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Abstract

After completion of the data taking for theνµ → ντ oscillation search, the CHORUS lead–scintillator calorimeter was used in the 199
as an active target. High-statistics samples of charged-current interactions were collected in the CERN SPS west area neutrino beam
contained predominantly muon (anti-)neutrinos from sign-selected pions and kaons. We measure the flux and energy spectrum of t
neutrinos and compare them with beam simulations. The neutrino–nucleon and anti-neutrino–nucleon differential cross-sections are m
the range 0.01< x < 0.7, 0.05< y < 0.95, 10< Eν < 200 GeV. We extract the neutrino–nucleon structure functionsF2(x,Q2), xF3(x,Q2),
andR(x,Q2) and compare these with results from other experiments.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction

High-energy neutrino–nucleon scattering provides a un
view on the inner structure of the nucleon through charg
current interactions that probe the quark-flavour structure in
ferent ways than with charged-lepton scattering. Previous h
statistics measurements of neutrino–nucleon interactions[1,2]
have provided strong constraints on the momentum fractio
the nucleon carried by the anti-quarks.

The precision of high-statistics measurements of struc
functions is limited by the detailed understanding of the exp
mental apparatus. Therefore, in large parts of the range cov
experimentally, the accuracy is determined by systematic
certainties rather than statistical errors. The two high-statis
data-sets mentioned above show significant differences in s
kinematic regions. Thus additional measurements of the s
ture functions in a similar kinematic domain are of importan

The CHORUS detector is well suited to perform measu
ments of neutrino–nucleon differential cross-sections owin
its high-resolution calorimeter and the large acceptance o
muon spectrometer for neutrino interactions in the calori
ter. In this Letter, we describe a measurement ofF2(x,Q2),
xF3(x,Q2), andR(x,Q2), obtained in an exposure of the lea
scintillator calorimeter of the CHORUS experiment to sig
selected neutrino and anti-neutrino beams. The high-stati
exposure of the CHORUS calorimeter allows us to pres
the experimental differential cross-sectiond2σ/(dx dy), in
different bins of the neutrino energy, with minimal mod
dependence and allows QCD analyses to be performed
these data by others.

In charged-current interactions of muon neutrinos with a
cleon, the full kinematics of the interaction can be reconstru
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from the measurement of the muon momentumpµ, the angleθµ

of the produced muon with respect to the beam axis, andEhad,
the energy transfer to the hadronic system:

(1)Eν = pµ + Ehad,

(2)y = Ehad

Eν

,

(3)Q2 = 4Eνpµ sin2(θµ/2),

(4)x = Q2

2MNEhad
,

whereEν is the energy of the incoming (anti-)neutrino,y is
the fractional energy transfer to the hadronic system,−Q2 the
squared four-momentum transfer,MN the mass of the nucleon
andx the longitudinal momentum fraction carried by the stru
parton. In these relations, the mass of the muon and of the
trino have been neglected.

In the single-W exchange approximation, the cross-sect
of neutrino–nucleon scattering can be described in term
three structure functions that depend on two variables o
namelyF1(x,Q2), F2(x,Q2), andxF3(x,Q2):

d2σ

dx dy
= G2

FMNEν

π(1+ Q2/M2
W)2

×
[
y2

2
2xF1 +

(
1− y − MNxy

2Eν

)
F2

(5)±
(

y − y2

2

)
xF3

]
,

whereGF is the Fermi coupling constant andMW the mass of
the W boson.

For isoscalar targets (with an equal number of neutrons
protons), it can be shown that 2xF ν

1 = 2xF ν̄
1 and Fν

2 = F ν̄
2 ,

while xF ν̄
3 �= xF ν

3 owing to the difference between the stran
and the charmed sea. In the remainder of the text we usexF3 =
(xF ν

3 + xF ν̄
3 )/2 and�xF3 = (xF ν

3 − xF ν̄
3 )/2.

In the quark–parton model, corresponding with leading
der and leading twist QCD, neutrinos scatter only off qua
and for an isoscalar target we find:

(6)2xF1 = F2 = u + ū + d + d̄ + s + s̄,

(7)xF3 = u − ū + d − d̄ + s − s̄,

whereu (ū), d (d̄), ands (s̄) are thex- andQ2-dependent up
down, and strange quark (anti-quark) distributions in the pro
respectively.

mailto:jaap.panman@cern.ch
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Table 1
Material composition of the calorimeter. The column ‘other’ refers to scintillator material for EM, HAD1, and HAD2, and to PVC and aluminium for the sreamer
tubes

Planes Density

(g cm−2)

Lead

(g cm−2)

Iron

(g cm−2)

Other

(g cm−2)

x/x0 x/λI

EM 4 37.33 34.67 1.89 0.77 5.60 0.203
HAD1 5 76.09 71.36 3.15 1.58 11.47 0.412
HAD2 5 92.23 87.93 2.36 1.94 14.02 0.495
Streamer tubes 22 0.77 0.77 0.02 0.009

Total 1007.86 935.13 35.11 37.62 150.29 5.545
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Beyond leading order, gluons contribute to the scatte
process, and the structure functions can no longer be dir
related to the quark densities. Violations of the Callan–G
relation [3], 2xF1 = F2, are usually expressed in terms
R(x,Q2):

(8)R =
(

1+ 4M2
Nx2

Q2

)
F2

2xF1
− 1,

whereR can be interpreted as the ratio of the longitudinal a
transverse cross-sections,σL/σT .

2. Experimental parameters

The CHORUS experiment was primarily designed to sea
for neutrino oscillations throughτ− production in nuclea
emulsions placed in a beam of predominantly muon ne
nos[4]. The data used for the present measurement were t
in the 1998 run, after the nuclear emulsions and the air-
spectrometer had been removed. The available space was
to place nuclear targets used for the measurement of nu
dependence of the neutrino–nucleon cross-section[5].

Neutrinos are obtained from the decay of pions and ka
produced in interactions of 450 GeV/c protons accelerated b
the Super Proton Synchrotron at CERN, and extracted e
14.4 s in two 6 ms spills containing typically 1.5 × 1013 pro-
tons each[6]. Two pulsed toroidal magnets downstream
the production target focus either positively charged parti
(neutrino mode) or negatively charged particles (anti-neut
mode). The decay of these charged particles results in a w
band neutrino beam. A shielding of 225 m of iron and 144 m
earth stops most particles, except neutrinos.

The CHORUS detector has been described in detail e
where[7]. Here we briefly describe the systems that are m
relevant for this analysis: the lead–scintillating-fibre calorim
ter that serves as an active target, and the magnetized
spectrometer that measures the muon charge, momentum
direction.

The CHORUS calorimeter is made of lead and scintilla
in a volume ratio of four to one and has both longitudinal a
transverse segmentation[8]. Lead–scintillator modules are po
sitioned transversely to the neutrino beam and are read o
both sides by photomultipliers. The first section (EM) cons
of 1 mm thick scintillating fibres interspersed in lead, bund
together in modules of 4 cm×4 cm, and arranged in four plane
with alternating vertical and horizontal orientation. The s
ond section (HAD1) has the same fibre/lead structure as
g
ly
s
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,

but has modules of 8 cm× 8 cm, arranged in five planes. Th
third section (HAD2) has a readout unit of 10 cm× 10 cm and
is constructed as a sandwich of 4 mm thick scintillator st
with 16 mm lead strips. Eleven sets of streamer tube dete
are installed between the calorimeter planes to aid the tr
ing of muons to the primary vertex. The energy reconstruc
and vertex location is performed with a neural net algorit
with two hidden layers that has been trained both on test b
data[9] and on simulated neutrino interactions. The calorim
energy reconstruction is linear up to 100 GeV, at higher ener
the linearity is compromised by saturation of the calorime
ADCs. When the scintillators of the muon spectrometer
included in the shower energy reconstruction, an energy re
tion of 20% is achieved for 8 GeV showers, improving to 1
for shower energies above 35 GeV. The same neural net
determines the longitudinal vertex position with an accurac
2.3 cm. A 5% scale uncertainty is attributed to the calorim
energy determination. This has been determined from the
served variation of the raw calorimeter response as a func
of the interaction depth of testbeam hadrons. The uncerta
on the offset is 150 MeV, corresponding to the energy dep
of a minimum-ionizing particle in one plane of the HAD2 se
tion of the calorimeter.11 An uncertainty of 2.5% is attributed t
the hadronic energy resolution, corresponding to the statis
uncertainty from the test-beam exposure. The compositio
the calorimeter, used in this analysis as a target, is summa
in Table 1.

The muon spectrometer consists of six magnetized iron d
with an outer diameter of 375 cm and an average strength o
toroidal field of 1.7 T. The disks are interspersed with scin
lating strips used for measuring the energy leakage of sh
ers not fully contained in the calorimeter. Drift chambers a
streamer tubes are positioned between the magnets to fo
the muon trajectory and to measure its curvature in the m
netic field. During neutrino running, negatively charged mu
are bent toward the centre of the magnets and positively cha
muons are bent outward; for anti-neutrino running the pola
is inverted. The muon momentum is determined from its c
vature in the toroidal magnetic field. The momentum resolu
varies from 15%[10] in the 12–28 GeV/c interval to 19%[7] at
70 GeV/c, as measured with test-beam muons, and is wel
produced in simulations. A 2.5% scale uncertainty is attribu

11 In the EM and HAD1 calorimeter sections the energy deposit is 50 M
and 100 MeV per plane, respectively.
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to the momentum measurement due to imperfections of m
netic field measurements, and the uncertainty on the offs
150 MeV/c.

For the 1998 run, the CHORUS trigger system[11] was ad-
justed to record charged-current interactions with minimal b
Three or more calorimeter planes with hits in the central par
the HAD1 and HAD2 sections are required, in coincidence w
activity in at least two of the four most upstream spectrom
magnets. Neutrino interactions upstream of the detector ar
toed by means of a large plane of veto scintillators 4 m in fr
of the calorimeter. The data acquisition system[12] makes it
possible to record up to 16 interactions for every acceler
cycle.

3. Analysis procedure

The accuracy of detailed simulations of wide-band neut
beams is insufficient to be used directly for the flux norm
ization. Therefore, we first measure the neutrino flux and
energy spectrum from the data. In a second step, the diffe
tial neutrino–nucleon cross-section is measured as a fun
of x, y, andEν for both neutrinos and anti-neutrinos. Final
the measured differential cross-sections are used to extra
structure functionsF2(x,Q2), xF3(x,Q2), andR(x,Q2). An
overall scale factor is applied to the results to reproduce
neutrino and anti-neutrino total cross-sections available in
literature[13].

The event selection of charged-current interactions is b
on the presence of a muon with a momentum of at le
5 GeV/c and an angleθµ with respect to the neutrino beam d
rection of less than 300 mrad. To ensure a high purity, the m
candidate is required to penetrate at least four spectrom
magnets. The interaction vertex is required to be reconstru
in the central part of the downstream half of the EM secto
the HAD1 sector. Quasi-elastic interactions and most reson
production are rejected by requiring a minimum hadronic
ergy of 4 GeV; and a maximum of 100 GeV is applied to rej
events in the non-linear regime of the calorimeter energy m
surement. A summary of the number of events surviving th
criteria is shown inTable 2.

A parametrized simulation is used to correct for the finite
ceptance and detector smearing. The differential cross-se
is modelled based on the GRV98LO parton distribution fu
tions (PDF)[14]. The ratio of longitudinal to transverse stru
ture function,R(x,Q2), is modelled after the SLACR90 par
metrization[15], and the nuclear dependence follows the pa
metrization of Ref.[16]. Target mass corrections are incorp
rated by evaluating the PDF at the Nachtmann variableξ , which
is defined as[17]

ξ = 2x

1+
√

1+ 4M2
Nx2/Q2

.

Suppression of the cross-section due to charm productio
taken into account by replacingx by the slow rescaling vari
ablex(1+m2

c/Q
2) [18], where we usemc = 1.31 GeV/c2 [19].

Radiative corrections are applied according to the prescrip
-
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.
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of Bardin [20]. We evaluate the uncertainty of the radiat
corrections from the full difference between using GRV98
CCFR parton distribution functions as input. Finally, a pheno
enological correctionc(x,Q2) is applied to the cross-sectio
model to obtain a better description of the measured diffe
tial cross-sections at lowQ2 [21]. This correction is obtaine
iteratively by comparing the measured cross-sections to
model until they agree. The magnitude of this correction
reach up to 30% forQ2 < 1 GeV2/c2, but is negligible for
Q2 > 5 GeV2/c2. We apply a systematic uncertainty due
these corrections by evaluating the difference in accept
between the default cross-section model and a model wit
phenomenological corrections.

The detector smearing and muon reconstruction efficie
have been evaluated making use of a GEANT3[22] simulation
incorporating a detailed description of the detector geome
We find that the detector response depends predominant
the muon momentum, the hadronic energy, and the longitud
vertex position. The events are binned in these three varia
and the resolutions and efficiency are determined for each c
bination. While most detector resolutions behave as expe
from test-beam data, some degradation of the muon-mome
resolution and reconstruction efficiency is observed for neut
interactions with large shower leakage into the muon spectr
eter. We have compared the hit multiplicity between data
simulation of events with a high-energy hadronic shower
a vertex position in the downstream part of the detector.
find that the multiplicities are consistent between data and
full detector simulation. An uncertainty of 5% is attributed
the fraction of events not reconstructed. This value was
mated by observing the difference of the results of the s
plified simulation and the full simulation of the detector
sponse.

To ensure that the reported values refer to the centre of
bin and not to the average over the bin, bin-centring correct
are applied to the data. This correction is determined as the
between the beam flux or cross-section at the centre of th
and the average value over the bin, calculated from the b
flux and cross-section models. For most bins, the correctio
well below 10%.

Systematic uncertainties are evaluated by repeating
analysis with either a 1σ shift or taking the difference betwee
two models. The sources of systematic uncertainties and
applied variations are listed inTable 3.

A more detailed description of the analysis procedure ca
found in Refs.[21,23].

4. Beam flux measurement

For the beam flux measurement the data are binned i
bins ofEν with variable bin size, from 10 GeV to 200 GeV. A
ter acceptance corrections, the yield is normalized to the th
ness of the fiducial volume; to the number of protons delive
on target, measured with beam current transformers (BCT)
corrected for the detector dead-time; and to the total neutr
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0

s

Table 2
Numbers of events obtained for the beam flux analysis.yvtx andxvtx are the horizontal coordinate perpendicular to the beam and in the beam direction, respe
while z∗

vtx is the coordinate perpendicular toyvtx and the beam axis

Neutrino mode Anti-neutrino mode

Run selection 3 631 967 1 031 741
Reconstructed muon 3 105 332 859 309
xvtx in plane 2–7 1 857 352 523 609
−90� yvtx, z∗

vtx � 90 cm 1 252 289 335 927

ν ν̄ ν ν̄

Muon charge 1 224 051 28 238 83 769 252 15
pµ � 5 GeV/c 1 161 238 26 599 80 695 243 317
4� Ehad� 100 GeV 898 522 17 925 64 538 147 410
θµ � 300 mrad 882 132 17 900 64 348 146 65
10� Eν � 200 GeV 870 252 17 142 62 005 145 816

Table 3
Overview of the variations applied to evaluate systematic uncertainties. The uncertainty from the calibration of the beam current transformer (BCT) affects the beam
flux measurement, but cancels for the cross-section and structure function measurements

Error source Variation

Hadronic energy scale 5%
Hadronic energy offset 150 MeV
Hadronic energy resolution 2.5%
Muon momentum scale 2.5%
Muon momentum offset 150 MeV/c

Reconstruction inefficiency ±5%
Totalν–nucleon cross-section 2.1%
Ratio of ν̄–nucleon andν–nucleon cross-section 1.4%
Non-linearity of theν–nucleon cross-section 1%/100 GeV
Non-linearity of theν̄–nucleon toν–nucleon cross-section ratio 0.5%/100 GeV
Acceptance corrections with/without phenomenological correction
Radiative corrections CCFR/GRV98
Callan–Gross violation R ± 20%
Strange sea �xF3 ± 20%
BCT calibration (beam flux only) 2%

Fig. 1. Measurements of the neutrino beam fluxes for neutrino beam (left) and anti-neutrino beam (right). The measurements (solid triangles) are compared with the
GBEAM simulation (open triangles). The solid (dashed) lines indicate fits to the data (simulation) described in the text.
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p
Fig. 2. Measured differential cross-sections of neutrino–nucleon scattering on the CHORUS calorimeter. Points are from data where the inner bar reresents the
statistical uncertainty and the outer error bar the quadratic sum of statistical and systematic uncertainties. The curves indicate the cross-section model described in
the text. Numerical values of these measurements are available in Ref.[28].
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ter error
Fig. 3. Result of the extraction of the structure functionR(x,Q2). Points are from data where the inner bar represents the statistical uncertainty and the ou
bar the quadratic sum of statistical and systematic uncertainties. The curves indicate the SLACR90 parametrization. Numerical values of these measurements are
available in Ref.[28].
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nucleon cross-section[13]:

(9)σνN
0 ≡ σνN

Eν

= (0.677± 0.014) × 10−38 cm2 GeV−1,

(10)σ ν̄N
0 ≡ σ ν̄N

Eν̄

= (0.500± 0.007)σ νN
0 .

In the energy range relevant for this analysis, the n
linearity of the neutrino–nucleon cross-section is smaller t
1% per 100 GeV and the anti-neutrino to neutrino cross-sec
less than 0.5% per 100 GeV. A correction for the neutron
cess in the target is applied to the flux measurement such
the measured flux is defined as the rate of interactions o
isoscalar target. The size of this correction is about−6% (+6%)
for the neutrino (anti-neutrino) flux.

The results are shown inFig. 1 and are compared wit
the prediction from the CHORUS beam simulation GBEA
[24,25], a GEANT3 simulation of the neutrino beam, using
FLUKA [26] package for the primary hadronic interactions.
find that the energy spectra are well predicted by the beam
ulations, but the absolute yields are overestimated by about
(20% for anti-neutrinos). Our measurements are in agree
with the NOMAD measurements of the same beam[27]. For
the Monte Carlo generation, the neutrino spectra are fitted
smooth function:

(11)

N(Eν) = exp

(
p1 − Eν

p2
− p3

Eν

)
+ exp

(
p4 − Eν

p5
− p6

Eν

)
,

where the first term represents the soft component from
decay and the second term represents the hard componen
kaon decay.
-
n
n
-
at
n

-
%
nt

a

n
om

5. Measurement of the differential cross-sections

The differential cross-section measurement is normal
to the total neutrino–nucleon cross-section and is thus no
fected by the discrepancies between the beam simulation
the beam flux measurement. For the determination of the
ferential cross-sections, the neutrino and anti-neutrino dat
counted in bins ofx, y, Eν . Only the focused components
the neutrino and anti-neutrino beam exposures are used
data sample and the selection criteria are identical to those
for the beam flux measurement. The cuts onpµ, θµ, andEhad
restrict the kinematical domain of the differential cross-sec
measurement. Only those bins that are fully contained wi
the kinematical cuts are accepted for the analysis.

The differential cross-section is determined by the ratio
eventsN(Ei, xj , yk) to the total number of neutrino interactio
in the same energy bin:

(12)
1

Eν

d2σ

dx dy
= σtot

Eν

N(Ei, xj , yk)

N(Ei)�xj�yk

,

where�xj and �yk are the sizes of the bins inx and y re-
spectively, andσtot is the totalνN cross-section according t
Eqs.(9), (10), corrected for the neutron excess in the target

Smearing and efficiency corrections are calculated bin
bin by taking the ratio of the number of events generated w
the true value in a bin to the number of events reconstru
with the smeared values in that bin. From an event migra
study we find that 64% of the events is reconstructed in
right energy bin, 41% in the rightx-bin and 67% in the righ
y-bin. The results of the differential cross-section measurem
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outer bars
Fig. 4. Comparison of ourF2(x,Q2) results with measurements from CCFR and CDHSW. The inner bars represent the statistical uncertainties and the
the quadratic sum of statistical and systematic uncertainties. Numerical values of these measurements are available in Ref.[28].
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are shown inFig. 2. The differential cross-section has not be
corrected for the non-isoscalarity of the target and thus refe
the cross-section on the material of the CHORUS calorime
which is 93% lead, 3.5% iron and 3.5% other materials.

The differential cross-section of the model is shown a
curve inFig. 2. The agreement between the measurement
the model validates the use of the model for the calculatio
the acceptance and smearing corrections applied to the da

Several characteristic properties of the differential neutri
nucleon cross-section can be observed inFig. 2. The numer-
ical values of all measurements reported in the figures
available in Ref.[28]. At low x, it is expected that the cros
section is dominated by scattering off sea quarks, and
deed the relative difference between the measured neutrin
anti-neutrino cross-sections is small. Scaling violations,
dicted by QCD, are also visible: at lowx the cross-section
increases withEν , while at highx the cross-section decreas
with Eν .
to
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f
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6. Structure function extraction

To extract structure functions corresponding to an isosc
target, the cross-section data are corrected for radiative ef
and for the 9.7% excess of neutrons in the target, base
the difference between theu andd (ū and d̄) distributions in
the GRV98LO parton distributions. Isoscalarity corrections
most significant at highx, but never exceed 15%. The cros
section points are grouped in bins of (x, Q2). The binning inx
is the same as used for the differential cross-section mea
ment. The binning inQ2 is equidistant in log(Q2) and divides
the range 0.1–100 GeV2/c2 into 15 bins. The low-Q2 bins have
more entries at lowy, while the high-Q2 bins have more en
tries at highy. A correction is applied to shift the cross-secti
points to the centre of eachQ2 bin.

The y dependence of both neutrino and anti-neutrino d
is then used to extract the structure functionsF2(x,Q2),
xF3(x,Q2), andR(x,Q2), by applying a linear 3-paramete
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outer bars
Fig. 5. Comparison of ourxF3(x,Q2) results with measurements from CCFR and CDHSW. The inner bars represent the statistical uncertainties and the
the quadratic sum of statistical and systematic uncertainties. Numerical values of these measurements are available in Ref.[28].
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fit in each(x,Q2) bin according to Eqs.(5) and (8). The re-
sults forR(x,Q2) are shown inFig. 3 and compared with th
SLACR90 parametrization.

Since the results onR(x,Q2) are in agreement with th
more precise measurements from charged-lepton scatterinR

is fixed to the SLACR90 parametrization to improve the p
cision and extend kinematic range for the extraction of
structure functionsF2(x,Q2) andxF3(x,Q2). The results are
shown inFigs. 4 and 5and compared with the results from t
CCFR[1] and CDHSW[2] experiments. ForxF3(x,Q2) our
results are in agreement with both experiments. ForF2(x,Q2),
where the two other experiments disagree, our data fa
the CCFR results and confirm the expectation that the
ference between the nucleon structure functions of lead
iron is small. Preliminary NuTeV results[29] are in agree-
ment with the CCFR data for low and intermediatex but
indicate higher values ofF2 for x � 0.55. Due to the rela
tively large systematic uncertainty at highx and the differ-
r
-
d

ence in target material, we are not able to distinguish betw
the two.

7. Conclusion

Using data from the 1998 CHORUS run, we measure
muon neutrino and anti-neutrino beam flux and energy s
tra. Detailed beam simulations give a good prediction of
energy spectra but overestimate the absolute flux by 10%
the neutrino component and by 20% for the anti-neutrino c
ponent. We provide the first high-statistics measurement o
differential (anti-)neutrino cross-sections on a target predo
nantly made of lead as a function of the neutrino energy
the Björken variablesx andy. The differential cross-section
are used to extract the structure functionsR(x,Q2), F2(x,Q2),
andxF3(x,Q2). Our data onR are in agreement with SLAC
data and our measurement ofxF3 agrees with both CCFR an
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CDHSW. Our measurement ofF2 favours the CCFR data ove
CDHSW.
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