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We report here additional positive results of a search for muonless neutrino- and anti-
neutrino-induced events using an enriched antineutrino beam and a muon identifier of
relatively high geometric detection efficiency. The ratio of muonless to muon event
rates is observed to be A =0.20 +0.05. We observe no background derived from ordinary
neutrino or antineutrino interactions that is capable of explaining the muonless signal.

The investigation reported here is a search
for inelastic neutrino and antineutrino interac-
tions at a. mean energy of 40 GeV that differ from
the usual processes by the absence of a. muon in
the final state. ' A previous search for such
events yieMed a positive signal. Muonless events
have also been reported in a CERN-Gargamelle
experiment at a mean energy in the range of 2 to
4 GeV. '

The experiment was carried out at the National
Accelerator Laboratory, where collisions of 300-
GeV protons with an aluminum target produced
secondary hadrons that were focused by a single
magnetic horn to provide a beam enriched in an-
tineutrinos. ' The experimental apparatus [Fig.
1(a)] is a modified version of the arrangement
described previously. " The modifications are
(1) the addition of 35 cm of iron immediately
downstream of the ionization calorimeter to form
a muon identifier (p, ) consisting of counter 8 and
spark chamber 4, and (2) doubling of the area of
counter C and replacement of the 5.3-m' narrow-
gap spark chambers in the magnetic spectrome-
ter with 8.4-m' wide-gap chambers to increase
the solid angle of the second (original) muon

identifier (p,).
The experiment was triggered by the deposition

of energy (E) in the ionization calorimeter great-
er than a preset minimum value, ' with counter A
in anticoincidence. The hadron cascade of an
actual event is illustrated in Fig. 1(b) and the
track pattern observed in spark chambers SC1-
SC8 is illustrated in Fig. 1(c) which shows one
of the three stereoscopic views of the event.
Events were verticized by extrapolation of tracks
in the two + 7.5' stereo views and in the 90 ste-
reo view, and consistency was required between
the z position obtained from the visual recon-
struction of the vertex and the calorimeter pulse-
height information.

The s dependence of all triggers was observed
to be uniform except for a small excess of events
in the first segment (module) of the target detec-
tor, which is consistent with the small (5%) geo-
metrical inefficiency of counter A. There is no
evidence of neutrons or photons, unaccompanied
by cha. rged particles„entering the front of the
target. Since each segment of the calorimeter
corresponds to approximately 0.6 nuclear colli-
sion lengths, to provide additional protection
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FIG. 2. (a) The Ez distribution of all AEB triggers
(951) and of the corresponding verticized events (627,
cross-hatched). {b) The EH distribution of all AEB
triggers (459) and the corresponding verticized events
(173, cross-hatched) .

FIG. 1. (a) Plan view of the modified experimental ap-
paratus. The target detector consists of liquid scintilla-
tor segments (1-16) with wide-gap spark chambers
(SC1-SC4) interspersed. The muon spectrometer in-
cludes SC5-SCS. Auxiliary scintillation counters are
A, B, C, and D. An inelastic neutrino event @pith an
associated muon is sketched into the spark chambers
(c) and the energy deposition in each segment is shown
in {b).

from penetrating hadrons, events occurring up-
stream of module 5 were excluded. A further re-
striction, z ~12, was imposed to reserve 4 mod-

ules for detection of the hadronie cascade and as
additional absorber for p, .

Events can be tentatively classified as having
a muon or not according to the response of scin-
tillation counter 8, and are labeled AEB and

AEB, respectively. In Fig. 2 are shown the dis-
tributions in hadron energy, E„, for the 1410
triggers in the z fiducial region. The shaded
histograms show those events for which a hadron
shower with a reconstructed vertex was present
in the spark chambers. Except for very low-en-
ergy AEB triggers, about two-thirds of the events
have a reconstructed vertex. ' The remainder
can be accounted for in the main by neutrino in-
teractions in the calorimeter beyond the spark

chamber boundaries. The larger excess of low-

energy AEB triggers appears to be diffuse show-
ers that originate outside the target, of which
only traces are seen in the spark chambers.

The distribution of shower vertices in the
transverse plane is nearly uniform, with a small
depletion toward the target boundary consistent
with the neutrino beam rms radius of -1.5 m. A
fiducial boundary limit of ~ 120 cm in x and y was
imposed to avoid regions of low detection effi-
ciency and to insure complete rejection of had-
rons entering the sides. ' A total of 535 events
passed the threshold on E„and satisfied the cri-
teria on vertex location, event quality, and time
of occurrence within the beam gate.

To use counter 8 or SC4 as a muon identifier
it is necessary to measure the probability e~ that
hadrons penetrate the p, absorber. A sample of
events with muons identified by the counter con-
figuration AEBC were used to measure the pene-
tration (punch-through) probability of the accom-
panying hadrons as a function of the z position of
the event vertex [Fig. 3(a)], and as a function of
the energy ot' the hadronic shower [Fig. 3(b)].
The shapes of these dependences are consistent
with other measurements' of hadron penetration
as indicated in Figs. 3(a) and 3(b).
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The angular distribution of muons' identified
by a spark in SC4 (for about -,' of the muon sam-
ple) is shown as the histogram in Fig. 3(c), after
correction for the geometric acceptance of SC4.
The geometric acceptance of SC4 is calculated
using only the observed distributions of event
vertex positions and assuming azimuthal symme-
try of the primary neutrino interaction. The raw
data divided by the calculated acceptance yield
directly the intrinsic muon angular distribution
in Fig. 3(c). Calculations which use the mea-
sured neutrino-antineutrino spectrum and a mod-
el of the interaction dynamics' yield the intrinsic
muon angular distribution shown by the solid
curve in Fig. 3(c). We conclude from the good
agreement in Fig. 3(c) that these latter calcula-

FIG. 3. (a) The measured punch-through probability
of hadrons accompanying AEBC events (for all hadron
energies) as a function of z, and the expected shape of
the distribution. {b) The measured punch-through prob-
ability (for z between 5 and 12) as a function of Ez,
compared with the expected variation. (c) The correct-
ed muon angular distribution measured in SC4 com-
pared with the predicted distribution. (d) Comparison
of the observed fraction of events with a muon for the
p~' identifier (SC4 alone) and &~ as functions of trans-
verse position and z position. The cross-hatching in-
dicates the uncertainty in &~ arising from the statistics
of the data in (c).
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tions reproduce the observed angular distribu-
tion out to the maximum detected angle of 500
mrad. Only 4% of the muons are predicted to lie
at angles greater than 500 mrad. The muon de-
tection efficiency e„ is then obtained from the
measured angular distribution, corrected for the
loss of events with ]9„&500 mrad. "

The ratio of muonless events to events with
muons is obtained from the formula

[e U+ f~
—e ~6p](l +R~) —1

1 —e~(1+R )

where R is the measured ratio of events without
and with a count in a given muon identifier. In
Fig. 3(d) we plot the observed fraction of events
with a muon as a function of z and of (x,y), after
correction for hadron punch-through, which
should be equal to e„ if R =0 [Eq. (1)]. The data
were obtained using SC4 alone as a muon identi-
fier (p, '), and are to be compared with e„, shown
as the cross-hatched regions in Fig. 3(d). A

clear discrepancy is indicated, providing evi-
dence that R is different from zero.

Figures 4(a), 4(b), and 4(c) present R as a
function of (a) the transverse position of the
event vertex, (b) the z position of the event ver-

FIG. 4. (8) A obtained from three different muon
identifiers as a function of the transverse distance
from the center of the calorimeter. (b) The z varia-
tion of 8 obtained using three different muon identifi-
ers. (c) The E~ variation of R from three muon identi-
fiers. (d) The allowed region of R and 8" from this
experiment compared with R and R obtained in the
CERN measurement (Ref. 2).
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tex, and (c) the hadron energy E„. We have in-
cluded in Fig. 4 results for SC4 alone (p, '), as
well as for p, , and JLI, The best solid angle is
achieved with p„but for p, ' the measured val-
ues of c~ are smaller than for y. , [Fig. 3(b)j, and
for p,„a~=0. Furthermore, the dependence on

z, (x, y), and E„of the e„ for p„p, ', and p, is
significantly different, which serves to test the
internal consistency of the data. " Apart from
statistical fluctuations, Fig. 4 indicates that the
same value of R is obtained from each of the
muon identifiers over the entire range of each of
the variables plotted and provides evidence for
stability of the results. These results integrated
over z, transverse position, and EH yield

R =0.20+ 0.05,

where the error includes an estimate of 0.03 for
possible systematic effects, which follows from
an exhaustive study of the sensitivity of R to
changes in the measured variables.

The value of R measured for the combined neu-
trino-antineutrino beam used in this experiment
is related to the values of R" and R", for pure
neutrinos and antineutrinos, respectively, by

R =aR'+(1 —a)R',

where a =0.63~ 0.11 is the corrected observed
ratio of the negative muon event rate to the total
muon event rate. The allowed values of R" and
R" are presented in Fig. 4(d) which also shows
the recent results for R' and R' from Gargamelle. '
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Relative rates for deep inelastic neutrino and antineutrino scattering without a final-
state muon have been measured. For neutrinos the result is R" =g{p&+nucleon —p&
+ hadrons)/0{ p& + nucleon- p. + hadrons) = 0.11+ 0.05. The corresponding ratio for anti-
neutrinos is At' =0.32+ 0.09.

%e have reported previously" the observation
of deep inelastic neutrino and antineutrino inter-
actions in which no muon appeared in the final

state. In those experiments a value of R, the ra-
tio of the number of events without to the number
of events with a muon, was obtained utilizing


