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We present measured distributions in the scaling variables x and y obtained from the
reactions v& (p&)+nucleon-p (p+)+ hadrons at high energy. The x distributions are
consistent with scale invariance. The x and y distributions are used to perform the first
test of charge-symmetry invariance in high-energy neutrino interactions, assuming the
validity of scale invariance. A possible effective deviation from charge-symmetry in-
variance is observed, which could be the result of new particle production.

In a recent paper~ we reported (i) a. measure-
ment of the total cross section for neutrino inter-
actions, o„as a function of neutrino energy &,
up to 150 GeV, and (ii) measurements of the ratio
of the antineutrino to the neutrino total cross sec-
tions, o ,/ „cpu-to 70 GeV. Within experimental
error, these results are consistent with V-A.
coupling, Bjorken scale invariance, and the spin-
2 parton model. ' To test these ideas further at
high energies, we present here the experimental
distributions in the scaling variables x =q /2ME„
and y =E„/E, for neutrinos and antineutrinos,
where q'=4E„E& sin'(8„/2), E„ is the energy of
the hadron cascade resulting from the neutrino-
nucleon collision, and M is the nucleon mass. As
before, we identify positive- and negative-charged
final-state muons with incident antineutrinos and
neutrinos, respectively.

The experimental method was described ear-
lier. ' Briefly, an enriched beam of neutrinos
or antineutrinos at the Fermi National Acceler-
ator Laboratory impinged on a pure-liquid-scin-
tillator ionization calorimeter (target-detector)
in which the neutrino-nucleon interaction oc-
curred, and in which the hadron energy E„was
measured. The vector momentum of the emerg-
ing muon, P&, was measured in a magnetic spec-
trometer directly downstream of the target-de-
tector. The energy of the incident neutrino was
then computed from the sum E„+E&. Data were
obtained with neutrino and antineutrino spectra
generated in proton-nucleus collisions with pro-
ton energies E~ of 300 and 400 GeV.

Useful interactions took place in a fiducial re-
gion of the ionization calorimeter of cross-sec-
tional area 2.4x 2.4 m' and length along the beam
of 4.1 m. The total area and length of the ioniza-

tion calorimeter are 3& 3 m' and 7.2 m, respec-
tively. Any event with q (1.0 GeV' and' W(1.6
was eliminated from the scaling-variable distri-
butions, where W is the invariant hadron mass.
No separate cut on q' alone or on 8' alone was
applied. The combined cut on q' and 8' eliminat-
ed quasielastic and ~-production events, ' and
some inelastic events with y &0.1 and neutrino
(antineutrino) energy less than 30 GeV.

The energy response of the ionization calorim-
eter was calibrated with pions of known energies
between 15 and 150 GeV incident on the front of
the calorimeter. The measured response of the
calorimeter at any energy within that interval is
Gaussian with v=12%. There is no evidence of
a high-energy tail at the 1/o level at any energy.
A low-energy calibration point is provided by mu-
ons traversing the detector. The response of the
muon spectrometer to muons of known momentum
is approximately Gaussian with @=15% for any
muon momentum less than about 80 GeV. These
resolution functions, and also that for 0„, are in-
cluded in the calculation of the expected scaling-
variable distributions described below.

There are shown in Fig. 1 the directly observed
distributions (histograms) in x for neutrinos and
antineutrinos, combining data taken at 300 and
400 GeV. To exhibit the dependence on E, (E-„),
the distributions are plotted for two different re-
gions of neutrino and antineutrino energy. ' For
comparison we show also in Fig. 1 the corre-
sponding x distributions calculated by assuming
scale invariance and the simplifying relations
among the nucleon structure functions, viz. ,
2xE, (x) =E,(x), xE, (x) = —E,(x), a,nd E, (x) =E;(x),
where E, (x) refers to antineutrino-nucleon scat-
tering. We have also used the form of E,(x) ob-
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FIG. 1. Experimental distributions (histograms) in
x=q2/2ME& and calculated distributions (solid lines)
expected from scale invariance using E&(x) from elec-
troproduction and simplifying relations among the struc-
ture functions (see text).
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FIG. 2. Experimental and calculated distributions
(assuming B =1) i yn=E&/E„. The falloff in the first
bin in y in (a) and (b) is due to the joint selection cri-
terjon g & 1.6 GeV and q & 1.0 GeV .

tained from electroproduction experiments' (for
x & 0.1), and included incident neutrino and anti-
neutrino spectra' and the geometric detection ef-
ficiency of the apparatus" in obtaining the cal-
culated distributions, which are compared with
the uncorrected experimental distributions, both
normalized to the same area.

The shapes of the observed and calculated x
distributions in Fig. 1 indicate that the x distri-
butions for neutrinos and antineutrinos are es-
sentially the same, and are not significantly de-
pendent on E, (E-,). In Fig. 2 are plotted the mea-
sured y distributions for neutrinos and antineu-
trinos in the same regions of E, (E—,) as before,
with the calculated distributions included for com-
parison. The observed x and y distributions for
neutrinos are consistent with the complex of as-

sumptions that enter the calculated distributions,
and with earlier data. '9

The y distributions for antineutrinos, however,
are not completely consistent with the simplest
form expected from lower-energy (3&E—,&10
GeV) data, ' viz. , dN/dy —(1 —y)'. For E„&30 GeV-
[Fig. 2(b)], the experimental y distribution is not
in evident disagreement with that form, but for
E , &30 GeV [Fig. 2-(d)], the observed y distribu-
tion has 43 events with y &0.5 out of a total of
145, i.e. , (30+ 5)%, whereas (1 -y)' multiplied
by the detection efficiency predicts less than 10%.

A somewhat more general analysis of the y dis-
tributions may be made by relaxing the assump-
tions xE,(x)= —E,(x) and 2xE, (x)=E,(x). We write
the scale-invariant differential cross section for
inelastic neutrino (antineutrino)-nucleon colli-
sions in the form

d'o'"' '/dxdy = (G ME,/m)E~(x)[l —y(l v B"' ') + 2y (1+B' ")+ ay Ri"' "],
where the upper signs are to be taken for neu-
trinos, B"= — E&x( )/Ex( )2, xRl" ——[2xE&(x) —E2(x)]/
E, (x), and B = —xE3(x)/E, (x), etc. From the pos-
itivity conditions, IxE3(x) I

& 2xE, (x) & E2(x), it
follows that Ri~ 0, and therefore the term in R~
cannot contribute to the excess of events observed
at y &0.5. With R~ =0, Eq. (1) is equivalent to a
parametrization which mixes a y-independent
term and a (1 —y)' term in arbitrary proportions.

With the assumption that charge-symmetry in-

variance holds, the ratio of antineutrino to neu-
trino cross sections integrated over all x and y
is o"/o"= (2 —B)/(2+B), where B is the average
value of B(x). One obtains B = 0.9+ 0.2 from the
ratio o"/o'" = 0.37 + 0.1 measured' at a mean en-
ergy of about 40 GeV, and B=0.85 at lower neu-
trino energies. '

The dependence on x of the y distributions has
been investigated by partitioning the data of Fig.
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FIG. B. Corrected experimental y distributions (a)
and (b) for the region 0.6 &x~ 0.1, and (c) and (d) for
the region x& 0.1. Points at y =0.05 are omitted be-
cause they are sensitive to resolution corrections.
Points at y = 0.95 in (a) and (b) are omitted because
they are sensitive to efficiency corrections. Calculated
curves for different values of B and B"are also shown
in (a) and (b).

2 between the regions x&0.1 a.nd x~ 0.1. We have
also divided the data by the relative detection ef-
ficiency to display the corrected experimental
distributions. The results for 0.6 &x & 0.1 for
neutrinos and antineutrinos are shown in Figs.
3(a) and 3(b), where it is seen that the excess of
events at high y in the antineutrino distribution
has largely disappeared. In Figs. 3(c) and 3(d)
are shown the corrected y distributions for neu-
trinos and antineutrinos in the x &0.1 region.
Note the striking difference between the antineu-
trino y distributions in the two x regions.

Apart from resolution effects that influence the
lowest bin in y, the experimental distributions in
Figs. 3(a) and 3(b) are fitted by Eq. (1) with the
values B"=1.4+0.6 and B =0.6+0.2, which are
consistent with the value of B given above. The
y distributions of Figs. 3(c) and 3(d), however,
yield B' =1.3+ 0.6 and B' = —1.2'i.s

If charge symmetry is assumed, B(x) can be
determined by using Eq. (1) for each value of x
from the ratios of antineutrino and neutrino cross
sections integrated over all y. The x distribu-
tions in Fig. 1 were combined, corrected for de-
tection efficiency, and normalized to the value
o"/a' =0.37. The results are shown in Fig. 4
where it is seen that B(x) is constant within ex-
perimental error over the entire x range, x &0.5.
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FIG. 4. Plot of the values of B(x), B (x), and B"(x)
obtained from the experimental x and y distributions
in the regions x& 0.1 and 0.6&x~ 0.1. The three points
in the x& 0.1 region, all of which should be plotted at
x = 0.05, are shifted slightly with respect to each other
for improved clarity.

These results are statistically insensitive to the
possible decrease of B(x) at very small x con-
jectured in the parton model.

To test charge-symmetry invariance, we com-
pare the values of B determined separately from
x and y distributions and total cross section mea-
surements. In Fig. 4 are shown, in addition to
the values of B(x) from the x distributions, the
four values of B"(x) and B"(x) obtained from the
four y distributions of Fig. 3. Charge-symmetry
invariance requires that B"(x) =B"(x) =B(x). In
the region 0.6 &x- 0.1, there is agreement with-
in 1 standard deviation among the various mea-
sured values of B", B", and B(x), indicating that
the data are not inconsistent with charge sym-
metry. In the region x &0.1, the measured value
of B' differs from the separately determined val-
ues of B' and B(x) by about 3 standard deviations.

We summarize these results as follows. The
close similarity of the structure function E,(x)
observed in both electron and neutrino deep in-
elastic scattering, up to a neutrino energy of
about 150 GeV (Fig. 1), and the consistency of
the y distributions in the region 0.6&x~ 0.1 [Figs.
3(a) and 3(b)] are further substantive confirma-
tion of scale invariance. In that x region, the ap-
proximate equality of the values of B'(x), B"(x),
and B(x) normalized by means of a'/o' constitute
evidence for charge-symmetry invariance. On
the other hand, in the region x&0.1 the excess of
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events at high y in the antineutrino y distribution
leads to a value of B different from the values
of B" and B(x), which is suggestive of an effec-
tive deviation from charge symmetry if the val-
idty of scale invariance is assumed. This may
arise in part from new particle production or
from an anomalously large cross section for di-
rect strange-particle production. ' Note that new
particle production tends for kinematic reasons
to populate preferentially the regions of small x
and large y."
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Energy-dependent partial-wave amplitudes based on a coupled-channel (E+p, ED) E-
matrix formalism are obtained for elastic X+p scattering up to P»b ——2 GeV/c. The data
used include new high-precision differential cross sections. A total of 42 parameters
describing the l» 4 partial waves are used to fit 3822 data points and the best solution
found has a X per degree of freedom of 1.33. This solution exhibits a T-matrix Z* res-
onance pole in the +3 partial wave with mass coordinates 1787m100 MeV.

In recent years there has been considerable ef-
fort invested in the measurement and analysis of
elastic K'P scattering to determine whether the
bump in the total cross section at P»„-—1.2 GeV/
c can be interpreted as a Z* resonance. ' Most

analyses to date have been basically of the single-
energy type, an Argand trajectory being deter-
mined by selectively connecting single-energy
solutions at adjoining energies by means of a
"shortest-path" criterion. Although there have
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