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Abstract

We present measurements of the hadron energy distributions for the

Teactions v(v) + N > v(V) + hadrons at high energy. The directly observed

partial NC/CC ratios for E, > 12 GeV are RE = 0.28 + .03 and R;P= 0.35 + .11.
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There is now substantial experimental evidencel’z’3 for deep inelastic
neutrino interactions that occur with no muon in the final state, but with

energy carried away by a non-interacting neutral, presumably a neutrino.
v. (v.)+N-+v_ (v )+ hadrons 1
u(u) u(u) a _ ¢))

The existence of these neutral current reactions was predicted4 on the basis
of a specific model. Within the context of this model, the reaction rates
are determined by a single parameter, X, = sinzew, where ew is commonly called
the Weinberg angle. Recently, there have been somewhat different theoretical
conjectures5 as to the origins and ﬁnderlying mechanisms for neutral currents,
which predict somewhat different physical behavior for the processes.

We report in this paper the results from an experiment designed to yield
information on the inelasticity distributions for the neutral current reac-
tions. If the energy is such that the scale of the process (1) is set by

the incident neutrino energy, the cross~sections will be of the form

2 - 2
do__ GM . do_GM -
~—-dEh — Cof(Eh/E), dEh- po C £ (Eh/E) . 2)

where Eh =>hadronic energy, E = iﬁcident neutrino energy, G = Fermi constant,
Co is some constant and M = target nucleon mass. These inelasticity functions
£(y), E(y) 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 neutral current coupling.

The goal of this experiment was to provide measured values for these
neutrino and anti-neutrino functions (2), with as little reliance
as possible on a priori assumptions regarding the underlying mechanism. This
goal is not easily achieved, however, because in reaction (1) no incident
particle can be directly seen, and only the outgoing hadronic system is ob-

servable. To accomplish it, certain independently determined informaticn
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18 necessary; principally, (1) knowledge of the incident neutrino energy; and
(2) good separation of neutrino and antineutrino interactions. These were -
provided here by the use of the Fermilab narrow-b;nd neutrino beam6, tuned in
turn to positive and negative hadrons of mean energy 170 GeV. Figure 1 shows
the calculated energy distributions normalized to unit area, for the neutrino
fluxes incident onto the apparatus. These spectral shapes depend mainly on the
optical settings. of the beam and only secondarilyon 7/K production spectra by 300 GeV
protons. The charged current events taken simult;neously7, in which all energy
is measured, corroborate the shapes of these distributions.
Neutrinos originating upstream of the decay pipe present a serious back-
ground for the measurement of v(V) induced neutral current distributions.
This "wide-band" component presents a special problem because it contains both
neutrinos and antineutrinos. 1In addition, this séectrum, which is peaked at
low energy, depends directly on uncertain details of hadronic production at the
proton target. Because of these difficulties, we have measured this background ~
directly and made a statistical subtraction from the data. This was accomplished
by running the experiment for approximately one-third of the data-taking with
the hadron beam absorbed just prior té 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 V) relative
to_ﬁhe 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 detector6
simultaneously with charged current events which have been described in a
previous 1etter7. An event was recorded wheﬁever more than 12 GeV of hadron
energy deposition was sensed in coincidence with the 1 msec beam spill. .The
sefaration of charged-current events (%i 4+ N- pi + hadrons) from neutral “,

current events was accomplished later by exploiting the difference in penetration



in the steel targeﬁ between the charged secondaries for a neutral current event
and a muon in a charged current event. The technique was essentially identical to
that ﬁtilized in a previous experiment by the authors3. The raw neutral
‘current data sample consisted of those events wherein the most penetrating
particle downstream of the interaction point traversed less than 1.6 meters

of steel. There were 1033 xh events and 239 ;L 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 addre;sed in more detail later. )

The raw data sample was first corrected for the measured wide~band back~-
ground component (described previously) and for background triggers due to
cosmic rays impinging on the apparatus simultaneously with th’e beam. The latter
(7% for v, 14% for V) was also directly measured utilizing a second beam gate
separated in time from the actual beam spill time. 0t£ér corrections, includ-
ing those due to errors in determining the interaction point, penetration of
high energy showers past the 1.6m 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 V) were considerably smaller effects than those from
wide-band background or cosmic ray contamination. The resulting data samples,
it should ﬁe emphasized, are purely separated neutrino and antineutrino events
from neutrinos of known mean energy within the statistical limitations of the
various subtractions.

The problem of mis-identified charged current events is illustrated in

Figure 2. It shows the approximate acceptance (curve a) for recognizing a
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secondary wmuon from 60 GeV neutrino interactions using the penetration require-

fient deséribed previeusly. This efficlency is plotted against the scaling ‘::;
variable y, The identification problem arises primarily because muons of large

péiéf angle (6) exit the apparatus transversely before penetrating the minimum
longitudinal distanee. However, for muons with polar angle,8, less than 300 mrad,

the effeet 6f this geometrical acceptance can be measured directly from the data

by rotating the akimuthal angle ¢ of each recognized CC event through 27, and
ealeulating the fraetion o6f "missed" muons with the same § . This procedure,

‘whieh a&sumes only that the cross-section is independent of azimuth, statistically

eorrects for CC eontamination with g < 300 mrad.

The vemaining eontamination (above curve b), typically involving charged: current
-@vents With y » 0.9, depends on the x-distribution for charged currents. This is of
heeessity an extrapolation of our present knowledge, which is summarized in a
¥eeent 1é€té§7 by the authors. In that communication, various models (e.g. -
Bealing, non=gealing, bsguark production) for the charged current are deemed
poseible} each of these was utilized to provide an estimate of this charged
turrent @entamination to the neutral current sample. The correction actually
uged involved removal of events from the neutral current sample equal to
(26.5 = 2,3)7 for neutrinos and (11.5 + 3.5)% for antineutrinos, and adding
these to the ehargedweurrent sample. The larger percentage effect for neutrino
events refleets theixr larger charged-current cross-section at large y. The
larger error for antineutrino events reflects their greater theoretical and
eXperimental wncertainty at large y. The quoted error indicates the largest
deviation from the Guoted correction over the entire set of charged-current
wodels tteated in reference 7, with fitted parameters in an acceptable range.

The eorrected hadron energy distributions for both peutral and charged-

QUITeRt 2VentE ate $hown im Figure 3. They are normalized to facilitate fits ~
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for £(y), E(y) in equation (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-current cross-section is at small
values of hadron 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 separately for pion and kaon
neutrinos mnear Eh = 0 in this experiment with events from a separate (muon)
trigger7, and form the normalization used for Figure 3. The ordinate (F) repr;-

sented, therefore, the ratios

NC cC
F(Em) _ do do m
h _dEh dEh Eh-O
- The experimental distributions of Figure 3 get contributions frompion and

kaon neutrinos: F(Eﬁ) = FW_(E:) + FK (EE) where,” for example, for pion neutrinos

@) =a [0 ) aE, [ R, ) £(E,/E,) B,
a. is the relative contribution to charged currents at Eh = 0 from pion neutrinos,
Pﬂ,is the flux distribution showm in Figure 1, and R(Eﬁ,Eh) is the resolution
function for hadron energy méasurements. The functions .f and t represent ﬁhe
physics functions of equation (2). The relative contributions to F(E:) from
VF/VK are q"/aK = .856/.144 for neutrinos and .966/.034 for antineutrinos. The
overall relative v -V uncertainty in the normalization is about 15%. The curves
through the charged current (control) samples are calculated from the scaling
model of reference 7. 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. The directly observed partial ratios of

neutral to charged current events obtained by integrating the data of Figure 3

are RP = 0.28 + .03 and RE = 0.35 +.11 for E.: > 12 GeV.
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These ratios only include data for Eh > 12 GeV and the extrapolation to
~zero hadron energy to yield tgtal cross~section ratios will be different if
the shapes of the hadron distributions for NC and CC events are differentlo.
It should be emphasized, however, that the above ratios as well as the data
of Figure 3 aré completely independent of assumptions regarding the neutral
current coupling. Withéut extrapolating, we can note that to the extent the
‘measured ratios are different, the neutral current coupling is not of the pure
V-A form of the charged current. The coupling is apparently not far from this

form and a more complete analysis, presented in the following paperg, is needed

to determine the actual coupling.

)
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The resolution function used was of a Gaussian form dR(Eh,Em) =

h
1/ Jorol exp [ - (Eh-E:)ZIZU 2] dE: , and

o =1.1 ﬁfﬁh (energy units are GeV).

F. Merritt et al., CALT 68-601 Preprint, "Determination of the V,A
Structure of the Neutral Current Coupling",(following paper).

These partial ratios are independent of both the relative v~V normal-
ization constraints and of any assumptions about the NC coupling. When
‘the normalization constraint is included in specif;c models of the
neutral current interaction (see reference 9), these ratios may change

within the quoted errors.
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Figure Captions

Calculated flux vs. enérgy incident onto the fiducial volume
from the narrow band neutrino and antineutrino beams. Included
are neutrinos from decays of pions (v") and kaons (VK) in the
decay pipe. Each spectrum (e.g. vﬂ) has been normalized to

unit integral.

Calculated efficiency for recognizing charged-current
events induced by 60 GeV neutrinos. (a) All events

with muon penetration greater than 1.6m 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.

The neutral current and charged current distribution in measured

hadron energy using the model-independent techniques of azimuthal

- extrapolation for part of the charged current subtraction and

y-intercepts for normalization. For comparison, the scaling
model curves for a = 0.17 for the charged currents (ref. 7),

and P = 0.38 for the neutral currents (ref. 9) are shown.
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