PHYSICAL REVIEW D

PARTICLES AND FIELDS

THIRD SERIES, VOLUME 25, NUMBER 1

Measurement of quark momentum distributions in the proton
using an antineutrino probe

V. E. Barnes, T. S. Carman, D. D. Carmony, E. Fernandez,* A. F. Garfinkel, and A. T. Laasanen

Purdue University, West Lafayette, Indiana 47907

M. Derrick, P. Gregory,J‘r F. LoPinto,} B. Musgrave, J. Schlereth, P. Schreiner,} and R. Singer?

Argonne National Laboratory, Argonne, Illinois 60439

S. J. Barish®, R. Brock,!! A. Engler, T. Kikuchi, R. W. Kraemer, F. Messing, B. J. Stacey,ﬂ and M. Tabak**

Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213
(Received 19 June 1981)

We present the results of a study of the inclusive reaction ¥p —u*X° for antineutrino
energies from 5 to 150 GeV. The data were obtained by exposing the Fermi National Ac-
celerator Laboratory hydrogen-filled 15-foot bubble chamber to a wide-band antineutrino
beam. This is the first high-energy antineutrino experiment in which a pure proton target
was used. The experimental problems of selecting the required sample of charged-current
antineutrino-induced events are discussed in detail. A Monte Carlo simulation of the ex-
periment is used to provide correction factors to the measured distributions. A measure-
ment of the x dependence of the inelasticity (y) distributions gives the proton structure
functions F¥(x) and xF¥(x) up to an overall normalization cqonstant. When expressed in
terms of the quark-parton model, the quark distributions u (x) and d(x)+-5(x) are deter-
mined. The results for u (x) are found to be in excellent agreement with models based on
fits to electron and muon scattering data. Using these results to fix the u (x) normaliza-
tion, an absolute measurement is made of x[d(x)+5(x)], the antiquark momentum distri-
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bution.

I. INTRODUCTION

Lepton-nucleon scattering experiments are a par-
ticularly good way to study the structure of the
nucleon. In the quark-parton model! (QPM), the
collision process is described as the incoherent
scattering of the incoming lepton from one of the
quarks in the target and, as shown below, the in-
clusive lepton-nucleon cross section can be used to
extract information about the quark momentum
distribution inside the nucleon. Neutrino and an-
tineutrino probes are of particular interest, since
the chiral nature of the weak current allows a
separation of the quark and antiquark contribu-
tions to the scattering.

In general, the inclusive charged-current (CC)
processes

vN —u~ +anything , (1)
YN —ut +anything ()
25

are phenomenologically described by the diagrams
of Fig. 1. The incoming neutrino changes to a
charged lepton at the leptonic vertex and transfers
momentum to the nucleon through the exchange of
a virtual intermediate vector boson. For a given
neutrino energy E,, there are only two independent
kinematical variables, and these can be chosen as
the Bjorken scaling variables x and y defined by

2
xzzgh, 3)

x=Q72My

(v,7) W
(e, ) y=v/E,

v=p-(k-k')/M
Q%= - (k-K)?

Hadrons

FIG. 1. Definition of kinematic variables for the
reaction vN —p+ anything.
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v

y_‘ EV ’ (4)
where Q2= —(k —k')? is the four-momentum
transfer and v=p-(k —k')/M =E,—E, is the so-
called energy transfer. In these equations, k and k’
are the four-momenta of the neutrino and muon,
respectively. The nucleon is defined by its four-
momentum p and mass M, and E, and E u are,

d’c _ G’ME,
dxdy

Mxy
oy — Fo(
1—y 2L, 5 (x,02) +xp’F

respectively, the laboratory energies of the neutrino
and the muon. From the kinematics, one can see
that x and y are bounded by 0 and 1.

Assuming that the interaction is of the current-
current form (which is equivalent to neglecting
propagator effects in the diagram of Fig. 1) and
that the current at the leptonic vertex has the usual
V' —A structure, the cross section for the inclusive
processes (1) and (2) can be written as*

(x,0%)+y |1 xF3(x,Q2) , (5)

where the upper and lower signs refer to the neutrino and antineutrino reactions, respectively. At high ener-
gy, the term Mxy /2E,, is negligible compared to unity and we can write Eq. (5) as

d’o G’ME
dx dy 27

There are then four different sets of the three
structure functions F;(x,Q?) corresponding to the
use of v or ¥ particles as projectiles incident on
neutron or proton targets

In early electron® and neutrino® scattering exper-
iments, it was observed that within the experinien-

tal uncertainties, the structure functions for fixed x
were independent of Q2. This property, known as
scaling, had been predicted by Bjorken* for the
deep-inelastic region of large v and Q2. If scaling
holds, the total neutrino charged-current cross sec-
tion becomes proportional to the energy E,, and
the x and y distributions are independent of E,,.
The proportionality of cross section to neutrino en-
ergy is found experimentally to hold down to

E,~1GeVJ>

The QPM offers a simple understanding of this
scaling behavior of the structure functions. In this
model the nucleon is considered to be & bound
state of pointlike constituents called partons. The
partons are further identified with the fractionally
charged spm-; quarks, and the weak interactions
of the quarks are assumed to be identical to the
weak interactions of the leptons. In the so-called
naive QPM in which scaling is exact and the
quarks behave as if they are free during the col-
lision, the transverse momentum of the quarks
within the nucleon is neglected. As a consequence
of the spm-~ nature of the quarks, the relationship
known as the Callan-Gross relation,® 2xF, =F,,
holds. In this case, the last term in Eq. (6) is zero.

The variable x is identified in the model with
the fraction of the nucleon momentum carried by
the struck quark,' and the structure functions

“[(2xF) +xF3)+(2xF) 7xF3)(1—p)* 4+ 2(F5 — 2xF, )(1—p)]. (6)

[

F5(x) and xF;(x) are simple combinations of
quark and antiquark momentum distributions. In
the case of a proton target, they are

FP(x)=2x[d(x)+it(x)+5(x)],
FP(x)=2x[d (x)—#(x)+5 (0)] , @
FP(x)=2x[u(x)+d(x)+5(x)],

XFP(x)=2x[u (x)—d(x)—5(x)] , ®
where the quark momentum distributions u (x),
d(x), s(x) and the corresponding antiquark
momentum distributions #(x), d(x), §(x) refer
specifically to the proton. In these equations, we
have neglected the contributions from charm and
other heavier quarks. These effects are expected to
be very small at our energies due to the high
masses of the charm and bottom quarks. We have
also assumed that all threshold effects are saturat-
ed. Equation (6) can then be written in the exact
Callan-Gross limit as

2_vp 2

d0” _GME, ldx)+sx)+(1—p2Fx)], ()
dx dy

2_Wp 2
do? _GME ) 13x)+5)+(1—p)u ()] . (10)
dx dy

It is clear from these equations that the study of
the inclusive vp and Vp cross sections measures
specific quark combinations in the proton.

The comb1nat10ns in Eq. (10) are unique to vp
scattering.” In particular, the coefficient of the
term (1 —y)? measures u (x) directly. In contrast,
for an isoscalar target, the quark contributions al-
ways appear as a (# +d) combination.® In electron
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and muon scattering experiments, the quark contri-
butions appear as g +¢, with g equal to the sum of
the u, d, and s quark distributions, weighted by the
square of the quark charge, and in hadron-induced
dilepton production experiments, the contribution
is in the form of the product q7.

Clear deviations from scaling have been mea-
sured in electron, muon, and neutrino experiments
and quantitatively compared to predictions of
asymptotically free gauge theories.”!° The devia-
tions from scaling are small and require the
analysis of data over a large range of Q? (or E,).
The mean Q2 of our events, (Qz), is 4.5 (GeV/c)?,
although the tail of the distribution extends beyond
20 (GeV /c)®. However, most of our events are at
moderately low Q2, and so the experiment lacks
sensitivity to the scale breaking seen in other ex-
periments. Small violations of the Callan-Gross
relation have also been reported,”!! although the
experimental situation is far from clear.!> We also
do not make a significant test of the validity of
this relation with our data.

In this paper we describe our experimental study
of the Vp inclusive cross section. We give the ex-
perimental details of the analysis, the principal
results of which have been reported previously.’
The paper is organized as follows. Section II deals
with the experimental details. Section III explains
our method of extracting the structure functions,
and Sec. IV gives the results of our analysis. Fi-
nally, in the Appendix, we describe the methods
used to select the muon track, to calculate the neu-
trino energy, and to make the small radiative
corrections. In the Appendix we also discuss the
Monte Carlo (MC) simulation of the experiment
which was used to correct the data for the experi-
mental cuts and for the resolution smearing.

II. EXPERIMENTAL DETAILS

The data sample was obtained from three dif-
ferent exposures of the hydrogen-filled 15-foot

bubble chamber to a broad-band antineutrino beam
at Fermilab. To produce this beam, an extracted
proton beam from the proton synchrotron was
focused onto an aluminum target. Negative (posi-
tive) particles produced in the target were then
focused (defocused) by a pulsed magnetic horn sys-
tem and allowed to decay in a 340-m-long decay
pipe. The bubble chamber is situated approximate-
ly 1 km downstream of the end of this pipe. Table
I gives the number of pictures taken, the energy
and intensity of the extracted proton beam, and the
number of stages of the magnetic horn system for
each run. The resulting beam has a substantial
neutrino background due mainly to positive secon-
daries which are produced within the opening an-
gle of the horns are, therefore, not defocused. The
shapes and relative intensities of the v and ¥ fluxes
are shown in Fig. 2. The fluxes are calculated us-
ing our measured v- and v-event energy distribu-
tions and assuming a linear cross section rise with
E,. At low energy, these fluxes are clearly larger
than those obtained using the Stefanski and
White!® or Wang'* parametrization of hadron pro-
duction in aluminum. The discrepancy results
from the secondary interactions in the target which
are not considered in the simple production
models. The units in Fig. 2 are arbitrary since
there are large uncertainties in the absolute flux
normalizations.

When scanning the film, only events with three
or more charged particles were selected. One-
prong events were discarded since the scanning ef-
ficiency was low due to the large number of single
muons traversing the chamber. Events were also
rejected at the scanning stage if the total visible
momentum in the beam direction (estimated by us-
ing a template on the scanning table) was less than
2 GeV/c. This cut eliminates background events
caused by incoming hadron tracks which scatter in
the chamber as well as a large fraction of the back-
ground events caused by low-energy neutrons. In
Table II we give the scanning efficiency as a func-

TABLE I. Summary of the 'experimental runs.

Number of Intensity of Energy of Intensity of Number of
pictures bubble-chamber extracted extracted magnetic
magnetic field proton beam proton beam horns
kG) (GeV) (protons per pulse)
Run 1 24000 21 300 0.6x 10" 1
Run 2 38000 30 400 0.8x 10"
Run 3 146 000 30 400 1.4x 10" 2
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FIG. 2. Shapes and relative intensities of the v and ¥
fluxes as determined from the event energy distributions
and assuming a linear cross section rise with energy.

tion of topology, calculated from a double scan of
more than one-third of the film.

The geometrical reconstruction of the events was
made using a modified version of the TVGP pro-
gram. The fraction of events that are successfully
reconstructed, after repeated measurements, is also
shown in Table II for the different topologies.
Only events inside a fiducial volume of 16.8 m?,
which guarantees a minimum measurable track
length of 45 cm, were kept in the sample. Figure
3 shows a scatter plot of Ap /p versus p for a sam-
ple of tracks. Ninety percent of the hadrons and
80% of the muons have Ap /p <0.05. As ex-
plained in the Appendix, the momentum resolution
is incorporated into the MC program in calculating
the smearing corrections.

To completely eliminate the neutron-induced
background,'® events in the sample were required
to have more than 5 GeV/c total visible momen-

TABLE II. Scanning and reconstruction efficiencies.

Number Scanning Geometrical-reconstruction
of prongs efficiency efficiency
Mo <3 0.80 0.94
4<n, <5 0.93 0.85
6<n, <7 0.94 0.82
Rpe>7 0.94 0.72
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FIG. 3. Scatter plot of Ap/p versus track momentum
p for a sample of tracks.

tum, P,.. To show that this cut is adequate, we
interpreted all the three-prong events as xp
—ppm=. A plot of the mass squared of x (M,?) is
shown in Fig. 4(a) for the events in the sample.

10

4r (b)

Percentage of events /0.12 Gev?)

'l.4 0.2

M (GeV?)

FIG. 4. The open histogram shows the distribution in
the square of the beam mass, M,?, for three-prong
events interpreted as the reaction xp —pp7~. (a) All
events, (b) events with P> 5 GeV/c. The cross-
hatched areas show similar distributions for the MC-
generated events.

.O 2.2 3.4



25 MEASUREMENT OF QUARK MOMENTUM DISTRIBUTIONS IN . . .

The cross-hatched area is a similar plot for v and ¥
MC-generated events normalized to the total
number of real events. There is a clear excess of
real events at the neutron mass for the low neutri-
no energies. After the P, >5 GeV/c cut is im-
posed, this excess disappears, as is apparent from
Fig. 4(b).

After all the above-mentioned cuts, we have
2275 events selected as the charged-current reac-
tion

Vp—»[.t+X0. (11

An analysis of the inclusive Vp scattering, based on
the first two exposures listed in Table I, has been
previously published.'® The present results are
based on about four times more events, as well as a
more detailed understanding of the experimental
corrections.

III. METHOD OF ANALYSIS

Under the assumption that inclusive scaling is
valid and that the Callan-Gross relation is satis-
fied, the vp inclusive charged-current (CC) cross
section can be written as
do® GME,

= FP(x)—xF?
dx dy . {FP(x)—xF¥(x)

+[FP(x)+xFP(x)](1—p)*} (12)
or equivalently in the QPM as

d%”® GME

= Y ox[d(x)+5(x)+(1—p)u(x)] .
dx dy

(13)

It is clear from these equations that fits to the y
distributions at fixed x can separate the contribu-
tion of F3?(x) and xF¥(x) or equivalently of u (x)
and d(x)+5(x). This is the method that we use.
In order to do this separation, it is not necessary to
use the full y range and, in fact, in order to avoid
large corrections, we find that it is necessary to re-
strict the y range used in the fits to values between
y =0.1 and an upper limit, which depends on x
but which is typically y~0.8. These cuts, of
course, imply a loss of statistical precision. The
method also requires that the corrections to the
data be calculated as a function of both x and y.
We note that in the case of a proton target, the
structure functions cannot be extracted using the

cross-section-difference technique that is common-
ly used in experiments using isoscalar targets.?—1°
In the isoscalar case, if differences between s (x)
and ¢ (x) are ignored, then F¥V(x)=F3"(x) and
xF¥"(x)=xF3"(x), and the structure functions can
be extracted from the sum and difference of vN
and VN cross sections, respectively. Since
F}P=£F}?, this technique cannot be used in our
case.

We now discuss the measurement of the x and y
distributions. Since in addition to the antineutrino
CC reaction we have neutral-current (NC) and
neutrino-induced events, the first problem is to
separate the required vp CC events. This is done
by selecting events with a positive-muon track.
The muon selection method is based on the
kinematics of the charged-current reaction; namely,
that the muon track appears in general as a single
fast particle separated from a clustered jet of ha-
drons. A detailed description of the method is
given in the Appendix.

With increasing energy transfer (increasing y),
the muon is difficult to distinguish from the ha-
drons, and consequently the efficiency of the
method decreases. The background due to v-
induced and NC events, as well as V-induced events
in which the wrong track is selected as the u ¥,
therefore increases with y. This increase of back-
ground with y is particularly severe at low x. In
Fig. 5, we show the efficiency and background as
functions of y for different regions of x as calcu-
lated using the MC simulation of the experiment.

Once the muon track is selected, there remains
the problem of calculating the antineutrino energy.
This is done using akinematical method, also dis-
cussed in the Appendix. The basic idea of the
method is that the direction of the total hadronic
system in the v-u plane is such that the sum
(P, >+m?*)!? extended over all observed hadrons is
minimum. In this expression P, is the transverse
momentum of the individual hadron with respect
to the total hadron direction and m is its mass. If
the direction of the total hadronic system is deter-
miined, the energy of the event is known. The
overall energy resolution AE /E, calculated from
the MC events, is given in Fig. 6 for different y in-

tervals.
After the muon track is identified and the ener-

gy of the event is known, the x and y variables are
readily calculated. The biases introduced by the
uncertainties in the energy measurement partially
cancel out in the calculation of x and y since the
energy affects both numerator and denominator of
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FIG. 5. Efficiencies and backgrounds of the muon
selection algorithm as a function of y for different x re-
gions as calculated from the MC-generated events. For
all x selections, the efficiency curves fall as y increases.
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FIG. 6. The distribution in AE /E for different y re-
gions as calculated from the MC events.

Egs. (3) and (4). The resolutions in x and y, de-
fined as the half-widths at half maximum of the
Ax and Ay distributions calculated from the MC
events, are given in Table III.

To correct for the biases introduced by the
momentum uncertainties on the charged tracks, by
the muon selection, and by the energy calculation,
as well as for the cuts described in Sec. II, we use
a MC simulation of the experiment. A description
of the MC program is given in the Appendix. To
determine the corrections, the x and y distributions

TABLE III. Resolution in the scaling variables x and

».
x<0.3 x>0.3
y<0.3 Ax ~0.03 Ax ~0.05
Ay ~0.03 Ay ~0.02
y>0.3 Ax ~0.02 Ax ~0.06
Ay ~0.06 Ay ~0.05
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are calculated from the MC events by treating
them as real data. For a given (x,y) bin, we then
define the correction factor C(x,y) as

B(x,y)

C(x,y)= Ay’ (14)
where A4 (x,y) is the number of MC events generat-
ed in a particular bin of x and y and B (x,y) is the
number of events finally populating the same (x,y)
bin after all event selections and cuts. The data
are corrected by dividing the number of observed
events in each (x,y) bin by the value of C(x,y) for
this bin. Figure 7 shows the y dependences of the
functions C(x,y) for different x intervals, resulting
from a sample of 290000 MC events. The curves
are fits to the B /A ratios.

The calculation of the correction factors is an
iterative process. We started with a reasonable
model as input to the MC and calculated the
correction factors. We then used these corrected
distributions as input to the MC program. The
MC program was continually refined as we mea-
sured more details about the structure of the
events. The final correction factors are now quite
insensitive to variations of the parameters in the
program.

It is clear from these figures that there is a loss
of events at small y, which is mainly due to the re-
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FIG. 7. The y dependence of the correction factors
C(x,y) for different regions of x. Only data between the
dashed lines are used in the analysis.

jection of the one-prong sample. To avoid this
large correction, we exclude events with y <0.1.
The loss of events at high y is due to the ineffi-
ciency of the muon selction algorithm. The effect
of this inefficiency of the correction factors is par-
tially hidden by the fact that the background intro-
duced by the muon selection method increases with
y. As a criterion to determine the upper limit of
the y intervals used in the fits, we require that the
background at any point be less than 32%. The
region of the x-y plane that satisfies this require-
ment is the region to the left of the curve in Fig. 8.
Notice that at small x, the allowed y interval is
small, and the background is also changing rapidly
so that the results are unreliable. We therefore
also exclude the events with x <0.1. The region of
the x-y plane actually used in the fits is shown in
Fig. 8 by the shaded area. The mean background
over the x-y region used is 7% and the mean
detection efficiency is 97%. After these selections,
1425 events are available for the analysis.

In addition to the experimental corrections, we
also include radiative corrections obtained using
the calculations of De Rujula et al.!” These
corrections, which are described in more detail in
the Appendix, are shown in Fig. 9 for a typical en-
ergy of 25 GeV. They are very small compared to
our statistical errors.

IV. RESULTS

Figures 10 and 11 show, respectively, the energy
and momentum transfer distributions of the events.

0.9
0.8
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T
1

T
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T
1

FIG. 8. Region of the x-y plane used in the fits
(cross-hatched area). For the region to the left of the
curve, the muon-selection background at any point is
less than 32%.
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FIG. 9. The calculated radiative corrections shown as
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neutrino energy E,=25 GeV. The observed cross sec-
tion o is multiplied by the factor 1/[1+A(x,y,E)] in
order to obtain the true cross section.
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The average energy and momentum transfer values
are (E,;) =31 GeV, and (Q?)=4.5 (GeV/c)®. In
Fig. 12 we show the measured y distributions for
different x intervals. To obtain the full distribu-
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FIG. 12. Fully corrected y distributions for different
regions of x. The cross-hatched histogram shows the
raw events. The solid curves are fits to the corrected
open histograms using the form a (x)+b (x)(1—y)%.
The parameter a(x) is not constrained to be positive.
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TABLE IV. Results of the y-distribution fits.

x (@?»

interval  [(GeV/c)?] B(x) b(x)=xu(x) a(x)=x[d(x)+5x)] FP(x) xF¥(x) x?/DF
(0.10,0.15) 2.2 0.76+0.13 0.58+0.10 0.077+0.037 1.31+0.15 1.00+0.28 1.17
(0.15,0.20) 35 0.81+0.12 0.62+0.11 0.066+0.037 1.37+0.16 1.1140.28 1.47
(0.20,0.25) 34 0.87+0.13 0.57+0.11 0.040+0.035 1.23+0.16 1.07+0.27 0.98
(0.25,0.30) 4.4 1.00+0.09 0.70+0.10 0.000+0.030 1.39+0.15 1.39+0.25 1.10
(0.30,0.35) 4.7 1.034+0.06 0.51+0.07 —0.009+0.015 1.014+0.12 1.04+0.16 0.96
(0.35,0.40) 5.0 1.03+0.07 0.50+0.07 —0.008+0.018 0.98+0.12 1.01+0.17 0.68
(0.40,0.50) 6.1 0.98+0.07 0.36+0.05 0.003+0.012 0.72+0.07 0.7140.11 2.14
(0.50,0.65) 6.5 1.074+0.05 0.23+0.03 —0.007+0.006 0.45+0.04 0.48+0.06 0.58
(0.65,0.80) 7.7 1.1240.10 0.09+0.02 —0.005+0.004 0.17+0.03 0.194+0.04 0.53
(0.80,1.0) 8.0 1.20+0.31 0.01+0.01 —0.001+0.002 0.02+0.01 0.03+0.01 1.13
tions, the observed events, represented by the » xF¥(x)

cross-hatched histograms, were corrected for biases B¥(x)= F—Vp(;c_)—
given by the corrections C(x,y) and finally for the ?

radiative corrections. The corrected data are fit by _bx)—alx) (15)
the form dN (x)/dy =a(x)+b (x)(1—y)? in the in- b(x)4a(x)

tervals shown by the vertical dashed lines. The
results of the fits are shown by the solid curves on
Fig. 12, and the parameters a(x) and b(x) are
given in Table IV.

We emphasize that since we do not know the v
flux, the absolute values of @ (x) and b (x) are un-
known. Only the x dependence of each and the ra-
tio a(x)/b(x) are determined. The overall normal-
ization, which defines the units of Table 1V, is dis-
cussed below. We also emphasize that in the fit-
ting, we did not constrain a (x) to be positive so
that the curves of Fig. 12 go slightly negative at
large y and large x.

Table IV also gives the X? per degree of freedom
(X2/ND) for each fit. The X?>/ND is reasonable,
which indicates that within our statistical pre-
cision, the data are well described by the naive
quark-parton model. The overall X2/ND is
111/104. The fits were repeated while increasing
and decreasing the y range by 0.05 on each side
and no significant differences were observed. The
fits are also stable against the exact form of the
QPM used in the MC program, as well as against
the variations in the methods used to calculate the
neutrino energy and to select the muon track. We,
therefore, use the statistical errors as a measure of
the true uncertainties.

A convenient and often used parametrization of
the antiquark content of the nucleon is the parame-
ter B¥(x) defined as

The x variation of this parameter, which is in-
dependent of the flux normalization, is also given
in Table IV and is shown in Fig. 13. In terms of
the quark densities,

() — u(x)—d(x)—3(x)

B = —
u(x)+d(x)+5(x)

(16)
and so B measures the relative importance of the
quark and antiquark contributions to the nucleon.
For x > 0.25, our results for B*?(x) are consistent

T T T T T T T T T
1.5 ]
10F
=
5, O5r — Buras and Gaemers T
--- Field and Feynman
- MQM model

00 dl OI.Z 013 Of4 0?5 Of6 Of? OTB Of9 1.0
X
FIG. 13. The x variation of the ratio B"(x)
=xF¥(x)/F¥(x). The curves show the predictions of
the Buras and Gaemers parametrization (solid curve),
the Field and Feynman calculation (dashed curve), and
the MQM model (dotted curve).
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FIG. 14. The up-quark momentum distribution in
the proton, xu (x). The data are normalized to the solid
curve, which is the prediction of the Buras and Gaemers
parametrization at Q>=4.5 (GeV/c)?. The field and
Feynman and MQM parametrizations are also shown in
the dashed and dotted curves, respectively.

with unity, which implies no significant antiquark
contribution in this region. The curves in Fig. 13
are predictions based on three different parametri-
zations of the quark densities. The Field and
Feynman'® (FF) prediction is Q>-independent and
was obtained by fitting electroproduction and early
neutrino data, as well as by applying a number of
theoretical constraints. In the Buras and Gae-
mers'® (BG) parametrization, the quark distribu-
tions have a Q2 dependence chosen to satisfy the
structure function moment equations predicted by
asymptotically free gauge theories. The BG curve
on Fig. 13 was calculated using the parameters ob-
tained by the authors from fits to electron and
muon scattering data at Q?=4.5 (GeV/c)?, which
is the average Q? value of our experiment.
Evaluating the BG formulas instead at the average
Q? appropriate for each x bin has a negligible ef-
fect.

The massive-quark model (MQM) of Castorina
et al.® has also been compared to our data. The
MQM model, which involves a smaller number of

adjustable parameters, has a Q? dependence which
arises from quark mass effects. It was again
evaluated at Q?=4.5 (GeV/c)>. As can be seen
from Fig. 13, all the curves provide a reasonable fit
to the data. We evaluated the BG and FF models
with a full s~quark contribution.

Figure 14 shows our result for xu (x). The data
are area normalized to the solid curve, which is the
prediction from the BG parametrization of the
quark densities. The normalization of this curve
to the data defines our units. The dashed and dot-
ted curves are the FF and MQM 1redictions,
respectively. Since the integrals jp xu (x)dx have
the values 0.26, 0.24, and 0.30 for the BG, FF, and
MQM parametrizations, respectively, the last two
predictions have been multiplied by 1.09 and 0.87,
respectively, in order to normalize the curves to the
data of Fig. 14. As can be seen from the figure,
the BG and MQM parametrizations give very
similar predictions for the shape of xu (x), which
is all that we measure, and are slightly favored by
the data over the FF prediction.

Figure 15 shows the antiquark momentum dis-
tribution in the proton x [d(x)+5(x)]. The units
are fixed by the normalization of xu (x) to the BG
prediction. The solid curve is our best fit of the
form A (1—x)%, where both 4 and a were left free
in the fit. We obtain 4 =0.45+0.44 and
a=12.2+5.9, with a Y2/ND=5/8. The value of
a is independent of the normalization and is con-
sistent with the value a=11.74 used in the BG
parametrization of the antiquark distributions.
Fixing «a to the value 11.74, we find
A4 =0.42+0.15, with X*/ND being only slightly
worse than in the first fit. With these values of a
and 4, the quark momentum integral for antidown
plus antistrange sea quarks

_ _ 1 _
D+S=f0x[d(x)+:€(x)]dx

is found to be 0.033+0.012, which may be com-
pared to the FF value of 0.032, the BG value of
0.042, and to the MQM value of 0.020. It should
be noted that the contribution of x5(x) is only a
lower limit to the total x5(x) content of the proton
since threshold effects?""?? are likely to be affecting
part of our data.

Figure 16 shows the results for F3”(x) and
xF¥(x) obtained under the assumption that
2xF¥(x)=F¥(x). The solid, dashed, and dotted
curves are the BG, FF, and MQM predictions. In
Fig. 17 we show our result for F3(x) (solid circles)
compared with the absolute measurements of
F3¥(x) obtained by the Big European Bubble
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FIG. 15. The antiquark momentum distribution in
the proton x [d(x)+5(x)]. The solid curve is the best
fit to the form 4 (1—x)® over the range 0.1 <x < 1.0.

Chamber (BEBC) Collaboration® (open squares)
and the CERN-Dortmand-Heidelberg-Saclay
(CDHS) Collaboration'® (solid triangles). Since in
the latter, the energy of the beam was considerably
higher than in our experiment, the CDHS data
shown in Fig. 17 are for events with hadronic ener-
gy between 5 and 10 GeV. For this selection, the
average Q2 of the CDHS events is similar to ours.
The BEBC points were obtained by averaging the
data® for the Q2 range from 1 to 30 (GeV/c)? a
range that is also similar to that in our own experi-
ment. The curves are the BG predictions at
Q2=4.5 (GeV/c)®. Note that the BG parametriza-
tion gives a reasonable prediction for F5V(x).

Any difference in shape between F¥"(x) and
F3P(x) for x >0.3, where the antiquark contribu-
tions is negligible, can be attributed to the differ-
ence between the xu (x) and xd (x) quark momen-
tum distributions.

The method that we have employed to extract
the structure functions can be applied in different
neutrino energy intervals. However, our statistical
errors do not allow a sensitive search for scaling
violations.

A three-parameter fit to the y distributions at
fixed x using Eq. (6) can be used in principle to
test the validity of the Callan-Gross relation since
the coefficient of (1—y) is proportional to
F,—2xF,. However, the large correlation between
the 1—y and (1—y)? terms makes the method im-
practical with our data sample. To test for the ef-

T I 4 1 T T U I I
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---Field and Feynman |
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FIG. 16. (a) The x dependence of F¥(x). The curves

show the Buras and Gaemers prediction (solid curve),
the Field and Feynman prediction (dashed curve), and
the MQM prediction (dotted curve), all calculated at
0%=4.5 (GeV /c)®. (b) The x dependence xF¥(x) com-
pared to the predictions of the three models.

fects of a possible violation of the Callan-Gross re-
lation, we have made a two-parameter fit to the y
distributions using Eq. (6) assuming a constant ra-
tio 2xF(x)/F,(x)=0.82 independent of x. This
value is based on the measurement of the quantity

R'= lexFl(x)dx/sz(x)dx]—l
= —0.18+(0.06)+(0.04)

reported by Benvenuti et al.!' Their result is con-
sistent with values measured in other neutrino,’
electron,?® and muon®* scattering experiments but
differs from the CDHS value'® of —0.03+0.04.
When this is carried out, we find that F3(x) and
xF%(x) decrease uniformily by 3% and 13%,
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FIG. 17. The x dependence of F¥(x) compared with
F3V(x) measured by the BEBC and CDHS collabora-
tions. The solid and dashed curves show the Buras and
Gaemers predictions for F and F3, respectively.

respectively, but with no significant change in the
goodness of the fit.

V. CONCLUSIONS

Using a sample of 2275 vp —utX° events, we
have measured the x dependence of the inelasticity
() distribution in ¥ proton scattering. From this
measurement we have extracted, assuming the vali-
dity of the Callan-Gross relation, the x dependence
of the structure functions F3(x) and xF¥(x)
which are then determined up to an overall nor-
malization constant. This is the first measurement
of the x dependence of these particular structure
functions. We have also measured the ratio
B™(x)=xF¥(x)/F¥(x), which is independent of
the normalization.

The y distributions at fixed x are well described
by forms a +b(1—y)? (with @ and b depending
only on x) characteristic of the QPM. In the con-
text of this model, we have measured the x depen-
dence of the xu(x) and x [d(x)+5(x)] quark densi-
ties. The result for xu(x) is found to be in excel-
lent agreement with parametrization obtained from
fits to electron and neutrino scattering data. Using
these parametrizations to fix the xu (x) normaliza-
tion, we then obtain x [d(x)+5(x)]=(0.45+0.44)
X (1—x)'22259 " The total fraction of the proton
momentum carried by the d and ¥ antiquarks is
found to be

- o
D+S= [ x[d(x)+5(x)ldx
=0.033+0.012.
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APPENDIX

In this appendix, we describe the experimental
methods used to select the muon track and to cal-
culate the neutrino energy. We also describe the
Monte Carlo simulation of the experiment. Final-
ly, we discuss the radiative corrections.

1. Muon selection

In addition to the antineutrino-induced charged-
current events

wp—utx?, (17)

our sample contains charged-current events in-
duced by neutrinos

w—u Xt (18)
as well as ¥ and v-induced neutral-current events

wp—vXT, (19)

wp—ovXt . (20)

Events are assigned to reactions (17) or (18)
depending on the sign of the track selected to be
the muon or to reactions (19) or (20) if no muon
track is selected. We have no way of separating
the two neutral-current reactions. Since muon
tracks are, in most cases, visually indistinguishable
in the bubble chamber from hadronic tracks, we
rely on a kinematical method to find the muon.
This method gives results of comparable precision
to those obtained using the external muon identif-
ier®> (EMI), and the sample of data so chosen is in
good agreement with that resulting from an EMI
selection. We have chosen to rely entirely on the



kinematical method due to the greater simplicity of
modeling the experiment by a Monte Carlo simula-
tion with this technique.

The kinematical method is based on the fact that
the muon track appears, in general, as a single fast
particle separated from a clustered jet of hadrons.
We distinguish two methods depending on the
variable used to separate this particle.

In the first method (momentum-ratio method),
the highest-momentum track is selected as the
muon if the ratio of its momentum to the momen-
tum of the second fastest track (r) is greater than a
set value. If the ratio is less than 7, the event is
classified as a neutral-current candidate. In Fig.
18, we show, as a series of dots, the parametric
variation of the efficiency with the background for
different selections of r for the ¥p CC events. The
dots are plotted at  values differing by 0.2 with
r =2 marked. As r increases, both the efficiency
and the background contamination falls. The re-

Combined msthod r=l
09 -
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3
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Yot -
0 o 0.2
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FIG. 18. Parametric variation of the detection effi-
ciency with background for the reaction ¥p —u*X as
calculated from the two different muon selection
methods described in the text: the momentum-ratio
method (dots) and the transverse-momentum method
(plus signs). The parameters » and Prc are incremented
by 0.2 for neighboring points. Each parameter decreases
as the efficiency and background increase. The final
selection which results from the combined method dis-
cussed in the text gives a 90% efficiency and a 10%
background as shown.
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sults were obtained from a large sample of MC
events. The efficiency is defined as the ratio of the
number of events with the correct track selected as
the u™ to the total number of ¥p —u*X° events in
the sample. The background is then the ratio of
the number of events with the wrong track selected
as the u (belonging to any of the reactions 17 to
20) to the total number of events in the selected
sample.

In the second method (maximum-transverse-
momentum method or Pry, method), the track
with the highest transverse momentum (Pry,), with
respect to the system formed by all the other
charged tracks, is selected as the muon if Ppy, is
greater than a certain set value Py¢c. We again
show as the series of plus signs in Fig. 18 the effi-
ciency versus the background using this method.
The different plus signs along the curve correspond
to values of Prc varying by 0.2 GeV/c with the
Prc=1.5 GeV /c point marked. Again the effi-
ciency increases as the Prc decreases. The curves
on Fig. 18 are hand drawn to connect the points.

In general, the Pr¢c method gives better overall
efficiencies for a given background than the ratio
method. This is not the case, however, for the
subsample of events in which the muon (and there-
fore the total hadronic system) is produced at
small angles with respect to the beam direction.
This kinematical region is dominated by events at
low x, and for these events, the transverse momen-
tum of the muon, with respect to the total hadron-
ic system, is necessarily small and so few events
satisfy the selection Py > Prc.

To define this kinematical region, we use the
variable Prp which is the highest transverse
momentum of any track in the event with respect
to the beam direction. For events with Pry, near 1
GeV/c, the two methods give very similar results.
As Prp decreases, the ratio method gives better ef-
ficiencies for a given background than the Py,
method. This can be seen in Fig. 19, where the
data have been divided into two subsets defined by
having Prp above and below 1 GeV/c. For
Prp > 1.0 GeV /¢, the Pr¢c method is superior to
the ratio method and vice versa for the events with
PTB < 1.0 GeV/c.

It is clear from this difference that a combined
method using the momentum ratio method for

events with Prp <1 GeV/c and the Pry, method
for events with Prp > 1 GeV /c will give better
overall efficiencies for given backgrounds than ei-
ther of the methods separately. The specific muon
selection algorithm that we used is then as follows:
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FIG. 19. Detection efficiency versus background for
the reaction ¥p —pu*X calculated by the momentum-
ratio method (dots) and the transverse-momentum
method (crosses). The two sets of points with the
highest efficiencies are for events for which the max-
imum transverse momentum of any track with respect
to the beam direction, Prg > 1 GeV /c. The two curves
with the lower efficiency are for events with
Prp <1 GeV/c.

Select the track with the largest Prg. If this value
of Prp >1 GeV/c, then find the track with the
highest transverse momentum Pry, with respect to
the system formed by all other charged tracks in
the event and call it the muon if Pry > 1.3 GeV /c.
If this condition is not satisfied but if the max-
imum Ppg of some track in the event is

<1 GeV /¢, then find the track with the highest
value of 7 and call it the muon if » > 2. The sign
of the selected muon track determines if the event
v- or v-induced. If no muon is selected, then the
event is classified as a neutral current.

This combined method gives an overall efficien-
cy of 90% and a background of 10% as shown by
the point in Fig. 18. In the x,y region selected for
analysis, the efficiency is 97% and the background
is 7%. This good efficiency and low background
is partially a reflection of the dominant (1—y)?
distribution characteristic of ¥ scattering. The iso-
tropic y distribution of vN scattering would lead to
a less favorable situation.

As discussed in the text, the efficiencies and

backgrounds, as a function of y for different re-
gions of x obtained using the combined method,
are shown in Fig. 5. These curves are the main in-
gredient in the correction factors described in the
text.

2. Energy determination

One of the problems in the study of neutrino in-
teractions in a hydrogen bubble chamber is the
poor neutral-particle detection efficiency. Al-
though in general the direction of the neutrino is
known (in our case with an accuracy of +0.07°), its
energy is not, and so events with unseen neutrals
are intrinsically underconstrained. The five un-
knowns are the energy of the neutrino and the
components of the neutral system four-momentum.
Since there are four conservation equations, there
is only one unknown independent variable, and the
problem of calculating the neutrino energy reduces
to the estimation of this variable. In the method
that we have used, called the transverse-mass
method, we try to determine an angle a. Figure
20(a) shows the momentum vectors for the reaction
vp—pth. The beam is defined to be along the x
axis. The hadronic system / breaks up into a
charged system of momentum P and an unseen
neutral system of momentum P°. The muon and
hadronic system 4 make angles of 6, and 6,,
respectively, with respect to the direction of the in-
cident ¥. As seen in Fig. 20, « is the angle be-
tween PP, the neutral component of the hadronic
system, and its projection P$ in the (y,z) plane per-
pendicular to the beam. The momentum vectors in
this transverse plane are shown in Fig. 20(b). In
terms of «, the longitudinal momentum of the neu-
tral hadronic system along the beam direction, PB,
is given by P =P? tan a and the neutrino energy
E, can be written as

E, =P} +Pf+Pltana , 1)

where P{ and Pf are the longitudinal momentum
components along the beam direction of the muon
and charged hadronic system, respectively.

The determination of a is equivalent to measur-
ing the direction of the total hadronic system.
When trying to determine this direction, we can
take advantage of the fact that hadrons are pro-
duced with limited transverse momentum with
respect to the total hadronic momentum. As ob-
served in vp interactions,?® the distribution of the
transverse mass m | =(P,2+m?)!/? (where m is the
mass of an individual hadron and P, its transverse
momentum with respect to the total hadronic sys-
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FIG. 20. (a) Momentum vectors of the reaction vp
—uh. The v beam is incident along the x axis and the
p and hadronic-system momentum vectors lie in the
(x,y) plane. The hadronic system has charged and neu-
tral components of momentum P°¢ and PY, respectively.
The subscripts L and T refer to longitudinal and
transverse components along the x axis, while the sub-
script 1 refers to components perpendicular to the ha-
dronic direction. The labels in and out refer to com-
ponents parallel and perpendicular, respectively, to the
(x,y) plane. (b) Momentum vectors in the (y,z) plane.

tem) falls off exponentially with P,. Then the
most probable direction of the total hadronic
momentum for a given event is that for which the
quantity 3,(P,;*+m;?)!”? summed over all the in-
dividual hadrons is a minimum. To determine o
for a given event, we then form the quantity

T(a)= (PO’ +p)/*
n

+ 3 (P2 +mA 2, (22)

i=1
where
po'=m _o*+0.0(My*—m o%), (23)

and n, is the number of charged hadrons, M, is
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the effective mass of the neutral-hadronic system,
P(l) is the transverse momentum of this system with
respect to the direction of the total hadronic sys-
tem and m_ is the 7° mass.

For a given event, T(a) is a single-valued func-
tion of a@ which goes through a minimum. We
take as a solution the value of a at this minimum,
as. Note that for a given value of «, the
transverse momentum of the individual neutral ha-
drons with respect to the total hadronic system is
not known (only the transverse momentum of the
neutral system is known) and, therefore, their con-
tribution to 7'(a) appears as a single term. The
reason for using p in this term is described below.

The assumption that the distribution of
(P,24+m?*)!1”? decreases exponentially can be veri-
fied in our data independently of the energy calcu-
lation. Although we do not measure P, even for
the charged tracks since we do not know the direc-
tion of the total hadronic system, we do measure
the perpendicular component of P, with respect to
the v—pu —total-hadron plane, which is the x,z
plane in Fig. 20. We call this quantity P .
Since the individual hadrons are produced isotropi-
cally around the total-hadron direction, the distri-
bution in P, is the same as P, and
(P)ou*)=7(P,?). Figure 21 shows the distribu-
tion in the quantity (P, ,,,2+m?2)!/? for the ha-
drons from the events in our sample. An approxi-
mate exponential falloff is seen except in the first
bin.

Events with no neutral particles should, in prin-
ciple, have P?2=0 and therefore, in this case, the
neutrino energy will be independent of a. In prac-
tice P}, which is obtained as shown in Fig. 20(b)
by balancing the momentum of the muon and of
the charged hadronic system in the plane perpen-
dicular to the beam direction, is not zero because
of resolution effects. A study of the MC-generated
events shows that, although a, is small for events
with no neutrals, the energy resolution is better if
no correction is made to the visible energy mea-
surement. To separate the sample of events with
no neutrals, we use the two components of P?,

0 0 0 02 02 1,2
Pr,, and Pry, where Pr=(Py;, +Prou)' /%, and
the subscripts in and out refer to components
parallel to and perpendicular to the (x,y) plane,
respectively. Figure 22 shows a scatter plot of
P, versus P$ ., for the real events in the region
in which these two quantities are both small. An
accumulation of events near the origin is apparent
although the distribution of P§ shows no clear
peak near zero. Based on a similar plot for MC-
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FIG. 21. The distribution in the quantity
(P2 +m?%)172 for a sample of tracks from the real
events.

generated events, we classify an event as one with
no neutrals if P3P ou <0.0025 (GeV /c)?. This is
the region below the curve in Fig. 22.

For events that do have neutral particles, one
can obtain a lower limit to the longitudinal
momentum of the neutral system along the beam
direction P} (and therefore a) by requiring that the
effective mass of the neutral hadronic system M

0.2 -

B

0.15

(GeV/c)

c 0.1 FXk: ’

Pt

0.05

- .-‘—

AN I

0,05 0.1 0.15 0.2

P> out GeVie)

FIG. 22. Scatter plot of P, versus P2, for the vp
charged-current events, with P2;, and P, both below
0.25 GeV/c. The curve is the equation P2 P2
=0.0025 (GeV/c)%

is at least equal to a 7° mass. As a function of
M,, P is given by

M +P2—D?
pPl="" 24
0 D (24)
where
D=(P{+P{)+m,—(EF+EC), (25)

and m,, is the proton mass and E Cis the energy of
the charged hadronic system. This energy is in
general underestimated due to the misidentification
of protons and kaons as pions. Now PP .., is given
by Eq. (24) with M|, equal to the 7° mass and
Cmin=arc tan (P .. /P3).

If a; is close to 90°, the error in the estimation
of E,, may be large since dE, /da goes to infinity
as a approaches 90°. Based again on MC studies,
we put a ceiling in Py for the events with dE /da
greater than 100. This ceiling is (in GeV/c units)
PP =5PY if P9 <0.5 and PY =10(P2—0.5) +2.5 if
P2>0.5. Only 9% of the real events fall into this
category.

Figure 23 shows the distribution of the quantity
AE/E=(E generated —E calculated )/E generated for a sam-
ple of MC events using the transverse-mass
method to calculate the v energy. The momentum
resolution effects were incorporated into the MC

ITM Method
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FIG. 23. The distribution of the quantity AE /E for

a sample of Monte Carlo events. The calculated energy
was obtained using the transverse-mass method.
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program. The distribution is symmetric about
zero. Forty-three percent of the events have

| AE | /E <0.05 while 11% have | AE | /E >0.25;
the full width at half maximum is 0.12.

Figure 24 shows the distribution in the variable z
for a sample of real events, also obtained using the
transverse-mass method to calculate the neutrino
energy. The variable z is the transverse momen-
tum of the neutral hadronic system with respect to
the total hadronic direction in the v-u-total hadron
plane (PY;, in our notation); its value for a particu-
lar event is related to the neutrino energy.?’ Since
the neutral system is produced with azimuthal
symmetry with respect to the total hadron direc-
tion, the distribution of z should be symmetric
about zero and be similar to the distribution of
PY%,. In the transverse-mass method, we find that
the symmetry of the z distribution depends on the
way the mass of the neutral hadronic system is in-
corporated into Eq. (22). The form of pg, given in
Eg. (23), was used to maximize this symmetry.
Figure 25 shows the distribution of P}, for the
same sample of real events. Unlike z, P, is mea-
sured by balancing the momentum of the charged
hadronic system with respect to the v-u-total ha-
dron plane. As seen in Figs. 24 and 25, the mea-
sured distribution in z is slightly narrower than the
distribution of P .

The several different methods that have been
used in the past to determine the neutrino energy
were reviewed in our previous publication.!® The

T T
|

800F TM method b
. Real events
L
= 600} =
o
N |
~ 4001 =
[72] 1
5 |
(]
o 200fF i -

o) -1.0 0.0 1.0
z (GeV/c)

FIG. 24. The distribution in the variable z, described
in the text, for a sample of real events using the
transverse-mass method to calculate the energy.
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-1.0 0.0 1.O

P; out (GEV/C)

FIG. 25. The distribution in the quantity P%,,, for
the same sample of events as shown in Fig. 24.

present method was developed to give the best en-
ergy measurement as measured both by the central
value and the symmetry of the distribution.
Specifically, we find that our transverse-mass
method gives 7% more of the events within 5% of
the correct energy than does the Grant method.?’
The AE /E distributions are also somewhat more
symmetric.

Finally, in Fig. 26, we show the final energy dis-
tributions of the ¥p and vp charged-current events
in our sample that result from our energy selection
procedures. The curves are fits to polynomial ex-
pansions.

T T T 7T T T T T T T T
400} 4
{2474 T events (€7
¥ 685 v events (cc)
cc +
T 0.28 0.0l
300 h
3
&l
0 200+ 7
N
»n
[ ~4
[}
>
w
100 |- =
4% 0
i — 1 1 1 1 L 1 Ml ¥ Xi

10 30 50 70 1o 130 150

90
Ev,7(GeV)
FIG. 26. Calculated energy distributions for the vp
and Vp charged-current events. The curves are fits to a

polynomial expansion.
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3. The Monte Carlo program

In order to correct biases in the data resulting
from our methods of selecting the muon and calcu-
lating the neutrino energy, as well as from cuts and
resolution effects, we simulated the experiment us-
ing a Monte Carlo program. The MC events are
then passed through the analysis chain in the same
manner as the data and the corrections determined
by the comparison of the calculated and generated
MC distributions.

A flow diagram of the MC program is shown in
Fig. 27. The events are generated as charged-
current v-induced (CC), neutral current v-induced
(NC), charged-current v-induced (CC), and neutral
current v-induced (NC) with relative probabilities
of 0.59, 0.18, 0.16, and 0.07. The ratios, NC/CC
of 0.31 for ¥p and NC/CC of 0.43 for vp are from
the QPM predictions with sin’@,, =0.25 and the
Field and Feynam parametrization of the parton
densities. The ratio CC/CC of 0.28 is obtained
from the number of observed v- and ¥-induced
events, using the iterative procedure outlined
below.

An energy for each event is then generated, dis-
tributed as in the corresponding v or ¥ curve of
Fig. 28. To obtain these curves, which are the in-
put energy spectra and which determine the ratio
CC/CC, we start with the observed energy distri-
butions of the real events shown in Fig. 26. The
correction factors, calculated by using the data of
Fig. 26 as input, are applied with the opposite sign
to the MC data and result in the curves of Fig. 28.
Now subjecting this MC data to the selection pro-
cedures gives the distributions shown in Fig. 29.
The curves in this figure are the same as those of

Y

- GENERATE
o CASE
cC NC Ccc NC
16 % 7% 59% 18 %
E E E E
L X, ¥ X,y X, Y
'y p or n

in final state

i

charqed and neutral
pion multiplicity

Y

longitudinal and transverse
momentum of pions with respect
to total hadron direction

vertex and track
lengths

|
L <«——JOUTPUT EVENT]|

FIG. 27. Flow diagram of the MC program.

Fig. 26. As can be seen, the agreement is good.
The differences between Figs. 28 and 29 is a mea-
sure of how the muon-selection and energy-
calculation procedures affect the energy spectra.
The distributions in the scaling variables x and y
are generated according to the QPM cross sections

do< G?ME,  _ B R

=——2x[d(x)+5(x)+(1—p)ux)], (26)
dx dy T
dO’CC GzMEv 2—

=——2x[d (x)+s(x)+(1=p)a(x)], (27
dx dy

NC  GME,
do e e { [a(1—p)P+c?Tu(x) + [bX(1 —pP+d?][d (x) +5 ()]
dx dy T
+[a?+c2(1—p)*a(x)+[b2+d*(1—p)*)[d(x)+5(x)]} , (28)

doNC  G’ME,
dxdy 7

2x{ [a?+cH1—p)*]u (x)+[b>+d*(1—p)][d (x)+s(x)]

+[a¥(1—p)+cia(x)+[bX1—y)+d*[d(x)+5(x)]} , (29)
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FIG. 28. Energy distribution for vp and ¥p events
used as input to the MC program.

where
1 2 .
a=5—7sin’0y , (30)
b=—++sin’f 31
— T 3 W
2 .
c=—7 sin®0y | (32)
and
1 .
d=+5 sin?0y . (33)
T T T T T T T T T T T T T T T T T
4008 4 2420 events (cT)
¥ 684 events (cc)
CcC
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FIG. 29. The energy distribution for v and ¥ MC-
generated charged-current events after subjecting the
events to the selection procedures. The curves are the
fits to the energy distributions for the real events shown
in Fig. 26.

We use the Field and Feynman parametrization of
the parton densities u (x), d (x), s (x), #(x), d(x),
§(x), and sin%6y, =0.25. The beam fluxes shown
in Fig. 2 result from the use of these cross sections
together with the event distributions of Fig. 29.

The breakup of the system at the hadronic ver-
tex is accomplished in several steps.

(i) The properties of the hadronic system are as-
sumed to depend only on the hadronic mass W,
where W?=M?+4+2MExy(1/x —1).

(ii) One of the final-state hadrons is assigned to
be a proton or a neutron with equal probability in-
dependent of W.

(ili) The remaining final-state hadrons are as-
sumed to be pions. The pion multiplicity is gen-
erated as a Poisson distribution in the total number
of pions. The average multiplicity is assumed to
vary with W. According to our measurements,'>
(nF') =(0.06+0.06)+(1.22+0.33) In W2, where
nX is the number of charged hadrons. The mean
neutral-pion multiplicity {n,) varies with the
charged-hadron multiplicity as {(ny) =(0.57
+0.19)+(0.37+0.07)n _, where n_ is the number
of negative hadrons.

(iv) The longitudinal and transverse momenta of
all the hadrons with respect to the direction of the
total hadronic system are generated with azimuthal
symmetry and an exponential transverse-
momentum dependence of exp(—5.6P,%). The
longitudinal momentum is taken to vary as
exp (—P)). Energy and momentum conservation
are imposed in the rest frame of the hadronic sys-
tem. In this system, the average momentum in a
given direction is subtracted from the momenta of
all the individual particles in that direction. This
assures momentum conservation. To assure energy
conservation, all the momenta along the hadronic
direction Py|; are scaled by a factor f so as to satis-
fy the equation

SISP )+ (P2 +mP] P=W (34)

where the sum extends to all the hadrons.

(v) To simulate the resolution effects, a track
length is generated for each charged particle. This
is accomplished by generating a vertex for the
event radomly distributed inside the fiducial
volume and then *“‘swimming” each track in the
chamber magnetic field folding in the dE /dx ener-
gy loss due to ionization as well as interaction, de-
cay, and stopping probabilities. To smear the
track momentum, the measuring error contribution
was assumed to come from a sagitta error distri-
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150 cm 150 cm p X P X
o100 + FIG. 31. Diagrams of the processes contributing to
(@) the lepton logarithmic radiative corrections.
~N
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= 4. Radiative corrections
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b 100 Real events MC events Radiative corrections to the inclusive deep-
‘g 748 tracks 748 tracks inelastic v and ¥ cross sections could be important
3 S0em< leni':: 50 cm<length< in the study of antiquark distributions since the
< 100 100 em antiquark content of the nucleon is small. Howev-
50 er, for our experiment, the effects of the radiative
corrections are much smaller than the statistical er-
rors.
o) A I L 1 The radiative correction to vp scattering have
0.l 0.3 0.l 0.3 been studied by a number of authors.!”?#2° Here
AP/P A P/P we follow the treatment of de Rujula et al.!” in

FIG. 30. The Ap /p distribution of real and MC
tracks for two different length intervals.

buted about zero with a full width at half max-
imum of 900 um. This number is chosen to obtain
similar Ap /p distributions for MC tracks and real
tracks as a function of measured length. These
distributions are shown in Fig. 30 for two typical
length intervals. As can be seen, there is reason-
able agreement between the MC and the real
tracks. The effect of the smearing on the correc-
tion factors is small.

2| !

s(1—y+4xy
e

dUQ dUB a
dxdy  dxdy ' 2

where
s=Mp?+2M,E,, Zyin=1—y+x,

xy

x=z+y-1

,and j= ﬁ_ﬂ .
z
To evaluate the integral in Eq. (35), one can use
the observed cross section under the integral sign

1422

which only lepton leading-logarithmic corrections
are considered. The corrections arise from the col-
linear emission and reabsorption of photons by the
muon as shown in Fig. 31. The effect, which is to
reduce the energy of the muon at a fixed angle,
causes the event to migrate from smaller to larger
y. Thus the observed cross section doy/dy, will be
overestimated at large y and underestimated at
small y, the effect being more pronounced at small
x. Quantitatively, the relation between the ob-
served (uncorrected) cross section oy and the bare
(corrected) cross section o is given by

y9(z ~Zmin ) daB

fodz

1—z

) (35)

z(y +z—1) dxdy

or alternatively, one can use a model for

dop/dx dy. We have used the QPM cross section
with the quark densities given by the Buras and
Gaemers parametrization at Q?=4.5 (GeV /c)%.
To take into account charm threshold effects, we
give a 50% relative weight to the § contribution.
The radiative corrections are then given by
1/[1+A(x,y,E)], where
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/dU’B
dxdy (36)

dUO dO'B
dxdy dxdy

A(x’y’E)':

The function A is shown in Fig. 9 as a function of

21

y for different x values at an energy of E =25
GeV.

We have investigated the sensitivity of the radia-
tive corrections to the exact form of the quark
densities and find the dependence to be minimal.
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