of neu-
trino-induced reactions in which a pair of oppo-
sitely charged muons appears in the final state,
The muon energy spectra appear to rule out the
possibility that these events arise exclusively
from the decay L°—~ u* +u” +v of a new heavy
lepton L° produced in the neutrino reaction.?
This makes a strong case for an alternative in-
terpretation according to which the "~ is pro-
duced directly, the u* arising from semileptonic
decay of a short-lived hadron belonging to a new
class of particles. Less clear, at this time, is
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the origin of the recently reported® ye events in
e*e” annihilation.

The case for a least one new quark (beyond the
usual triplet u, d, s) was first made in connection
with certain theoretical issues of ordinary weak-
interaction phenomenology.* This led to a cer-
tain four-quark SU(2) ® U(1) gauge model that we
shall refer to here as the “standard” model.®
The new quark, c, introduced in the model was
thus available, so to speak, when the 3 and ¢’
resonances were discovered; and it could be in-
voked for a picture in which ¢ and ¢’ are, re-
spectively, the lowest and first excited 1 7(%S,)
states of the c-c system. Similarly, the charged
currents of the standard model contain charm-
changing pieces, which could be invoked to ac-
count qualitatively for charm production, and
therefore for dimuon events, in neutrino reac-
tions.

Despite these qualitative successes various
authors were led to contemplate modifications of
the standard model, including a further prolifera-
tion of new quark types.® Clearly one has con-
siderable freedom in introducing new quark spe-
cies if the hadron states which bear the corre-
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sponding quantum numbers are too massive to be
directly excited at present energies (“very heavy
quarks”). However, in this note we concentrate
mainly on the issue of new quantum numbers
(new quark types) associated with hadronic states
of modest mass.

Even in this limited framework there were sev-
eral considerations that motivated attempts to go
beyond the standard four-quark model (insofar
as all physical hadrons are color singlets, color
tripling does not enter here into our enumeration
of quark types). One question is whether the nar-
row  and '’ resonances are pair states formed
out of a single species of new quark, For some
time, lack of evidence for radiative transitions
to additional new quark-pair states anticipated”
on an assumed single-species origin of  and ¥’
encouraged speculations that i and ¥’ and also,
perhaps, 3” were associated with several new
quark types. However some of the anticipated
states and radiative transitions have recently
been discovered.! As a result, the impetus on
spectroscopic grounds for introduction of more
than one new quark type has somewhat dimin-
ished. The search for additional narvow reso-
nances in e*, ¢” collisions has by now been ex-
tended® to a total energy of about 7.5 GeV, with
negative findings. Of course, it may be that
other families do exist, but that the lowest 17~
states lie above 7.5 GeV; or that these states
are very broad, presumably because they happen
to lie above the threshold for decay into charmed
hadrons with the appropriate quantum numbers;
or it may be that these states do not couple ap-
preciably to the electromagnetic current and are
therefore not excited in e*-¢~ collisions.

This last mentioned possibility is interesting
in connection with another difficulty that has been
perceived for the four-quark model: The ratio R
of cross sections for ¢" +¢” -~ hadrons and e* +e”
—~ p*+p” is predicted to equal ¥ (with color trip-
ling) once all four quarks are well excited. How-
ever, the observed value at high energies (4-8
GeV) is appreciably larger than this, R ~5.5 (no-
tice, however, that if heavy lepton pairs are be-
ing produced the true value of R would be re-
duced by one unit for each species of heavy lep-
ton). This circumstance has provided another
impulse for the contemplation of further new
quark types, but any such proliferation has to
confront the nonobservation of additional families
of narrow vector resonances. An interesting
scheme discussed by Wilczek'® may be relevant
here. It permits one to increase R and yet main-

tain a lid on additional 1"~ states that couple to
the electromagnetic current,

Let us consider next what we can learn about
the number of new quark types from neutrino
and antineutrino reactions. According to the
standard four-quark model the weak charge-
raising current is j,"*** =uy, (1 +y,)dc+Cy, (1
+7v5)Sc, where d.=dcosf.+ssinf;, sc==d
Xsinfc+s cosbfc, 6 being the Cabibbo angle. On
a parton-model interpretation of the evidence
from AS=0, AC =0 processes, it is well known
that deep inelastic lepton scatterin on nucleons
is dominated by contributions from the d and «
(valence) partons. For charmed production by
neutrinos (AC =1), production on d-type partons
is suppressed by the Cabibbo factor sin?4.~0.04,
and production off s and ¢ partons in the sea is
supposed to be suppressed because of the pre-
sumed rarity of sea partons.? For U reactions
(AC=-=1) the valence quarks make no contribu-
tion whatsoever, so that only the sea partons 3,
s, and c can participate. Thus, one expects
suppressed cross sections for charm production,
in both the v and v cases. On the parton picture,
moreover, one has ¢”(AC=1)>0”(AC=-1),
where the equality holds if the sea contribution
dominates the Cabibbo-suppressed valence con-
tribution in the reactions. In any case we surely
expect that 0"(AC=1)< 0”(AC=0). Indeed, if the
sea contributions were negligible, then at very
high energies where threshold effects for charm
production are unimportant, we would have ¢”(AC
=1)/6”(AC=0)~0.,04. It is hard to imagine that
the sea contributions could much more than dou-
ble this ratio.

The frequency of dimuon events depends on the
effective branching ratio B for muonic decay of
charmed hadrons. The earliest reports® of di-
muon production involved mixed v, v beams, how-
ever with the v component dominant. For beam
energies >40 GeV the ratio of "~ and u~ events
was found to be o(u*u™)/o(n™)=(9+3)x1072, On
the interpretation that the dimuon events come
principally from the v component of the beam,
we learn that Bo”’(AC=1)/0?(AC=0)=0,01. On
the standard model we expect that o”(AC=1)/
0”(AC =0) should be small, less than ~0.1 unless
the sea contributions are unexpectedly very large.
Taking this ratio to be <0.1, we have Bz 0.1.
According to the usual estimates'® this branch-
ing ratio is itself expected to be rather small,
and even B=0.1, though perhaps acceptable,
seems only marginally plausible. It was partly
for this reason that one was led to consider var-
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ious modifications of the standard model, with a
view to arranging for enhanced production of
charmed particles in neutrino reactions.

Because of a very recent experimental develop-
ment, however, any attempts along this line have
now to face new and severe constraints. It has
been found, namely, that dimuon events are pro-
duced also in U reactions'®; and although it is
still too early for any precise comparisons of the
v and v dimuon cross sections, the preliminary
indications are that the two cross sections are at
least roughly equal. Insofar as this holds up ex-
perimentally, any scheme that enhances (generic)
charm production must do so for both the v and
v reactions.

Let us see what the possibilities are in the con-
text of weak SU(2)® U(1) gauge models. In the
standard model there are two weak SU(2) doub-
lets, both left-handed: (u,d();, (¢, sc),. One can
arrange for substantial enhancement of charm
production in the v reactions by adding to the
model the right-handed doublet'®

(2

The new current which this introduces allows for
charm production in v reactions off valence d
quarks, without Cabibbo suppression factors.
Because the new current is right-handed, the ra-
tio of AC=1 and AC =0 cross sections for v re-
actions should approach one-third in the deep in-
elastic region (well-above charm thresholds).
The trouble with this scheme, however, is that
it has no corresponding provision for enhance-
ment of charm production in v reactions.

If one wishes to enhance substantially both the
v and v cross sections for charm production one
has inevitably to introduce several new kinds of
quarks, hence several kinds of charm. A simple
possibility is illustrated by the model

()., (o), @), (@),

where ¢’ is needed for the Glashow-Iliopoulos-
Maiani mechanism* but is taken as sufficiently
massive so that it is not “excited” in e*-e¢” colli-
sions, and where d” is the counterpart of ¢’. The
dimuon events are to be associated with charmed
hadrons containing ¢’ or d”. In the deep inelastic
region, where valence partons are expected to
dominate, charm produced in v reactions is as-
sociated with ¢’ quarks; for U reactions, with
the quantum numbers of d”. This model accomo-
dates dimuon production, in both classes of re-
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actions, with a small branching ratio B. The
trouble is that the fotal v and V cross sections
(charm-conserving plus charm-changing) are pre-
dicted to become equal on isoscalar targets, Ex-
perimentally® o0,,,,17/00r "= 0.3 £0.1, at E=~80
GeV.

There exists the possibility to moderate these
enhancement effects by introducing still more
quarks (very heavy ones), mixing them into the
right-handed doublets in such a way that the v +d
-~ +c¢’and V+u— p* +d” amplitudes are re-
duced by mixing parameters. This can no doubt
be parametrized in an acceptable way within the
constraints of the v and v data and with a com-
fortably small value of the branching ratio B.

But there remains the problem that two new
quarks, ¢’ and d”, have been introduced and as-
sociated with charmed hadrons of modest enough
mass to be relevant for interpretation of the di-
muon data. We thus have two new families of
“excitable” hadrons—yet, as discussed earlier,
no evidence for this in the e*-e~ data, at least
not in the form of new, narrow resonances. In
this. connection it might be thought that the Wil-
czek mechanism could be invoked to decouple one
of the families from the electromagnetic current,
but this in fact cannot be arranged.

Insofar as this “two-family” problem is re-
solvable we are left with the prediction that the
charmed particles produced in v reactions are
predominantly in a different family from those
produced in v reactions. These differences would
eventually have to show up as differences in the
properties of the charmed particles produced in
v and V reactions, e.g., different masses for the
charmed particles.

The simplest possibility, however, is that only
one kind of new quark is involved in the dimuon’
events both for v and v reactions; and that any
additional quark types that one may wish to con-
template for other reasons are associated with
charmed particles that are too massive to be
much excited at present energies in e*e” colli-
sions and v, v reactions. Effectively, therefore,
we are reduced to a four-quark picture, either
the standard model or other nearly equivalent
models involving heavy quarks, e.g.,

(), (o). G,

where ¢’ is a heavy quark and excitable charm is
associated with ¢, For definiteness we will speak
of the standard model. If ¢”(C=1) and ¢”(C=~1)
are indeed comparable, we are forced to con-
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clude that the sea contributions are rather large;
also, unless these contributions are very large,
then the muonic branching ratio of charmed had-
rons is itself rather big, Bz 0.1. There is, of
course, the welcome feature in all of this that
charm production, certainly for v reactions but
also for the v reactions, provides a sensitive
probe of the sea parton distributions, a situation
without parallel, quantitatively, in AC =0 reac-
tions.

There remains the matter of like-sign muon
pairs. For the v reactions® the ratio o¥(u" ")/
o?(u*u”) is roughly 0.1; in the ¥ case two pu*pu*
events have been recorded out of a total of seven
dimuon events.'* One interesting interpretation'®
of the like-sign phenomenon relies on effects,
analogous to K° K° mixing, which produce tran-
sitions between D°=(cu) and its conjugate D°
=(cu). In the standard model, however the ratio
of like-sign to opposite-sign events is expected’
to be small, <107%; but it is possible to arrange
for substantial mixing through introduction of
very heavy quarks.'®

Alternatively, we might rely on associated pro-
duction of pairs of charmed particles in AC=0
charged current reactions. The like-sign pair
arises when the hadron of appropriate quantum
number (C=-1 for v reactions) decays muonical-
ly. On this interpretation one should also occa-
sionally see trimuonic events at a rate, relative
to like-sign dimuon events, which might well be
of order 0.1.

*Work supported in part by the U. S. Energy Research
and Development Administration under Contract No. E-
(11-1)-2232B.
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