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Abstract

After completion of the data taking for thg, — v oscillation search, the CHORUS lead—scintillator calorimeter was used in the 1998 run
as an active target. High-statistics samples of charged-current interactions were collected in the CERN SPS west area neutrino beam. This |
contained predominantly muon (anti-)neutrinos from sign-selected pions and kaons. We measure the flux and energy spectrum of the incit
neutrinos and compare them with beam simulations. The neutrino—nucleon and anti-neutrino—nucleon differential cross-sections are measur
the range M1 < x < 0.7, 005< y < 0.95, 10< E, < 200 GeV. We extract the neutrino—nucleon structure functigns, 02), xF3(x, 02),
andR(x, 02) and compare these with results from other experiments.

0 2005 Elsevier B.V. All rights reserved.

1. Introduction from the measurement of the muon momentymthe angle,,
of the produced muon with respect to the beam axis, &npg,

High-energy neutrino—nucleon scattering provides a uniquéh€ energy transfer to the hadronic system:
view on the inner structure of the nucleon through charged-

current interactions that probe the quark-flavour structure in dle = Put Ehad @
ferent ways than with charged-lepton scattering. Previous h|ghy Ehad’ 2
statistics measurements of neutrino—nucleon interacfib@$ E,
have provided strong constraints on the momentum fraction 0h? = 4E,, p,, sir?(6,,/2), (3)
the nucleon carried by the anti-quarks. 02
The precision of high-statistics measurements of structure = ———, 4)

functions is limited by the detailed understanding of the experi- 2Mn Ehad

mental apparatus. Therefore, in large parts of the range cover&¢here E,, is the energy of the incoming (anti-)neutring,is
experimentally, the accuracy is determined by systematic urthe fractional energy transfer to the hadronic syster@? the
certainties rather than statistical errors. The two high-statisticsquared four-momentum transféfy the mass of the nucleon,
data-sets mentioned above show significant differences in sona#dx the longitudinal momentum fraction carried by the struck
kinematic regions. Thus additional measurements of the strugarton. In these relations, the mass of the muon and of the neu-
ture functions in a similar kinematic domain are of importance trino have been neglected.

The CHORUS detector is well suited to perform measure- In the singleW exchange approximation, the cross-section
ments of neutrino—nucleon differential cross-sections owing t®f neutrino—nucleon scattering can be described in terms of
its high-resolution calorimeter and the large acceptance of théhree structure functions that depend on two variables only,
muon spectrometer for neutrino interactions in the calorlmenamelyFl(x 0?), Fa(x, %), andx Fa(x, Q?):
ter. In this Letter, we describe a measurementFpfx, 0?) 2
xFa(x, 0%, andR(x, 0?), obtained in an exposure of the Iead— o GEMNE,
scintillator calorimeter of the CHORUS experiment to sign- 4% dy ~ w(1+ 02/ M3

selected neutrino and anti-neutrino beams. The high-statistics y2 Mnxy

exposure of the CHORUS calorimeter allows us to present X [EZXFH‘ (1_y Y >F2

the experimental differential cross-sectialfo/(dxdy), in 2 '

different bins of the neutrino energy, with minimal model- + (y — y_>xp3} (5)
dependence and allows QCD analyses to be performed with 2

these data by others. whereGr is the Fermi coupling constant aidy the mass of

In charged-current interactions of muon neutrinos with a nuthe W boson.
cleon, the full kinematics of the interaction can be reconstructed For isoscalar targets (with an equal number of neutrons and
protons), it can be shown thak 2} = 2xF} and F} = F},

. ]_) v . .
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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 featinest
tubes

Planes Density Lead Iron Other x/xQ X/Ag
(gem?) (gem?) (gem?) (gem?)
EM 4 37.33 3467 189 077 560 0203
HAD1 5 7609 7136 315 158 1147 0412
HAD2 5 9223 8793 236 194 1402 0495
Streamer tubes 22 .or 077 002 0009
Total 100786 93513 3511 3762 15029 5545

Beyond leading order, gluons contribute to the scatterindgut has modules of 8 cm 8 cm, arranged in five planes. The
process, and the structure functions can no longer be directird section (HAD2) has a readout unit of 10 colO cm and
related to the quark densities. Violations of the Callan—Grosss constructed as a sandwich of 4 mm thick scintillator strips
relation [3], 2xFy = F», are usually expressed in terms of with 16 mm lead strips. Eleven sets of streamer tube detectors

R(x, 0?): are installed between the calorimeter planes to aid the track-
2 5 ing of muons to the primary vertex. The energy reconstruction
AM{x > Lo . .

R= <1+ 5 >— -1, (8) and vertex location is performed with a neural net algorithm
0 2xF1 with two hidden layers that has been trained both on test beam

whereR can be interpreted as the ratio of the longitudinal anddata[9] and on simulated neutrino interactions. The calorimeter
transverse cross-sectiors,/or . energy reconstruction is linear up to 100 GeV, at higher energies
the linearity is compromised by saturation of the calorimeter

2. Experimental parameters ADCs. When the scintillators of the muon spectrometer are

included in the shower energy reconstruction, an energy resolu-
The CHORUS experiment was primarily designed to searchion of 20% is achieved for 8 GeV showers, improving to 12%
for neutrino oscillations throughr~ production in nuclear for shower energies above 35 GeV. The same neural net also
emulsions placed in a beam of predominantly muon neutridetermines the longitudinal vertex position with an accuracy of
nos[4]. The data used for the present measurement were taken3 cm. A 5% scale uncertainty is attributed to the calorimeter
in the 1998 run, after the nuclear emulsions and the air-corenergy determination. This has been determined from the ob-
spectrometer had been removed. The available space was usssived variation of the raw calorimeter response as a function
to place nuclear targets used for the measurement of nucleaf the interaction depth of testbeam hadrons. The uncertainty
dependence of the neutrino—nucleon cross-seiipn on the offset is 150 MeV, corresponding to the energy deposit
Neutrinos are obtained from the decay of pions and kaonsf a minimum-ionizing particle in one plane of the HAD2 sec-
produced in interactions of 450 G¢¥ protons accelerated by tion of the calorimetet! An uncertainty of 2.5% is attributed to
the Super Proton Synchrotron at CERN, and extracted evemhe hadronic energy resolution, corresponding to the statistical
14.4 s in two 6 ms spills containing typicallySlx 103 pro-  uncertainty from the test-beam exposure. The composition of
tons each[6]. Two pulsed toroidal magnets downstream ofthe calorimeter, used in this analysis as a target, is summarized
the production target focus either positively charged particlesn Table 1
(neutrino mode) or negatively charged particles (anti-neutrino  The muon spectrometer consists of six magnetized iron disks
mode). The decay of these charged particles results in a widgvith an outer diameter of 375 cm and an average strength of the
band neutrino beam. A shielding of 225 m of iron and 144 m oftoroidal field of 1.7 T. The disks are interspersed with scintil-
earth stops most particles, except neutrinos. lating strips used for measuring the energy leakage of show-
The CHORUS detector has been described in detail elseers not fully contained in the calorimeter. Drift chambers and
where[7]. Here we briefly describe the systems that are mosgtreamer tubes are positioned between the magnets to follow
relevant for this analysis: the lead—scintillating-fibre calorime-the muon trajectory and to measure its curvature in the mag-
ter that serves as an active target, and the magnetized-irgietic field. During neutrino running, negatively charged muons
spectrometer that measures the muon charge, momentum, aag bent toward the centre of the magnets and positively charged
direction. muons are bent outward; for anti-neutrino running the polarity
The CHORUS calorimeter is made of lead and scintillatoris inverted. The muon momentum is determined from its cur-
in a volume ratio of four to one and has both longitudinal andvature in the toroidal magnetic field. The momentum resolution
transverse segmentatif8. Lead—scintillator modules are po- varies from 15%10] in the 12—28 GeVYc interval to 19%47] at
sitioned transversely to the neutrino beam and are read out o0 GeV/c, as measured with test-beam muons, and is well re-
both sides by photomultipliers. The first section (EM) consistgroduced in simulations. A 2.5% scale uncertainty is attributed
of 1 mm thick scintillating fibres interspersed in lead, bundled
together in modules of 4 cm4 cm, and arranged in four planes
with alternating vertical and horizontal orientation. The sec-11 |y the EM and HAD1 calorimeter sections the energy deposit is 50 MeV
ond section (HAD1) has the same fibre/lead structure as EMand 100 MeV per plane, respectively.
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to the momentum measurement due to imperfections of magf Bardin [20]. We evaluate the uncertainty of the radiative
netic field measurements, and the uncertainty on the offset isorrections from the full difference between using GRV98 or
150 MeV/c. CCFR parton distribution functions as input. Finally, a phenom-
For the 1998 run, the CHORUS trigger systgii] was ad-  enological correctior:(x, Q2) is applied to the cross-section
justed to record charged-current interactions with minimal biasmodel to obtain a better description of the measured differen-
Three or more calorimeter planes with hits in the central parts ofial cross-sections at low? [21]. This correction is obtained
the HAD1 and HAD?2 sections are required, in coincidence withiteratively by comparing the measured cross-sections to the
activity in at least two of the four most upstream spectrometemodel until they agree. The magnitude of this correction can
magnets. Neutrino interactions upstream of the detector are veeach up to 30% forQ? < 1 Ge\?/c?, but is negligible for
toed by means of a large plane of veto scintillators 4 m in frontQ? > 5 Ge\2/c2. We apply a systematic uncertainty due to
of the calorimeter. The data acquisition systglil] makes it these corrections by evaluating the difference in acceptance
possible to record up to 16 interactions for every acceleratobetween the default cross-section model and a model without

cycle. phenomenological corrections.
The detector smearing and muon reconstruction efficiency
3. Analysisprocedure have been evaluated making use of a GEANAZ simulation

incorporating a detailed description of the detector geometry.

The accuracy of detailed simulations of wide-band neutrindVe find that the detector response depends predominantly on
beams is insufficient to be used directly for the flux normal-the muon momentum, the hadronic energy, and the longitudinal
ization. Therefore, we first measure the neutrino flux and it¥ertex position. The events are binned in these three variables,

energy spectrum from the data. In a second step, the differe@nd the resolutions and efficiency are determined for each com-
tial neutrino—nucleon cross-section is measured as a functigpination. While most detector resolutions behave as expected

of x, y, and E, for both neutrinos and anti-neutrinos. Finally, from test-beam data, some degradation of the muon-momentum
the measured differential cross-sections are used to extract tf@solution and reconstruction efficiency is observed for neutrino
structure functions™(x, Q2), x Fa(x, 0?), andR(x, 0?). An interactions with large shower leakage into the muon spectrom-
overall scale factor is applied to the results to reproduce th&ter. We have compared the hit multiplicity between data and
neutrino and anti-neutrino total cross-sections available in th§imulation of events with a high-energy hadronic shower and
literature[13]. a vertex position in the downstream part of the detector. We
The event selection of charged-current interactions is baselénd that the multiplicities are consistent between data and the
on the presence of a muon with a momentum of at |eas'EU” detector simulation. An Uncertainty of 5% is attributed to
5 GeV/c and an anglé,, with respect to the neutrino beam di- the fraction of events not reconstructed. This value was esti-
rection of less than 300 mrad. To ensure a high purity, the muofmated by observing the difference of the results of the sim-
candidate is required to penetrate at least four Spectromet@,’ified simulation and the full simulation of the detector re-
magnets. The interaction vertex is required to be reconstructe¥kPONse.
in the central part of the downstream half of the EM sector or 10 ensure that the reported values refer to the centre of each
the HAD1 sector. Quasi-elastic interactions and most resonanddn and not to the average over the bin, bin-centring corrections
production are rejected by requiring a minimum hadronic enare applied to the data. This correction is determined as the ratio
ergy of 4 GeV; and a maximum of 100 GeV is applied to rejectPetween the beam flux or cross-section at the centre of the bin
events in the non-linear regime of the calorimeter energy meand the average value over the bin, calculated from the beam
surement. A summary of the number of events surviving thesBux and cross-section models. For most bins, the correction is
criteria is shown ifTable 2 well below 10%.
A parametrized simulation is used to correct for the finite ac-  Systematic uncertainties are evaluated by repeating the
ceptance and detector smearing. The differential cross-sectigalysis with either ad. shift or taking the difference between
is modelled based on the GRV98LO parton distribution functwo models. The sources of systematic uncertainties and the
tions (PDF)[14]. The ratio of longitudinal to transverse struc- applied variations are listed ifable 3
ture function,R (x, 0?), is modelled after the SLACR90 para- A more detailed description of the analysis procedure can be
metrization[15], and the nuclear dependence follows the parafound in Refs[21,23]
metrization of Ref[16]. Target mass corrections are incorpo-
rated by evaluating the PDF at the Nachtmann variabkehich

is defined a$17] 4. Beam flux measurement
£ = 2x
a 1+ /1+4M,%,x2/Q2' For the beam flux measurement the data are binned in 10

bins of E,, with variable bin size, from 10 GeV to 200 GeV. Af-
Suppression of the cross-section due to charm production tgr acceptance corrections, the yield is normalized to the thick-
taken into account by replacing by the slow rescaling vari- ness of the fiducial volume; to the number of protons delivered
ablex(1+m§/ 02) [18], where we user. = 1.31 GeV/c? [19]. on target, measured with beam current transformers (BCT) and
Radiative corrections are applied according to the prescriptionorrected for the detector dead-time; and to the total neutrino—
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Table 2

Numbers of events obtained for the beam flux analysig.andxytx are the horizontal coordinate perpendicular to the beam and in the beam direction, respectively,

CHORUS Callaboration / Physics Letters B 632 (2006) 65-75

while z3, is the coordinate perpendicular $gix and the beam axis

Neutrino mode

Anti-neutrino mode

Run selection 3631967 1031741
Reconstructed muon 3105332 859309
xvtx in plane 2-7 1857352 523609
—90 < yvixs Zuty < 90 cm 1252289 335927

v v v v
Muon charge 1224051 28238 83769 252158
pu =5GeV/e 1161238 26599 80695 243317
4 < Epag< 100 GeV 898522 17925 64538 147 410
0, <300 mrad 882132 17900 64 348 146 650
10< E, €200 GeV 870252 17142 62005 145816

Table 3

Overview of the variations applied to evaluate systematic uncertainties. The uncertainty from the calibration of the beam current transfQrafiec(8 €t 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%

Total v—nucleon cross-section 2.1%

Ratio of v—nucleon and—nucleon cross-section 1.4%
Non-linearity of thev—nucleon cross-section 1%/100 GeV

Non-linearity of thei—nucleon tov—nucleon cross-section ratio

Acceptance corrections
Radiative corrections

0.5%/100 GeV
with/without phenomenological corrections
CCFR/GRV98

Callan—Gross violation R +20%
Strange sea AxF3+20%
BCT calibration (beam flux only) 2%
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Fig. 1. Measurements of the neutrino beam fluxes for neutrino beam (left) and anti-neutrino beam (right). The measurements (solid trianglesgdreitothe
GBEAM simulation (open triangles). The solid (dashed) lines indicate fits to the data (simulation) described in the text.
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Fig. 3. Result of the extraction of the structure functi®tx, Q2). Points are from data where the inner bar represents the statistical uncertainty and the outer error
bar the quadratic sum of statistical and systematic uncertainties. The curves indicate the SLACR90 parametrization. Numerical values ofitbesentaeas
available in Ref[28].

nucleon cross-sectidi 3]: 5. Measurement of the differential cross-sections
wWN _ 9 N _ -38 o 1 . . . . .
oy = = (0.677+0.014 x 10 >°cm* GeV -, (9) The differential cross-section measurement is normalized
alz)v to the total neutrino—nucleon cross-section and is thus not af-
O_(\)‘;N -7 _ (0.500+ 0.007)05N_ (10) fected by the discrepancies between the bee_lm ;imulation apd
E; the beam flux measurement. For the determination of the dif-

In the energy range relevant for this analysis, the nonferential cross-sections, the neutrino and anti-neutrino data are
linearity of the neutrino—nucleon cross-section is smaller thaounted in bins ofc, y, E,. Only the focused components of
1% per 100 GeV and the anti-neutrino to neutrino cross-sectiothe neutrino and anti-neutrino beam exposures are used. The
less than 0.5% per 100 GeV. A correction for the neutron exdata sample and the selection criteria are identical to those used
cess in the target is applied to the flux measurement such théir the beam flux measurement. The cutszon 6,,, and Enad
the measured flux is defined as the rate of interactions on amstrict the kinematical domain of the differential cross-section
isoscalar target. The size of this correction is abeéite (+-6%)  measurement. Only those bins that are fully contained within
for the neutrino (anti-neutrino) flux. the kinematical cuts are accepted for the analysis.

The results are shown iRig. 1 and are compared with The differential cross-section is determined by the ratio of
the prediction from the CHORUS beam simulation GBEAM eventsV (E;, x;, yx) to the total number of neutrino interactions
[24,25], a GEANTS3 simulation of the neutrino beam, using thein the same energy bin:
FLUKA [26] package for the primary hadronic interactions. We 2
find that the energy spectra are well predicted by the beam simi d_‘j — @M
ulations, but the absolute yields are overestimated by about 10%v dxdy  E, N(E;)Ax;Ayi
(20% for anti-neutrinos). Our measurements are in agreemeffhere Ax; and Ay, are the sizes of the bins inand y re-
with the NOMAD measurements of the same bef@i. For  gpectively, andh is the totalvN cross-section according to
the Monte Carlo generation, the neutrino spectra are fitted to ggs_ (9), (10) corrected for the neutron excess in the target.

(12)

smooth function: Smearing and efficiency corrections are calculated bin-by-
E, p3 E, ps bin by taking the ratio of the number of events generated with
N(Ey) = exp<p1 Cp E—u> + exp<p4 s E) the true value in a bin to the number of events reconstructed

(11)  with the smeared values in that bin. From an event migration
where the first term represents the soft component from piostudy we find that 64% of the events is reconstructed in the
decay and the second term represents the hard component freight energy bin, 41% in the right-bin and 67% in the right
kaon decay. y-bin. The results of the differential cross-section measurement
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are shown irFig. 2 The differential cross-section has not been6. Structurefunction extraction

corrected for the non-isoscalarity of the target and thus refers to

the cross-section on the material of the CHORUS calorimeter, To extract structure functions corresponding to an isoscalar

which is 93% lead, 3.5% iron and 3.5% other materials. target, the cross-section data are corrected for radiative effects
The differential cross-section of the model is shown as and for the 9.7% excess of neutrons in the target, based on

curve inFig. 2. The agreement between the measurement anthe difference between theandd (z andd) distributions in

the model validates the use of the model for the calculation othe GRV98LO parton distributions. Isoscalarity corrections are

the acceptance and smearing corrections applied to the data. most significant at hight, but never exceed 15%. The cross-
Several characteristic properties of the differential neutrino-section points are grouped in bins af (02). The binning inx

nucleon cross-section can be observedrig. 2 The numer- is the same as used for the differential cross-section measure-

ical values of all measurements reported in the figures areent. The binning inQ? is equidistant in logQ?) and divides

available in Ref[28]. At low x, it is expected that the cross- the range A—100 Ge\?/c? into 15 bins. The lowg? bins have

section is dominated by scattering off sea quarks, and inmore entries at low, while the high©? bins have more en-

deed the relative difference between the measured neutrino amries at highy. A correction is applied to shift the cross-section

anti-neutrino cross-sections is small. Scaling violations, prepoints to the centre of eagd? bin.

dicted by QCD, are also visible: at low the cross-section The y dependence of both neutrino and anti-neutrino data

increases withE,,, while at highx the cross-section decreasesis then used to extract the structure functiofis(x, 0?),

with E,,. xFa(x, 0%), and R(x, 0?), by applying a linear 3-parameter
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Fig. 5. Comparison of our F3(x, 02) results with measurements from CCFR and CDHSW. The inner bars represent the statistical uncertainties and the outer bars
the quadratic sum of statistical and systematic uncertainties. Numerical values of these measurements are availdb8j.in Ref.

fit in each(x, 0?) bin according to Eqs(5) and (8) The re-  ence in target material, we are not able to distinguish between
sults for R(x, Q?) are shown irFig. 3and compared with the the two.
SLACR90 parametrization.

Since the results oR(x, 0?) are in agreement with the .

. .~ 7. Conclusion

more precise measurements from charged-lepton scattéing,
is fixed to the SLACR90 parametrization to improve the pre-
cision and extend kinematic range for the extraction of the Using data from the 1998 CHORUS run, we measure the
structure functiong (x, Q%) andx F3(x, Q?). The results are muon neutrino and anti-neutrino beam flux and energy spec-
shown inFigs. 4 and 5and compared with the results from the tra. Detailed beam simulations give a good prediction of the
CCFR[1] and CDHSW][2] experiments. Fox F3(x, Q%) our  energy spectra but overestimate the absolute flux by 10% for
results are in agreement with both experiments. Eax, 02), the neutrino component and by 20% for the anti-neutrino com-
where the two other experiments disagree, our data favoysonent. We provide the first high-statistics measurement of the
the CCFR results and confirm the expectation that the difdifferential (anti-)neutrino cross-sections on a target predomi-
ference between the nucleon structure functions of lead andantly made of lead as a function of the neutrino energy and
iron is small. Preliminary NuTeV result®9] are in agree- the Bjorken variables andy. The differential cross-sections
ment with the CCFR data for low and intermediatebut  are used to extract the structure functid(s, 0?), Fa(x, 0?),
indicate higher values of» for x > 0.55. Due to the rela- andxFz(x, Q?). Our data onR are in agreement with SLAC
tively large systematic uncertainty at highand the differ- data and our measurementxafs agrees with both CCFR and
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