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Stellingen

1. Bij de bepaling van de werkzame doorsnede van een
deeltjeswisselwerking, die afhankelijk is van de zwaartepunts-
energie, gemeten in een 'fixed target' experiment, dient
rekening gehouden te worden met de Fermi-beweging van het
tref-nucleon.

2. Het gebruik van een computermodel voor de simulatie van een
neutrinobundel, waarin geen rekening gehouden is met de
multipele Coulomb-verstrooiing van de mesonen, leidt tot een
onjuiste schatting van de neutrinoflux.

3. De bijdrage aan grote hoeken in muon-hoekverdelingen,
berekend voor posities in het muonenschild van een
neutrinobundel, is voornamelijk toe te schrijven aan
langzame muonen waarvan de hoeken in probabilistische
overeenstemming zijn met de snelheden.

4. De conclusie dat er voor de verklaring van het van Cygnus X-2
afkomstige signaal geen sprake kan zijn van in experimenten op
aarde produceerbare en waarneembare deeltjes, is voorbarig.

F. Halzen, University of Wisconsin-Madison, MAD/PH/260 (1985),
A.S. Carroll et al., Phys. Rev. Lett. H (1978) 777.

5. Gegevens over de formatietijd van elementaire deeltjes kunnen
niet worden verkregen uit de herverstrooiing (rescattering) in
atoomkernen.

N.N. Nikolaev, V.R. Zoller, Nucl. Phys. B147 (1979) 336.

6. Al het universitaire en para-universitaire onderzoek moet
periodiek extern worden beoordeeld, met consequenties voor
tenminste het interne onderzoekbeleid.

7. Ten behoeve van de huidige en toekomstige deelname van
Nederland aan grote internationale faciliteiten (CERN, EMBL,



ESRF, ISIS, etc.) verdient het aanbeveling, om redenen van
verantwoordelijkheidstoedeling bij het maken van keuzen, een
advieslichaam operationeel te maken waarin het adviseren over
nationale én internationale participaties is ondergebracht.

8. Technologiebeleid behoort een afgeleide te zijn van een expliciel
geformuleerd onderzoekbeleid.

9. Gezien de Nederlandse verhoudingen is het systeem van de
voorwaardelijke financiering ongeschikt voor reallocatie van
middelen tussen instellingen van wetenschappelijk onderwijs
onderling. Uit het oogpunt van nationale verdeling van
onderzoekgelden op grond van kwaliteit, wetenschappelijke
relevantie en eventueel maatschappelijke relevantie, verdient
het ZWO-mechanisme de aandacht.

1 0 . Voor een adequate afstandelijke en globale sturing van een
sociaal systeem is het ter beschikking hebben van uitsluitend
globale informatie niet toereikend.

1 1 . De uitspraak dat ambtenarensalarissen geen gelijke tred houden
met salarissen in de particuliere sector suggereert ten onrechte
dat de ambtenarensalarissen zich in positieve zin ontwikkelen.

J. de Koning, Minister van Sociale Zaken.

1 2 . De intersubjectieve validiteitstoetsing van heuristische accre-
ditering door output-evaluerende organen, zoals visitatie-
commissies, met betrekking tot systematische ex-ante beoor-
delingen van autonoom verantwoordelijke instellingen, ge-
baseerd op longitudinale explicitering van evaluatie-
desiderata vanuit de optiek van een bestuurscentristische
waardenconfiguratie op meta-niveau, vergroot de diffusiteit
in de onderscheiden verantwoordelijkheden.

'Hoger onderwijs: autonomie en kwaliteit', beleidsnota aan de
Tweede Kamer, 19253, vergaderjaar 1985-1986.

C.P. Visser, maart 1986.
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INTRODUCTION

The aim of high energy physics (or elementary particle physics) is to improve
the understanding of and deepen the insight in the basic concepts of matter.
Principally this is performed by studying interactions between elementary parti-
cles. For the realisation of particle collisions and the observation of the re-
sults different experimental techniques are employed, fhe data analyzed in this
thesis come from a bubble chamber (BEBC) filled with liquid deuterium, exposed
to a neutrino beam (CERN wide-band beam). The experiment Is performed at the
CERN West Area neutrino facil ity, within the framework of an international col-
laboration in which participated the institutes of Amsterdam, Bergen, Bologna,
Padova, Pisa, Saclay and Torino (WA25-collaboration).

High energy particles have the short quantum mechanical wavelenghts needed to
resolve the structure of matter on a small scale. With the present available
high energy neutrino beams i t is possible to resolve the quark structure of nu—
cleons such as it reveals i tself experimentally.

The subject of this thesis is the measurement of the charged current neutrino-
proton and neutrino-neutron cross-sections and structure functions. The WA25 ex-
periment is the first high energy neutrino experiment with deuterium as a tar-
get. In deuterium the proton and neutron are loosely bound, which means that i t
is very useful as a target for the study of interactions on protons and neutrons
separately.

This thesis is organized as follows. It starts with a description in chapter 1
of the experimental facil ity at CERN for the registration of the neutrino e-
vents. Chapter 2 contains a discussion about the different correction techniques
in relation to inefficiencies that are met in the measurements of the events. It
also contains in some detail a discussion about the used method to deal with
measurement uncertainties. Tn chapter 3 the properties of the neutrino beam used
for the irradiation of the bubble chamber are described. Also ways to monitor
the beam are illustrated. A good knowledge of the incident neutrino beam Is in-
dispensable for the analysis of the experimental results. Fur ter, In chapter 4
the present theoretical understanding of the studied processes i s reviewed.
Finally, the experimental results are presented in chapter 5. The results are
discussed in the light of the models mentioned in chapter 4.
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Chapter 1

EXPERIMENTAL SET-UP

1.1 INTRODUCTION

The principle of operation of a neutrino beam i s schematically presented in fig-
ure 1. During the period of data taking for the analysis described in this the-
s i s , the CERN Super Proton Synchrotron (SPS) ejected a beam of 400 GeV protons
during a 3 ras beam spi l l every 9.6 or 10.8 seconds. The number of protons was
typically 1013 per sp i l l .

Ejection

Proton /
occelerator A/

I Decay channel

Proton beom Target Focusing
pf

neutrino parents

Muon flux
measurement
chonnels

Neutrino
detectors

Figure 1: Schematic layout of the CERN neutrino wide-band beam l ine . The draw-
ing, which i s not to scale, shows the principle of operation.

The neutrino beam s tar ts where the protons strike a beryllium target to produce
n and K mesons which pass through a series of focusing elements. From these ele-
ments the neutrino beam takes i t s name: wide-band beam (WBB) or narrow-band beam
(NBB). In a WBB the goal i s to focus as many mesons as possible, In order to
have a high particle flux. In a NBB only mesons within a certain momentum In-
terval are focused. Particles with the charge opposite to the selected value are
defocused in both types of beam. In this experiment the WBB has been used.

Already in the vicinity of the target the mesons may decay into muons and
neutrinos; they get further opportunity for this decay in a 300 m long vacuum
tunnel. The muons are removed by means of 201 m steel and ahout 150 m rock In
which they slow down and eventually stop, while the neutrinos pass straight
through the shield to the bubble chamber BEBC. In chapter 3 a detailed descrip-
tion will be given of the neutrino beam and the methods of i t s design. The neu-
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trino flux i s inferred from measurements of the associated muon flux which is
monitored in 5 gaps in the iron shield [1]. Muons produced in the charged cur-
rent interactions in BEBC are identified by the external rauon identifier EMI
[ 2 J .

1.2 THE BUBBLE CHAMBER

The bubble chamber in our experiment i s the Big European Bubble Chamber (BEBC)
which i s extens ive ly described elsewhere [ 3 ] . Here we w i l l summarize i t s main
properties.

Figure 2: Side view of the Big European Bubble Chamber, dimensions are in mm.

1.2.1 Description

The vessel
BEBC i s a cryogenic bubble chamber with a tota l internal volume of 32 W. For
the purpose of our experiment i t was f i l l e d up with 4.4 tons of l iquid deuterium
at a temperature of 31.1 K. The chamber i s cy l indr ica l , has a diameter of 3.7 m
and a total height of about 4 m (see figure 2 ) . The piston has a diameter of
1.81 m and i s located at the bottom of the ves se l . The stroke of the piston that
makes the l iquid super-heated, i s 90 to 93 mm, which corresponds to a volume
change of the chamber of 0.65 to 0.68%. To suppress turbulences in the l iquid
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the piston Is covered with a floating disc. After the depressurization, bubbles
mark the tracks along which charged particles just travelled through the liquid.
The situation i s recorded on photographic 70 mm film by means of 4 cameras at
the top of the chamber. To facil itate the spatial reconstruction of the tracks
afterwards, the 4 cameras look down into the chamber at different angles and
from different positions. Ring flashes around the objectives provide for the i l -
lumination. A flash delay of 6 to 10 msec i s employed; this allows the bubbles
to grow to a size of approximately 0.6 ram. The light i s reflected by the chamber
wall which, for this purpose, has a retrodirective (Scotchlite) sheeting. As a
result the bubbles appear as dark spots on a bright background (see figure 3) .
When the images of the negatives are projected on the scanning table, the bub-
bles appear as light spots on an obscure background. On the basis of these pic-
tures i t Is possible to reconstruct a point In three dimensions, with an error
of about 0.3 mm.

Figure 3: Part of a BEBC photograph taken during the anti-neutrino beam running.
It i s one of the more interesting photographo (nr. 680-1816-3) showing
a dirauon event involving a charmed meson (D ~) and a strange baryon
(A). It i s assumed that there is a K*' in the final state and that the
missing transverse momentum Is carried away by a neutrino. The two mu-
ons are identified by the EMI. The helices reveal the decay of a pion
through the chain n-(i-e.
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The magnetic field
In the bubble chamber a fairly homogeneous magnetic field Is established, with a
central value of 3.5 T. The magnetic field facilitates the determination of the
momentum and the sign of charge of the particles on basis of the track curva-
tures. The magnetic field is maintained by a current of 5700 A in the supercon-
ducting coils of a magnet surrounding the bubble chamber. The energy of the mag-
netic field amounts to ~ 750 MJ. Switching on and off the field has to be per-'
formed very carefully, and it generally takes a time in the order of ona day.
The chamber and the magnet are enclosed in an iron shield which returns the mag-
netic field and reduces the strength of the fringe field outside BEBC.
The magnetic field is parallel to the s-axls, see figure 4.

The l iquid
The chamber Is f i l l e d with l iquid deuterium, which has a hadron absorption
length of 4.03 m and a radiation length of 9 m. The mean distance from the ver-
tex points to the downstream wall of the bubble chamber i s 1.91 m. Since only
charged part ic les produce v i s i b l e tracks and the mean distance In the detector
available for neutral part ic le decay or Interaction i s 1.91 m, most of the neu-
tral part ic les escape from detection. The incident neutrino energy for each e-
vent has to be estimated from the measured momenta of the v i s i b l e tracks. The
fact that , in general, neutral partic les are not detected, gives r i s e to a major
source of systematical uncertainty in the experiment.

1.2.2 The f iducial volume

The neutrino events are only measured If their interaction vert ices are ly ing
in the so-cal led fiducial volume. This volume Is defined in such a way that any
downstream track emerging from an event and leaving the chamber, can be measured
over at l eas t 50 cm. In th i s way the error on the momentum of charged par t i c l e s ,
espec ia l ly of muons, i s kept within bounds. Another requirement Is that any part
of the f iducial volume i s seen by at l eas t 2 cameras. In addit ion, the fiducial
volume i s everywhere at l e a s t 5 cm away from the upstream wall to exclude events
in the t o l l surface (wallons). In the BEBC co-ordinate system the fiducial vol-
ume i s define.! as (dimensions in metres):

x2 + y2 < 1.802

(x+0.5)2 + y2 < 1.852

-1 .1 < z < 1

which corresponds to a volume of 18.138 ra3 and a mass of 2.52 tons of deuterium.
Figure 4 shows a graphical representation of the x-y cross-sect ion of the fidu-
c i a l volume. Table 1 summarises the properties of the l iquid in the bubble cham-
ber.

TABLE 1
Summary of properties of the bubble chamber in th i s experiment.

density
temperature
hadron absorption length
radiation length
magnetic f ie ld
fiducial volume
fiducial mass

0.1388
31.1

4.03
~ 9.00

3 . 5
18.138

2.52

g cm"3

K
m
m
T
m3

t
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u-beam -•

BEBC wal I
/R 1 .65

Figure 4: Cross-section in the jr-y plane of the fiducial volume as used in this
experiment. Dimensions are in metres.

x • r cosX cosip
Y = r cosX sinip
z = r s in \

Figure 5: Relation between polar and cartesian co-ordinates of the BE8C co-ordi-
nate system. The neutrino beam enters with \ « -42.5 mrad and *» 41.5
nrad.
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1.2.3 The BEBC co-ordinate system

The BEBC co-ordinate system is attached to the bubble chamber. The x-y plane is
parallel to the earth's surface and the origin of the system coincides with the
centre of the chamber. The direction of the x-axis is chosen symmetrically with
respect to the camera positions. The neutrino beam enters the chamber under a
dip angle of 42.5 mrad, because of the positioning of the beam target 40 m un-'
derground, 822 m from BEBC. The azimuth of the beam axis is 41.5 mrad with re-
spect to the x-axis. For a definition of the angles see figure 5. The beam axis
passes through the central region of the chamber. The beam intensity drops off
with increasing distance from the beam axis; the half value width of the beam is
about 1.8 m. The nominal direction of the Incoming neutrino plays an essential
role in the pc balancing procedure to determine the neutrino energy. To a small
extent the unknown position of the decay point of the neutrino parent introduces
an uncertainty in the direction (about 1.5 mrad).

1.3 THE EXTERNAL MUON IDENTIFIER

To facilitate the Identification of charged current (CC) events, i.e. events
with a muon in the final state, BEBC is equipped with a number of multi-wire
proportional chambers, the External Muon Identifier [2]. The position and ar-
rangement of the EMI is shown in figure 6. The EMI chambers are divided over two
planes: 8 chambers in the inner plane and 47 chambers in the outer plane. Note
that before the start of this experiment chamber 1 and 2 have been moved from
the outer to the inner plane to increase the geometrical acceptance. The size of
each chamber is 3 by 1 m. The inner chambers cover 9.4% and the outer chambers
14.7X of the 4x solid angle, seen from the centre of BEBC. The arrangement of
the chambers is asymmetrical in order to increase the geometrical acceptance of
the muon. The chosen polarization of the magnetic field is such that the muon
produced in a CC interaction (i.e. the negative muon in a neutrino beam run and
the positive muon in an anti-neutrino beam run) is bent to the left hemisphere
where the additional chambers are situated.

Muons are recognized on basis of their penetration in matter. Hadrons leaving
the bubble chamber are absorbed by the material of the electromagnet or in the
additional 0.5 m of lead in front of the EMI inner plane, and an iron shield of
0.5 to 1.7 m between the inner and the outer plane. Muons with a momentum great-
er than 3 GeV/c can penetrate through this material and will subsequently pro-
duce hits in the two planes of the EMI. The spatial resolution depends on the
position in the EMI and is ~ 4 mm in the chambers in the most forward direction,
and 16 mm in the other chambers. The resolution is set by the number of wires
connected to one amplifier in the EMI chamber. The spatial resolution is chosen
higher in the forward direction in order to obtain accurate measurements of the
high energy muons travelling in that direction. These particles suffer only
slightly from multiple scattering, so that their anticipated positions in the
EMI can be estimated with great precision (about 10 mm in the inner plane for a
muon of 20 GeV). A measured track leaving BEBC is called a muon if its extrapo-
lated path can be associated with hits in both planes of the EMI, in the same
time interval, and within preset spatial limits. The length of the time interval
is 0.25 (is and is called a time slot. The recording of a time slot is triggered
by a hit in one of the EMI p'.anes.
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Figure 6: Top view and side view of the position and arrangement of the EMI with
respect to BEBC.

The identification of muons in the EMI takes place off-l ine. For this purpose,
all hits , registered by the EMI during a beam spill in the anti-neutrino run,
are recorded in shift registers, and are written onto magnetic tape after the
passage of the beam. During the 3 msec beam spil l the EMI can register a maximum
of 1024 time slots, with the restriction that hits in one particular chamber do
not cover more than 79 time slots for a central chamber, and 39 time slots for a
chamber at the edge of the EMI. In the periods of data taking the number of time
slots per spill was typically 300. During neutrino beam running, where the event
intensity was much larger than during anti-neutrino running, the EMI was put in
a different operation mode. The recording of a time slot was only triggered by a
hit in the inner plane to avoid saturation in the on-line EMI data handling sys-
tem. The background of false correlations between bubble chamber tracks an<! un-
related hits in the EMI i s small, due to the high space and time resolution of
the chambers.

The veto counter is placed in front of the bubble chamber and consists of
an array of another 6 multi-wire proportional chambers. The hit information of
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the veto counter was only recorded If the hit occurred In an existing time slot,
set by the Inner (or outer) EMI plane. Information coming from the veto counter
yielded a printed message of the muon track reconstruction program.

1.4 DATA REDUCTION

Data reduction is the process of removing irrelevant Information at an early
stage of the experiment. In our case the init ial information consists of four
data 8trearns which finally must lead to scientific results. The data reduction
described In this section results in the Data Summary Tape (DST). The compact
information written on this magnetic tape will be used for further analysis.

1.4.1 Raw data streams

During data taking four streams of information are present:

a. The BEBC photographs

b. EMI magnetic tapes

c. NFM magnetic tapes

d. Nuclear emulsion plates

a. The BEBC photographs form the most essential part of information for the
analysis. The photographs are on 70 mm film, one film for each of the
four views. One frame occupies 95 mm of film. Each fila contains 60C0
frames so that with a repetition time of 9.6 seconds for the beam spill,
one film roll covers a 16 hours period of the exposure.

b. The EMI tapes contain the information about hits in the external muon i-
dentifier. This tape is analyzed off-line in order to identify charged
current events. Several EMI tapes may be written for one film roll.

C> The NFM (Neutrino Flux Monitoring) tapes contain Information about the
neutrino beam:

- muon flux In the shielding gaps,
- number of protons on target and target multiplicity,
- the horn currents.

The Information is used to calculate the absolute neutrino flux. The NFM
tape has been renewed once a day.

d. Nuclear emulsion plates were used for beam calibration purposes [1]. Un-
like the above information which is recorded every beam spill, the nucle-
ar emulsions «ere only put once in the beam during a whole run. The emul-
sion plates were placed in front of solid state detectors of the NFM sys-
tem and exposed to the beam during one or more beam spills. Comparison of
counted number of tracks in the developed emulsion with the read out of
the solid state detector, provides a means of absolute calibration of the
NFM system.
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1.4.2 On-line data reduction

Contrary to counter experiments, in bubble chamber experiments the on-line data
reduction is modest. As said before, the number of time slots per beam sp i l l ,
recorded during neutrino beam running, was reduced by a different operation mode
of the EMI (see section 1.3). In this mode a time slot was only triggered by a
hit in the inner plane. This reduction was necessary to avoid overflow of the
on-line data recording system. In the off-line analysis of the EMI tapes, the
muon identification required hits in both EMI planes.

The second on-line data reduction was performed on the BEBC photographs. No
photograph was taken i f the readout of the central solid state detector in gap 2
of the muon shield recorded an intensity below 20% of the nominal value during a
beam sp i l l . Similarly, in utse of loor target efficiency or even complete ab-
sence of the proton beam, no picture was taken. In the absence of a flash trig-
ger no data was written onto the magnetic tape of the EMI.

1.4.3 Off-line data reduction

Only the BEBC photographs and the EMI tapes are used for the production of the
DST. The analysis giving the absolute neutrino flux was performed directly on
the NFM tapes and the nuclear emulsions.

Film scan and measurement
On average every 2.5 frames of neutrino and 11 frames of anti-neutrino film
showed an event, which satisfied the scanning and kinematical conditions. The
selection of these frames is a result of the scanning and measurement procedure.

A frame was only scanned i f the EMI had properly worked for that picture.
The condition of the EMI information i s given by the status flag, which i s writ-
ten onto the EMI tape together with the time slot Information. All relevant
frames were scanned twice and independently. Each scan was performed on two
views, so that all four views had been covered after two scans. Bare one-prongs
were singled out from the scanning procedure since they are nearly undetectable
during normal scanning. A special search dedicated to these one-prongs was per-
formed on part of the film, to obtain an estimate of this contribution (see sec-
tion 2.4.4). Already at the level of scanning, a selection regarding the total
energy of the event, was made in order to exclude the time-consuming measurement
of events that would not satisfy the kinematical criteria. One-, two- and three-
prongs were only retained if one of the tracks represented a particle with a mo-
mentum of at least 4 GeV/c, or If there was a V° or y associated to the event.
The momentum criterion was judged by eye with the aid of a j ig , the curvature of
which corresponds to a particle of 4 GeV/c momentum at the bottom of the bubble
chamber. IXie to perspective magnification tracks at a higher position are re-
corded with a smaller curvature, and may leak through this pre-measurement ener-
gy selection.

The pre-measurement energy selection is based on the condition that at
least one particle must have a momentum greater than 4 GeV/c. This i s
generally the muon In CC events» For neutral current (NC) events this
selection introduces a systematical effect. The effect must be incor-
porated in the smearing correction procedure of the neutral current a-
nalysis.
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After an event was measured, the tracks were reconstructed in space by the GEOM-
ETRY program [4] which also performs a set of mass-dependent f i ts to the tracks,
in order to generate estimates for the momenta and energies. At this stage a
precise kinematical cut can be made. Events outside the fiducial volume can be
discarded after a geometrical reconstruction of the vertex point. The measure-
ment was performed on as many views as possible. The definition of the fiducial
volume is such that an arbitrary point in this volume is covered by at least 2'
views. On the basis of the track residues i t was decided whether or not a track
had to be remeasured. Tracks with at least one mass-fit with a residue below
15-20 \im were accepted without further consideration.

In the next stage, al l leaving tracks ( i . e . tracks with no interaction or
decay in the bubble chamber) with a momentum greater than 1.5 GeV/c were extrap-
olated towards the EMI inner and outer plane by the THIRA program [5]. Muons
with momentum less than 1.5 GeV/c are bent away by the magnetic field before
reaching the inner plane. The anticipated positions, which have an uncertainty
due to multiple scattering errors, were compared with the registered EMI infor-
mation. Hita in the predicted regions of both inner and outer planes, during a
time s lot , confirmed the presence of a union candidate. The particle was identi-
fied as a muon if the associated X2 was less than 10.

The results of the GEOMETRY and THIRA programs was then fed into the KINE-
MATICS program [6] which uses 4-momentum conservation in an attempt to identify
the correct mass hypothesis fcr each event. For events with undetected neutral
particles, no constraint can be applied to the data; for the other events, a 3C-
fifc was performed. Two-prong events were subjected to a V° /y f i t in order to 1-
dentify ;x>ssible A's and neutral kaons. If KINEMATICS failed assigning a mass to
a particle, and the mass could not be defined otherwise on the scanning table or
by the EMI, the particle was assumed to be a pion.

Finally the DST was made up. This tape contains the relevant information
about each event as generated by the programs mentioned above. The DST is the
basis for the physics analysis which has led and will lead to publications about
this experiment.
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Chapter 2

EVENT PROCESSING AMD EXPERIMENTAL METHODS

2.1 INTRODUCTION

Experimental Inefficiencies and uncertainties introduce errors in the measure-
ments. Two main categorie? of correction methods can be distinguished:

1 - Correction of a physical quantity,

2 ™ Correction of a frequency distribution.

Correction procedures of the first type modify the measured value of a physical
quantity. Thes' are applied to each event Individually and generally lead to the
modification of one or more of the variables that characterize the event. In
first Instance they do not change the number of events. Examples are the radia-
tive corrections (section 2.2.5) and the correction for the neutrino energy
(section 2.3.1).

Procedures of the second type correct for inefficiencies that affect the e-
vent rate (e.g. acceptance corrections), or for stochastic errors in the meas-
ured quantities (smearing correction).

For the correction of a distribution a further distinction may be made:

2a - Individual weights are applied to the events for all or specific his-
tograms. The weights may be obtained by statistical processes and may
depend on a physical quantity. To be able to apply the weight factors
it is required that measurements exist for all the possible values of
the distributed quantity. The number of measurements must be suffi-
cient everywhere to limit the statistical fluctuations of the result-
Furthermore, the correction may not depend on the shape of the dis-
tribution of the quantity under inspection.

The weight method may specifically be applied if the correction is
Independent of the relevant physical quantities. Weight factors for
individual corrections are multiplied to form a total weight for each
event.

2b - The distribution is corrected by means of the resolution unfoldment
if 2a cannot be applied, for Instance because no events exist for
certain regions of the variable. This category includes the correc-
tion for the statistical uncertainty introduced by other corrections
(e.g. of type 1). Smearing correction or resolution unfoldment cor-
rects for effects due to limited resolutions in the experiment; it is
based on the properties of the resolution function. The procedure is
described in section 2.5. In practice several effects from categories
19 and 2a) may be incorporated in the resolution function.
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2.1.1 Determination of binsize

This section deals with the selection of the proper binwidth for the discrete
distribution of an arbitrary measured physical variable. Let zffl be the measured
variable and f(Zjn) t n e continuous equivalent of the distribution, then the dis-
crete distribution is defined as

f l * fZi+l " Zil"1 • ƒ
z i

which is also denoted as df/dz,,^ In words this expression means that eel or bin
i contains the number of measurements for which the value of zm lies in the
range specified by the bin, divided by the binwidth. The division by the bin-
width is necessary to make the size of the plot independent of the binwidth.

Considering the question of the binsize, it is clear that one wishes this
to be as small as possible in order to be able to show any possible detail in
the distribution. However, there is a lower limit beyond which no further infor-
mation is gained. This lower limit is introduced by the finite precision with
which the quantity z^ Is measured. One does not reveal any significant structure
in the distribution by defining the binsize small in comparison with this exper-
imental width. In the following It is Investigated what the minimum binsize
should be, given certain values for the experimental bias and width. As starting
point the following criterion is adopted: the measured discrete distribution
must be capable to reproduce a certain number of shape parameters. The effect
was Investigated by distorting various distributions with a characteristic phys-
ical shape. The distortion was performed by the convolution of these distribu-
tions with an adopted resolution function, of which the bias and width was var-
ied over a range of values, in proportion to the binwidth. The binwidth was kept
constant. The resulting distributions were then compared with the original ones.
In this way acceptable values for the binwidth could be found, with respect to
the imposed bias and width of the variable.

The procedure begins with the definition of the original measurable or "true"
distribution gt(z). The aim of the measurements Is to know this distribution as
well as possible. Various functions gt(z) of importance for the present investi-
gation have been tried, all being parameter expressions like for example
gt(

z) • Az*(1-z)". Next, measurement errors are introduced by the convolution of
gt(z) with the resolution function r(zm,z), yielding the measured distribution

f(z,,,)- Jdz r(zm ,z)g t(z)

The resolution function Is defined as:

1 2

r(zffl,z) - exp [ - (zm-z-H) /2a2]
a/2it

in which H and o are the bias and width, which are varied in proportion to the
binwidth (in 20 steps from 0 to 1) .

Then the distribution of "measurements", f(zm). i s subject to the standard
unsraearing procedure, which is described in section 2.5. In this procedure i t i s
assumed that the measurements in different bins are not correlated, i . e . the co-
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variance matrix of the measurements f(zm) has only diagonal elements. The result
of the unsmearing procedure is the distribution g(z) of the reconstructed meas-
urements, and its covariance matrix C. The parameter expression of gt(z) is fit-
ted to g(z) by the least squares method employing the covariance matrix C. If at
least one of the obtained values for the parameters is wrong by more than one
standard deviation, compared to the original value, the result is considered as
not acceptable. Figure 7 gives the region of acceptable values for the bias and
width in terms of the binsize.

1 _..

bias/binsize

Figure 7: The shaded area gives the allowed region for values of the bias and
width of the resolution function in terms of the binsize.

From figure 7 the acceptable binsize as a function of the bias and width can be
chosen. The result is shown In figure 8. From this figure one can deduce for ex-
ample that for a quantity which has the bias half as big as the width (see Ey in
figure 29b) the binsize should be at least 3 standard deviations across.

1 2
bias /width

Figure 8: Binsize
width.

as a function of the experimental bias, both in terms of the

If the binslzes are taken as suggested by figure 8, the diagonal elements of the
covariance matrix C of g£ are bigger than the variances of f(zm) by less than
502. It was seen that the allowed region in figure 7 somewhat depends on the
shape of the chosen parameter expression and the adopted z-dependence of the bi-
as and width in the resolution function, therefore the suggestion for the bin-
size should be Interpreted with care.
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2.2 EFFICIENCIES AND CORRECTIONS ON INDIVIDUAL EVENTS

2.2.1 Weight factors

The corrections discussed in this section are carried out by assigning a weight
factor to each individual event. The weight factor which is generally larger
than 1, accounts for the fact that part of the events with the specific values
of the physical parameters is missing. The weight factor Is calculated as a
function or a list of values depending on a parameter p, which, in general, need
not be identical with the quantity x under inspection. The method of weight fac-
tors can only be applied if

- the distribution of the variable x under investigation Itself is not need-
ed for the determination of the weight,

- there are enough events with the same value of p which represent the lost
events.

The first condition is violated in cases where events are not completely lost,
but appear at a nearby value of x. In the experimental x-distribution the cont-
ents of adjacent bins are correlated. The second condition implies that no
weight factor can be assigned if for a specific p no events at all can be meas-
ured. In practice, it must be avoided that the correction for the loss of events
results in weight factors that considerably exceed the value 1.

2.2.2 Scanning efficiency

After the arrival of the neutrinos in the bubble chamber and the depressuriza-
tion of the liquid, the chamber is photographed by means of four cameras. The
cameras look down into the bubble chamber at different angles to facilitate the
spatial reconstruction of the tracks afterwards. The whole film has been scanned
twice for neutrino induced events. For two independent scans the combined scan-
ning efficiency may be expressed in the numbers of events found as follows:

The scanning ef f ic iency i s calculated individually for each mult ip l ic i ty
and for the neutrino and anti-neutrino beam separately. The correction
for the l o s t events i s performed by weighing each c las s of events by the
Inverse of the corresponding e f f ic iency . The overall scanning ef f ic iency Is cal -
culated to be 99.5% and 98.8% for neutrino and antt-neutrino events respect ive-
l y . These figures refer to samples of events that s a t i s f y the standard kinemat-
ica l conditions (p^ > 4 GeV/c and Ev > 10 GeV, see section 5.1) and l i e inside
the fiducial volume. The formula (1) i s based on the assumption that the proba-
b i l i t y to find an event during scanning i s Independent of the event i t s e l f . This
assumption turns out not to be r e a l i s t i c . Out of a speci f ic c las s of events,
some events are badly v i s ib l e for both scanners. The posit ive correlation be-
tween the two scanning e f f i c i enc i e s yields values of the scanning ef f ic iency
lower than estimated by equation (1).
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2.2.3 Passing rate

Events found inside the fiducial volume and satisfying the kinematical cuts may
fail to pass through the measuring and computation procedures. The passing rate
or processing efficiency is the ratio between the number of events that reach
the data summary tape (DST) and the number of events that should reach it. Rea-
sons for the loss of events may be the absence of one or more views, bad meas-
urement conditions or accidental failures in the complex chain of computer pro-
grams.

The correction for the passing rate loss la applied by weighing the events
in the same way as for the scanning efficiencies. The overall passing rates are
found to be 92.5% and 94.4% for neutrino and anti-neutrino events respectively.

2.2.4 Muon detection efficiencies

The analysis described in this thesis is based on charged current (CC) neutrino
interactions, i.e. events with a muon in the final state. The neutral current
(NC) events have no final state muon. Two classes of effects cause errors in the
number of observed CC events.

First, a muon emerging from an event may not be recognized by the external
muon identifier (EMI), either due to the restriction of the geometrical accept-
ance or to electronic inefficiency. These effects cause the CC sample to be un-
derestimated. Secondly, the EMI nay erroneously recognize a hadron as a union.
The CC sample will be overestimated due to this misidentiflcation. These error
sources will be discussed In the next three sections.

EMI geometrical acceptance
Charged current events are identified by a coincidence of hits in the inner and
outer plane of the EMI within the same time slot. A muon generated inside the
fiducial volume of the chamber may pass outside the boundaries of one or both
planes and, consequently, will not be recognized as a muon. Seen from the cham-
ber, the opening angle of the inner plane of the EMI is smaller than that of the
outer plane, so that the loss of events is mainly due to the limitation of the
inner plane.

The effect depends on the position of the vertex in the chamber, on the mo-
mentum of the muon and its direction. In order to make acceptance corrections,
the EMI acceptance has been calculated as a function of the muon momentum pd and
the angle between the muon and the nominal beam direction 9. For a set of com-
binations of the variables the acceptance was integrated over the azimuthal muon
angle and over the vertex position in the chamber.

For the integration over the spatial distribution of the vertices, a spe-
cial sample of vertices was chosen. Only events were selected with a tnuon momenr
turn above 10 GeV/c. In the upper half of the chamber only events were selected
for Which the muon pointed downward, in the lower half the rauon had to point up-
ward. In this way it was avoided that the choice of events already was dependent
on the acceptance under investigation. With these selection criteria 40% of the
events in the chamber are retained.
Two-dimensional fy-8 tables with weight factors were generated for both signs of
muons in the neutrino and anti-neutrino beam. On the basis of these tables indi-
vidual events are weighted by the inverse acceptance to correct for the loss of
charged current events. The acceptance drops at low muon momentum and large dip
angle and reaches values strongly deviating from 1 for muon momenta below 4
GeV/c. The low acceptance in this region leads to large and unreliable correc-
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tion factors. Therefore, in the physical analysis a cut has been applied to the
muon momentum, Pu, > ^ GeV/c. The maximum acceptance weight has thus been re-
stricted to 2.38. The overall correction for the EMI geometrical acceptance i s
2.9% and 1.2% for neutrinos and anti-neutrinos, respectively. In the physics a-
nalysis corrections have to be made for the pu > 4 GeV/c cut. A description will
be given in section 2.4.1.

EMI electronic inefficiency
The probability that a muon traversing both the inner and the outer plane really
triggers the EMI was investigated by analyzing 2000 through-going muons. Part of
these muons originate from the neutrino beam and reach the bubble chamber by
leaking round tht muon shielding. However, the main contribution originates from
CC neutrino interactions in the material in front of the bubble chamber. To pu-
rify the sample, tracks with a momentum less than 10 GeV/c were not considered.

The result of the analysis i s an estimated electronic inefficiency of
5 ± 1% for neutrino data taking and of 4 ± 1% for anti-neutrino data taking.
This result was confirmed by the analysis of straight tracks in neutral current
event candidates, which clearly were from fast muons not recognized by the EMI.
The corrections are constant within a period of data-taking of one neutrino he-
l i c i ty and are applied by means of a weight factor for individual events.

False muon identification
Misidentification of hadron tracks as nuons occurs in different ways.

First, a pion or kaon may decay in the bubble chamber or closely behind i t .
The decay muon i s ejected at nearly zero degree angle with the hadron track and
produces hits in the EMI within the expected limits set by the computer program.

Secondly, a slow hadron in the chamber may be correlated with spurious hits
in the inner and outer plane of the EMI. The track reconstruction program allows
for the multiple scattering of the tracks when setting spatial tolerances to the
hit positions. These tolerances become rather large for low energy tracks, so
that the probability for spurious combinations Increases with decreasing parti-
cle momentum.

Both effects were investigated by studying extrapolated tracks from parti-
cles that certainly were not muons. For the Investigation leaving tracks, other
than that produced by the muon, have been chosen from the final states of
charged current events. A particle that leaves the bubble chamber through the
side wall, so that the point of exit i s seen on the photographs, without inter-
acting with other particles, produces a so called leaving track. TXie to the oc-
currence of di-muon events, i . e . events with two muons in the final state, not
al l these tracks can be regarded as hadrons. This effect has been incorporated
in the analysis.

For the purpose of this analysis CC events with a proper muon were selected,
I .e . events with a muon of momentum greater than 10 GeV/c. A specific time slot
of the EMI information corresponds with the hits In the EMI chambers from the
leading muon (see section 1.3). The further analysis makes use of the knowledge
of the time information of the event.

The other leaving tracks were extrapolated to the EMI chambers in the inner
and outer plane. In the case that an extrapolated track could be associated with
hits In the EMI chambers, the time slot was compared with that of the leading
muon. If the time slots were different, the raisidentification was attributed to
uncorrelated spurious hits in the EMI and if they were the same, the coincidence
was assumed to be either due to a decay in flight of a hadron or to a genuine
muon, emerged from the neutrino interaction, that indicates a dirauon event. The
distinction between these last two possibilities was made by a close examination
of the x~squares of the hit associations.
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The result i s that leaving hadrons with a momentum between 4 and 7 GeV/c have a
probability of 8% to be misldentlfled by the EMI as a ration. For hadrons with a
momentum larger than 7 GeV/c the probability drops to 0.6%. The probabilities
depend on the corrected size of the NC sample.

Making use of these figures, each NC candidate In the experiment was given
a probability to be erroneously identified as a CC event. The easiest way of
making a correction for the raisldentiflcatlon is the extension of the CC event
sample with faked events originating from the NC sample. Each faked event ob-
tains a negative weight, calculated on the basis of the described probabilities.

Some pathological events exist that are classified as CC events on improper
grounds. Due to the electronic inefficiency i t Is possible that a fast union is
not recognized by the EMI and thereupon one of the hadrons Is accidentally rec-
ognized as the muon. By the interchange of the fast rauon with a (slow) hadron
the event Is attributed a wrong set of physical quantities. The appearance of
these events is also corrected for by the discussed method, since the events
with a non recognized fast ration are contained in the NC sample.

The size of the overall correction for the two mentioned effects amounts to
-0.6% for both neutrino and anti-neutrino events. The y-distribution of the fake
CC events shows a peak at high y values. The distribution starts to rise at
y»0.4 and reaches i t s maximum at y near 0.9. The y-distribution of genuine CC e-
vents descends raonotoneously over the whole interval and drops quickly for y
near 1 due to the 4 GeV/c cut on the rauon momentum. At y»0.9 the contribution of
faked events to the total amounts to 10%. In the «-distribution more than 50%
of the fake CC events Is grouped in the first bin (x<0.0 5) which amounts to a
contribution of 5%. In all other x-bins the correction is below the 1Z level .
The variables x and y are defined in section 4.2

2.2.5 Radiative corrections

The charged particles emerging from the charged-current neutrino interaction are
subject to electromagnetic effects when leaving the scattering area. In particu-
lar, the outgoing muon may radiate a photon shortly after the primordial co l l i -
sion. This affects the measured kinematical variables characterizing the event.
We have used the prescription of de Rujula et al. [7] to correct for these ef-
fects. In this theory electromagnetic interactions involving quarks are consid-
ered as part of the hadronic interaction and have no influence on the measure-
ment of the total hadron 4-moraentura. Effects due to interference of radiation by
the onion and the hadrons are expected to be much smaller and are neglected. The
remaining diagrams that contribute to the effect In leading log approximation
are displayed in figure 9. The leading lepton log approximation arises from the
collinear situation where a photon is emitted closeby to the direction of flight
of the muon (peaking approximation). The emitted photon causes the measured muon
energy to be smaller than the one at the primary vertex; the muon angle Is not
changed in this approximation. As a result the measured y-distribution underes-
timates the original distribution at small y and overestimates i t at large y.
Similarly, do/dx Is underestimated at large x and overestimated at small x. The
neutrino energy is also underestimated since the muon momentum enters as an es-
sential parameter in the transverse momentum balance method for the energy cor-
rection used in our experiment (1% effect [8]).
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( a ) ( b )

Figure 9: Diagrams for lepton leg corrections involving emission (left)
mission and reabsorption (right) of photons.

and

The radiative correction i s giveg in an inclusive form; the measured differen-
t ia l cross-section in terms of d ö/dxdy reads:
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The integral originates from the bremsstrahlung diagram of figure 9a, and the
second-order term originates from the lepton self-energy correction in figure
9b. The shown equations approximate the effect and are quark mass independent.
They are good estimates (within 10Z) of the effect everywhere except at very
large y. The Inclusive character of the expression requires the knowledge of the
original cross-section dcr/dxdy (category 2b, section 2.1). As a first approxima-
tion a parameterization of the uncorrected data was used. The obtained distribu-
tion can subsequently be used as the next input In an iterative procedure, which
i s stopped when the difference between Input and output vanishes. The correc-
tions were performed independently on the four channels vn, vp, vh and v"p. For
these channels the global correction factors are 1.008, 1.012, 1.013 and 1.010.
The overall-correction factors for the selected neutrino and anti-neutrino sam-
ples are 1.009 and 1.011, respectively.

The iteration is kept separate from the un smear Ing correction procedure to
be discussed in section 2.5. Combination of the two would be too time consuming
for the Monte-Carlo generation of events. If the prescription for the radiative
correction would be given explicitly in terms of the original muon energy the
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Incorporation of the correction In the unsmearing procedure would be poss ib le .
This I s a t tract ive because then the correction i s performed at the lowest possi-
b le l eve l Including the creation of real gammas in the Monte-Carlo events. Also
the underestimation of the reconstructed neutrino energy i s then automatically
taken into account.

2.3 CORRECTION OF KINEMATICAL VARIABLES OF INDIVIDUAL EVENTS

2.3 .1 Neutrino energy determination

From the measured independent set of variables that determine the kineraatical
s tatus of the event, the energy of the incident neutrino Ê , i s the l e a s t well
determined quantity. In a wide-band neutrino beam the neutrinos have a very
broad energy spectrum, the energy varying from zero to 95 percent of the momen-
tum of the primary protons. Unlike in the narrow-band neutrino beam there i s no
strong correlation between the distance of the vertex to the beam ax i s and the
neutrino energy. Hence the energy of the incident neutrino for each event must
be estimated from the measured momenta of the outgoing part ic le tracks. However,
in the detector momenta of neutral part ic les are not measured since these parti-
c l e s do not produce tracks in the bubble chamber. Only in the case that a neu-
tra l part ic le Interacts or decays in the observable region of the chamber an e s -
timate of i t s momentum can be obtained. It i s estimated on bas is of Monte-Carlo
studies that on average 17 and 12 percent of the tota l energy escapes detection
in neutrino and anti-neutrino events respect ive ly . This amounts to 50 percent of
the energy of the charged hadrons in both cases .

On the basis of four-momentum conservation we can write down four equations that
re la te the kinematics of the incoming and outgoing part ic les of the Interaction.
Subsequently, regarding the complete outgoing part ic le system, the number of un-
knowns i s 8. These are the four-momenta of the incoming part ic le and the hadron-
i c f inal s t a t e . The number of unknowns can be reduced i f information about the
incoming part ic le beam i s provided. For example i t i s reduced by 4 in case of an
incoming charged part ic le beam, for then the d irect ion , mass and energy are
known. In general, for neutral Incoming part ic les the s i tuat ion i s l e s s favoura-
b l e , and one has to resort to the beam kinematics or beam configuration to be
able to say something about the incoming par t i c l e . It i s argued that in our case
the neutrino direction can be regarded as known. This means, given a zero neu-
trino mass, that the number of unknowns i s reduced by 3 .

Due to the great distance between the decay tunnel and the detector the di-
vergence of the neutrino beam i s small. I t i s of the order of 0.5 - 1.5 mrad,
depending on the radial posit ion (see figure 21) . This means that the direct ion
of the incident neutrino of the interaction Is very well known. As a consequence
of t h i s , a lso the transverse momentum of the final s t a t e , or missing pfc, can be
well determined.

In a charged-current neutrino interaction the outgoing part i c l e s can be
s p l i t up into three parts: the muon, the charged hadron system, and the neutral
hadron system. The momenta of the charged part ic les are known on the bas is of
the measurement of the tracks they produce in the bubble chamber l iqu id . If i t
i s assumed that also the masses of the charged part ic les are known (for example
by klnematlcal f i t s or decay charactaris t ics e t c . ) , and with that the mass of
the charged hadron system, the interaction kinematics can be described by 4 e-
quations with 5 unknowns. For th i s purpose a special co-ordinate system i s de-
fined such that the neutrino direction Is the x-direction and the muon momentum
vector l i e s In the x-y plane. In th i s system the equations are:
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Ev * ^ + E c + En - M

Ev " V + Pc* + PnX

(2)
0 " V + Pcy + Pny

O - Pc2 + PnZ

where Ê  i s the muon energy,
E c i s the energy of charged hadron system,
E„ is the energy of neutral hadron system, and
M is the mass of target particle.

The unknowns are Ey, \ and pn . The equations only can be solved if further in-
formation Is obtained.

Basically, two methods are to be distinguished to estimate the total energy
of the event> The first method applies to events with no undetected neutral par-
t ic les In the final state. The second i s used for events with (one or more)
missing neutral particles. In first instance, events with no missing particles
are recognized by a small (zero) missing transverse momentum. The measured
transverse momentum of the event is

In the analysis neutral particles that convert into charged particles
in the bubble chamber are measurable. The momenta of the neutral par-
t icles are estimated on the basis of the momenta of the charged par-
ticles emerging from the secondary interaction or decay.

No missing neutral particles
The Information that in Che final state no unmeasured neutral particles exist,
gives rise to a reduction of four unknowns in (2). We are left with four equa-
tions and one unknown (the neutrino energy). The equations (2) are over-deter-
mined. The three constraints are used in the fitting procedure, in which differ-
ent mass hypotheses are tested, in order to assign mass values to the charged
hadrone. About 3% of all CC events have a 3C-fit with acceptable x2• Within the
kinematical cuts the number reduces to 2.6% (see table 2). These events have
their energy determined with negligible error.

TABLE 2
Number of 3C-fit events with good x2-

channel events relative contr

p 141 1.1%
vp*|i~p7t+ 222 1.72
h + T r " 262 2.4%

unmeasured neutral particles
Since the introduction of the light liquid bubble chamber as a detector in neu-
trino wide-band beam experiments, several algorithms have been developed to give
an estimate for the total or incident neutrino energy. The algorithms are all
based on the assumption that the neutral and charged hadrons have similar angu-
lar distributions with the same mean:
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— (3)

Pc1

The missing energy Is then directly related to the transverse momentum of the e-
vent. The algorithms differ in the method of weighing the individual hadron
tracks in order to arrive at a. mean direction. Some require the determination of
global constants but most of them work on an individual event basis. We follow
the prescription suggested by Heilmann [9]. This method has been developed In an
early stage of the neutrino bubble chamber investigation. It yields minimum
width and bias when compared with other methods using events generated by some
Monte-Carlo calculations. The prescription is fairly simple and works on an e-
vent by event basis. The quantities in equation (3) are defined as follows

p c
c « Ej | pj l | ; i - seen hadrons

Pjj*- » Zi | pj c | ; i • unseen hadrons

In the case of more than one neutral particle Pn' cannot be calculated and an
estimate has to be used:

pa
c » l^iPi1 I " PC ; i " unseen hadrons (4)

Substitution of equations (3) and (4) into the second equation of (2) leads to
the formula as it is employed in this analysis:

ev * IV1 + Pc1 I1 + P'/PC'I (5)

This expression does not contain the mass values of the measured tracks. Note
that It is not required that the sum vector (pc + pn) lies in the |i-v plane to
balance momentum. Because of the triangular inequality

| •$ Ej I Pi' | ; 1 " unseen hadrons

the estimate of Ey is biased to lower values In the case of more than one miss-
ing neutral particle. The variance (or width) of the estimate becomes smaller if
the number of detected hadrons increases. The energy correction In equation (5)
decreases with the transverse missing momentum. Therefore, In the case of no
neutral particles, where the measured transverse momentum Is small (zero within
the measurement errors) the calculated neutrino momentum equals the measured
longitudinal outgoing momentum and thus lies close to the real value. Since,
however, under all conditions there will be a residual transverse momentum, due
to measurement errors, each event obtains a positive energy correction. Statis-
tically this effect reduces the above mentioned bias.

Drawbacks of the Heilmann method
The Heilmann method may yield unphysical results In the region of low Q^ and low
hadronic energy. One of the reasons is the presence of an unidentified baryon in
the final state. The baryon mass accounts for a considerable fraction of the
final state energy in this kineraatical region. The Heilmann method only refers
to momenta of particles and does not take Into account the masses of the parti-
cles. This leads to strongly biased values for the kineraatical variables. In a
number of cases the results are unphysical, e.g. the energy transfer v to the
hadronic system attains a negative value. To avoid this failure of the method,
events with four or less charged particles in the final state are treated dif-
ferently. If no baryon is identified amongst the final state particles, the pro-
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ton mass is randomly assigned to one of the positive unidentified particles, and
the pion mass is assigned to the neutral hadron system. In the case that none of
the positive tracks can be proton candidates, the neutron mass is assigned to
the neutral hadron system. In both cases it is assumed that only one missing
neutral particle occurs In the final state. Under this assumption the energy of
the hadron system can be calculated without bias (DC-fit). If there is more than
one missing neutral particle, the estimated neutrino energy is biased to smaller
values.

Summarizing, the method of neutrino energy determination may be one of the fol-
lowing:

- If all particles of the interaction, except the incident neutrino, are
measurable, the event Is overconstralned and a 3C-fit may be applied to
the momenta. The neutrino energy results from this fit.

- If one particle is missing and the mass of this particle Is known, a 0C-
fit procedure can be applied. The neutrino energy can he calculated with-
out constraint.

- If more than one particle is missing, the energy may be estimated by an
heuristic algorithm.

2.4 CORRECTIONS ON DISTRIBUTIONS AND SPECIAL PROCEDURES

2.4.1 Muon momentum cut correction

In this experiment only events are analyzed that have a muon in the final state
with a momentum greater than 4 GeV/c. The cut on the muon momentum is performed

- to avoid large and inaccurate weight factors for individual events correc-
ting for the KMI geometrical acceptance,

- to limit the number of misidentified charged current events.

The misidentiflcation of muonless events as charged current events increases
with decreasing muon momentum, as has been discussed in section 2.2.4. The cor-
rection for the loss of events cannot be performed by weighing Individual events
because the whole kinematical domain below 4 GeV/c muon momentum Is removed by
the cut. For a 100% inefficiency In a kineraatical region no correction can be
made without the assumption of a model. We have to apply the correction inclu-
sively, i.e. to the various distributions. In the following sections two ap-
proaches will be given to solve the problem.

General method
The basis of this method is the calculation of the structure functions from the
measured events. Once the structure functions are known, the differential cross
sections for neutrino and anti-neutrino interactions, relative to any kinematic-
al variable z, can be determined. From the cross-sections the theoretical number
of events can then be calculated, provided the event energy spectrum Is known.
The calculation can be repeated with the 4 GeV/c cut on the muon momentum in-
cluded. The ratio between the two sets of cross-sections yields weights by which
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the measured cross-sections are to be multiplied» In the present case, the
structure functions used tn the computation are obtained as described In section
5.4.1. The indicated procedure will now be described in further detail.

The differential cross-section da/dz Is expressed In terms of structure func-
tions preceded by kinematlcal coefficients:

a F
2 * b * 3

dff (P

dz it

where

a =• [(1+R) ~ 0- + Mx/2E)(1+R)y + 1/2 y2 ] ESS

b - [y(l- 1/2 y)] ms

ZxF,

$ i s the neutrino flux and S i s the number of target nucleons. R i s assumed to
be zero, which i s the case if no deviations of the Callan Gross relation occur.
See section 4.3.2. The minus sign Is valid for the antl-neutrlno differential
cross-section.

The integration over the events In a single bin i s over a l l variables in the al-
lowed kineraatical domain D. The domain D i s restricted by the various kinematic-
al cuts (Ev > 10 GeV and p. > 4 GeV/c) and by the bin interval in z
(z^ £ z < Zi+i)« The bin indices are omitted for readability, but the expres-
sion should be interpreted as being discrete.

If i t may be assumed that the structure functions do not vary wildly over
the domain of the integration, they may be placed before the integral. The fol-
lowing set of equations for each z-bin i s obtained:

dav G2M
- [AF. + BxF, ]

dz it 2 3

(6)
dav G2M

2 3
dz w

where A - JD a, etcetera.
From these equations F2 and xF̂  can be solved by assuming i so spin invarl-

ance (F»F). The calculation can be refined by making an assumption about the
contribution of strange quarks to the sea. The obtained structure functions are
correct; the correction for the limitation of the integration domain D has been
Incorporated Into the method.

We again use equations (6) but now inversed to calculate the theoretical
cross-sections. The inputs are the structure functions and a new set of kineraat-
ical coefficients obtained by integrating over the variables In the kineraatical
domain D'. D' i s the whole physical klnematical range and i s not restricted by
any klnematical cut. We obtain corrected values for the cross-sections by multi-
plying the measured cross-sections by the cross-section ratios.

The method obviously fails for empty bins in case of a too restrictive kin-
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ematlcal cut. This, for Instance, occurs when the y-dlstributlon i s calculated
for events with Ev between 30 and 50 GeV. The last bin (y > 0.95) does not con-
tain events due to the p̂ , ? 4 GeV/c cut. The total amount of correction by this
method depends on the chosen fraction of strange quarks in the sea because the
extracted structure functions differ from the real structure functions in the
strange quark contribution. On the other hand the result i s Insensitive to the
chosen value of R.

It should be noted that the procedure raust be applied to the distributions
of the true variables, i . e . the resolution unsmeared distributions. For the neu-
trino and anti-neutrino flux energy distributions $ (E), Monte-Carlo predictions
were used of the wide-band beam modelling program NUBEAM [10]. By this method we
have corrected the distributions In chapter 5 for the 4 GeV/c p̂  cut. In the ta-
ble below the results of this method are displayed.

TABLE 3
Overall correction factors for .the loss of CC-events due to
the muon momentum cut of 4 GeV/c obtained by the method
based on the calculation of the structure functions for
three values of the contribution of strange quarks to the
sea. The correction factors are averaged over the kineraatlc-
al variables x and y.

1
1
1

.132

.136

.141

1
1
1

.068

.077

.087

0%
10%
?0%

Alternative method
In this approach a simultaneous correction was made to the Ey and y-distribu-
tions. At the start of the procedure the distributions must have been corrected
for al l other effects, Including smearing (section 2.5). The y-distrlbution is
corrected In the following way: For a specific bin of the y-distribution the
neutrino energy of the events must be larger than k/(l-y) GeV, where k i s the
lower limit of muon momenta accepted in the experiment (k* 4 GeV/c) and where
for y the centre of the bin Is taken. The bin contents are then weighted by the
reciprocal fraction of events above this energy limit. The lowest neutrino ener-
gy Is 10 GeV, so only y values above 0.6 are subject to changes. The energy dis-
tribution is corrected in the same way by looking at the fraction In the y-dis-
tribution that could contribute to the energy bin under inspection. The fraction
Is the Integral over the y-distrlbutlon from 0 to 1-k/Ey. To be less sensitive
to local fluctuations in the tail of the y-distribution due to low statistics
and large correction factors, the Integration was partly performed over a func-
tion of the form A + B(l-y)2 , fitted to the data in the interval between y = 0.1
and 0.95. In this way (quasi-)elasttc events at low y are excluded, whereas at
high y large statistical fluctuations are eliminated. The procedure was con-
tinued by iteration and converged to the final Ey and y-distributlons after 6
steps. The results are shown In the table below.
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TABLE 4
Overall correction factors for the loss of CC events due to
the 4 GeV/c muon momentum cut obtained by modifying the y-
and Ey-distributiona.

The alternative method has been used as a check on the general method, when ap-
plied to Ev- and y-distributions. Both methods make explicit use of the princi-
ple of scaling lnvariance and thus are not model Independent.

An average over the correction factors show» in tables 3 and 4 was calculated
for neutrino and anti-neutrino events. These values are shown in table 5. The
quoted errors reflect the mutual differences and the uncertainty of the contri-
bution of the fraction of strange quarks to the structure functions, which plays
a role in the first method.

TABLE 5
Overall correction factors for the loss of CC events due to
the 4 GeV/c cut on the muon momentum with estimated uncer-
tainty.

1.1390) 1.071(8)

Incorporation in the resolution function
Another way to attack the problem of missing events due to the rauon momentum cut
i s to adopt an x-y distribution of events and an energy distribution and carry
out a Monte-Carlo calculation. This calculation provides the unsmearing proce-
dure to be discussed in section 2.5. The Incorporation of the rauon momentum cut
In the smearing correction i s the most straightforward solution. Every resolu-
tion un smeared distribution i s then automatically corrected for the loss of CC
events, by applying the appropriate set of calculated smearing factors.

2.4.2 Separation of neutron and proton events

The main goal of using deuterium as a target is to study events on protons and
neutrons separately in the sane experiment. For the study of Interactions on
protons the use of hydrogen at a target i s evident. Free neutrons decay after 15
nir.utes. To study interactions on neutrons the neutron must be bound in a nucle-
us. The deuteron i s the nucleus with the lowest binding energy (2.2 MeV) and the
largest internucleon distance. We may assume that interactions of neutrinos are
generally with one of the deuteron constituents, so that we may distinguish be-
tween a target and a spectator nucleon. The deviations from this rule are small
but, nevertheless, important for the present analysis.

Charge conservation implies that events in a deuterium bubble chamber may
be classified as proton events if their number of charged tracks i s odd and as
neutron events If i t i s even. However, the presence of a second nucleon in the
deuterium nucleus introduces effects that distort the classification. One of the
effects is rescatterlng and occurs i f the spectator Is hit by one of the secon-
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dary particles. Due to the participation of the proton In the interaction the e-
vent will always show up with an odd number of tracks in the bubble chamber.

Another effect is introduced by Fermi-raotion. The proton spectator, that is
left behind after the interaction, can have enough momentum to produce a visible
track in the bubble chamber» The additional track converts the neutron event
with an even number of tracks into an odd prong event.

Both effects are described in further detail in the next section. An impor-
tant concept in the correction procedure for these effects is the introduction
of two weight factors for each event: the proton and the neutron weight, the sum
of which is the total weight of the event- The total weight can deviate from one
due to the various corrections of the data. Initially, one of the two weights is
zero, depending on the multiplicity of the event. After the correction has been
applied both weights may have non-zero values.

2.4.3 Reacatterlng and spectator correction

The effects of concern in the separation of deuteron events into neutron and
proton events are rescattering and Fermi-motion. Fermi-motion of the nucleons is
responsible for the phenomenon of spectators. In this section both effects are
further discussed, together with the methods of their correction.'-

Rescattering
Rescattering occurs when the spectator nucleon takes part In the interaction of
the neutrino with the target nucleon. In general there are three possible ef-
fects that cause the participation of both nucleons of the deuteron in the scat-
tering process:

- one of the secondary particles interacts with the spectator

- the incoming particle successively scatters on both nucleons

- the incident particle interacts coherently with the deuteron

In case of a neutrino as incoming particle the two last contributions may be ne-
glected. In discussions about the multiplicity of events i t is assumed that all
charged particles resulting from the event have sufficient kinetic energy to
produce a visible track in the bubble chamber. The justification for this as-
sumption is the very low number (less than 1 promille) of incomplete and unphys-
ical events with a net charge in the final state that differs from 0 or +1. When
discussing rescattering we consider the deuteron as the target particle, whereas
in other parts of this thesis the target Is either a proton or a neutron, the
other nucleon being left out from consideration.

As a consequence of rescattering, a neutron event will show up with an odd
number of tracks. The multiplicity of neutron events may be Increased by one or
more units, may remain equal or may be decreased by one unit if a negative sec-
ondary particle interacts with the spectator proton and no charged particles are
produced in the secondary Interaction. For proton events rescattering has no ef-
fect on the multiplicity or the multiplicity i s increased by an even number if
pairs of additional charged particles are produced in the secondary interaction.

The rescattering fraction f i s defined as the fraction of rescattering e-
vents of the total. The value for f is estimated to be 0.12 + 0.03 [11].

1. A more fundamental effect might occur in the deuteron, in that the proton and
neutron, part of the time, act as a combined particle. We assume that distor-
tions of this kind are unmeasurable with our present statistics and therefore
will ignore them.
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Rescattering correction
The even prongs In our sample constitute a fraction 1-f of the number of origi-
nal neutron events, if the phenomenon of spectators is ignored. In practice
the occurrence of spectators interferes with rescattering, because also events
with a spectator are classified as odd prongs. With the above assumption the
number of neutron events Is found by multiplying the number of even prongs with
a factor l/(l-f). The number of proton events is obtained by subtracting a frac-
tion f of the neutron events from the odd prongs. The correction is performed by
weighing individual events, which enables an easy construction of distributions
without the need of paying further attention to this correction.

The neutron weight of an even prong becomes l/(l-f) and the proton weight
-f/(l-f). For an odd prong the neutron and proton weights are 0 and 1 respec-
tively (see also figure 12). These weights are multiplied with the weights de-
rived for other corrections. The thus obtained experimental samples consist of a
pure neutron and a mixed proton sample.

Spectator correction
The direction of a spectator is assumed to be isotropically distributed
in the rest frame of the target. Spectators can be separated into forward (FW)
and backward (BW) ones, depending on the direction of the spectator with respect
to the neutrino direction. The spectator momentum follows roughly the Hulthên
distribution (see section 2.5.4). This distribution has a long tall in the high
momentum region, extended to several hundreds MeV/c. The tail is also the momen-
tum region where slow protons are measured that emerge from the primary interac-
tion. Hence, the number of spectator events cannot be estimated by counting e-
vents with slow protons in the final state. On the other hand, any proton track,
emerging from the event, in the backward hemisphere may be regarded as a specta-
tor proton. For kinematical reasons, no particle with the mass equal or larger
than the target mass can be ejected backward in a neutrino collision. Experimen-
tally, the events with a backward spectator are used to calculate the number of
forward spectators that are hidden in the odd prongs. The calculation is based
on the uniform distribution of the spectator direction over space in the labora-
tory frame-

For each backward spectator event there must be an event with a spectator
in the opposite direction and with the same momentum. However, the production of
forward spectators is enhanced with respect to backward spectators by two fac-
tors: a factor

I - p cos 0

due to the target neutron flux variation with its momentum and direction in the
laboratory frame, and a factor

y (1 - p cos 6)

as a result of the linear dependence of the total cross-section on the energy of
the reaction. |3 Is the velocity and 6 the production angle of the backward spec-
tator with respect to the beam direction in the laboratory system. The target
particle moves opposite to the spectator under all conditions.

The number of forward spectator events is then calculated by weighing the
backward spectator events with a factor

u - [(1 - p cos 6)/(I + p cos 9)] 2 (7)

The correction is applied to Individual events like for the rescatterlng correc-
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tion. The neutron weight will be a fraction (Hw)/(l-f) of the total weight of
the backward spectator event, this leaves a fraction (-id-f) / (1-f) for the proton
weight (see also figure 12).

TABLE 6
Weight factors for proton/neutron separation (see text).

neutron proton

EVEN
BW
ODD

In order to avoid uncertainties due to the poor detection probability of very
short tracks, i t i s required that the spectator momentum i s at least 150 MeV/c,
th is corresponds with a track of 10 mm In the bubble chamber. Events with a
shorter spectator track are considered as even prongs.

i i

0 . 3

Figure 10: Momentum distributions of backward and forward protons in the labora-
tory system for neutrino and anti-neutrino events In the experiment.
The curve i s the Hulthén distribution corrected for change in event
rate due to target motion. The graphs are normalized to one event.
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TABLE 7
Raw and totally corrected numbers of events with a spectator
candidate. The third row shows the expected number of FW
based on BW. The momentum interval is from 150 to 300 MeV/c.

raw BW 364 129
numbers FW meas 527 3 52

FW expc 590 201

corrected BW 499 166
numbers FW meas 729 452

FW expc 806 257

Figure 10 shows the momentum distribution of the spectator candidates. In table
7 quantitative Information i s given for events with a spectator in the momentum
interval 150-300 MeV/c.

The n/p cross-section ratios for neutrino and anti-neutrino events amount
to 2.1 and 0.51, respectively (see also chapter 5). As a consequence, there are
considerably more spectators in the neutrino than in the anti-neutrino interac-
tions. This becomes evident from the histograms which are normalized to one e-
vent.

The fraction of backward spectator events in both neutrino and anti-neutri-
no samples i s 5.2 ± 0.2% which i s in good agreement with the predicted value of
5.0% (table 10) for the same momentum interval of 150-300 MeV/c.

2.4.4 One-prong correction

On the scanning table events with only one charged track are hardly detectable.
These events occur in the v—p sample. The presence of an associated V° or y in-
creases the de tec tab! l i ty of the event. The search for bare 1-prongs i s not con-
tained in the normal scanning procedure. In order to obtain an estimate of the
contribution of these bare 1-prongs, part of the anti-neutrino film was scanned
intensively using a special procedure [12]. In CC events the only possible con-
tribution to 1-prongs comes from the channel

v p * H+X°

where v i s a neutral hadron system. In total 9500 frames were scanned twice
during the extra scan; 71 n+ events were found with muon momentum greater than 4
GeV/c. On the basis of the number of CC events with more than one charged parti-
cle found in the same part of the film during the normal scan, the contribution
of 1-prongs to the total antl-neutr5.no sample may be calculated. The amount of
1-prongs is found to be 12.1 ± 1.4% of the total number of anti-neutrino events.
In table 8 the contribution of 1-prongs i s shown for three channels, as estimat-
ed in [12].
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TABLE 8
Contribution of 1-prongs to the anti-neutrino events.

elastic 6.4Z
quasi-elastic 2.6%
deep inelastic 3.1%

For the purpose of this thesis, corrections to the x, y and Q2 distributions
must be made for the missing quasi-elastic and deep inelastic 1-prongs in the
sample. To obtain an estimate for these corrections, 3-prong anti-neutrino e-
vents from this experiment have been used, which may show a behaviour rather
similar to that of the 1-prongs.

2 . 5 SMEARING CORRECTION

2.5.1 Introduction

The ideal of smearing correction Is to find a model independent estimate for the
distribution of a physical variable, which, after transformation according to
the experimental resolutions, yields the measured distribution. Smearing is a
direct result of the finite precision with which a quantity can be measured. The
measured value is not sharply defined but follows a distribution which Is given
by the resolution function r(z m >z).

Experimental uncertainties in this experiment are measurement errors, Fer-
mi-notion, rescattering and errors in the neutrino energy determination proce-
dure. They all are incorporated in rCz^z). Other corrections will be performed
independently of the smearing correction in this analysis.

2.5.2 Procedure

Suppose a physical quantity z has a distribution g(z). Let the measured variable
be zm with distribution fCz,,,). The resolution function r(zm,z), which will be
calculated by means of Monte-Carlo simulation, is a probability density function
and r(zm,z)dzm is the conditional probability to measure the value 2^ for an e-
vent with physical quantity z. The relation between measured and real distribu-
tion is

f (z,,,) - /dz r(zm,z) g(z) (8)

where the integration interval is the whole physical range of z. The probability
to find the event inside a given physical range is the efficiency

e(z) - /dzn r(zm,z) (9)

where the integration is over the whole physical range of Zp,.

In general, z can be a multidimensional variable like (x.Q2). To describe
the quality of the estimate of zm we define the bias and the width. The bias b
is the deviation of the mean of ZJJ from the real value z.

b(z) - <zm> - z
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with

<zm> = /dzm zo r<zm'z>

The width w is the standard deviation of z^

For measurements with Infinite precision (unbiased and without width) the resol-
ution function reduces to:

r(zm,z)d2m - 6(zm-z)dz(n

In practice all distributions are given in a discrete form; the continuous dis-
tributions are reduced to discrete ones

z i

and the integral equation (8) Is replaced by a matrix equation:

f i * Ej r l j *j ; 1- l ,n ; j - l ,k (10)

from which g* can be solved i f n > k. In the case n » k the equation (10) has a
unique solution, provided that r j j Is not singular, and in the case n > k the
unknowns g* can be estimated by a'least squares f i t . In this analysis the bin-
widths for both f and g are chosen equal, which means that n » k, and that ĝ  Is
found by inverting the square matrix rj y

The solution of the reconstructed measurements g i s a special one. In
general g i s expressed in terns of functions of z,

g(z) - Zi a^Cz)

where f3^(z) are k arbitrary fixed functions of z, and a* are the coef-
ficients to be determined. In our case Pj(z) are histogram bins:

» 1 for zj •$ z < Zj+1

- 0 outside the Interval

The ratio fj/gj I 8 often referred to as the smearing factor for bin 1. The
smearing factors not only depend on the resolution function but also on the
whole distribution fj under inspection. Propagation of errors yields the covari-
ance matrix C of the reconstructed measurements g£

where Ĉ  Is the covariance matrix of the measurements f j , and T i s the inverse
of the resolution matrix rj 4* The contents of the bins depend on the counts of
events which are mutually independent. All non-diagonal elements cf Ĉ  disappear
under the condition that the measurements are Independent. The correlations be-
tween the bins ĝ  of the reconstructed measurements (the measurements after the



unsmearing procedure has been applied) are introduced by the finite resolution
of the measurements (e.g. the uncertainties in the procedure to determine the
neutrino energy)- It is found that the correlations between adjacent bins are
negative and can be substantial if the chosen binsize is small compared to the
width of the resolution of the measured variable» In these cases also the diago-
nal elements of the covariance matrix increase significantly*

In least squares fits to the data the whole covariance matrix has to be '
taken into account» One has to minimize the form:

ra - (g-e)T C"1 (g-e)

e^ Is the expected content of bin 1 that satisfies the constraint equations.

The resolution function of the variable z may depend on z itself, it is inde-
pendent of the shape of the distribution of z. Therefore, the performance of the
resolution unfoldment is totally model independent, as long as the physical sys-
tem is completely determined by the measured components of the multi dimensional
variable z. the resolution unfoldment becomes model dependent as soon as one of
the components of z is immeasurable. This is illustrated in the following way.

In the region where the physical quantity z is unmeasurable the efficiency
e (9) is zero. The matrix, corresponding to the resolution function, is singular
and has no inverse. In practice a zero efficiency corresponds to unmeasurable e-
vents. A kinematical region, in which events substantially suffer from errors,
may be excluded from the analysis by cuts on one of the components of z. Also in
this case the efficiency £ becomes zero in part of the kinematical domain of z.

The advantage of incorporating experimental errors and Inefficiencies in
the resolution function Is that the correction procedures can be based on the
real values of measurable quantities of the event, in stead of using the meas-
ured values. This is Important if the phenomenon to be corrected strongly de-
pends on one or more of the variables that describe the event. Further, the in-
troduction of the error is straightforward, and the correlation between differ-
ent effects Is rigorously taken into account. On the other hand the effect of an
individual uncertainty or inefficiency is unknown unless the resolution function
is recalculated. The last paragraph in this section gives an investigation of
the separate effect of Fermi-motion on the neutrino event rate.

2.5.3 Determination of experimental resolution

The resolution function rCz^z), necessary to apply smearing corrections to the
experimental data^ was obtained by using a Monte-Carlo method. For each channel
vn, vp, vn and vp a sample of about 100K neutrino events was generated by the
LUND program [13]. A version of this Monte-Carlo program, adapted to the condi-
tions of our experiment, was used. Input to the program was the event energy
distribution, obtained from a NUB E AM estimate, based on rauon flux measurements
(see chapter 3).

After their creation, the MC events were subjected to modifications reflec-
ting the experimental uncertainties The uncertainties are described in the fol-
lowing section. To determine the kinematical variables, the distorted MC events
were then subjected to the same process as measured events, in particular the
neutrino energy determination procedure. As a consequence of the rescattering,
the smearing corrections have to be performed for neutron and proton events si-
multaneously. The process of creating the distorted events can be divided up in-
to different steps.

Firstly the multiplicity distribution of the distorted MC events was ad-
justed to the measured distribution by weight factors, one for each multiplicity



class of events. This adjustment is necessary because the resolution due to
measurement errors is sensitive to the number of measured tracks. For practical
reasons we restrict ourselves to an adjustment over the whole neutrino or anti-
neutrino sample, instead of of an adjustment for each sub-sample defined by a z-
bin. Then the resulting MC events were used to construct distributions of zm as
a function of z. The information is stored in a square matrix zm»z> "The binning
of zm and z i s equal and is determined by talcing Into account the properties of
the inspected variable with respect to i ts bias and width. From this , the dis-
crete representation of rCz^.z) i s obtained when we normalize the integrals over
zm by means of the efficiency E (Z) » given in equation (9).
If the variable z i s limited to a resctricted area, due to fundamental reasons,
gj will be zero outside that area. However, due to smearing, measured events may
occur in the non-physical region. As a consequence, f̂  contains more populated
bins than gj. In order to keep a square matrix r^ * , one may add empty bins to
gj. In that case, r^ i will contain some arbitrary elements, e.g. those elements
that act on the empty bins of g .̂ The arbitrary constants must be chosen in such
a way as to guarantee the regular behaviour of i j . • On the other hand, one
often will limit the number of bins of f̂  in omitéïng bins at the edge of the
physical region, that carry only very few events.

Another situation arises when g« and fj are both limited by the same cut-
off in the quantity z. Tn that case the dimensions of g and f are equal, but
both histograms do not contain the full number of events. At the cut-off, events
will flow in both directions; the total number of events i s not invariant under
the operation rj <• As a consequence of severe loss of information by the smear-
ing process, r* 1 mas become singular or nearly singular. A row of r^ , may be-
come zero, resulting In an empty bin of f j . Removal of this bin from the analy-
sis makes the matrix regular again. An extremely wide resolution function might
scatter the events arbitrarily over the various bins of f̂ . The corresponding
matrix r^ i has proportional rows in that case.

The removal of colums in ri ,j» a n t I events falling outside the physical re-

gion, are corrected by means of the efficiency e , given in equation (9).

The Lund Monte-Carlo program models the QCD processes in the interaction. Elas-
tic and quasi-elastic events, or resonances are not simulated by the program.
Hence, the progara can only be used for the resolution unfoldment In the deep In-
elastic region (Q2 > I GeV2 and W > 2.2 GeV/c2). In this experiment the (quasi-)
elastic events are measured with more precision than deep Inelastic events, due
to the fact that these events have few unseen particles. In the determination of
the resolution function events migrated from the deep inelastic region to the
(quasi-)elastic region, because of measurement errors, are estimated with the
Monte-Carlo program and are subtracted from the (quasi-)elastic events in the
result.

Measurement errors
TEie track measurement error originates from the measurement of the direction and
curvature of charged tracks in the bubble chamber. This error was minimized by
measuring fast tracks over the greatest possible distance at an optimized number
of points* The momentum of each track is calculated from the radius of curvature
In the magnetic field.

0.3 BR
P -

cos K

where p is the momentum in GeV/c, B = 3.5 Tesla is the strength of the BEBC mag-
netic field, R is the radius of curvature in m, and \ Is the angle between the
track and the horizontal plane.
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When neglecting the small uncertainty due to multiple Coulomb scattering
the error óp In the momentum of a track measured over a length 1 (In metres) is
given approximately by

18.8 ep 0.7 e
(11)

where e» 300 nm Is the setting error and s Is the sagitta of the curve of the
measured track [14].

For energetic tracks, the measured variable 1/p follows approximately a
Gaussian distribution with standard deviation 61/p. From (11) it Is seen that
for a fast track, measured over a short distance, the error can be considerable.
Especially fast muons (low y events) are a matter of concern because the calcu-
lation of the kinematical variables Is very sensitive to pu. To limit this
source of error to some extent, a fiducial volume is defined such that the fast
forward tracks of an event In this volume are measurable over at least 50 cm.

To introduce the track measurement errors in the MC simulation the momentum
and direction of each track was altered by a random amount, according to the ap-
propriate distribution. The standard deviation of the distribution was taken
from a set of measured rauon tracks (errors calculated by the GEOMETRY program)
In the same momentum interval and with the same charge, thus taking into account
the effect of the distribution of vertex positions in the bubble chamber on the
measurement errors. No account was taken for the correlation between the momen-
tum and the direction In generating the errors.

Neutral particles were discarded from the MC event according to their detection
probabilities. Retained were 207. of the gammas, 25% of the K? 's and 50% of the
lambdas. It was assumed that the kinematics program would unambiguously repro-
duce the mass of the neutral particle when fitting the different hypotheses to
the seen V^. Protons with momentum less than 150 MeV/c were discarded because of
their very short and poorly visible tracks in the bubble chamber (shorter than
10 mm).

Fermi-motion
The kinematical variables of the event are calculated by the Monte-Carlo method
for a target nucleon at rest in the laboratory system. However, nucleons of ele-
ments other than hydrogen are not at rest due to nuclear binding effects. This
Fermi-motion changes the scaling variable x and the final-state mass W (in gen-
eral any quantity that depends on the target nucleon four-momentum is changed)
but i t leaves Q2 unchanged. The correction i s only negligible if the momentum of
the nucleon is small compared to i t s mass, irrespective of the incident neutrino
energy.

Apart from the special occasion when a spectator proton Is detected, the
four-aomenturn of the target nucleon of an individual event Is not known. The
distribution of the nucleon momentum can be obtained by solving the deuteron
wave function from the Schrödlnger equation. Adoption of a potential as suggest-
ed by Hul then [15] leads to the following momentum distribution of the nucleon
(unnormaltzed):

P2

h(p)dP — - — dp a 2)
[ ( P ^ H 2 2 2

with a- / M Eb - 45.7 MeV/c.
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TABLE 9
Properties of the Hulthén distribution-

mean mode stand dev
(MeV/c) (MeV/c) (MeV/c)(MeV^c)

0
150
300
500
750

1000

traction
above pQ

1 .
0.12393
0.01517
0.00194
0.00031
0.00008

85.542 43.297 67.6

Hut then distribution

0.3

Figure 11: Momentum, distribution of nucleons
Fermi-motlon correction procedure.

In the deuteroa, as used in the

M Is the nucleon mass, Ej," 2.2 MeV i s the deuteron binding energy and
§» 260 MeV/c Is an eraperically determined constant [16]. The momentum distribu-
tion Is shown In figure 11, i t s properties are displayed in table 9.

An advanced analysis of the spectators has led to a modified momentum dis-
tribution, taking Into account, among others, dlf tractive scattering processes
[17].

The statistical information about the target nucleon four-momentum is Incorpo-
rated in the calculation of the resolution function r(zffl,z). In the procedure of
calculating r(z„,,z)> Monte-Carlo events are distorted by experimental uncertain-
t ies . The MC events are supposed to be generated In the rest frame of the target
nucleon. The momentum of the target nucleon is generated at random according to
the momentum distribution (12). The direction i s randomly generated, isotropic
in the laboratory system. In the Impulse approximation the spectator nucleon Is
free and i s on i t s mass shell. The interaction, or target, nucleon must then be
off the mass shell In order to conserve energy and momentum in the scattering
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process. The four-momenta of the target and spectator nucleon follow from
the assumption that the deuteron is at rest in the laboratory system. The
four-momenta of the MC event are transformed to the restframe of the moving tar-
get. Then the event, including the spectator, i s rotated in space, such that the
neutrino momentum points into the x-direction again. After further contributions
to the experimental uncertainty have been added, the event i s fed into the pro-
gram to calculate the distorted var table (s) z^ in the laboratory frame. No cor-
rections are calculated for proton spectators with a momentum above 150 MeV/c,
since these particles are supposed to be visible In the bubble chamber.

The appearance of a proton spectator in the final state of a neutrino in-
teraction on a neutron can lead to misidentification of the event. The odd num-
ber of outgoing tracks suggests an interaction on a proton. The technique of
separating proton and neutron events is described in section 2.4.2.

An additional effect of the Fermi-motion i s the increase of the event rate
by a factor f» y [I40cos8]2. This effect i s taken into account by modifying the
"distorted" «eights of the MC events in the unsmearing procedure; a quantitative
discussion Is given in section 2.5.4.

Re scatter ing
The effect of «scattering is introduced by incrementing the multiplicity with
one unit for a randomly chosen fraction f of the real neutron events. For the
physical problems to be investigated in this thesis, e.g. structure functions
and their (^-dependence, the modification of the multiplicity i s the only impor-
tant re scat ter ing effect. The effect of rescattering on the klnematical quant-
i t i e s , such as <T > x or y, i s neglected In this analysis (section 2.4.3). Figure
12 shows the schematic flow of MC events with respect to the multiplicity. The

ODD

Figure 12: Flow of events with respect to the multiplicity. The top figure shows
the multiplicity distortion of Monte-Carlo events due to rescattering
and Fermi-motion. The bottom figure shows the correction for this
distortion by means of the application of weight factors (for expla-
nation see also section 2.4.2).
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effect of Fermi-raotton on the the multiplicity is also Included in the figure. A
fraction f of the neutron events enters the odd prong class as a result of re-
scattering* These events have no spectator In the final state. The rest of the
neutron events, a fraction 1-f, has a proton spectator, that is visible in the
bubble chamber if the momentum is larger than 150 MeV/c (12.4% of all spectator
events).

Events with a spectator in the forward direction (FW) are not distinguishable
from other odd prong events and enter the odd prong class (7.6%, the percentages
refers to the "distorted" weights of the MC events). Backward spectator events
(BW) form a separate class of odd prongs (4.8%). Neutron events without rescat-
tering and without a visible spectator are entered into the even prong class CE-
VEN).

2.5.4 Effect of Fermi-motion an event rate

Apart from events with a visible backward spectator, the 4-moraentum of the tar-
get micleon is unknown. The kineraatical variables of the event can be calculated
under the assumption that the target nucleon is at rest. The effect of a moving
target must be incorporated in the resolution function and is corrected In a
statistical way by the unsmearing procedure. Here we will investigate the indi-
vidual effect of Fermi-motion on the total cross-section. Ve do this by compar-
ing the event rates on a target at rest and on a target in motion. The event
rate is proportional to the production cross-section a, the beam particle flux
density pj^j, and the target particle density p t

3^ is the velocity of the beam particles. The flux density p0 and the density p
are elements of the flux density four-vector:

and transform accordingly. The cross-section for inelastic neutrino scattering
Is proportional to the centre of mass energy squared

s - (k+p)2

with k and p the four-momenta of the beam and targat particles respectively.
From this follows that the rate of events on a moving target i s a factor

f - Y(l-Pcose)2

of the event rate on a target at rest if the four-momentum of the beam particles
i s left unchanged. Y and p refer to the energy and velocity of the target parti-
cle and 9 i s the angle between the beam and target particles direction in the
laboratory system. Averaged over coa0 (flat in laboratory system) and all momen-
ta according to the Hulthén distribution this yields

<f> - 1.011
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The assumption of the target nucleon being at res t in the laboratory system
leads to an overestlmatlon of the cross-section of 1.1%.

Using the sane weight function the fraction of events with a backward or forward
spectator with nonentun larger than ISO HeV/c can be estimated. The numbers are
given In table 10 together with their r a t io .

TABLE 10
The fractions of backward and forward spectator events with
momentum >150 MeV/c and their r a t i o , expected according to
the Rulthen distribution.

backward BW 0.050
forward FW 0.079
FW/BW 1.58
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Chapter 3

THE NEUTRINO BEAM

3.1 INTRODUCTION

FOCUSING
SECTION

DECAY
REGION

SHIELD

STEEL EARTH BEBC

\
GAP 2 MAGNETIZED

Figure 13: Layout of the CERN neutrino beam facil ity.

The principle of producing neutrinos is as follows (see figure 13): accelerated
protons are guided to a target where they interact with the target nuclaons and
produce all kinds of secondary hadrons. Downstream of the target the hadrons
follow their way through a magnetic focusing section. The configuration of the
magnetic devices determines the type of the neutrino beam, narrow-band beam or
wide-band beam. The polarization of the magnetic fields leads to the distinction
between neutrino beam and anti-neutrino beam. After the focusing section follows
a decay region, where the selected hadrons may decay into neutrinos and muons.
Finally a shielding is required to range out the accompanying muons by energy
loss .

Basically two types of neutrino beams are used for the study of neutrino
interactions.

1- Narrow-band beams (NBB). Hadrons are selected and focused in a small mo-
mentum Interval. The magnetic beam line consists of a series of consecu-
tive magnets and quadrupoles, spread out over a length of about 120 m.
The resulting neutrino flux i s low, but the energy spectrum is well de-
fined, with a strong energy-angle correlation. In order to produce an ac-
ceptable number of events, this type of beam is normally used in co-oper-
ation with massive detectors, with a weight of ~ 100 t.
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2- Wide-band beams (WBB). The maximum number of hadrons i s focused. The mag-
n e t i c device cons i s t s of a se t of horns, the f i r s t of which i s about 6.5
m long. This kind of beam provides a high neutr ino flux which peaks a t
low energ ies . The energy spectrum i s not very well known and the beam i s
not very pure, in the sense tha t i t i s contaminated by neu t r inos of the
other h e l i c i t y . This type of beam i s normally used to study neutr ino in-
t e r ac t i ons in bubble chambers, which have an opera t ive mass of 1-5 tons ,
depending on the l i q u i d .

Apart from the two described types , beams with d i f fe ren t p roper t i e s can be c re -
ated by re -a r rang ing the focusing elements. As an example i s mentioned the quad-
t r i p l e t beam in which the proper t i es of the NBB and WBB are combined in order to
c r e a t e a high-pass beam with NBB c h a r a c t e r i s t i c s .

The data described in t h i s t he s i s i s obtained with the wide-band beam of the
CERN SPS. This beam wi l l be descr- jed further in the following s e c t i o n s .

3.2 THE CERN WIDE-BAND BEAM

Schematically the components of the CERN wide-band beam can be summarized as
follows.

- A 2 m long ta rge t where hadrons are produced by proton i n t e r a c t i o n s with
t a r g e t nucleons. The protons are accelerated by the CERN SPS.

- The focusing sect ion with a l a rge angular and momentum acceptance, con-
s i s t i n g of magnetic horns.

- The decay reg ion , which mainly cons i s t s of a 300 m long vacuum tunne l , r e -
quired in order to produce neut r inos by the decay of se lec ted hadrons.

- A shie ld composed of 210 m of iron and 150 m of rock, to absorb the ha-
drons and range out the muons In order to obtain a beam of only neutrinos.

3.2.1 Layout of the CERN wide-band beam

Production target
The so called long target is 200 cm long, 3 mm in diameter and consists of a
string of eleven beryllium rods, each 10 era long with a space of 9 cm inbetween.
Each rod Is supported by beryllium plates at both ends and the whole Is housed
in the target box, together with two other targets of different shape.

Figure 14: Plan and scale drawing of the West Area Neutrino Facility at CERN.
Enlarged the region of the Iron shield with flux measurement pits i s
shown. Indicated are modifications made in 1979, when a magnet just
behind pit 5 and additional shielding behind building 274 were in-
s t a l l e d , and in 1982, when a cave for the proton beam dump was built*
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The alm of the target Is to produce the highest possible number of hadrons,
which on their term generate the highest possible neutrino flux, especial ly in
the high energy region. Protons accelerated by the SPS up to 400 GeV serve as
primary projectiles» Every 9.6 or 10.8 seconds a beam s p i l l of 3 ms containing,
on average, more than 10 protons was extracted and directed onto the wide-band
beam target T9 in the neutrino cave.

The shape of the target i s chosen in order to sat i s fy various conditions.
The target length should be several proton Interaction lengths to absorb a large
fraction of the Incoming protons. It also should be avoided that secondary high
energy particles are los t by successive interactions. The confl ict ing require-
ments are partly met by the choice of a rod-like target, positioned along the
direction of the beam. Secondary particles may leave the target under a small
angle and thus may escape from reabsorption. The gaps between the consecutive
rods fac i l i t a t e an easy escape of particles in the lateral direction.

The incident proton beam has a lateral extent and i t s mean position exhib-
i t s a j i t t e r from pulse to pulse. Due to these two effects the experimental
width of the proton beam, measured over a long period, i s estimated to be 2 mm.
This puts a lower l imit on the target radius. The target i s made out of a l ight
material (Be) in order to guarantee a high escape probability of the secondary
tracks, given the necessary minimum target radius.

Demands on the mechanical strength put a lower l imit on the radius, consid-
ering the heat that i s dissipated during a burst. The compromise i s the rod-
shaped and needle-like target with the above mentioned dimensions. Final ly , to
obtain a pointlike source for the downstream placed focusing device a dense and
short target would be required. This condition i s not met in the present design.

The low averaged density of the 200 cm long target can be further reduced by re-
moving the even numbered rods. The so-called short target i s obtained In this
way. The short target i s used for the neutrino beam and the long one for the an-
ti-neutrino beam. The flux of the positive hadrons emerging from the target in
the most forward direction i s higher than that of the negative hadrons, and i t s
energy spectrum i s harder. To take advantage of the harder hadron (and subse-
quent neutrino) spectrum, the short target i s selected In the neutrino beam
case, in order to allow the forward going secondaries to escape earlier from the
target. For the antl-neutrlno beam the long target i s used, that s l i ght ly com-
pensates for the lower beam flux of anti-neutrinos. Moreover, the forward going
part ic les are eliminated by the beam stopper in the anti-neutrino beam, as wi l l
be explained hereafter. Table 11 shows the target lengths in terms of the proton
interaction length In beryllium (0.394 m) together with the proton interaction
probability ( inelast ic plus e las t i c scattering) .

TABLE 11
Proton interaction length and proton interaction probability
of the neutrino and anti-neutrino target. An additional loss
of about 5% occurs as a consequence of protons missing the
target because of the t a i l in the lateral distribution of
the proton beam.

beam cm Be in t . length in t . prob.

V 60 1.5 \ 78 %
\T 1 1 0 2.75 \ 94 t
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In this section we have discussed transmission targets: thin targets
with a high multiplicity, demanding a delicate construction for sup-
port and cooling, and careful monitoring to be sure that the target is
exactly positioned along the proton beam» A target of say 3 cm in di-
ameter is much more robust and does not need delicate provisions. In
such a target the secondaries cannot escape from the material before
the downstream end of the target. The optimum length for this target
can be expressed in terms of the Interaction lengths in the material
of the proton and the secondary particle:

(log*. - log*. )

Calculations on a thick target show a decrease in flux by about 11 to
18% with respect to the transmission target for both neutrino and an-
ti-neutrino beam, and a 40% increase of the background in the ant i -
neutrino beam [18] .

Beam stopper
The stopper i s a 1.18 m long beryllium rod with a diameter of 8 mm, placed half-
way the target and the horn, at a distance of 3.15 m behind the target. The aim
of the stopper i s to reduce the fast background neutrinos. In some respect i t
can be Interpreted as an extension of the target , since also secondaries are
produced in i t s material. The diameter i s chosen such that the stopper covers
the hole in the neck of the horn, where no magnetic f ie ld e x i s t s to def lect the
parents of the background neutrinos (see figure 15). The stopper absorbs a l l
secondaries emerging from the target at angles below 7.5 mrad (see also table
12) . The stopper has only been applied in the anti-neutrino beam, where the
background problem i s particularly severe. It has not been applied in the neu-
trino beam. There the advantage was taken of the hard spectrum of the very for-
ward directed part ic les .

TABLE 12
Proton interaction length and proton interaction probability
in the stopper. The last column shows the interaction proba-
bility including the target.

beam cm Be int. length int. prob. + target

"7 118 3 X 95 % 99 %

Magnetic horn
The device to focus the parent particles is built up by a system of magnetic
lenses with the property to focus particles over a wide range of momentum and
angle values (achromatic magnetic object-lens). The first lens or horn (called
so because of its shape) is placed as closely as possible to the target so that
background neutrino parents can be bent away rapidly. Two additional lenses, the
reflectors, are placed at a distance of 80 n from the target. Their purpose is
to reflect particles in the right direction, that have drifted away from the
beam axis, or that have crossed the optical axis inbetween the horn and the re-
flector.
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The active part of a magnetic lens Is a rotationally symmetric tangential field
between two coaxial conductors [19]. The currents In the two conductors are e-
qual and run in opposite directions. The magnetic field is inversely proportion-
al to the radius. In a lens the deflection angle must be proportional to the ra-
dius r, so in a magnetic lens the length of the field region traversed by a par-
ticle must increase quadratically with the radius. From this stems the typical
parabolic shape of the inner conductor, which has led to the name "horn", see
figure 15.

5

r
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Figure 15: The first three elements in the beam line. Only the profile of the
rotationally symmetric inner conductor of the horn is shown. The out-
er conductor, which returns the electric current, is at 17.5 cm from
the x-axis. The thickness of the Inner conductor varies from 1.7 to
5.7 mm with decreasing radius. The inner conductor of the reflector
is 2 mm thick everywhere.

Since transverse momenta of the order of 300 MeV/c must be focused, currents of
100 kA are required. Hence, the currents for these devices must be pulsed. To

cope with the heating and mechanical stress produced by such large pulsed cur-
rents the construction must be solid. However, the device must also be as light
as possible so as to minimize the absorption and scattering of secondary parti-
cles. The current pulse has to provide the maximum field In coincidence with the
beam passage. The pulse is furnished by the discharge of a powerful capacitor o-
ver the horn. The elements form a LCR circuit, which acts as a damped oscilla-
tor, with a current of the form

i(t) - A e"bt sin ct

The shape of the current Is shown in figure 16. The shape of the current is com-
pletely determined by three parameters: the maximum current lm, the time of max-
imum current tm and the half period time t , since these quantities determine
the constants A, b and c uniquely^ Table 13 shows the values of the parameters
during this experiment. The focusing of parent particles of one sign Implies the
defocusing of particles of the opposite sign. Particles of high momenta are less
affected by the magnetic field, and above 200 GeV/c hardly any enrichment or re-
jection can be achieved.
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Figure 16: Shape of the current In thï horn
figure is based on the parameters
table 13.

and reflectors. The curve in the
of the horn current, as listed In

TABLE 13
Parameters determining the shape of the horn and reflector
currents during this experiment.

element

horn
reflector

<kA)

100
120

Although the horn is placed in the bearaline to increase the neutrino
flux, the conductor material of the horn also absorbs the neutrino
parents. The inner conductor is engineered as thin as possible, but
the mechanical strength demands at least a thickness of 2 mm. The par-
ent particles enter the inner conductor skinning because of the small
angle between the Inner conductor and the bean axis. The beam looses
21 and 10% of its Intensity due to absorption in horn and reflector
material respectively. The average traversed path through the conduc-
tor material (aluminum) amounts to 12 and 5 cm for horn and both re-
flectors, respectively. When looking at numbers of events produced in
BEBC, the gain in event rate obtained by applying the horns la of the
order of 4 while the suppression factor for the background is <-v S.

The maximum horn current is 100 kA, the corresponding magnetic field is only
felt by those particles that pass through the horn at time tm. The extraction of
protons fro« the SPS, however, is smeared out over a period of 3 us. During this
time interval the current varies form 80 to 100 kA (figure 16). The minimum cur-
rent can even be smaller than the quoted value due to time-jitter in the horn
current pulse. These effects have been investigated and a horn current distribu-
tion was estimated under the assumption of a 0.75 me spread in the horn current
timing. Similar distributions apply for both reflector currents. The distribu-
tions are very asymmetrie; they are peaked near the maximum and have a long tail
extending to the lowest current values. The mean of each distribution turns out
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to be 95% of the maximum current value. The distributions are fed into the beam
simulation program NUBEAM [10] for the calculation of the neutrino fluxes in
this experiment.

Decay region
Sirce the plon decay length i s 55 a per GeV/c momentum, long decay paths are re-
quired. The decay region starts at the point where parents are created, i . e . the •
upstream end of the target ( if we exclude proton interactions in the air in
front of the target). The f irst 126 m of the decay region i s in the neutrino
cave where the focusing elements are situated. Besides these elements the cave
i s f i l l ed with a ir . After the cave a special designed section follows, with low
air pressure: the vacuum decay tunnel. The tunnel i s 290 ra long and has a radius
of 70-60 cm, the air pressure in the tunnel i s 5 Torr. At the upstream end the
tunnel i s closed by a 3 mm thick titanium window. Due to the low air pressure
the absorption of secondaries in the decay tunnel i s negligible. The radius of
the tunnel i s chosen sufficiently large to ensure that also parents directed to-
wards the edge of the neutrino detectors take full advantage of the decay tunnel
length.

Huon shield
The shielding starts four metres after the end of the decay tunnel. Tt consists
of an iron cylinder with a radius of 1.25 n. Air gaps at intervals of about 20 m
fac i l i ta te the measurement of the muon flux through the shield. The total length
of the iron i s 210 m, this includes the toroidal magnet of 10 m length and an
extra block of iron of 40 m length behind the cylinder part. The iron shield i s
extended with 150 m of earth, rock and concrete which forms the end of the
shielding.

The purpose of the shielding i s to remove a l l particles except neutrinos
from the beam. The proton absorption length in iron i s 18 cm and so a l l hadrons
are completely absorbed in the f irst few metres of the iron shield. The dimen-
sion of the shielding i s designed such as to stop tnuons, which only loose energy
by electromagnetic processes, created in a 400 GeV neutrino beam [20]. For a
proper operation of the team, in 1979 a modification to the shielding system was
made by the implementation of a magnet that focuses the muons into an additional
iron block of 4 by 4.5 m and 40 m long, or defocuses them outside the detector
direction, see also figures 13 and 14.

TABLE 14
List of beam line elements used in this experiment.

element

target

stopper
horn
reflectors
tunnel

shielding

BEBC

entrance
(m)

0.45

5.60
12.49
83.73

125.77
157.39
419.39
644.69
823.42

length
(

1.18
6.56

14.85
31.62

258.19
170
39.2

3.7

radius
(ra)

0.0015

0.004
0.05-0.011
0.10-0.21
l . l
0.6
1.25

material comment

Be

Be
Al
Al
vacuum
vacuum
Fe
Fe

v: 1.5 \
v": 2.75 X
7: 3 \
i - 100 kA
l B - 120 kA
5 Torr
5 Torr
p - 7.25
p- 7.25
centre

g/cra
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3.2.2 Wide-band beam monitoring system

The Intensity and position of the extracted proton beam and of the rauons In the
secondary beam are continuously monitored by a system of detectors. The primary
proton beam is monitored by detectors around the target. The rauons in the secon-
dary beam are measured by detectors in the shielding [21]. The measurement of
the muon flux in the beam provides a means of Indirect calculation of the neu-
trino flux in BEBC.

Primary proton beam monitoring
A beam current transformer (BCT) Is placed in the proton beam to measure the In-
tensity of the beam. A system of secondary emission foils Is mounted just in
front of the target, consisting of an Intensity monitor (SEM), two pairs of
spli t foils to monitor the horizontal and vertical asymmetry, and two foll3 with
holes of different radius in order to measure the width of the beam. This system
is mainly used for on-line purposes to provide a check on the quality of the
steering of the proton beam. The split foils are used for centring the beam on
the target during the run. The multiplicity is measured with the aid of a foil
downstream of the target. The positions of the monitors are shown in figure 17.

SPLITFOILS
POSITION MONITOR

MAGNETS \ TARGET

PROTONS-»- C3 I < = l 1 -«SECONDARIES
BCT ^^^"^ ' 'X

%£Wi^ SEM
INTENSITY MONITOR INTENSITY MONITOR
PRIMARY PROTON BEAM SECONDARY BEAM

Figure 17: Arrangement of detectors around the target In the primary proton
beam.

TABLE 15
Iron depths of the fir ft five gaps In the shielding. The
last column gives the mlnlaum energy required for a muon to
reach the gap.

gap depth E
(a Fe) (GeV)

1 9.25 12.4
2 29.77 44.5
3 49.92 79.9
4 70.49 119.9
5 94.72 172.7
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Muon flux monitoring
The muon flux in the shielding is measured In various air gaps in the iron [1].
In five gaps in the shielding silicon solid-state detectors are placed, at iron
depths between 10 and 100 m (see table 15). The air gaps have a length of about
1 m, at the downstream end of which the detectors are mounted. The detectors are
mounted on a support structure, which is movable to provide the possibility of
an alignment with respect to the beam. On each support seven counters are mount-
ed along a horizontal radius, 15 cm apart. The first counter is positioned on
the beam axis, the last one at a distance of 90 cm. In addition, a few circles
with radii of multiples of 15 cm are equipped with eight detectors. Depending on
the gap one or more circles of detectors are operational (see figure 18).

Figure 18: Arrangement of the solid-state detectors in the gaps in the shield-
ing. The plane is perpendicular to the beam direction.

A movable box containing a stack of five counters is used to carry out a rela-
tive calibration of the counters within one gap. This box can also be used to
provide a more detailed mapping of the profile of the rauon flux. An additional
box, equipped with detectors of varying sensitivities, travels from gap to gap
and facilitates the inter gap calibration.

Different detector types are used at different places, according to the
large variation in flux density at different iron depths and radii. The surface
varies from 30 mm2 to 200 mm2 and the thickness varies from 100 (im to 1000 urn.
To obtain the detector signals, charge integration is used, with a correction
for the leakage current of the detector. The size of the necessary leakage cur-
rent correction is measured during time intervals between machine bursts and is
updated every 15 minutes.

The signal obtained from the muon detectors is a result of the icnization
in the sensitive volume caused by muons and by secondary electron radiation pro-
duced by the unions in the shield. This electron background can be as large as
20%. The secondary radiation has a broader spatial structure than the muons and
causes the calibration of the detectors to be position dependent. K detector
calibrated at a certain position in the shielding needs to be recalibrated if i t
i s used at a different radius or if i t i s used in a different gap. The relative
calibration of counters within one ring is not affected by this background and
in this case the accuracy is better than IZ.
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The background Is also a severe problem for the absolute measurement of the muon
flux- The absolute cal ibration of the detectors Is performed by using emulsion
techniques [22] . Tracks were counted In emulsion p la tes , mounted on the so l id
state detectors and exposed to the beam during one or more SPS pulses . The num-
bers of counted tracks can be compared with the detector read-outs. The emulsion
plates were scanned twice for tracks with polar angles with respect to the beam
axis up to 500 mrad. The experimental angular distribution of the tracks i s In-
terpreted to have two components: muons which peak at small polar angles and e-
lectrons originating from the muons by electromagnetic shower processes having
an e s s e n t i a l l y f la t angular distr ibut ion. The electron background i s estimated
by comparing the shapes of the angular distributions of the tracks in the emul-
sions with predictions by the Monte-Carlo program NUBEAM and the electron-gamma
shower program EGS [23] .

3.3 PROPERTIES OF THE WIDE-BAND BEAM

3.3 .1 The energy spectrum

The shape of the neutrino flux energy-spectrum in BEBC i s determined by the con-
tribution of two components In the neutrino beam, one corresponding to pion de-
cays and another to fcaon decays. The neutrino production predominantly occurs by
the two-body reactions it •»• uv and K -»• jiv. According to two-body decay kinematics
the energy spectra of the decay products are f la t (see figure 19) .

Tt - decay

O 0.046 0.954 1
Fraction of parent energy.

Figure 19: Energy distributions in the laboratory system of the neutrinos and
muons in two-body pion and kaon decays.



- 58 -

Due to the limited radial acceptance of the detector, the neutrino energy spec-
tra do not extend to zero energy. Also, due to the limited shielding radius the
muon flux energy spectra measured in the shielding gaps do not extend to the
lowest energies. The difference between the mean energies of the neutrino fluxes
from pions and kaons increases, and the difference of the mean energies of the
respective muon fluxes almost vanishes due to these effects» In a wide-band beam
the shape of the neutrino flux energy-spectrum is further determined by the pro-'
ductlon spectra of the secondaries. Elements placed in the beam line also affect
the spectra of the secondary particles, like the magnetic horn and reflector
which amplify the flux in the low and moderate energy region, or the stopper In
the anti-neutrino beam which suppresses the fast forward part of the flux. In
the narrow-band beam no dependence on the production spectra exists in this
sense, a small momentum interval i s selected and the neutrino flux energy-spec-
trum shows very much the characteristics as suggested by figure 19.

The energy distributions of the neutrinos and rauons i s smeared out due to
the fact that the decays of secondaries do not take place at a fixed point In
space but throughout the neutrino cave and the whole volume of the decay tunnel.
The neutrino flux energy-distributions calculated for this experiment are shown
in figure 20. Clearly visible i s the shoulder due to neutrinos from kaon decays
which mainly contribute to the high energy part of the spectrum.

200

Figure 20: Neutrino and anti-neutrino fl;<x energy-distributions calculated for
the conditions in this experiment. The fluxes are integrated over the
whole experiment and are weighted to the cylindrical shape of BEBC by
taking into account in the calculation the length of the traversed
path through the fiducial volume.

Decay kinematicsDecay
Consiiider a two-body decay of a parent particle at rest with mass M into a muon
with mass m and a massless neutrino. The energy e of the neutrino i s fixed. It
is given by:

<M2 -
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The energy e' of the neutrino In the laboratory system is given by the Lorentz
transformed energy:

where

6

(E + PcosS) e/M

energy and momentum of parent in the laboratory system
decay angle of the neutrino with respect to the parent
particle momentum direction in the restfrarae of the parent

For spinless particles the decay i s lsotropic in the restframe, and hence flat
In cos8. The limits of the energy Intervals of the decay muon and neutrino of
relativist ic parents (E >> M) are shown in figure 19.

3.3.2 Divergence of the neutrino beam

The divergence of the neutrino beam originates from the production spectra of
the secondary particles and from their decay kinematics. It i s affected by all
the beam line elements, but mostly by the magnetic horn and the decay tunnel.
The horn bends the parent trajectories towards the beam-axis, which means reduc-
tion of the divergence. For very slow particles, as well as for the background
parents which are defocused, the divergence Is increased. The decay tunnel also
reduces the divergence of the neutrino beam; parents with a large angle between
their direction and the beam axis have a higher probability to be absorbed by
the wall of the decay tunnel before they decay, than parents moving at a smaller
angle.

(mrad)

Figure 21: The radial and tangential component of the standard deviation o*g of
the direction of the neutrinos in BEBC, as a function of radius. Also
shown is the mean of the dip angle 9 , which only has a radial compo-
nent. The curves are valid for neutrinos and anti-neutrinos, since
the divergence Is mostly determined by the shape of the decay tunnel.
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From this, two , aspects can be distinguished concerning the divergence of the
neutrino benm at the position of BEBC:

- the neutrino directions are not parallel,

- the neutrinos do not originate from one virtual point in space»

The first aspect can be seen as the source of the divergence, i t makes the neu-
trino flux exhibit a radial distribution in BEBC. The spread of the beam at the
position of the detector Is moderate; the flux drops with a factor 1.6 from the
centre to the edge of the bubble chamber (1*5 for the anti-neutrino beam). The
second aspect Is more problematic. Due to this effect the direction of the In-
coming neutrino of an event Is not precisely known, but has some uncertainty*
The direction of the neutrino plays an Important role in the neutrino energy de-
termination, and of course in the determination of the angle between the muon
and the neutrino. Both quantities, together with the muon momentum, determine
the klnematical state of the event. The properties of the neutrino beam concern-
ing the second aspect of the divergence are shown In figure 21.

3.3.3 Components of the neutrino flux

The two-body decay modes of the pion and the kaon provide the majority of the
neutrino events obtained In the detector» However, also other decay modes of the
kaon and other particles contribute to the neutrino flux. Table 16 shows the
particles with the decay modes that contribute to the flux above the 0.1X level.
In the first two decay modes of the K°L are comprised both charge states of the
decay products. Table 17 gives the muon and electron background neutrinos in the
neutrino and anti-neutrino beam. The numbers refer to the flux weighted by the
shape of the fiducial volume of BEBC.

TABLE 16
Decays relevant for the calculation of the neutrino flux In
this experiment» Decay lengths are in m/(GeV/c).

parent decay length decay mode branching ratio neutrino type

55.92
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6234.0

(i

e

n+

•K

%

e

V

V

V

V

• « -

e

V

n°
n°

V

V

u°
V

1.0000

0.6350
0.0320
0.0482

0.6861

0.270
0.388
0.1239

1

v e

VH

v e

• v e



- 61 -

TABLE 17
Background rat ios In the neutrino and anti-neutrino beam.

particle

v e

e

v-beam

1.000

0.009

0.017

0.001

v-beam

0.14

1.000

0.010

0.012

3.4 NEUTRINO FLOX CALCULATION

For the calculation of the total cross-section In this experiment I t i s neces-
sary to know the neutrino flux through the fiducial volume of BEBC. This flux
was calculated for periods In which the beam was stable and was operating under
well defined conditions. The cross-section then Is the rat io of events found on
photographs taken during the good periods and the flux integrated over these pe-
riods. The flux Is calculated by the beam simulation program for the conditions
of the selected periods.

3 .4 .1 Selection of periods of good beam quality

During a l l runs of the experiment the nominal values for the horn and reflector
currents were 100 and 120 kA. These currents were stabi l ized; la the case of any
fai lure the horn or reflector current would be zero. The beam s t a b i l i t y was in-
vestigated by studying the measured won fluxes In the shielding. As expected,
I t was found that the ration fluxes could be seriously affected by fluctuations In
the horn currents. Since the relationship between the neutrino flux and the rauon
flux depends on these currents, most of the periods with zero horn current were
excluded from the data set used for the calculation of the cross-sect ion. It was
also found that sometimes the horn currents were normal and yet the muon flux
per proton In each gap was much lower than normal. This was attributed to pro-
tons missing the target, probably due to mis-steer ing of the primary proton beam
or to bad beam conditions in the SPS. This e f fect was considered to be unimpor-
tant since the fluxes In a l l the gaps were reduced by the same fraction and so
the momentum spectrum of the rauons was unaffected. For the selected periods of
good horn condition, the current was stable enough to allow accurate calculation
of the cross-sect ions.
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3.5 BEAM SIMULATION

The calculation of the neutrino flux i s based on the concept of simulating as
c l o s e l y as possible the physical conditions in the beamline on the l eve l of in-
dividual particles* In the program NUB E AM [10] which was employed for the flux
ca lcu lat ions , various r e a l i s t i c circumstances can be simulated. The program i s
based on the Monte-Carlo concept and follows individual par t i c l e s . In appropri-
ate occasions I t takes a decision to determine what happens next to the parti-
c l e , according to the corresponding probability.

The program starts to create 400 GeV protons, directed parallel to the x-axis
with a possible la tera l displacement to model the profi le of the primary proton
beam. Each proton Is followed unt i l i t Interacts In the target or In the stop-
per. Pions, kaons and secondary protons (and any other part ic les If desired) are
generated at the point of interact ion. The momentum and direction of the secon-
dary part ic le Is taken from i t s production spectrum. These spectra are given by
the thermodynamical model and are adjusted by measurements (see section 3 . 5 . 1 ) .
The paths of the secondary part ic les are then followed through the various mate-
r i a l s of the beam l ine elements and through the magnetic f i e lds of the horn and
r e f l e c t o r s . Also secondary part ic les may interact In the target or stopper mate-
r i a l . In this case the momentum 4-vector i s given by a parameterization of the
secondary part ic le f l u x * » *(P 0>Pi9) , originating also from the thermodynamical
model, where p„ i s the momentum of the secondary part ic l e . The e f fec t of includ-
ing secondary proton interactions yields an Increase of the number of neutrino
events In BEBC by 6% or 10% in the neutrino or anti-neutrino beam respect ive ly ,
the additional events having a s ign i f i cant ly softer energy spectrum than the e-
vents originating from primary proton interact ions . The e f f e c t of including sec-
ondary interactions of part ic les other than protons i s neg l ig ib le due to the av-
erage low momentum of these par t i c l e s .

When a pion or a kaon interacts in the material of a beam l ine element or
in the material around such an element, I t Is no longer followed. Part ic les pro-
duced by secondary meson interactions are supposed to play no ro le in the flux
calculat ion. At any stage an unstable part ic le may decay, and in th i s case the
paths of i t s decay products are followed. Each of these products may decay on
i t s turn, or Interact, so the evaluation of long cascades can be calculated i f
necessary. Multiple Coulomb scattering Is taken Into account by allowing a devi-
ation of the direction and of the lateral posit ion of the part i c l e . The devia-
t ion depends on the part ic le momentum and on the properties of the traversed ma-
t e r i a l . For the calculation the track i s divided Into sect ions . The computation
does not result in lateral deviations or deviations in the direction of the par-
t i c l e . In stead, variances in t>e lateral and angular position are calculated
with their covarlance. The variances are accumulated over the various sect ions .
When a particle Is to be plotted in a histogram, the actual posit ion and direc-
t ion are drawn from normal dis tr ibut ions . Also the covarlance i s taken into ac-
count at th i s point. The scattering Is Imposed on unions as well as on pions and
kaons. The multiple scattering of pions and kaons has a s igni f icant e f f ec t on
the radial distributions of muons in the f i r s t gap of the shie lding, and also
s igni f icant ly spreads out the neutrino flux In BEBC. For muons also the energy
l o s s Is evaluated (see section 3 . 5 . 2 ) . Neutrinos are propagated straight to the
detector.

Most inaccuracies in the tracking of part ic les through the beam l i n e , l ike
the uncertainty in the horn current for example, wi l l affect the muon flux as
well as the neutrino flux. Hence by comparing the muon fluxes measured in the
different shielding gaps with the predicted ration fluxes for these gaps, an e s t t -
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mate for the size of these uncertantles can be obtained. However, two problems
can be recognized which spoil the equal change In rauon and neutrino fluxes. The
first Is the production and tracking of kaons. Most neutrinos with energy great-
er than 60 GeV arise from kaon decays, 32% of al l neutrino CC events originate
from neutrinos of kaon decays. For the anti-neutrino beam this i s 20% (see fig-
ure 22 and table 18). However, 14* (8% for the anti-neutrino beam) of the de-
tected cnuons come from kaon decays, with very much the same radial distribution
as followed by muons from plon decays. So the measurement of the muon fluxes
gives l i t t l e Information about the neutrino flux above 60 GeV (see figure 23 and
table 19).

The second problem arises from the tracking of muons through the shielding.
Both problems are discussed in further detail in the following two sections.

FLUX

200

Figure 22: Composition of the neutrino flux energy distribution In the neutrino
beam by neutrinos from pion and kaon decays (arbitrary units).

TABLE 18
Relative contributions from kaon decays to the neutrino and
antt-neutrlno fluxes In BEBC. Ea i s the switch-over energy,
above which the neutrinos from kaons are more numerous than
the neutrinos from pions. Energies are In GeV.

beam
Flux in BEBC

<Bv>K e s

22
20

34
62

60
55

11
7
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15 30 45 60
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Figure 23: Composition of the muon flux radial distribution In gap 2 In the
shielding In the neutrino beam by muons of plon and kaon decays.

TABLE 19
Relative contributions to the muon fluxes from kaon decays
In gap 1 and 2 within R » 0.375 cm. The energies are in GeV.

beam gap

1
2

1
2

46
34

42
28

61
42

47
30

%K

1 1
1 4

7
8

3.5.1 Plon and kaon production spectra

The 400 GeV pion and kaon production spectra from a beryllium target have been
measured in a dedicated experimental set-up [24]. The absolute production rates
and particle ratios were measured at four secondary momenta (60, 120, 200 and
300 GeV/c) and three transverse momenta <P, 300 and 500 MeV/c). In each case the
results were obtained for three different beryllium targets. These targets were
rectangular plates of 2 mm thickness and 160 mm width, their respective lengths
along the proton beam being 100, 200 and 500 mm. Magnets were used to select
particles according to their charge, momentum, and angle with respect to the
proton beam axis.

The production spectra used in the beam modelling Monte-Carlo programs are
based on these measurements. Before the measurements were made the Monte-Carlo
programs just used the particle production spectra from the thermodynamical mod-
el of strong interactions [25], which i s based on measurements at much lower
proton momenta (12 to 70 GeV/). These thermodynamlcal model spectra were adjust-
ed to f i t the new 400 GeV measurements and the resulting spectra were used as
the new input to the Monte-Carlo programs.

Apart from overall normalization problems, the authors show that their
measurements are consistent with the thermodynamical model predictions to within
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~30 %. Hence It Is assumed that the model can be used to Interpolate between
the measured points, and that the Interpolation leads to a reasonable accuracy.

3.5.2 Muon flux

The measurement of the rauon flux In the shielding can be compared with a calcu-
lat ion based on the simulation of the rauon trajec tor ies . The muon momentum vec-
tor i s derived from the decay kinematics and the parent hadron momentum vector.
The generation of the secondary hadron beam i s described in section 7 .5 .

Like for the decay neutrinos, the angular distribution of the rauons i s
broader for kaon decays than for pion decays. On the other hand, the mean momen-
tum of muons from Itaon decays i s smaller than that of rauons from pion decays.
The trajectories of muons are calculated taking into account the energy l o s s and
multiple scattering. The approximation for small angle scattering i s used [2 6 ] ,
together with a parameterization for the mean energy l o s s . The parameter expres-
sion for the energy los s Is accurate within 2% down to 100 MeV/c {8 ] . The f o l -
lowing di f ferent ia l equations determine the evaluation of the root mean square
value of the projected dip angle varg. the root mean square value of the la tera l
displacement var„, the mean energy l o s s and the l i fe t ime of the part ic le .

d

dx

d

dx

d

dx

vare

C O V 0 , y *

v a r y *

/ 0.015 GeV/c

l Pp

vare

2 c o v e , y

\2

1
1

I

(13)

d E c
— E « a + b
dx m d+E

d m
X a -

dx p

where LR " the radiation length in the transversed material
p » muon momentum
(3 » nuon velocity in terms of the velocity of light
E » muon energy
m » muon mass
t " muon lifetime in i t s restframe
a - 1.47 GeV/m
b - 0.00491 GeV/m
c - 1.18 GeV2/m
d - 2.60 GeV

The numerical constants are valid for the energy loss of muons in iron
(p- 7.25 g/cra3).
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When the track of the particle i s followed, the equations (13) are simultaneous-
ly solved by means of a numerical method. The dip angle and lateral displacement
are evaluated if the particle decays or has to be histo gramme4; i t is assumed
that these quantities are normally distributed.

A comparison of the calculated distributions of muons in the shielding can
be made with measurements obtained with the solid state detectors (see figure
24). This comparison Is the basis of the neutrino flux determination in the
wide-band beam.

The calibration of the beam was performed by using the measurements in gap 2,
after 30 m of iron. Muons measured within 37.5 cm from the beam axis were com-
pared with the calculated number in the same area. The number of measured muons
was estimated by fitting a parabolic flux profile through the values yielded by
the detectors, and by integrating over the obtained curve.

Gap 2 was chosen because all hadrons in the beam have disappeared and s t i l l
a good fraction of the muons i s not yet ranged out. So i t i s assumed that the
measurements represent well the characteristics of the neutrino flux in the de-
tector. The shapes of the calculated radial distribution and the measured radial
distributions show a satisfactory agreement*

Figure 24: Comparison of the calculated radial distributions of muons (solid
lines) with the measurements (circles). Shown are the fluxes In gap
2, 3 and 4 in the neutrino beam (left) and anti-neutrino beam
(right).

Straggling
In reality muons do not slow down smoothly and continuously, they in fact loose
their energy in discrete collisions. The above discussion relates to the mean
expected value of dE/dx. In order to correctly model the rauon flux In the
shielding, the probability distribution for the range of the unions has to be
taken into account. The fluctuations (known as straggling) arise because the
number of collisions is finite, a muon can loose a significant proportion of i t s
energy in a single collision, particularly in bremsstrahlung.
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The problem of straggling has been studied by the use of a Monte-Carlo pro-
gram [27]. To model the straggling of rauons In Iron the program divides the path
of a muon Into equal steps and for each step It uses random numbers to generate
the energy loss due to ionization, bremsstrahlung and direct pair production.
The energy losses due to bremsstrahlung and direct pair production are generated
by sampling the calculated differential cross-sections, whereas the fluctuations
in the energy loss due to lonlzatlon are modelled by assuming a Landau distribu-
tion [28] about the mean value as calculated from the Bethe-Bloch formula [29].

Ignoring straggling In the muon flux calculation, i . e . applying only the
mean values of the energy loss range, means underestimating the muon flux In the
deeper gaps in the shielding, starting to be important In gap 4. The underesti-
mation Is 7% and 2% in gaps 4 and 3, respectively, the effect being negligible
in gap 2 [8].
The reason for this underestimation Is partly due to the fact that the muon flux
intensity rapidly falls with depth in the shielding, and partly because of the
probability distributions for the range of a muon i s skewed in such a way that
the most probable range is greater than the mean range. Anyhow, the effect of
straggling in gap 2 Is negligible and this is another reason to use the measure-
ments in this gap for the absolute calibration.
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Chapter 4

THEORY OF THE WEAK CHARGED CORRECT INTERACTION

In th i s chapter the present understanding of Inclusive charged-current neutrino-
nucleon in terac t ions wil l be reviewed. A more complete review can be found e l s -
where, see for example [30].

4.1 THE STANDARD MODEL

The gauge theory of weak in terac t ions proposed by Glashow, Weinberg and Salatn
[31] i s current ly accepted as being consistent with a l l experimental data . This
model, based on the local symmetry gauge group SÜ(2)^xU(1), un i f i es the e l ec t ro -
magnetic and weak in te rac t ions . Because of I t s success, to which also ' t Hooft
has contributed by showing the gauge theory to be renormalizable [32], i t I s ac-
cepted as the standard model of electroweak in t e rac t ions . In th i s theory the
leptons (the e lec t ron , rauon, tau , e lect ron-neutr ino, uiuon-neutrino and tau-neu-
t r ino) are polntl ike p a r t i c l e s . The charged-current in te rac t ions are mediated by
the Vr and W bosons which couple to pure "V-A" cur ren t s . Neutral-current In ter -
actions are predicted by the theory and have been observed and studied. The neu-
t r a l - cu r ren t in terac t ions are mediated by the neutral Z° boson. The W*, vT and
Z° are very massive (80 - 90 GeV/c2); the i r existence has been confirmed [33] .

4 .2 INCLUSIVE DEEP INELASTIC NEUTRINO HUCLEOW SCATTERING

In th i s thes is the charged-current react ions

wil l be studied (X stands for the hadronlc final s t a t e ) . According to the theory
these react ions occur via the exchange of a s ingle w ot VT boson (see figure
25). The notation used for the kinematics of the inclusive charged-current neu-
t r ino nucleon reaction

v + N •> (a + X

i s most eas i ly given with the use of figure 25.
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Figure 25: Diagram of the neutrlno-nucleon in terac t ion ( l e f t ) , and the schematic
representat ion of the in teract ion in the laboratory system ( r igh t ) .

The def in i t ions used throughout t h i s work are:

k ,k ' four-momentum of Incoming and outgoing lepton (neutrino and muon).
p , p ' four-momentum of target nucleon and the outgoing hadron final s t a t e .
q»k-k' four-momentum t ransfer .
Ev or E neutrino energy in the laboratory system.
M mass of the struck nucleon.
E„ muon energy in the laboratory system.
Eh t o t a l energy of the hadronic f inal s t a t e in the laboratory system.
9 angle of the muon with respect to the neutrino d i rec t ion

In the laboratory system.
v»p.q/M • Ey-E^ » Ej,-M energy transfer to the hadronic system.

Moreover, use i s made of the Lorentz scalars:

x - -q2/2p.q

y - p.q/p.k
(14)

Q2 - -q2 * 2E(1EV (1-cosO)

W2 - (p«)2 - ^ ( l / x - 1) +M2

The variables x and y are dlaensionless. The variable x is the Bjorken scaling
variable and Is related to the fractional nomentua of the struck parten In the
nucleon (see section 4.3.3) . y Is the relative energy transfer to the hadronic
systea In the laboratory fraae. Q2 Is the transferred four-aoaentua squared, the
near-equality holds for a negligible auon aass. W i s the Invariant mass of the
hadronic final state.

Ignoring the details of the hadronic final state, only three Independent
Lorentr scalars are needed to deteraine the Interaction. Most frequently used in
this thesis i s Ey, x and y, or Q2, x and y. They are related by the equation

Q2 • 2p.q x
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4.2.1 Kinematical domain

As three variables are sufficient to determine each event, the events can be u-
niquely placed In a three dimensional space of physical variables. Let us assume
that the physical region is spanned by the variables x, y and Q2. The region has
a boundary determined by the kinematical conditions, in particular by the maxim-
um available neutrino energy E m a x. These considerations lead to the following
limitations, the rauon mass being systematically neglected:

x > 0 and Q2 > 0

y > 0 for elastic events and y >, mn/E(l-x) for inelastic events at fixed
energy. In inelastic Interactions at least a pion Is supposed to be pro-
duced, therefore W > M + m̂ .

W2 %• M2 or x •$ 1. x = 1 Corresponds to elastic scattering. The maximum
value for W2 Is 2MEmax + M2.

y < 1/(1+Mx/E) at fixed neutrino energy. This i s equivalent to cos9 > 0.

Q2 < 2ME2/(E+M).

The allowed kineraatical region i s displayed in figure 26 in the Ô -v plane, in
which i t has a triangular shape. In practice the region shown in the figure can-
not be explored everywhere. Especially near kinematical boundaries problems a-
rlse in measuring events due to a low acceptance. On the other hand, measured e-
vents can fall outside the physical region due to measurement errors and resolu-
tion effects.

Figure 26: Kinematical domain in the €p-v plane probed by a neutrino-nucleon
scattering experiment. The allowed region i s the triangle formed by
the solid l ines. The slope of the right side of the triangle Is exag-
gerated, It corresponds to a very low value for E___. The slope i s
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4.2.2 Inclusive cross-section

The double differential neutrino nucleon inclusive charged current cross-section
i s in terns of structure functions (for a derivation see e.g. [30a]):

d2u G2ME
- [ y 2 ^ + a - y - Mxy/2E)F2 ± y(l - y/2)xF3] a 5)

dxdy it

The dimensionles8 structure functions Fj , F2 and F3 describe the hadron struc-
ture and are independent. They are a priori different for each reaction, giving
in total 12 functions for vn, vp, vn and 7p scattering. The third function F3

contains V,A interference, and i t s contribution changes sign going from neutrino
to anti-neutrino. The plus sign holds for neutrino scattering. The factor out-
side the brackets contains a linear dependence on the centre-of-mass energy
squared, 2ME. An additional inclusive energy-dependence due to the (^-dependence
of the structure functions can modify this linear behaviour of the cross-sec-
tions .
G is the Fermi coupling constant. The factor ^M/it in mixed units i s

G2M/ic - 1.582 10"38 GeV^cm2,

where M is the proton mass»

The exchanged virtual W boson has three possible helicity states and one can de-
fine cross-sections aR, a and a^, one for each helicity state of the boson to
be absorbed at the hadron vertex. The three structure functions are related to
the three hypothetical cross-sections in the following way:

F2 - 1c (aR + aL + 2o0)/(l + Q2/*2)

*F3 - k ( a R - c L ) / / ( l + Q2/V2)

where F^, F2 , Fg , aR, oQ, aL and k are a l l functions of x and2Q
2 ^n general. The

cross-sections cannot be negative and in the region where v »Q , the Bjorken
Unit , one can write Che Inequalities:

I t i s convenient to define the quantity R which Is the rat io of the longitudinal
croas-aectlon o"0 to the transversi; cross-section aT • (ffg+ff̂ )/2 :

R - <J0/o? - (1 + Q2/v2)F2/2xF1 -
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4.3 QUARK-PARTON MODEL

At SIAC in the la te 1960 's and early 1970's several experiments were performed
which studied the scatter ing of high energy electrons in hydrogen and deuterium
targets . I t was found that in the region 0^>l GeV2 and W>2 GeV/c2 the e lec tro-
magnetic structure functions ZxFj and F2 were approximately independent of (J2 at
fixed x [34] . Bjorken had predicted that th i s would happen in the l imi t Q2 • <»,
and consequently the e f f ec t i s known as Bjorken scal ing (see section 4 . 3 . 1 ) .
Feyn man's par ton model [3 5] provides a simple physical explanation for Bjorken
scal ing and many other e f f e c t s . In th i s well known model the electrons are sup-
posed to scatter incoherently and e l a s t i c a l l y off s tructureless spin-1/2 Dirac
p a r t i c l e s , known as partons, which behave as i f free within the nucleons. If the
scatter ing process i s viewed in a frame in which the nucleon has i n f i n i t e momen-
tum then, according to the model,, the variable x corresponds to the fraction of
the nucleon's momentum which i s carried by the struck parton. Furthermore, the
probabil ity for a parton to carry a momentum fraction x i s argued to depend on x
alone. The different types of par tons introduced in the model are ident i f ied
with the quarks describing the strong Interactions and the hadron spectroscopy.

4 .3 .1 Scaling

The scal ing as suggested by Bjorken [3 6] can be derived without the use of a
parton model. With s t r i c t assumptions i t already can be derived on dimensional
arguments. The scal ing behaviour i s characterist ic of the interaction of point-
l i k e par t i c l e s . The scal ing hypothesis s ta tes that in the l imi t Q2 + » and
v •* <=, keeping the rat io of Q2 and v , thus x, constant, the structure functions
depend on one dimenslonless variable , x, only. In order to reach the area where
scal ing occurs, the values of Q2 and v have to be large compared to any involved
mass s ca l e .

Neglecting the term Mxy/2E in the double d i f ferent ia l cross-sect ion (15)
leads to the following conclusions in the sca l ing l imi t :

- The form between the square brackets has no e x p l i c i t or implic i t energy
dependence. The cross-sect ion r i s e s exactly l inear ly with the neutrino en-
ergy.

- The d i f ferent ia l cross-sect ion (da/dy)/E, or y-d is tr ibut ion , i s described
by second order polynomials in y, and does not change with neutrino ener-
gy'

As stated before, i t has been discovered experimentally that the structure func-
t ions scale for <r values as low as a few GeV2. That sca l ing occurs at Q2 values
c lose to the nucleon mass squared was unexpected and i s ca l led precocious sca l -
ing.
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4.3.2 Callan-Gtoss relation

The equation

Is known as the Callan-Gross relation [37]. From equation (16) i t Is seen that
the Callan-Gross relation Implies that

and hence that the longitudinal cross-section oQ vanishes compared to the trans-
verse cross-section aT In the Bjorken limit v2/Q2 * » . This result arises di-
rect ly from the spln-1/2 nature of the quarks. Application of the Callan-Gross
relation reduces the number of independent structure functions from 12 to 8.

A small deviation of the Callan-Gross relation may be due to the existence
of a primordial transverse momentum of the quarks in the nucleon due to quarfc-
gluon Interactions giving rise to a non-zero scalar cross-section a . Violations
of the relation are expressed by the parameter R according to equation (16) in
the Bjorken-lirait (Q2/v2+0):

R - (F2 - 2XFP/2XFJ (17)

which will be referred to as the Callan-Gross relation violation parameter, in
what follows. Measurements of R in electron and muon [3 8] and neutrino experi-
ments [39], performed at different energies and momentum transfers, provide
somewhat different results . Recent analyses of high s t a t i s t i c s neutrino experi-
ments [40] indicate a small violation of the Callan-Gross relation at small x
and a possible x-dependence, in agreement with theoretical expectations.

Substitution of (17) into the double differential cross-section (15) yields the
cross-section in terms of the scaling violation parameter R and the two struc-
ture functions F, and xF,.

d2a G2ME Mx I 1
—)y + r)F2 ± ya - -)XF

2

dxdy it 2E 2 1+R 2

This form is suitable for the extraction of the structure functions from the da-
ta (section 5.4.1), since imposed values for R lead to solutions for F and xF3 ,
and subsequently for 2xF. . The assumed values for R, which Is a function of x
and Q in general, can be obtained from measurements or from theoretical expec-
tations.

4.3.3 Interpretation of the Bjorken x variable

It can be shown in an elegant way that the Bjorken scaling variable x has, with
some assumptions, a simple interpretation in the quark parton model. Consider
the current-parton interaction in figure 27.



- 75 -

Figure 27: Diagram of a current-par ton Interaction In the par ton Brelt frame*

Let £ be the fraction of the nucleon momentum p carried by the parton, and let q
be the momentum transfer to the par ton by the current» Then the invariant masses
of the Initial and final state par tons can be written as

mf
2

Assuming both masses equal, one obtains

which corresponds with the definition of the Bjorken variable x
With this result the structure functions, which depend only on x In the

Bjorken limit, can be Interpreted as fractional-momentum distributions. The
scaling property of the structure functions states that for sufficiently large
Q2, such that the nucleon does not interact coherently, the structure of the nu-
cleons probed at different Q2 i s the sane for fixed x. With coherent scattering
the current transfers to the nucleon as a whole, subsequently the measured value
for x will be I . This corresponds to the elastic scattering mentioned in section
4.2 .1 .

4.3.4 Quarks and anti-quarks

Assuming the Callan-Gross relation and neglecting the term Mxy/2E, the cross-
section (15) can be written as:

d a ĜME
[{l + <i-y)2}*_ ± ( l - a-y)2>xF ]

dxdy 2it

Rearrangement of the terms leads to:

d2a G2ME
- [(F2 ± xF3) + <l-y)2(F2 + xF3)] (19)

dxdy 2ir
The y-dependence can be regarded as a constant term plus a term proportional to
(1-y)2 . In the following i t i s pointed out how this f i t s with the quark inter-
pretation of the y-distributlon in the light of the quark-par ton model.



- 76 -

4.3.5 Interpretation of the y-dlstributions

In the quark-par ton picture the basic interaction Is the interaction of the neu-
trino with one of the constituent quarks of the nucleon. In a V-A theory of the
weak currents the y-dependence of the Interaction takes the simple form

da/dy(vq,vq)=- 1

for neutrino-quark and antineutrino-antlquark scattering, corresponding to an
i so tropic distribution of the rauon direction in the centre-of-nass system» The
interaction of an tlneutr Inos with quarks and neutrinos with antiquarks takes the
fora

do7dy(vq,vq) ~= (l-y)2

corresponding to a suppression for the backward scattering at (at 180 degrees)
in the centre-of-nass system. This behaviour simply follows from the spin-de-
pendence of the Interaction, which is based on angular momentum conservation and
the fact that both V and A currents conserve helicity.

We will write q(x)dx and "q(x)dx for the probability to find a quark and an
ant I quark between fractional momentum x and xHdx, respectively, q(x) and "q(x)
being the quark densities. The integrals over the whole x interval jq(x)dx and
/q(x)dx are then the probabilities to find a quark or anti quark at a l l in the
nucleon. From this i t follows that ƒxq(x)dx//q(x)dx i s the average fractional
momentum carried by quarks, and, of more practical value, Jxq(x)dx i s the frac-
tion of the nucleon momentum carried by quarks. A similar expression counts for
antiquarks.

Apart from the fact that the nucleon cross-section i s proportional to the
probability to find a quark or an antlquark, i t i s also proportional to the
point-like neutrino-quark cross-section. The latter i s proportional to the cen-
tre-of-mass energy squared of the neutrino-quark system, 2HEx. Now we can write
the neutrino and antineutrino nucleon cross-sections:

[ xq(x) + (l-y)2xq(x) ]

The distributions q(x) and q'(x), as probed by neutrinos and antlneutrinos re-
spectively, may be different in general.

From the above formulation of the crosa-sections and equation (19) the re-
lation between the quark fractional momentum distributions and the structure
functions becomes apparent:

F, (x) - xq(x) + xq(x)
(21)

xF3 (x) - xq(x) -

for neutrinos and similarly for anti-neutrinos:
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F '<x> - xq'(x) + xq'(x)
(22)

xF3 ' <x) - xq1 (x) - xq' (x)

4 .3 .6 Valence and sea quarks

In the quark-parton model baryons consist of three quarks. The quantum numbers
of the baryor.s are determined by the quantum numbers of the constituent quarks.
Observed selection rules and mass spectra In hadron scattering can be explained
by the assumption that different types of quarks ex i s t . In the s tat ic quark pic-
ture these quarks are called valence quarks, named after the valence electrons
in atoms. These valence quarks are surrounded by a cloud of "searquarks". This
sea of quarks Is created in a similar way as the electron-positron cloud sur-
rounding a charged particle, according to quantum electrodynamics (QED). In the
hadron picture It i s the presence of gluon f ields mediating the force between
quarks that gives rise to the creation of quark-antiquark pairs, which subse-
quently are annihilated. This process i s analogous to the vacuum polarization in
QED and generates a sea with equal contributions of quarks and antlquarks.

In the following we will use the subscripts v and s for valence and sea
quarks, respectively. Sometimes, i f i t i s clear that one deals with sea-quarks,
i . e . in the case of antlquarks, the subscript s i s omitted. The quantum numbers
of nucleons are carried by quarks, hence for a nucleon we can write:

and for the sea

/q s(x)dx - /q s(x)dx

4.3.7 Four quark model

In the quark-par ton model, the inclusive neutrino cross-sections can be written
as the sum of contributions from different types of quarks, or quark-flavours.
In the quark model of Glashow, Illopoulus and Maianl [41] the four jquarks/par-
tons u, d, c and s are postulated, with the corresponding anti quarks ïï, ÏÏ, c~ and
*s (GIM-mechanism). The mnemonics stand for up, down, charm and strange.
Quantum numbers of the quarks with respect to strong Interactions are shown in
table 20.

TABLE 20
Quantum numbers of quarks.

quark

u
d
c
8
t
b

charge

2/3
-1/3

2/3
-1/3

2/3
-1/3

bar yon
number

1/3
1/3
1/3
1/3
1/3
1/3

I

1/2
1/2
0
0
0
0

I

1/2
-1/2

0
0
0
0

strange-
ness

0
0
0

-1
0
0

charm

0
0

+1
0
0
0
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This table also shows the quarks from the third generation, top and bottom. The
quarks of the first generation, the up and down quark, are the valence quarks of
the every day l i fe protons and neutrons that form the matter around us. The
charged-current neutrino-quark Interactions are:

vdc * H~u vu • |2+dc

vs c + H~c vc + H+sc

vïï • u"Jc 73C + u+ü

dc > 9C e t c . are eigenstatea of the weak interaction. In terms of the mass eigen-
s ta tes we have:

where 6C i s the Cabibbo mixing angle ( | cos9c | - 0.974). The contributions to
the cross-sections follow from the fact that a W -̂exchange raises the quark
charge by one unit and a W~-exchange lowers i t by one unit.

Also the quarks of the third generation can be involved in the mixing. The
necessary 3 by 3 matrix relating the etgenstates doublets of the weak isospin
with the mass eigenstates can be shown to have elements that are related to each
other* Such a relation was first formulated by Kobayashi and Maskawa [42]. The
elements of this matrix have been obtained as a parameterization [43]. The ma-
trix reduces to the Cabibbo-GIM matrix if the third generation particles do not
mix or the energies Involved are low [44].

Neglecting all quark-masses (or assuming no kinematical suppression of the
production of any quark-flavour) we can write down the contributions to the
structure functions from the different quark flavours. In doing this , i so spin-
symmetry between proton and neutron i s assumed:

u(x) - up(x) - dn(x)

d(x) - dP(ir) - un(x)

With these assumptions the structure functions read:

reaction F2 (x) xl"3 (x)

vn 2x[u(x)+ïï(x)+s(x)+c"(x)] 2x[u(x)-7(x)+s(x)-c"(x) J

vp 2x[d(x)-»;u*(x)+s(x)+c(x)] 2x[d(x)-TT(x)+s(x)-c(x)]
(23)

Vn 2x[d(x)+u(x)+?(x)+c(x)] 2xf d(x) -¥(x) -?(x)+c(x)]

7p 2x[u (x)+ïï(x)+¥(x)+c (x) ] 2x[u(x)-Z(x)-?(x)+c(x)]

The factor 2 enters because both V and A currents contribute. The sign preceding
the quark dens i t ies follow from equations (21) and (22).

With the def init ions of the quark distributions as given above the fo l -
lowing surarules hold:
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- ü(x)]dx - J1 t^Mdx - 2

QJ L**VA/ — d ( x ) ] d x " QJ d^

0 J

/JId(x) - ïï(x)]dx - J 1 d (x)dx - 1

/ l [c(x) - c(x)Jdx -O
0

Stated in words: the proton contains two up quarks and one down quark, and has
neither strangeness nor charm»

4.3.8 The shape of the y-diatributions

Study of the differential cross-section (da/dy)/E (the y-distributlon) can re-
veal the relative fraction of the nucleon momentum carried by anti quarks,
xq(x)/[xq(x)+xq(x) J, see equation (20). Comparison of the values obtained from
neutrino and anti-neutrino scattering gives Information about the relative mo-
mentum fraction carried by strange quarks»

Although i t i s possible to extract the quark and anti quark x-distributions
from the ^distributions we will restrict ourselves here to extract the ratio of
the values integrated over x. Substitution of the structure functions in terms
of the different quark flavour fractional momentum distributions (23) into the
double differential cross-section (19), and Integrating over x yields:

datf

— - \[Q.-a) +<ta-y) 2 ]
dy

dav

— x[a
dy

At y»0 both differential cross-sections measure only the structure function F,
integrated over x. Comparison of A with X provides a meanB to test charge-symme-
try. The parameters A, X, a and 3" are obtained from f i t s to the y-distributions.
The assumption of charge-symmetry yields an additional constraint in the simul-
taneous extraction of a and 3" from the neutrino and anti-neutrino y-distribu-
tions. The shape parameters a and a" are defined by the general expression

/xq(x)dx
p - (26)

/x[q(x)+q(x)]dx

where

•ü+cFl-2<r u+d+2s
üVd>2a u+d+2c
•a+c" u+s
^-T u+c
jS-c1 d+s
ïï+1 d+c
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With the assumption of a symmetric sea the denominators can be pair-wise equated
and differences of the fractions can be obtained. These differences correspond
to the differences in contributions to the fractional momentum of the nucleon
from strange and charmed quarks.

J xfa-'c] dx
a(N)-ot (N)

ƒ x[ u+d+u+H+s+s+c+c ] dx

a(n)-a(p) - (27)
/x[d+ü+i+c"]dx

cf(p)-a(n)
Jx[u+'aVs+c"]dx

For vanishing contributions of the charmed quarks with respect to the strange
quarks, the above differences measure the fraction of the momentum carried by
strange quarks to the momentum carried by quarks and anti-quarks in the nucleon.

4.3.9 Total cross-section

The measurement of the total cross-section of neutrino and anti-neutrino scat-
tering off nucleons provides information about

- the momentum fraction carried by quarks and antiquaries in the nucleon and

- the relative momentum fraction carried by antiquarks.

If i t is assumed that c quarks are equally produced In neutrino and antineutrlno
interactions, and further under the assumption of a symmetric sea, summation of
the total cross-sections yields:

[8G2M/3it]"1 [o-vn+o-7P] /E- Jx[u(x)+ïï(x)+3/2s(x)+l/2F(x)]dx
(28)

[8G2M/3it]"l [avP+avn] /E- Jx[d(x)+u"(x)+3/27(x)+l/2F(x)]dx

This result is obtained by the substitution of the structure functions expressed
In terms of the fractional momentum distributions of the different quark fla-
vours (23) into equation (19) and integrating over x and y. It i s found (section
5.2) that 44% of the momentum of the nucleon Is carried by quarks and anti-
quarks In the nucleon. The remaining 56% is carried by other par tons which do
not couple to the weak and electromagnetic interactions. These partons are iden-
tified with the neutral bosons mediating the force between quarks, the gluons.

In the same approximation as above we obtain for the cross-section ratios:

a(vn) (u+s) + 1/3

1/3 (d+c) + (S+S)

(d+s) + 1 / 3 (5+c)
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The fraction of momentum carried by antiquaries In the nucleon with respect to
the fraction carried by quarks can be expressed In terms of these cross-section
ratios,

/xq(x)dx 3r-l

Jx[q(x)+q(x)]dx 2r+2

and reads for the different ratios as follows:

3rn-l 7 + 3/Vs + I/Ac"

2rn+2 u + ïï + 3/2Ï + 1/2Z
(29)

3rP-l Ü + 3/41 + l/4c

2rp+2 d + ü + 3/2? + l/2c"

The quarks flavour distributions should be interpreted as weighted by x and In-
tegrated over x for the numerators and denominators separately.

4 .4 QUANTUM CHROMOPYNAMICS

Whereas the e lectromagnet!: and weak in terac t ions can be described by a gauge
theory of eleetroweak i n t e r a c t i o n s , the dynamical processes between quarks are
described by a gauge theory of strong i n t e r a c t i o n s . The success of the QFM in
descr ib ing the s t a t i c s of processes involving quarks favours a theory in which
quarks act l i k e free p a r t i c l e s at large momentum t r a n s f e r s . In contrast with
t h i s , the theory must give a natural explanation why quarks are not observed as
free p a r t i c l e s . The property that quarks seem to be confined within the hadrons
a t one hand, and act l i k e free p a r t i c l e s at large momentum transfers on the oth-
er hand i s c a l l e d infrared s lavery and asymptotic freedom, r e s p e c t i v e l y .

The bui ld ing blocks of the theory are the quarks of the QFM. Besides t h i s ,
vector bosons are introduced, the gluonn, which mediate the forces between
quarks. Both the quarks and the gluons carry a colour charge. Three d i f f e r e n t
types of colour charges e x i s t , or in other words, quarks e x i s t in three d i f f e r -
ent co lours , or ant i - co lours for ant i -quarks. The three colours generate an
SU(3) group in which the quarks form colour t r i p l e t s and the gauge vector bosons
form an o c t e t . The SU(3) of colour i s an exact symmetry, which means that the
three colour s t a t e s are degenerate. Gluons are thought to be mass l e s s , together
with the exact colour symmetry t h i s leads to a renormalizable theory: quantum
chromodynamica or QCD. As new and complicating features In t h i s theory compared
to QED can be remarked the gluon-gluon coupling (photons have tto charge and do
not couple mutually) and the ex i s tence of three colour charges against ons
electric charge.

An Important axiom of the theory Is that observable particles built up by
quarks, the hadrons, are colour singlets. Colourless objects can be formed basi
cally In two ways: by three quarks (or anti-quarks) each carrying a different
colour, or by a quark and an anti-quark carrying a colour and the anti-colour.
The first particles are recognized as baryons, the second as mesons.

The observed variety of baryons and mesons can be understood as ground
states or exited states of combinations of the known quark flavours in qqq, qqq
and qq configurations. In QCD the flavour is the quantum number indicating the
type of the quark (up, down etc . , see also table 20). It i s thinkable that also
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colourless systems e x i s t , containing more than 3 quarks or no quarks (gluonluns).
In the «normalization of the theory a mass A a r i s e s , which i s the only

free parameter of QCD. A provides a mass scale to the theory and determir.as the
s ize of the vio lat ions of Bjorken scal ing which are predicted by the theory. The
coupling constant of QCD i s a running coupling constant in the sense that i t s
value depends on the momentum transfer» The e f fec t ive coupling constant, calcu-
lated in f i r s t order perturbation expansion, reads in terms of the scal ing v io-
la t ion parameter A [45]:

127T
2

(33-2f)*log(Q2/A2)

where f i s the number of quark flavours. For less than 16 quark flavours this
form shows the property of asymptotic: freedom: small coupling at large Q2 , as is
required by renormalizability. At values of Q2 comparable to A2 the coupling be-
comes large and the perturbation theory is not applicable.

Expansions of ag(Q
2) in higher order perturbation schemes show different

functional forms of o s in terms of A. This makes the Interpretation of A-values
extracted from experimental data an awkward matter. It is clear that when a val-
ue of A is extracted from an experiment one has to indicate in which formalism
it has been obtained.

4.4.1 Deep-inelastic scattering

As already mentioned QCD predicts scale breaking. The structure functions are
expected to depend on Q2 in addition to x. The ^-dependence i s introduced by
the mechanism of gluon brerasstrablung. At high momentum transfer Q2 , the proba-
bi l i ty of the occurrence of bremsstrahlung processes increases. The quark radi-
ates a gluon and is seen by the current of the interaction with a lower momentum
fraction x. This has as qualitative effect that the curves of the structure
functions, measured as functions of x, shrink at higher Q . In going to higher
Q values the structure functions increase at small x and decrease at large x.

QCD perturbiition theory provides also a more quantitative prediction about
scaling violation. It gives separate predictions for the Q2-evolution of the
singlet and non-singlet combinations of quark densities. Singlet combinations
contain quark-antiquark pairs like u+iT, which are flavour singlets in the sense
that these pairo have the same quantum numbers as gluons. Examples of non-sin-
glets are u-u, u-d etc. The theory does not predict the shape of the structure
functions itself , hut, given the structure function at Q 2 i t is able to predict
the variation with Q2. The Altarelli-Parisi equation [4o] relates the structure
functions at different (r • In this thesis the non-singlet structure functions
are analyzed on their (^-dependence;

All observed scaling violations are consistent with the QCD predictions.
However, several othei mechanisms exist which can produce scaling violations,
particularly at low Q2 values. At present available energies non-perturbative
effects may be large. Transverse momentum effects, resonance production, diquark
scattering and elastic scattering result in corrections to the perturbative QCD
predictions containing terms like 1/Q2, 1/Q1* etc. In addition to these "higher
twist" effects also charm threshold effects can play a role.
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Chapter 5

EXPBRIMEHTAL RESULTS

5.1 THE DATA

The resul ts presented in this thesis are based on the analysis of events ob-
tained during exposures of BEBC, fil led with deuterium, to the CERN 400 GeV
wide-band neutrino bean and anti-neutrino beam in 1979 and 1980. The fiducial
volume of the detector enveloped 18.138 m3 , which corresponds to 2.52 tons of
liquid deuterium. The experimental set-up i s described in more detai l In chapter
1, whereas the description of the neutrino beam can be found in chapter 3.

In 1979 there were three periods of running, each consisting of ten days.
The time inbetween the ten-day periods is normally reserved for maintenance pur-
poses and small repairs , In addition to an eventual change of the polarity of
the beam* The beam optics in the mentioned periods were set to produce anti-neu-
t r inos , neutrinos and anti-neutrinos, respectively. It was the f i rs t time that
BEBC was fi l led with deuterium, and in every respect one looked forward to the
f i r s t pictures with great interest . The runs were very successful, and many pic-
tures of high quality were taken. In 1980 a next period of data taking followed,
this time consisting of two ten-day periods of anti-neutrino beam running. Table
21 shows the numbers of frames which are obtained during the 50 days of data
taking and which are suited to be scanned for events. Roughly 4xl0 l s protons on
target were collected in total during the exposures in 1979 and 1980.

Numbers

year

1979
1980

TABLE 21
of scanned

V

57000

frames.

v"

127000
97500

total 57000 224500

On average one event was found per 2.6 neutrino frame and per 10.8 anti-neutrino
frame. This, together with the fact that we have four times more antl-neutrtno
fila than neutrino film, yields nearly equal numbers for neutrino and antl-neu-
trlno events* For the purpose of the analysis of the structure functions, It is
required that the statistical errors for neutrino and anti-neutrino events do
not differ too nuch, which corresponds to comparable numbers of events. By
scheduling four periods of anti-neutrino beam running against one neutrino beam
period, this requirement Is fairly net. The result of the scanning is shown in
table 22.
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TABLE 22
Numbers of measured events*

CC 11763 9859
NC 10V67 10817

total 21930 20676

The numbers reflect raw data on which corrections have not yet been performed.
The classification Into NC and CC events is based on the absence or the presence
of a onion In the final state of the event, as Indicated by the EMI Information.

To obtain the sample of events on which the analysis can be performed a
further selection was made. An event was retained if it satisfied the following
conditions:

1- The event has a muon In the final state. Corrections are needed for EMI
inefficiencies and accidental hits. These are described In section 2.2.4.

2- The muon momentum is larger than 4 GeV/c. This criterion is introduced in
the first place because the EMI cannot detect unions with momentum below
~ 3 GeV/c, but also to reduce the correction for the KMI geometrical ac-
ceptance and to reduce the number of mlsldentlfied CC-events. The correc-
tion for the 4 GeV/c cut on the muon momentum is described In section
2.4.1.

3- The neutrino energy Is In the range of 10 to 200 GeV* For the neutrino
energy the value is taken that is generated by the procedure described in
section 2.3.1. The cut at 10 GeV limits the correction factors in the
procedure that corrects for the 4 GeV/c cut on the muon momentum. Another
argument for this cut is to avoid the uncertainty in the calculated neu-
trino flux energy distribution below 10 GeV. The absolute flux Is needed
for the calculation of the cross-sections.

The upper limit of 200 GeV is introduced for practical reasons and
has no physical meaning. Due to this cut 120 neutrino and 6 anti-neutrino
events do not take part in the analysis.

When comparing experimental Aata with theoretical predictions, the
neutrino flux is calculated for the energy Interval mentioned above.

4- The net charge equals 0 or 1. To purify the classification into even
prongs and odd prongs it was decided that the few (less than 0.1%) events
with a deviating net charge In the final state should be removed from the
sample.

5- x lies between 0 and 1. Events with x-values outside this range were re-
jected for analysis, because they cannot be classified. The origin for
the unphysical x value is an unrecoverable wrong estimate for the ha-
dronic energy. The estimate is yielded by a special algorithm, which Is
described in section 2.3.1. The algorithm may generate pathological val-
ues if the transverse component of the momentum vector of the charged ha-
dron system, p,,1-, is very small. In practice, events with an x value be-
tween 0 and I turn out to have also c'iysical values for all other kine-
matlcal variables. The loss due to unphysical events of this kind is
small (less than 0.5%), and Is assumed to be Independent of the physical
variables.
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The numbers of events that are left for analysis are shown in table 23. In table
24 is shown how these events are distributed over the Q2 Interval.

TABLE 23
Numbers of CC events selected for analysis.

prong v v"

EVEN 5154 2265
ODD 5066 5997

V
v"

15
24

12
18

17
22

20
19

18
11

14
5

4
1

total 10220 8262

TABLE 24
Normalized Q2 distributions of raw neutrino and anti-neutri-
no events measured in this experiment. The numbers are per-
centages.

Q2 Interval (GeV2)

events 0-1 1-2 2-4 4-8 8-16 16-40 40-140 a l l Q2

100
100

In the first place these events are subjected to several correction procedures.
In table 26 a summary i s given of the corrections performed In this analysis,
together with the sample averages of the correction factors. These corrections
not only are essential for the calculation of the absolute numbers of events for
the total cross-section calculation, they also are necessary In the calculation
of the differential cross-sections, since they depend directly or indirectly on
one or more physical variables. All these corrections and their methods of ap-
plication are described in full detail In chapter 2. With these correction fac-
tors the fully corrected numbers of eventa are obtained, which are shown in ta-
ble 25.

TABLE 25
Fully corrected numbers of CC events.

target v v"

neutron 9331 3857
proton 4438 7541

deuteron 13769 11398
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TABLE 26
Sample averages of the correction factors applied to the se-
lected neutrino and anti-neutrino CC events.

scanning efficiency
passing rate
EMI geometrical acceptance
EMI electronic efficiency
EMI accidental hits
radiative correction
4 GeV/c muon momentum cut
one prong events
smearing
Fermi motion

1.005
1.081
1.029
1.050
0.994
1.009
1.139
1
1.020
1.011

1.012
1.059
1.012
1.040
0.994
1.011
1.071
1.121
1.026
1.011

Figure 28 shows the energy distributions of the totally corrected neutrino and
anti-neutrino events in comparison with the expected distribution based on the
muon flux measurements. The curve i s the result of a one parameter f i t of the
energy spectrum generated by the neutrino flux Monte-Carlo program. The average
energies of the measured events and the predicted distributions are given In t=—
ble 27. In table 28 the sample averages of Q2 and W of the totally corrected e-
vents are shown.

TABLE 27
Mean energy (GeV) of measured events compared with the Mon-
te-Carlo prediction. The energy Interval Is from 10 to 200
GeV. The mean energies are adjusted for smearing effects .

beam events MC-predictlon

v 51 54
v" 39 37

TABLE 28
Sample averages of Q2 and W of the totally corrected events
for neutron, proton and nucleon target.

Q2 (GeV2) W (GeV)

beam n p N

11.5 9.6 10.9
4.4 5.2 5.0

5
4

n

.2

.4
5
3

V

.4

.9
5.
4 .

i

3
1
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Figure 28: Totally corrected neutrino and anti-neutrino event energy distribu-
tions (histograms) in comparison with the predicted distributions
(curves). The predictions are based on muon flux measurements and are
carried out by the Monte-Carlo beam simulation program NUBEAM.

5.1.1 Determination of the physical variables

The analysis presented in this thesis i s of an inclusive type. In the inclusive
approach statistical distributions of klnematlcal variables are studied and com-
pared with theoretical predictions. The opposite i s exclusive analysis in which
the properties of individual particles in the final state are studied. In the
Inclusive description It i s only required to record the kinematlcal states of
the events. Three independent variables are sufficient to fix the kinematlcal
state» Target motion and possible muon radiation will be neglected in this con-
text. It means that we have to measure three properly chosen quantities of an e-
vent, which are to be transformed into a set of variables eulted for analysis.
These quantities are the muon momentum, the total energy of the event (or neu-
trino energy) and the angle between the muon and neutrino direction.

- Muon momentum.
The calculation of the muon momentum is based on th. . ^ vat ure of the muon
track in the magnetic field of BEBC. The error on the momentum i s a func-
tion of the momentum and depends on track measurement conditions, see e-
quatlon (11). The error Is small compared to that of the neutrino energy.
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- Neutrino energy.
The neutrino energy is the least well determined quantity of the three- It
can only be calculated by the summation of the energies (or longitudinal
momenta) of all outgoing particles, since in a wide-band neutrino beam in-
adequate Information Is available about the energy of the Incoming neutri-
nos. The neutral hadrons, emerging from the neutrino interaction normally
are not seen in a bubble chamber> and therefore an estimate for their en-
ergy has to be made. This estimate is a main source of systematic error In
the experiment. The procedure of estimating the neutrino energy Is de-
scribed in detail In section 2.3.1.

- Muon and neutrino direction.
The determination of the raucn direction does not generate particular prob-
lems, nor does the calculation of i t s error. The error determination Is
based on track measurement conditions, like in the case of the error on
the rauon momentum (or any other particle that produces a track in the bub-
ble chamber). The covariance between the muon direction and momentum is
thought to play a minor role and Is not taken Into account In the error
calculations.

On the other hand the error on the neutrino direction Is not simply
known and even the estimate of the direction itself Is often made with an
unnecessary bias. The naive guess for the neutrino direction is the line
that connects the barycentre of the decay tunnel with the vertex point. A
better guess already is to see the target as the point source Instead of
the decay tunnel, since In the target the beam starts to diverge for the
first time. A disturbing factor is the horn, which displaces this virtual
point in a direction which is momentum dependent. These effects, together
with the uncertainties, were studied with the beam simulation program NU-
BEAM, and the results are shown in figure 21. The figure shows the mean
direction and i t s uncertainty as a function of the radial vertex position.
The error is split in a tangential component, which i s found to he con-
stant, and a radial component which increases linearly with the radius.

5.1.2 Experimental resolution

The function of a bubble chamber is two-fold: f irst , the liquid is the target
for the incoming beam particles, and second, the liquid facilitates the detec-
tion and measurement of the event. The quality of BEBC as a measuring in-
strument Is given by i t s resolution function. The resolution depends on many
factors, like the strength of the magnetic field, the camera optics, film granu-
larity and track measurement. But mostly (in a wide-band beam experiment) i t de-
pends on the ability to detect neutral particles, and therefore on the liquid in
the chamber. Deuterium i s a light liquid, in which the conversion probability of
a photon is small. In contrast to this, there are heavy liquids like neon or
freon, in which the conversion probability for photons is much higher.

To give some insight In the experimental resolution of BEBC filled with
deuterium, some properties of the resolution function will be shown. This only
can be achieved for one variable at the time. The resolution function i s then
integrated over all variables apart from the one that has been singled out. In
this case the resolution function is two-dimensional: i t i s a function of the
"real" and "distorted" variable (also called the independent and dependent vari-
able in a broader scope). For every value of the "real" variable, the "distort-
ed" variable follows a probability distribution of measurements. In the figures
the probability distributions will be represented by their mean and standard de-
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vlation (or bias and width, see section 2.5.2) as functions of the dependent or
"real" variable. As dependent variables are chosen the total hadronlc energy,
the neutrino energy and the scaling variable x, see figure 29. In the first two
graphs the relative functions are shown, I.e. the values divided by the energy.
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Figure 29: Bias and width of the resolution function in the hadronic energy Ê
(a), the neutrino energy E (b), and the scaling variable x (c). In
figures (a) and (b) the relative quantities are shown, i . e . divided
by Ej, and Ev respectively.

5.1.3 Smearing factors

Measured distributions are subjected to many corrections. One of the correction
procedures applied to distributions is the resolution unfolding correction (sec-
tion 2.5), which, in our case, corrects for measurement errors (including
uncertainties in the neutrino energy determination) and Ferrai-raotlon. The smear-
ing factors are the bin to bin ratios of the smearing corrected distribution and
the uncorrected distribution. These ratios are functional dependent both on the
resolution function and the measured distribution.
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The resolution function, and in particular the mean as shown in figure 29, shows
the effect in the domain of the distributed variable (e.g. a shift in the ener-
gy), whereas the smearing factors show the effect in the population domain: they
are the factors by which the bin contents of a distribution are to be multiplied
to correct for smearing effects. According to the preceding arguments it follows
that the smearing factors are not an Invariant property of the bubble chamber;
they cannot be applied to data from other experiments, nor to data from the same
experiment under slightly different conditions. Figure 30 shows the smearing
factors for the neutrino energy and the scaling variable x according to the con-
ditions of this experiment.

200
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Figure 30: Smearing factors for the neutrino energy distribution (a) and the
distribution of the scaling variable x (b). The smearing includes
measurement errors and Fermi-motion effects.

From figure 29b we read that the neutrino energy i s underestimated by 5 to 10%.
This gives rise to smearing factors larger than 1 in the high energy region and
factors smaller than 1 In the lower energy region. Stated otherwise: large
smearing factors appear In the region where the flux Increases, and small fac-
tors appear where the flux decreases. The dip In the smearing factors at 60 GeV
in figure 30a indicates the transition between neutrinos from pion decays and
neutrinos that originate from kaon decays (see also figure 22).

The behaviour of the smearing factors for the x-distrlbutlon is smoother,
see figure 30b. In contrast with the neutrino energy the measurements of x are
generally overestimated, which leads to raonotoneously decreasing smearing fac-
tors.
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5.2 TOTAL CKARGED-CORRENT CROSS-SECTIONS

For the calculation of the total cross - sec t ions , an additional cr i ter ion for the
se lec t ion of events was added to those described in section 5 .1 . In order to
have well defined conditions for the comparison with the fluxes calculated by
NUBEAM, only those events were retained for which the horn and the ref lector
nominal currents during the beam s p i l l extraction deviated l e s s than IX from the
preset values given in table 13.

The absolute flux of neutrinos i s obtained from the flux of rations accompa-
nying these neutrinos. The unions are monitored in various gaps in the iron
shielding by means of sol id s tate detectors . See chapter 3 for the description
of the neutrino beam and reference [1] for a detai led explanation of the muon
flux measurement.

The experimental angular distribution i s f i t t ed to a superposition of the
muon and electron angular distr ibut ions obtained by Monte-Carlo ca lcu lat ions .
The uncertainty in the calibration procedure contributes an error of 5% in the
tota l cross-sect ion [22] .

The neutrino beam simulation program WJBEAM computes the neutrino flux, the
event rate in the BEBC fiducial volume and the muon flux at the various depths
inside the shielding. See chapter 3 for further Information on the flux calcula-
t ion . The comparison of the predicted rauon fluxes with the experimental rauon
fluxes y ie lds the absolute neutrino flux in this analys i s . The uncertainty in
the beam calculations i s estimated to be around 6Z. This Includes uncertainties
la the w/K ra t ios of the secondary part ic le spectra, the multiple scattering
constant, the muon energy lo s s parameters, and the average density of the iron
in the muon shie ld .

5 .2 .1 The resultd for the total cross-sect ions

The s t a t i s t i c a l error on the experimental numbers of events i s around 1.5%. '. e
uncertainty in the corrections i s estimated to be 3.5%. The contributions to the
error on the cross-sect ion are shown in table 29 below.

TABLE 29
Errors on the total cross-sect ion.

absolute cal ibration 5 %
flux calculation 6 %
numbers of events 1.5 %
corrections on events 3.5 %

tota l 8.7 %

The s t a t i s t i c a l error of 1.5% i s negl ig ib le in comparison with the systematic
errors. For the value of the nucleon cross-sect ion tf/E averaged over the energy
interval from 10 to 200 GeV we obtained:

ov/E - 0.61 + 0.05 10"38 cm2/GeV,

<J7/E - 0.32 ± 0.03 10~3 8 cm2/GeV.



- 92 -

The ratio of the anti-neutrino over the neutrino cross-section, r, does not suf-
fer from the 5% uncertainty of the absolute calibration and has therefore an er-
ror of 5%. For this value we quote

r = 0.53 ± 0.03

5.2.2 Energy dependence of the cross-sections

The energy dependence of the total cross-sections wa3 obtained by measuring the
cross-sections for 7 energy intervals of the neutrino spectrum. The calculation
of o/E was carried out In much the same way as the calculation of the average
value of a/E for the energy interval of 10 to 200 GeV.

From figure 29b in section 5.1.2 i t is seen that the energy measurements
exhibit a resolution width of ~ 15%, and a bias of ~ 7.5%, of the neutrino ener-
gy. As pointed out In section 2.1.1 the neutrino energy bins for the measure-
ments of a/E should be three resolution widths across (see figure 8). In this
way i t is also ensured that most of the events whose measured value of the neu-
trino energy l ies in a particular bin also have their true energy In that bin.
The bins were 10-20, 20-30, 30-45, 45-60, 60-80, 80-120, and 120-180 GeV. Below
10 GeV the flux uncertainties are so substantial that no sensible cross-section
measurement can be made. Above 180 GeV the smearing correction factors, which
increase with increasing neutrino energy, become big and so do the uncertainties
of these factors. Only a few events are lost because of this upper limit since
the fluxes rapidly fall with Increasing neutrino energy in that region.

The measured va .ues of a/E in the neutrino energy bins are plotted In fig-
ure 31. The quoted errors are a combination of the statistical uncertainties, an
estimated uncertainty of 20% in the smearing correction, and the effects of the
uncertainties In the production spectra.

200

Figure 31: The values of tf/E as determined in different energy intervals for
neutrinos (upp«r points) and anti-neutrinos (lower points). The error
bars correspond fo a combination of statistical errors and uncertain-
ties in both the smearing correction and the used production spectra.

In chapter 4 i t is seen that if the differential cross-section d2o/dxdy exhibits
exact Bjorken scaling, cr/E i s independent of E. Generally the presented data are
consistent with this behaviour within the experimental errors. Nevertheless
there are some discrepancies especially for the neutrino data. The most accurate
available data [47] for cr/E neither show significant variation with energy E in
the range that can be studied in this experiment.
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5.2.3 Cross-section ratios on neutrons and protons

The neutrino and anti-neutrino cross-sec tions on neutrons and protons separately
can be calculated from the cross—sections on nucleons using the measured values
of

The value of R i s measured by this experiment both for neutrinos and anti-neu-
trinos. It can be evaluated directly from the corrected measured numbers of e-
vents by using the scheme given In table 6:

E + B + F

0 - F - f(O+E+B)

where 0 are odd prong events, backward spectator events excluded,
E are even prong events,
B are odd prongs containing a backward spectator,
F » (JOB is the calculated number of events with a forward spectator, and
f =» 0.12 ± 0.03 is the rescattering fraction.

O, E and B are independent samples. The total number of corrected events is
0+E+B. The number of forward spectator events F is calculated on the basis of
individual backward spectator events. For each such an event the weighing fac-
tor u, which is given by equation (7), is evaluated in order to compute an esti-
mate for events with a forward spectator. The procedure avoids the use of events
with a forward spectator which cannot unambiguously be classified as neutron or
proton events.

The experimental ratio of forward spectator events and backward spectator
events for neutrino and anti-neutrino interactions is given in table 30. The
numbers are in good agreement with the value of 1.58 (from table 10), obtained
from a calculation on a deuterium nucleus, assuming a momentum distribution for
its nucleons according to the Hulthén distribution. See section 2.4.2 for fur-
ther explanation.

TABLE 30
The ratio Ü> of estimated forward spectator events and back-
ward spectator events, averaged over the neutrino sample and
over the anti-neutrino sample. The numbers are valid for
spectators with momentum larger than 150 MeV/c.

v 1.61 ± 0.03
v" 1.55 ± 0.04

The value for f is obtained from the measurements of the rescattering fraction
for n~n events In n~D2 interaction at 15 GeV/c [48], by assuming that the main
difference with the neutrino case is the contribution of coherent scattering to
the ir"D, interactions. The value of 12% is supported by theoretical considera-
tions [49] about proton and pion scattering, when these are extended to the neu-
trino case.

The result of the measurement of R for neutrino and anti-neutrino events
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are given in table 31 together with the predictions of the Field and Feynman
(FF) [50] , and Buras and Gaemers (BG) [51] models, taking into account the quot-
ed experimental cuts . The f i r s t error i s the s t a t i s t i c a l one, the second i s an
estimate of the systematic e f f ec t s , mainly due to the uncertainty in the rescat-
tering fraction.

TABLE 31
Ratios of cross-sections of neutrino-neutron and neutrino-
proton charged-current events, measured for neutrino and an-
ti-neutrino interactions. FF and 3G are predictions of theo-
ret ical models, see text.

rat io model no cuts W>2GeV W>2GeV, 02>2GeV2

R meas 2.1040.08+0.22 2.08+.0.08+0.21 2.24+0.11+0.25
FF - 1.90 2.03
BG - 1 - 8 7

TE meas O.51±O.O2±O.O3 O . 6 2 + 0 . 0 2 t 0 . 0 3 O.5&O.O2+O.O3
FF - 0.58 0.51
BG - 0.55

The cut on W removes the elastic and quasi-elastic contributions to the cross-
sections, these contributions are not incorporated in the models. IXje to the way
of parameterizing scaling violation effects, the BG model gives no predictions
for very low Q̂  values. The cut on Q2 essentially removes a great deal of the
contribution of sea quarks to the cross-sections. Por the sake of the calcula-
tions of the cross-section ratios, the models are provided with the experimental
event energy distributions in the range from 10 to 200 GeV. The agreement with
both models is good, the differences between the measured values and the model
values vary from 0.3 to 1.4 standard deviations-

The presented values of R, together with the total charged current cross-
sections allow us to determine the charged current cross-sections for neutrino
and anti-neutrino interactions with neutrons and protons separately. Me obtain
for cr/E:

vn
vp
vin
vp

In

art

0.83 ±
0.39 i
0.22 ±
0.42 ±

units of

i include

0.08
0.04
0.02
0.04

10-38 cm2 /GeV.

an additional systematic component introduced by the
rescattering fraction.

Anti-quarks contents of the nucleon
Table 32 shows the cross-section sums and rat ios as obtained by means of equa-
tions (28) and (29) in section (4.3.9) for data with Q2>2 GeV2 and W>2 GeV. This
cut removes e las t i c and quasi-elastic events e f fect ive ly .
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TABLE 32
Fraction of the nucleon momentum carried by quarks^q+'q) and
the relative fraction carried by anti-quarks ( q/ (q+q) )•
The flavour contributions are according to equations (23)
and (29).

cross-sections sum ratio qVq 'q/(qfq)

vn
vp
vN

vp
vn
vtt

1
0
0

.25 ± 0.09

.61 ± 0.04

.93 ± 0.06

0
0
0

.44 +

.50 +

.48 £

0.03
0.04
0.03

0
0
0

.59 +

.29 +

.44 +

0.04
0.02
0.03

0.
0.
0.

11 ±
17 +
14 ±

0.
0.
0.

03
04
03

From the tab le we read that 44% of the nucleon momentum i s carr ied by quarks and
ant i -quarks , of which 14% i s carried by ant i -quarks . Stated d i f f e r e n t l y i t means
that the valence quarks in the nucleon carry 2.3 times more momentum than the
sea quarks, and that the quarks carry 5.6 times more momentum than the a n t i -
quarks. The remaining 56% of the nucleon momentum i s carr ied by the gluons.

Neutron over proton c r o s s - s e c t i o n s as a funct ion of E^ . x and y

In the framework of the Quark-Parton model ( s ec t ion 4 . 3 ) R and R~ are g iven , tn
terms of the quark and anti-quark momentum d i s t r i b u t i o n s , by:

xu(x) + xs (x ) + 0-y)2xd"(x)
R =

xd(x) + xs (x) + (L-y) 2 xü(x)

(l-y)2xd(x) + xS(x) + xs(x)

(l-y)2xu(x) + x"3(x) + xf(x)
It should be mentioned that to obtain R as a function of one variable, an inte-
gration is performed over the denominator and numerator independently. The de-
pendences of 1/R and E on the variables x, y and \ are presented in figures 32
and 33. Well noticable is the steep decrease of 1/R and TT with increasing x,
which i s a qualitative indication that the x-distribution of the majority quark
u(x) in the proton is broader than that of the minority quark d(x). The shape of
the x-dependence is well described by both the QPM predictions of Field and1

Feynman (FF) and the QCD predictions of the Buras-Gaemers model (BG). More quan-
titative judgements «ay be given in the light of models that predict the behav-
iour of the quark distribution ratios*

We will first look at the x-distribution of the cross-section ratios R(x)
and £(x) . It i s remarked that above x«0.3 1/R(x) and R"(x) both are equal to the
valencequark ratio dy(x)/uv(x). This i s due to the rapid fall with x of the sea-
quark contributions to the cross-sections. The agreement Is confirmed by the da-
ta, i f the experinental errors are taken into account. There are various models
that predict a value for the ratio d/u at x>l. Farrar and Jackson [52] argue
that as xtl , d/u * 1/5. Their prediction is based on the assumption that QCD
perturbation theory may be applied to the gluon exchanges necessary to produce a
quark carrying most of the proton momentum, and which therefore has x = 1. Feyn-
man [35], Close [53], and Carlitz [54] have used isospin arguments to predict
that d/u •* 0 as x •> 1. Finally Field and Feynman [50] predict a behaviour of go-
Ing to zero as (1-x). The quality of our data in this respect i s not good enough
to be discriminative in favour of one of these predictions. We only can exclude
the value 1/2 following froa the crude assumption u(x)»2d(x) according to the
naive quark-par ton model.
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200

Figure 32: The ratio l/R as a function of x, y and Ey . The curves are the pre-
dictions of the Field-Feynman and Buras-Gaemers models. W is the iit-
variant raass of the hadronic system and Q̂  i s the four—moraenturn
transfer squared from neutrino to muon.

In the y-distribution of T? the valence quarks are suppressed by a factor 0--y)2«
So for values of y •* 1, TT measures the ratio of antlquark flavours in the nucle-
on. In 1/R the antiquark distributions are suppressed by this factor. This means
that the ratio 1/R i s insensitive to the contribution of antiquark flavours. See
figures 32 and 33. The curves are QPM predictions.

Like for the individual cross-sections in the concept of Bjorken scaling
also the ratios 1/R and IT are independent of the neutrino energy. The data does
not show a significant disagreement with a flat K^ dependence.
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Figure 33: The rat io Ti as a function of x, y and Ey- See caption of figure 32.

5.3 DIFFERENTIAL CROSS-SECTIOWS OF CHARGED-CURRENT INTERACTIONS

The d i f f erent ia l cross - sec t ions da/dy and da/dx are obtained for neutrino and
anti-neutrino charged-current interact ions on neutrons and protons separately .
The s e l ec t i on c r i t e r i a used for th is analys is are given in sect ion 5 . 1 , together
with the obtained numbers of events on which the analys i s i s based.

5 .3 .1 The y-distr ibut ion of charged-current interact ions

In charged-current interact ions y i s defined by the measurement of the energy of
the hadronic system and the energy of the muon in the rest frame of the struck
nucleon,

The uncorrected y-distributions of neutrino and anti-neutrino events are shown
in figure 34.
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5QC

Figure 34: Raw ydistributions of neutrino and anti-neutrino interactions.

Due to the appearance of the hadronic energy in both the numerator and the de-
nominator the effect of the substantial width of the resolution of the hadronic
energy on the resolution of y is limited for most of the y interval (~ 5%). At
very small y values the width is dominated by the resolution of the measurement
of small hadronic energies, which can be substantial (up to 50%).

The acceptance in the y interval is essentially 100% at medium values of y and
decreases at high and very low y. Because of the kinematical cuts on the data
(4 GeV/c for the rauon momentum, 10 GeV for the neutrino energy) the acceptance
starts to drop at y»0.6, and becomes zero at y»l. In the low y region the ac-
ceptance is affected by the poor resolution in the neutrino energy determina-
tion. Migration of events due to this large width make that the acceptance drops
if y goes down from 0.1 to 0. For the analysis, which includes the unsraearing
procedure and all other corrections, the y interval is subdivided into 20 bins
of equal width. The unsraearing procedure corrects for acceptance losses at low
y. At high y the acceptance is adjusted by means of a procedure in which the bin
contents are multiplied by weight factors obtained in an iterative process. The
procedure is described in section 2.4.1. To normalize the neutrino and anti-neu-
trino data to absolute numbers, the respective values of the total charged-cur-
rent cross-sections as obtained in this experiment were used. The totally cor-
rected y-distributions, separated in neutron and proton interactions and for 3
different energy intervals, are shown in figures 3 5, 3 6 and 3 7.
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Figure 35: Totally corrected nucleon y-dlstrlbutlons of neutrino and anti-neu-
trino interactions with a deuteron target, for 3 different neutrino
energy Intervals. The curves are best f its to the data. They are used
to test charge-symmetry (see text in a following section).
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Figure 36: Totally corrected y-distributions of neutrino and anti-neutrino in-
teractions on protons and neutrons. See also caption of figure 35.
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Figure 37: Totally corrected ydlstrlbutlons of neutrino and antl-neutrlno In-
teractions on protons and neutrons for two different neutrino energy
intervals.
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Shape parameters of the y-distributions
With the assumption that the Callan-Gross re lat ion i s val id and the assumption
of charge symmetry, the y-distributions are described by equations (2 5) . The
shape parameters o and 5f are obtained by a simultaneous f i t to the neutrino and
anti-neutrino data. The f i t t ed value for the intercept at y*0, A, was kept equal
for neutrinos and anti-neutrinos in this f i t . The f i t interval was from y-0.1 to
y=l in order to exclude e l a s t i c and quasi -e last ic events. The r e s u l t s of this
f i t , the shape parameters, can be expressed in terms of quark distr ibutions
(26). These parameters measure the contribution of the momentum fraction carried
by anti-quarks in the nucleon. Differences of the fractions can be interpreted
to measure the re la t ive contribution of strange quarks, see equation (27). The
values of the parameters, obtained for the three different energy in terva l s , are
shown in table 33. Table 34 shows the parameters for two energy regions, for
neutron and proton interactions separately.

TABLE 33
Shape parameters of the y-distrlbutions of combined neutron
and proton data in three energy intervals .

10-200 GeV 30-50 GeV 50-200 GeV

Jt(N) 0.10 ± 0.02 0 . 1 2 + 0 . 0 5 0 . 1 3 + 0 . 0 4
3"(N) 0.17 ± 0.01 0.14 + 0.01 0.15 + 0.02

cf(N)-a(N) 0 . 0 6 + 0.03 0 . 0 2 + 0.05 0 .02+ 0.05

TABLE 34
Shape parameters of the y-distributions for neutron and pro-
ton interactions separately. The differences in the l a s t row
are obtained by cross-wise subtraction.

a
a

a-a

0
0

-0

. 13

.13

. 0 9

30-50

n

+ 0
+ 0
+ 0

. 0 5

.02

. 0 9

0
0
0

GeV

.22

. 17

.04

P

t 0
+ 0
± 0

. 08

.03

. 0 6

0
0

- 0

.13

.13

. 0 5

50-200

n

t 0
+ 0
+ 0

.05 0

.02 0

.08 0

GeV

. 1 8

. 1 9

. 0 6

P

+ 0
+ 0
+ 0

. 07

.03

. 0 6

From a. (N) and 5"(N) can be concluded that the contribution of antiquarks agrees
with the amount indicated by the cross-section rat ios of neutrinos and anti-neu-
trinos which i s around 14%.

The difference of the parameters 3" and a i s weakly indicative for a contri-
bution of strange quarks, although the data i s also consistent with zero. For
neutron and proton separately, the differences of the parameters i s consistent
with zero (the subtraction i s done cross-wise in table 34) . No s igni f icant ener-
gy dependence i s observed. The errors quoted l i the tables include the s t a t i s t i -
cal and systematic components. The errors follow naturally from the f i t proce-
dure in which the ful l covariance matrix of reconstructed measurements i s taken
into account. Results on the shape parameters obtained by other experiments
[55,56,57] are l i s t e d In table 35.
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TABLE 3 5
Comparison of the shape parameters with other experiments.

thla exp CHARM CDHS HPWFRO

a 0.10 ± 0.02 0.10 + 0.04 0.15 t 0.04 0.13 t 0.02
3" 0.17 ± 0.01 0.16+0.01 0.15+0.02 0.14+0.01

Test of the CalIan dross relation
Violations of the Callan-Gross relation show up in the y-distributions as a y2

term with coefficient -R/2, with R as the relative deviation from the relation,
as defined by equation (17). The value of R i s expected to be equal In neutrino
and anti-neutrino y-distributlons. The existence of the term y2 has been tested
under the assumption of charge symmetry. The analysis showed that the data are
not appropriate for this determination. The f i t became instable and yielded odd
results with an unacceptable x2 when the whole energy region was used. Restric-
tion to the highest energies however, from 50 to 200 GeV and combining neutron
and proton events yielded

R =« 0.10 ± 0.13,

which is consistent with no deviation from the Callan Gross relation.

Test of charge symmetry
Charge symmetry was tested by comparing the intercept values A at y = 0, ob-
tained by separate f i ts to the neutrino and anti-neutrino y-distributions. In
these f i t s the validity of the Callan-Gross relation was assumed, consequently
no y2 term was permitted. The admitted interval for the f i ts was from y=0.1 to
y»l. The curves resulting from these f i ts are shown in figures 35, 36 and 37,
the ratios of the intercepts appear in table 36. The results are compatible with
charge symmetry, there i s no difference between proton and neutron. Also no sig-
nificant energy dependence «as observed.

TABLE 36
Ratio of the intercepts at y»0 of the fitted functions to the
neutrino and anti-neutrino y-distributions, for the three
target particles. The energy interval i s from 10 to 200 GeV.

N n p

1.01+0.04 1 .00+0.05 1 .05+0.08

5.3.2 The x-dlstrlbution of charged-current interactions

The x-distributions of charged-current events were obtained by the standard a-
nalysis containing the complete chain of corrections and the unsmearlng proce-
dure already mentioned in the previous section. The resolution of x was Investi-
gated by using the Monte-Carlo program to generate events that also is part of
the unsraearing procedure. At low x the resolution width is very small but the
width quickly rises with Increasing x, to reach i ts maximum value near the mid-
dle of the interval. Figure 30c shows the width and the bias of the resolution
of the measurements of x for neutrino and anti-neutrino events; the data in-
cludes all Q2 values. The uncorrected «-distributions are shown in figure 38.
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Both distributions steeply fall If x goes to 1. The peaks at x»l represent the
contributions of elastic events to the cross-sections. Not included in the raw
distribution Is the estimate of one prong events, which substantially contrib-
utes to the elastic events tn the v"p channel. Due to the strong variation of the
population in the x-distrlbutions a non-equidistant binning was chosen for the
analysed distributions.

r aw ever, t 5

•In,

Figure 38: Uncorrected x-dlstrlbutlons of neutrino and anti-neutrino events.

Corrected distributions
The fully corrected neutrino and anti-neutrino cross-section d?/dx on protons
and neutrons separately are shown In figure 39. The error bars represent both
the statistical and systematic uncertainties.
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Figure 39: Differential cross-section da/da as obtained in this experiment for
the four interactions.
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Figure 40: Measured average (f as a function of x for completely corrected neu-
trino and anti-neutrino data.
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From figure 40 i t can be seen that the first one or two x-bins are measured at
low Q2. The mean Q2 Is below 1 GeV/c In these bins. The Interpretation of the
scaling variable x is not clear in the low Q2 region. For sufficiently high Q2 ,
the neutrino scatters off almost free quarks. In this domain the quark-par ton
interpretation of x to be the momentum fraction of the nucleon carried by the
struck parton starts to be meaningful. In order to have a qualitative indication
of the effect of low Q2 events in the data, different cuts In Q2 were applied.
A correction is made for the cut by the same method that is used for the 4 GeV/c
cut on the muon momentum, see section 2.4.1.

Figure -41 shows the results of cuts In Q2 at 1 and 2 GeV2. An increase
at low x is observed in all four channels when low Q2 data is removed. The in-
crease Is strongest in the antt-neutrlno x-distributtons. This is not surprising
since the average Q2 values in anti-neutrino data are half the size of those in
the neutrino data In this experiment. Another effect of the Q2 cuts is the
strong suppression of elastic events In the vn and v"p channel.

In this section we investigated the f^-dependence of the x-distributions in a
qualitative way. The effect of a rise In Q2 was seen to result In an Increase of
the x-distributions at low x. This conclusion is confirmed In a more quantita-
tive analysis, described In section 5.4.1. Th that section the structure func-
tions are studied as functions of x and Q2.
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Figure 41: Differential cross-section da/dx of the four interactions, for
and Q2>2 GeV2.
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5.3.3 The Gross-Llewellyn-Smlth sum rule

The measurement of the Integral

Jl F3(x)dx

tests the Gross-Llewellyn-Smlth sura rule [58]. The value of this Integral Is
predicted to be equal to the number of valence quarks In the nucleon. Since in
this experiment we study cross-sections on neiitrons and protons separately, the
Integrals over uv (x) and dy(x) are evaluated.

When neglecting the term Mx/2E in the cross-section and assuming the valid-
ity of the Callan-Gross relation, xuv (x) and xdv(x) can he easily expressed as a
linear combination of the cross-sections of the four channels vn, vp, vn and v"p
(see equations 19, 23 and 24 in section 4.3). In the analysis the mentioned fac-
tors were taken into account; estimates have been calculated for the mean of
1/E.

Analysis
The problem is that xuv(x) and xdv (x) are to be divided by x to obtain the inte-
grals, and for a non-vanishing value of the distribution at x=0 the integrands
diverge. There are two ways to calculate the integral: by integration over his-
togram bins and by integration over individual events. In both approaches spe-
cial attention has to be paid for events in the very low x region due to diver-
gence problems.
In the first method mean values of 1/x for each bin are evaluated, in the second
method each individual event i s weighted by the inverse of i t s measured x-value,
to obtain an estimate of the mean of 1/x for the whole sample. Because of the
good resolution in this experiment for the measurement of x, especially at very
small values of x, the sumrule is evaluated on the hasis of individual events.

The events in each of the four channels are normalized to the appropriate
cross-section (a/E) before the weighted sura is taken. It i s understood that the
numbers of events are corrected for all the experimental inefficiencies and un-
certainties influencing the shape of the x-distributions. Uncertainties intro-
duced by smearing effects are incorporated in the error calculation, to be dis-
cussed below.

Due to the large contribution to the integrals from events with extremely
small x values, both the integrals and the errors will be dominated by the sta-
t ist ical fluctuation of a small number of events with their x-values close to
zero. The results are not wrong, but the errors make them quite meaningless. To
cure the problem, events with x values below a certain small value 'xm^n are left
out from the summation. The contribution to the surarule from these events In the
x-interval from 0 to x^j^ Is estimated with the use of parameterized functions.
For the functions parameterizations are taken of xUy (x) and xdv(x). They are
weighted by 1/x and integrated over x from 0 to x,,,^. Parameters from f i t s to
the valence quark distributions obtained in this experiment have been used (sec-
tion 5.4.1). Herewith the integrals consist of a calculated and a measured part.

The value of x^,, was chosen to be the largest x value for which the con-
tribution of the calculated part is less than the error on the total integral.
The uncertainty on the calculated part was taken to be 30% of i t s value. This
number was suggested by the errors of the parameters resulting from the f i t s .
Another way to decide on the value of xmjn i s to require minimum uncertainty in
the total integral. Both approaches yield the same value for x ^ ^
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Error calculation
It Is necessary to pay special attention to the error calculation of the meas-
ured part of the Integral, because the error directly Influences the result of
the total integral» A different value of the error of the total Integral can
lead to a different choice of x^,,»

The attention Is focused on the systematic uncertainty in the measured val-
ue of x. We try to get an accurate estimate of the systematic error for very'
small values of x. Therefore x Is expressed in terms of directly measurable
physical quantities,

E <w M >
(l-cos 6)M (Eh-M)

Where EM is the muon energy, E^ is the Hellmann corrected hadronic energy, and 9
Is the angle between the muon and neutrino direction» The error on the muon en-
ergy directly follows from the track measurement and reconstruction program. The
error on the hadronic energy is assumed to be given by the width of the resolu-
tion of Ejj, shown in figure 29a» Finally, the error of 9 depends on the accuracy
of the measurement of the muon direction at one hand, and the accuracy with
which the direction of the neutrino Is established on the other hand. The first
can be calculated from the uncertainties on the dip and azimuthal angle as gen-
erated by the track reconstruction program. The second error is obtained from a
study of the divergence of the neutrino beam, which is described in section
3.3.2. The result of the Investigation Is shown in figure 21.

A careful look at the contribution of measurement errors to the systematic
error on the total integral, shows that for x values of the size of our adopted
Xujj, and smaller, the error on 6 starts to dominate. For the rest of the x in-
terval the systematic error is dominated by the error on the hadronic energy.
The uncertainty of the muon energy is negligibly small compared to the two other
errors.

Results on the sum rule
The values for the sum rule (calculated part plus measured part) and the values
for the measured part alone for different choices of x„,jn are shown in figure
42. The obtained values for x^j, satisfying the criteria mentioned above are
0.001 and 0.002 for Uy and dv respectively. The results using the optimum values
° f «min a r e

J1 Uy(x>dx - 2.05 ± 0.17 ± 0.18

„J1 dv(x)dx - 0.83 ± 0.10 ± 0.17

The first error Is statistical and the second Is systematic. It i s the first
tin» that results on the sum rule for Uy and dy separately are presented. The
results are consistent with the QPM prediction of the existence of two valence
up quarks and one valence down quark in the proton.
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5.4 STRUCTURE FUNCTIONS

If scaling were exact, the structure functions only would depend on one varia-
b l e , x. However, scaling i s violated and in general the structure functions de-
pend on x and Q2. Therefore, the analysis of the data i s based on x-Q2 distribu-
t ions . The events were divided up into 72 x-Q2 b ins , bu i l t up by 9 x-bins and 8
Q2-bins, with the following l imi t s :

9 x-bins 0 0.05 0.10 0.15 0.20 0.30 0.40 0.60 0.85 1

8 Q2-bins 0 1 2 4 8 1 6 40 140 >140 (GeV2)

In the choice of these bin l imi ts considerations about event rate ( s t a t i s t i c a l
uncertainties) and experimental resolution have played a r o l e . The basis for the
analysis i s formed by the distributions of events participating in the four re-
actions vn, vp, vn and v"p. The four distributions were corrected for experimen-
tal inef f ic iencies and uncertaint ies , Including the resolution unfoldraent in the
two dimensions x and Q2. The resolution unfoldment in x and Q2 simultaneously
requires the use of transformation matrices of the size of 72 by 72. Also the
covariance matrices have this s i z e . The full covariance matrices are taken into
account In f i t s to the data.
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5.4.1 Extraction of the structure functions

The differential cross-section can be written as

d2a G2ME
(%(y)F2(x,<)?) ± g3(y)xF3(x,Q2)] (30)

dxdy n
The functions g(y) are strictly functions of y only; they can he found from e-
quatlon (18). The parameter R that measures the Callan-Gross relation violation,
given in equation (17), i s assumed to be zero In the analysis, unless explicitly
mentioned. The number of events in an arbitrary z bin can be written as

dN do (31)
— - — *(E)S
dz dz

where $(E) is the neutrino flux, which strongly depends on the energy, and S is
the number of scatter centres. For the arbitrary bin dz one may read a bin In x-
Q2. Substitution of (31) into 00) and normalizing the result to the total Inte-
grals over 01) yields

dN (̂ M ( )
[g, (z)F, (z) ± g, (z)xF (z) ] (32)

N t o t dz u

At the left-hand side is found the number of events In a particular region z,
normalized to the cross-section. The right—hand side gives a combination of the
structure functions integrated over the same region z. The region z corresponds
to a particular x-Q2 bin.

The cross-section Is assumed to depend linearly on the energy, which means
that cr/E can be treated as a constant In the rearrangement of factors in the e-
quatlon. For the absolute normalization an average of the values of the nucleon
cross-sections from different experiments has been used [59]:

<JV/E - 0.636 + 0.012

öv/E - 0.306 ± 0.007

in units of 10~38

These world averages are consistent with the values obtained from the cross-sec-
tion measurements in this experiment (section 5.2.1). The cross-sections for the
four different reactions were obtained by using the ratios of the neutron and
proton cross-sections as measured in this experiment (section 5.2.3).

The x-Q2 bins are chosen such that the structure functions do not vary wildly In
the integration regions. Therefore i t i s supposed to be justified to take the
structure functions as constant in the specified bins when integrating over the
right-hand side of (32). Because of this constancy the structure functions can
be placed In front of the integral signs. The remaining Integrals can be inter-
preted as kinematlcal coefficients; they are:

Nt - ƒ B*(E)8l(z)dz ; t - 2,3
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In these equations the total integrals /E$(E)dE, for neutrino and anti-neutrino,
are supposed to be normalized to 1. The kinematical coefficients are different
for the neutrino and anti-neutrino spectrum. The flux shapes were obtained from
the predictions of the neutrino beam simulation program NUBEAM. Attention should
be paid to the fact that the integrand i s a function of x, y and E instead of x,
y and Q2 (the left-hand side i s integrated over the whole y-interval for each x-
Q2 bin). The formal solution i s to perform a co-ordinate transformation which
introduces the Jacobian

ö(x,y,E)

9(x,y,Q2) 2xyM

One is also free to choose x, Q2 and p̂ , as integration variables. By
doing so one can correct for the 4 GeV/c cut on the muon moraenturn in
the experimental data by means of the kinematical coeff ic ients . The
same cut on the muon momentum has then to be applied in the evaluation
of the integrals. In this case the Jacobian looks l ike l/2MEx.

More practical i s to perform the integration in the y-E plane with varying inte-
gration l imits . The 4 GeV/c muon momentum cut i s then corrected through the kin-
eaatlcal coefficients by excluding from integration the area E<4/(l-y).

The measured numbers of neutrino and anti-neutrino events, normalized to
the cross—sections, can now be expressed in terms of kinematical coefficients
and structure functions:

N( i , j ) = G2M/ir M2

¥ ( i , j ) = G2M/ir ¥ 2 2 3 3

If the structure functions are taken to be equal for neutrino and anti-neutrinos
F and xF3 can be solved from these equations. The obtained values of the struc-
ture functions are defined as averages in the x-Q2 bins ( i , j ) . The f ini te resol-
ution of the bins can introduce aberrations, especially in bins near the bounda-
ries of the experimental kinematical region. A correction was applied, such that
the measured points are defined as the values of the structure functions at the
centres of the bins [60].

Assuming isospin symmetry, s=s and c=c", and neglecting the difference of
charm quark production in neutrino and anti-neutrino interactions, the separate
jieutron and proton structure functions can be obtained. In the extraction vn and
Vp data has heen used to obtain an estimate for the neutron structure functions
Fn. The proton structure functions ?P result from a combination of vp and v"n da-
ta. The result , written in terras of quark distributions, reads as:

F2
n - 2x (u + 1 + 3/2 's + 1/2 c)

F2P - 2x (d + ü + 3/2 ¥ + 1/2 c")

F N

xF3
n = 2x (u - 1)

xF3P ' 2x (d - ïï)

xF3
N =• 2x (u + d - ü - 1)

- 2 x (u + d + u - t - a + 3 s + c )
(33)
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From these equations estimates of the anti-quark distributions can be made:

3" - 1/4 (F2
n - jff3

n) =• x (3 + 3/4 's + 1/4 •?)

TJP - 1/4 (F2P - ^F3P) =• x (u + 3/4 ? + 1/4 c) (34)

SN - 1/2 (F2
N - rf3

N) - x (u + ÏÏ + 3/2 e + 1/2 c)

The above relations contain the charm quark contributions to the measured struc-
ture functions for completeness. In the analysis charm quarks are neglected a l -
together. Combinations of the equations allows one to determine the fractional
momentum distributions of the valence quarks xuv» xu - xu and xdy= xd - x"3.

The measured structure functions (33) and anti-quark distributions (34) are
combinations of neutrino and anti-neutrino experimental data. They differ from
the theoretical structure functions (23) in the contributions of strange quarks.
The consequences of these differences are analyzed in detail in [61]. To make a
dist inct ion, the measured structure functions are written with a single super-
script n, p or N.

The resul ts of reference [61] are obtained with a sl ightly different method of
analysis in comparison with the methods described in this thesis-
The main differences are:

1. The method of smearing correction. In ref. [61] smearing factors are ob-
tained in a f i r s t order approximation on basis of a comparison of experi-
mental data with Monte-Carlo predictions.

2. To generate Monte-Carlo events for the smearing correction the Grant [62]
program was used instead of the Lund Monte-Carlo [13].

3 . The method of error calculation. In this t esls covariances are taken in-
to account in the error propagation and in f i t s to the data, whereas in
ref. [61] only variances are used in the analysis.

5.4.2 Re suit 8 on the ^dependence

The measurements of the structure functions integrated over a l l Q values are
shown in figure 43. The error bars correspond to s t a t i s t i ca l inaccuracies and
uncertainties in the resolution correction?. The systematic errors , originating
from the imposed cross-sections and from the rescatterlng fraction, are from 70
to 100Z of the s ta t i s t i ca l errors on the bin contents. The valence quark d i s t r i -
butions are shown in figure 44. Appendix A contains the numerical representation
of a l l these s-distributions.
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Figure 43: The x-dependence of the nucleon-, neutron- and proton structure func-
tions and anti-quark distributions integrated over all Q2 values. The
definitions are according to equations (33) and (34). The last x-bins
(from 0.8 to 1) are not shown. The curves are results of f i t s to the
data, see text.
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0 . 5 - 0 . 5 -

Flgure 44: The ^-distributions of the valence quarks, integrated over Q2 , as ob-
tained In this experiment ( left) . Also shown Is AF2(x), which i s
twice the difference of xu^x) and xdyCx). The last x-bins are not
shown* The solid lines represent f i t s to the data, see text*

The curves are results of f itt ing functions of the form Axa(l-x)^ to xF3<x),
i^Cx) and d^x), and functions of the fora B(l-x)Y to the anti-quark x-distribu-
tions. For the f i t s the interval from x-0.05 to x-0.8 has been used. The values
of the free parameters a, p and y> obtained for different cuts on Q2 , are given
in table 37. The cuts on Q2 remove 19 and 33Z percent of the data, for Q2 bigger
than 1 and 2 GeV2 respectively. Also the effect of assuming a value R-0.1 of the
parameter that measures the Callan-Gross relation violation was investigated.
The effect on the parameter values was nihi l , apart from a substantial increase
of the error on the Y parameters.

From table 37 i t can be seen that excluding low Q2 data has no significant ef-
fect on the parameters as obtained in this experiment. There seems to be no
Q2-dependence of the parameters in the Q2 region covered. The slopes of the two
anti-quark distributions are equal within the errors.
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TABLE 37
Parameters of the f i t s to the nucleon, neutron and proton
xF3 (x) and anti-quark distributions, plus those to the va-
lence quark x-distributions and their difference.

a l l Q2 Q2>1 GeV2 Q2>2 GeV2

nucleon a 0.8 ± 0.1 0.7 + 0.1 0.7 + 0.1
a 3.5 + 0.2 3.4 + 0.2 3.5 + 0.2
y 4.7 i 0.6 4.9 + 0.4 4.7 + 0.4

neutron a 0.8 i 0.1 0.8 + 0.1 0.8 t 0.1
B 3.5 + 0.2 3.6 ± 0.2 3.6 + 0.2
Y 4.7 + 1.3 4.8 + 0.7 4.7 + 0.7

proton a 0.8 ± 0.3 0.5 ± 0.2 0.5 + 0.2
P 3.8 + 0.7 3.1 + 0.5 3.3 ± 0.5
y 4.8 ± 0.6 5.2 ± 0.4 4.8 ± 0.4

uv a 0.81± 0.09 0.73+ 0.07 0.74+ 0.08
P 3.2 + 0.2 3.2 + 0.2 3.3 ± 0.2

dv a 1.0 ± 0.2 0.8 + 0.2 0.9 t 0.2
p 4.6 + 0.6 4.4 + 0.6 4.5 + 0.6

AF2 a 0 .8 ± 0 .1 0.8 i 0.1 0.8 + 0.1
B 2.8 ± 0.2 2.9 + 0.2 3.0 + 0.2

Table 38 shows the integrals over the valence quark «-distributions and over the
anti-quark x-distributions, the last according to equations (34). The integrals
cover the whole x interval from 0 to 1, all events included, and are given for 2
different Q2 cuts on the data as well. The quoted errors are statistical and
systematical, In that order. The last column shows the effect of a violation of
the Callan-Gross relation. In the Integral calculation a vclue R»0.1 was taken
instead of R-0. The integrals over the anti-quark distributions are sensitive to
the presence of low Q events in the data. For comparison, the last row of table
38 shows the integral of ^ ( x ) over x from 0 to 0.8, to exclude the elastics in
this way. $P(x) is not sensitive to this limitation of the x integration region.
Table 39 shows the integrals of all structure functions as obtained in this ex-
periment. In appendix A the full numerical representation of all the structure
function x-distributions is given.

The results are consistent with the analysis of the y-distributions of neutrino
and anti-neutrino data separately, presented in section 5.3.1. In this respect
i t is remembered that, apart from differences in the strange quark content of
the anti-quark combinations, charm threshold effects are expected to play dif-
ferent roles in neutrino and anti-neutrino interactions and may affect the anal-
ysis on combined and separated neutrino and anti-neutrino interactions in dif-
ferent ways.
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TABLE 38
Integrals of the valence quark and anti-quark x-distribu-
tions. The quoted errors are statistical and systematical,
respectively. The integrations are from wO to J^I apart
from the last row, where the integration i s up to x*0.8, to
exclude elastic events.

all Q2

0.238 (5) (12)
0.079 (5) (10)

0.030 (2) (8)
0.036 (3) (9)

0.024 <3) (9)

Q2>1

0.235 (5)(U)
0.077 (4) (9)

0.038 (2) (6)
0.047 (3) (8)

0.041 (3) (8)

0.230 (5) (10)
0.078 (4) (8)

0.036 (2) (5)
0.044 (2) (6)

0.041 (2) (6)

R=0.1

0.232 (5) (12)
0.085 (5) (12)

0.024 (2) (8)
0.025 (3) (9)

0.013 (3) (9)

P2P

TABLE 39
Integrals of structure functions. Errors are statist ical and
systematical, respectively. The integrations are from x«0 to
x»l apart from the last row, where £he integration i s up to
x-0.8, to exclude elastic events,
sum of F2

N and xF3N.

a l l Q2

0.607 (6) a6)

0.290 (5) (12)

0.46 a ) (5)

0.17 (1)(4)

0.449 (4) (9)

0.317 (9) (20)

0.317 (8) (21)

0.383 (6) (12)

0.066 (4) (9)

Q2>1

0.640

0.325 (5) (12)

0.45 (1)4)

0.17 (1)4)

0.482 (4) (8)

0.312 (8) (17)

0.316 (8) (22)

0.3 97

0.085

QN i s defined as the half

R-0.1

0.638 (7) (15)

0.317 (5) (12)

0.46 a ) (4)

0.17 (1)(3)

0.478 (4) (8)

0.318 (8)(15)

0.322 (8) (22)

0.398 (6) (10)

0.080 (3) (6)

0.561 (6) (15)

0.268 (5) (11)

0.46 (1) (5)

0.17 (1)(4)

0.415 (4) (8)

0.317 (9) (20)

0.293 (7) (70)

0.3 67 (6) a 2)

0.049 (4) (9)

0.054 (4) (8) 0.080 0.077 (3) (6) 0.038 (4) (8)
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5.4.3 Results on the (^-dependence

The measurements of the neutron and proton structure functions of F2 (x.Q
2) and

xFj (x,Q2) are shown In figure 45. Figure 46 shows the measurements of the va-
lence quark distributions xuv(x,Q

2) and xdv(x,Q
2), and figure 47 shows the dif-

ference AF. (x,Q ). And finally, figure 48 shows the nucleon structure functions
F2 (x,Q2) and xF3

N(x,Q2). The error barr in these figures correspond to statis-
tical uncertainties including the resolution unfolding uncertainties. Compared
to the statistical errors In the x-Q2 bins the systematical errors are small in
most of the cases, and in some cases they are up to 50% of the statistical er-
rors. The numerical information about the structure functions, including sepa-
rate statistical and systematical errors, is given in appendix B.

As a function of Q2 the structure f-inctions rise for small x values and de-
crease at large x. This general trend is best seen in F2

n, which is based on 50%
more statistics than the proton structure function (see table 23). In the xF
structure functions the slopes as a function .of Q2 show up less significantly.
In the large x region the functions F and xF3 coincide, which confirms that the
sea quarks do not significantly contribute here (see also figure 43). The scal-
ing violation parameter B, defined by

d log F2
B =

d log Q2

i s obtained from combined neutron and proton data, and i s shown in figure 49a
for the measured bins of x. The Q2-dependence of log F has been fitted at fixed
x by using a linear dependence on log Q2. The violations of scaling are only
significant in the x bins above x"0.15. A comparison with the results of two
other experiments (CDHS [63] and EMC [64]), also presented in figure 49a, show
at least a qualitative agreement in the (r-dependence. The general trend of the
scaling violations coincides with the prediction from QCD. The logarithmic de-
rivatives for the neutron and proton F2 structure functions separately are shown
in figure 49b. In the region of x>0.15, where the violations are significant, no
difference is observed on the behaviour of neutron and proton data.
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F 2
n [x ,Q 2

f 1

1

1 r

= 0-0.05

+ f
x= 0.05-0.1

x = 0.1-015

»=O.15-0.2

= 0.2-0.3

x=03-0.4

x=0.4-0.6

«=0.6-0.8

1.5 3 6 12 28 70 1 .5 3 6 IZ 28 70

Q 2 (GeV2)

x r " l x , Q 2 ) vn

I r

.2

t-^-r-^4^

1 .5 3 6 IL' 28 70 1.5 3 6 12 28 70

1 .5 3 6 12 28 70 I .5 3 6 12 28 70

1 5 3 6 12 28 70 1 5 3 6 12 23 70

Figure 45: Measured (^-dependence of the neutron and proton F_ and *F, structure
functions. The curves are QCD predictions, see text.
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I. "i 3 - \7 76 '!!) l.S 3 fj 17 2S 70 ; 5 3 6 !2 26 70 I 5 3 6 12 28 70

Figure 46: Measured Q2-dependence of the valence quark fractional momentum dis-
tributions Wy and xdv< The curves are QCD predictions, see text.

1 r

v-
1 r

.5

1 , 5 3 6 1? 28 70 1 5 3 B 12 28 70

Figure 47: Measured Q2-dependence of the non-singlet structure function AF2 ,
which i s equal to F2

n minus F2P. The curves are QCD predictions, see
text.
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F,Nt x , a ? : N xF,Nlx,G2i

i
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f
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,5T

1 . 5 3 6 12 2 6 70 1 . 5 3 6 ! 2 ? 8 70 1 . 5 3 6 12 2 8 7 0 1 . 5 3 6 12 2 8 7 0

Figure 48: Measured (^-dependence of the nucleon structure functions F2" and
xF3

N. The curves are QCD predictions, see text.

0.2

0

0.2

0.4

i

tl»
(b) o neutron

• proton -

1 1

-

Figure 49: logarithmic slopes of the variation of the nucleon structure function
F, with Q2, in comparison with the results of two other experiments
(a). The curve is the QCD prediction for A - 0.2 GeV. Also shown are
the derivatives of the F neutron and proton structure functions sep-
arately (b).
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Quantitative analysis of scaling violations
A more quantitative approach of scale breaking was pursued using the method of
Barker, Langensiepen and Shaw [65], for the analysis of the non-slnglet struc-
ture functions xFj , xu,, xdy, and AF2 (» F2

n - F2P, this la equal to

2x[uv - dL]). In this method, at a chosen reference Q2 « Q.2 the structure func-
tion, say xf3, la parameterized by the expansion

xF3(x,Q0
2) - z V ( l - x ) a ak(Q0

2) ek«P(x), (35)
k»0

where 9kaP(x) are orthonormal Jacobi polynomials of order k as defined in [65].
At arbitrary (r the structure function evolves according to QCD, and is exactly
given by

CD

xF (x,Q2) - S x?<l~x)a ak(Q2) ek«P(x), (3 6)
k-0

with ak(Q0
2) " 0 for k>NQ for consistency with equation (35). The coefficients

ak(Q2) are calculable in terms of their values at Q2 • %2 > an<* t l l e scale-break-
ing parameter A. The series in equation 06) converges very rapidly (in practice
this series i s terminated after ten terms) and i s easily used to evaluate QCD
predictions at arbitrary x and Q2 in terms of the parameters A, a, £ and

«2

Data points with Q* < 1 GeV* , and W < 2 GeV/c2 were excluded from the anal-
ysis . These cuts exclude data in the kinematical region where perturbative QCD
is not supposed to be reliable. The cut on W removes events with a high x value
in combination with a low Q2 value. Further n f » 4 is used and Qg2 » 4 GeV2 . Fi-
nally, for the value of NQ we adopted NQ » 2.

Target mass effects and contributions from higher twist terms were not in-
corporated in the analysis. The first effect was thought to be reduced by the
exclusion of data with low values of the invariant mass W. The second was left
out because the extension of the free parameters in the f i t with one or two more
made the f i t unstable and less reliable. After a l l , the fit was based on 38 data
points.

The result of the determination of the scale-breaking parameter defined in
leading order, obtained from a f i t to the nucleon non-singlet structure function
xF3

N(x,Q2), i s

A - 0.209 (+O.162/-0.133) GeV

This value i s obtained' from fully corrected data; in the f i t the complete covar-
lance matrix was taken into account. Possible effects due to the charm threshold
were not Implemented in the f i t . Similar f i ts to the other, not completely inde-
pendent, non-singlet structure functions yield results consistent with this val-
ue. No significant difference between tf3

n and xFjP has been observed, nor any
difference in the Q -dependence between xuy and xdy. The value of A obtained
from xF,™ is presented because this structure function is based on the largest
statist ics and is not affected by the uncertainty of the rescattering fraction.
The curves in figures A5 and 46 correspond to the QCD prediction for this value
of A. Altogether, one can come to the conclusion that the leading order QCD f i t s
are able to represent the data.

A few systematic effects have been investigated upon their influences on
the obtained value of A. Changing the Callan-Gross relation violation parameter



- 123 -

from 0 to 0.1 increases A with about 10 MeV. If no resolution unfoldraent correc-
tion i s applied to the data, A r i s e s to 450 MeV. The e f fec t of omitting the cor-
rect ions for radiative processes i s a decrease of A with ~ 30 MeV. No correction
for the averaged values in the x-Q bins means an increase of about 20 MeV.
These e f f e c t s , and many others , are far within the quoted errors , apart from the
resolution unfoldment, which has a s ignif icant e f fect on the determined value of
A.

5.5 CONCLUSIONS

5.5»! Total cross-sect ions

The cross-sect ions of deep ine las t i c neutrino and anti-neutrino charged-current
interactions on the isoscalar target deuterium were measured. The measurements
are within the experimental uncertainties In good agreement with values obtained
in other experiments [59] . The behaviour of the cross-sect ions i s consistent
with a linear r i se with the energy of the incident neutrino or anti-neutrino.
The quasi-free constituents of the deuteron f a c i l i t a t e the separation between
neutron and proton interact ions , which i s performed in this analysis In a sta-
t i s t i c a l manner. Values for the cross-sect ions rat io of neutron and proton scat-
tering have been measured for neutrino and anti-neutrino data.

5.5.2 Charged-current y-distributions

The differential cross-sections da/dy were obtained for charged-current Interac-
tions. From simultaneous f i ts to the neutrino and anti-neutrino y-distributions
the following results were deduced: The relative contributions of anti-quarks as
measured by neutrinos and anti-neutrinos were determined and compared to each
other. No significant deviation from the Callan-Gross relation was found. Ex-
trapolations of the ydistribution to y «• 0 are compatible with charge symmetry.
The results agree with measurements from other experiments.

5.5.3 Structure functions

Charged-current differential cross-sections da/dx were obtained for neutrino and
anti-neutrino 'mattering on neutrons and protons separately. The evaluation of
the Gross-Llewellyn-Snith sum rule on the two valence quark distributions yield-
ed results in agreement with the presence of two valence up quarks and one va-
lence down quark in the nucleon.

The neutron and proton structure functions F and xF were obtained as a
function of x and Q2. Statistically significant violations of scaling were ob-
served of the structure function F,. The value of F increases with Q̂  for small
x and decreases with Q2 for large x, which is In qualitative agreement with QCD
predictions. A quantitative analysis in the light of QCD leads to the conclusion
that all the data are well described by perturbative OjCD.
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APPENDIX A

In t h i s appendix the measurements of the structure function « -d i s tr ibut ions with
s t a t i s t i c a l and systematical errors are given, together with the valence-quark
fract ional momentum x-dts tr ibut ions . The l a s t two rows of the tables are the
values of the structure functions integrated over x from 0 to 0.8 and l « 0 , re -
s p e c t i v e l y . The appendix contains r e s u l t s on a l l data, data with Q >1 GeV2, and
data with Q2>2 GeV*. The l a s t four tables show r e s u l t s for which a value of
R=0.1, instead of R*0, i s adopted in the structure function extract ion procedure
(R i s the parameter that measures the v io la t ion of the Callan-Gross r e l a t i o n ) .
The cuts on Q2 remove 19 and 33% of the data.

The quoted errors refer to uncorrelated measurements of the structure func-
t i o n s . En f i t s to the data the fu l l covariance matrices have been taken into ac-
count.
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TABLE 40
Nucleon structure function x-distributions, al l

xlow

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.60
0.70
0.80

0.80

1.00

F /

0.824
1.008
1.058
1.020
0.948
0.814
0.712
0.599
0.480
0.381
0.250
0.124
0.044
0.073

0.434

0.449

stat sys

.022 .016

.025 .020

.027 .021

.027 .020

.026 .019

.024 .016

.023 .014

.020 .012

.019 .010

.017 .008

.010 .005

.008 .002

.005 .001

.004 .002

.004 .009

.004 .009

*F3»

0.433
0.561
0.681
0.708
0.759
0.690
0.608
0.532
0.419
0.344
0.250
0.104
0.032

-0.044

0.325

0.317

stat sys

.050 .036

.057 .044

.061 .046

.060 .045

.057 .042

.054 .03 6

.052 .031

.044 .027

.042 .021

.039 .017

.023 .011

.019 .005

.012 .002

.008 .003

.009 .019

.009 .020

ÏÏN

0.195
0.224
0.189
0.156
0.095
0.062
0.052
0.034
0.031
0.019

-0.000
0.010
0.006
0.058

0.054

0.066

stat

.022

.024

.024

.024

.022

.021

.020

.018

.017

.015

.009

.007

.005

.004

.004

.004

s y s

.017

.021

.021

.020

.018

.015

.013

.011

.009

.007

.004

.002

.001

.002

.008

.009

QN

0.628
0.784
0.869
0.864
0.853
0.752
0.660
0.566
0.449
0.3 62
0.250
0.114
0.038
0.015

0.3 80

0.383

stat sys

.031 .022

.037 .027

.040 .029

.039 .028

.038 .027

.036 .023

.035 .021

.030 .017

.028 .014

.026 .011

.016 .007

.013 .004

.008 .001

.005 .001

.006 .012

.006 .012

TABLE 41
Neutron structure function x-distributions, al l Q2.

xlow F 2 n s t a t s y s ^3^ s t a t s y s ^ s t a t s y s °^ s t a t s y s

0.00 0.959 .033 .022 0.596 .074 .081 0.091 .016 .017 0.389 .024 .024
0.05 1.219 .038 .028 0.812 .087 .101 0.102 .018 .021 0.508 .028 .030
0.10 1.310 .041 .032 0.987 .093 .108 0.081 .019 .022 0.574 .031 .033
0.15 1.287 .041 .032 1.015 .092 .105 0.068 .019 .021 0.576 .030 .033
0.20 1.259 .040 .033 1.133 .090 .102 0.031 .018 .020 0.598 .030 .032
0.25 1.094 .038 .029 1.003 .084 .087 0.023 .016 .016 0.524 .028 .028
0.30 0.989 .037 .027 0.915 .083 .078 0.018 .016 .015 0.476 .028 .025
0.35 0.840 .032 .023 0.764 .071 .065 0.019 .014 .012 0.401 .024 .021
0.40 0.701 .031 .020 0.647 .068 .054 0.013 .013 .010 0.337 .023 .018
0.45 0.563 .028 .016 0.535 .062 .043 0.007 .012 .008 0.274 .021 .014
0.50 0.388 .017 .012 0.372 .038 .029 0.004 .007 .005 0.190 .013 .010
0.60 0.204 .014 .006 0.179 .031 .015 0.006 .006 .003 0.096 .010 .005
0.70 0.077 .009 .002 0.043 .019 .005 0.008 .004 .001 0.030 .006 .002
0.80 0.146 .007 .004 -0.087 .015 .008 0.058 .004 .002 0.015 .005 .002

0.08 0.578 .006 .015 0.480 .014 .046 0.024 .003 .009 0.264 .005 .015

1.00 0.607 .006 .016 0.462 .014 .047 0.036 .003 .009 0.267 .005 .015
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TABLE 42
Proton structure function x-distributions, a l l Q*.

xlow

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.60
0.70
0.80

F 2 P

0.688
0.797
0.805
0.752
0.638
0.534
0.436
0.358
0.259
0.199
0.113
0.044
0.011
0.000

stat

.029

.033

.034

.034

.032

.030

.028

.024

.023

.021

.012

.010

.006

.003

ays

.017

.022

.024

.024

.025

.022

.020

.018

.015

.012

.009

.004

.002

.002

xF3P

0.270
0.309
0.374
0.401
0.384
0.377
0.301
0.300
0.190
0.153
0.129
0.029
0.020
0.000

stat

.066

.074

.077

.076

.071

.067

.063

.053

.050

.04 6

.027

.021

.014

.006

sys

.075

.092

.098

.094

.089

.076

.067

.056

.046

.036

.024

.012

.004

.004

0.104
0.122
0.108
0.088
0.063
0.039
0.034
0.014
0.017
0.012

-0.004
0.004

-0.002
-0.000

stat sys

.015 .016

.016 .020

.016 .020

.016 .019

.014 .017

.013 .014

.012 .012

.011 .010

.010 .008

.009 .006

.005 .004

.004 .002

.003 .001

.001 .001

QP

0.239
0.277
0.295
0.288
0.255
0.228
0.184
0.164
0.112
0.088
0.060
0.018
0.008
0.000

stat

.021

.024

.025

.025

.024

.022

.021

.018

.017

.016

.009

.007

.004

.002

s y s

.022

.027

.029

.029

.028

.024

.022

.018

.015

.012

.008

.004

.001

.001

0.08 0.290 .005 .011 0.171 .011 .040 0.030 .002 .008 0.115 .004 .013

1.00 0.290 .005 .012 0.171 .011 .041 0.030 .002 .008 0.115 .004 .013

TABLE 43
Valence quark x-distr ibut ions , a l l Q .

xlow "vM s t a t s y s dv(x) s t a t s y s ^F2 s t a t s y s

0.00 0.285 .028 .020 0.149 .026 .018 0.272 .044 .023
0.05 0.386 .032 .025 0.175 .030 .022 0.422 .051 .032
0.10 0.467 .035 .026 0.214 .032 .024 0.505 .054 .039
0.15 0.488 .034 .026 0.220 .031 .023 0.535 .053 .041
0.20 0.535 .033 .026 0.224 .030 .022 0.621 .051 .046
0.25 0.485 .031 .022 0.205 .028 .019 0.560 .048 .041
0.30 0.442 .030 .020 0.166 .027 .017 0.553 .046 .039
0.35 0.387 .026 .017 0.145 .023 .014 0.483 .040 .034
0.40 0.320 .025 .014 0.099 .022 .012 0.442 .038 .029
0.45 0.263 .023 .011 0.081 .020 .009 0.3 64 .035 .024
0.50 0.194 .014 .008 0.056 .012 .006 0.275 .021 .018
0.60 0.092 .011 .004 0.012 .009 .003 0.160 .017 .009
0.70 0.032 .007 .001 -0.001 .006 .001 0.066 .011 .003
0.80 0.015 .005 .002 -0.058 .004 .002 0.146 .007 .005

0.80 0.235 .005 .012 0.091 .005 .010 0.288 .008 .020

1.00 0.238 .005 .012 0.079 .005 .010 0.317 .008 .021
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TABLE 44
Nucleon structure function jc-distributions, QZ>1 GeV2.

F 2 N 8 t a t B?a rf3N s t a t s y s ^ N s t a t s y s ^N s t a t s y s

0.00 1.235 .046 .024 0.423 .066 .034 0.406 .032 .017 0.829 .047 .024
0.05 1.208 .033 .024 0.596 .055 .039 0.306 .022 .018 0.902 .040 .027
0.10 1.174 .032 .023 0.653 .058 .042 0.260 .022 .019 0.913 .041 .028
0.15 1.098 .030 .022 0.701 .058 .041 0.199 .023 .018 0.900 .040 .028
0.20 0.978 .027 .019 0.728 .054 .038 0.125 .021 .016 0.853 .037 .026
0.25 0.829 .025 .016 0.658 .051 .033 0.085 .019 .013 0.744 .035 .022
0.30 0.720 .025 .014 0.606 .050 .029 0.057 .019 .012 0.663 .035 .020
0.35 0.601 .021 .012 0.519 .043 .025 0.041 .016 .010 0.560 .029 .017
0.40 0.478 .020 .010 0.421 .041 .020 0.029 .016 .008 0.449 .028 .013
0.45 0.372 .018 .007 0.339 .037 .016 0.016 .013 .006 0.355 .025 .011
0.50 0.250 .011 .005 0.226 .023 .010 0.012 .008 .004 0.238 .015 .007
0.60 0.116 .008 .002 0.092 .018 .005 0.012 .007 .002 0.104 .012 .003
0.70 0.037 .005 .001 0.020 .011 .002 0.009 .004 .001 0.029 .007 .001
0.80 0.037 .003 .001 -0.020 .006 .002 0.029 .003 .001 0.008 .004 .001

0.80 0.475 .004 .008 0.316 .008 .017 0.080 .003 .007 0.395 .006 .011

1.00 0.482 .004 .008 0.312 .008 .017 0.085 .003 .007 0.3 97 .006 .011

TABLE 45
Neutron structure function x-dlstributions, Q2>1 GeV2.

xlow F2
n stat sys xF3

n stat sys Tf1 stat sys <f stat sys

0.00 1.385 .068 .031 0.521 .097 .074 0.216 .023 .015 0.477 .035 .024 ...
0.05 1.428 .050 .035 0.831 .083 .090 0.149 .016 .017 0.565 .031 .029 ]
0.10 1.458 .049 .036 0.970 .089 .099 0.122 .017 .019 0.607 .032 .032
0.15 1.392 .046 .036 1.000 .089 .097 0.098 .018 .018 0.598 .031 .032
0.20 1.277 .043 .034 1.071 .084 .092 0.052 .016 .017 0.587 .029 .030
0.25 1.121 .040 .031 0.978 .080 .081 0.036 .015 .015 0.525 .028 .027
0.30 1.010 .039 .029 0.920 .080 .073 0.023 .015 .013 0.483 .028 .025
0.35 0.858 .034 .024 0.748 .069 .061 0.027 .013 .011 0.402 .024 .021
0.40 0.708 .032 .020 0.641 .066 .051 0.017 .013 .009 0.337 .023 .017
0.45 0.569 .029 .017 0.514 .060 .040 0.014 .011 .007 0.271 .021 .014
0.50 0.396 .018 .012 0.337 .037 .027 0.015 .007 .005 0.183 .013 .009
0.60 0.192 .014 .006 0.148 .029 .013 0.011 .006 .002 0.085 .010 .004
0.70 0.064 .008 .002 0.021 .017 .004 0.011 .004 .001 0.021 .006 .001
0.80 0.074 .005 .002 -0.041 .011 .004 0.029 .003 .001 0.008 .004 .001

0.80 0.625 .007 .016 0.460 .013 .041 0.041 .003 .008 0.271 .005 .014

1.00 0.640 .007 .016 0.452 .013 .042 0.047 .003 .008 0.273 .005 .014
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TABLE 46
Proton structure function x-distributions, Q2>1 GeV2 .

xlow

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.60
0.70
0.80

F 2 P

1.085
0.988
0.889
0.804
0.678
0.537
0.429
0.345
0.248
0.174
0.104
0.040
0.011
0.000

stat

.063

.044

.040

.038

.034

.031

.029

.025

.023

.020

.012

.010

.006

.003

s y s

.026

.028

.028

.027

.026

.024

.022

.019

.016

.013

.009

.004

.001

.001

xF3P

0.324
0.361
0.337
0.402
0.385
0.339
0.291
0.290
0.201
0.163
0.114
0.036
0.019
0.000

stat

.089

.073

.073

.073

.0 67

.062

.060

.051

.048

.043

.026

.020

.013

.005

s y s

.070

.083

.090

.087

.082

.071

.063

.052

.042

.033

.022

.010

.003

.002

TJP

0.190
0.157
0.138
0.101
0.073
0.050
0.034
0.014
0.012
0.003

-0.002
0.001

-0.002
-0.000

s ta t sys

.022 .014

.015 .016

.015 .017

.015 .016

.013 .015

.012 .013

.011 .011

.010 .009

.009 .007

.007 .005

.004 .003

.004 .002

.003 .000

.001 .000

QP

0.3 52
0.337
0.307
0.302
0.266
0.219
0.180
0.159
0.112
0.084
0.055
0.019
0.008
0.000

stat sys

.031 .022

.026 .026

.026 .028

.025 .028

.023 .026

.022 .023

.021 .021

.018 .017

.017 .014

.015 .011

.009 .008

.007 .004

.004 .001

.002 .001

0.80 0.324 .005 .012 0.172 .010 .036 0.038 .002 .006 0.124 .004 .012

1.00 0.325 .005 .012 0.172 .010 .036 0.038 .002 .006 0.124 .004 .012

TABLE 4 7
Valence quark x-distr ibutions, Q2>1 GeV2.

xlow U
V W stat sys dv(x) stat sys AF2 s t a t sys

0.00 0.286 .041 .020 0.136 .039 .018 0.301 .092 .032
0.05 0.408 .034 .024 0.188 .031 .021 0.440 .066 .041
0.10 0.469 .035 .026 0.184 .031 .022 0.569 .063 .046
0.15 0.497 .034 .025 0.203 .031 .022 0.588 .060 .047
0.20 0.514 .032 .024 0.214 .028 .020 0.599 .054 .047
0.25 0.475 .030 .022 0.183 .026 .018 0.584 .051 .044
0.30 0.448 .030 .020 0.158 .026 .016 0.581 .049 .042
0.35 0.388 .025 .017 0.131 .022 .014 0.513 .042 .036
0.40 0.325 .024 .014 0.096 .021 .011 0.459 .040 .031
0.45 0.268 .022 .011 0.071 .019 .009 0.395 .035 .026
0.50 0.186 .013 .008 0.040 .012 .006 0.292 .022 .018
0.60 0.084 .011 .004 0.008 .009 .003 0.151 .017 .009
0.70 0.023 .006 .001 -0.003 .006 .001 0.053 .010 .003
0.80 0.008 .004 .001 -0.029 .003 .001 0.073 .006 .002

0.80 0.233 .005 .011 0.083 .004 .009 0.301 .008 .022

1.00 0.235 .005 .011 0.077 .004 .009 0.316 .008 .022
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TABLE 48
Nucleon structure function «-distributions, Q2>2 GeV2.

*low

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.60
0.70
0.80

» 2 "

1.235
1.188
1.162
1.060
0.962
0.851
0.747
0.614
0.491
0.377
0.248
0.109
0.037
0.019

stat ays

.070 .024

.040 .023

.036 .023

.033 .021

.029 .019

.027 .017

.026 .015

.022 .012

.020 .010

.018 .008

.011 .005

.008 .002

.005 .001

.003 .000

0.447
0.604
0.668
0.714
0.735
0.664
0.595
0.520
0.429
0.337
0.227
0.098
0.020

-0.012

stat sys

.090 .031

.058 .034

.058 .037

.057 .03 6

.051 .034

.050 .031

.049 .028

.042 .024

.040 .019

.035 .015

.022 .010

.017 .004

.010 .001

.005 .001

rf
0.394
0.292
0.247
0.173
0.114
0.093
0.076
0.047
0.031
0.020
0.010
0.005
0.008
0.015

stat sys

.047 .015

.024 .015

.022 .016

.022 .015

.019 .013

.018 .012

.018 .011

.016 .009

.015 .007

.013 .006

.008 .004

.006 .002

.004 .001

.002 .001

QN

0.841
0.896
0.915
0.887
0.849
0.758
0.671
0.567
0.4 60
0.3 57
0.237
0.103
0.029
0.003

stat sys

.066 .023

.044 .025

.043 .026

.041 .026

.037 .025

.03 6 .022

.035 .020

.029 .017

.028 .013

.025 .010

.015 .007

.012 .003

.007 .001

.003 .000

0.80 0.474 .004 .008 0.320 .008 .015 0.077 .003 .006 0.397 .006 .011

1.00 0.478 .004 .008 0.318 .008 .015 0.080 .003 .006 0.398 .006 .010

TABLE 49
Neutron structure function at-dlstrlbutlons, Q*>2 GeV2.

i F2™ atat 3?a ^3n Btat ays 3° SCat sys °^ 8tat sys

0.00 1.463 .105 .035 0.566 .135 .069 0.224 .034 .013 0.507 .050 .024
0.05 1.402 .060 .036 0.827 .087 .079 0.144 .017 .014 0.557 .033 .027
0.10 1.478 .056 .039 0.974 .090 .088 0.126 ,017 .015 0.613 .034 .030
0.15 1.363 .052 .037 1.000 .088 .086 0.091 .017 .015 0.591 .032 .029
0.20 1.274 .045 .036 1.066 .081 .084 0.052 .015 .014 0.585 .029 .029
0.25 1.153 .043 .033 0.987 .080 .077 0.042 .014 .013 0.535 .029 .027
0.30 1.044 .041 .030 0.900 .078 .071 0.036 .015 .012 0.486 .028 .024
0.35 0.874 .035 .025 0.779 .067 .060 0.024 .013 .010 0.413 .024 .021
0.40 0.717 .033 .021 0.662 .064 .049 0.014 .012 .008 0.345 .022 .017
0.45 0.570 .029 .017 0.512 .057 .039 0.014 .011 .006 0.271 .020 .013
0.50 0.394 .018 .012 0.357 .036 .026 0.009 .007 .004 0.188 .013 .009
0.60 0.185 .014 .006 0.160 .028 .012 0.006 .005 .002 0.086 .010 .004
0.70 0.062 .008 .002 0.019 .017 .003 0.011 .004 .001 0.020 .005 .001
0.80 0.037 .004 .001 -0.024 .009 .002 0.015 .002 .001 0.003 .003 .000

0.80 0.631 .007 .016 0.467 .013 .037 0.041 .002 .006 0.275 .005 .013

1.00 0.638 .007 .015 0.462 .013 .037 0.044 .002 .006 0.275 .005 .013
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TABLE 50
Proton structure function x-distributlons, Q2>2 GeV2

xlow F 2 P s t a t s y s xp3P s t a t s y s ^ s t a t s y s Qp s t a t sys

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.60
0.70
0.80

0.80

1.00

1.008
0.974
0.847
0.758
0.651
0.549
0.451
0.353
0.265
0.185
0.102
0.032
0.013
0.000

0.317

0.317

.092

.052

.045

.042

.035

.034

.031

.026

.024

.021

.012

.009

.006

.002

.005

.005

.028

.029

.030

.029

.028

.025

.023

.019

.016

.013

.009

.004

.001

.000

.012

.012

0.327
0.3 82
0.362
0.427
0.404
0.342
0.290
0.260
0.196
0.161
0.097
0.036
0.021
0.001

0.173

0.173

.119

.077

.073

.072

.0 63

.062

.059

.049

.047

.041

.025

.019

.012

.005

.010

.010

.064

.073

.079

.076

.074

.067

.061

.0 51

.042

.032

.022

.010

.003

.001

.032

.032

0.170
0.148
0.121
0.083
0.062
0.052
0.040
0.023
0.017
0.006
0.001

-0.001
-0.002
-0.000

0.036

0.036

.032

.017

.014

.014

.012

.011

.011

.009

.009

.007

.004

.003

.002

.001

.002

.002

.012

.013

.014

.013

.012

.011

.010

.008

.007

.005

.003

.001

.000

.000

.005

.005

0.334
0.339
0.302
0.296
0.264
0.223
0.185
0.153
0.115
0.086
0.050
0.017
0.008
0.000

0.122

0.122

.042 .022

.028 .024

.027 .027

.026 .026

.023 .025

.022 .023

.021 .021

.018 .017

.017 .014

.015 .011

.009 .008

.007 .003

.004 .001

.002 .000

.004 .011

.003 .011

TABLE 51
Valence quark «-distributions, 0^>2 GeV2.

xlow

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.60
0.70
0.80

0.80

1.00

uv(x)

0.337
0.409
0.492
0.508
0.523
0.483
0.446
0.390
0.327
0.265
0.187
0.087
0.022
0.003

0.239

0.239

stat sys

.059 .020

.037 .022

.037 .025

.035 .024

.031 .023

.031 .021

.030 .019

.025 .017

.024 .014

.021 .011

.013 .008

.010 .003

.006 .001

.003 .000

.005 .010

.005 .010

<V*)
0.110
0.195
0.176
0.206
0.212
0.181
0.149
0.130
0.102
0.072
0.041
0.011

-0.002
-0.015

0.082

0.078

stat

.055

.033

.032

.031

.027

.026

.025

.022

.021

.018

.011

.008

.006

.003

.004

.004

s y s

.018

.019

.021

.020

.019

.018

.016

.014

.011

.009

.006

.003

.001

.001

.009

.008

AF2

0.455
0.428
0.631
0.605
0.623
0.604
0.594
0.521
0.452
0.385
0.292
0.152
0.049
0.037

0.314

0.322

stat sys

.140 .041

.080 .045

.072 .053

.067 .051

.058 .051

.055 .047

.052 .044

.044 .038

.041 .032

.03 6 .026

.022 .019

.017 .009

.010 .003

.005 .001

.009 .023

.008 .022
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TABLE 52
Nucleon s t ruc tu re function x - d i s t r i b u t i o n s , R»0.1

xlow F 2 N s t a t 9Y9 **3^ s t a t s y s ^ N stat 8ys QN s ta t sys

0.00 0.761 .020 .015 0.434 .050 .036 0.164 .022 .017 0.598 .031 .021
0.05 0.932 .023 .018 0.562 .057 .044 0.185 .024 .021 0.747 .037 .026
0.10 0.978 .025 .019 0.682 .061 .046 0.148 .025 .021 0.830 .039 .028
0.15 0.943 .025 .018 0.709 .060 .045 0.117 .025 .020 0.826 .038 .028
0.20 0.877 .024 .017 0.760 .057 .042 0.059 .023 .018 0.818 .038 .026
0.25 0.753 .022 .015 0.691 .054 .036 0.031 .021 .015 0.722 .035 .023
0.30 0.659 .021 .013 0.609 .052 .031 0.025 .021 .013 0.634 .034 .020
0.35 0.554 .018 .011 0.533 .044 .027 0.011 .018 .011 0.543 .029 .017
0.40 0.444 .018 .009 0.419 .042 .021 0.012 .017 .009 0.431 .028 .014
0.45 0.352 .016 .007 0.344 .039 .017 0.004 .015 .007 0.348 .025 .011
0.50 0.231 .010 .005 0.251 .023 .011 -0.010 .009 .004 0.241 .015 .007
0.60 0.114 .008 .002 0.104 .019 .005 0.005 .007 .002 0.109 .012 .003
0.70 0.041 .005 .001 0.032 .012 .002 0.004 .005 .001 0.036 .007 .001
0.80 0.068 .003 .001 -0.044 .008 .003 0.056 .004 .002 0.012 .005 .001

0.80 0.401 .004 .008 0.326 .009 .019 0.038 .004 .008 0.364 .006 .012

1.00 0.415 .004 .008 0.317 .009 .020 0.049 .004 .009 0.366 .006 .012

TABLE 53
Neutron structure function x-distributions, R»0.1

"low

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.60
0.70
0.80

0.80

1.00

0.887
1.127
1.212
1.190
1.164
1.012
0.914
0.777
0.648
0.521
0.359
0.188
0.071
0.135

0.534

0.561

stat sys

.030 .020

.036 .026

.038 .029

.038 .030

.037 .031

.035 .027

.034 .025

.029 .022

.028 .018

.026 .015

.016 .011

.013 .005

.008 .002

.006 .003

.006 .014

.006 .015

* 3 °
0.597
0.813
0.988
1.016
1.134
1.004
0.916
0.765
0.648
0.535
0.373
0.180
0.043

-0.087

0.480

0.4 63

stat

.074

.087

.093

.092

.090

.084

.083

.071

.068

.062

.038

.031

.019
.015

.014

.014

sys

.081

.101

.108

.105

.102

.087

.078

.065

.054

.043

.029

.015

.005
.008

.046

.047

If»
0.072
0.078
0.056
0.044
0.007
0.002

-0,000
0.003
0.000

-0.004
-0.004
0.002
0.007
0.056

0.013

0.025

stat

.016

.018

.019

.019

.018

.016

.016

.014

.014

.012

.007

.006

.004

.004

.003

.003

sys

.018

.022

.022

.021

.020

.017

.015

.012

.010

.008

.005

.003

.001

.002

.009

.009

0"

0
0
0,
0,
0.
0,
0.
0,
0.
0.
0.
0 .
0 .
0 .

0 .

0 .

.371

.485

.550

.552

.575

.504

.4 58

.386

.324

.264
,183
.092
,029
,012

254

256

8tat sys

.023 .023

.028 .030

.030 .033

.030 .032

.029 .032

.028 .028

.027 .025

.023 .021

.022 .017

.020 .014

.012 .010

.010 .005

.006 .002

.004 .002

.005 .014

.005 .015
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TABLE 54
Proton structure function x-distr lbut lons, R=O.l

stat sys xF, P stat sys TJP stat sys QP stat sys

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.60
0.70
0.80

0.63 6
0.737
0.745
0.695
0.590
0.494
0.403
0.331
0.239
0.184
0.104
0.041
0.010
0.000

.027

.031

.032

.031

.029

.027

.026

.022

.021

.019

.011

.009

.006

.003

.016

.020

.022

.023

.023

.021

.019

.016

.014

.011

.008

.004

.002

.002

0.271
0.310
0.375
0.401
0.385
0.378
0.301
0.300
0.191
0.153
0.129
0.029
0.020
0.000

.066

.074

.077

.076

.071

.067

.063

.053

.050

.046

.027

.021

.014

.006

.075

.092

.098

.094

.089

.076

.067

.056

.046

.03 6

.024

.012

.004

.004

0.091
0.107
0.092
0.073
0.051
0.029
0.025
0.008
0.012
0.008

-0.006
0.003

-0.003
-0.000

.015

.016

.016

.016

.014

.013

.012

.011

.010

.009

.005

.004

.003

.001

.016

.020

.020

.019

.017

.015

.013

.010

.008

.006

.004

.002

.001

.001

0.227
0.262
0.280
0.274
0.244
0.218
0.176
0.158
0.108
0.084
0.058
0.017
0.008
0.000

.020

.024

.025

.025

.023

.022

.021

.017

.017

.015

.009

.007

.004

.002

.021

.027

.029

.028

.028

.024

.021

.018

.015

.012

.008

.004

.001

.001

0.80 0.268 .005 .010 0.171 .011 .040 0.024 .002 .008 0.110 .004 .012
n
1.00 0.268 .005 .011 0.171 .011 .041 0.024 .002 .008 0.110 .004 .013

TABLE 55
Valence quark x-dlstributlons, R=0.1

xlow U
V W stat sys dv(x) stat sys AF2 stat sys

0.00 0.280 .028 .019 0.154 .026 .018 0.251 .041 .021
0.05 0.378 .032 .024 0.183 .030 .022 0.390 .047 .030
0.10 0.458 .034 .026 0.224 .031 .023 0.467 .050 .036
0.15 0.478 .034 .026 0.231 .031 .023 0.495 .049 .038
0.20 0.523 .033 .025 0.236 .029 .022 0.574 .047 .042
0.25 0.475 .031 .022 0.216 .027 .019 0.518 .044 .038
0.30 0.432 .030 .020 0.176 .026 .017 0.512 .043 .036
0.35 0.378 .025 .017 0.155 .023 .014 0.446 .037 .031
0.40 0.312 .024 .014 0.107 .021 .011 0.409 .035 .027
0.45 0.256 .022 .011 0.088 .019 .009 0.337 .032 .022
0.50 0.189 .013 .008 0.062 .012 .006 0.254 .019 .016
0.60 0.089 .011 .004 0.015 .009 .003 0.148 .016 .008
0.70 0.031 .007 .001 0.001 .006 .001 0.061 .010 .003
0.80 0.012 .005 .002 -0.056 .004 .002 0.135 .007 .004

0.80 0.229 .005 .011 0.096 .005 .010 0.266 .007 .019

1.00 0.232 .005 .012 0.085 .005 .010 0.293 .007 .020
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APPENDIX B

In this appendix the measurements of the structure functions with the statisti-
cal and systematical errors are given in bins of x and Q2 • Also the numbers of
the valence-quark fractional momentum x-Q2 distributions are given, as well as
A^OcQ2).

The quoted errors refer to uncorrelated measurements of the structure func-
tions» In fits to the data the full covarlance matrices have been taken into ac-
count*
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TABLE 56
Structure function F '

xlow

0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.60
0.85

0-1

0.645
0.637
0.668
0.627
0.757
0.617
0.447
0.249
0.811

1-2

1.184
1.211
1.242
1.272
0.842
0.418
0.283
0.164
0.394

Q2 Interval
2-4

1.185
1.121
1.162
1.146
1.051
0.814
0.254
0.092
0.140

4-8

1.212
1.121
1.090
1.050
0.909
0.758
0.460
0.061
0.056

(GeV2)
8-16

1.304
1.183
1.095
0.936
0.822
0.639
0.379
0.072
0.001

16-40

_
1.244
1.207
0.937
0.810
0.556
0.297
0.061
0.001

40-140

-
-

0.732
0.749
0.581
0.236
0.037

statistical errors

0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.60
0.85

0.024
0.039
0.051
0.054
0.058
0.052
0.039
0.037
0.055

0.059
0.060
0.068
0.070
0.054
0.054
0.040
0.032
0.041

0.089
0.056
0.058
0.069
0.044
0.043
0.026
0.018
0.016

0.111
0.065
0.068
0.059
0.038
0.037
0.022
0.013
0.014

0.283
0.104
0.075
0.066
0.039
0.034
0.019
0.009
0.006

—
0.186
0.100
0.069
0.044
0.032
0.016
0.007
0.003

—
-
-

0.240
0.082
0.048
0.017
0.006

_

systematical errors

0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.60
0.85

0.012
0.012
0.013
0.012
0.015
0.012
0.009
0.005
0.024

0.023
0.023
0.024
0.025
0.016
0.008
0.006
0.003
0.012

0.023
0.022
0.023
0.022
0.020
0.016
0.005
0.002
0.004

0.024
0.022
0.022
0.021
0.018
0.015
0.009
0.001
0.001

0.025
0.024
0.023
0.019
0.017
0.013
0.008
0.001
0.000

—
0.026
0.025
0.020
0.017
0.012
0.006
0.001
0.000

0
0
0
0
0

—
-
-

.019
• 017
.013
.005
.001
_
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TABLE 57
Structure function

Q2 interval (GeV2)
x l o w 0-1 1-2 2-4 4-8 8-16 16-40 40-140

0.00 0.325 0.358 0.444 0.363 0.247
0.05 0.040 0.521 0.535 0.548 0.685 0.790
0.10 0.626 0.573 0.567 0.638 0.761 0.638
0.15 0.182 0.577 0.749 0.741 0.670 0.688 0.765
0.20 2.343 0.404 0.800 0.713 0.676 0.644 0.631
0.30 1.289 0.785 0.534 0.684 0.580 0.475 0.523
0.40 2.424 0.033 0.089 0.438 0.370 0.283 0.223
0.60 7.791 0.041 - 0.048 0.076 0.060 0.037
0.85 - 0.009 0.002

0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.60
0.85

statistical errors

0.068
0.218
0.477
0.727
1.081
1.406
1.4 58
2.032

0.091
0.130
0.211
0.296
0.324
0.465
0.493
0.571

„ .

0.119
0.091
0.116
0.167
0.136
0.130
0.158

-

0.133
0.090
0.103
0.101
0.074
0.088
0.067
0.056
0.080

0.304
0.124
0.098
0.091
0.058
0.057
0.037
0.023.
0.017

—
0.200
0.114
0.083
0.056
0.044
0.023
0.012

-
-
-

0.251
0.090
0.055
0.021
0.008

—

systematical errors

0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.60
0.85

0.035
0.071
0.124
0.167
0.279
0.326
0.331
0.287

—

0.035
0.052
0.076
0.106
0.100
0.071
0.070
0.059

—

0.031
0.036
0.046
0.055
0.064
0.067
0.030

-
—

0.028
0.031
0.033
0.036
0.036
0.036
0.028
0.005
0.006

0.027
0.029
0.030
0.027
0.026
0.022
0.015
0.003
0.000

—
0.028
0.028
0.024
0.022
0.016
0.009
0.002

_

—
-
-

0.019
0.019
0.015
0.007
0.001

_
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TABLE 58
Structure function

Q2 Interval (GeV2)
* l o w °"1 l~2 2~4 4 " 8 8 ~ 1 6 1 6 " 4 0

0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.60
0.85

0.774
0.836
0.815
0.773
1.067
0.722
0.470
0.437
1.622

1.277
1.425
1.437
1.528
1.071
0.608
0.476
0.255
0.780

1.390
1.268
1.482
1.513
1.407
1.140
0.405
0.165
0.279

1.407
1.351
1.446
1.341
1.172
1.032
0.678
0.103
0.107

1.921
1.566
1.405
1.166
1.107
0.923
0.590
0.115
0.001

—
1.688
1.377
1.168
1.114
0.804
0.448
0.102
0.002

—
-
-

1.105
1.059
0.845
0.3 51
0.068

—

statistical errors

0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.60
0.85

0.037
0.060
0.076
0.082
0.090
0.078
0.057
0.063
0.094

0.084
0.090
0.102
0.106
0.081
0.086
0.064
0.050
0.067

0.134
0.082
0.091
0.109
0.070
0.069
0.042
0.030
0.030

0.166
0.099
0.106
0.091
0.058
0.057
0.035
0.022
0.026

0.543
0.164
0.117
0.100
0.061
0.055
0.031
0.015
0.010

—
0,326
0.149
0.104
0.070
0.052
0.026
0.012
0.004

—
-
-

0.398
0.133
0.080
0.028
0.011

-

systematical errors

0.00 0.017 0.028 0.033 0.033 0.048
0.05 0.018 0.033 0.031 0.035 0.046 0.053
0.10 0.018 0.032 0.036 0.040 0.043 0.037
0.15 0.016 0.033 0.039 0.038 0.035 0.037 0.047
0.20 0.026 0.024 0.036 0.032 0.035 0.037 0.039
0.30 0.015 0.016 0.028 0.029 0.029 0.027 0.032
0.40 0.010 0.012 0.010 0.019 0.019 0.015 0.013
0.60 0.015 0.006 0.004 0.003 0.004 0.004 0.003
0.85 0.049 0.023 0.008 0.003 0.000 0.000
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TABLE 59
Structure function

Q2 I n t e r v a l (GeV2)
x l o w ° " 1 l~2 2~U 4 " 8 8 " 1 6 1 6 ~ 4 0

0.00 0.525 0.413 0.600 0.438 -
0.05
0.10
0.15
0.20
0.30
0.40
0.60
0.85

0.357
0.532
0.432
3.410
0.707
5.438

17.715
_

0.761
0.970
1.105
0.754
0.752

-

0.081
_-

0.753
0.905
1.242
1.394
0.983

-
_
_

0.728
1.008
1.061
0.960
0.995
0.675
0.029

_.

0.967
1.071
0.845
0.957
0.864
0.586
0.119

_

0.727
0.653
0.832
0.948
0.702
0.438
0.105

_

—
_

1.155
0.922
0.788
0.337
0.067

_

s tat i s t ica l errors

0.00 0.103 0.130 0.179 0.198 -
0.05 0.335 0.196 0.134 0.136 0.195 0.349
0.10 0.711 0.314 0.181 0.161 0.154 0.170
0.15 1.100 0.450 0.263 0.155 0.140 0.125 0.416
0.20 1.679 0.487 0.216 0.115 0.092 0.090 0.145
0.30 2.088 0.740 0.289 0.137 0.092 0.071 0.091
0.40 2.131 - - 0.108 0.061 0.038 0.034
0.60 3.446 0.899 - 0.092 0.036 0.019 0.014
0.85 _ - _ _ - _ _

systematical errors

0.00 0.081 0.075 0.070 0.061 -
0.05 0.163 0.117 0.081 0.070 0.069 0.056
0.10 0.262 0.171 0.109 0.083 0.071 0.057
0.15 0.362 0.240 0.134 0.086 0.061 0.053 0.049
0.20 0.659 0.227 0.158 0.085 0.063 0.056 0.046
0.30 0.673 0.161 0.163 0.088 0.057 0.041 0.039
0.40 0.770 - - 0.070 0.041 0.025 0.017
0.60 0.969 0.139 - 0.012 0.009 0.006 0.003
0.85 _ _ _ _ _ _ _



xlow

0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.60
0.85
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TABLE 60
Structure function ï'2P(x,Q2) .

0-1

0.515
0.438
0.521
0.481
0.446
0.512
0.423
0.061

_

1-2

1.091
0.996
1.047
1.015
0.613
0.228
0.090
0.073
0.007

Q2 interval
2-4

0.980
0.974
0.842
0.779
0.696
0.488
0.103
0.019

_

4-8

1.017
0.890
0.735
0.759
0.645
0.485
0.242
0.019
0.006

(GeV2 )
8-16

0.686
0.800
0.785
0.706
0.537
0.355
0.168
0.028
0.002

16-40

0.800
1.037
0.707
0.505
0.309
0.147
0.020

_

40-140

-
-

0.358
0.438
0.317
0.120
0.006

—

statist ical errors

0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.60
0.85

0.032
0.050
0.068
0.071
0.073
0.070
0.052
0.039

-

0.083
0.078
0.091
0.092
0.071
0.065
0.049
0.039
0.048

0.118
0.077
0.073
0.086
0.054
0.051
0.032
0.021

-

0.148
0.085
0.085
0.075
0.048
0.047
0.027
0.015
0.013

0.155
0.128
0.092
0.085
0.047
0.040
0.021
0.011
0.007

—
0.182
0.134
0.091
0.053
0.038
0.018
0.008

-

—
-
-

0.268
0.097
0.053
0.020
0.007

-

systematical errors

0.00 0.013 0.024 0.027 0.027 0.034
0.05 0.012 0.026 0.026 0.029 0.037 0.045
0.10 0.013 0.025 0.027 0.031 0.035 0.033
0.15 0.011 0.025 0.029 0.030 0.029 0.032 0.039
0.20 0.018 0.016 0.026 0.026 0.028 0.030 0.032
0.30 0.012 0.011 0.019 0.022 0.023 0.022 0.026
0.40 0.009 0.007 0.006 0.014 0.014 0.012 0.011
0.60 0.012 0.004 0.002 0.002 0.003 0.003 0.002
0.85 - 0.000 - 0.002 0.000
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*low

0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.60
0.85

0

0

1
1

0-1

.124
-

.721
-

.277

.872
-
-
_

1-2

0.302
0.281
0.175
0.049
0.055
0.818
1.089
0.001

rCABLE 61
Structure function xF3P(:

Q2 Interval (GeV2)
2-4

0.288
0.317
0.230
0.256
0.206
0.086
0.189
0.169

_

4-8

0.288
0.368
0.269
0.420
0.466
0.373
0.201
0.0 67
0.033

8-16

0.732
0.402
0.452
0.494
0.396
0.295
0.155
0.034
0.006

x.Q2).

16-40

0.853
0.623
0.544
0.339
0.247
0.129
0.016
0.001

40-140

0
0
0
0
0

-
-

.375

.341

.259

.108

.008
_

statistical errors

0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.60
0.85

0.089
-

0.635
-

1.362
1.883

0.127
0.170
0.280
0.384
0.426
0.564
0.597
0.703

0.158
0.125
0.146
0.207
0.166
0.214
0.189
0.186

0.177
0.117
0.129
0.128
0.094
0.111
0.081
0.063
0.073

0.166
0.152
0.121
0.118
0.072
0.067
0.041
0.027
0.019

0.194
0.153
0.109
0.068
0.052
0.027
0.013
0.005

0.281
0.106
0.061
0.024
0.009

systematical errors

0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.60
0.85

0.074
-

0.235
-

0.554
0.614

-
-
_

0.072
0.109
0.161
0.222
0.202
0.129
0.089
0.108

0.065
0.077
0.098
0.119
0.139
0.140
0.051
0.015

0.057
0.064
0.073
0.077
0.075
0.077
0.058
0.009
0.010

0.036
0.061
0.063
0.055
0.055
0.048
0.033
0.007
0.000

—
0.048
0.053
0.047
0.048
0.035
0.021
0.005
0.000

—
-
-

0.041
0.039
0.033
0.014
0.003
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TABLE 62
Structure function difference AF2 (x.Q

2).

xlow

0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.60
0.85

0-1

0.259
0.398
0.294
0.292
0.621
0.211
0.047
0.376
1.622

1-2

0.186
0.429
0.389
0.513
0.458
0.380
0.386
0.181
0.773

Q2 Interval
2-4

0.410
0.294
0.640
0.734
0.711
0.653
0.302
0.145
0.279

4-8

0.3 90
0.460
0.711
0.582
0.526
0.547
0.436
0.084
0.101

(GeV2 )
8-16

1.235
0.766
0.620
0.460
0.569
0.568
0.422
0.087

_

16-40

_
0.888
0.340
0.4 61
0.609
0.495
0.301
0.082
0.002

40-140

_.
-
-

0.747
0.620
0.528
0.231
0.062

_

statistical errors

0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.60
0.85

0.049
0.078
0.102
0.109
0.116
0.105
0.077
0.074
0.110

0.118
0.119
0.136
0.140
0.108
0.108
0.081
0.063
0.083

0.179
0.113
0.116
0.139
0.089
0.086
0.053
0.036
0.032

0.223
0.131
0.136
0.118
0.075
0.074
0.044
0.026
0.029

0.565
0.208
0.149
0.131
0.077
0.068
0.038
0.019

_

—
0.3 73
0.200
0.138
0.088
0.064
0.032
0.014
0.005

—
-
-

0.480
0.164
0.096
0.034
0.013

_

systematical errors

0.00 0.018 0.025 0.040 0.036 0.067
0.05 0.018 0.035 0.036 0.046 0.069 0.083
0.10 0.017 0.031 0.046 0.057 0.064 0.051
0.15 0.014 0.032 0.051 0.053 0.051 0.056 0.078
0.20 0.034 0.024 0.047 0.046 0.053 0.058 0.063
0.30 0.013 0.022 0.036 0.041 0.046 0.043 0.051
0.40 0.008 0.017 0.013 0.027 0.029 0.025 0.021
0.60 0.025 0.008 0.005 0.004 0.006 0.006 0.004
0.85 0.049 0.023 0.008 0.004 - 0.000
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TABLE 63
Valence quark distribution

0
0
0
0
1
0
1
3

0-1

.227

.120

.387

.164

.327

.697

.224

.990
_

0
0
0
0
0
0
0
0

1-2

.225

.3 68

.384

.417

.317

.488

.113

.066
_

Q2 interval
2-4

0.325
0.341
0.444
0.558
0.578
0.430
0.120

-

4-8

0.279
0.339
0.497
0.516
0.488
0.479
0.328
0.045
0.030

(GeV2 )
8-16

0.432
0.534
0.536
0.450
0.480
0.432
0.291
0.060
0.001

16-40

0
0
0
0
0

_

.617

.404

.459

.474

.3 61
0.217
0 .051

—

40-140

0
0
0
0
0

_
-
-

.569

.471

.394

.169

.034

xlow
0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.60
0.85

statist ical errors

0.00 0.037 0.055 0.078 0.090 0.108
0.05 0.113 0.074 0.056 0.058 0.088 0.116
0.10 0.241 0.113 0.069 0.067 0.068 0.076
0.15 0.367 0.152 0.096 0.062 0.059 0.055 0.204
0.20 0.545 0.166 0.075 0.044 0.038 0.040 0.068
0.30 0.705 0.238 0.095 0.050 0.036 0.030 0.042
0.40 0.733 0.249 0.081 0.037 0.023 0.016 0.015
0.60 1.025 0.290 - 0.030 0.013 0.008 0.006
0.85 - 0.043 0.010

systematical errors

0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.60
0.85

0.019
0.036
0.062
0.083
0.141
0.163
0.166
0.146

_

0.019
0.029
0.040
0.055
0.051
0.036
0.034
0.030

_

0.019
0.021
0.027
0.032
0.036
0.036
0,015

-
_

0.017
0.020
0.024
0.024
0.023
0.022
0.016
0.003
0.003

0.019
0.024
0.024
0.020
0.020
0.018
0.012
0.002
0.000

_
0.026
0.019
0.020
0.020
0.015
0.009
0.002

_

—
-
-

0.024
0.020
0.016
0.007
0.001

_
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TABLE 64
Valence quark distribution

xlow

0.00
0.05
0.10
0.15
0.20
0.30

0-1

0.098
-

0.240
0.018
1.016
0.592

1-2

0.132
0.153
0.189
0.160
0.088
0.298

Q2 Interval
2-4

0.119
0.194
0.124
0.191
0.222
0.104

4-8

0 .
0 .
0 .
0.
0 .
0 .

084
159
141
225
225
205

(GeV2 )
8-16

_
0.151
0.226
0.220
0.196
0.148

16-40

_

0.173
0.234
0.229
0.170
0.114

40-140

0
0
0

-
-

.196

.161

.130
0.40 1.200 - - 0.110 0.080 0.066 0.054
0.60 3.802 - - 0.003 0.016 0.010 0.003
0.85 - 0.002

statistical errors

0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.60

0.035
-

0.239
0.3 62
0.538
0.702
0.726
1.007

0.054
0.069
0.108
0.152
0.163
0.230

-
_

0.071
0.051
0.061
0.085
0.068
0.090

-
_

0.083
0.052
0.056
0.054
0.039
0.045
0.034
0.027

—
0.073
0.055
0.053
0.031
0.029
0.018
0.011

—
0.154
0.075
0.053
0.031
0.024
0.012
0.006

—
-
-

0.137
0.053
0.030
0.011
0.004

0.85 - 0.008

systematical errors

0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.60
0.85

0.017
-

0.062
0.083
0.139
0.163
0.165
0.141

0.018
0.026
0.037
0.052
0.050
0.036

-
-
_

0.017
0.019
0.024
0.028
0.032
0.034

-
-
_

0.016
0.018
0.020
0.020
0.020
0.019
0.014
0.003

_

—
0.020
0.020
0.017
0.017
0.014
0.009
0.002
0.000

—
0.024
0.018
0.017
0.016
0.012
0.007
0.002

_

—
-
-

0.019
0.016
0.013
0.006
0.001

_
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SBHMARY

In this thesis the results of an analysis of inclusive neutrino and antineutrino
interaction on deuterium nuclei are presented» The use of deuterium as a target
provides a mean to study proton and neutron scattering separately» The data were
taken with the Big European Bubble Chamber» This detector combines a large tar-
get volume with a high resolution of the measurement of the individual particle
tracks» The results presented in this thesis are based on an analysis of data
gathered by the WA25-collaboration in which the institutes of Amsterdam,
Bergen, Bologna, Padova, Pisa, Saclay and Torino are participating»

The presently accepted theory of electro-weak interactions Is reviewed.
Applications of the quark-parton model in the context of deep-inelastic neutrino
interactions on nucleons are summarized» The concept of scaling and i t s conse-
quences are treated, together with some sources of violation of scaling.

The properties of the CERN wide-band neutrino beam and an overview of the
elements of this beam are given. The method to determine the energy distribution
and the composition of the neutrino and antineutrino beam is described. The
technique employed to separate neutrino Interactions on protons and neutrons is
discussed.

Results of the measurement of the total nucleon charged-current cross-sec-
tions and differential cross-sections are presented, together with the ratio of
the neutron to proton cross-section for neutrino and antineutrino scattering.
The energy dependence of the total cross-sections and cross-section ratios are
given. Some details of the methods used in the analysis of differential cross-
sections are discussed. The differential charged-current cross-sections d /dy
and da/dx are measured. The relative contributions of quarks and anti quarks to
the neutrino cross-sections are deduced from the y-distributlons and compared to
those obtained from the total cross-section measurements.

Finally, the analysis of the structure functions i s given. The structure
functions are presented in terns of x, and In terms of x and Q2 • Scaling viola-
tions are observed and are in qualitative agreement with QCD predictions. A val-
ue of the mass-scale parameter A. i s obtained by employing the method of Barker.
Langensiepen and Shaw. The measured value for A exhibits large systematic er-
rors.
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SAMENVATTING

In dit proefschrift «orden de resultaten gepresenteerd van een analyse van in-
clusieve neutrino en antineutrino interakties net deuteriumkernen. Het gebruik
van deuterium als doelwit voor de neutrino's levert een middel om de verstrooi-
ing aan protonen en neutronen gescheiden te bestuderen. De metingen werden ver-
richt met behulp van het zogenoemde bellenvat BEBC. In deze detector zijn een
groot tref-volume en een hoge resolutie voor de meting van individuele deeltjes-
sporen verenigd. De in dit proefschrift opgenomen resultaten zijn gebaseerd op
een analyse van meetgegevens die verzameld zijn in het kader van het WA25 samen-
werkingsverband, waarin de instituten van Amsterdam, Bergen, Bologna, Padua,
Pisa, Saclay en Turijn deelnemen.

Een overzicht van de op dit moment aanvaarde theorie van de electrozwakke
wisselwerking wordt gegeven. Toepassingen van het quark-model in samenhang met
diep-inelastieche neutrino wisselwerkingen met kerndeeltjes worden samengevat.
Het begrip schaalinvariantie en de gevolgen daarvan worden behandeld, samen met
sommige oorzaken van schaalbreking.

De eigenschappen van de achromatische neutrinobundel van CERN (Europese Or-
ganisatie voor Kernonderzoek, Genève) en een overzicht van de elementen van deze
bundel worden gegeven. De methode om de energieverdeling en de samenstelling van
de neutrino- en antineutrinobundel te bepalen wordt beschreven. De techniek ge-
bruikt om neutrinowisselwerkingen net protonen en neutronen te scheiden wordt
besproken.

Er worden resultaten van de meting van de totale werkzame doorsneden ver-
meld, samen met de verhouding tussen de neutron en proton-werkzame doorsnede van
neutrino- en antineutrino-verstrooiing. De energieafhankelijkheid van de totale
werkzame doorsneden en van de werkzame-doorsnedeverhoudingen zijn gegeven. De
methoden die in de analyse van de differentiële werkzame doorsneden worden ge-
bruikt, worden in enig detail besproken. De differentiële geladen stroom werkza-
me doorsneden da/dy en da/dx zijn gemeten. De relatieve bijdragen van quarks en
anti quarks aan de neutrino-werkzame doorsneden worden afgeleid van de y-verde-
lingen en vergeleken met die, welke bepaald zijn aan de hand van de metingen van
de totale werkzame doorsneden.

Tot slot wordt de analyse van de structuurfuncties besproken. De structuur-
functies zijn gepresenteerd in termen van x-afhankelijkheid, en van x en
Q2-afhankelijkheid. Schaalbreking is waargenomen en is in kwalitatieve overeen-
stemming met QCD-voorspellingen. Gen waarde voor de massaschaal-parameter A is
afgeleid met behulp van de methode van Barker, Langensiepen en Shaw. De verkre-
gen waarde van A vertoont grote systematische fouten.
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