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The total cross sections for v,n and v,p charged-current interactions and their ratio
R=o07(vn)/or(vp) have been measured as a function of neutrino energy from 0.4 to 10
GeV. The experiment is performed using the BNL 7-foot deuterium bubble chamber ex-
posed to the Alternating Gradient Synchrotron wide-band neutrino beam. The absolute
values of the cross sections are normalized to the quasielastic scattering (v,n —p~p) cross
section. Above 1.6 GeV the data are consistent with the quark-parton model. We find
that o7(van)/E,=(1.07+0.05) X 103, o r(vp)/E,=(0.54+0.04) X 10—, and
or(vN)/E,=(0.80+0.03) X 10~3% cm?/GeV for (E,)=3.2 GeV, and R=1.95+0.10 for

(E,)=3.7 GeV.

I. INTRODUCTION

This paper reports the results of an experiment
to measure the total cross sections for the v,n and
VP charged-current (CC) interactions, from 0.4 to
10 GeV. There have been numerous previous
measurements of v,-nucleon total cross sections
or(vN) over a wide range of neutrino energies.
However, all experiments suffered from differing
systematic uncertainties in neutrino-flux calcula-
tions and the results have not always been con-
sistent with each other.! The present experiment is
performed using the BNL 7-foot bubble chamber
exposed to the Alternating Gradient Synchrotron
(AGS) wide-band neutrino beam. Details of the
experimental arrangement have been published pre-
viously.? In this experiment the absolute values of
the cross sections are normalized to the quasielastic
scattering (vn—pu ~p) cross section using the
known weak nucleon form factors. In the simple
quark-parton model (QPM), the slope parameter
or(vN)/E, in the deep-inelastic region is indepen-
dent of energy except for possible threshold effects
due to charm production. With the presence of
asymptotic freedom (ASF) of quantum chromo-

dynamics (QCD), or(vN)/E, is expected to fall
with increasing energy.’ However at high energies
(E, >40 GeV), the expected changes in o7 (vN)/E,
are very weak. Therefore, it is interesting to verify
at what energy the QPM will start to describe our
low-energy data, which are dominated by the
quasielastic and A*>*+(1232) production channels,
and to measure o7(vN)/E,, as a function of ener-
gy. A detailed analysis of the cross-section ratio
R =or(vn)/or(vp) is also presented.

II. DATA ANALYSIS
A. The CC data sample

The data come from a total of 1000000
(200000) pictures from the 7-foot bubble chamber
filled with deuterium (hydrogen). The chamber
was exposed to a wide-band neutrino beam with an
average energy of 1.6 GeV. The film was scanned
for neutral-induced interactions (>2 prongs) in the
chamber and approximately one-third of the film
was rescanned. Each event was measured and pro-
cessed through the TvGgp kinematic program and
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then reviewed by physicists to verify the results of
the measurements, and to try to resolve ambiguous
particle identification by means of ionization.

CC events are required to satisfy the following
selection criteria:

(i) The event has at least one negative particle
which leaves the chamber or undergoes a u~-e ~
decay. =

(ii) The total visible momentum ( | P | ) is
greater than 0.3 GeV/c and the angle (6,;,) between
Isvis and the beam direction is less than 50°. These
criteria severely reduce the backgrounds due to in-
coming neutron or charge-particle interactions
while cutting only 1% of the neutrino interactions.

(iii) The neutrino interaction takes place inside a
fiducial volume of 4 m® out of the 6 m? visible
volume.

(iv) The event has no constrained fits to an in-
coming charge-particle scatter hypothesis.

(v) The event is kinematically consistent with be-
ing a neutrino interaction-i.e.,

C’|| =E. '_Mtgt - I isvis , cos0is
<160 (50) MeV in D, (H,) .

This selection procedure yields 3723 (233) CC
events in D, (H,).

The ¥, background in the CC sample is negligi-
ble in the present experiment. The main sources of
background in the CC sample are neutral-current
(NC) reactions and neutron-induced reactions
where a 7~ leaves the chamber without interact-
ing. On the basis of the 7 detection efficiency
(60%) and the observed number of NC candidates
which have no possible p~ track, we estimate this
background to be (6+1)%.

Since the neutrino-beam direction is known to
within +0.5°, three-constraint (3C) kinematic fits
have been made for all events to the following re-
actions:

vd—u " ppl(m¥t7™), 1=0,1,...,
vd—-p prtnd(rtr™), 1=0,1,...,

where p; and n, are the spectator proton and neu-
tron, respectively. If the spectator nucleon was not
measurable, the standard bubble-chamber method
was used for assigning an initial value of (0+45)
MeV/c to the spectator momentum components.’
0C fits were also attempted for the unconstrained
events assuming only single neutral particle, either
n or 7° depending on the presence or absence of an
identified proton in the final states. For an ap-
propriate fraction of OC events, the average
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FIG. 1. Distributions of the observed neutrino energy
E, for the selected CC events in D, and in H,.

M (pm~) or M(w+ 7~ ) mass obtained from the
3C-fit multipion production events was imposed
instead of the n or 7° mass to correct the events
with two neutral particles in the final states. Since
the number of events fall rapidly as a function of
track multiplicity, this treatment introduces little
bias to the data. The constrained events were re-
quired to have at least one fit with a X* probability
P(X*)>1%. In addition, the particle identification
had to be consistent with the accepted final states.

The large chamber volume, the plates, the trap-
ping power of the high magnetic field, and the
relatively-low-energy neutrino beam made particle
identification possible in a significant sample of
the data. Kinematic fitting with particle identifi-
cation allows us to select 2 115 (115) unique-3C-fit
events and 913 (86) unique-OC-fit events from the
D, (H,) sample. Events with ambiguous final
states are given appropriate weights based on X2
probabilities in the 3C cases and equal weights in
the OC cases, in all distributions. The average neu-
trino energy resolution AE ,/E,, is about 2 (5) %
for the 3C-C-(0) fit events and does not distort
seriously the final results of cross sections as a
function of energy. The distribution of events in
neutrino energy for the selected CC events is
shown in Fig. 1.

B. Separation of vp interactions from vn interactions

An accurate separation of neutrino interactions
on protons from those on neutrons in the deuteron
target can be made on the basis of the total charge
of charged particles (Q,) and the number of visible
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FIG. 3. Estimated va contamination (shaded area) in
the OC vp events.

protons (P,) in the accepted final states. In this
experiment protons with momentum greater than
~120 MeV/c are visible and measurable. Since
most hadron tracks are slow (p <1 GeV/c) the use
of ionization information and kinematic fitting en-
ables one to uniquely identify almost all proton
tracks. Each event can be classified as follows:

(i) Q,=0, 0<P,<1: vn—u~X*(p;), where P; <120 MeV /c ;

(i) @ =1, 0<P,<l: vp—pu=X*+(n,);

(iii) Q,=1, P,=2: vn—u pX°P,, where P, >120MeV /c .

In order to estimate how many vp events are
misclassified as vn events and vice versa by this
separation method, we have investigated carefully
various distributions of the H, sample and events
with a visible spectator proton. The separation
method applied to the D, sample was also applied
to the H, sample. Only (3+1)% of the vp events
were misclassified as vn events. The effect of re-
scattering, whereby the secondary particles from a
v-nucleon interaction interact with the spectator
nucleon, may change the topology of a vn event to
a vp event. Unfortunately there are no experimen-
tal data or reliable theoretical calculations on re-
scattering effects in the vd interactions. If one can
attribute an excess of spectator protons at high
momentum in the 3C-fit va events, compared with
the prediction of the Hulthén wave function, then
the rescattering rate is 5%. The observed asym-
metry between the forward and the backward spec-

f

tator protons, with respect to the beam direction,
also indicates the same rescattering rate. We have
estimated possible rescattering effects more directly
by comparing the proton momentum distributions
in the OC vp events from the D, sample and from
H, samples and found that (5+1)% of the vp
events were actually vn events where the spectator
proton was misidentified as the recoil proton. In
this estimation we assumed that the spectator-
proton momentum distribution (including rescatter-
ing) was universal for all channels. Figure 3 shows
the estimate vn contamination in the OC vp events.
A correlation for hydrogen contamination in the
deuterium is applied for the vp events.

III. RESULTS

The distribution of events in neutrino energy for
the 3C vd —u "pp; events is shown in Fig. 4 to-
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FIG. 4. The E, distribution for the 3C vd —pu ~pp;
events and the quasielastic cross section o(vn—p~p)
calculated by the ¥ —A theory with M ,=1.05+0.05
GeV.
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FIG. 5. (a) total cross section for the vN CC interac-
tions o(vN) as a function of energy. The solid line is
the best linear fit for E, > 1.6 GeV; (b) comparison of
the slope parameter (o r(vN)/E, ) for various experi-
ments (Ref. 5). The curves are for the QPM with the
leading order of asymptotic-freedom (ASF) effects for
two values of A where A is the QCD parameter.

gether with the quasielastic cross section
o(vn—u~p) calculated using the standard V' —4
theory with M, =1.05+0.05 GeV and M, =0.84
GeV. The absolute cross sections for the CC in-
teractions have been measured using the quasielas-
tic events and its known cross section. The result-
ing nucleon total cross section

or(vN)= —;—[ar(vn )+or(vp)], is plotted as a func-
tion of energy up to 10 GeV in Fig. 5(a). The er-
rors shown in the figure include both statistical
and systematic errors. Above 3 GeV the statistical
errors dominate because of the limited number of
quasielastic events. It is clear that above ~1.5
GeV the total cross section rises linearly. Using
only events with E, > 1.6 GeV, a linear fit yields

or(vN)=[(0.02+0.23)+(0.80+0.11)E, ]

X 1038 cm?/GeV /nucleon

with X2/DOF=1.27/7 and (E,)=3.2 GeV. Forc-
ing o7(vN)=0 at E,=0, a one-parameter fit yields

o7(vN)=(0.80+0.03)E,,
with X2/DOF=1.28/8.
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FIG. 6. (a) total cross section for va and vp interac-
tions as a function of energy; (b) the slope parameters
or(vn)/E, and or(vp)/E, as a function of energy. The
solid lines are the best fits for E, > 1.6 GeV.
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FIG. 7. The cross-section ratio R=0r(vn)/or(vp) as a function of energy. (TST stands for track-sensitive target.)

The solid line is the weighted average from 1.6 to 24 GeV.

For E, > 1.6 GeV the data are consistent with
the energy independence of the slope parameter
or(vN)/E, within the experimental errors. Our
value is ~30% higher than the current (1980)
world average of o7(vN)/E,=0.63+0.02 which is
dominated by high-energy experiments.! Figure
5(b) shows o1 (vN)/E,, versus E,, together with re-
cent published results.” Compared with the high-
energy data (E, > 50 GeV) it appears that
or(vN)/E,, is not independent of energy but rather
falls slowly as neutrino energy increases. This
trend is consistent with the expectations for the
leading-order calculation of QCD (ASF) as shown

in Fig. 5(b).

The total cross sections for the va and the wp in-
teractions and the slope parameters vr(vn)/E, and
vr(vp)/E, are shown in Figs. 6(a) and (b). Again,
for E, > 1.6 GeV both slope parameters are in-
dependent of energy within the errors and linear
fits give

or(vn)=(1.07+0.05)E, X 107 cm*/GeV
with X2/DOF=0.8/8 and
o7(vp)=(0.54+0.04)E, X 10~ cm?/GeV

with X2/DOF=1.6/8. Therefore the data are sup-

TABLE 1. Comparison of recent measurements of the cross-section ratio

R=or(vn)/or(vp)

Experiment E, (E,)) R Cuts
(GeV)

ANL 12 ft (Ref. 5) 1.5—6.0 1.95+0.21 None
GGM PS (Ref. 6) 1.0—-10.0 2.08+0.15 None

Fermilab 15 ft (Ref. 7) 10—200 (50) 2.03+0.28 Whaa>1.5 GeV
BEBC TST (Ref. 8) (25), (60) 1.98+0.19 None
This experiment (A) 1.6—24.0 (3.7) 1.95+0.10 None

(B) 1.8240.13 Whaa > 1.4 GeV

(© 1.79+0.15 Whaa > 1.4 GeV

and 0?>0.7 (GeV/c}
QPM (Ref. 9) (A) 1.95 Excluding s-quark
contributions
(B) 1.88 Including s-quark

contributions
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porting the conjecture of scaling and of a pointlike
substructure in the neutron and the proton.

The relative cross-section ratios R=or(vn)/
or(vp) are plotted as a function of energy in Fig.
7. In the determination of R the errors are free
from the uncertainty in the quasielastic cross sec-
tion (+5%). In the energy range from 0.4 to 1.5
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are the QPM predictions of Ref. 10.

GeV the value of R falls and then approaches an
asymptotic value of approximately 2. By integrat-
ing the events from 1.6 to 24 GeV, we measure

R =1.95+0.10

for (E,)=3.7 GeV, (Q*)=1.0 (GeV/c)? and
(Whyaa)=1.6 GeV. This value is in good agree-
ment with the QPM and with other recent experi-
ments®~® even though the beam energies and ex-
perimental cuts differ between experiments as sum-
marized in Table I. In the QPM, R is related to
the x distributions of up, down, and strange quarks
and antiquarks defined in the proton

[ x[u(x)+s(x0)+d(x)/3]dx
~ [xld @) +sto+ax)/3)dx

where x=Q%/[2M (E,—E,)]. This is of the order
of 2 if only the three valence quarks contribute.
Using the scaling quark structure function deduced
from electroproduction data, the QPM predicts a
value of ~ 1.88 including the s-quark contribu-
tions.” If the s-quark contributions are excluded,
then it predicts a value of ~1.95. In principle the
model only works for deep-inelastic interactions
which are usually defined as interactions with

Wiaa >2 GeV and Q2> 1 GeV?/c2 However, our
data consist mainly of quasielastic and one-pion in-
teractions. Therefore in Fig. 8(a) we show

R(E > 1.6 GeV) as a function of Q? and in Fig. 8(b)
as a function of Wy,4. One can easily see that R is




independent of Q2 but oscillates strongly with
Whaa due to the presence of the quasielastic reac-
tion, A and N* resonances. However, if one aver-
ages R over the appropriate Wy,4 region, the scal-
ing seems to persist even in the low-Wy 4 region.
A more sensitive test of scaling can be done by
plotting R as a function of the scaling variable
x'=Q%[2M(E,—E,) + M?] and comparing it to
the QPM prediction using R.(x')=or(en)/cT(ep)
from electroproduction data.!° Figure 9 shows
R’'=1/R=o0¢(vp)/or(vn) without cuts and R’
with Wiy,q > 1.4 GeV and Q%2>0.7 (GeV/c)% It
can be seen that the QPM prediction is in agree-
ment with the data both with and without cuts.
At high x' (>0.3), where the sea-quark contribu-
tions are expected to be small and R’ ~d (x")/
u(x'), the majority (u) quarks seem to dominate
over the minority (d) quark in the proton. Results
from high-energy experiments also show the same
tendency.”®

IV. CONCLUSIONS

We have measured the total cross section for the
v,V CC interactions in the energy range 0.4—10
GeV which is free from systematic uncertainties in
neutrino-flux calculations. The value of
or(vN)/E, falls significantly from 0.4 to 1.5 GeV
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and then becomes constant. Above E, > 1.6 GeV
we find o7(vN)/E,=(0.80+0.03) X 1073}
cm?/GeV/nucleon for (E,)=3.2 GeV, which is
~30% higher than the 1980 world average of
or(vN)/E,=0.631+0.02. However, taken in con-
junction with the recent high-energy results, it is
clear that or(vN)/E, decreases with increasing en-
ergy. This trend of the data is consistent with the
expectations of the QPM with the leading order of
asymptotic-freedom effects. We have also meas-
ured the total cross sections for the v,n and the
v CC interactions separately, and their ratio
R=1.95+0.10. Although our data are in the reso-
nance region, averaging our data above 1.6 GeV,
the results are consistent with the QPM predic-
tions.
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