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A search for events with no final-state muon, as expected in the neutral-current inter-
actions v&(v&) +N- v&(v&) +hadrons, has been carried out by using the California Institute
of Technology-Fermilab neutrino detector and narrow-band neutrino beam. A clear sig-
nal of events with no apparent final-state muon has been observed. Furthermore, miss-
ing energy in the final state for these events provides strong evidence for the existence
of a final-state v.

In recent years, theoretical developments' have
implied that in addition to the familiar charged-
current (CC) interactions

vp(vp)+N- tt (tL')+hadron,

there may exist neutral-current (NC) interactions

v„(vp)+ N- v p (vp)+ hadrons (2)

Recent observations' of neutrino interactions
without a visible final-state muon have been inter-
preted as examples of Reaction (2). The experi-
ment described here was performed to search for
such neutral-current phenomena.

The experiment used the Fermilab narrow-band
neutrino beam, ' formed from a sign-selected had-
ron beam of 140+ 30 GeV. The resulting neutrino
spectrum consisted of two momentum bands cen-
tered at 45 and 125 GeV, plus a small wide-band
component coming from decays before momen-
tum selection. The target contained 143 tons of
steel and measured 1.5 m& 1.5 m in cross section
and 14.2 m in length. It contained a calorimeter-
detector consisting of seventy scintillation count-
ers, spaced every 10 cm of steel (1 collision
length), with a spark chamber after every second
counter. The scintillation counters signaled the

passage of charged particles and measured the
hadronic energy Eh,q by calorimetry. ' The spark
chambers determined the transverse position of
the interaction to + 5 cm.

To collect a data sample unbiased by the pres-
ence or abasence of a final-state muon, a special
unrestrictive trigger was constructed for this
neutral-current search. It required only a mea-
sured hadronic energy deposition of «3 GeV and
a minimal hadron-shower penetration of 2-4 col-
lision lengths (CL) downstream of the interac-
tion. To minimize cosmic -ray backgrounds fast-
spill extraction from the accelerator (-400 @sec)
was used.

A set of simple criteria was applied to the data
to obtain an uncontaminated an bias-free sample
of events: (1) The two consecutive scintillation
counters and the two spark chambers following
the interaction indicated the presence of charged
particles; (2) the interaction vertex was well
within the steel target (at least 1.3 CL from the
side, 4 CL from the front, and 14 CL from the
downstream end); (3) a shower energy of E„,&~6
GeV was observed in the calorimeter. These re-
quirements selected an almost pure sample of
neutrino interactions.
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FIQ. 1. Penetyation distributions of events with no particles exiting through the end of the apparatus for (a) v,
and (b) v. The smooth curves show the expected shape from CC events alone (wide-band contribution is included}.
The typical CC muon angle is shown on the top scale.

The existence of a muon in the final state is
characterized by the presence of a very penetrat-
ing particle. To distinguish events with or with-
out muons we determined for each event the num-
ber of collision lengths traversed by the most
Penetrating charged particle observed in the in-
teraction. This penetration P was measured by
the scintillation counters spaced every collision
length. NC events are expected to have penetra-
tions characteristic of their hadron-shower range
(a 30-GeV proton produces a shower of average
range P= 11 CL). For CC events, on the other
hand, P is usually the longitudinal distance trav-
eled by the muon before it stops or leaves the ap-
paratus. Muons with small production angle 0~
have the longest penetration.

Figures 1(a) and l(b) show the experimental dis-
tributions in penetration for v and v events, re-
spectively, where the distributions have been cor-
rected for the finite length of the detector. ' The
smooth curves, normalized to all events with P
«14, represent the distributions expected from
CC events alone. The excess of the data over the
curve in the large peaks centered at P=9 is indic-
ative of a possible neutral-current signal. Pos-
sible backgrounds to such a peak are (a) cosmic-
ray events, (b) v, events, (c) neutron interac-
tions, and (d) CC interactions without identifiable
muons. These will be considered in turn.

The first three of these were small. Cosmic-
ray backgrounds were 2. 1'%%up of all v events and
0.3'%%uo of v events as a result of the use of the fast-
spill extraction and the 6-GeV cut in Eh~. They
were continuously monitored during the run in a
separate "off beam" gate and have already been
subtracted from all distributions shown. The
electron-neutrino contamination in the beam has
been calculated to contribute less than 3% of all
v events and less than 1&0 of all v events. The
number of background events from neutrons
would occur with characteristic attenuation of
about 2 CL from the point of entry into the steel.
Figure 2(a) shows no attenuation for NC candi-
dates (P ~ 13) over a longitudinal distance of 50
CL from the front of the apparatus and Fig. 2(b)
shows similar behavior over transverse distances
of + 6 CL. Appreciable background from any
strongly interacting particle is thus ruled out.

The largest known background source is CC
events with small penetration, as indicated by
the extrapolated curves in Figs. 1(a) and 1(b).
The curves were calculated by using the usual
form of the differential cross section (consistent
with previous analysis of CC data). ' The shapes
of the curves for P&13 are insensitive to devia-
tions from this form. '

In order for CC events to produce a peak at
small penetration (and thus at large muon angle)
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FIG. 2. Position in target of interaction vertex (v
events with P ~ 13 CL). (a) Transverse coordinates.
(b} Longitudinal (z) coordinate.

FIG. B. Hadron energy for 998 v events. (a) CC
events with P» 14 CL (b) Intermediate-angle CC events
(18~P &26 CL). (c) NC candidates (P= 13 CL). The
smooth curves in (b) and (c) are expected distributions
for CC events alone.

there would have to be a perverse anomaly in the
Op distribution. The following argument shows
that this hypothesis is not consistent with the
data. Conservation of energy and momentum re-
quires that wide-angle muons must have low en-
ergy; as oq becomes large, Eh,d-E, . This be-
havior is illustrated in Fig. 3(b) by CC neutrino
events with moderate penetration (18(P&26),
corresponding to a typical muon angle of about
175 mrad. The experimental distribution peaks
at E»d=20 GeV, in agreement with calculation.
The CC events with smaller penetration (and larg-
er angle) will have even larger E„,d, as shown by
the calculated smooth curve in Fig. 3(c). How-

ever, the hadron energy distribution of events
with P(13 is similar to that of the CC data shown
in Fig. 3(a).

The large number of low-penetration events
cannot be attributed to low-energy muons from
CC events unless there is an excessive number
of low-energy beam neutrinos. The only such
component comes from decays before the secon-
dary hadron beam is momentum selected. This
has been directly measured by closing the mo-
mentum-defining collimator. The number of CC

events from this source is (8% of the events
with small penetration shown in Fig. 3(c). There
fore, the shape of this distribution cannot be ex-
plained by wide-angle muons in the data. In fact,
this figure dramatically illustrates that a sub-
stantial fraction of events with P (13 have unob
served energy transported out of the steel appa-
ratus seithout interaction. This implies that par-
ticles with strong or el.ectromagnetic interac-
tions are not carriers of the energy.

We conclude that events with no muon and with
missing energy in the final state (consistent with
the neutral-current hypothesis) are present for
both neutrino and antineutrino interactions. After
subtracting the CC background, the raw ratios
of the excess events to ordinary CC events are
8„„'=0.22 and R„„'=0.33. We expect that the
actual magnitudes of the effect are within a fac-
tor of 2 of these uncorrected values.

The most important correction involves the ex-
trapolation to low hadron energy (Eh,d «6 GeV),
where the trigger has not reached full efficiency
and event identification becomes difficult. If the
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observed effect is due to neutral currents, the
distributions in inelasticity y =E„z/E„depend on

the type of coupling to the weak current. For
example, the familiar V-A neutrino interaction
has constant dN/dy, but a scalar or pseudoscalar
coupling would produce a distribution dN/dy ~ y',
while a V+ A coupling would produce dN/dy cc (1
-y)'. These different distributions reflect them-
selves in the Eh,d distributions. The Eh,d&6-GeV
cut in the data gives detection efficiencies differ-
ing by almost a factor of 2 depending on which
coupling is assumed. More detailed knowledge
of the distribution in hadron energy will be neces-
sary to determine the coupling mechanism and
also to determine accurately the magnitudes of
the ratios to ordinary charged currents.
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The narrow resonances at M~ =3.105 GeV and M~t =3.695 GeV are assigned, together
with the familiar SU(3) nonet of vector mesons, as members of the 1 15 representation
of SU(4). This leads to a solution consistent with the observed particle spectrum and ac-
counts for the narrow:-widths of the g and g'. The masses of the charmed vector and
pseudoscalar mesons are predicted.

A narrow resonance, (, at a mass of 3.105
GeV with a width I"& ~1.3 MeV was reported re-
cently by the Stanford Linear Accelerator Center, '
Brookhaven National Laboratory, ' and Frascati'
groups. A second narrow resonance, g', with a
mass of 3.695 GeV has also been observed by the
Stanford Linear Accelerator Center group.

The narrowness of these resonances suggests
that new selection rules are operating and that
we have to consider higher symmetry groups
such as SU(4) and SU(8).' In the following, we
shall investigate the consequences of assigning
the (t and g' to the 1815 representation of SU(4).

To accommodate the g and g' in SU(4), we as-

sume that there exists a new semistrong interac-
tion' which breaks hypercharge and the new quan-
tum number 8"= 3X- 4N such that the total charge
and isospin in the extended Gell-Mann-¹ishijima
formula'

Q=I~+ 2 Y+ 3X- gN

are conserved. This interaction allows the single
production of charmed particles as well as their
decay into noncharmed (W = 0) particles. We
suppose that the g' is almost pure Ieo), while the

g is almost entirely Is&)+ los). The new semi-
strong interaction causes mixing between these
latter states and those with Y'= 0 and I= 0 (i.e.,
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