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We present measured hadron energy distributions for the reactions v(V) + N —v(¥) + hadrons at high
energy, as well as for the similar charged-current interactions. Insofar as possible, the determination of these
distributions avoids any a priori assumptions about either the neutral-current or the charged-current
interactions. We further analyze the neutral-current distributions within the framework of specific models,
particularly the scaling model, to obtain a positive-helicity component P = 0.36 4+ 0.10, which lies between
pure ¥V — A and pure ¥V or A4, and a coupling strength of g, = 0.314-0.03 relative to the charged-current
interaction. These coupling parameters agree well with the predictions of the Weinberg-Salam model with

sin’9,, = 0.3340.07.

I. INTRODUCTION

This paper presents the results of an experiment
to investigate the structure of the neutral-current
coupling in the deep-inelastic interaction

v(7) +N - v(P) + hadrons. (1)

This process was predicted by gauge theories such
as the Weinberg-Salam model,* and has since been
observed in several experiments.**

Experimental results are usually described in
terms of the ratios R” = 0%./0¢c and R =0f./0Z.
However, the scaling behavior of charged and neu-
tral currents could be quite different (if, for ex-
ample, the charged currents deviate from scaling
by the production of new quarks). In order to keep
the charged- and neutral-current processes dis-
tinct, in this paper we have endeavored to analyze
the neutral-current events with as little dependence
as possible on the form of the charged-current
data.

The differential cross sections of process (1) can
be written as

do  G*M s G*M ., -

aE, " T Cof®, E,), aE, " T Cof 0, E3),
. (2)
where E, =hadronic energy, E,=incident neutrino
energy, M =nucleon maés, and G = Fermi constant,
and C, is a constant related to the nucleon struc-
ture [C,= [F,(x)dx]. To the extent that the inter-
action scales, the functions f and f are independent
of E,. These inelasticity functions are the crucial
measurements in that their forms and relative
magnitudes reflect the Lorentz structure of the
neutral current and their absolute magnitudes are
determined by the strength of the neutral-current
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coupling.

In Sec. II we describe the experimental procedure
and the determination of these differential distribu-
tions (2). The distributions are extracted with
minimal a p7iori assumptions about the physics of
both charged-current (CC) and neutral-current
(NC) interactions. i

In Sec. III the data are compared to specific
models of the neutrino interaction (primarily the
scaling model with charged currents coupling
through V-A and neutral currents coupling through
a combination of V~A and V +A). Within this
framework, the Weinberg angle and the fractional
V +A component of the NC coupling are determined.
In addition, the constraints imposed on the data by
assuming these forms reduce the statistical errors
of Sec. II (but at the expense of model indepen-
dence).

II. DETERMINATION OF THE DIFFERENTIAL
DISTRIBUTIONS

The primary goal of this experiment was to pro-
vide measured values for the neutrino and antineu-
trino functions (2), with as little reliance as pos-
sible on a priori assumptions regarding the under-
lying mechanism. However, this goal is not easily
achieved because in reaction (1) no incident parti-
cle can be directly seen, and only the outgoing
hadronic system is observable. To accomplish it,
certain independently determined information is
necessary: principally, (1) knowledge of the inci-
dent neutrino energy and (2) good separation of
neutrino and antineutrino interactions. These were
provided here by the use of the Fermilab narrow-
band neutrino beam,® tuned in turn to positive and
negative hadrons of mean energy 170 GeV. Figure
1 shows the calculated energy distributions nor-
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FIG. 1. Calculated flux vs energy incident onto the
fiducial volume from the narrow-band neutrino and anti-
neutrino beams. Included are neutrinos from decays of
pions (v;) and kaons (v) in the decay pipe. Each spec-
trum (e.g., v,) has been normalized to unit integral.

malized to unit area, for the neutrino fluxes inci-
dent onto the apparatus. These spectral shapes
depend mainly on the optical settings of the beam
and only secondarily on 7/K production spectra by
300-GeV protons. The charged-current events
taken simultaneously,® in which all energy is mea-
sured, corroborate the shapes of these distribu-
tions.
Neutrinos originating upstream of the decay pipe
‘present a serious background for the measurement
of v(¥) induced neutral-current distributions. This
“wide-band” component presents a special problem
because it contains both neutrinos and antineu-
trinos. In addition, this spectrum, which is peaked
at low energy, depends directly on uncertain de-
tails of hadronic production at the proton target.
Because of these complications, we have mea-
sured this background directly and made a statisti-
cal subtraction from the data in each bin of hadron
energy E,. This was accomplished by running the
experiment for approximately one-third of the data
taking with the hadron beam absorbed just prior
to the entrance of the decay pipe so that only wide-
band events were produced during this time. The
measured magnitude of this wide-band neutral-
current background (8% for v, 38% for 7) relative
to the narrow-band neutral-current signal was

about twice the value estimated by thin target flux
calculations. :
~Neutral-current events were collected in the
Caltech-Fermilab detector® simultaneously with
charged-current events which have been described
in a previous paper.® An event was recorded when-
ever more than 12 GeV of hadron energy deposition
was sensed in coincidence with the 1-msec beam
spill. The separation of charged-current events
(Vu+Nj' L™+ hadrons) from neutral-current events
was accomplished later by exploiting the difference
in penetration in the steel target between the
charged secondaries for a neutral-current event
and a muon in a charged-current event. The tech-
nique was essentially identical to that utilized in a
previous experiment by the authors.* The raw
neutral-current data sample consisted of those
events wherein the most penetrating particle down-
stream of the interaction point traversed less than
1.6 m of steel. There were 1033 v, events and

239 7, events in this raw sample. The raw
charged-current sample, with events of longer
penetration, was retained as a control sample.
This division retains some contamination of the
neutral-current raw data from charged-current
events in a limited kinematic range, i.e., those
with muon angle greater than about 225 mrad and
those with muon energy less than about 2.4 GeV.
The subtraction of this charged-current remnant
will be addressed in more detail later.

The raw data sample was first corrected for the
measured wide-band background component (de-
scribed previously) and for background triggers
due to cosmic rays impinging on the apparatus
simultaneously with the beam. The latter (7% for
v, 14% for D) was also directly measured utilizing
a second beam gate separated in time from the
actual beam spill time. Other corrections, includ-
ing those due to errors in determining the inter-
action point, penetration of high-energy showers
past the 1.6-m cutoff, and interactions of electron
type neutrinos were also made at this time. These
latter (each amounting to less than 4% for both v
and 7) were considerably smaller effects than those
from wide-band background or cosmic-ray con-.
tamination. The resulting data samples, it should
be emphasized, are purely separated neutrino and
antineutrino events from neutrinos of known mean
energy within the statistical limitations of the var-
ious subtractions.

The problem of misidentified charged-current
events is illustrated in Fig. 2. It shows the ap-
proximate acceptance (curve a) for recognizing a
secondary muon from 60-GeV neutrino interactions
using the penetration requirement described pre-
viously. This efficiency is plotted against the scal-
ing variable y. The identification problem arises



primarily because muons of large polar angle (6)
exit the apparatus transversely before penetrating
the minimum longitudinal distance. However, for
muons with polar angle, 6, less than 300 mrad,
the effect of this geometrical acceptance can be
measured directly from the data by rotating the
azimuthal angle ¢ of each recognized CC event
through 27, and calculating the fraction of “missed”
muons with the same 6. This procedure, which
assumes only that the cross section is independent
of azimuth, statistically corrects for CC contam-

ination with 6< 300 mrad. The remaining CC back--

ground from events with 6, > 300 mrad (and pre-
dominantly y >0.9) must be extrapolated, and this
extrapolation depends on the form of thex and y
distributions.

In a previous paper® we have compared various
models (e.g., scaling, nonscaling, b-quark prodic-
tion) to the CC data of this same experiment. Each
of these models was used here to estimate the re-
maining CC background and its uncertainty. In or-
der to minimize the dependence on the model, the
background from wide-angle muons (above curve b
in Fig. 2) was determined relative to the back-
ground from medium-angle muons (between curves
a and b). Calculated in this way, the additional
correction was very insensitive to the model,‘ and
amounted to an additional subtraction from the
neutral-current sample of (26.5i2.3)% for neutri-
nos and (11.5+3.5)% for antineutrinos (amounting
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FIG. 2. Calculated.efficiency for recognizing charged-
current events induced by 60-GeV neutrinos. (a) All
events with muon penetration greater than 1.6-m steel.
(b) Events after correcting for losses measured by
azimuthal rotation of recognized events (see text). The
dashed line indicates the effect of the 12-GeV trigger
requirement.
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FIG. 3. The neutral-current and charged-current
distributions in measured hadron energy using the mod-
el-independent techniques of azimuthal extrapolation
for part of the charged-current subtraction and y inter-
cepts for normalization. For comparison, the scaling-
model curves for a=0.17 for the charged currents (Ref.
6), and P=0.38 for the neutral currents (Ref. 7) are
shown.

to about half the total correction in each case).
The central values represent the result of the scal-
ing model, and the errors are the systematic un-
certainty determined by the full range covered by
the other models (within the limits described in
Refs. 6 and 7). The larger percentage effect for
neutrino events reflects their larger charged-cur-
rent cross section at large y. The larger error
for antineutrino events reflects their greater theo-
retical and experimental uncertainty at large y.
The corrected hadron energy distributions for
both neutral- and charged-current events are
shown in Fig. 3. They are normalized to facilitate

fits for f(y), F(y) in Eq. (2). In the experiment,

the flux was not measured independently, so we
have chosen to normalize to charged-current data.
The least controversial region of the charged-cur-

rent cross section is at small values of hadron
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energy, where the neutrino and antineutrino cross
sections at the same energy are predicted by
charge symmetry to be approximately equal. The
hadron spectra for CC events were measured sep-
arafely for pion and kaon neutrinos near E, =0 in
this experiment with events from a separate (muon)
trigger,® and form the normalization used for Fig.
3. Therefore, the ordinate (F) represents the
ratio

NC cc
go (ﬂii— E;;'=0> .
dE, dE,

The experimental distributions of Fig. 3 get con-
tributions from pion and kaon neutrinos F(E}")
=F (E}) +F 4(E}) where, for example, for pion neu-
trinos,

F,(E;,"):a,,fp;,(E,,)dE,,fR(E;;',E,,)f(E,,/E,,)dE,l,

F(ED) =

a, is the relative contribution to charged currents
at E,=0 from pion neutrinos, p, is the flux dis-
tribution shown in Fig. 1, and R(E}', E,) is the res-
olution function for hadron energy measurement.®
The functions f and 7 represent the physics func-
tions of Eq. (2). The relative contributions to
F(ET) from v, /vy are a,/a;=0.856/0.144 for neu-
trinos and 0.966/0.034 for antineutrinos. The
overall relative v-7 uncertainty in the normaliza-
tion is about 15%. The curves through the charged-
current (control) samples are calculated from the
scaling model of Ref. 6. The neutral-current data
lie systematically below the charged-current data,
reflecting a coupling constant smaller than the
charged-current coupling by about a factor of 3.

Assumptions about the charged-current data have
entered into this analysis at only two significant
points: (1) in the small extrapolation of the
charged-current background in the low E, region,
and (2) in the normalization of the fluxes using the
v intercepts of the CC distributions. These are
the minimal CC assumptions needed to obtain nor-
malized NC distributions. Additional assumptions
about the specific form of the NC interaction were
not used at all in the analysis. The resulting dis-
tributions are therefore as model independent as
possible.

In order to parameterize these distributions in a
simple way, we will now assume that the neutral
current couples through some combination of V and
A. Inthis case, the inelasticity function (2) should
be of the form

F()=g[1-P)+P(1-y)],
fly)=gl(l-P)+(1-y)*+P],

where P is a constant representing the fractional
amount of positive-helicity coupling (P receives
contributions from V-A coupling to antiquarks as

3)

well as from V +A coupling to quarks). Using the
flux distributions of Fig. 1, with normalization
determined by the y intercepts of the CC data, the
neutral-current distributions can be fitted to give
both P and the normalization,

P=0.38+0.13, @)
2,=0.32+£0.05.

The corresponding curves® are compared to the
NC data in the figure.

HI. DETERMINATION OF THE V+4 AND V-4 STRUCTURE
OF THE COUPLING

The preceding section analyzed the neutral-cur-
rent data on very general grounds. In this section,
we use specific models of the charged-current in-
teraction (primarily the scaling model) to extend
that analysis. Using the antiquark component de-
termined from the CC data, the V+A4 and V-A
components of the neutral-current coupling will be
determined and compared to various models of the
neutral-current coupling.

The additional constraints imposed by using a
specific charged-current model allow a more pre-
cise determination of the CC background and of the
relative v and 7 fluxes, and consequently of the
neutral-current couplings. The validity of the re-
sults, of course, is limited to some extent by the
validity of the model.

In the usual scaling model of the charged-current
interaction, the coupling is assumed to be V-A
and the distributions are

%%"—mcm “E[(1-a)+a(i-y)], (52)

fiiyﬁ(cc):ﬁ[mu- At -y, (5b)

where E = (G?ME/7) [, F,(x)dx. The shapes of the
v distributions and the relative magnitudes of the
total cross section are determined by the parame-
ter o, interpreted as the antiquark component in
the nucleon. (In another common notation, 2¢

=1~ B.) Dominantly flat distributions for v events
and (1 —y)? distributions for 7 events are conse-
quences of V — A coupling and the dominant nega-
tive helicities of the interacting nucleon constit-
uents (e.g., quarks). The charged-current data
reported previously from this experiment® yield

a best value of =0.17+0.12.

Predictions of gauge theories, as well as the
analogy to charged- and electromagnetic-current
couplings, suggest that the neutral current also
couples through a combination of V and A. For
most of the analysis reported in this paper, we
have assumed a V, A type coupling for the neutral
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FIG. 4. The negative- (g,) and positive-helicity (g,)
coupling parameters, obtained by fitting the neutral-
current E, distributions, define a point in the plot.

The elliptical curves surrounding the point indicate the
1, 2, and 3 standard deviation limits due to statistical
error. The result is about 3¢ from pure negative helicity
and 1.5¢ from pure V or A.

current and under this assumption, the neutral-
current distributions are similar in form to the
charged-current distributions above,

NO-Bg[(-P)+PU-y], (6
%mc):ﬁgo[ma_p)(l —y)]. (6b)

P, analogous to @ in equations (5a) and (5b), is a
“positive-helicity” parameter. However, in this
case it receives contributions from both (a) V-A4A
coupling to the antiquark component in the nucleon
and (b) V +A coupling to the quark component. The
structure of the neutral-current coupling affects
only P, while the strength of the coupling deter-
mines g, (measured relative to the usual charged-
current coupling). In the event that neutral cur-
rents and charged currents scatter from the same
nucleon components, we can make some direct
predictions. If the neutral-current coupling is
pure V - A (like the charged current), P=a, and
if the coupling is pure V or pure A, P=3. (The
last statement is independent of the nucleon con-
stituents.) :

In order to determine P and g, within the frame-
work of a scaling model, we first used Egs. (5a)
and (5b) to fit the distributions of CC events with
a visible muon (see Ref. 6). This immediately
provides the relative flux normalizations of v and
V. It also determines, by extrapolation, the back-
ground of wide-angle and low-energy CC events in
the sample with no visible muon.

After correcting for this background, the neu-
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tral-current distributions were fitted with the form
of Egqs. (6a) and (6b) including the relative normal-
izations, to determine g, and P. Figure 4 shows
the results of this two-parameter fit. The 1, 2,
and 3 standard deviation contours for this fit are
shown in the figure. The best values for the pa-
rameters are g,=0.31+0.02 and P =0.36 +0.09.
This value for P is about three standard deviations

- from pure negative-helicity scattering and about
1.5 standard deviations from pure V or pure A.

Using these fitted parameters, the hadron dis-
tributions measured for E,> 12 GeV were extrap-
olated to E, =0 in order to obtain the total cross-
section ratios. This extrapolation yields

o"(NC)
o¥(CC)

=0.27+0.02,

o?(NC) _ '
"6_7(60—)‘-0.4010.08, (7)

and

o?(NC)

—5 =0, 0.15.
o7 (NC) 0.75+0.15

The cross sections ¢?(NC) and ¢*(NC) are ex-
pected to be equal in some vectorlike theories.'®
Our results, while not completely inconsistent, do
not favor this possibility.

The physics of charged currents only affects the
determination of the neutral-current coupling pa-
rameters through (1) the calculated neutrino-anti-
neutrino flux ratio, and (2) the calculated CC con-
tamination in the neutral-current signal. We have
tested the sensitivity of the neutral-current analy-
sis to the assumed form of the charged-current
distributions by allowing « to vary over the range
(0.11-0.29) allowed by the charged-current data,
and we have also used models incorporating an
energy-dependent @, production of new heavy
quarks, and varying x distribution.” All models
which were consistent with the charged-current
data reproduced the values of g, and P to within
approximately one-half of a statistical standard
deviation. With all of these variations taken into
account, the neutral-current coupling parameters
from these data are )

2,=(0.31+0.02)+0.02 ’
and (8)
P=(0.36+0.04)+0.09,

where the inner errors are due to the systematic
(model-dependent) variations and the outer errors
are statistical. )

Extracting the amount of V- A and V+A coupling
for the neutral currents is by necessity more mod-
el dependent than the above analysis, since the
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FIG. 5. A plot of the V—A and V+A coupling parame-
ters g~ and g is shown. A value of o=0.17 for the anti-
quark component has been used. For comparison, the
prediction of the Weinberg-Salam model is shown with
values of sin29W as indicated.

separation depends on the antiquark fraction in
neutral currents. We have determined these cou-
pling parameters by using the neutral-current pa-
rameters g, and P determined above, with the
value of o determined from the charged-current
data. The relations between these parameters are

g,=(1=P)gy=(1-a)g +ag*
and . 9)
gy=Pgo=(1-a)g*+ag,

where g~ and g* are the absolute magnitudes of the
neutral-current V-A and V +A coupling strengths,
respectively. The Weinberg-Salam model' can be
directly compared with results presented in this
form gince the positive-helicity contribution from
the antiquark component of the struck nucleon has
been removed. In the Weinberg-Salam model,
these couplings can be expressed in terms of a
single parameter sin®6, as follows:

g =% - sin®8y, + 2'sin*f,,
and (10)
g*=2sin'6y,

neglecting small effects of the Cabibbo angle, etc.
Figure 5 shows this curve in the g~ vs g* plane
along with the results for the neutral-current pa-
rameters from this experiment, using o =0.17.

The data agree with the Weinberg-Salam model in
magnitude and yield a best fit

sin®6,, = 0.33 +0.07. Ty

More generally, scalar, pseudoscalar, and ten-
sor couplings could, in principle, contribute to the
neutral-current signal. In an extreme case, pure
scalar or pseudoscalar couplings would produce
do/dy «y? distribution for both v and T. This is
inconsistent with both the shapes and the relative
magnitude of the measured hadron energy distribu-
tions, and is ruled out at the level of 5 standard
deviations.

Inthe most general case, Egs. (6a) and (6b) may each
contain an additional term of the form C(1-y). A
three-parameter fit to the data in fact grives a .
large C component. However, the two-parameter
V and A fit is also consistent with the data and
yields a similar x>. We, therefore, have no com-
pelling evidence for a (1 -y) term, but are unable
to exclude it.

Since the data involved two different energiés,
we can make a crude comparison to test for Z°
propagator effects. We observe no such energy-
dependent effects. Internally to these data we
place a limit of M,0>3 GeV at the 90% confidence
level. A better limit can be obtained by .comparing
with data at much lower energy.”

In conclusion, the neutral-current hadron energy
distributions are consistent with a combination of
V and A couplings. The coupling appears to lie ap-
proximately midway between V or A and V- A, and
about 1.5-2 standard deviations from each. These
couplings agree quite well with the predictions of
the Weinberg-Salam theory, and require a Wein-
berg angle consistent with the values obtained
from other experiments.” '
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