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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
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mixed neutrino-antineutrino beams with different
admixtures. The subject of this paper is the de-
termination of the individual ratios R and R',
appropriate to incident beams of pure neutrinos
and pure antineutrinos, respectively.

The experiments were carried out at the Nation-
al Accelerator Laboratory, where collisions of
300-GeV protons with a target produced secon-
dary hadrons which decay to provide the various
neutrino-antineutrino beams. Data for the pres-
ent study consist of three samples of neutrino-
and antineutrino-induced inelastic interactions
obtained with the detector, and analyzed by the
methods, described in Ref. 2. Each sample is
characterized by a different value of e, where a
measures the admixture of interacting neutrinos
and antineutrinos observed in those events with
a muon in the final state; o is the measured ra-
tio of events with negative muons to all events
with muons, corrected for the different experi-
mental detection efficiencies for negative and

positive muons. Each sample was analyzed to ex-
tract the value of R, which is related to R" and
R~ by

R = nR'+ (1 —n)R'.

For a pure neutrino or antineutrino beam, Eq.
(1) reduces to R =R" or R =R, respectively.

One of the data samples is essentially the same
as that described earlier. ' lt was obtained with
a. mixed neutrino-antineutrino beam which was
made by focusing negative pions and kaons with
a magnetic horn to enrich the antineutrino com-
ponent. Because the magnetic field of the horn
was pulsed on for a period shorter than the dura-
tion of the beam spill and a little out of phase
with it, the degree of focusing, and hence the
mixing parameter, varied with time during each
accelerator pulse. The beam spill as a function
of time is shown in Fig. 1(a). The variation of n
with time is shown in Fig. 1(b). Dividing the da-
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FIG. 1. (a} Distribution of event occurrence times
with respect to the start of the master gate. (b) Varia-
tion of the neutrino-antineutrino admixture 0, with

event occurrence time, which reflects the on-time of
the magnetic horn.

ta into two subsamples, one with a large ave:rage
value of n and one with a small average value of

a, we obtain two relations of the form of Eq. (1)
which can be solved for R' and R'.

The other two data samples were acquired us-
ing essentially pure beams of neutrinos and anti-
neutrinos (n = 0.98 or n = 0.12). These beams
were produced by sign selection of the charge of
the secondary hadrons.

The analysis of the resulting four data sets is
summarized in Table I. As described in Ref. 2,
three identifiers of muons were used to provide
different muon detection efficiencies e„, and dif-
ferent probabilities & for the penetration by had-
rons of the hadron absorber of a given muon iden-
tifier. The three muon identifiers p„)0,, ', and
p, , serve to test the internal consistency of our

TABLE I. Summary of data for the four neutrino beam configurations.

Data sample
Number of

events

Muon detection
efficiency~

Mixed beam, horn off
Mixed beam, horn on
Sign-selected (vr, K)
Sign-selected (m. , E)'

255
282
100
188

0.86 0.77 0.74
0.89 0.81 0.80
0.93 0.87 0.83
0.93 0.87 0.88

0.74 + 0.06
0.45 a 0.06
0.12 ~ 0.05
0.98 + 0.01

0.18+ 0.05
0.22 ~ 0.05
0.84 + 0.3 2

0.18+ 0.06

'The three muon identifiers p&, p, &', p, , are defined in Ref. 2.
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treatment of the data. The largest solid angle is
achieved with p, „but for p, ' the measured val-
ues of e~ are smaller than for ILL, and for )tj.,
which has the smallest solid angle, the value of

&~ is zero. Furthermore, the dependence of E&

on the spatial position of the event vertices and
on the energy of the hadron cascades of the v&

(v„) -induced events is significantly different for
the three muon identifiers. The values of the
muon-detection efficiencies given in Table I are
based on directly measured muon angular distri-
butions using muon identifier p. , ' for each of the
data samples. Included also in Ta,ble I are the
numbers of events in each sample, the values of
the mixing parameter a, and the corrected ra-
tios R. The mean total energy of the events ob-
served is about 45 GeV for the horn beam and
about 53 GeV for the sign-selected beams.

Observe that the two subsets of the mixed-beam
data (rows l and 2) have appreciably different ad-
mixtures of v and P, as indicated by the different
values of e, and that the data for the sign-select-
ed beams (rows 3 and 4), with very small and

very large values of n, yield R' and R' almost
directly and separately.

The maximum-likelihood fit to the four data
sets yields R' =0.12,+ 0.04 and R =9.32, + 0.08,
where the errors are statistical only. These val-
ues include interactions of a small number of
electron neutrinos (v, ) in the incident beams.
Electromagnetic showers arising from events
with electrons in the final states produced by v,
(v, ) interactions are not readily distinguished
in our detector from hadronic showers induced
by v„('P„). Estimates of the ratio o(v, +nucleon
—e + hadrons)/o'(v„+ nucleon —g + hadrons) and
of the same ratio for v, and p„are (1.7 and 0.5)%
respectively. Subtracting these contributions,
and folding in an additional uncertainty C, arising
primarily from the determination of the muon-
detection efficiency) of 0.03 in R' and 0.04 in R',
we obtain finally R' =0.11+0.05 and R = 0.32
+0.09. These results are plotted in Fig. 2 as
are also the separate fits to the data taken with
the sign-selected beams and the admixed beam.
Results from the CERN-Gargamelle experiment'
at much lower energy are also included in Fig. 2.

It is clear from Fig. 2 that 8 is larger than
R'. This may perhaps reflect the experimental-
ly determined fact that the charged weak current
cross section for neutrinos o,' is about 3 times
larger than the corresponding cross section 0,
for antineutrinos in the energy region of these ex-
periments, ~' presumably due to a parity-noncon-
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FIG. 2. Results for R" and 8 from this experiment.
The dotted cross represents results from the sign-
selected beams; the dashed cross is from the mixed
neutrino-antineutrino beam, for which 8 and g" are
strongly correlated, as indicated by the orientation of
the error bars. The solid circle with its error bars
shows the result of a fit to all the data, including sys-
tematic errors. All three points are the results after
subtraction of the p contribution. The open circle
point is from Ref. 5. The curve marked THEORY
LIMIT is a lower bound obtained from Ref. 11.

serving ~-A interference term. If then, for ex-
ample, the effective neutral weak current cross
sections 0~' and o„' that give rise to muonless
events are equal, one would expect R = 3R'. The
locus of the last equation is the line starting at
the origin in Fig. 2, which is seen to be consis-
tent with the results of this experiment. Equality
of 0„' and O„would imply the absence of a, V-A
interference term in those cross sections, and,
presumably, the absence of parity nonconserva-
tion in those processes as well. '

In Fig. 2 we show in addition a prediction based
on the Weinberg-Salam gauge model' of the weak
interactions, in which neutral weak currents
make a natural appearance. The extension to
semileptonic processes has been made by vari-
ous authors" who obtain the lower bound curve
in Fig. 2. Our data are about 2 standard devia-
tions away from that theoretical limit. Within
experimental error, other interpretations of the
numerical value of R /R' are also possible. "
Note that R' and R" may depend on energy, ei-
ther continuously or discontinuously through some
threshold effect, which temporarily, at least,
also contributes to the difficulty of delineating
the matrix element of the effective neutral weak
current.
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By following 280.11 m of track length of 15.8-GeV/c negative muons in nuclear emul-
sion, twenty direct electron pairs were observed. For these pairs we have analyzed
(i} the total energy distribution, (ii) the energy partition between the two members,
(iii) the angular divergence, (iv) the transverse momentum distribution, and (v) the in-
variant mass of the electron pairs. The experimental results are compared with the
present theories.

Many experiments have been performed for the
measurements of the direct pair-production cross
section with electron primaries, ' the so-called
trident process, but relatively little data are
available for the electron pair production through
the muon primary. ' Among these, a few experi-
mental results agree "and others disagree' with
theories'*" for the observed value of the direct
pair-production cross section. Most of the exper-
iments producing electron pairs by either pri-

mary electron' or muon' have been performed
using cosmic-ray particles. These inherit a com-
mon set of difficuities; for example, (i) the pion
background is uncertain, (ii) the muons in a par-
ticular experiment are not monoenergetic, and
(iii) the use of thick targets necessitates serious
corrections for multiple scattering and radiation
processes. Experiments with primary muons
have several advantages over those with elec-
trons. For electron primaries, bremsstrahlung


