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longitudinal photons via the one-pion-exchange
diagram. The data of this experiment taken in
conjunction with the photoproduction 90° cross
section are suggestive of a similar contribution
at large momentum transfer. This again can be
contrasted to the simple quark model which pre-
dicts that only transverse photons will contribute.
The data can be understood sinriply in terms of a
vector-dominance-like model in which the @2 de-
pendence is given by the p propagator and the

W dependence is the same as that observed in
mp —~ mp elastic scattering.

In conclusion, we have observed the W depen-
dence of Reaction (3) at 90° to be in agreement
with the prediction of the parton-interchange mod-
el. However, it seems difficult to explain the
observed @* dependence within the framework of
this model.
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Charged-current v and v data are reported from the first application at Fermilab of a
narrow-band neutrino beam for the measurement of normalized cross sections, Cross
sections of about 20% accuracy were measured with a 120-GeV secondary hadron beam
for v (v) originating from m decay ({E,) =38 GeV) and K decay ({E,)=105 GeV). The v
and v fluxes were determined by directly measuring the hadron flux and the n/K/p ra-

tios for the hadron beam.

The usual local current-current weak-interac-
tion theory predicts that the neutrino-lepton cross
section at high energy rises linearly with labora-
tory energy. If, in addition, the deep-inelastic
structure functions scale in the dimensionless
scaling variable x, the neutrino-nucleon cross
section must rise linearly with laboratory energy
as well.! The behavior of the total neutrino (an-
tineutrino) charged-current cross section o, (05)
on nucleons,

vy (%) +N=-p” (u*)+hadrons,

therefore provides simultaneously a directly in-
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terpretable check of both weak-interaction theory
and scaling.

Neutrino and antineutrino cross sections® pre-
viously measured at low energies (E, <8 GeV)
are consistent with a linear rise in energy. The
best-fit slopes are @, =0.74+0.03 and a5 =0.28
+£0.01, where all @’s are in units of 1073% cm?/
GeV. We describe here a measurement of o,
and 05 at higher energy in which the neutrino flux
has been measured directly in the same experi-
ment. (Preliminary results from this experi-
ment have been presented earlier.?)

This is the first application of a narrow-band
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neutrino beam for the measurement of normalized
neutrino cross sections.* The Fermilab narrow-
band beam, utilized in this experiment, has been
described elsewhere.® The arrangement is shown
in Fig.-1. Briefly, secondaries produced near 0
mrad by 300-GeV protons are charge and momen-
tum analyzed and focused into a parallel beam of
adjustable central momentum and approximate
acceptance AQAp /p =450 usr %, Ap/p =36% (full
width at half-maximum). This beam is directed
down a 345-m evacuated decay pipe in which the
decays m(K)—~ u + v, yield a neutrino energy spec-
trum in the forward direction that contains two
bands of muon neutrinos (or antineutrinos)*”¢ dif-
fering in mean energy by about a factor of 3. The
pion neutrino band has a width of +10 GeV, and
the kaon band has width of +18 GeV. (Typical
measured spectra are given by Barish et al.”)

The total-cross-section data for v, (TJH) inci-
dent on iron nuclei were obtained with use of 300-
GeV protons and 120-GeV secondaries. The neu-
trino data (from #* and K*) and antineutrino data
(from 7~ and K~) are based on 2.6x10'® and 4.0
x 10'® incident protons, respectively.

The scheme for directly measuring the neutrino
total cross sections required measurements of
the neutrino flux, detection efficiency, and event
rate. The neutrino flux was determined® by mea-
suring the hadron secondary-beam intensity and
the n/K/p ratio in the beam. By use of the known
geometry of the detection apparatus the flux was
then determined directly within the systematic
errors described below. The detection efficien-
cy, again within the stated systematic errors,
was evaluated from the measured differential dis-
tributions.

The total intensity of the secondary hadron beam
was continuously measured at the end of the de-
cay pipe with a 35-cmx 50-cm ionization chamber
(SIC), large enough to contain the full secondary
beam (10 cmx 22 ¢cm). This monitor was cali-
brated against a secondary emission monitor
(SEM) in the extracted proton beam by transport-

ing the primary proton beam through the beam
elements (without target) and through the entire
decay region. (The SEM, previously calibrated
with various standards, was checked by foil irra-
diation during this run and found to correspond to
its calibration to better than 5%.) The hadron
beam was steered into the SIC with a 2.5-cmx5.0-
cm scintillation monitor located on the axis of the
SIC; this centering was contmuously monitored
under computer control.

The fraction of pions, kaons, and protons in
this beam was determined with a Cherenkov coun-
ter® located downstream of the decay region
where a portion of the secondary beam was al-
lowed to exit. These measurements were taken
in the secondary beam under the same conditions
of targeting, focusing, and steering asfor nor-
mal neutrino data taking. The incident proton in-
tensity, however, was lowered from the normal
(1-3)x 102 to (2-3)x10° protons/pulse to allow
counting of individual particles in the secondary
beam. Measurements of the particle fractions
were made with positive and negative secondaries
at a variety of beam energies. The results of
this survey have been discussed elsewhere.®

The flux of neutrinos into the apparatus was
then calculated directly, by use of the known lo-
cation of the detection apparatus relative to the
decay pipe, the flux of parent particles as mea-
sured above, the known particle momenta and
lifetimes, and two-body decay kinematics. Table
I gives the neutrino flux into the fiducial volume
with the estimated systematic error. This error
comes primarily from measurements of the par-
ticle ratios, and overall particle calibration of
the SIC.

The neutrino target consisted of 160 tons of Fe
instrumented to detect the interaction products.
The steel was segmented into 1.5-mx1.5-mx 10-
cm slabs and interspersed with scintillation coun-
ters (used as a sampling calorimeter to measure
hadron energy, E;) and spark chambers (to fol-
low the muon trajectory). A 1.5-m-diam iron-
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FIG. 1. Schematic of the experimental setup (not drawn to scale).

The incident proton flux is monitored by the

secondary emission monitor (SEM) immediately upstream of the target, and the secondary flux is monitored by the

secondary ion chamber (SIC) at the end of the decay pipe.

1317



VOLUME 35, NUMBER 20

PHYSICAL REVIEW LETTERS

17 NOVEMBER 1975

core magnet, a large spark-chamber array, and
trigger counters followed the target to determine
the muon energy, E,. The apparatus was trig-
gered by either (1) a muon traversing the magnet,
or (2) significant energy deposition in the sam-
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pling calorimeter (>99% efficient for E,>6 GeV).
Roughly 90% of all neutrinos interacting inside
the 127-cmx 127-cm fiducial volume satisfy at
least one of these triggers.

The neutrino cross section was obtained from
the restricted sample of observed events (about
50%) having a final-state muon traversing the
iron-core magnet. Both muon and hadron ener-
gies were measured for this sample, yielding the
total energy (E, =E,+E,) for each event and thus
determining whether the incident neutrino origin-
ated from a pion decay or from a kaon decay.
The number of events, T, in each category, after
small corrections for the finite (~25%) energy
resolution, is given in Table I.

These events were then corrected by the detec-
tion efficiency, €, for having the muon traverse
the magnet. This efficiency was determined from
the sample of all triggering events by empirically
fitting the angular distribution by the following
form.

AN /dxdy =CF,(x)[1 +a,(1 - )], 1)
dN” /dxdy=CF,* (x)az+ (1 - v)?], @)

where x=Q*/2ME,, y=E,/E,, and @*=4EE,

X sin®0/2. M is the nucleon mass, 6 is the muon
scattering angle, and F,?(x) is the structure
function measured in electron-deuteron scatter-
ing.® It is expected from charge symmetry that
a,=ay.° A comparison of the angular distribu-
tion of the outgoing muons for all events (includ-
ing those where the muon missed the magnet)
with the distribution expected from Egs. (1) and
(2) yielded @, =0.1%3'3 and a;=0.25*9:5. The de-
tection efficiency for traversing the magnet shown
in Table I along with an associated systematic er-
ror was evaluated with use of the average value'®
a,=ay=0.1713-39,

The total neutrino cross section per nucleon
was obtained from the relation 0., =T /FBe where
T is the total number of observed interacting neu-
trinos with measured final muon energy, € is the
efficiency for the muon to traverse the magnet,

F is the total number of incident neutrinos, and
B =3.087x10%" nucleons/cm?. The resulting total
cross sections with the associated statistical and
total errors are shown in Table I.

In Fig. 2 the cross sections measured in this
experiment are compared to the low-energy data®
from the CERN bubble chamber Gargamelle. The
data are consistent with a cross section rising
linearly with energy (0, =aE,). The best-fit
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FIG. 2. Comparison of this experiment to the low-en~
ergy Gargamelle data. The inner error bars on the
California Institute of Technology (Caltech)—Fermilab
points correspond to statistical error only. The outer
bars include the estimated systematic error added in
quadrature. The slopes quoted on the figure are best
fits to the Caltech-Fermilab data above.

slopes from this experiment alone are

0,=(0.83+0.11)x 1072 cm?/GeV, - 3)

a5=(0.28+0.055)x10"% cm?/GeV . (4)
The Gargamelle data are in agreement with this
fit. Other high-energy neutrino data,!! obtained
with the broad-band horn-focused beam at Fermi-
lab and normalized to “quasi-elastic” events, al-
so agree with the above slope to within a standard
deviation.

The results presented here are significant in
three major respects: (1) The observed linear
rise in cross section supports a current-current
interaction and scaling of the nucleon structure
functions. (2) The ratio of neutrino to antineu-
trino cross sections is consistent with the value
of approximately 3 expected from a predominant
V —A coupling to the quark component of the nu-
cleon.’? (3) The sum of the slopes a, +ay is re-
lated to the electromagnetic structure function
measured in deep-~inelastic e-d scattering [see
Egs. (1) and (2)] and in parton models measures
the mean square charge of the constituent par-
tons.’? The slopes given above are consistent
with the fractional charges expected in the sim-

plest quark model.

The first application of the narrow-band beam
technique for the measurement of normalized
cross sections has been extremely encouraging.
The simple flux-measuring techniques applied in
this initial run have provided overall accuracies
of between 10 and 20% in the normalization. By
improving critical areas and providing redundan-
cy in others, we expect that the fluxes will be
measured to about 5% in the near future. In the
longer term, improvements in the neutrino detec-
tion apparatus and the narrow-band beam trans-
port should ultimately give overall cross sections
to match this accuracy.

This experiment, involving readout and control
equipment staged over very long distances, nec-
essarily entails rather strong interaction between
experimental and accelerator personnel. We ex-
press our gratitude to the Accelerator and Neu-
trino Laboratory staff for help and favors, past,
present, and future.
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We have observed an azimuthal asymmetry in inclusive hadron production by e*e”™ an-
nihilation at l.e center-of-mass energy Vs =7.4 GeV. The asymmetry is caused by the
polarization of the circulating beams in the storage ring and allows separate determina-
tion of the transverse and longitudinal structure functions. We find that transverse pro-
duction dominates for x >0.2 where x is the scaling variable 2p /Vs.

The transverse beam polarization which is ex-
pected to arise in high-energy electron-positron
storage rings! provides a convenient analyzer for
studying the dynamics of electron-positron inter-
actions. At SPEAR, significant beam polariza-
tion has been observed? at the c.m. energy Vs
="7.4 GeV through the reaction ee”™ =~ u'”. We
report here measurements of inclusive hadron
production (obtained simultaneously with these
muon-pair data) which also show strong azimuth-
al-angle dependence, correlated with the initial-
state polarization. The hadron azimuthal asym-
metry is observed to have the same sign as u-
pair production, viz., hadrons are preferentially
produced perpendicular to the polarization direc-
tion. This effect is momentum dependent; had-
rons of low momenta show little polarization de-
pendence, while the particles of highest momen-
ta have azimuthal asymmetries comparable to
muon pairs, which is the largest possible.

The beams are polarized with the electron (pos-
itron) spins predominantly aligned antiparallel
(parallel) to the guide magnetic field of the stor-
age ring. The dominant state formed by the an-
nihilation of such polarized beams is that of a
single, linearly polarized virtual photon. The
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general angular distribution for any final-state
particle produced through annihilation has the
following simple form®:

do/dQ =0, +0y + (0 — 0,) cos?6
+P?(o; — 0,,) sin®6 cos2¢. 1)

0 is the polar angle of the produced particle meas-
ured with respect to the incident positron direc-
tion, ¢ is the azimuthal angle measured from the
horizontal plane (the polarization direction is ver-
tical), P is the magnitude of the polarization of
each beam, and 0, and ¢, contain the transverse
and longitudinal structure functions which de-
scribe the energy and momentum dependence of
the production process. Although ¢, and ¢, can,
in principle, be determined from the cos?6 terms
even in the absence of polarization, the finite
polar-angle acceptance of the apparatus (50-130°)
severely limits the precision achievable in this
manner. The polarization-dependent term in Eq.
(1) leads to an azimuthal dependence which can be
used to separate the structure functions into
transverse and longitudinal components with

much greater accuracy even if the polar-angle
acceptance of the experiment is limited to angles



