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ABSTRACT
A high-statistics measurement of the differential cross-sections for neutrino-iron scattering in

the wide-band neutrino beam at the CERN SPS is presented. Nucleon structure functions are
extracted and compared with the predictions of quantum chromodynamics.
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1. INTRODUCTION

Deep-inelastic lepton-nucleon scattering is the primary tool for studies of the nucleon structure.
Early experiments on inelastic electron scattering have provided evidence for the quark-parton
picture and for scaling of the nucleon structure functions [1-3]. Later neutrino and muon
experiments established deviations from scaling, consistent with the predictions of quantum
chromodynamics (QCD) [4-10]. The comparison of results obtained from neutrino scattering with
those using muon and electron beams gave further support to the quark model, including fractional
quark charges. Precise measurements of nucleon structure functions provide an unambiguous test of
QCD and permit a determination of the scale parameter A of strong interactions. They are essential
for relating various hard scattering processes to each other, as well as for predicting expected yields
of new particles at future accelerators.

Measurements of the nucleon structure functions made by this group, and their comparison with
QCD predictions, have already been published [4, 11-15]. The motivation for an independent
measurement was twofold:

- In certain kinematical domains the errors on structure functions were dominated by statistics. In
particular, this was the case for xF; and for the longitudinal structure function Fr.

- The comparison of the published results with those of other neutrino experiments [16, 17] showed
differences in certain regions of x and Q?, outside the error bars. It was considered important to
clarify the origin of these differences.

The upgraded CDHS detector, in conjunction with the high flux of the CERN wide-band
neutring beam, was used for this experiment. The results presented here are derived from about
640000 neutrino and 550000 antineutrino events, after cuts. In the analysis, new measurements of the
total cross-sections from a separate narrow-band beam exposure [8] were used for normalization.

This paper is organized as follows. The beam and the experimental set-up are described in
Sections 3 and 4, followed by details of the experimental procedure in Sections 5 to 9. The
determination of the differential cross-sections and the extraction of the nucleon structure functions
are presented in Sections 10 and 11. Section 12 is devoted to an analysis of the results within the
framework of QCD. Finally, in Section 13 we compare the results with those of other deep-inelastic
scattering experiments.

2. DEEP-INELASTIC SCATTERING FORMALIS.M ,
The charged-current neutrino-nucleon interaction is assumed to proceed through virtual W=
vector-boson exchange, as shown in Fig. 1. The following definitions are used for the kinematic

variables:

q = k — k’isthe four-momentum transfer.

Q* = —q? = 4E,E, sin%(9/2), where § is the laboratory scattering angle of the muon; E, and E, are
the energies of the incoming neutrino and outgoing muon, respectively.

vy = (p-q)/M, where M is the nucleon mass, and » is the energy transfer to the final-state hadronic

system. This is equivalent to the total kinetic energy Enaq of the hadronic final state in the
laboratory system.
In addition, we use the Bjorken scaling variables:
vy = p-g/p-k = »/E, is the fractional ‘energy transfer, related to the scattering angle in the
centre-of-mass system,
x= Q¥2(p- q) = Q?/2My is the fraction of nucleon momentum carried by a struck parton in the
infinite momentum frame.
Assuming a V— A current-current form of the interaction and neglecting terms proportional to
m,2/M? (m, being the muon mass), the most general form of the differential cross-section is
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where, in terms of the Fermi coupling constant Gy and the mass mw of the weak intermediate vector
boson,
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For simplicity, the dependence of the structure functions on x and Q? is not always written explicitly.
The structure functions 2xF;, F, and xF; are related to the absorption cross-sections of left, right,

transverse, and longitudinally polarized W bosons o, , o, o1, oL in the following way:
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where k = (W? — M?)/2M and W s the invariant mass of the hadronic final state.
The longitudinal structure function Fr_ is defined as

- - 4M%x? -
Fi'¥ = Fi”"(l + —in> — 2xFV7 . 2.5

It is related to the quantity R = ov/or measured in charged-lepton scattering through R(x,Q%) =
Fr(x,Q%/2xF1(x,Q%). This function is of particular interest as it measures the scalar component of
the nucleon. It is also directly sensitive to the gluon structure function,

All structure functions can be a priori different for » and ¥ scattering on protons or neutrons,
giving twelve independent functions. Assumptions such as discussed in the following are needed in
order to reduce the number of independent functions. In this analysis, three structure functions are
sufficient to describe the neutrino scattering off an isoscalar target.

In the quark-parton model the structure functions acquire a simple interpretation: o, and o -
are proportional to the momentum distributions of quarks and antiquarks. The momentum
distributions q(x) and §(x) of all quarks and antiquarks in the nucleon are identified with the
structure functions as follows:

2F} =2xF} = q +§,
) (2.6)
xF3'=q -~ 3§+ 2x(s—¢),

1 -
xF; = 5 (xF; + xF3) =q — g, 2.7

whereq = x(u +d + s+ ¢),d=x(0 +d+§ + ¢),and u, d, s, and ¢ are the corresponding quark
densities in the proton.



3. THE WIDE-BAND NEUTRINO BEAM

The neutrino and antineutrino beams resulted from decays of pions and kaons which were
produced in the forward direction by a 400 GeV proton beam striking a beryllium target. A
collimator, placed after the target, was used to absorb secondaries produced at angles exceeding
8 mrad. A magnetic horn [19], further downstream, focused secondaries of a selected sign into a
292 m long evacuated decay tunnel. Muons accompanying the neutrinos were absorbed in the 464 m
long iron and earth shield. Typically, 1013 protons were extracted from the CERN Super Proton
Synchrotron every 14.4 s in a bell-shaped spill with a 2 ms base, yielding about 70 neutrino or
30 antineutrino interactions in the detector.

The data reported here were collected in 1983. A total of 1.3 x 10'® protons were targeted
during neutrino running, yielding 4.3 x 10° triggers, whereas the antineutrino exposure with 2.5 x
10'® protons on target gave 5.4 x 10° triggers.

The energy spectrum and the spatial distribution of the wide-band neutrine beams are not
known with sufficient precision. They were derived from the observed event rates, assuming a total
cross-section rising linearly with neutrino energy (see Section 9).

4. THE EXPERIMENTAL SET-UP

The CDHS detector [20] was upgraded for the purpose of this experiment {21]. It consisted of a
large magnetized iron calorimeter, 3.75 m in diameter and about 21 m long, interspaced with drift
chambers (see Fig. 2). The calorimeter served as the target and was used to measure the energy
deposited by final-state hadrons. The muon momentum and angle were derived from the track
reconstructed in the drift chambers. The energy of the incoming neutrino was taken as the sum of
hadron energy and muon momentum.

The first ten calorimeter modules (Fig. 3) were of recent construction. Each module consisted of
20 plates of 2.45 cm thick iron, followed by a 0.5 cm thick scintillator plane. The scintillators were
subdivided into 24 strips, 15 ¢cm wide, and each strip was cut into two independent halves viewed by
individual photomultipliers. A reflecting mirror was placed at the far end of each scintillator in order
to reduce the light-attenuation effects. The pulse heights from both halves were summed; 10% of the
sum was used for triggering purposes, the remainder was fed into analog-to-digital converters
(ADCs). Five consecutive strips along the beam axis were combined onto a single phototube. The
scintillator strips were alternately horizontal and vertical, thus permitting the localization of a
neutrino interaction to about 3 ¢m in a plane perpendicular to the beam direction. The total length of
a module was 59 cm, 49 cm of it being iron.

The front ten modules were followed by five modules with 5 cm sampling and six modules with
15 cm sampling which were employed in the previous set-up [20]. This part was used for the muon
momentum measurement only. All modules were magnetized with a toroidal field of 1.65 T, on the
average. The central hole for the magnetic coils in the front modules was reduced to a diameter of
10 cm, as compared with a 30 cm hole plugged with non-magnetic material in the other moduiles. The
neutrino beam was directed 45 cm below the axis of the apparatus.

Triple-plane drift chambers were installed in the 31 cm wide gaps between the calorimeter
modules. They measured the trajectory of an outgoing muon to a precision of about 1 mm. Drift
velocities and the reference times for each chamber, as well as the relative alignments, were
determined using muon tracks registered without magnetic field.

The field direction was chosen to focus negative muons in the neutrino beam and positive muons
in the antineutrino beam. This focusing property resulted in a good muon acceptance over almost the
entire phase space.



All electronics channels were equipped with 40-event-deep buffers, thus permitting several events
to be registered per burst. The buffer size was the limiting factor of the data-taking rate.

To guard against the background of beam-related muons, an upstream plane consisting of
4 X 4 m® of scintillation counters was used in veto. All triggers occurring within 20 ns of an incoming
muon were vetoed.

5. THE TRIGGER

The apparatus was triggered on the basis of the pulse-height information summed over
individual calorimeter modules. Three parailel triggers were used in this analysis:

- Low-threshold trigger: Any three modules showing a pulse height exceeding ~ 1/3 of the pulse
height of a minimum-ionizing particle. One of these modules was required to be in the front part
of the detector. This was a low-threshold trigger, fully efficient above E, = 7 GeV. It was
prescaled by a factor of 16 for the neutrino case and of 4 for the antineutrino case. The sample of
low-threshold triggers was used to determine the efficiency of other triggers.

- Charged-current trigger: The low-threshold trigger, with the additional requirement that the total
‘visible’ energy should exceed ~ 7 GeV —the total ‘visible’ energy being the linear sum of all pulse
heights in the entire apparatus. For neutrino interactions originating in the front part of the
detector, this trigger was fully efficient for E, > 12 GeV (see Fig. 4a). During the neutrino
running, this trigger was prescaled by a factor of 2.

- Hard charged-current trigger: As above, but the total ‘visible’ energy had to exceed ~ 15 GeV.
This trigger was fully efficient for Eyaqa > 20 GeV (see Fig. 4b), but it was biased at low y for all
neutrino energies.

For the structure-function analysis, an unbiased data sample is required. In this analysis the
charged-current trigger sample was used. To enhance the event statistics at high Q?, the hard
charged-current triggers with Epaa > 25 GeV were added. The resulting sample of events with Epag >
25 GeV was normalized to the number of charged-current triggers in this region.

6. EVENT RECONSTRUCTION

Events were reconstructed by an off-line analysis program. A charged-current event was
required to have at least two planes fired in four out of five consecutive drift chambers (this
corresponds to a muon momentum cut-off of ~ 4 GeV). The reconstruction program performed a
pattern recognition to find muon tracks. The vertex position of the interaction along the beam
direction was defined by the most upstream scintillation counter fired along the muon track. A fit
was made to the points found along this track in order to determine the muon momentum and angle.
The energy loss due to ionization and the correlations due to multiple scattering were included in the
fit. The measured energy deposition exceeding 1 GeV per module in the scintillators along the muon
trajectory was used to correct for radiative energy losses. The hadronic energy was calculated as a
sum of all pulse heights recorded in a box of 1.5 m iron-equivalent length and 1.2 m width, starting at
the vertex of the interaction. It was corrected for the pulse height deposited by the muon, using the
average observed pulse height in the 1.5 m long region following the hadronic shower box, truncated
at 6 GeV. The effect of fluctuations in the muon energy loss was taken into account in the Monte
Carlo simulation program.

A typical charged-current interaction event is shown in Fig. 5. Several thousand computer-
reconstructed events were inspected visually for potential failures. The automatic reconstruction had
an overall efficiency of better than 98.5%. Failing events were reconstructed interactively to check
for potential biases. The remaining small bias at muon momenta below 7 GeV/c¢ was corrected for by




an appropriate weighting of events in this region. The large sample of events available in this analysis
permitted several checks of the measurement for uniformity and stability with time.

7. CALIBRATION AND RESOLUTION
7.1 Muon momentum and angle

The momentum of the outgoing muon was derived from the curvature of the track. The
magnetic fields inside modules were measured with pick-up loops as a function of position. Their
absolute value was known to better than 2%. The absolute momentum scale was checked at low
momenta by comparing the fitted momentum with the momentum derived from the range for muons
which stopped in the apparatus. High-energy tracks were divided into two parts and fitted separately.
The resulting difference of the fitted momenta was compared with the calculated energy loss [22]
(these calculated values were in good agreement with measurements of muon energy loss [23]). These
tests confirmed that the absolute momentum scale was correct to better than 2% (Fig. 6).

The muon momentum resolution is dominated by multiple scattering in iron. It depends, as well,
on the track length available for the fit. On the average, the momentum error was Ap/p = 9%. The
error on the muen angle was dominated by the muitiple scattering between the interaction point and
the first measurement used in the fit. A typical error on the muon angle was
10 mrad at p, = 10 GeV and 2 mrad at p, = 100 GeV. Several methods were used to calculate the
expected resolution. Their comparison shows that the resolution of the muon angle and the
momentum was known to =+ 10% of its value, or better. Tails in the resolution functions, due to
erroneous assignment of hits in the hadronic shower region, were estimated with the help of the
Monte Carlo simulation program (see Section 9).

7.2 Hadron energy

The complete pulse-height measurement chain, including photomultipliers, mixers, and ADCs,
was calibrated using a system based on a laser and light-fibres feeding each scintillator. The
long-term change in the response was monitored by means of cosmic muons recorded between beam
bursts. The recorded pulse heights for neutrino events were corrected for-attenuation along the
scintillator, using the reconstructed vertex position. The attenuation length of each counter was
measured in several dedicated runs with cosmic muons.

The conversion factor of the observed pulse height to hadron energy was calibrated in an
auxiliary exposure of four calorimeter modules to a momentum-selected negative hadron beam with
energies ranging from 15 GeV to 140 GeV. A weighting procedure was used to improve the resolution
and to reduce the effect of fluctuations of the electromagnetic component of hadronic showers,
especially at high energies. The response of each individual counter E; was reduced by a factor
depending on the total shower energy [24]. The weighted response of the calorimeter was found to be
nearly linear with the shower energy (Fig. 7). The resolution was found to be Gaussian with a
standard deviation AE/E = (0.52%/E + 0.02%)". For neutrino interactions originating at the end of
the fiducial region, the leakage of the hadronic shower into the downstream part of the detector was
measured with a resolution AE/E = 0.7/EY? (E in GeV).

In the course of the analysis it was found that the pulse-height circuitry had a rate-dependent
response. It was therefore necessary to correct the observed pulse height for the actual rate of
data-taking. The change in the detector response as a function of the triggering frequency was
determined in an auxiliary measurement. Owing to different event rates, this correction is different
for neutrino and antineutrino exposures. This effect reduces the observed hadron energy on the
average by 9% in the neutrino case and by 6% for antineutrino running, and worsens the hadron
energy resolution by about 5% (Fig. 8). The effect was folded with the simulated rate distribution in
the Monte Carlo calculation.



In a narrow-band beam exposure, events in a radial slice around the beam axis have a
well-defined average total energy, known from the decay kinematics [4). For small-y events the total
energy is given predominantly by the muon momentum; at large y, the hadron energy dominates.
This fact has been used to adjust the hadron energy scale relative to the muon momentum scale with
a precision of 1%, scaling the test beam calibration by 2.5%. After this adjustment, the total energy
of events for different y-slices is constant within 1% (Fig. 9). As a result of the rate-dependent
response, we estimate that the overall hadron energy scale had an uncertainty of 2.5% with an offset
of +0.5 GeV.

7.3 Resolution in x and Q?

The finite resolution in the hadron energy and in the muon momentum and angle induces a
smearing of events in x and Qz. At large x the smearing is always dominated by the hadron energy
resolution. At small x and large y the angular resolution dominates the smearing, whereas at small y
the hadron energy resolution contributes significantly, Figure 10 shows the resolution of the detector
in x and Q? for the wide-band beam neutrino spectrum. The solid lines represent the resolution for y
< 0.5, whereas the dashed lines are for y > 0.5; the difference in resolution is very small. Systematic
errors due to uncertainties in the understanding of the detector resolution were inciuded in the overall
systematic errors of differential cross-sections and structure functions.

8. EVENT SELECTION
Events used in the analysis were required to fulfil the following criteria:

- The interaction vertex had to be within modules 2 to 9. This requirement ensured uniform hadron
energy resolution for the entire sample. Events originating in the first module were discarded to
avoid a possible contamination with beam-related muons because of an inefficiency of the
anticounter.

- The distance of the interaction point from the axis of the detector had to be smaller than 160 cm
and larger than 35 cm to assure complete lateral containment of the hadronic shower. The total
mass of the fiducial volume was about 250 t.

- Only events with a single reconstructed muon were accepted.

- The muon had to traverse at least five consecutive drift chambers, i.e. 2 m of iron. In the analysis,
an additional cut was applied at 5 GeV/c on the reconstructed muon momentum.

- The muon track had to be well reconstructed. At least four points and at least half of all available
points along the trajectory had to be used in the fit. At most, half of the muon trajectory was
allowed to be in a non-magnetic region in the centre of the apparatus, and the estimated
momentum uncertainty was required to be better than 30%. The fit probability had to exceed
0.001.

- The sign of the muon momentum had to correspond to the nominal beam polarity.

- The total energy of the incoming neutrino was required to be higher than 20 GeV and lower than
212 GeV. The low-energy cut was introduced to avoid regions of poor acceptance and lower trigger
efficiency, whereas at very high energies smearing becomes more important.

The final event sample consists of 640000 neutrino events and 550000 antineutrino events. Some
details of the event selection are given in Table 1. The total energy distributions of neutrino and

antineutrino events in different radial slices are shown in Fig. 11.



9. MONTE CARLO SIMULATION

A Monte Carlo simulation of the experimental set-up was used to correct observed event rates
for acceptance and detector response.

The neutrino beam energy and radial distributions cannot be reliably calculated. They were
derived in an iterative procedure from the data, assuming a total cross-section rising linearly with
neutrino energy. In the first step, neutrino events were generated using parametrizations of the
observed energy spectrum and of published structure functions [25]. The calculated acceptance was
applied to the data to obtain new energy and radial distributions, and the whole procedure was
repeated until the input and output energies and radial distributions were the same.

Muons were propagated through the detector. Multiple Coulomb scattering and energy loss due
to ionization, pair creation, and bremsstrahlung were taken into account. Radiative energy losses
above 6 GeV were adjusted to agree with the observed distribution of pulse height recorded along the
muon trajectory as a function of muon momentum. Triggering rates were simulated, and the
hadronic energy was reduced to simulate the electronic response. Monte Carlo generated events were
smeared according to the measured resolution function (in the case of hadronic energy) or to the
calculated function (in the case of muon momentum and angle). The smeared Monte Carlo events
were subject to cuts identical to those applied to the data.

The ratio of simulated events accepted, after cuts, in a given x-y-E, bin to the number of events
generated in this bin gave the correction factor to be applied to the observed event rates. It was
verified that the combined acceptance and smearing correction depends only weakly on the input
structure functions. The final correction factor was obtained iteratively, replacing the initial
parametrization of structure functions by a third-order polynomial fit in y to the differential
cross-sections, as determined in this experiment, in every x-E, bin. After this procedure had
converged, the Monte Carlo simulation reproduced well the observed distributions of all kinematical
variables (see Fig. 12). Figure 13 shows the values of the correction factor as a function of x and y at
several typical neutrino energies. In the determination of differential cross-sections, only bins with
combined acceptance and smearing correction in the range 0.7 to 1.3 were retained.

A large sample of Monte Carlo events was reconstructed using the off-line reconstruction
program as a check of possible biases in the pattern recognition and fitting procedure. The
simulation included spurious hits in the shower region as well as 3-rays and noise hits along the muon
trajectory. The distributions of reconstructed track parameters around their true values was in good
agreement with the computed resolution functions for 99% of the events. About 1% of the events
were found in tails of these distributions. These tails were incorporated into the smearing procedure;
their effect on the final results is negligible.

10. DETERMINATION OF DIFFERENTIAL CROSS-SECTIONS

The differential cross-sections were determined in bins of x, y, and E, for both neutrino and
antinenirino interactions. The total epergy was computed as the sum of reconstructed muon
momentum and hadron shower energy. A logarithmic binning in E, was used to reduce variations in
bin population. To facilitate a subsequent extraction of structure functions, a logarithmic binning in
y was also used in such a way that, in a given x bin, different E, and y bins corresponded to the same
value of ». The bin limits are given in Table 2. In every total energy bin the differential cross-sections
were normalized to the energy-independent values of oior/E, = 0.703 x 107 *® em?/GeV per nucleon
for the neutrino case and 0.331 x 107 % ¢m?/GeV per nucleon for the antineutrino one [18]. The
differential cross-sections were determined according to the following formula, which is independent
of the precise shape of the beam spectrum:
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, (10.1)

where

D(x,y,E,), MC®(x,y,E,), and MC2(x,y,E,) denote the data, the Monte Carlo after smearing and

cuts, and the generated Monte Carlo events in this bin;

D(E,), MC*(E,), and MC¥(E,) are the data, the smeared Monte Carlo, and the generated Monte

Carlo events in this neutrino energy interval.

The values of the differential cross-sections determined in this way are averaged over the bin
size. The systematic error of the resulting cross-sections was evaluated by adding, in quadrature, the
changes of differential cross-sections due to
- a change of the hadron energy scale by +2.5%, independently of muon momentum scale;

- a shift of the hadron energy by +0.5 GeV;

- a non-linearity of the hadron energy calibration, corresponding to a change of response by + 4%
over 100 GeV;

- asimultaneous change of the muon momentum scale and the hadron energy scale by +2%;

- an independent change of the resolution on muon momentum, muon angle, and hadronic energy
by £20% of the resolution;

- a change of the shape of the neutrino and antineutrino energy spectra used in the simulation by
+20% over 200 GeV.

The first three effects cover the uncertainties in the corrections for the muon energy loss in the
shower region and in the rate-dependence of the pulse-height response.

The combined systematic error is typically of the order of 5%, except for the region of low »
where the assumed +0.5 GeV shift of the hadron energy causes up to 15% change of the differential
cross-sections. Differential cross-sections were evaluated for bins with » > 5 GeV to ensure sufficient
resolution in hadron energy (AE/E < 25%). The resulting differential cross-sections and their errors
are given in Table 3. The scale errors due to uncertainties in the values of the total cross-sections are
not included in the systematic errors.

Figure 14 shows an example of the differential cross-sections for neutrinos and antineutrinos at
E, = 65 GeV. Scaling violations distort the y distributions considerably at fixed E,. The v
distribution for neutrino-nucleon interactions at large x is not at all flat, as might be expected from
the naive quark-parton model, and neutrino and antineutrino cross-sections at very small x do not
exhibit the expected quadratic y dependence.

11. DETERMINATION OF STRUCTURE FUNCTIONS

The structure functions were calculated from the appropriate combinations of the differential
cross-sections determined according to the previous section, but also corrected for shifts in the
effective bin centre using parametrizations of the structure functions [25]. These corrections are
generally very small, except for the first and the last x bins (x = 0.015 and x = 0.65), where they can
be as large as 7-8%.

The measured cross-sections include contributions from higher-order electroweak diagrams,
whereas the structure functions are defined for the Born approximation only. Therefore radiative
corrections were applied using the calculations of Ref. [26]. These calculations include the complete
set of second-order electroweak diagrams for four-fermion interactions. They agree very well with
other calculations available in the literature [27, 28]. In the quark-parton model they are convoluted
with the quark densities to yield correction factors to be applied to the measured cross-sections. The
dependence of these corrections on the assumed quark densities and their masses is very weak: in



general, the uncertainty of the correction factor in our kinematical domain is smaller than 1%. These
corrections differ from the previously used calculations of Ref. [29] by up to 3% (see Fig. 15),
although at very small x the differences are larger.

For the determination of structure functions from the differential cross-sections, the W
propagator was taken into account using mw = 82 GeV/c? [30, 31]. Fermi-motion corrections were
not applied. A correction for the neutron excess in iron was included in the evaluation of the
structure function using dv/u, = 0.55(1 --x) for the ratio of the valence-quark distributions in the
proton [32].

In order to reduce the number of independent structure functions, approximate charge
symmetry for AS = 0 and AC = 0 transitions is assumed, implying fori = 1, 2, and 3,

Fi;p — Fm

1

rn
F* = F]".

1l

A correction for AS = AC = | transitions was applied according to the quark-parton model. The
charm content of the nucleon has been neglected. All structure functions in the following correspond
to an isoscalar target.

The uncertainties in the structure functions due to the errors of the total neutrino and
antineutrino cross-sections were estimated, allowing for a deviation from linearity of ¢*/E, of 7%
over 160 GeV centred at 50 GeV and for a 1% variation of the absolute values of these cross-sections.
These errors are treated as being independent for neutrinos and antineutrinos. The resulting
uncertainties for all structure functions are listed separately from other systematic errors. An
additional common scale error of the cross-sections of 3% has to be applied to all structure
functions.

11.1 The structure function xFs(x,Q%) )
The average structure function xFa(x,Q?%) = 1/2[xF4x,Q%) + xFi(x,Q%)] was obtained from the
difference between neutrino and antineutrino cross-sections according to the formuia

AFax,Q7) = 1 T/ dxdy) — (d%°F¢ /dxdy)
MR T 10—y + 28y + 1 -y - uy QD]

(11.1)

where
__N—~Z y 1 — ds/uy
N+ Z 1+ dy/uy

6

(N is the number of neutrons; Z is the number of protons). The term proportional to 6 is the
correction for the non-isoscalarity of the iron nucleus.

In the extraction of the structure function, only bins with ¥y > 0.1 were used. Values of
xF3(x,Q?) corresponding to the same x and QZ, but different E, and y, were averaged. The systematic
errors were estimated by adding, in quadrature, changes of the function due to the systematic effects
listed in Section 10. At small x the systematic error of XxF3 is dominated by the uncertainty in the
antineutrino to neutrino cross-section ratio and its possible dependence on the neutrino energy. The
systematic errors due to these cross-section uncertainties are given separately. The values, the
statistical and the systematic errors are given in Table 4 and shown in Fig. 16. The structure function
xF; evaluated at the same x and Q? but different y should be independent of y. Figure 17 shows that
this is the case within statistical errors. This confirms the systematic quality of the measurement.



11.2 The structure functions F»(x,Q?%) and 2xF(x,Q?)
Assuming that xFj = ng, the sum of neutrino- and antineutrino-nucleon differential
cross-sections is a linear combination of F2(x,Q?%) and 2xF;(x,Q?) with coefficients depending on y:
d2N dzoiN

+ = 200 [ V2 y*2xF1 + (1 — v ~ Y2 Mxy/E,)F1] . 11.2
axdy T dxdy go [ /2y° 2xF1 + ( y 2 Mxy/E,)F3] (11.2)

In order to separate the two functions, an assumption on their difference, or on the ratio
R(x,Q%), is nceded. The large experimental uncertainty in R, especially at small values of x, causes
sizeable uncertainties in the resulting structure functions. The correction due to R depends on the
average value of y of the events used. Therefore the data are presented in the form of a y-dependent
function which allows a determination of 2xF, and F: for any possible value of R. An auxiliary
function Fu(x,Q%) is defined as a weighted average of Fa(x,Q%) and 2xF;(x,Q%) with weights
depending on the y range used for its determination:

Fu(x,Q%) = (a)y 2xF1(x,Q% + (1 — (@)y) F2(x,Q?) (11.3)

with
@)y = ((v)/2/1y*/2 + (1—y) — Mxy/2E,)}y . (11.4)

From the tabulated values of F. and {a)y, the structure functions 2xFy and F; for any given value of R
can be obtained as

. Fu(x,Q”)
2RQ) = g @) R — Q¥/v)/(1 + /%) (11.5)
2 _ FW(X!QZ)
F20,Q%) =17 (11.6)

(a)y (Q*/»* — RY/(1 + R)

The difference between F, 2xF;, and F, assuming a parametrization of R as Ro(x,Q%) = 1.5 x
(1 — x)*/In(Q?/0.2%), is shown in Fig. 18. This parametrization is consistent with the results presented
in subsection 11.4.

Th_e strange and charmed seas are not necessarily equal, therefore the structure functions xF3
and xF3 are expected to differ slightly. As a result, they do not cancel completely in the sum of
cross-sections. The quark-parton model was used to calculate a correction for this effect. We have
assumed that the strange sea has the same x distribution as the non-strange sea, and we have
neglected the charm content of the nucleon. The normalization of the strange sea was taken to be
C: = xs{x)/q(x) = 0.1. This number was derived from opposite-sign dimuon rates at hadron energies
< 50 GeV, but not corrected for slow rescaling effects [33].

With the corrections for the strange sea and the non-isoscalarity of the iron nucleus taken into
account, the final formulae for F, and (a), become

(11.7a)

¥o

1/ (- Ad@F/dxdy + 0 + A%’ /dxdy
Fw(x,QZ) = _
209" + Gy = ay) + 1 —y = Yy’ Q@1

and
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2y% + Coly = V2y?)
W=\ Y - P T 1 G- L (11.75)

where

_ G-CHll - 1-y7
1--yP+8[1 +Jd-y)7+ 25°Q¥ )

The values of the auxiliary function Fw and the corresponding values of the weights (a)y for all
available x and Q* data points are given in Table 4 together with the systematic errors. As in the case
of xF3, the third error reflects the uncertainty due to possible errors in the neutrino and antineutrino
total cross-sections.

The uncertainty in the structure function F», which is due to insufficient knowledge of R, may be
reduced by limiting the determination of the structure function to the region of small y. To achieve
this, only those data points in x, y, and E, were used, for which the difference between the values of
F2, as determined assuming R = 0 and R = Ry, is smaller than the combined statistical and
systematic errors. The results of this determination are given in Table 4. They are compared in
Fig. 19 with the structure function F; obtained from the measured values of Fy, using R = Ro(x,Q?.

Charm production, which is of the order of 10% in neutrino interactions, will lead to a partial
suppression of the measured cross-sections owing to the mass of the c-quark. This, in turn, affects a
comparison of the structure functions with those measured in other processes such as charged lepton
scattering, p-pair production, or high-pr jet production. The slow rescaling modetl [34] is usually used
to correct the differential cross-sections for this effect. The magnitude of the slow rescaling effect on
F2 and the strange-sea correction mentioned above are shown in Fig. 20.

11.3 The structure function 7'(x,Q%)

The contribution of left-handed constituents to the antineutrino-nucleon scattering is
suppressed by (1 —y)°. This fact is used to determine the right-handed antiquark content of the
nucleon, §°(x,Q%) = x(@i + d + 25). The combination of differential cross-sections

d2 U';N dz OJIN

axdy (1-y)y Gxdy aoffl — (1 -HT + [A - y) — (A - y)JFy) (11.8)

is a linear c_:ombination of c‘f’(x,Qz) and the longitudinal structure function Fr(x,Q?). The structure
function §” (x,Q?) can be evaluated once Fr(x,Q?) is known. In analogy with the F2 and 2xF) cases,
we define an auxiliary function

G (6,Q?) = bl T(%,Q) +( - B})FLx,QD) . (11.9)

‘With all corrections taken into account, Gw is defined as

(11.10)

Gu(x,Q%) = (1 + 8)d%a™/dxdy — (1 — 8)(1 — y)*d2eFe/dxdy
Qw X,Q - ooB 1+ (1 —y)z - 2Cs(1 _ y)Z/(I T Cs) T (1 — y) ,

where
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B=1-(-y?+381+Q1-y3,

14 (1-y)?-2C -y)*/(1+Cy)
1+ Q-9 -2CA-y/(1+C)+(1-7y) y‘

{bly =

The values of the resulting function gw(x,Q?) with their statistical and systematic errors and the
corresponding values of (b)y are given in Table 4. With an assumption on the value of Fr, the
structure function g’ (x,Q?) can be extracted from § + using the relation

- 1
3’ x,Q%) = [G+(x,Q% — (1 — b)y)FL(x,Q] . (11.11)
bd

Figure 21 shows the antiquark distribution evaluated assuming Fy = Ro(x,QZ) «2xF1.

11.4 Separation of the structure functions F1(x,Q% and §"(x,Q?)

The difference between antineutrino and neutrino cross-sections defined in Eq. (11.8) is a
combination of the structure functions ﬁ;’(x,Qz) and Fr(x,Q?%). The two components can be separated
as their y dependence is different. To reduce the systematic error due to the uncertainties in the
neutrino and antineutrino cross-section ratio, only points with y > 0.5 were used in the analysis. The
differential cross-sections were determined according to the procedure described in Section 10.
However, the binning in y was modified to optimize the range available for fitting (see Table 2); in
particular, the upper edge of the highest-y bin was chosen to be ymax = 1 — p,"™/E, to reduce the
acceptance correction. The differential cross-sections were corrected for shifts to the bin centres, for
non-isoscalarity, and for the strange sea as described above. Radiative corrections and the W-boson
propagator effect were taken into account. A two-parameter fit was performed for each x and Q2
point, vielding Fr and ﬁ"—. An example of the y distribution at fixed x and Q?, and a fit to it, is shown
in Fig. 22. The results of these fits were averaged over Q” to obtain the values of F(x) and ﬁ"_(x)
given in Table 5 and shown in Figs. 23 and 24 (notice that the average value of Q? is proportional to
x). Their systematic error was estimated by adding, in quadrature, variations of the results due to the
systematic effects already described, including the uncertainties of the energy dependence of the total
cross-sections. The values of Fy(x) fall with x in a way that is consistent with QCD expectations. In
the case of neutrino-induced reactions, a sizeable contribution to the longitudinal structure function
is expected owing to the effects of the finite c-quark mass [35]. For the same reason, the observed
antiquark distribution may be reduced. To estimate the size of this effect, we have determined the
values of Fy. and g v using differential cross-sections corrected according to the slow rescaling model
[34]. The resulting structure functions are shown as open points in Figs. 23 and 24. The values of the
longitudinal structure function can be converted to R using values of 2xF, derived from Table 4,
assuming R = Ro(x,Q?). In Fig. 25 they are compared with the measurement obtained previously
from narrow-band beam data [36]. They agree within stated errors. The present results are, however,
more precise, chiefly owing to the increase in the statistics.

We have repeated the analysis in coarser x-bins and averaging over only parts of the available Q?
range to look for a possible Q? dependence of Fy. The results, given in Table 6 and shown in Figs. 26
and 27, indicate a fall of Fy with Q* and demonstrate the rise of the sea with increasing Q2. The
larger errors in the antiquark distribution are primarily due to the intrinsic correlation with Fy(x,Q?),
which cannot be determined more precisely without further assumptions.

11.5 Limits on the structure function F»(x) at large x
The observation of a difference between the nucleon structure functions determined from muon
scattering on iron and on deuterium [37] has created considerable interest in nuclear effects in
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deep-inelastic scattering. The presence of collective phenomena inside the nucleon, such as
multinucleon bags or clusters, may lead to a non-vanishing cross-section for scattering at values of x
exceeding 1. In principle, for neutrino scattering off a nucleus, the kinematically allowed x-values
range from zero to A, where A is the atomic number.

The measurement of the structure functions at very large values of x is difficult. The resolution
in x is poor, primarily because of the resolution in hadron energy at low values of ». The smallness of
the cross-section makes the observed event rates very sensitive to tails of the resolution functions. An
upper limit on the structure function can be set by all observed events, without any allowance for
smearing effects. Sufficient resolution is maintained if » > 20 GeV. A possible contamination of
wrong-signt muons is reduced by imposing p, < 80 GeV/c. The p, and » cuts may be translated to a
total energy-dependent yo: = max [20/E,, (1 — 80/E,)]. Figures 28 and 29 show that the total-energy
distributions and the y distributions of events with x > 0.8 and x > 1.0 are very similar to the
distribution of all events for neutrinos and of events with x > 0.45 for antineutrinos. The observed
number of events with x > 0.8 were corrected for the acceptance, assuming a flat y-distribution.
Ignoring the sea contribution at very large x, we have implied that the differential cross-section is
proportional to Fa(x). The corrected number of events in each x bin can then be expressed as

Xz'

| axFao, 1.12)

¥

2
N(x; < X < X3) = de, H(E.) GF:IE’
where N(x; < x < Xy) is the number of events corrected for p, and » cuts, and é(E,) is the neutrino or
antingutrino flux. _

The integrated flux is given by the observed event rates with x > 0, assuming the value of the
total cross-section as discussed above. The upper limits on the structure function F obtained from
neutrino and antineutrino data were averaged; the results after bin centre correction are shown in
Fig. 30 and in Table 7. The systematic errors are dominated by uncertainties in the hadron energy.

The number of events with x > 1 is fully consistent with the expectation from smearing effects
due to resolution, thus leaving little room for a genuine structure function. We observe that the long
tails in the Fermi momentum distribution of Ref. [38] are inconsistent with the data. This conclusion
is independent of the resolution and of the actual shape of the structure functions for x > 0.65
(Fig. 30).

12. COMPARISON WITH QCD PREDICTIONS

Perturbative QCD does not make any prediction about the shape of structure functions F», 2xF,
and xF;, but describes their evolution with Q*. The magnitude of a change of the structure function
with Q depends on the value of the strong coupling constant a(Q?) or equivalently on the QCD scale
parameter A. In leading order they are related through

2 _ 4
Q) = M = TnimoA (12.1y

where nf is the number of active quark flavours. The Q2 evolution of the non-singlet structure
function xF; is particularly simple since it depends only on A. The structure function xF; is therefore
very suitable for an unambiguous determination of this parameter.

The scaling violations of the singlet structure functions F» and 2xF, depend also on the gluon
structure function. This fact permits a determination of the shape of the gluon distribution, in
addition to A.
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The structure functions determined in this experiment exhibit the familiar pattern of scaling
violations: with increasing Q2 there is a rise at small values of x, a fall at large x, and an increase of
the quark-antiquark sea (Figs. 1b, 19, and 21). Equivalently, the comparison of the structure
functions determined at three different values of Q? exhibits a clear shrinkage (Fig. 31).

12.1 Moments of structure functions
QCD predictions for scaling violations are most conveniently expressed in terms of moments of
the structure functions, defined as

1

Mr(Q?) = 5 dx x"2 f(x,Q%) , where f = 2xFy, F2, or xF; . (12.2)
0

Owing to kinematical limitations, however, the shape of the structure functions cannot, in general,
be measured over the entire x range for a given Q?. From the experimental point of view it is
therefore desirable to study the scaling violations as a function of » rather than of Q?, since the whole
range of x is kinematically accessible at any fixed value of ». The QCD predictions for the moments
at fixed » are, however, much weaker. We have calculated the integrals and average values of x for
xFsi, F2, and c“f’ as a function of » (Fig. 32). Contributions to the integral from the region x > 0.7
were estimated using the fitted shape of the structure functions, assuming a (1 — x)® behaviour near
x = 1. These contributions were below 10% for all moments presented here. The moments show
quantitatively the increase in the amount of sea with » and the shrinkage of all structure functions,
especially for » < 50 GeV, as expected from QCD.

The Gross-Llewellyn Smith [39] sum rule can be expressed in terms of the first moment of xF;
calculated at fixed » [40]:

1

1
S dx ;xF;(x,v) =3 [1 - 2.36

0

(12.3)

T

as(ZM v)]
In Fig. 33 we have compared the measured moment with this prediction. The data clearly indicate the

presence of the o, term. The difference between the data and the prediction at low » may be
attributed to sizeable contributions from low Q?, where perturbative QCD may not be valid.

12.2 A comparison of xF; with QCD and a determination of A
Given the shape of the valence-quark structure function qv at some Q3, its evolution to any value
of Q? is predicted in QCD by the Altarelli-Parisi equation [41]:

1
dgv(x,Q) _ Q) 5 dz

X X 2 .
din QZ = 2 ; PQQ(E) 4(z,Q%) ; (12.4)

‘z
av can be identified with xFs after target mass corrections. In contrast to the moments, no analytic
solution exists. Several computer programs are available to calculate the Q? evolution, including
next-to-leading-order corrections in the MS scheme and target mass effects. We have made a detailed
comparison of three different programs [42-44] and found good agreement in leading order and in
the treatment of the target mass effects. Differences in the next-to-leading order did not seriously
affect the results of our fits. In the following we have compared the results on xF3; with the QCD

predictions, using the program of Ref. [42]. The shape of the valence-quark structure function was
parametrized at Q3 = 5 GeVZas
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av(x,Q% = Ax*(1-x%(1 +vx)/B .

The factor B is a normalization factor chosen so that A can be interpreted as the number of valence
quarks; A, «, B8, and v are free parameters. The »* was computed using statistical and systematic
errors added in quadrature. This prescription decreases the weight of points, which suffer large
systematic uncertainties in the fitting procedure. On the other hand, the absolute value of the %* loses
its statistical meaning. Fits were performed in next-to-leading order, including target mass effects
[45] for different cuts in Q* and W2. A fit to all data with Q> > 2 GeV? is shown in Fig. 16.
Systematic deviations of the measured values from the best-fit lines are observed in the large-x
region, occurring at relatively low values of W?, and in the small-x region where the data tend to rise
with Q% more quickly than is predicted by QCD, especially at low values of Q>. However, in view of
the large systematic errors in this regime, due to the uncertainty in the neutrine total cross-section,
this cannot be considered significant. The best-fit values for A in the second-order QCD program
developed by Abbott and Barnett [42] are shown in Fig. 34 as a function of minimum Q? and
minimum W2, Other second-order programs [43, 44] give values of A larger by (10-30)%. The most
important result here, in our opinion, is the fact that the QCD predictions for the Q* evolution of the
non-singlet structure function, to our knowledge the most quantitative, direct and unambiguous
prediction of QCD, are confirmed by experiment for reasonably large Q°. For W2 > 11 GeV? and
Q% > 10 GeV?, the value of A 773 is 10028} MeV. The resulting fit parameters are given in Table 8.

A simple illustration of QCD predictions is provided by the x-dependence of the logarithmic
derivative d In F/d In Q? of a structure function F, later referred to as ‘slope’. Figure 35 shows the
slopes of xFs calculated for two different choices of the kinematic domain. The error bars take into
account the correlations induced by systematic effects. The » cut was chosen to keep an equal number
of high-Q? points in every x bin, although the average Q varies from bin to bin.

As in Fig. 16, deviations from the QCD expectations are observed, but since the systematic
errors dominate and are strongly correlated between neighbouring points, we do not consider these
differences to be significant. The difference between the calculated slopes and the QCD prediction
becomes less significant for slopes computed for high Q? and » cuts, indicating the presence of
non-perturbative effects at the low-Q? end of the range covered by the data.

12.3 A comparison of differential cross-sections with the QCD predictions
and a determination of the gluon distribution
The evolution of the singlet-quark distributions qs such as F2 or 2xF; is coupled to the gluon
distribution, as given by the Altarelli-Parisi equations [41]:

1

d:sl(z’gj) _ as;(jz) 5‘ XZSZ [qu(9 as(z,Q%) + 2n¢ Psq( ) G(z,Q )] (12.5a)
dffg’g? QS(Q) i xz [qu(g) 0(2,Q%) + Py (Z) G(z,Q%) ] . (12.5b)

It has been observed that in the QCD fits to the singlet structure function there exists a strong
correlation between the value of A and the shape of the gluon distribution [13]. To reduce this
correlation, some other experimental information is needed. The measured antiquark distribution

15



was frequently used for this purpose, although it is not a completely independent measurement; its
correlation with Fz was always ignored.

The extraction of the singlet structure function depends on the assumed value of R, which in
turn depends strongly on the unknown gluon distribution. However, the gluon distribution fitted to
the Q? variation of F, or 2xF; is not necessarily consistent with the assumption on R. To avoid these
problems we have performed fits to the differential cross-sections rather than to the structure
functions. At Qf = 20 GeV? we have parametrized

a4v(x,Q3) = Avx® (1 —x)" (1 + 1x)/By ,
qs(x,Q}) = qv (x,Q}) + Ase " (1-x),
G(x,Q¥) = A, (1-x)°s.

The constant Ay was calculated from the Gross-Llewellyn Smith sum rule and 1/B, = | dx x 1
(1-x% 1+ vvX); all the other parameters were free. This particular ansatz for the difference gs - qs,
which in the parton model is twice the sea-quark distribution, gives among several parametrizations
the best x>. At every iteration the value of R, as well as target mass corrections, were evaluated. The
resulting structure functions were used to compute neutrino and antineutrino cross-sections
according to Eq. (2.1). Differential cross-sections were corrected for slow rescaling and shift of the
bin centre; radiative corrections and the W-boson propagator were taken into account also.
Statistical and systematic errors were combined in quadrature. Potential changes in the
normalization and the energy dependence of the total cross-sections were studied separately.

Fits were performed in leading order only, using a modified version of the program of Ref. [42].
The momentum sum rule {dx (q + @+ G) = 1 was not enforced. All data points with Q* > 5 GeV?
and W? > 11 GeV? were used in the fit. The fits describe the measured cross-sections satisfactorily,
yielding a x* of the order of 505 for 855 degrees of freedom. Examples of the agreement of the fitted
curves with the measured values of the differential cross-sections and the extracted structure function
F» are shown in Figs. 14 and 19. The value of A was found to be independent of the integral and of
the shape of the quark and gluon parametrizations. A x° minimum is observed around
A = 130 MeV, .

In order to estimate the uncertainty in the gluon distribution we have tried, in addition to the
functional forms mentioned above other parametrizations for G and g.. The fits are not sensitive to
more than two parameters in the parametrization of G{x,Q?). The variation of the functional forms
of G and q; introduces uncertainties in the determination of the gluon distribution of about equal
size, in total £20% at x = 0.08 and +30% at x = 0.35. The largest uncertainty in the gluon
distribution arises from the energy dependence of the total cross-sections. These systematic errors
induce an additional uncertainty in the gluon distribution of = 30% at x = 0.08 and up to = 40% at
x = 0.35. Figure 36 displays the gluon distribution; the errors due to parametrizations and total
cross-sections are given separately.

The gluon distribution appears to be soft, concentrated in the region x < 0.4. The difference to
our previously published gluon structure function can be ascribed to the treatment of R(x,Qz) and to
the difference in the energy dependence of total cross-sections. The complete set of parameters for
the typical fit are given in Table 9. Figure 37 shows the corresponding shapes of the quark and gluon
distributions at Q> = 20 GeV2. '
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13. COMPARISON OF STRUCTURE FUNCTIONS WITH OTHER MEASUREMENTS

Our previously published structure functions were determined from the narrow-band beam data
taken in 1978/79 [15]. Owing to the flat neutrino spectrum, the systematic errors were smaller than
for the data reported here. A comparison of the shape of differential cross-sections in Table 3 with
those derived from the old data using the procedure described in Section 10 shows agreement at the
level of 5-10%. A comparison of structure functions with other published ones should take into
account the following differences in their extraction:

- The total cross-section g:,:/E, was assumed to be independent of energy and equal to 0.703 X
10~ * cm?/GeV per nucleon for the neutrino and 0.331 X 10~ % cm?®/GeV per nucleon for the
antineutrino case. In the past, the energy dependence of the total cross-sections was contained in
the data themselves. The average value of gii/E, for 40 < E, < 90 GeV for the data of Ref. [15]
was 0.62 X 10 ~* cm?/GeV per nucleon for neutrinos and 0.30 x 10~ ¢cm?/GeV per nucleon
for antineutrinos, approximately 10% lower than the more recent cross-section measurements.

- Different radiative corrections were applied.

- The strange-sea correction (in the case of the F; structure function) is evaluated in this analysis
using Cs; = 0.1 rather than 0.2.

- A constant value of R = 0.1 was used in the past. The sensitivity of F2 to the R correction
depends on the total energy spectrum.

We have extracted values of the structure function Fa(x,Q%) from the old data, using the procedure

described in Section 11. Figure 38 shows their comparison with the structure functions determined in

this analysis. The agreement between the two data sets is reasonably good, at the level of 5-10%,

Figure 39 shows the comparison of the values of R(x) with those obtained in other deep-inelastic
scattering experiments at high Q2 using neutrino [46] and muon beams [47, 48]. These measurements
correspond, in general, to different values of Q2. There is agreement that at large x and high Q? the
value of R is very small, less than 0.05, whereas at small x it goes up to ~ 0.3. Large statistical errors
do not permit any conclusions about the Q* dependence of R. On the other hand, the comparison of

our results with those of the recent SLAC experiment at low energy [49] (Fig. 40) indicates a

significant variation of R with Q.

Figure 41 shows the comparison of the values of the structure function xFs(x,Q%) with the
neutrino data of Refs. [16] and [17]. The agreement, within error bars, is very good.

Within the quark-parton model there is a very close connection between the structure function

F» measured in neutrino- and charged-lepton-induced reactions given by the average square of

electric charges of the quarks. This comparison may be affected by the change of the flavour

composition of the nucleon as a function of x, and by different threshold effects due to the c-quark
mass. Figure 42 shows the comparison of the structure function Fa(x,Q?) with the measurements of
the EMC [47] and BCDMS [48] Collaborations multiplied by 18/5. For the purpose of this
comparison the data have been corrected for slow rescaling and extracted using R = 0. At large
values of x, all three experiments agree very well. In the small-x region the two muon experiments
disagree; our structure function is higher than the EMC measurement by 5-10% but exhibits similar

Q2 variation. Scaling violations seen in the neutrino and muon data are compared in Fig. 43, where

the logarithmic derivatives of the structure function F2(x,Q% are shown. All high-Q* data agree

reasonably well at large x, whereas there is a systematic difference between slopes at small x.
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The structure function Fa(x,Q?) is evaluated using only the small-y region to minimize

Table 4

Values of the auxiliary functions
Fw, a, Gw, b, and the structure functions xF3 and F; as a function of x and Q%

the uncertainty due to R. The first error is statistical, the second is systematic,
and the third gives the uncertainty associated with errors in the total cross-section.

The systematic uncertainties on F; are equivalent to those listed for Fu.

x = 0.015

Q2 a Fyw Fa xF; Qw b

0.19 0.051 0.559 +£0.013 0.559 £ 0.013 0.106 +0.048
+0.053 +0.030
+0.006 +0.020

0.25 0.082 0.633 +£0.013 0.633 +0.013 0.123 £0.036
+0.049 +0.026
+0.005 +0.015

0.33 0.127 0.690 +0.012 0.690 +0.014 0.181 +£0.027 0.197 +0.011 0.709
+0.048 +0.023 +0.029
+0.004 +0.012 +0.012

0.43 0.212 0.740 +0.012 0.758 £0.016 0.222 +£0.021 0.196 £0.007 0.747
+0.048 +0.020 +0.024
+0.005 +0.011 +0.011

0.56 0.211 0.868 +0.014 0.857 +0.019 0.252 £0.025 0.257 £0.009 0.746
+0.049 +0.019 +0.021
+0.006 +0.010 +0.011

0.72 0.208 0.926 +0.014 (.922 +0.019 0.258 +£0.026 (.288 +0.010 0.742
+0.052 +0.019 +0.021
+0.008 +0.012 +0.011

0.94 0.236 0.985 +0.014 0.971 +0.020 0.290 +0.024 0.284 £0.011 0.743
+0.057 +0.019 +0.023
+0.012 +0.014 +0.011

1.22 0.281 1.057 £0.016 1.086 +=0.028 0.251 +0.025 0.328 +0.012 0.742
+0.064 +0.021 +0.027
+0.016 +0.018 +0.013

1.59 0.467 1.159 +£0.016 1.167 +£0.046 0.312 +0.022 0.370 +0.011 0.807
+0.072 +0.024 +0.034
+0.021 +0.023 +0.014

2.06 0.533 1.260 £0.020 | 1.067 +0.084 0.285 +0.026 0.441 +0.014 0.820
+0.081 +0.027 +0.044
+0.026 +0.030 +0.017

2.68 0.617 1.314 :1:0.028 0.288 +0.033 0.467 £0.020 0.838
+0.093 +0.032 +0.056
+0.033 +0.038 +0.019

3.48 0.680 1.455 +£0.047 0.294 +0.055 0.546 +0.038 0.858
+0.106 +0.038 +0.070
+0.040 +0.048 +0.023

4,53 0.745 1.741 £0.114 0.144 +0.133 0.756 +0.106 0.877
+0.120 +0.044 +0.087
+0.049 +0.059 +0.027
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Table 4 (cont’d)

x = 0.045
Q? a Fyw F, xF3 Ojw b
0.58 | 0.049 0.835 £0.017 0.834 +0.0i7 0.415 +0.064
+0.084 +0.059
+(.006 +0.024
0.76 0.081 0.890 +0.015 0.889 +0.015 0.328 +0.045
+0.075 +0.050
+0.005 +0.020
0.99 0.125 0.963 +0.015 0.968 +0.017 0.377 £0.035 0.214 +£0.013 0.709
+0.069 +0.043 +0.029
+0.006 +0.017 +0.012
1.28 0.212 1.043 +0.014 1.074 +£0.020 0.425 +0.026 0.235 £0.008 0.747
+0.065 +0.038 +0.025
+0.008 +0.016 +0.012
1.67 0.218 1.142 +£0.016 1.159 +0.022 0.414 +0.029 0.290 +0.009 0.747
+0.064 +0.034 +0.023
+0.012 +0.016 +0.011
2.17 0.221 1.219 +0.016 1.233 +0.023 0.436 +0.029 0.332 +£0.011 0.743
+0.065 +0.031 +0.,023
+0.016 +0.017 +0.011
2.82 0.243 1.284 +0.016 1.286 +0.024 0.457 £0.027 0.336 +£0.012 0.743
+0.068 +0.031 +0.024
+0.021 +0.020 +0.012
3.66 | 0.283 1.281 4:0.017 1.329 £0.032 0.441 +0.028 0.335 £0.012 0.743
+0.073 +0.032 +0.028
+0.027 +0.024 +0.013
4.76 0.459 1.446 =£0.019 1.511 +0.053 0.562 +0.025 0.382 +0.011 0.808
+0.081 +0.034 +0.033
+0.034 +0.030 +0.014
6.19 | 0.546 1.401 +0.021 1.540 +0.104 0.542 +0.026 0.378 +£0.013 0.822
+0.092 +0.039 +0.041
+0.042 +0.037 +0.016
8.04 | 0.614 1.477 £0.029 0.558 +0.034 0.416 £0.019 0.841
+0.104 +0.045 +0.050
+0.052 +0.045 +0.019
10.45 0.666 1.491 +0.045 0.518 +0.053 0.453 +0.035 0.851
+0.119 +0.053 +0.061
+0.062 +0.055 +0.021
13.59 | 0.745 1.388 +0.083 0.550 +0.096 0.404 +0.071 0.877
+0.137 +0.062 +0.074
+0.073 +0.067 +0.025




Table 4 (cont’d)

x = 0.080
Q? a Fu F; xFs3 qw b
1.04 0.049 1.031 +0.017 1.030 £0.017 0.599 +0.065
+0.100 +0.065
+0.009 +0.031
1.35 | 0.077 1.067 +0.015 1.065 £0.015 0.469 +£0.046
+0.089 . +0.056
+0.008 +0.025
1.75 0.126 1.104 +£0.015 1.102 +0.015 0.494 +0.033 0.219 £0.012 0.709
+0.080 +0.048 +0.040
+0.007 +0.021 +0.012
2.28 | 0.207 1.159 +£0.014 1.165 +0.016 0.591 +0.025 0.219 £ 0.007 0.747
+0.073 +0.043 +0.034
+0.008 +0.018 +0.011
2.96 | 0.225 1.220 +0.015 1.252 £0.018 0.601 0,026 0.234 £ 0.008 0.749
+0.069 +0.039 +0.029
+0.010 +0.017 +0.010
3.85 0.217 1.299 +0.015 1.288 +0.017 0.661 +0.027 0.248 +0.009 0.746
+0.067 +0.036 +0.026
+0.012 +0.017 +0.009
5.01 0.237 1.332 £ 0.015 1.330 +£0.017 0.649 +0.025 0.296 +0.010 0.743
+0.067 +0.036 +0.025
+0.016 +0.019 +0.009
6.51 0.277 1.354 £0.016 1.387 +£0.020 0.652 +0.026 0.292 £0.011 0.745
+0.070 +0.037 +0.025
+0.020 . +0.023 +0.01¢
8.46 | 0.457 1.408 £0.016 1.420 +0.027 0.706 +0.021 0.305 £0.009 0.812
+0.075 +0.039 +0.026
+0.026 +0.029 +0.011
11.00 0.526 1.440 +0.020 1.481 +£0.043 0.744 £0.024 0.311 £0.011 0.824
+0.082 +0.044 +0.029
+0.032 +0.036 +0.012
14.30 | 0.599 1.440 +0.025 1.606 +0.089 0.715 +0.030 0.332 +0.015 0.838
+0.092 +0.050 +40.033
+0.040 +0.045 +0.015
18.59 0.665 1.483 +0.038 0.752 £0.044 0.345 +0.025 0.855
+0.104 +0.058 +0.039
+0.048 +0.055 +0.017
24.16 | 0.745 1.481 +0.069 0.997 £0.076 0.234 +0.045 0.877
+0.118 +0.068 +0.047
+0.057 +0.067 +0.020
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42.

Table 4 (cont’d)

x = 0.125
Q? a Fy F, xF3 Gw b
1.62 | 0.048 1.050 £0.016 1.048 £0.016 0.654 +0.060
+0.094 +0.056
+0.008 +0.027
2.11 | 0.076 1.102 +0.015 1.100 +0.015 0.660 +0.043
+0.080 +0.050
+0.007 +0.023
2.74 0.121 1.125 +£0.014 1.122 +£0.014 0.669 +0.032 0.173 +0.011 0.710
+0.068 +0.046 +0.021
+0.008 +0.020 +0.008
3.56 | 0.205 1.136 £0.013 1.157 £0.015 0.690 +0.023 0.163 £ 0.006 0.750
+0.059% +0.043 +0.017
+0.009 +0.018 +0.008
4.63 | 0.220 1.178 +0.014 1.191 +£0.016 0.694 +0.024 0.183 +£0.007 0.748
+0.054 10.042 +0.015
+0.011 +0.018 +0.008
6.02 0.222 1.241 +0.013 1.236 £0.016 0.732 +0.023 0.207 +0.008 0.746
+0.050 +0.041 +0.014
+0.014 +0.019 +0.008
7.82 | 0.239 1.290 +0.013 1.299 +0.015 0.809 +£0.022 0.191 +0.008 0.745
+0.050 +0.042 +0.013
+0.017 +0.022 +0.008
10.17 | 0.275 1.259 +0.014 1.278 £0.018 0.781 +0.023 0.201 +£0.009 0.745
+0.052 +0.044 +0.014
+0.022 +0.026 +0.009
13.22 | 0.449 1.300 +0.014 1.320 +0.024 0.793 +£0.019 0.221 +0.007 0.812
=+ 0.057 +0.047 +0.016
+0.028 +0.031 +0.009
17.18 | 0.521 1.293 +0.017 1.269 +£0.034 0.829 +0.021 0.209 +0.008 0.830
+0.065 +0.052 +0.019
+0.035 +0.037 +0.010
22.34 0.593 1.286 +0.021 1.342 +0.071 0.819 +0.025 0.216 +£0.011 0.843
+0.075 +0.057 +0.024
+ 0.043 +0.045 +0.011
29.04 | 0.652 1.255 +0.030 0.833 +0.034 0.200 +0.018 0.855
+ 0.088 +0.064 +0.029
+0.051 +0.054 +0.012
37.75 |- 0.745 1.310 £ 0.060 0.820 +0.067 0.236 +0.045 0.877
+0.104 +0.073 +0.036
+0.061 +0.065 +0.014




Table 4 (cont’d)

x = 0.175
Q2 a Fy F, xF; Qw b
2,27 | 0.051 1.017 +£0.015 1.015 +0.015 0.671 £0.057
+0.063 +0.035
+0.000 +0.027
2.95 : 0.075 1.069 £0.015 1.066 +0.015 0.751 £0.044
+0.055 +0.035
+0.008 +0.023
3.83 | 0.123 1.075 £0.013 1.071 £0.013 0.753 £0.031 0.133 £0.010 | 0.710
+0.048 +0.035 +0.018
+0.007 +0.020 +0.007
4.98 | 0.200 | 1.071 £0.013 1.081 +£0.014 0.753 +0.023 0.121 +0.005 | 0.751
+0.044 +0.035 +0.015
+0.008: +0.018 +0.006
6.48 | 0.214 | 1.092 £0.013 1.103 +£0.016 0.776 +£0.024 0.124 £0.006 | 0.750
+0.041 =0.035 +0.013
+0.009 +0.017 +0.006
8.42 | 0.210 | 1.139 +£0.013 1.117 +0.015 0.830 +0.023 0.135 £0.007 | 0.748
+£0.039 +0.036 +0.011
+0.012 +0.017 +0.006
10.95 | 0.239 | 1.132 £0.012 1.136 +0.014 0.810 +0.021 0.138 £0.007 | 0.745
+0.040 +0.037 . +0.011
+0.015 . +0.019 +0.006
14.24 | 0.275 1.131 +0.014 1.154 £0.017 0.796 +0.021 0.137 +0.008 | 0.746
+0.042 +0.038 +0.011
+0.018 +0.022 +0.006
18.51 | 0.432 | 1.146 +0.014 1.122 +0.021 0.338 +0.018 0.142 +0.006 | 0.818
. +0.046 +0.040 +0.011
+0.023 . +0.027 + 0.006
24.06 | 0.520 | 1.149 +£0.016 1.173 £0.034 0.819 £0.019 0.146 +£0.007 | 0.831
+0.051 +0.042 +0.013
+0.029 +0.032 +0.007
31.28 | 0.594 . | 1.118 +£0.019 1.135 +0.062 0.846 +0.022 0.127 +0.008 | 0.849
+0.059 +0.044 +0.015
+0.035 +0.039 +0.008
40,66 | 0.663 1.102 +0.028 0.799 +£0.031 0.144 £0.015 | 0.858
. +0.068 +0.047 +0.018
. +0.042 +0.047 +0.009
52.86 | 0.745 1.019 +0.048 0.755 £0.052 0.127 £0.029 | 0.877
+0.079 +0.050 +0.022
+0.051 +0.056. | +0.010
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Table 4 (cont’d)

x = 0.225
Qz a Fw Fa xF3 Qw b
2,92 | 0.047 0.967 +0.015 0.964 +0.015 0.732 £0.059
+0.072 +0.087
+0.008 +0.025
3.79 | 0.077 0.949 £0.014 0.945 £0.014 0.701 +£0.040
+0.056 +0.067
+0.007 +0.021
4.93 | 0.122 0.971 +0.013 0.966 +0.013 0.756 +0.029 0.088 +0.009 0.711
+0.043 +0.050 +0.022
+0.007 +0.018 +0.002
6.41 | 0.204 0.974 +0.012 0.969 +0.012 0.758 +£0.022 0.084 +£0.005 0.753
+0.034 +0.037 +0.018
+0.007 +0.016 +0.004
8.33 | 0.205 0.979 +0.013 0.974 £0.013 0.776 +0.023 0.095 +0.006 0.751
+0.027 +0.027 +0.014
+0.008 +0.015 +0.006
10.83 | 0.212 0.988 +£0.012 0.984 +0.012 0.780 +£0.022 0.095 +0.006 0.749
+0.023 +0.021 +0.012
+0.010 +0.016 +0.007
14.08 | 0.236 0.994 +0.011 0.991 +0.011 0.808 +0.019 0.078 +0.006 0.747
+0.023 +0.018 +0.010
+0.013 +0.017 +0.008
18.30 | 0.270 0.977 +0.013 0.974 +0.013 0.765 +0.020 0.092 +£0.007 0.747
+0.025 +0.018 +0.009
+0.016 +0.020 +0.008
23.79 | 0.436 0.994 +0.013 0.993 +0.015 0.786 +0.016 0.093 +0.005 0.818
+0.030 +0.022 +0.009
+0.021 +0.024 +0.008
30.93 | 0.515 0.987 £0.015 1.001 +0.019 0.778 +£0.018 0.095 +0.006 0.831
+0.039 +0.029 +0.010
+0.026 +0.029 +0.008
40.21 | 0.578 0.954 £0.018 0.924 £0.026 0.809 +0.021 0.076 +0.007 0.848
+0.050 +0.039 +0.011
+0.032 +0.035 +0.008
52.27 | 0.661 0.942 +0.026 0.925 +0.049 0.761 +0.029 0.086 +0.012 0.863
+0.065 +0.053 +0.014
+0.038 +0.042 +0.007
67.96 | 0,745 0.938 +0.050 0,724 +0.054 0.103 +0.032 0.877
+0.082 +0.071 +0.017
+0.045 =0.051 +0.005




Table 4 (cont’d}

x = 0.275
Q2 a F. F> xFa Gw b
3.56 | 0.049 0.862 +0.014 0.859 +0.014 0.662 +0.053
+0.043 +0.074
+0.006 +0.022
4.63 | 0.077 0.847 £ 0.013 0.844 +0.013 0.651 +0.037
+0.035 +0.059
+0.006 +0.018
6.03 | 0.119 0.877 +0.012 0.873 +0.012 0.790 +0.029 0.038 +0.009 0.711
+0.028 +0.046 +0.016
+0.006 +0.016 +0.004
7.83 | 0.198 0.838 +0.011 0.832 =0.011 0.680 +0.020 0.056 +£0.004 0.753
+0.022 +0.036 +0.013
+0.007 _ +0.015 +0.003
10.18 | 0.206 0.845 +0.012 0.840 +0.012 0.700 £0.022 0.057 £0.005 0.752
+0.019 +0.028 +0.011
+0.008 +0.014 +0.003
13.24 | 0.208 0.853 £0.012 0.849 +0.011 (0.750 £ 0.020 0.054 +0.005 0.750
+0.017 +0.023 +0.009
+0.010 +0.015 +0.003
17.21 | 0.236 0.830 +0.011 0.827 +0.011 0.738 £0.018 0.046 +0.005 0.746
+0.017 +0.020 +0.007
+0.013 +0.016 +0.003
22.37 | 0.276 0.836 £0.012 0.833 £0.012 0.691 +0.018 0.057 +0.006 0.748
+0.019 ’ +0.020 +0.007
+0.016 +0.018 +0.003
29.08 | 0.449 0.804 +£0.011 0.800 +0.011 0.659 +0.014 0.060 +0.004 0.829
+0.022 +0.022 +0.006
+0.02¢ +0.022 +0.003
37.81 | 0.532 0.796 +0.013 0.793 +0.013 0.666 *+0.015 0.051 +0.004 0.848
+0.027 +0.027 +0.007
+0.025 +0.026 +0.004
49.15 | 0.582 0.805 +0.017 0.803 +0.017 0.690 £0.019 0.055 +£0.006 0.851
+0.034 +0.035 +0.008
+0.030 +0.031 +0.004
63.89 | 0.641 0.802 +0.023 0.800 +0.023 0.730 +0.026 0.041 £0.009 0.855
+ 0.043 +0.045 +0.009
+0.036 +0.037 +0.004
83.06 | 0.745 0.824 +0.049 0.822 +0.049 0.588 +0.055 0.114 +0.035 0.877
+0.053 +0.057 +0.011
+0.043 +0.044 +0.004
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Table 4 (cont’d)

x = 0.350
Qz a Fw Fz XF3 ﬁw b
4.54 [ 0.048 0.690 +0.009 0.687 +0.009 0.609 +£0.035
=+ 0.029 +0.046
+0.006 +0.019
5.90 | 0.073 0.675 +0.008 0.672 +£0.008 0.601 +0.025
+0.025 +0.035
+0.005 +0.015
7.67 | 0.119 0.654 +0.008 0.649 +0.008 0.555 +£0.018 0.038 +0.005 0.712
+0.021 +0.027 +0.009
+ 0.005 +0.013 +0.002
9.97 | 0.191 0.655 +0.007 0.650 +0.007 0.582 +0.013 0.025 +0.003 0.755
+0.019 +0.021 +0.007
+0.005 +0.011 +0.002
12.96 | 0.212 0.633 +0.008 0.628 +0.007 0.548 £0.013 0.034 +0.003 0.754
+0.017 +0.016 +0.006
+0.005 +0.010 +0.002
16.85 | 0.215 0.634 +0.007 0.631 £0.007 0.554 +0.012 0.033 +£0.003 0.750
+0.016 +0.014 +0.005
+0.007 +0.010 +0.002
21.90 | 0.242 0.615 +0.007 0.612 +0.007 0.550 +0.011 0.025 £0.003 0.750
+0.017 +0.013 =+ 0.004
+0.008 +0.011 +0.002
28.47 | 0.268 0.614 +0.007 0.612 +0.007 0.553 £0.012 0.023 +0.003 0.750
+0.018 +0.014 +0.003
+0.011 +0.013 +0.002
37.01 | 0.314 0.612 +0.009 0.609 +0.008 0.553 +£0.012 0.023 +0.004 0.752
+0.020 +0.017 +0.003
+0.014 +0.015 +0.002
48.12 | 0.499 0.591 +0.008 0.588 +0.008 0.548 +0.010 0.022 +0.002 0.849
+0.023 +0.022 +0.003
+0.017 +0.019 +0.002
62.55 | 0.587 0.567 +0.010 0.564 +0.010 0.507 £0.012 0.023 +0.003 0.862
+0.027 +0.028 +0.003
+0.021 +0.023 +0.002
81.32 | 0.645 0.560 £0.014 0.558 +0.014 0.512 £0.016 0.024 +0.005 0.865
+0.032 . +0.037 +0.003
+0.025 +0.028 +0.003
105.70 | 0.746 0.574 +0.025 0.573 £0.025 0.517 £0.027 0.027 £0.011 0.878
+0.038 +0.048 +0.004
+0.030 +0.034 +0.003




Table 4 (cont’d)

x = 0.450
Qz a Fw Fz XF3 ﬁw b
5.83 | 0.047 0.480 :c_— 0.008 0.478 +£0.008 0.463 +0.029°
+0.023 +0.044
+0.005 +0.012
7.58 | 0.077 0.448 +0.007 0.445 +0.007 0.399 +0.019
+0.023 +0.038
+0.003 +0.009
9.86 | 0.116 0.431 +0.006 0.428 +0.006 0.402 +0.014 0.019 +0.004 0.712
+0.023 +0.034 +0.008
+0.003 +0(.008 +0.001
12.82 | 0.197 0.413 +0.006 0.409 +£0.006 0.375 :t0.0lO 0.016 +0.002 0.755
+ 0.023 +0.030 +0.006
+0.002 +0.007 +0.001
16.66 | 0.205 0.397 +0.006 0.394 +0.006 0.375 £0.010 0.007 +0.002 0.756
+0.023 +0.026 +0.005
+0.003 +0.006 +0.001
21.66 | 0.207 0.381 +0.005 0.379 £0.005 0.364 +0.010 0.012 +0.002 0.751
+0.022 +0.024 +0.004
+0.004 +0.007 +0.001
28.16 | 0.241 0.370 +0.005 0.367 +£0.005 0.342 +0.008 0.009 +0.002 0.752
+0.022 +0.022 +0.003
+0.006 +0.008 +0.002
36.61 | 0.264 0.366 +0.006 0.364 +0.005 0.347 +0.009 0.008 +0.002 0.751
+0.021 +0.021 +0.002
+ 0,008 +0.010 +0.002
47.59 | 0.320 0.352 +0.006 0.350 +£0.006 0.327 £0.009 0.006 +0.003 0.753
+0.020 +0.020 +0.002
+0.011 +0.012 +0.003
61.86 | 0.513 0.335 £ 0.006 0.334 +0.006 0.315 £0.007 0.008 +0.001 0.859
+0.020 +0.020 +0.002
+0.014 +0.015 +0.003
80.42 | 0.555 0.330 +0.008 0.329 +0.008 0.333 +0.009 0.006 +0.002 0.858
+0.019 +0.021 +0.002
+0.018 +0.019 =+ 0.004
104.50 | 0.666 0.322 £0.010 0.321 £0.010 | 0.305 +0.011 0.005 +0.002 0.874
+0.017 +0.023 +0.002
+0.023 +0.024 +0.005
135.90 | 0.746 0.308 +0.018 0.307 £0.018 0.288 +0.019 0.010 +0.007 0.878
+0.016 +0.026 +0.003
+0.028 +0.029 +0.006
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Table 4 (cont’d)

X = 0.550
Q? a F. F; xF3 TGw b
7.13 | 0.047 0.294 +0.006 0.292 +0.006 0.257 +£0.021
+0.026 +0.019
+0.002 +0.006
9.27 | 0.072 0.283 +£0.005 0.281 +0.005 0.273 +0.015
+0.024 +0.019
+0.001 +0.005
12.05 | 0.118 0.250 +0.004 0.248 £0.004 0.235 +0.010 0.008 +0.003 0.713
+0.023 +0.018 +0.002
+0.002 +0.005 +0.001
15.66 | 0.181 0.234 +0.004 0.231 +0.004 0.236 +0.008 0.001 +0.001 0.758
+0.021 +0.017 +0.002
+0.002 + 0.004 +0.001
20.36 | 0.197 0.220 +0.004 0.217 +0.004 0.212 +0.007 0.006 £0.002 0.754
+0.020 +0.016 +0.002
+0.002 +0.004 +0.001
26.47 | 0.218 0.207 +0.004 0.206 +0.004 0.197 +0.006 0.007 £0.002 0.753
+0.019 +0.016 +0.002
+0.002 +0.004 +0.001
34.42 | 0.231 0.198 +0.003 0.197 +£0.003 0.192 +0.006 0.003 £0.002 0.752
+0.018 +0.015 +0.002
+0.003 +0.004 +0.001
44,74 | 0.269 0.187 +0.004 0.186 +0.004 0.183 +0.006 0.004 +0.002 0.750
+0.016 +0.014 +0.001
+0.003 +0.005 +0.001
58.16 | 0.315 0.176 +£0.004 0.175 +0.004 0.171 +0.006 0.001 £0.002 | 0.754
+0.015 +0.013 +0.001
+0.004 +0.005 +0.001
75.61 | 0.489 | 0.173 +£0.004 0.172 +0.004 0.167 £0.005 0.004 +£0.001 0.860
+0.014 +0.013 +0.001
+0.005 +0.006 +0.001
98.29 | 0.560 | 0.162 £0.005 0.161 +0.005 0.158 +0.006 0.003 +0.001 0.859
+0.013% +0.012 +0.001
+0.006 + 0.008 +0.001
127.80 | 0.648 0.155 +0.007 0.154 +0.007 0.154 +0.008 0.002 £0.002 0.868
+0.012 +0.011 +0.001
+0.007 +0.009 + 0.001
166.10 | 0.746 0.157 +0.014 0.157 +0.014 0.126 +0.015 0.015 £0.007 0.878
+0.011 +0.011 +0.001
+0.008 +0.011 +0.001




Table 4 (cont’d)

x = 0.650
Q2 a Fw Fz XF3 . (le b
8.43 | 0.051 0.168 +0.004 0.167 +0.004 0.158 £0.015
+0.018 +0.014
+0.009 +0.010
10.95 | 0.078 0.151 £0.004 0.149 £ 0.004 0.155 +£0.010
+0.017 +0.013
+0.007 +0.008
14.24 | 0.127 0.130 +0.003 0.128 +0.003 0.137 £0.007 | —0.001 £0.002 | 0.714
+0.015 +0.013 +0.003
+0.005 +0.006 | +0.001
18.51 | 0.195 0.112 £0.003 0.111 +£0.003 0.115 £0.005 —0.001 £0.001 | 0.761
+0.014 +0.012 +0.002
+0.004 +0.005 +0.001
24.07 | 0.214 0.099 £0.003 0.097 +£0.003 0.093 +0.004 0.004 +0.001 0.755
+0.013 +0.012 +0.002
+0.003 +0.004 +0.001
31.29 | 0.224 0.096 +0.002 0.095 £0.002 0.091 +£0.004 0.003 +0.001 0.752
+0.012 +0.011 +0.001 .
+0.002 +0.003 +(.001
40.67 | 0.252 0.088 +£0.002 0.087 +0.002 0.079 +0.003 0.003 +0.001 0.753
+0.011 +0.011 +0.001
+0.002 +0.002 +0.001
52.87 1 0.273 0.083 +0.002 0.082 +0.002 0.083 +0.004 0.000 +0.001 0.752
+0.010 +0.010 +0.001
+0.002 +0.002 +0.001
68.74 | 0.460 0.074 +0.002 0.073 £0.002 0.070 +£0.003 0.001 +0.001 0.851
+0.010 +0.010 +0.001
+0.001 +0.002 +0.001
89.36 | 0.509 0.070 +0.002 0.069 +0.002 0.068 +0.003 0.001 +£0.001 0.858
+0.009 +0.009 +0.001
+0.002 +0.002 +0.001
116,20 | 0.579 0.066 +£0.003 0.065 +0.003 0.067 £0.003 0.000 +0.001 0.867
+0.009 +0.009 +0.001
+0.002 +0.002 +0.001
151.00 | 0.647 0.076 +0.005 0.075 £0.005 0.072 £0.005 0.002 £0.001 0.871
+0.009 +0.008 +0.001
+0.003 +0.003 +0.001
196.30 | 0.747 0.068 +0.008 0.068 +0.008 0.058 +0.009 0.005 +0.004 0.878
+0.009 +0.008 +0.001
+0.004 +0.004 +0.001

49



Table 5

Values of the structure functions Fy(x) and Ef’(x) averaged
over the available Q* range; (Q? is the weighted average in each x bin.
The systematic error includes uncertainties due to the error in the total cross-section.

Fr(x) q’(x)
X Q3 Value Error Q3 Value Error
2 2

(GeV) Stat. Syst. (GeV?) Stat. Syst.
0.015 1.4 0.299 0.081 0.104 1.5 0.368 0.021 0.026
0.045 4.2 0.264 0.087 0.088 4.8 0.377 0.022 0.021
0.080 7.9 0.337 0.071 0.076 9.1 0.278 0.017 0.017
0.125 12,7 0.139 0.054 0.058 14.8 0.211 0.012 0.013
0.175 18.1 0.052 0.045 0.047 21.2 0.150 0.010 0.010
0.225 23.3 0.038 0.037 0.035 26.7 0.096 0.008 0.008
0.275 30.5 0.031 0.027 0.041 33.9 0.053 0.007 0.006
0.350 35.5 0.027 0.017 0.019 41.1 0.019 0.003 0.003
0.450 49.1 —0.006 0.012 0.017 56.5 0.008 0.002 0.002
0.550 63.4 —0.006 | 0.007 0.010 72.7 0.003 0.001 0.002
0.650 69.4 —-0.011 0.005 0.008 81.5 0.002 0.001 0.002
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The systematic error includes uncertainties due to the error in the total cross-section.

Table 6

Values of the structure functions Fr(x,Q?) and ('f’ x,Q%).

Fu(x) ™
X Q% Value Error Value Error
GeV? '
(GeV?) Stat. Syst. Stat. Syst.
0.05 3.1 0495 | '0.113 | 0.165 | o0.180 | 0.033 | 0.040
5.7 0.431 | 0.071 | 0.188 0.276 | 0.019 | 0.047
9.8 0274 | 0.074 | 0.183 0.375 | 0.017 | 0.023
16.8 | —0.263 | 0.173 | 0.217 0.488 | 0.031 | 0.063
0.15 6.8 0.246 | 0.101 | 0.105 0.132 | 0.029 | 0.043
12.7 0.145 | 0.058 | 0.086 0.173 | 0.015 | 0.021
22.0 0.083 | 0.055 | 0.074 0.185 | 0.012 | 0.021
36.1 | —0.238 | 0.114 | 0.168 0.208 | 0.019 | 0.030
0.25 10.8 0.166 | 0.076 | 0.083 0.045 | 0.021 | 0.020
20.0 0.115 | 0.040 | 0.057 | 0.054| 0.010 | 0.013
34.5 0.009°| 0.038 | 0.043 |. 0.081| 0.008 | 0.008
586 | —0.294 | 0.068 | 0216 | 0103 0.012 | 0.029
0.40 18.1 0.068 | 0036 | 00290 | 0.007| 0010 | 0.008
33.9 0.013 | 0.017 | 0.022 0.014 | 0.004 | 0.006
57.0 | ~0.002 | 0.016 | 0020 | 0.014] 0.003 | 0.003
90.9 | —0.036 | 0.036 | 0.094 0.020 | 0.005 0.008
0.60 26.3 0.071 | 0.017 | 0.034 | —0.019| 0.004 | 0.011
51.3 | —0.001 | 0.007 | 0.014 0.001 | 0.001 | 0.003
828 | —0.027 | 0.006 | 0.014 0.004 | 0.001 | 0.002
129.6 | —0.037 | 0.010 | 0.011. | 0.005| 0.001 | 0.002
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Table 7

Upper limits on the structure function F; at large x

X Upper limit Statistical Systematic
on F, error error
0.89 1.3x1002% | 97x107* | 23 x 1074
1.09 28x107% | 46x107* | 4.7 x 1074
1.33 6.7x107% | 1.6x107* | 1.1 x 10°*
1.85 29%107° | 14x107° | 48 x 108
Table 8

Results of the QCD fit to the structure
function xF3(x,Q?) for Q*> > 10 GeV?
and W? > 11 GeV2, At Q} = 5 GeV?
the function is parametrized as
xFa(x) = A x*(1 -x)*(1 + yx)/B.

The fit was performed in
next-to-leading order and including target
mass corrections
x>/NDF = 24.3/69

Fit parameter Value
Asrs 100 *20 Mev
o 0.6370-13
8 369702
S s
A 2927 0-5
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Table 9

Qv(x) = Ay x® (1 —X)(1 + 14X)/By
Q(X) = Q(x) + Ase™ 5 (1-x)
G(x) = Ay(1-x)™
Qb = 20 GeV?

A = 128 MeV
x*/NDF = 505/855

A, 2.92
oy 0.476
Bv 3.97
Yv 2.74
A, - 1.53
8s 7.65
A, 5.44°
Bg 8.08

*) By is determined such that
{dx gu(x)/X = Ay
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Kinematics of inelastic charged-current neutrino interactions.

Upgraded CDHS detector.

Layout of the new calorimeter modute.

a) Efficiency of the charged-current trigger as a function of the total energy.

b) Efficiency of the hard charged-current trigger as a function of hadronic energy.

Typical reconstructed charged-current event. The top view shows the profile of the pulse

height recorded along the detector. _

a) Difference between the muon momentum derived from range and from curvature as
a function of the momentum.

b) Test of the absolute muon momentum scale by comparing the difference between the
momenta of the same track determined at different points along the muon trajectory
with the calculated energy loss.

Hadron calibration curve. Open circles and full triangles correspond to two different

calibration runs.

Effective change of the calorimeter response due to the frequency dependence of the ADCs

for the neutrino and the antineutrino case as a function of hadron energy. The error bars

indicate the contribution to the resolution due to the spectrum of the triggering rate.

Average total energy of events in different y bins (wide-band beam, after correction for the

rate effect), compared to a Monte Carlo calculation.

Resolution in x and Q*. The solid error bars represent the resolution for y < 0.5, the

dashed ones fory > 0.5.

Total energy distributions of neutrino- and antineutrino-induced events in different slices

of the detector radius.

Comparison of x and y distributions of data and simulated events, after smearing and cuts,

for the neutrino and the antineutrino case. The solid lines represent the Monte Carlo; the

data are shown as points.

Values of the correction factor for acceptance and smearing effects in the x-y plane.

Differential cross-sections for a) neutrino-iron and b) antineutrino-iron scattering at E, =

65 GeV. The solid lines are QCD fits for Q* > 5 GeV? and W? > 11 GeV?; the dashed and

lower solid lines show the contribution of quarks and gluons, respectively.

Comparison of the radiative corrections according to Refs. [26] and [29]. The shaded area

indicates uncertainties due to the quark masses in the range 1-300 MeV.

The structure function xF3(x,Q?). The solid line is the QCD fit for Q? > 2 GeV? and no W

cut (see Section 12).

Values of the structure function xFa(x,Q?) extracted at different values of y.

The difference between the auxiliary function F.(x,Q?) and the structure functions Fa(x,Q?)

and 2xF1(x,Q%), assuming R = Ro(x,Q?) in the case of the wide-band beam spectrum.

The structure function Fz(x,Q?) determined at low y {open circles) and derived. from the

function Fu(x,Q%), assuming R = Ro(x,Q?) (full circles). The lines show the result of a

QCD fit for Q* > 5§ GeV? and W2 > 11 GeV2.

The effect of the strange sea and slow rescaling corrections on the structure function

Fa(x,Q%). i

The structure function g” (x,Q?) derived from the auxiliary function gu(x,Q%) assuming R =

Ro(x,Q%). ) B

Fit to the y distribution of £* = {d¢"/dx dy — (1 —y)* do*/dx dy]/oo[l — -y atx =

0.08 and Q* = 5.3 GeV2.

The longitudinal structure function Fi(x) averaged over the available Q? range without (full

circles) and with {open circles) slow rescaling correction.
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The antiquark distribution g ;’(x) averaged over the available Q* range without (full circles)
and with (open circles) slow rescaling correction.
Comparison of R(x) with our previous determination [36].
The structure function Fr(x,Q?) determined from the simultaneous fit of FLand ¢ ’_ Results
of the fits are averaged over a fraction of the available Q* range.
The antiquark distribution as 4 function of x and Q. Relatively large error bars, compared
to those in Fig. 21, reflect experimental uncertainties of Fr(x,Q%).
a) Total energy distribution of neutrino-induced events with x > 0.8 (full circles) and
x > 1 (open circles), and all events (line).
b) Total energy distribution for antineutrino-induc'e'd events with x > 0.8 (full circles) and
x > 1 (open circles), and x > 0.45 (liné).
a) They distribution of neutrino-induced events with x > 0.8 (full circles) and x > 1 (open
circles), and all events (line). '
b) The y distribution for antineutrino-induced events with x > 0.8 (full circles), x > 1
{open circles), and x > 0.45 (line).
Upper limits on the structure function F at large x (full circles). The dashed line is the
prediction of the Fermi momentum model {38], where the structure function for x > 0.65
was suppressed to zero. The dash-dotted line shows the prediction of the minimal Fermi
motion model. The structure functions of Ref. [25] were used.
The structure functions F2(x,Q?), xF1(x,Q?), and g’ (x,Q) at three different values of Q2.
Integral (a) and average x (b) of the Fa(x,Q?), xFs(x,Q?), and & (x,Q?) as a function of ».
Integral of F3 as a function of ».
a) Values of Asrs as a function of the W2 cut for Q* > 5 GeV?.
b) Values of Axrs as a function of the Q® cut for W? > 11 GeVZ,
Logarithmic derivatives d In xF3(x,Q%)/d In Q* as a function of x. Slopes are calculated for
Q? > 2GeV?, » > 5 GeV (circles), and for Q* > 5§ GeV?, » > 23 GeV (squares).
The gluon distribution at Q* = 20 GeV? with uncertainties due to shape variations (black
band) and the systematic errors of the total cross-sections (dashed lines).
Shape of the quark distributions q — g and q+ g and the gluon distribution G(x) at Q=20
GeV2,
Comparison of the structure function Fa(x,Q%) determined from the narrow-band beam
(open circles) and wide-band beam (full circles) data, using the same set of corrections.
Comparison of the values of R(x) with other deep-inelastic scattering experiments at
high Q2.
Comparison of the values of R(x) with the measurements performed at SLAC,
Comparison of the structure function xF3(x,Q%) with the results of other neutrino
experiments.
Comparison of the structure function Fa(x,Q?) extracted under the assumption that R = 0
and corrected for slow rescaling, with the results of muon experiments multiplied by 18/5.
Logarithmic derivatives d In F2(x,Q%/d In Q? as a function of x. The slopes are calculated
for Q? > 2 GeV?, » > 5 GeV (full circles) and for Q* > 5 GeV?, » > 23 GeV (full squares).
Published data from the CCFRR [17], BCDMS [48) and EMC [47] experiments are shown
for comparison.
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