
I '•: I S - r. f - - 1 0 9 Z 3

A STUDY OF THE INTERACTIONS OF HIGH ENERGY ELECTRON-NEUTRINOS

Kees Nieuwenhuis



/ft/S-r»f _ /.'

A STUDY OF THE INTERACTIONS OF HIGH ENERGY ELECTRON-NEUTRINOS

ACADEMISCH PROEFSCHRIFT

ter verkri jging van de graad van doctor in
de Wiskunde en de Natuurwetenschappen aan
de Universiteit van Amsterdam, op gezag
van de rector magnificus Dr. D. W. Bresters,
hoogleraar in de faculteit der Wiskunde en
Natuurwetenschappen, in het openbaar te
verdedigen in de Aula der Universiteit
(ti jdelijk in het Wiskunde gebouw,
Roeterstraat 15) op woensdag 9 april 1986
des namiddags te 16.00 uur.

door

Cornells Hermanus Maria Nieuwenhuis

geboren te Amsterdam



Promoter : Prof. Dr. A.G.Tenner

Co-promoter : Prof. Dr. K. Winter

The work described in this thesis is
part of the research program of the
"Nationaal Instituut voor Kern en
Hoge Energie Fysica (NIKHEF)". The
author was financially supported by
the "Stichting voor Fundamenteel
Onderzoek der Materie (FOM)".



Contents i

CONTENTS

INTRODUCTION 2
Why this experiment? 2
The experiment 2
The measurement 3
The method 3
The thesis 3

I. THEORY 5
1.1 Short history of weak interactions 5
1.2 Intermediate Vector Boson hypothesis 6
1.3 Glashow-Iliopoulos-Maiani (GIM) mechanism 7
1.4 Standard theory of electro — weak interactions 7
1.5 Quark — Parton model 9
1.6 Electron — neutrino nucleon scattering 11
1.7 Prompt neutrino production in hadron collisions 12

1.7.1 Charm production in p - Cu interactions 12
1.7.2 Semileptonic charm decay 13

1.8 The experiment 14

2. THE NEUTRINO BEAM 16
2.1 The CERN beam dump facility 16

2.1.1 Layout of the CERN 1982 SPS beam dump facility 16
Beamline 16
Copper dumps 16
Shielding 19

2.1.2 Monitoring system of the proton beam 19
2.1.3 Experimental conditions 22

2.2 Characteristics of the beam dump neutrino beam 22
2.2.1 Production of prompt neutrinos 22
2.2.2 Conventional neutrino flux 24
2.2.3 Neutrino associated muon flux 25

Calibration of the Solid State Detectors 26
2.2.4 Calibration of the muon flux measurement 26
2.2.5 Leakage correction 27
2.2.6 Beamdump neutrino energy spectra 27

3. EXPERIMENTAL S E T - U P 31
3.1 The CHARM detector 31

3.1.1 The target calorimeter 31
3.1.2 The calorimeter scintillator system 32
3.1.3 The proportional drift tube system 35
3.1.4 The streamer tube system 36
3.1.5 The end system 36
3.1.6 The trigger system 37

3.2 Calibration and performance of the detector 39
3.2.1 Energy response and resolution 39
3.2.2 Attenuation constants 41
3.2.3 Calibration of scintfllators and proportional drift tubes 42

3.3 The data acquisition system 44
3.4 The on —line monitoring of the detector 45
3.5 The on - line monitoring of the beam 49

4. EVENT RECONSTRUCTION 51
4.1 Pattern recognition and event classification 51

4.1.1 Reconstruction in a nutshell 51
4.1.2 Track — finding 52



Contents ii

Muon momentum and angle determination 53
4.1.3 Shower reconstruction 54

4.2 Automatic classification of events 55
4.2.1 Corrections to the event classification 55

Scanning rules 56
The random sample 57
Results from the scan 58

4.3 Electromagnetic and hadronic shower separation 59
4.4 The search for electromagnetic showers 59

4.4.1 The kinematical variables of the analysis 61
4.4.2 Separation of signal and background 62

5. DESCRIPTION OF EVENT SAJMPLES AND DISTRIBUTIONS 63
5.1 The beam dump muon — less event sample 63
5.2 The semi — Monte - Carlo sample 64
5.3 The pure electron shower events 65
5.4 The y — distribution for the signal 67
5.5 The y — distribution for the background 69
5.6 Monte Carlo simulation of charm production and decay 70

6. EXPERIMENTAL RESULTS 74
6.1 Introduction 74
6.2 Observation of prompt electron — neutrino induced interactions 78

Systematical errors 81
6.3 NC/CC cross - section ratio for electron — neutrinos and anti — neutrinos 83
6.4 Prompt electron - neutrino and muon -neutrino flux ratio 84
6.5 The energy dependence of the prompt electron — neutrino events 85
6.6 Charm hadro — production cross — section 88
6.7 Discussion and conclusions 89

SUMMARY 91

SAMENVATTING 92

RESUME 93

ACKNOWLEDGEMENTS 94

References 95



rwT-D rail trrrn v

In this thesis results will be presented of an analysis of electron—neutrino interactions, obtained with
the electronic detector of the CHARM (Cem, Hamburg, Amsterdam, Rome, Moscow) collaboration in a
proton beam dump experiment at the CERN (European Laboratory for Particle Physics) 400 GeV proton
accelerator, the SPS (Super Proton Synchroton).

WHY THIS EXPERIMENT?

Analysis of an earlier beam dump experiment (in 1979) performed with the CHARM detector [1]
established a prompt muon — neutrino and electron - neutrino signal. However, flux measurements showed
an apparent inequality of the prompt fluxes. The same effect was observed by two other groups, the Aachen -
Bonn - Cern - London - Oxford - Saclay (ABCLOS) Collaboration [2] and the Cem - Dortmund -
Heidelberg - Saclay (CDHS) Collaboration [3] also in 1979 and already at an earlier occasion in 1977. This
inequality could indicate, if confirmed, a new type of physics. To establish the effect in an unambiguous
way, new experiments were needed with improved statistical and systematical accuracy. One of these new
experiments, performed in 1982, is described in this thesis.

THE EXPERIMENT

In a beam dump experiment the proton beam is directed towards a thick target to absorb as much as
possible of •he incident proton beam. In this experiment the target was made of copper. In the copper the
protons interact and produce cascades of other particles. These other particles can decay and one of the
possible decay products is the neutrino. After the target an absorber of iron, earth and rock is installed which
absorbs all particles except the neutrinos and hence a neutrino beam is created.

The main source of the neutrinos is the weak semilcptcnic decay of e.g. pions, kaons and heavier
particles. These parent particles can be split into two groups: long living particles like the v and K. mesons
and short living particles like D mesons and Ac baryons The first group of particles are the origin of the
so —called conventional neutrino flux and produce mainly muon — neutrinos. The second group of particles is
responsible for the prompt neutrino flux and they produce equal amounts of electron— and
muon — neutrinos. A more quantitative way of explaining the difference between the prompt and the
conventional production process can be given in terms of the lifetime cf the decaying particles: the lifetime of
pions and kaons is in the order of 10 ~B sec. This can also be expressed in a typical decay length of 55 m/GeV
and 13 m/GeV for pions and kaons respectively. For these same particles the interaction length in the copper
of the targets used in this beam dump experiment, is a few tens of centimetres. This is much smaller than the
decay length. In the opposite case i.e. the decay length is much shorter than the interaction length, the decay
is called prompt'. Hence, prompt neutrinos are neutrinos produced in the decay of particles with a lifetime T
< 10" l 2 sec. like the D meson. (It should be mentioned that this definition of prompt does not hold in the
limit of infinitely dense materials). The conventional contribution to the neutrino flux is reduced because the
pions and kaens are absorbed in the target before they can decay. Therefore the relative electron — neutrino
content of the beam is high and this type of beam is then specially suited to investigate prompt electron —
and muon - neutrino interactions both at the same time and with the same beam.

The neutrinos are directed towards an experimental set — up where their interactions with matter can
be observed. Some characteristic quantities of these reactions are measured with the help of several detection
elements.

Since neutrinos carry no information about the source at which they are produced, the only method
to separate the prompt signal from the conventional one is a statistical one. Furthermore, since the neutrino
is the only observed decay product, the measured prompt rate can only revei] something about the prompt
production process in an indirect way by comparing with theoretical predictions. The analysis described in
this thesis uses a method to directly identify the electron — neutrino induced charged current (CC) events and
to measure their characteristics. These characteristics can be used to check thereby the universality of v and
v neutral current and charged current reactions; to determine the ratio of total cross — sections of neutral and
charged current reactions induced by electron — neutrinos, to search for vT induced events and to compare the
prompt v and v fluxes.
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The results presented in this thesis are mainly based on the observed electron — neutrino and
anti - electron - neutrino interactions. Contrary to e.g. a wide band type of neutrino beam (i.e. a beam
consisting of neutrinos produced in the decay of long living mesons and without momentum selection of
these parent mesons), where the content of electron —neutrinos is only a few percent of the total neutrino
flux, the beam dump neutrino beam is a high flux electron-neutrino beam. The electron-neutrino
contribution is about 50 % of the total prompt flux. Therefore, this neutrino beam type is more suitable then
a wide band beam, to study the characteristics of electron — neutrino interactions.

As a result of the analysis we present the observation of a prompt electron - neutrino signal i.e. the
observation of neutrinos produced in the decay of short living particles. It was the search for this type of
processes that initiated the design of beam dump type experiments. Other results presented are the ratio of
the neutral current and charged current cross - sections for electron — neutrinos and anti - neutrinos and the
ratio of the charged current electron - neutrino and the charged current muon - neutrino fluxes for promptly
produced neutrinos. The measured ratios are compared to the predictions of the Standard Model which
assumes e — ji universality. The energy spectrum of the observed prompt electron - neutrinos is compared
with a model dependent prediction. The last result presented, is the measurement of the charm production
cross — section, using the observed prompt electron — neutrino signal and assuming that this signal can be
attributed to the instanteneous decay of charmed D — mesons.

THE METHOD

The data analyzed, were taken with two copper targets of different density. To extract the prompt
electron - neutrino signal, the total amount of recorded neutrino interactions was first split into two parts: a
sample containing the candidate events and the rest. The first sample is called the (V sample and contains
events without a muon in the final state. It consists of neutral current (NC) v interactions and NC and
charged current (CC) v events. These events are then subject of a special search for electromagnetic energy
and their so-called y parameter is measured (y being the fraction of hadronic energy in the event). Via a
statistical procedure the background NC v and the signal CC v^ events are separated and their fluxes are
determined. The procedure uses the measured y distributions. The use of two different density targets then
allows the extraction of the prompt neutrino events by extrapolation to infinite density.

THE THESIS

Chapter 1 gives an overview of the standard theory of electro — weak interactions and, where possible,
the predictions for the parameters measured in the analysis.

The next chapter describes the proton beam dump and its properties and the lay —out. To
distinguish interactions induced by neutrinos coming from the decay of charmed mesons from those induced
by neutrinos from conventional sources data were recorded with dumps of two different densities and
extrapolated to infinite density. Great care was taken to monitor the beam scraping (= the interaction of
beam particles with the optical and measurement elements of the beam line) since it would give a
contribution to the event rates in the form of a quasi prompt signal and can spoil the result of the
extrapolation.

Chapter 3 contains a detailed description of the apparatus used to detect the interactions of the
neutrinos from the beam dump. The CHARM detector has been specially designed for the measurement of
neutral current (NC) neutrino interactions, determining their shower properties and, for CC muon - neutrino
events, their muon in the final state. The structure is such that it provides good classification of the events
and a determination of the kinematics of the neutrino interactions such as the energy and direction of the
hadron shower in semi - leptonic reactions, the angle and the momentum of the muon in charged current
v (P ) interactions and the total energy in •'gO'g) induced charged current interactions. The target calorimeter
is equiped with three different types of detection elements: scintillators, proportional drift tubes and streamer
tubes. The scintillators are used for the energy measurement and provide the fast signals necessary for the
trigger. In addition they provide a measurement of the shower width T and the angle for hadronic showers.
The proportional tubes measure the energy in places where there are no scintillators and are used for the
track reconstruction and the determination of the shower angle and vertex. The streamer tubes (which were



- 4 -

added at a later stage when the detector was already constructed and operating) are used to refine the vertex
and angular measurements for showers, especially for electromagnetic ones. ITie diversity and characteristics
of these detection elements, together with the fact that the target material (marble) has a low Z value which
enables hadronic and electromagnetic showers to develope over considerable distances, makes the detector
suitable to study both electromagnetic and hadronic showers in a detailed way and thus to study not only
muon-neutrino, but also electron —neutrino interactions.

Then, the off — line analysis of the events collected with the detector is explained. Because the main
part of the ar.ilysis described in this thesis concerns neutrino induced events without a charged muon in the
final state, some emphasis is put on the description of the event classification in the analysis program. It is
explained why a substantial background of misclassified charged current events being part of the neutral
current sample can be excluded with confidence. The method used to identify electron-neutrino charged
current events is described in detail as it was not part of the standard event analysis, but specially developped
for this beam dump experiment.

Chapter 5 describes the different data samples and distributions and their use in the analysis. It also
describes the subdivision of the different samples in energy bins at the level of the event by event analysis and
it gives a definition of the main variables which are determined and used in the analysis.

Chapter 6 contains the results in terms of the values and/or distributions of the measured variables
and it describes the methods used to extract them from the data. The last section summarizes the results.
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1. THEORY

The physical process studied in this thesis is the production and interaction of electron — neutrinos in and
with matter. The neutrino is a massless neutral object, belonging to the family of leptons. The existence of
the neutrino was first proposed by Pauli in 1933 to explain the observed continuity of the energy spectrum of
the charged lepton emitted in P decay. Interactions of neutrinos with matter were first observed around 1960.
All interactions of neutrinos belong to the so - called weak processes.

1.1 SHORT HISTORY OF WEAK INTERACTIONS

A first theoretical description of weak phenomena was developped by Fermi [4] in 1934, who described the /3
decay process as a point interaction, similar to the process of a photon emitted by an excited nucleus,
described in Quantum Electro Dynamics (QED), and thus introducing a current x current term in the
Lagrangjan for the weak processes. The strength of the interactions was ruled by one coupling constant G
with dimension [GeV ~ *]. The weak Lagrangian density was written as:

L w = G [1 ̂  ^ [n ^ p]

Generalizing the formalism introduced by Fermi, the most general form for the interaction
Lagrangian density that describes the weak interactions between fermions is:

where the current J can be expressed as J = ^ Oi£ and gj are the coupling constants that determine the
relative strengths of the different possible interaction types. The fields ip are all fermion fields (e.g. e^1 jt,v , p
and n etc.). that contain the creation and annihilation operators for the particles. They can be described^ by
Dirac spinors. In the Dirac space the linear operators O- are described by 4x4 matrices. Imposing the
condition that L has to be invariant under Lorentz transformations, one finds 16 independent matrices that
one can form with the unit matrix and the Dirac y matrices. With these operators, the currents transform in
well defined ways under linear transformations in 4 — dimensional space. The contraction of two currents of
the same type results in a scalar which is invariant. The characteristic transformations are called scalar (S),
vector (V), tensor (T), axial vector (A) and pseudo scalar (P).

Several experimental observations helped to narrow down the number of possible interaction types
that describe the weak phenomena, some of which will be mentioned here.

The near equality of the measured coupling constants for different process (e.g. via life time
measurements), led to the hypothesis of the Universal Fermi Interaction, establishing a unique coupling
constant G for all weak phenomena.

The discovery of parity violation allowed L to contain a scalar together with a pseudo scalar, which
means that the two currents can be of different parity (O- •» O^l + yc) )•

Determination of the helicity of the electron and the electron neutrino favoured the V and A types of
currents and provided evidence against the contribution of S and T types.

The observed ratios of the leptonic decay modes of pions and kaons {R = (m-»ei> lm-~nv )} strongly
favoured the exclusion of P type interactions.

The observation of two different types of neutrinos and the concept of separate lepton number
conservation gave rise to two leptonic currents, one for e and one for p.

It should be noted that the progress in understanding the weak phenomena came not only from
experiments but also from the development of theoretical concepts (old and new). Parity violation led to the
two component neutrino theory and, assuming that the coupling constants for the V and A terms are equal,
this theory transforms in the (already in 1957 postulated) V - A theory. The generalisation of the V —A
description is known as the current x current hypothesis and here the weak current is defined as
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J = Jlept + Jhadr + h c -

Jlept

and J h a d r = Jh(AS = O.) cos6c + J h (4S=

The hadronic current is written as a linear combination of a strangeness changing and a strangeness
conserving part according to the Cabibbo formulation of universality, to explain the observed rate of
strangeness changing decays.

In terms of parton models and in particular the quark parton model, the hadronic part of the weak
Lagrangian can be written in terms of the quark fields:

Jh ~* U V + Y 5 ) f d c o s Qc

where u (up), d (down) and s (strange) are the quark fields for the strong interaction eigenstates.

At this stage (around 1970) the theory had two main disadvantages:

1. The theoretical cross — sections rise indefinitely with energy and eventually violate unitarity.

2. The higher than ze ro- th order processes introduce infinities which can only be absorbed by
introducing an infinite number of free parameters of which the values are not predicted by the theory,
in which case the prediction power of the theory is reduced to zero. (Another way of saying this is
that the theory is not renormalizable).

The way in which the Lagrangian is written is based on a few assumptions:

1. It assumes e — p universality, meaning that the Lagrangian is invariant under the exchange of the
fields (e/g) and ( d O -

2. All currents are charged: at each vertex one unit of electrical charge is exchanged (so there are no
fields like (v,v) or (1,1).

3. The lepton numbers for electron and muon type of particles are separately conserved.

1.2 INTERMEDIATE VECTOR BOSON HYPOTHESIS

The unitarity problem is related to the fact that the universal Fermi interaction is a point process. This
problem can be solved by introducing a non - zero range for the weak interactions, in analogy to QED where
the rise of the cross - sections is damped by the photon propagator. The idea of exchange of an intermediate
boson came from Yukawa and he proposed it already in 1935 to describe the strong interactions [5] . Because
of the vector nature of the weak interactions (V,A) it has to be a vector boson and it has to be charged. Also,
since the current x current description works perfectly in the low energy region, the boson has to be massive
and the definition of a dimensionless coupling constant, g:

(in the limit Q2 < < M 2) is necessary. Here, W is the vector boson and M ^ its mass. Because of the mass,
the bosons have a longitudinal polarization mode which causes diagrams like the one in figure 1 to yield
infinite amplitudes. The discovery of neutral current neutrino interactions by the Gargamelle collaboration [6]
and [7] strongly favoured a particular solution to this problem, namely the introduction of a neutral
so — called Z° boson, in addition to the charged W + and W ~ .
Suitably chosen coupling constants for the charged and neutral couplings then cancel the divergence of the
previously mentioned diagram. The scheme with the heavy W and Z bosons is called the Intermediate Vector
Boson Hypothesis (IVB).
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Figure 1: The graph on the left shows a possible contribution to the "e~"e cross - section with an
infinite amplitude. The graph on the right side shows the diagram that cures this problem
by introducing the Z°.

1.3 GLASHOW-ILIOPOULOS-MAIANI (GIM) MECHANISM

The Intermediate Vector Boson hypothesis introduces strangeness changing 'neutral - like' currents with a
strength much higher than experimentally observed (e.g. K°. -• y-* n~ via 2W exchange). This problem
was solved by Glashow, Di-ipoulos and Maiani by introducing a fourth quark, possesing a new quantum
number which can be violated in weak interactions. This quark was called the 'charm' (c) quark. (The notion
of a 'charmed' quark was already introduced in 1964 by Bj<f>rken and Glashow and used in a SU(4)
symmetric model for strong interactions [8] ). The charm quark introduces new diagrams that cancel part of
the other strangeness changing processes and with a suitable choice of coupling constants the theoretical
predictions come very close to the experimental observations. The hadronic part of the weak current has to
be rewritten and obtains a second term:

(1 +yj)[d cos0c + and

The Lagrangjan, in terms of the FVB hypothesis, is now of the form L
boson field W represents two charged bosons and one neutral one.

g • + h.c. where the vector

1.4 STANDARD THEORY OF ELECTRO-WEAK INTERACTIONS

All the ingredients, mentioned in the previous section, are present in the Glashow - Salam — Weinberg [9]
theory of electroweak interactions. This field theoretical model is based on the gauge group SU(2) © LJ(1)
and accomodates a weak Isospin (I) symmetry (SU(2) group) and a weak hypercharge (Y) symmetry (U(l)
group). In particular, the elementary fermions are grouped in left handed doublets that carry weak isospin
1=1/2 and right handed singlets with 1 = 0 (right handed neutrinos are not included) and each fermion carries
a hypercharge Y/2= Q — I j where Q is the electric charge and I-j the third component of the isospin.

The symmetries are local (imposed by the wish to compare different quantities only at the same
point in space/time and not at different points) and that leads to the introduction of four vector fields that
interact with the particle fields. The number of fields is given by the regular representation of the gauge
group, 3 for SU(2): 2 charged fields and one neutral field, and one for U(l): one neutral field. These fields are
necessary to impose the invariance of L under local transformations. In fact, by imposing the invariance not
only the interaction of the particle fields with the gauge fields, but also the interactions of the gauge fields
with themselves are perfectly described and arise in a natural way. The coupling of the three SU(2) boson
fields W with the particle fields is ruled by a coupling constant g and the coupling of the U(l) field B by the
coupling constant g':



So far, the intermediate bosons are massless and the theory is renormalizable. However, to restore the
low energy behaviour of the current x current theory, the corresponding bosons have to acquire mass. Simply
adding a mass term in the Lagrangian ~ M2 W W distroys the invariance (the gauge invariance is 'broken')
and the theory is not renormalizable anymore. This problem was solved using the spontaneous symmetry
breaking mechanism of Iliggs [10] : the bosons are coupled to a scalar iso — doublet $ = (4 + ,$°) of which the
neutral component has a non — zero vacuum expectation value. For each boson that has to acquire mass one
has to introduce a massless scalar field, which in the process of breaking the symmetry and with the help of
one additional scalar field will decouple and disappear. The additional scalar field however, remains physical
but its mass cannot be determined by theory. This is the so —called Higgs scalar boson.

In this particular model of Glashow, Weinberg and Salam, three massive vector bosons and one
massless boson appear: W ' . W ' . Z " and y (or A; the photon), as a consequence of the mixing of the gauge
bosons Wj, W2, W 3 and B:

W± = (W, + iW2)/V2

Z = cose w W 3 - sin0wB

A = sin8wW3 + cos0wB

where 0 W is the electroweak mixing angle, which is defined1 as:

tg©w = g'/g

The strength of the well known electromagnetic interactions is restored by imposing the relation

e = ggV V(g2 + g")

The masses of the heavy bosons are given by the following relations, determined by the known strength of
the charged current interactions:

M w / cos0 w

/ 2 = (e/sin6w)-[(V2/8G)]1/2

The only unknown in this theory is the weak mixing angle (also called Weinberg angle) 0 , which has to be
put in by hand, determined from measurements.

It was proven by 't Hooft [ 11 ] that a gauge theory with mass: - fields is renormalizable if the mass is
introduced via spontaneous symmetry breaking.

A few of the characteristics of the theory are given in the following:

1. The electromagnetic interactions are pure vector and the coupling is a mixture of the SU(2) and U(l)
couplings. In terms of the free parameter 0 W , the e.m. coupling constant e is given by: e = gsin0w

= g'cos0w.

2. The weak charged current couplings are pure V—A and couple with the constant g ( = g^ = gv, and
are lefthanded.

1 Recently, at a special conference in Trieste in 1983, the definition of the electroweak mixing angle was changed to sin2© = 1 -
(M3

w/Ma
2) which was suggested by Sirlin. The reason was to define a unique renormalizatron scheme which eases the comparison of

different types of experiments.
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3. The weak neutral currents are a mixture of V and A, both lefthanded and righthanded. The coupling
constants relative to those of the charged currents are determined by the charge Q and the third
component of the isospin 1̂  and related to the free parameter @w. Normally the coupling constants
given are the chiral couplings and not the V and A couplings. The relation between the two is simply
% = (By - ga)/2 and g,= (gy + Ea)/2.

4. The overall strength of the neutral currents is fixed by the mass relation between Mz and ML. In the
original Glashow model the masses were put in by hand, which destroys the renormalizability and
gives an additional free parameter p. p = M,,,2/M 2 cos2©,,,. In the standard model p = 1.

w z w
5. The standard model considers 3 generations of leptons and 3 generations of hadrons, all grouped in

left handed iso - doublets and right handed singlets (except for the neutrino):

("e> <»„> <'T>
(e)l (fT)l (T)1 and er> ^ r and r r

(u ) (c ) (t )
(d')I (s')l (b')l and ur,d'r,cr,s'r,tr, and b ' r

The mixing of the strong interaction quark eigen states d, s and b is given by the
Kobayashi — Maskawa matrix.

6. Fermions with the same charge couple with the same strength to the neutral vector boson (Z°),
independently of the fermion generation. This is called the universality principle. It is imposed by the
particular structure of the GIM mechanism which does not allow flavour changing neutral currents.

For a recent review on the comparison of the standard model with experiments (with the emphasis on the
neutral current sector) see [12] .

1.5 QUARK-PARTON MODEL

The structure functions that probe the structure of the nucleon in deep inelastic vN scattering, scale in the
limit of Q2 — oo and v — <x (keeping p/Q2 constant): F-(Q2,x) -• Fj(x). Bj$>rken [13] arrived at the scaling
hypothesis using dimensional analysis in the infinite momentum scheme. Phenomenologically, scaling can be
described by saying that the interactions, in the limit of scaling, occur among point like particles. Typically,
scaling sets in at Q2 and v values which are large compared to the mass scale involved (deep inelastic
region).Experimentally, the first indications of point like particles in the nucleon came from electron
scattering experiments around 1968. Further experiments not only confirmed the scaling behaviour but
showed that scaling works already at relatively low Q2 values (> 2 GeV2) at low x ( s 0.3). This is called
precocious scaling.

Based on these observations and predictions a phcnomenological model was developped, called the
parton model, that describes the interactions e.g. between neutrinos and the constituents of the nucleon and
simplifies the mathematics to some extent. The basic assumptions of the model are:

1. hadrons in an interaction act like a collection of point like particles that share the momentum of the
hadron.

2. during the interaction the partons behave like free particles and thus the nucleon cross — section is
the incoherent sum of the single parton cross — sections.

3. parton masses are negligible.

(For a complete description of the first parton model, see [ 14] ). At first, partons were only considered as an
elegant tool to describe the data, but without real physical meaning. But now, based on the observed
selection rules and mass spectra (and as was already proposed by Gell —Mann and Zweig in 1964), the firm
belief is that quarks are the real constituents of the hadrons. Incorporation of the quarks (and gluons) in the
parton model leads to what is called 'J.K Quark Parton Model (QPM).



- 1 0 -

To describe the weak processes with the QPM two more assumptions had to be introduced:

1. interactions between partons (quarks and gluons) confine the quarks inside the hadrons, but happen
on a different, larger time scale as the weak processes.

2. partons are fermions and carry fractional electric charge and fractional baryon number and come in
six flavours and three colors each.

The scaling variable x is in terms of the QPM just the fraction of the nucleon (or hadron) momentum carried
by the quark and the structure functions F- yield the quark momentum distribution functions. For isoscalar
targets the structure functions are just the average of the structure functions for protons and neutrons. In the
scaling limit the Callan —Gross relation [15] holds: F2 = 2xFj and the double differential cross - section
simplifies to the extent that only a constant and a (1 - y ) 2 term are left (where y denotes the energy transfer
between target and projectile). From the spin dependence of the weak processes, and in particular the fact
that both the V and the A part conserve helicity, it can be shown that the y - dependence for cq and Pq is a
constant and for vq and i/q is proportional to (1 - y ) 2 (suppression of backward scattering). Writing q(x)/x as
the probability of finding a quark in a nucleon at a certain x, the q(x) are just the momentum distribution
functions of the quarks in the nucleon. In QPM the point like cross - section is proportional to the
probability of finding a quark at given x in the nuclcon and to the centre of mass energy squared of the vq
system:

d2o(..N)/dxdy » 2ME-(q(x) + (1-y) 2 q'(x))
d2o(i-N)/dxdy « 2ME-(q'(x) + (1-y) 2 q(x))

Assuming that the nucleon contains three valence quarks (that carry the baryon quantum numbers) which
are surrounded by a sea of qq pairs (produced by the presence of gluon fields, similar to the vacuum
polarization in QED), one can write q'(x) = q.(x) and q(x) = qv(x) + qs(x) where q is just 2q^ and i
indicates the flavour of the quarks and the s stands for 'sea' and the v for 'valence'.

Using the explicit form of the weak Lagrangian that defines all possible couplings between quarks
and leptons, using quark flavour probability distributions rather than momentum distributions and summing
over all quark flavours, one can write down the isoscalar structure functions for the different CC neutrino
scattering processes explicitly in terms of these quark probability functions. In a region where suppression of
charm production can be neglected, these functions are equal for neutrinos and anti —neutrinos. Below charm
threshold however, the coupling to the s —quark will be Cabibbo suppressed and then, for a non —zero
Cabibbo angle, the functions F2 and F , are different for neutrino and anti — neutrino. Substituting these
structure functions in the double differential cross — section and integrating over :» gives the y - distributions:

doO-NVdy = C -[( l -o) + a ( I -y) 2 ]
do(i>N)/dy = Cn-[o' + ( l - a > ( l - y ) 2 ]

where the assumption of charge symmetry:

leads to a single normalization constant Cn-

The difference between a and a' comes from the difference between neutrino and anti — neutrino for
F2 and xF,. In the experiment described in this thesis the average momentum transfer between v and N (or
q) is not sufficiently high to ignore charm threshold effects. The values for a and a' chosen to describe the v£

y — distributions are taken from a measurement in the NBB with the CHARM calorimeter (see [16] ) where
these threshold effects are also present and consequently there is a small difference between a and a'. They
are:

a = 0 . 1 0 ± 0.04
a' = 0.16 ± 0.01
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1.6 E L E C T R O N - N E U T R I N O NUCLEON SCATTERING

Figure 2 shows the process v + N -• e + X, which is the charged current v& interaction.

iab. frame

Figure 2: (a) Diagram of the electron —neutrino nucleon scattering, and (b) the scheme of that
interaction in the laboratory frame.

The interaction can be described by the kinematical variables E = neutrino energy in the lab. frame, y =
fractional energy transfer and defined as c/E (where v = (p-q)/M = E —Ee = Ej1 and M = target mass M or

e j1

Mn) and x = Q2/2Mv (where Q2 = - ( k - k ' ) 2 ) . Both x and y are Lorentz scalars in the lab. frame.

The cross — section for this process is proportional to the square of the matrix element that describes
the interaction. The matrix element is given by the specific term in the electroweak Lagrangian. Using the
variables given above, the double differential cross — section can be written as:

2 ± xF3y(l-y/2)}= " {F 2 - ( l -y-(Mxy/2E))
dxdy IT

(For the calculation, in terms of a parton model, see [20] and [21] ). The functions Fj are related to the
parton structure and depend in general on x and Q2. V-, contains the V,A interference term and changes sign
in going from neutrino to antineutrino. For isoscalar targets, like marble, the functions are just the average of
the proton and neutron functions.

The explicit assumption of generation universality in the Standard Model is often called e — p
universality if applied to the lepton sector. A direct consequence of this universality is that the cross — sections
for >'e and v are expected to be equal.

In the low q2 region the e — (j universality can be tested by looking e.g at -n decay. The theoretically
predicted value for

1.233 10"

where fw is the pion decay constant and where universality imposes f e = f_(*. A recent measurement of this
ratio by D.A. Bryman et al. [22] at the Tri - University Meson Facility (TRIUMF) in Vancouver, Canada,
gave as a result

R^ = (1.218 ± 0.014) x 10"*

which, if compared with the theoretical prediction, yields:
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f e/f " = 0.9939 ± 0.0057
V IT

and is in good agreement with the prediction of a universal coupling of electron and muon type leptons to
the charged current.

The exchange of virtual scalar bosons [13] could induce a deviation of universality at higher Qz

values. In this beam dump experiment we can test the universality at Q2 of around 30 GeV2, looking at the
ratio NCt^ + f )ICC{v +»c). We expect to find a value equal to NC(f +i> )ICC(v +v ) such that the ratio
of these ratios is 1. The ratio for v in fact tests the universality of the couplings to neutral and charged
currents. It can however, not proof the validity of the assumption of e — p. universality. Another, more model
dependent, test of the universality of the charged current coupling is the measurement of the ratio
CC(f + •' )/CC(i' + v ) for promptly produced neutrinos. Assuming that the prompt produced v and r
fluxes are equal, universality in the Standard Model predicts for the CC ratio a value 1. We remark that this
ratio can slightly deviate from 1 -f other processes than the semileptonic decay of the charm quark play a role
in the prompt production process. A possible deviation of the expected value is explained in a more
quantitative way later.

1.7 PROMPT NEUTRINO PRODUCTION IN HADRON COLLISIONS

1.7.1 CHARM PRODUCTION IN P - C L INTERACTIONS

It is assumed that the observed prompt neutrinos come from the decay of heavy flavours (m > m ) which
in turn are produced in hadron collisions (p Cu in the case of this beam dump experiment).

At present, hadro production of heavy flavours, and in particular charm, can be well described in
terms of perturbative QCD (Quantum Chromo Dynamics) to order O(a 2). In this model, the processes
contributing to the leading order heavy quark production are quark-quark and gluon-gluon fusion and
flavour excitation. Leading order QCD graphs for these processes are shown in figure 3.

flavour excitation

Figure 3: Ixading order QCD diagrams for the production of charm quarks. The different processes
shown are (a) quark fusion, (b) gluon fusion and (c) flavour exitation.

These mechanisms not only seem to explain the observed characteristics of the production e.g. the Feynman
x — distributions, but also predict production cross — sections which are in agreement with the data.
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1.7.2 SEMILEPTONIC CHARM DECAY

The decay of the charmed hadrons which produces the prompt neutrinos can be described by the so - called
'c — decay' model. In this model the neutrino production is described by the process c •* quark + lepton +
neutrino computed in the framework of QCD (see [29] ). Figure 4 visualizes the decay of the charmed quark.

Figure 4: Diagrams showing the decay of the charm quark. The graph on the left is the Cabibbo
favoured process and the graph on the right presents the Cabibbo supressed semileptonic
decay mode.

Table 1 shows some of the properties of the charmed D mesons which are at the origin of the prompt
neutrino production.

particle
(quark composition)

D + meson
(cd)

D° meson
(cu)

Table I:

Properties of D mesons

mass
(MeV/c2)

1869.4+0.6

lifetime 9.2 x 10"1 3 sec.

1864.7+0.6

lifetime 4.4 x 10"13

decay branching ratio

e + ^ + X 19. + 4-
H + v + X - 3 -

e + r + X 5.3 + 2-9
p+r +X - 1 - 3

idem for the charge conjugate reactions

Selection rules for leptonic and semileptonic decay modes for charm are given in table 2. The modes marked
with cos0 c are the Cabibbo favoured processes. Theoretical calculations [30] indicate that the purely leptonic
modes like D + -» e + v have very small branching ratios (D —mesons have zero spin and thus there is a
strong helicity suppression) and consequently most of the lepton products in charm decay come from
semileptonic processes. Therefore, in the Monte Carlo simulation other decay processes than the semileptonic
one were ignored.



Amplitude
suppression

cosBc

sin0c

c — decay

AS = AC = AQ= -
AI3=|AI| = 0

A C = A Q = - 1
AS = 0
AI3= -1/2,|AI| =

-1

1/2
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Table 2:

(semi) leptonic modes for charm decay

cbar — decay

AS = AC = AQ= + 1
AI3=|AI| = 0

AC = AQ= + 1
AS = 0
AI ,= + l/2,|AI|=l/2

This decay can be described in two ways: the spectator decay and the non - spectator decay. Both
descriptions have their Cabibbo favoured (AC = AS == — 1) and Cabibbo suppressed contribution. In the
spectator model the c - quark decays independently of the other (spectator) quarks and therefore all charmed
particle lifetimes are equal. In the second model not all decays are allowed and in particular there is no
non - spectator diagram for charged D - mesons. Taking both decay processes in consideration, each with its
own relative strength, an expected lifetime difference is obtained for e.g. T n + / Tr>o > 1. Data of various
experiments [31] seem to confirm the equal participation of both processes. Observed lifetimes for D - , D°,
F— and A and the lifetime ratio between charged and neutral D —mesons are in agreement with the standard
electroweak model (assuming a c-quark mass of 1.5 GeV/c2). Experimentally, using the measured lifetimes
as given in [32] the lifetime ratio for D + and D° is

T(D + ) 9.2 lO ' 1 3 s +0.54
= = 2.09

T(D°) 4.4 1 0 " 1 3 S -0.39

In our calculation of the charm production cross section, which is give later in this thesis, we have
assumed that we can use an average value of 9 % for the semileptonic branching ratio, but since we do not
know the relative contributions o fD D " and D°D° pairs the chosen value is not more than a guess. In the
calculation of the average branching ratio we have assumed that the ratio for the production of D* and D is
around 0.7 and that charged and neutral D are produced at equal rate.

The branching ratios for D-*nv X and D-^-ei^X were assumed to be equal since phase space effects
can be neglected. Thus we expect an equal flux of v and r to be produced. Since the mass difference
between e and y. is small compared to the D mass, differences in the energy spectra of the neutrinos are
expected to be very small.

1.8 THE EXPERIMENT

Based on the e — p. universality that is assumed in the Standard theory, we expect to measure a NC/CC
cross — section ratio for electron — neutrinos and electron anti — neutrinos which is equal to the ratio for
muon -neutrinos. We repeat that with this ratio we cannot proof the validity of the assumed e—(i
universality.

(NC/CC)e = (NC/CC)^

Using the QPM expressions for R" and R". and a value for the free parameter of the Standard Model sin26
= 0.215, we find

R" = (NC/CC),, = (1 /2) -s in 2 0 w + (20/27)sin4©w = 0.319
and
Rp. = (NC/CC)-. = ( 1/2) - s i n 2 0 w + (20/9)sin«8w = 0.388
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Witfain the restrictions of the Standard Model and under the assumption that the prompt neutrinos
are produced in the decay of charmed D ~ mesons, we expect to measure a ratio of prompt charged current
electron—neutrino induced events and charged current muon — neutrino induced events of:

CC(Me)/CC(^) = 1.

The latter ratio will , in the rest of this thesis, also be refered to as the (le/l/i) ratio, named after the final
state lepton which is characteristic for the type of interaction. This ratio is a direct test of the assumption of
e — fi universality in the Standard Model, via the weak semi —leptonic decay of the charm quark, but for the
charged current coupling only.

The measurement of the charm production cross — section is model dependent and, again, based on
the assumption that the prompt neutrinos are produced in the charm decay of produced D and D mesons.
Therefore we prefere to compare our measurement with other measurements rather than with a theoretical
calculation. The comparison will be given later in this thesis. The characteristics of the observed prompt
neutrino signal can be compared with the results of a Monte Carlo simulation of the production and decay
mechanism, including the detector characteristics.
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2. THE NEUTRINO BEAM

2.1 THE CERN BEAM DUMP FACILITY

In the beam dump facility the 400 GeV/c proton beam from the SPS is directed towards a large copper
target. In the copper, protons interact with nucleons, producing cascades of hadrons, leptons and photons.
Part of the hadrons then decay via a semileptonic weak process and produce the neutrinos and
anti - neutrinos. The conventional neutrino flux in the beam dump neutrino beam is attenuated by a factor ~
1000 compared to the CERN Wide Band Beam (WBB) because of the ratio of the decay lengths available: ~
18 cm in copper and ~ 300 m in the decay tunnel in the WBB. The exact amount of attenuation depends on
the target density. The pions and kaons that do decay yield an almost equal flux of neutrinos and
anti — neutrinos.

2.1.1 LAYOUT OF THE CERN 1982 SPS BEAM DUMP FACILITY

Figure 5 gives an overview of the CERN SPS neutrino beamline [40] .
Coming from the SPS the proton beam passes the target area for NBB and WBB operations (T9/T11),
passes the decay tunnel (where for the standard CERN neutrino beams the parent particles can decay into
muon and neutrino in vacuum) and hits the copper dump directly after the end of the decay tunnel.
Compared with the previous two proton beam-dump experiments performed at CERN (in 1977 and 1979),
the dump is placed at a distance of about 420 metres downstream of the former interaction point. This new
position was chosen to increase the solid angle that the detector covers and thus increase the flux. A position
closer to the detector is not possible because of the need of sufficient shielding to absorb the muons.

BEAMLiNE
When the proton beam is extracted from the SPS accelerator ring it is not pointed towards the experiments.
First the beam has to be brought on the ideal trajectory by a number of focussing and steering magnets. The
beam spot and the trajectory are measured in order to effectuate this steering. These measurements and the
steering unavoidably produce some secondary particles (e.g. pions and kaons) due to the impact of the beam
on the measurement and steering equipment. This is called scraping. These particles can decay into muons
and neutrinos and since they are produced upstream of the target their contribution to the total flux is
independent of the target density. They thus behave as promptly produced although they are of conventional
origin. Their rate should be kept low with respect to the real prompt contribution, not to deteriorate the
latter one too much. Once the beam is steered and focussed it is bent into the direction of the target and the
detectors and travels without any further interference through a vacuum beampipe up to the entrance window
of the decay tunnel with a slope of 42.5 mrad.

The vacuum pipe that brings the proton beam down from the T9 target area was directly connected
to the entrance of the decay tunnel. A movable thin window of 0.2 mm titanium was installed on a standard
valve mechanism just upstream the junction between the beam pipe and the decay tunnel. When the beam
was operated this window was removed from the path of the beam. The pressure in the tunnel was 0.02 Torr
and the composition of the residual gas was measured with a mass spectrometer to facilitate the calculation of
the contribution of beam — gas interactions to the conventional flux. The downstream end of the decay tunnel
was closed with a 0.1 mm titanium window with a diameter of 200 mm.

COPPER DUMPS
The three copper dumps o{ density p=p o /3 , pa/2 and lp0 respectively (where p0 = 8.96 g/cm3), were
installed on a movable support in an extension made to the cave in front of pit 1, situated at the end of the
decay tunnel. For the extension 12 disks of the iron shielding, amounting to a total length of 4.80 metres of
iron, had to be removed from the shielding of pit 1, leaving 11 disks as passive shield in that pit.

The density lp0 dump was made of a solid copper block of 3.025 metres length, the po/2 dump was
made of a 3.025 metres long copper block by machining a gap of 2.5 cm every 5 cm over the first two metres.
The po/3 dump was a 3.025 metres long copper block with air gaps of 5 cm every 7.5 cm. The lateral
dimensions were 31.0 x 41.5 cm2. The mechanical tolerances for the dumps were + 2 mm and —0 mm for
the total length and ± 0.1 mm for the thickness of the individual copper sections, leading to an uncertainty in
the density of less than 0.1 %. Behind the dumps a 3.025 metres long density lp0 copper catcher was
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Figure 5: The top figure gives an overview of the CERN SPS neutrino beamline: Protons are extracted
from the SPS ring and travel along this beamline, pass the NBB and WBB target area T9,
go through the decay tunnel and hit the copper beam dump. Counters that measure the
beam intensity are installed at 300 m, 520 m and 550 m upstream of the target. The second
drawing shows the target and detector situation in more detail.

installed with lateral dimensions of 41.5 x 41.5 cm. The catcher is there to absorb a large fraction of the
particles emerging from the dump (= the variable density part in which the prompt neutrino production
takes place). The absorbtion decreases the amount of pions and kaons that otherwise can decay and
contribute to the conventional neutrino flux. Both the dumps and the catcher were cooled. Figure 6 shows a
drawing of the beam dump target station.

The use of three different dump densities is related to the analysis method used to isolate prompt
neutrinos: in a target with almost infinite density only prompt neutrinos can be produced because aU pions
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Figure 6: The <hree copper dumps and the catcher in situ in the new beam —dump cave at the end of
*'.is decay tunnel. The p = p0 dump is made of solid copper over its whole length of 3.025
i:i. The p = pB/2 target is a 3.025 m long block of copper with an air gap of 2.5 cm every 5
cm over the first two metres of its length- The p = po/3 dump has 5 cm air gaps every 7.5
cm over the total length. The dumps could be moved laterally to place them into the
proton beam.

and kaons giving rise to the conventional neutrino production would be absorbed before they can decay.
Since such an infinitely dense material does not exist, we extrapolated the observed neutrino interactions
measured with two different densities to infinite density, thus isolating the prompt contribution statistically.
This method was choosen because of its simplicity and because it does not rely on a Monte Carlo simulation
of the conventional flux. Figure 7 shows this simple method in graphical form.
To apply this method, data taken with the lp0 and po/3 targets were used. The third target (po/2) was only
used for short runs to test the correctness of the linear extrapolation procedure, using the measured muon
flux in the shielding (see figure 8).

The maximum allowed beam intensity was 1.5 x 1013 protons per pulse of 23 ;is (single turn
extraction) every 12 seconds, with an average of 1.2 x 1013. The beam spot was not allowed to be smaller
than 40 mm at the highest intensity and 20 mm at 0.7 x 1013 protons (at the 4 sigma level), to keep the local
temperature at a reasonable level. Per pulse (and per SPS cycle of 12 seconds) the proton beam deposited 641
kJoules in the dump. The average temperature of the dump was 260" and the time constant for heating up
the target about 1.3 hours.
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M, "

Figure 7: Visualization of the 'extrapolation to infinite density' method used to isolate the prompt
contribution to the neutrino flux. Mj (M-j) is the measured le event rate for p = lp0 and
P =po /3 respectively, Cj(C3) the conventional neutrino induced rate and a-C, refers to the
leakage contribution seen as prompt.

The lateral dimensions of the targets were chosen such that the cascades are almost fully contained.
Longitudinally the lp0 target contains more than 20 absorbtion lengths and the po/3 target about 7
absorbtion lengths (the absorbtion length for protons in copper being approximately 15 cm).

Heating up of the targets affects the density by less than 0.1 %, as was established by comparing the
muon rates measured with cold and hot targets. Shock waves affect the density by less than 0.1%, which
came out of a comparison of the muon fluxes for low and high proton intensities. Monte Carlo calculations
have shown that the finite granularity of the po/3 target causes a deviation form the ideal 1/3 density situation
of less than 0.1 %. The mechanical tolerances, in particular for the p = po/3 dump affect this target density by
less than 0.06 %.

SHIELDING
Downstream of the catcher a passive iron shielding (146.7 kg c m " 2) of 164.7 metres (the magnet installed in
the shielding was not powered), followed by 225 metres of earth and rock (35.6 kg cm ~ 2 ) and an additional
39.2 metres of iron, outranged the muons. The distance from the upstream face of the dump to the upstream
face of the CHARM detector was 481.24 metres (and 487.40 m to the longitudinal centre of the fiducial
volume), yielding an angular acceptance of about 2.78 mrad for the lateral fiducial volume of the calorimeter.

2.1.2 MONITORING SYSTEM OF THE PROTON BEAM

The separation of the prompt and the conventional part of the neutrino flux requires a good knowledge of
the properties of the beam. The reason is that neutrinos produced upstream of the target contribute as a
quasi-prompt signal which cannot be separated from the prompt signal, although they are of conventional
origin. Therefore, beam conditions which favour such a contribution should be avoided and bursts taken
under bad conditions should not be part of the analysis sample. To ensure a good monitoring of the beam
conditions, a number of special detectors was used which are described in the following.
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Figure 8: Extrapolation of the measured muon fluxes in four different pits, to infinite density.
Measurements were made with the p = lPo, the p = pol2 and the p = po/3 targets.

The beam intensity was measured with three Beam Current Transformers (BCT). A BCT is a small
coil around the beam pipe in which a current is induced by the passage of the charged particles (protons),
which is proportional to the number of particles passing. The first two BCTs were installed at about 90
metres from the ejection point and the last one just upstream of the entrance to the decay tunnel (from
whereon there were no more bending or focussing elements). This last BCT was used to monitor the
absolute proton flux incident on the dump; its resolution was 1 x 1O10 protons per pulse (ppp) and the
accuracy 0.2%. The pedestal, a calibration factor and the proton induced signal were recorded for every burst.
In addition the pedestal and the proton signal were sent to the CHARM control room as pulse trains and
read by sealers (their content becoming an integral part of a detected event).

Beam position and profile were measured by several Secondary Emission Monitors (SEM) with
horizontal or vertical strips, one of which was equiped with a special television screen with a scanning facility.
All SEM's installed upstream of the decay tunnel had a resolution of 2.5 mm. The one that was installed
immediately before the dump, mounted in a separate vacuum tank, contained a vertical and a horizontal grid
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with a resolution of 5 mm (3.5 mm strip, 1.5 mm spacing). The special tv — screen had a detector area of 40 x
40 mm2 . The area was viewed by a radiation hardened objective with a focal length of 50 mm and a
magnification factor of 12. A scan facility for beam profiles in both planes was available. The typical proton
beam spot at the four sigma level on that monitor was 8 to 15 mm. AH position and profile monitors
supplied the required information after a single proton pulse and were taken out of the beamline during
normal running. An exception was made for the grid just in front of the dump, in order to minimize losses in
time and protons for steering the beam. Figure 9 shows a beam profile, measured with the grid just in front
of the dumps.

r

£1. .1

Figure 9: Horizontal and vertical lateral beam profile measured by the Secondary Emission Monitor in
front of the beam dump.

Losses due to scraping with the beampipe or magnets and collimators, or due to the interaction of
the beam with foils etc. from detection equipment were measured with ionization chambers, mounted around
the beam pipe. These Beam Loss Monitors (BLM) were mounted in pairs: three pairs in the vertical plane to
measure up and down losses and 10 pairs to measure the losses in the horizonal plane. They were sensitive
down to about 103 — 10* particles per cm2, which corresponds to a minimum detectable loss of about 2 x
10"5 times the nominal beam intensity. Figure 10 gives a schematic impression of the number and position
of the BLMs.
The relative calibration of these monitors was achieved by moving foils with different thickness into the
beam, thus creating losses, and measuring the response of the different BLM monitors. Foil exchange
mechanisms carrying foils with effective thicknesses from 7fi up to 70/i and one of 14 mm aluminium, were
installed at various places in the beamline. The monitors downstream of the WBB target region T9 were
calibrated using several foilthicknesses. For the monitors upstream of T9 the sensitivity was equalized for all
counters and one measurement was done with a 50/i Al foil. After proper scaling for the distance between foil
and monitors and comparing with the calibrated ones, an upper bound on the signal for each of these
counters was established, below which the induced neutrino flux in the detector was less than 1 % of the
expected prompt neutrino flux. For the calibrated BLMs a loss compatible with an equivalent foil thickness
of 10/i or higher was not accepted. Bursts with these or higher losses were rejected in the off—line analysis.
Figure 11 shows the response of some of the loss monitors for different foil thicknesses as measured during a
calibration. Also shown is the number of bursts versus the measured loss rate as measured during the beam
dump exposure.
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Figure 10: Situation of the beam loss monitors up — and dewn stream of the T9 target area, used during
the 1982 beam dump experiment. The beam passes from left to right. The counters in the
horizontal (vertical) geometry measure the losses in the horizontal (vertical) plane.

2.1.3 EXPERIMENTAL CONDITIONS

The amount of useful protons over three running periods was 1.997 x 1018 of which 1.333 x 10IS were
incident on the lp0 density dump and 0.663 x 1018 on the po/3 density dump. The total amount of protons
received with the detector running was 2.74 x 1018. Failures of the detector, missing beam information and
the electronic dead time during running, account for the loss of 27 % of these protons that do not contribute
to the ana-v/sis. The average intensity per burst was 1.1 x I013 protons on target (POT). The amount of
protons lost because of scraping of the beam and subsequent high particle rates detected in the
beam — loss — monitors was 0.23 x 10 l s , which comes to a reasonable 7.7 % loss due to beam steering
problems.

The main parameters of the experiment are summarized in table 3

2.2 CHARACTERISTICS OF THE BEAM DUMP NEUTRINO BEAM

2.2.1 PRODUCTION OF PROMPT NEUTRINOS

In shortliving particles (baryons and mesons) that are the source of the prompt neutrinos, heavier quarks
than u,d or s have to occur as constituents. Particles like the D and F meson or the A baryon have a charm
(c) quark as a heavy constituent. The prompt neutrinos are produced in the semileptonic weak decay of their
c - quark.

Hadroproduction of these charmed particles has experimentally been observed (detected via their
decay products) at different energies and with different beams and targets (see e.g. [27] ). The production
cross — section e.g. for DD production is in the order of 20 /xb/nucleon for 400 GeV/c incoming protons. For
AcD production the cross - section is one order of magnitude smaller.

In a beam dump experiment with a thick target of copper, not only the primary proton interaction
plays a role but also the secondaries produced in such interactions contribute by their interactions to the
production of charmed hadrons. Monte Carlo simulations indicate a contribution to the number of neutrino



- 2 3 -

150

100

mV

Beam loss monitor
calibration (set 222120)

Right

31200

10 20 60 70 80

Figure 11: The response of several ionization chamber beam loss monitors for different loss intensities,
measured by putting aluminium foils of different thickness into the beam to crate losses'.
The response of the counters in mV is normalized to the beam intensity measured by a
beam current transformer. The figure on the right shows the number of bursts versus the
measured loss rate, as found during the beam dump exposure. The arrow indicates the cut
for individual bursts.

interactions in our detector of 6.1 % from decay of charmed hadrons, produced by secondary proton
interactions and 2 % from secondary pion interactions.

The charmed states decay by a weak semileptonic process, described at the quark level bv the decav
of the c - quark: ' *

c -• s + 1 + v j

The semileptonic decay produces equal amounts of - and v and, because the D-mesons are produced in
pairs, we expect equal amounts of- and P. Another potentiaf source of prompt neutrino production is the T

+ 1 + V.

W £ r ^ T W 0 U l d C ° m e fr°m F "* VJ T" I n t e r s c t i o l l s ° f \ ^ enhance the 0^ sample, since in about 66 %
of the CC type reactions the produced: T will decay into quarks. The decay probability for the F to T however
is small and the leptoruc branching ratio for the T also. Therefore, only a non-negligible F production
would make this contribution observable as non-equa l v and , fluxes. The reason for the observation of
non-equa l fluxes is a weakness of the analysis method, which will attribute the CC v interactions to the
background of NC v^ events and thus will not recognize them as prompt. T
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Table 3:

Main parameters of the experimental set — up

Proton Beam: Energy:
Spill time:
Repetition rate:
Typical intensity:

Target: Dimension:
Density p0:
Density P o /2 :

Density po/3:

Distance: Upstream End of Target
- Centre of Fiducial Volume:

Fiducial Volume: Mass:
Cross —Section:
Solid angle:
Average Density:
Density 1:
Density po/3:

Protons on target:
(dead - time corrected)

400 GeV
23 ^sec
-12 sec
1 0 1 3 P P P

41.5 cm x 31 cm x 302.5 cm
Solid Copper 8.96 g/cm3

laminated, 2.5 cm Copper 2.5
Air over 2/3 of the total length
laminated, 2.5 cm Copper 5.0
Air over the total length

487.4 m
90.62 tons
2.4 m x 2.4 m
24.3 fiST

1.38 g/cm2

(1.333±0.13)xl0lB

(0.663±o.o7)xio1*

2.2.2 CONVENTIONAL NEUTRINO FLUX

Decays of pions and kaons produced in p - Cu collisions, are the main contribution to the conventional
muon - neutrino flux. The different decay modes for these pions and kaons are listed in table 4 [32] .

decay mode

Table 4:

Weak decay channels of pions and kaons.

branching ratio

=* 100%

(idem for the charge conjugate reaction)
— all other modes including vr-» er have a
branching ratio of order 10"* or smaller-

1/" "I" 0_ "t"

(idem for the charge conjugate reactions)

Ko _ CT±e±,,

= 66.8%

= 4.8%

= 38.7%
= 27.1%

The three —body decay of kaons in e,>' ,ir and of A -• p,l,"j and 2 -• n.l.i'i give rise to the conventional
electron - neutrino flux. With a Monte Carlo simulation, using a multichain fragmentation model [41] we
calculated the conventional electron — neutrino flux. Table 5 shows the calcjl~fed CC i
rate in the CHARM detector.

, and v induced event
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Table 5:

Conventional v CC event rate
in events per ton and 10's protons for p = lp0

E event rate

0 - lOGeV 0.152 ± 0.012

1 0 - 20 GcV 0.175 ± 0.010

2 0 - 40 GcV 0.234 ± 0.010

4 0 - 60GeV 0.123 ± 0.006

6 0 - 80 GeV 0.062 ± 0.003

80-100GeV 0.036 ± 0.003

100-120 GeV 0.021 + 0.002

> 120 GeV 0.032 ± 0.005

The overall conventional CC v rate is in the order of 20 % of the expected prompt CC r rate.

2.2.3 NEUTRINO ASSOCIATED MUON FLUX

The neutrino associated muon flux has been measured at several depths in gaps in the iron shield behind the
target. The system of detectors and related electronics is called the Neutrino Flux Monitoring system (NFM)
[42]

. These measurements serve two purposes:

1. the monitoring of the direction and the intensity of the neutrino beam,

2. the measurement of the energy spectrum and the absolute flux of the muons associated with the
neutrino beam, which in turn gives information about the energy spectrum and flux of the neutrinos
via the kinematics of the production process and the knowledge of the parent beam composition.

The NFM system works with silicon diode detectors, installed on aluminium support plates in the
gaps in the iron shielding. The detectors are mounted in full circles at radii 15, 30 and 45 cm with respect to
the beam axis and incomplete circles at 60 and 75 cm. During running only part of the horizontal radial of
each pit was equipped in addition to one of the full circles. The used geometry during the beam dump
experiment resembles the one used in wide band beam operation because both types of beam have common
characteristics.

The silicon detectors have different thicknesses between 100 and 1000 |im and a different surface area
increasing with thickness to cover the full dynamic range of the measurement environment. They were
supposed to have a linear response to fluxes between 105 and 1012 cm"2 sec"1. Because of their large
dynamic range the silicon counters can operate in a low flux environment such as the beam dump (low with
respect to the wide band beam fluxes) and even with smaller muon rates than the ones during beam dump
running. The detectors are directly coupled to a charge sensitive preamplifier and operated in a current
integration mode. Sensitivity of the a< tectors is kept constant by tuning the bias voltage and the gain of the
amplifiers. The leakage current is measured during system start - up when there is no beam, but with exactly
the same timing sequence as is used during normal operation with beam. The leakage current is compensated
with the help of a digital current compensation system. For each detector the calibrated (old) sensitivity, bias
voltage, leakage current, noise and the integrated flux are recorded and written to magnetic tape.
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CAUBRATION OF THE SOLID STATE DETECTORS
In front of the detector support plate, a remotely controlled lift can be positioned at any point in front of the
fixed detectors. This lift carries the calibration box containing a set of five detectors of different size. Each pit
has its own calibration box which is used to provide a relative calibration of all detectors in a certain gap of
the shielding.

In addition to the calibration boxes there is one reference box also containing different
detectors.which can be mounted on the same movable support, providing the relative calibration from gap to
gap-

A complete scan, during the running of the neutrino beam, of all operating detectors by their
calibration box, which in turn are scanned by the reference box, yields the calibration constants for all
detectors that relate the integrated current to the number of muons. Automatic scans are performed
periodically for the whole NFM system. To ensure the absolute calibration an emulsion measurement is done
after every change of beam - type. The calculated calibration constants already contain corrections for the
change in environment of a detector when the calibration box is put in front of it and a global correction for
delta —rays which are counted as muons. The latter correction is obtained after the evaluation of the
emulsion measurements.

2.2.4 CALIBRATION OF THE MUON FLUX MEASUREMENT

To determine the electron contamination in the SSD in a more direct way and to reduce the error on the
muon flux calculation by a more accurate calibration, a muon flux measurement with a scintillator telescope
was performed in a special slow spill, low intensity run of the SPS, in pits 2,4 and 5 of the shielding.

The telescope [43] was made of two parallel square scintillators (1.2 cm2), spaced by 5 mm tungsten
and shielded against the electron radiation (delta rays) by 15 mm tungsten. The optical contact between the
scintillators and the photomultipliers was not made by means of solid lightguides but by a lighttide air filled
tube made by a thin foil. In this way Cerenkov radiation in the lightguides was avoided. A drawing of this
telescope is shown in figure 12. Coincidences caused by traversing muons were recorded, at different depths in
the shielding at different positions in a gap. The beam intensity was a factor 20 lower than the normal 1 x
1013 protons and the spill-length was 100 ms (instead of the normal 23 /is.).

Figure 12: Schematical drawing of the small scintillator hodoscope, used to check the SSD calibration.
The telescoop is shielded against delta rays by 15 mm Tungsten. The active scintillator
area is 1.2 cm2 per scintillator. Coincidences between the two scintillators separated by 5
mm Tungsten, are counted and attributed to traversing muons.

The results of the telescope test, providing an absolute calibration of the SSDs, were used to calculate the
muon flux in the shielding. With respect to the muon flux calculated using the electron corrected, calibrated
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SSD values themselves, the new results give a 15 % lower flux. The telescope results are accurate to 2 %.
For more details about the telescope test see [43] .

2.2.5 LEAKAGE CORRECTION

Due to the finite size of the po/3 target and the fact that it is followed by a catcher of solid copper with a
density lp0, the effective density of the po/3 density target configuration is larger than po/3. The reason is that
there are hadrons leaking out of the po/3 target that interact in the lp0 catcher and these also contribute to
the overall muon and neutrino fluxes.

To calculate the muon flux in the shielding due to this leakage, some runs were taken without the
catcher behind the dumps. By comparing the catcher — out and catcher — in data one can then estimate the
muon flux from the leaking hadrons. Figure 13 shows the results of the measurement of the muon flux in
different gaps in the shielding. The data points come from the SSD measurements which are integrated over
the solid angle and normalized to 1010 protons. The solid curves are calculated interpolations between the
data points. For the lp0 and po/2 curves both the catcher-in and catcher —out points were used in the
calculation. For the po/3 dump the muon flux due to hadron leakage is clearly visible from the fact that the
catcher — out points lie above the curve for the catcher — in points2 . From the deviation of the catcher — out
data the leakage can be calculated. The same figure shows the curves for the conventional and the prompt
muon flux, obtained by extrapolation to infinite density; and the calculated curve for the leakage. The muon
leakage is accompagnied by a neutrino leakage.

The flux of conventional neutrinos, produced by the decay of leaking hadrons, was calculated with a
Monte Carlo simulation program (the same prpgram as refered to in section 2.2.3). For all target
configurations the hadrons that exist after the first metre of copper interact with copper of density lp0 and are
the origin of the leakage. Therefore the leakage is independent of the used target configuration and will, in the
determination of the prompt neutrino fluxes via extrapolation, behave as a quasi —prompt contribution.

To extract the true prompt fluxes, a leakage correction has to be applied to the measured rates. Table
6 contains the Monte Carlo calculated muon — neutrino leakage for different neutrino energies. The leakage is
expressed as the fraction a of the conventional » flux at p = lp0.

The leakage of electron - neutrinos is at most of the same order of magnitude as the one for the
muon - neutrinos. The main source of the leaking electron —neutrinos are the leaking kaons. These kaons
have a longer absorbtion length than the pions (that only produce muon —neutrino leakage) but have a
smaller multiplicity. More quantitavily, the electron — neutrino leakage due to leaking kaons from the primary
interaction as calculated by the same Monte Carlo program mentioned before, is 2.8 % of the conventional
»e flux above 2 GeV neutrino energy. This can be compared with the 5.5 % calculated in the case of the
muon - neutrinos. For completeness, the Monte Carlo calculated electron — neutrino leakage, expressed as a
percentage of the conventional electron - neutrino flux for p = lp0, is given as a function of neutrino energy in
table 7.

2.2.6 BEAMDUMP NEUTRINO ENERGY SPECTRA

The muon — neutrino energy spectra shown in figure 14 were obtained from the measured CC v events. The
v and P contributions were separated using the measured sign of the muon in the final state.
The raw event rate is corrected for misclassification of event type, CC detection efficiency and cosmic
background. Making use of the known energy resolution functions and muon momentum resolution in the
CHARM calorimeter, the spectra were extracted from the raw event distribution by a statistical unfolding
method. (For more details see [44] ). The lp0 spectra are falling less steeply than the po/3 ones, because of
the larger contribution of conventional neutrinos, which have a softer spectrum.

Figure 15 shows the y — distributions for muon — neutrino and muon — antineutrino events, as
measured for the p = lp0 sample. We note the good agreement between the measured distribution and a
Monte Carlo prediction, which supports our understanding of the characteristics of the beam.

1 Removing Uie catcher increases the free decay path for the leaking hadrons from 2.5 cm to 469.8 cm and thus enhances the muon
flux due to the decay of these hadrons.
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LtOKAGE

• CATCHER IN

X (ATCHER OUT

Figure !3: The catcher—in/catcher —out measurements at different depths in the shielding (that
correspond to a certain muon momentum cut — off). The conventional flux from 1 meter
of copper at p = lp0 was calculated by extrapolation to infinite density using the
catcher —in points. Given is the muon flux measured in the gap in the shielding as
function of the energy that a muon has to have to reach a certain depth in the
shielding.In reality the threshold ener.̂ y is of course not a step function.

Table 6:

Leakage o as a fraction of conventional v flux at p = lp0

E^GeV]

2 - 10

1 0 - 20

2 0 - 30

3 0 - 40

4 0 - 50

5 0 - 60

6 0 - 70

a [%]

10.1 + 1.0

4.6 + 1.0

4.2 + 1.0

3.7 ± 1.0

3.3 ± 1.0

3.0 + 1.0

2.8 + 0.8

Ev[GeV)

7 0 - 80

8 0 - 90

90-100

100-200

> 2

>20

>80

a [%]

2.8 ± 0.8

2.8 ± 0.8

2.8 ± 0.8

2.8 ± 0.8

5.5 + 0.5

3.5 + 0.4

2.8 + 1.4
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Table 7:

Percentage of »e and yg leakage with respect to the
conventional v and v flux for p = lp0

C C

E,[GeV]

2 - 10

10- 20

20- 40

40- 60

60- 80

« [%]

6.0 %

5.2 %

1.4 %

0.7 %

0.9 %

(The errors are

E,[GeV]

80-100

100-120

120-200

> 2

>20

>80
around 30 %)

a [%]

0.5 %

0.7 %

0.2 %

2.8 %

1.1 %

0.5 %

1000

100

- j 1 1 1 1 1 1 1 1 r-

Jnfolded spectra of 1 |i events

f- 1

- T

100C - J 1 1 1 1 1 1 1 1 1 -

linfolded spectra of 1 \i events
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Figure 14: r and v energy spectra for both data samples: p = lp0 and p =po /3 density target. The
spectra were obtained by unfolding the resolution functions.
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Figure 15: Y - distributions for 1/t events, observed for the p = lp0 exposure. The full line presents the
prediction of a Monte Carlo program for CC muon—neutrino events.
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3. EXPERIMENTAL SET-UP

This chapter describes the CHARM detector which was used in the 1982 CERN - SPS proton beam dump
experiment. It contains a description of the different detection elements and explains the trigger system, data
acquisition and performance monitoring during operation. The last sections describe the calibration and
performance of the detector.

3.1 THE CHARM DETECTOR

The CHARM detector [45] is an electronic detector, specially designed to study neutrino interactions in the
CERN Wide Band and Narrow Band Beam neutrino facilities. It consists of a target calorimeter with marble
as material and a magnetic end system with iron. The calorimeter part samples the shower produced by
neutrino interactions and the magnetic end system deflects the muons produced in the CC type oi
interactions. The measured deflection is used to calculate the muon momentum. The target calorimeter is
surrounded by a magnetized iron frame that serves as a deflector (like the end system) and absorber for
showers not contained in the marble of the calorimeter.

One of the main goals to be achieved with this detector was the study of neutral current neutrino
interactions. For this reason the main design aims were:

1. A large target mass to provide a reasonable event rate.

2. A good muon detection efficiency and momentum measurement to separate charged current events
from neutral current candidates.

3. A good measurement of the direction of the energy flow and the energy deposition of hadronic
showers, produced in deep — inelastic neutrino nucleon scattering.

All these requirements are met in the CHARM detector. The last point requires that the longitudinal
development of the hadronic and electromagnetic part of the shower are approximately equal, because part of
a hadronic cascade converts into electromagnetic signals and that part grows with energy. Therefore it is
important to rule out the systematical, energy —dependent uncertainties due to this dual nature of hadronic
showers This is achieved by the choice of an absorber material with a low Z number.

3.1.! THE TARGET CALORIMETER

The CHARM fine —grained sampling target calorimeter consists of 78 modules, each of them containing a
marble plate of 8 cm thick and a surface of 3 x 3 m2, surrounded by a 45 cm wide iron frame of the same
thickness that can be magnetized.

The marble is used as a target material for the neutrinos and as an absorber for the calorimeter.
Marble meets the requirements of providing a large mass and has the necessary shower development
characteristics. In addition it is isoscalar and was ten times cheaper than aluminium which has similar
properties.

The iron frames serve for muon identification and sign - and momentum determination and act as a
calorimeter to provide full containment for showers starting in the marble.

In front of each marble plate there is a hodoscope of 20 scintillation counters of 15 cm width,
covering an area of 3 x 3 m2. Between the marble plate and the scintillators there is a layer of streamer tubes
with 1 cm wire spacing, of dimension 2.85 x 2.65 m2, oriented in the same direction as the scintillators.
Behind each marble plate there is a layer of 128 proportional drift tubes with 3 cm wire distance, covering 4 x
4 m2 (marble + iron ) and also oriented in the same direction as the scintillators and the streamer tubes. The
orientation of these detection elements rotates over 90 degrees for subsequent modules. Thus the gap of 20
cm between two marble plates is covered by detectors of different orientation .

The iron frames are magnetized by two copper coils around the vertical legs, providing a 1.4 Tesla
toroidal field in the iron for a current of 1000 A. The cooling water flows in the opposite direction in the two
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hollow coils on the same leg to minimize the temperature gradients which otherwise would disturb the gas
amplification in the proportional drift tubes.

For the toroidal mode of the magnet the field was measured by the induced charge on pick - up
coils. The results for all modules agreed to within 1 %. In the legs the field is constant to within 1 %,
whereas the vertical legs have a 6 % increased field with respect to the horizontal ones due to the presence of
the coils. In the corners the field is assumed to vary linearly. The toroidal field is focussing muons of one
charge; the field was therefore reversed at regular intervals in time during data taking to average out any
systematic effects due to the focussing.

In a sampling calorimeter like the CHARM detector, where the detector and absorber have about the
same Z, the amount of measured or visible energy is proportional to the amount of detection material. In the
energy range of the particles which are interacting in the detector most of the energy lost is ionization energy.
The total energy of an interaction in the calorimeter is:

total ~~ total,ionization non — detectable

w h e r e . Etotal,ionizatiqn_ i s
J

t h e t o t a l w ^ f t i o n energy and E n o n _ d e t c c t a b ^ is the energy that escapes
detection e.g. released binding energy ol broken up nuclei or energy earned on by neutrinos. Ine total
ionization energy is the sum of the visible or observed ionization energy E • j y c and the non-visible
ionization energy. The visible ionization energy can be affected by instrumental effects such as the attenuation
of light in scintillators. The detection elements inside the calorimeter measure about 10 % of the total
deposited energy. The response to electromagnetic showers is about 17 % higher than the response to
hadronic showers. The difference in response is due to the effects of the different processes which play a role
in the energy loss mechanism and which arc different for neutral and charged particles and for leptons and
hadrons.

The average density of the detector is 1.38 g/cm'3, the average radiation length (Xo) 20 cm and the
average absorbtion length (L) 93 cm. The marble has an average density of 2.78 g/cm3.

The 78 modules are packed in 13 groups of 6 planes each. Figure 16 shows an overview of the
whole CHARM detector. Figure 17 shows, in more detail, the last two groups of modules of the calorimeter
and the end system. The total detector mass, including all detection elements and the frames, is 520 tons. The
total number of scintillators is 1697 (including the veto plane in front of the first module and the scintillators
in the end system which are used for the detection of bremsstrahlung showers), the number of proportional
drift tubes 12.288 and the number of streamer tubes 19.712.

For the beam dump experiment only 72 modules (12 groups) were installed in the beam line.

3.1.2 THE CALORIMETER SCINTILLATOR SYSTEM

The calorimeter is equipped with 1560, 3 meter long polyvinyl toluene scintillators (NE114), 15 cm wide and
3 cm thick, terminated at one end by a plane mirror and facing at other end a 50 cm triangular lightguide
connencted to a 2" 12 step photomultiplier (EMI 9839A).

The scintillator system is sensitive to single particle ionisation: the yield of photo — electrons being
about 25 for a minimum ionizing particle traversing the scintillator at the far end, 3 metres from the
phototube.

Due to aging, the light attenuation in the scintillators deteriorates in time. Tests have shown that
especially the LTV component of the scintillation light spectrum is affected and that this leads to an
inhomogeneous response over the whole detector. To minimize this effect yellow filters were installed at the
end of the lightguides, on top of the photomultiplier windows, to cut away the blue light. This flattens the
attenuation characteristics. It reduces the photo - statistics but gives a more uniform and better described
response of the scintillators over the whole detector. In particular the homogenity is important since the
scintillator signals are used for the trigger. Nevertheless, the aging requires a remeasurement of the attenuation
behaviour for every scintillator every month, for which 600.000 cosmic ray tracks have to be analysed. The
decrease in attenuation length is about 1 % per month.
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Figure 16: The CHARM calorimeter and the end system.

The photomultipliers rotate in steps of 90 degrees over the full 360 degrees available in the plane
perpendicular to the longitudinal (beam) axis, to rule out systematic effects in the measurement of the shower
energy due to the light attenuation.

The photomuliplier signals are transported via twisted pair cables [46] carrying the signal from the
dynode and the last anode in a balanced mode to splitter units, where they arrive at the input of high
impedance amplifiers. The length of these cables is adjusted per group of modules to correct for the time of
flight of a relativistic particle travelling in the beam direction.

The output of the splitter — amplifiers is fed into the trigger system (see section 3.1.6). The signals
themselves continue their way through 80 metres of twisted pair delay cable to arrive at the input of an ADC
(Analog to Digital Converter) The delay leaves the trigger logic 400 nsec for a decision. Figure 18 gives a
schematic view of the path of a scintillator signal.

The delay cable goes via a signal adapter where a 1 : 1 transformer adapts the balanced signal to the one end
100 Ohms input of a pair of 8 bits LeCroy ADCs. The first ADC receives 95 % of the signal (high sensitive
ADC) and the second ADC 5 % (low sensitive ADC), thus providing a dynamic range of pulse height
analysis of 5000 channels. The maximum of the range corresponds roughly to a signal of 150 minimum
ionizing particles crossing one scintillator . The ADCs have a sensitivity of 0.25 pCoulomb per channel and
their pedestals are adjusted to a value between channel 4 and 8.
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Figure 17: The last two groups of modules of the target calorimeter with their detection elements,
followed by the end calorimeter and the muon spectrometer.
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Figure 18: The read —out chain of the scintillator system. The last dynode and anode signal are
tramsported with a twisted pair cable to the signal splitter where a high impedance
amplifier looks at the signal and gives it as input to the discriminators of the trigger
system. The signal then travels along an 80 m long delay cable to the input of the
ADC-pair.
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The response of the ADCs, including.the splitter and the signal adapter deviates less than 2 % from
linearity. The ADCs have a conversion time of less than 12 (is and a buffer storage for 50 events. Their gate
time is 144 nsec.

The product of photomultiplier gain and scintillator sensitivity is equalized over the whole detector to within
25 %, adjusting the gain of every phototube with the heip of a resistor in series with the high voltage supply.
The stability of this product is monitored constantly using cosmic ray tracks and requiring an average ADC
response between channel 20 and 30 for a minimum ionizing particle. The accuracy of this monitoring is
better than 5 %.

3.1.3 THE PROPORTIONAL DRIFT TUBE SYSTEM

The calorimeter contains 78 proportional drift tube planes and the end system 18 [47] . Each plane is formed
by 8 packs of 16 tubes (called a chamber), glued together. The individual tubes are made out of 4 meter long
extruded aluminium profiles with an internal cross section of 29 x 29 mm2. The 50 pirn stainless steel wires
are centred within 0.2 mm and stretched with a tension of 100 gf. The nominal distance of 3 cm between the
centres of two adjacent tubes of the same pack varies by less than 1 mm.

On one side of the chamber the wires are connected to a double printed circuit board that contains
the analog and digital read- out electronics. The tubes arc filled with a mixture of 95 % argon and 5 %
propane and operate at a high tension of 1.6 kV. To protect the wires against corrosion, 2 torr of water vapor
is mixed with the gas. There are 8 independent gas distribution systems for the 96 tube planes.

In order to measure the position of single tracks (outside the shower region) with a precision of 1
mm and to measure the direction of the energy flow, both drift time and pulse height are recorded. To solve
the left —right ambiguity for tracks, every second plane of each projection per detector module of 6 planes is
shifted by half a tube width in the lateral direction.

The proportional tube system is self—triggering on the first 0.25 pCoulomb charge collected on a
wire. An external gate signal, based on the scintillator signals, serves as an enabling pulse for the charge
digitization and sets a time reference for the drifttime measurement. This gate stops the sampling and starts
the conversion. The gate is generated only if there is a valid trigger. If no trigger arrives within 800 nsec the
drifttime measurement is reset and the charge sampling capacitor is discharged within 3.2 jis. The nominal
sampling time is about 550 ns, which is the time necessary to transport the scintillator signals and to take a
trigger decision.

Two planes, 16 chambers, are read out in series by a single CAMAC read —out module which has a
buffer memory for 256 charge and drifttime measurements. This means that, for showers of average size and
distributed equally over the whole detector, 20 to 40 events can be stored in memory. Storage in local
memory is chosen to minimize dead time caused by the readout. Data transfer from read-out module to
magnetic tape is done between accelerator bursts. In addition to a maximum drifttime of 2 (is, the conversion
of charges and drifttimes for one double plane can take up to 12.8 (is.

The proportional nature of the tubes demands a good stability of the gas amplification. The
amplification depends on the high voltage, the gas density and the gas composition. A stable composition
was ensured by mixing pure argon and pure propane in a temperature stabilized oven (30±0.1)DC, giving
variations of less than 0.2 % per day. Pressure variations were compensated by a feed-back system,
changing the high voltage setting. The feed - back system consists of a reference tube, connected to the outlet
of each gasmodule, irradiated by a radioactive source. The average current in this tube is kept constant by the
feed - back on the high voltage. The obtained gain instability due to density variations is less than 0.2 % over
a period of seven days.

The response of the drift tube system is constantly monitored, using cosmic ray tracks, and found to
be uniform to within 5 % over the whole detector. The high voltage on the wires is chosen such that the
peak of the Landau distribution for tracks at 0 degrees for minimum ionizing particles is in channel 10 of the
8 bit ADCs (0.25 pC /channel).. The mean charge for minimum ionizing cosmic ray muons is in the order of
4 pC. To increase the dynamic range for the charge measurements, the sensitivity of the ADCs was reduced
by a factor three above channel 30.
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3.1.4 THE STREAMER TUBE SYSTEM

In the streamer tube system of the CHARM calorimeter [48] 32 extruded multi — cell aluminium profiles with
8 tubes each form one plane with dimensions 2.85 x 2.65 m2. In total 77 planes are installed with tubes of an
inner cross section of 9 x 9 mm2. The 50 urn stainless steel wires are supported and centred by mylar spacers
every 50 cm along the tubes. The nominal distance between two adjacent wires is 1 cm.

The tubes are operated with a mixture of isobutane and argon in a ratio 1 : i. The singles rate
plateau starts at 3.6 kV and has a width of 500 V. The operating voltage is 3.7 kV.

Each wire is connected to a 1.25 meter long 50 Ohm cable. The other end of that cable goes to a
printed circuit board that contains the capacitors, the high voltage line and a test input. The read —out card is
also plugged on this board.

The logic of the system is based on a strict hierarchy: sixteen tubes are connected to one "daughter
card" that accepts and buffers the signals of one "chamber". The outputs of sixteen daughter cards are
grouped by one "mother card* and twelve mother cards are grouped by one "grandmother card". The seven
grandmother cards finally, are addressed by one special CAMAC — interfaced read —out module.

The limited streamer mode [49] is characterized by large wire signals (the collected charge in the
limited streamer mode is about 15 times higher than in the proportional mode) and a wide high voltage
operating range. The signals are caused by so — called streamer discharges mostly on one side of the wire.
These streamer discharges are restricted to a small region in the tube. Due to the high field gradient the
electrons produced by the ionization of the gas produce a cascade close to the wire. Since the electrons have a
very high driftspeed they disappear very fast into the wire, leaving the ion cloud (which has a driftspeed which
is a factor 1000 smaller) behind. It is the induction of the positive ion cloud arriving on the wall of the tube
that creates the signal, which is read out by the wire. The average deadtime caused by one streamer is of the
order of 100 us, but only for a very small region of the tube around the streamer.

In stable conditions the maximum pulse height of the mean tube signal for a minimum ionizing
particle is about 50 mV and the pulse has a duration of 100 nsec. Therefore a simple comparator, wired as a
monostable, with a mean threshold of 20 mV is used, which gives an output pulse of 1.3 its, inducing a
deadtime of 1.8 (is when there is a hit. A trigger derived from the scintillator system latches the comparators
and if after 5 (is no veto arrives, the output of the latches is written into a FIFO (First In First Out) memory
buffer on the daughter cards. The FIFO can store data for a maximum of 40 events. Between accelerator
bursts the FIFO's are read in parallel and their content is stored in an event buffer in the read-out box.
Once an event is buffered a CAMAC transfer takes place between the computer ami the read-out box .
Then the next event is handled.

The main purpose of the streamer tube system is to improve, using their finer granularity, the spatial
resolution of the measurement of the direction and the vertex of electromagnetic showers of events induced
by neutrino — electron scattering and charged current electron —neutrino interactions. In the low energy range
between 5 and 40 GeV they can also be used to measure the shower energy . Between 20 and 40 GeV they
can be used to distinguish between electromagnetic and hadronic showers. In addition, the combination of
'cintillator- and streamer tube information improves the energy resolution for hadronic showers, compared
to the one obtained with the scintillators only.

3.1.5 THE END SYSTEM

The end system serves two purposes: it is used as a muon spectrometer and the first part is also used as an
end calorimeter. It consists of four toroidal iron magnets. Each magnet measures 3.70 m in diameter and
contains 75 cm of iron along the beam direction. For the first magnet the iron is sliced in disks of 5 cm
thickness each. The other three magnets have 15 cm thick iron plates. The magnets are powered via a coil
that passes through a hole in the centre of the disks to the outer edge. With a nominal current of 1000 A the
magnetic field in the iron decreases from 2.1 Tesla at 8 cm from the hole to 1.6 Tesla at 185 cm radius. The
mean field strength averaged over the whole surface is 1.7 Tesla.
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To serve as a calorimeter the first magnet contains seven proportional drift tube planes, each covering
an area of 3.70 x 3.70 m2. The eight most central tubes of the two most central tube packs in each plane are
cut to leave room for the coil to pass. (See figure 19). Between the end calorimeter and the second end
magnet three more tube planes are installed, rotated around the beam axis over angles of —12.5 , 12.5 and
- 12.5 degrees respectively. Another eight drift tube planes are situated between the end magnet modules.

j ELECTRONICS

1 Si

Figure 19: Front view of an endmagnet module. The diameter of the iron disk is 3.70 m and the
diameter of the central hole 16.7 cm.

In addition six planes of scintillation counters are installed in the end system to measure the
bremsstrahlung of high energy muons. Each plane contains 18 scintillators, nine on each side of the central
hole. These counters are also used to discriminate against cosmic rays entering the detector from the back and
simulating a quasi — elastic charged current interaction. For that purpose the time difference between the
signals in the bre;.i3strahlungs counters and the last two scintillator planes of the calorimeter are measured.

3.1.6 THE TRIGGER SYSTEM

The basic information for the trigger logic of the calorimeter comes from the scintillator system. All
scintillator signals of all planes are fed into discriminator units with a threshold of 0.25 times the pulse height
of a minimum ionizing particle on every channel. The condition that three planes have a signal in at least one
scintillator generates a strobe. This strobe determines the timing of the trigger by its leading edge. The jitter in
the strobe is of the order of 10 nsec.

The trigger itself is built in the following way:
each plane has its own plane majority logic that provides five logic signals,

1. H: at least one scintillator fired,

2. D: at least two scintillators fired,

3. T: at least three counters fired,
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4. S: at least one side counter (scintillators 1 or 20) fired,

5. E: energy deposition in the plane greater than a preselected value.

These plane signals come together in the main majority logic which gives, at the level of the whole
calorimeter, 20 logic signals: Hm, Dm, Tm, Sm and Em with m = 1,2,3,4 requiring a specific plane
condition to be fulfilled in at least m planes. In addition there is a special Pn signal requiring the H condition
to be satisfied in every fourth or every third plane for n consecutive planes. A trigger is defined as the
presence of a certain combination of these logic signals.

The whole trigger system is computer controlled, setting specific trigger conditions by setting the
proper bits in programmable logical units (PLU's). Figure 20 shows a schematic view of the basic trigger
structure and the decision and selection logic.

FAST TRIGGER MajORIT f I

UXC STROBtD
DiSCRlMNATDRS

Figure 20: Overview of the scintillator based trigger logic. The central trigger selection logic is composed
of programmable logic units (PLU's).

If a certain trigger condition is fulfilled, gate signals are generated for the different detector elements
that start the conversion. In addition a bit is set in a pattern unit, indicating the specific trigger condition for
that event. Each trigger generates a deadtime of 13 /is, necessary for the conversion of scintillator and
proportional tube signals and the filling of the FIFO memories of the streamer tube system. After this 13 MS
the strobe is reset and the detector is alive again, ready for the next event.

Since there are separate trigger conditions for 'during accelerator burst' and 'after accelerator burst'
the whole scheme has to be synchronized with the accelerator cycle. This is done using a chain of timing
units, started by the pre — burst signal coming from the accelerator.

The trigger conditions during beam dump running were:

1. v0 (low bias neutrino trigger) : strobe _ H4 _ not veto _ burst

2. cosmic trigger : strobe _ P3 _ no burst
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3. pedestal trigger : no strobe _ no burst (every 32 bursts)

The strobe was started by H3 in all cases (except for the pedestal trigger).

During the beam dump exposure the trigger rate due to neutrino induced events (or cosmic
background during the spill) amounted on average to 0.25 per accelerator burst.

3.2 CALIBRATION AND PERFORMANCE OF THE DETECTOR

The complete calibration of the detector consists of three parts:

1. measurement of the energy response and energy resolution for all detector elements and
determination of the relation between the visible shower energy and the total shower energy,

2. measurement of the absolute value of the light attenuation length in the scintillators. This quantity
enters in the off-line conversion to energy units as a constant, but its absolute value changes with
time.

3. measurement of the relative calibration factors for the scintillator and proportional tube systems,
taking into account the scintillator inefficiency and photomultiplier gain as well as the adc sensitivity
and the ratio of the signals of the low— and high sensitive ADCs (see section 3.1.2). For the
proportional tubes the gas amplification and space charge effect factors are determined. These factors
are used to convert adc contents to energy units in terms of visible energy.

3.2.1 ENERGY RESPONSE AND RESOLUTION

The energy response and resolution of each of the three different detector element types was measured with
the help of test beams of pions and electrons with different energies.

For this purpose 36 planes of the target — calorimeter were displaced by 3 metres to align them with
one of the SPS test —beam facilities which provided an electron beam in the range between 5 and 50 GeV/c
and a pion beam in the range between 5 and 140 GcV/c.

The beams were steered to different positions on the detector with the help of two bending magnets.
For particle identification a 22 meter long gas —Cerenkov counter was installed, filled with Helium. To
measure the exact beam direction and calculate the impact point on the calorimeter surface, a set of small
wire chambers with a wire spacing of 2 mm, called Beam Profile Counters was used.

To study back scattering of nuclear fragments a small copy of the calorimeter was installed in front of
the 36 planes, containing a hole for the beams to pass. For an overview of the calibration set — up, see figure
21.

In order to separate electromagnetic cascades from hadronic ones at beam momenta up to 40 GeV/c,
the Cerenkov signal was used. In addition the shower width, defined as the width of the Cauchy distribution
fitted to the energy weighted lateral shower profile, was calculated and used as a separation parameter. Above
40 GeV/c only the width parameter was available (and sufficient). The different separation parameters are
shown in figure 22.

To minimize problems with the longitudinal containment of showers and to minimize systematic
uncertainties due to ioru'zation losses before the start of the cascade, certain vertex criteria were used in the
analysis of the pion showers: for energies below 50 GeV the vertex had to lie within the first three planes, for
higher energies the vertex cut was at plane number 9. In all cases the energy deposited by the incoming track
was added to the shower energy.

Because of the finite size of the calorimeter a study was made of the containment of showers at
different energies. The results are shown in figure 23. For electromagnetic showers no containment correction
was necessary; for hadronic showers a longitudinal containment correction was applied to the data above 50
GeV/c.
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Figure 21: Layout of detector and beam elements for the calibration of the detector with pion and
electron beams. The beams of charged particles first pass a Cerenkov counter with which
one can identify them as pions or electrons, followed by two bending magnets to steer the
particles to different positions on the detector. Inbetween several beam defining counters
are installed. For more detailed information see [50] .

The results of the energy calibration and the energy resolutions are given in figure 24. The measured
points at and below 5 GeV/c were obtained with a smaller version of the CHARM calorimeter in a
test-beam at the Institute of Theoretical and Experimental Physics (ITEP) in Moscow, Sowjet Union. The
energy response curve is obtained by measuring the deposited energy, which is also called the 'visible' energy
(E^j), and comparing that energy with the (known) beam particle momentum. The energy resolution is
given by the spread of the measured energy response, divided by the square root of the beam particle
momentum. The measured energy response is roughly 9.5 % of the total energy for hadronic showers above
10 GeV and around 11 % for electromagnetic showers (for all energies). The measured energy resolution for
the different detector elements can analytically be given by the following parametrizations (obtained by a fit
to the data, shown in figure 24):

scintillators : (for electrons)
(for pions)

O(E )/E = 0.20 / V
(E£)/E£ 0.46 / V 0.01

and similar type of expression for the other elements.

An even better energy resolution at higher energies can be obtained combining the scintillators and the
streamer tubes. The weighted average

is then used to determine the energy of the showers. The reason for the improvement lies in the different
response of the two detection elements for electromagnetic energy and the fact that higher energy hadronic
showers contain a larger fraction of electromagnetic energy than low energy hadronic cascades. The response
of these elements is negatively correlated which improves the resolution in a weighted average, as is shown in
figure 25.
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Figure 22: The figure on the left hand side contains the distribution of the shower width for 20 GeV
pion and electron showers as measured by a) the scintillators and b) the proportional drift
tubes. The right hand side figure shows the Cerenkov pulse height versus shower width
which is used below 40 GeV beam momentum to separate electromagnetic and hadronic
showers. The arrows indicate the cuts used as separators.

3.2.2 ATTENUATION CONSTANTS

The light attenuation in the scintillators is remeasured every four to six weeks. This is necessary since the
attenuation deteriorates with time due to aging of the scintillator material (giving rise to about 1 % increase
in attenuation per month). For this purpose 600.000 cosmic ray tracks are recorded and analysed. In the
analysis only tracks with a length of ran? planes or more are taken into account to minimize the angle of the
tracks. Backward going tracks, necessary to illuminate parts of the detector which are unreachable by forward
going cosmic muons, are rejected if they traverse less than nine planes and their energy deposition beyond ten
planes is not taken into account. This last cut is necessary to prevent the signals to run out of time with
respect to the ADC gate.

The attenuation is parametrized by a parabola, fitted to the mean pulse height at 10 different
positions in a scintillator. The zr ilytic expression used to describe the attenuation is:

Pmeasured'Ptme'*1 + • * + *** )

where x is the distance between the photomultiplier and the place in the scintillator where the energy was
deposited. Figure 26 shows the distribution of the attenuation constants a and P for an arbitrary subsample
of the 1560 scintillators.
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Figure 24: (a) Measured energy response curve for the scintillators, for electron and pion showers
separately, as a function of the beam momentum and (b) Energy resolution. A similar
picture was obtained for the proportional drift tubes. For the streamer tubes where the
number of tubes hit is used as a measure for the shower energy, the results reflect the
worsening of the resolution towards higher energy that is different for pion and electron
showers.

3.2.3 CALIBRATION OF SCINTILLATORS AND PROPORTIONAL DRIFT TUBES

Using cosmic ray tracks, recorded between accelerator bursts, the calibration constant for every scintillator
and every proportional drift tube chamber (holding 16 tubes) is detennined. (Normally three consecutive runs
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Figure 26: Distribution ot the two attenuation constants a and /? that descibe the parabola with which
the attenuation behaviour is parametrized.

are grouped together requiring no changes in the magnetic field and high voltage conditions and no
replacement of ADCs.) With about 20.000 cosmic tracks at an angle less than 45 degrees, the calibration
constants are obtained in the following way:

For each scintillator the response of the chain scintillator— photomultiplier — splitter—high sensitive
ADC is recorded for minimum ionizing signals. The sensitivity of that chain is regulated such that the
average response to the passage of a minimum ionizing particle, traversing 3 cm of material, is recorded in
channel 20 — 30 of the high sensitive adc. The sensitivity ratio between low— and high sensitive adc is
detennined using events that contain a neutrino induced shower, in the region where their ranges overlap and
the error on their content is relatively small. The angular dependence of the pulse height follows the 1/cosG
rule, where 6 is the angle of the particle with respect to the normal of the scintillator.
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The pulse heights of the proportional drift tubes are calibrated, taking into account the Landau
fluctuations, the energy-dependent energy loss in the gas and the orientation of the tracks. The calibration
procedure also takes into account the large space charge effect which is essentially only angular dependent.
The mentioned effects are specified in more detail in the following points :

1. Landau distribution and sensitivity: the high voltage setting is such that the peak of the Landau
distribution for minimum ionizing particles, which make an angle of 0° with the longitudinal axis of
the detector, is recorded in channel 10 of the 8 bit ADCs. The sensitivity of the ADCs is changed
with a factor three around channel 39, to increase the dynamic range.

2. Energy loss: the mean specific energy loss due to ionisation shows a steady rise as a function of
energy above 1 - 2 GeV.

3. Angular dependence: the mean pulse height measured depends also on the angle of the track, but not
simply by the l/cos(0) rule since the tubes have a square cross — section: the track can leave the tube
through the side wall which reduces the signal. Furthermore if the tracklength in the tube is less than
4 mm the signal stays below the discriminator threshold.

4. Space charge: a particle travelling along a wire sets up a space charge which changes the gain of the
tube as a function of the angle to the normal of the wire (thus the pulse height in one projection is
strongly correlated to the angle in the other projection). Quantitatively the pulse height of a track
travelling at 22 degrees is about a factor six higher than for a track at 0 degrees. The effect can be
described as a shift of the Landau distribution that varies as a second order polynomial of the angle.

To provide the relative calibration of the tube signals in terms of visible energy, the tubes are
normalized to the scintillators at an angle of 22.5 degrees.

The net result of the relative calibration is that for every scintillator we have two constants that
describe the attenuation and one other constant that is used to convert the number of ADC channels into
deposited energy. The sensitivity ratio between the high — and low sensitive ADC was measured once and is
fixed for all ADC pairs to a value of 19.6. For every proportional tube chamber we have one conversion
factor that translates number of ADC channels into deposited energy and another one that converts the
number of TDC channels into a drift distance. The space charge effect is described by one curve for the
whole detection system.

3.3 THE DATA ACQUISITION SYSTEM

The data acquisition is controlled by a NORD 100 computer configuration. It contains the CPU and 512
kbytes of core memory, two 9— track 1600 bpi tape units, a floppy disk and a 75 Mbyte disk drive, a line
printer and several terminals. The word length is 16 bits. The data acquisition task is interrupted by the
trigger electronics after each accelerator burst. Via the system crate the NORD is connected to seven
CAMAC branches (five read —only branches and two normal ones) and data transfer from detector to
computer takes place in DMA mode.

The 2 T. 1560 ADCs of the calorimeter scintillator system are stored in four read —only branches and
the whole system is read upon interrupt, one event at a time, event after event. No data reduction takes place
here.

The proportional drift tubes are read via a normal CAMAC branch in which their read—out boxes
are stored. These read — out boxes reduce the data by suppressing zero's (= tubes that have not fired). Each
read—out box, given its own number at initialisation time, not only passes the pulse height and drifttime but
also the address of the fired wire which is based on the read — out box number, the chamber number and the
wire number. In addition each read —out box, whether it contains data or not, passes two markcrwords.

The streamer tube system, read by its read - o u t module addressing the grandmother cards, also gives
zero — suppressed data and completes the hit information with an address. Contrary to the proportional tube
system, only whole daughter cards without hits are suppressed. The addresses refer to a certain card in a
certain plane and the hit information is given as a pattern of 16 bits.
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The ADCs of the bremsstrahlungs counters and the analog plane sum (APS) ADCs are stored in one
crate and read via the fifth read - only branch.

In addition to the detector element information, burst and event correlated information is read from
buffered and unbuffered sealers and pattern units.

The NORD software together with the CAMAC branch drivers and crate controllers take care of the
proper order in which the data acquisition has to take place.

Once an event is read into an intermediate event buffer, a second task comes into action and different
checks are performed to determine whether the event is complete, the data is not corrupted and the event is
not too long. Events that fail any of these more severe tests are rejected and not written to tape and reading
continues with the next event. At the end of each burst correlated eventstream, even if there were no real
events, a special event is read containing only the hardware sealer information to terminate the sequence.

If an event passes the first critical tests it is reformatted and brought into a unique structure of blocks
containing the separate pieces of information. At this stage the scintillator data are compared with a
constantly updated pedestal file and only ADCs with at least a content of two channels above pedestal are
retained and stored in the appropriate block. The reformatted event is then stored in a second event buffer.
From this buffer it is written to magnetic tape and sent to another computer (a Hewlett Packard (HP) 21
MX — f) for on —line detector performance monitoring.

After each accelerator burst and the read out of neutrino induced events, some cosmic ray events are
collected for on — line monitoring and off—line calibration purposes. These events are normally taken in
unbuffered mode: the data acquisition starts as soon as the conversion for one event is finished rather than
first storing some events locally.

When the detector correlated data acquisition sequence is finished, the NORD sends an interrupt to
the so called *NFM" (Neutrino Flux Monitoring) computer asking for special beam correlated data to be
transferred in some formatted way. This data contains BCT, SSD and other detector signals which have to do
with the primary proton beam, the secondary pion and kaon beam and the neutrino beam associated muon
flux in the iron shielding. They are also written to tape (and sent to the HP).

Apart from the pure data acquisition, the NORD has several other important tasks related to the
operation of the detector during data taking. First it initializes all branches, crates and read — out modules and
other electronics. Then it also takes care, on the users' request, of starting and stopping a 'run' (a period of
data taking of which the length in time is given by the length of a magnetic tape and the time that the
detector is operating normally), setting the required trigger conditions and activating them. At the beginning
of every run pedestal events are taken to measure the pedestals of all ADCs. After that, the trigger conditions
are automatically set to 'runmode' and data taking can start. In addition, the NORD collects data to monitor
the beam, the data taking and the detector performance and indicates fatal and non — fatal data acquisition
errors that point to malfunctioning electronic equipment.

3.4 THE ON - LINE MONITORING OF THE DETECTOR

The on — line monitoring of the detector performance is done by an HP 21 MX computer, using real events
which are collected by the NORD and sent to the HP via a CERN minilink. Not all events taken can be
analysed by the programs on the HP because of limitations in the link speed and event processing time on
the HP. About 50 % of all events taken in and between accelerator bursts is sent to and analysed by the
monitor computer.

The HP configuration consists of:

1. HP 21MX —f cpu with fast floating point processor,

2. 512 kbytes core memory (word length is 16 bits),

3. 20 Mbyte disk drive,
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4. a CAMAC crate with several video drivers, a clock and a touch— screen driver,

5. line printer, tape drive and several terminals.

The system is running under the RTE IV—B operating system without session— and batch
monitors. It contains 12 kwords of common buffer space for system buffers and system common (the latter
being accessible to all programs to share information).

The detector monitoring system consists of various modules with their own specific task and
independent of each other. Most of these programs can be aborted , modified and reloaded during data taking
without disturbing the other monitor tasks. When different programs have to communicate with each other
they can do so using system buffers and system common.

When an event arrives over the link between NORD and HP it is received by the link — handling
program which checks whether the event is still complete after the transfer, whether the blocks containing the
various bits of detector information are all there and stored in the proper sequence and whether the overall
event structure is correct and the length within limits. If an event passes all these tests it is stored in SAM
(system available memory).

If an event arrives in SAM the system activates a program called the distributor (MDSTR). When
MDSTR is still active the system waits until! it is available again.

MDSTR makes a copy of the first five words of the (new) event that contain the event type
information. The distributor then searches a table (DAQ — table) in system common to find out which
programs are waiting for that type of event to analyse. It then asks the system to activate these programs and
goes into a wait state itself. If all activated programs have made their copy of the event from SAM, MDSTR
waits another 0.2 sec before it asks the system for a new event.

There are several analysis programs for the different types of events, with different tasks. The very
first time that such a program becomes active it makes itself known to the system by putting its name and
the required event type(s) in a special part of system common, the DAQ —table. It also reads the content of a
related diskfile containing previously collected monitor information. Then the program goes dormant,
allowing the system to schedule it whenever there is an event of the proper type available. When reactivated
by the system, an analysis program asks for a copy of the event from SAM and if it is the last program
waiting for that event it automatically releases the space occupied in SAM by that event.

The results of the analysis of an event are kept in histogram - arrays or normal arrays which serve as
an input for histograms. These arrays are updated for each new event and after a preset number of events
(e.g. 100) the updated content is stored on a diskfile. In this way disk I /O-t ime is limited and most of the
collected information is still available after a deadstart. (There is one exception where the diskfile is updated
every burst because it is used directly as a source for the display of information.)

Some examples of the monitor information collected:

1. hit distributions over the whole detector and end system: number of hits per scintillator, proportional
tube wire or streamer tube wire,

2. mean pulse height for each scintillator and proportional tube and mean drifttime for the prop.tubes.
For this purpose, cosmic ray tracks are used and only hits on the track are recorded. The hit
distributions belonging to those hits are stored separately.

3. pedestal information for the scintillator ADCs.

4. trigger information such as a bit pattern indicating the type of trigger, event timing, hits per event,
longitudinal vertex position of the events, etc.

5. beam information (analysis of the NFM information) giving number of protons per burst, beam
positioning and muon flux measured in the shielding.
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In addition, events are stored in special disk buffers (different buffers for different event types) from
where they can be used for dedicated analysis tasks or display.

There are three different types of programs running on the HP, all part of the monitor system.
a. Segmented programs with an analysis segment and a display segment. The segments communicate via local
common areas.
b. Stand —alone analysis and stand-alone display programs that communicate through dedicated diskfiles.
c. Stand-alone analysis and stand-alone display programs where the analysis program uses EMA
(Extended Memory Adressing) and is locked in memory. The EMA feature enables the program to use an
unlimited amount of core memory as one big data array, instead of being limited to the 32k logic address
space. In this way for example the hits, pulse heights and drift times of all 12.288 proprotional drift tubes and
the hits of all 19.968 streamer tubes are stored. The display program, when activated, declares itself
EMA—program and locks itself temporarily in memory, addressing the same memory words as the analysis
program uses for storage of the monitor information. When the display task is finished, the display program
locks itself out and declares itself non —EMA. Therefore, no intermediate communication buffer is necessary
between analysis and display part.

The display of the collected monitor information is done via a set of dedicated display programs. All
these display programs are directed via a touch - screen which eases the users' interaction with the system. A
touch — screen is a video monitor on which a page of text is displayed, with on top of it a transparent screen
with (16) touch sensitive fields. The displayed text indicates the function of each specific field (see figure 27).
Touching one of these fields provokes a specific action by the touch — screen monitor program (CTSM) using
the number of the displayed page and the field number as a decoding key to the required action.

S C I N T I L L A T O f l

01 S P L A Y

SC I N T I L L .

PULSH

• H i T S

P R I N T

P U L S E H

( O U ' S I D E

L I M I T S )

D ' S P L A Y

M E A N ? h

PH AT 1 5 0

A T T N [ M l

CHECK P A O

D U M P

M E A N

P U L S E h

\ ETO P L A N E

D I S P L A r

P U L S E H . H I T

D I S P L A Y

ME A : . P H

• H 1 T S

S E L E C T

AND

E X P A N D

( I S P J I I

S T O P

O U T P U T

" 0 F.

D I S P L A Y

P R I N T

PH AT 1 5 0

O'JTS 'GE

s f : F f T

AND

E X P A N D

I C J N T I N u F C )

[ L E A P

P J L S E H

h S " O G R A M

:: EAD

'.OF

S Y S T E M

A R R A Y

S P E C ; A I

FOR

: X P E 3 " S

Figure 27: One of the available touchscreen pages that interface the user and the information
display.Here the scintillator related page is shown.

Most of the times the action requires scheduling of one of the (interactive) display programs, but it can also
lead to changing the page on the video monitor to give access to some other type of monitor information.
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All the display programs concerned with the display of detector element information are interactive in
the sense that, if required, they ask the user for the number of elements that he wants to have displayed and
the required resolution (one plane/card or tube per histogram bin). Other programs display their information
on video monitors which are automatically updated every burst. They can also be asked to display there
information on the terminal (integrated over a number of bursts) or print it on the line printer. Figure 28
gives a detailed sketch of the monitoring system.

Figure 28: An artists' [51] impression of the complete monitoring system. Events come in via the
NORD frontend computer and are then handled by the monitoring programs on the HP
system.

However, in spite of the detailed information contained in the different histograms, the most
powerful tool to see whether the detector is operating normally is the event—display program. This shows a
picture of an event (from one of the special buffers) displaying all the detector elements which were hit (figure
29).

Apart from the so-called software monitoring there are also hardware interrupt handlers that
generate an irritating noise when something goes wrong with some part of the electronic equipment of the
detector or its related systems. All high voltage power supplies, CAMAC and NIM crate power supplies, the
magnet current — and cooling system, the computer interrupt handler and other devices are connected to this
hardware monitor system.
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Figure 29: The horizontal and vertical projection of a CC v event in the CHARM elector, produced
by the on - line event display program. The clashes represent the scintillators and the dots
the prop, drift tubes. The histograms above show the analog pulse height measured by
the various elements of a plane.

Finally, there is the NORD data acquisition computer that generates a number of error messages ,
normally printed on the line printer (and where the printing itself serves as audible alarm), when it finds
something wrong in the events (events which are not even passed to the HP for analysis because of such
errors!).

3.5 THE ON-LINE MONITORING OF THE BEAM

A stable and well steered beam is of vital importance to a proton beam dump experiment, to be able to
determine the conventional and prompt fluxes. The detector system that monitors the proton beam has been
described in chapter 2. Here the software monitoring of the beam conditions will be described.

All the beam related detector signals are sent via the NFM computer to the Nord and from there to
the HP. Some of those signals are also available as a pulse train (using the offset subtracted adc digitized
counter signals) and read by sealers. The pulse trains are accurate to about 1 %. They are available directly
after the neutrino spill and provide the first check of the beam conditions. The counter signals can be checked
against a set of reference values and warning messages can be generated if some signal is out of range.

The long term beam stability monitoring mainly uses the software signals. They are more accurate
and, in addition, contain more than only the measurement of the beam e.g. for most counters the offsets are
given separately and these provide a check on the behaviour of the counter. The stability of the proton flux
was monitored by the ratio of two BCTs. The ratio turned out to be a very reliable and very sensitive
monitor. The Beam Loss Monitor information was checked against a file containing reference values for the
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various counters. An on- l ine display was available, updated every burst, which showed these BLMs in their
relative positions in the beamline (horizontal and vertical projection separately) together with their numbering
and an indication of their signal. This display proved to be very useful in indicating the SPS crew exactly
where losses occurred and resteering was necessary. In addition, all BCT signals, ratios of BCTs and BLM
signals were stored in histograms to monitor their behaviour in time.

The impact position of the proton beam on the target was measured by a grid just in front of the
dump and displayed in two histograms showing the integrated charge induction as a function of the distance
to the centre of the grid (which itself was centred on the ideal beamline).

The software values of the BCTs, beam - loss monitors and the grid were also displayed on a video
monitor on a burst to burst basis. They could be compared with the pulse train signals.

Another way to check the steering of the beam was to look at the signals from the SSDs that
measure the neutrino associated muonfiux in the iron shielding. The measured flux as a function of the
position of the counter for several counters in a gap in the shielding should show a more or less flat
distribution for all gaps, given by the characteristics of the beam dump neutrino beam. The burst related
signals of the SSDs, displayed on a TV monitor which was updated every burst, provided a check on the
intensity of the muon flux. The relation between the muon flux in a certain pit and a well steered proton
beam can be used to check the steering of the proton beam (this relation depends of course on the pit and
the proton intensity).

To make sure that the timing of the detector was well synchronized with the beam, not only the
preburst signal (coming from the fast kicker magnet at the ejection point of the SPS) was used, but also a
pulse train coming from a small scintiliator in one of the gaps of the shielding was overlayed with the
detector —ready —for —burst signal and displayed on an oscilloscope.

To make sure that no other material (for instance from detectors used for the initial steering or foils
used to calibrate the beam —loss monitors) was in the beam, some extra words were reserved in the
NFM-da ta block, indicating the status of all such elements on the beam-line. A warning message was
issued whenever the overall status indicated some extra material in the beam (which causes scraping, giving
high losses and a too high quasi-prompt contribution to the neutrino flux).
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4. EVENT RECONSTRUCTION

The off—line event reconstruction in general needs to pass three times over the data. The first pass is to
determine the calibration factors for the different detector elements. In the second pass these constants are
used to convert adc contents into energy units and digitized drift times into drift distances. The third pass
actually reconstructs and classifies the events, as explained in the following sections.

The reconstruction explained in the first section is the standard one which is applied to all events
taken during the beam dump exposure. It consists of a filter to reject the bulk of the cosmic ray induced
events collected inside the neutrino spill. The rest of the events is classified in terms of CC and NC
interactions. It is the NC sample which is of main interest to the analysis described in this thesis, since that
sample contains the CC i'e interactions.

The method used for identification of CC electron neutrino interactions will be discussed in detail in
the second section.

4.1 PATTERN RECOGNITION AND EVENT CLASSIFICATION

4.1.1 RECONSTRUCTION EST A NUTSHELL

ITie first task in the reconstruction is to identify cosmic ray events taken during the accelerator spill and
fulfilling the trigger conditions for a physics event. Every event containing one single track entering the
calorimeter at the first plane or from the sides and that has no noticable shower activity is called a cosmic
event. Up to two spurious hits, not lying on the track are allowed. With these criteria, cosmic muons entering
from the back of the detector and simulating a quasi — elastic event are not all identified. The real amount of
cosmic ray events recorded during bursts is evaluated separately, using special runs with the accelerator off
and the same trigger conditions as during normal data taking. For reasons of statistical accuracy the data
taking time for this special sample was chosen equal to that of the whole beam dump sample. The cosmics
that escape from rejection by the fast filter are statistically subtracted from the reconstructed event sample in
a latter stage of the analysis.

The events that are not identified (and rejected) as cosmics are investigated in order to find tracks,
belonging to shower particles or muons origin-ting from charged current muon - neutrino interactions.

After the track finding, the found tracks are classified. There are two classifications possible : a track
can be a muon track or a track of a shower particle. Tracks belonging to particles classified as muons are
then removed from the event by subtracting their signals in the scintillators and proportional tubes both in
the region where they are visible (complete blanking) and in the shower region (subtraction of the average
deposited pulse height as measured in the visible region). In this way the showers are cleaned from the
muons.

Next, the start plane of the shower is (re)determined and the lateral shower vertex position estimated,
using the information provided by the scintillators, proportional tubes and streamer tubes in the first four
shower planes.

Then the direction of the shower is calculated, using the vertex and the mode of the shower as
determined by the lateral scintillator and proportional tube profiles.

The shower energy is estimated using the scintillator information inside a so — called shower box.
Tube information is added if this box is approaching the edges of the marble plates or the end system.

For events where the presence of a muon was indicated, the muon momentum is determined by a fit
to the magnetically deflected track and/or by range (the last method is the only one used if the muon stops
inside the calorimeter or the end system).

At the end of the described steps of the reconstruction, the events are classified as belonging to one
of the five subsamples: cosmic (COSM), charged current (inside or outside of fiducial volume: CC resp.
OCC) and neutral current (inside or outside of fiducial volume: NC resp. ONC). In practice the so —called
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neutral current sample at this stage is mostly referred to as the 0/ion sample since it contains also charged
current electron — neutrino events.

4.1.2 TRACK - FINDING

The search for muon tracks is based on the signals from the proportional tubes only. The algorithm [52] has
to cope with different event topologies: an ideal charged current event has a muon which is clearly separated
from the shower; however, pion and kaon decay in the shower give rise to secondary muons; the muons can
be partially or completely obscured in one projection; they can be bent either by multiple scattering or by
magnetic deflection or they can just stop inside the detector or leave it at the side; the muon(s) can also
undergo bremsstrahlung which obscures the track by producing a second shower. To achieve the aim of
identifying all real muons, the minimum length for all tracks in the target calorimeter is half of what is
required in the CHARM detector to distinguish a muon from a pion, the latter being about 260 cm (13
planes). Shorter tracks are not identified as such but are considered as part of the shower. The actual
track - finding is preceded by a blanking procedure to take away signals which are likely to have originated
from the shower development. The blanking is done on the basis of the tube pulse heights and the tube hit
pattern (using only the pulse heights is impossible due to the effects described in section 4.1.3).

The track — finding operates on the hits being left after the blanking. Initially, tracks are searched in
the end system where the conditions arc cleaner and information which allows to match the tracks observed
in each projection is available because of the inclined tube planes. The basic assumption is made that the
trajectory in the end magnet system can be described by a parabola. To determine this curve three so — called
pivot planes are defined, using not —inclined planes only. For every combination of points in the first and the
last pivot plane a new coordinate system is defined whose abscissa is parallel to the straight line joining the
points. Then the point on the middle pivot plane is used to fix the coefficients of the parabola and a check
on the curvature is made. Next, a search is made for all other points between the first and the last pivot plane
and the point closest, within a certain tolerance, to the predicted track is added to the track (these points are
deleted from the coordinate array to make their assignment unique). No track fit is performed at this stage,
the assignment is based only on the distance between the parabola and the points. In the first pass only
tracks which traverse the whole magnet system arc found. If such a track does not fulfill certain criteria e.g. a
minimum number of points on the track, it is rejected and its points are restored in the coordinate buffer. In
the second pass shorter tracks can be found and the criteria are looser. The whole procedure is then repeated
for the second projection and after that the tracks found in the projections are matched in space, using the
information available from the inclined planes.

In the target calorimeter first an attempt is made to continue tracks found in the magnetic end
system, in a plane to plane search per projection, removing the points from the coordinate buffer that are
attributed to tracks, in the second step one tries to attribute hits to tracks which terminate in the target
calorimeter. In the last trial one tests if the points still remaining, can be used to form the end of a track
stopping in the calorimeter or leaving it at the side. The above assignment sequencing is made for all the hits
on a certain plane before continuing with the next plane. After one plane is handled and before the next one
is tried, a check is made on all tracks which have not been continued: they are marked as stopping tracks or
they are rejected if their number of points is too small.

Tracks found either in the calorimeter or continued from the end system are first studied in the field
free marble section of the calorimeter. A straight line is fitted to the points and a chi - squared for the fit is
calculated. If the straight - line condition is not fulfilled at the 0.1% probability level a rescue operation is
performed, removing the first few points and fitting again, under the assumption that the track can be truly
curved by magnetic deflection in the frames or by multiple scattering, or because the track has been wrongly
followed in the shower region because of inefficiencies in the blanking procedure or a wrong attribution of
points. Next, the tracks in the projections arc sorted into an order determined by their goodness of fit.

In the following step the final matching of the two projections is performed for the tracks that start
and stop in the calorimeter. Since there are no inclined planes in the target calorimeter, the matching is
performed on the basis of the total track length and the position of the mid — points and imposing in the first
pass the condition of a common end-plane. The remaining tracks, seen only in the calorimeter, are matched
solely on the basis of their end-points. If matching is not possible, the tracks are retained but labelled as
'tracks seen in one projection only'. Following the tracks contained in the calorimeter only, the tracks
continued from the end system are then fitted with a straight line.
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The last step consists of restoring points possibly lost due to the blanking procedure and joining
track — sections with bremsstrahlung showers inbetween on the basis of their straight - l ine parameters. Also,
for events in which no tracks were found, a special search for large angle tracks is made on the basis of a
partially blanked hit pattern.

The reconstruction efficiency of the track — finding was estimated by an eye — scan of the events and
found to be close to 99 %. The lost tracks are predominantly large-angle tracks or tracks traversing the
holes in the end —calorimeter. Their contribution to misclassification of an event is obtained from
comparison with a Monte — Carlo simulation.

In LiVs nrst part of the track - finding procedure the ambiguity of the points on the tracks is not
resolved. Also, no fit is performed in the iron frame and the end - system for (parts of) tracks found in this
part of the detector.

MUON MOMENTUM AND ANGLE DETERMINATION
In the second part of the track — finding tracks are classified in three different categories: possible muon
tracks, shower tracks and incoming tracks. The classification is based on the length of the track and the
position of the intercept of the extrapolated track with a previously determined 'first' plane of the interaction.
This starting plane is the first not empty plane which is followed by another not empty plane. For tracks
labelled as muons the analysis continues and angle and momentum arc determined and the left-right
ambiguity of the drift tube points that constitute the track is resolved. For the tracks, stopping in the target
calorimeter, the momentum is obtained by range, making use of the range momentum relation for muons
[53] . For tracks seen in the end —system and/or in the frames that contain a sufficient number of points (six
points for end-magnet tracks, eight points for frame tracks) the momentum is obtained by a
least —squares —fit method. If the amount of points is insufficient the momentum is, again, determined by
range.

For tracks travelling in iron, the drifttime information of the tubes, attributed to the track, is used in
the fit. Hits are discarded if their pulse height is too large in which case the drifttime - driftdistance
relationship is distorted (due to contamination by the shower or by bremsstrahlung showers) or if they have
neighbours in first or second degree (unless such a hit is a member of a double hit in which case the sum of
the drift distances should yield the distance between the adjacent wires). With these criteria up to five hits per
projection in the target calorimeter are selected. For tracks in the end — system the energy deposition in the
scintillators must be compatible with a single muon; if this is not the case tracks get a special treatment at
this point.

The left —right ambiguity of the drift tubes is resolved, trying all possible straightline fits on the
straight section in the target calorimeter. For tracks that continue in the end - system, the hits in the last five
planes of the calorimeter are used to resolve the ambiguity and the fit also defines a point on the face of the
first iron disk of the end — calorimeter. Both the intercept with that iron disk and the last point in the
calorimeter (of which the ambiguity is fixed) are then used together with the points in the end - system to fit
all possible parabolae and the one with the best fit is retained.

The fit itself uses the positions obtained from the drift times and follows a method due to Regler [54]
and implemented by Fruhwirth [55] which takes into account the multiple scattering and energy loss. The
drift times give a position measurement with a variance of approximately 1.3 mm (compared to 9 mm for a
flat distribution with a width of 3 cm, in case one uses the wire position only). The parameters which are
fitted are the two projections of a point on a reference plane, two direction cosines and the inverse
momentum. If the probability of the fit is smaller than 0.001, the position measurements are replaced by the
wire position in subsequent trials. After the replacement a new fit is tried with the larger variance for the
points for which the wire position is used. Finally, the fit using the smallest number of wire fits that gives an
acceptable chi — squared is used for the momentum estimate.

The angle of the muon is determined in the marble part of the calorimeter where the track is not
deflected by a magnetic field. A section of the track as close as possible to the shower region, using points not
likely to be contaminated by the shower, with a length chosen to yield a position measurement error of the
same order of magnitude as the multiple scattering error, is fitted with a straight — line using, in first instance,
the drifttime information. In only a few percent of the cases a fit to the wire — positions on a longer section
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has to be performed to obtain an acceptable chi — squared. For tracks only seen in the end — system or the
frames the direction cosines of the momentum fit are used to determine the angle. The variance of this
measurement is, on average, " ( 0 p r o j e c t ; o n ) = ± 8 mrad.

The characteristics of each track such as 'only seen in frame' or 'only seen in end - system' or 'drift
time fit' or 'wire fit' etc. are coded in a label vector that is used in the final event classification.

4.1.3 SHOWER RECONSTRUCTION

The first step in the shower reconstruction is the removal of signals attributed to muons (if found in the
track — finding) from the hit pattern of the proportional tubes and the scintillators. This cleaning procedure
blanks the muon track where it is clearly visible and subtracts an average pulse height in the region where the
track is obscured by the shower. This average pulse height is based on the pulse heights measured along the
visible part of the track and thus takes into account the relativistic rise of the mean specific ionization as a
function of energy of the particle (above 1 — 2 GeV) and the space charge effect in the tubes, avoiding the use
of the unknown correlation between measured momentum and measured pulse heights. In the cleaning of the
scintillators the light attenuation is taken into account.

In the next step the scintillator signals are corrected for the effect of the light attenuation, in order to
obtain the proper energy deposition.

Then the start plane of the shower is (re)defined by the first of two consecutive planes in which an
energy deposition of more than two times the energy loss of an average ionizing particle is measured. The
average ionizing particles are the cosmic ray muons with a momentum of at least 1 GeV/c. The energy loss of
an average ionizing particle is further refered to as a a.i.p. The end plane is defined by the last of three
consecutive planes with less than one a.i.p.. With the same kind of criteria the lateral dimensions of the
shower in each projection are determined. The thus enclosed area is called the shower box.

If the shower box lies well within the marble part of the calorimeter, only the scintillators are used to
define the shower energy. If the box lies too close to the edge of the marble, the contents of the proportional
tubes in the frame (or in the end calorimeter) are used as well.

For the determination of the lateral shower vertex, the median of the pulse height profiles of the
scintillators in the first four shower planes, the overall median of the scintillators, the integrated profile of the
first four proportional tube planes and all the combinations of clusters (= a row of fired tubes without a gap)
in these four tube planes are used. Tube hits that cannot be followed to the next plane are removed to get rid
of possible soft large angle tracks. A straight—line fit to the medians and the tube pulse height profiles of the
first four shower planes gives an indication for the energy —flow vector of the first part of the shower.
Projecting backwards this vector on the start plane of the shower, gives a first vertex estimate. In a second
attempt as many straight — line fits as there are possible combinations of tube clusters are performed; each
cluster is weighted with its pulse height and inversely weighed with its width. The straight — line fit with the
combination of clusters that gives the best chi —squared provides the final estimate of the shower vertex.
Recently, an algorithm was developped which uses the streamer tubes in addition to determine angle and
vertex of the shower. This gives an improvement in spatial resolution in those cases where the start plane of
the shower is correctly defined and not obscured by backscattering. The weighted average of all three (or less)
vertices is taken as the best determined vertex. The weights were carefully determined with the use of
test —beam data where a comparison between the measured and the reconstructed lateral vertex positions
could be made. The lateral vertex resolution is less than 4 cm for showers above 15 GeV.

The backscattering is caused by soft particles (neutrons, protons and photons) which are evaporated
from the nucleus. The ones that travel backward can cause hits in the planes before the plane where the
neutrino interaction took place and those hits can seriously affect the determination of the lateral vertex
position. A study of the backscattering using data taken with the test beams of pions and electrons (see
section 3.2.1) led to the development of an algorithm that cures the wrong calculation of the vertex. We
compare the intercept of a shower axis, determined for a part of the event that lies outside the predicted
vertex region, with the energy barycenter of a presumed starting plane of the shower. If the two coincide the
vertex plane is accepted, if not the next plane is checked etc..
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The shower angle is determined by the average of two estimates: the first estimate is obtained by the
straight line joining the shower vertex and the overall scintillator barycentre; the second estimate follows from
the line through the vertex that divides the proportional tube energy pattern in two equal parts (here the
energy of the individual tubes is in addition weighted with a function that decreases the weight far from the
axis through the vertex). For hadronic showers the angular resolution is less than 80 mrad for shower energies
above 15 GeV and less than 30 mrad for energies above 50 GcV. For electromagnetic showers the angular
resolution is less than 10 mrad above 15 GeV.

4.2 AUTOMATIC CLASSIFICATION OF EVENTS

Based on the observations in the track - finding and the shower - finding procedures a program classifies the
events in two main categories: neutrino—induced and not — neutrino — induced events. I:or the
neutrino — induced events a further subdivision is made in charged current (CC) and muon —less (Ofi or NC)
events, depending on the presence or absence of a muon track. 'Irie classification ' N C (neutral current) at
this stage is not completely correct, since the sample contains also charged current i'c interactions. 'l"he
following algorithms are used to guide the classification:

If no muon track was found by the track — finding and the shower energy i? at least 1.5 GeV, the
event is called a 0<i event.

An event for which a muon track was found but for which the shower energy is less than 1.5 GcV is
classified as a COSMIC (not —neutrino —induced), unless the angle of the track with the beam axis is less
than 700 mrad in which case the event is a CC (possible quasi elastic). "Hie limit of 700 mrad is given by the
lowest detectable shower energy and the typical y — distribution for quasi — elastic events, which has an
average value of y close to 0, and the kinematics for these interactions.

For events with one or more tracks and a shower energy of at least 1.5 GcV the nature of the
track(s) is investigated to see if it is compatible with a final state muon of a neutrino — induced CC
intr :c • '-in. If one of the tracks has a momentum greater than 1 GcV/c and if the distance (in space) between
its vertex and the calculated shower vertex is less than 20 cm and if it is clearly seen (free from the shower)
over at least a distance equivalent to the range of a 0.67 GeV/c muon in both projections, the track is called
leading muon' and the event is classified as CC (0.67 GeV/c corresponds to about 13 target plates). The
charge of the muon is determined if the precision of the magnetic analysis is sufficient: Ap/p < 100 %.

If only part of the conditions for a CC event arc fulfilled the event is still called CC but a scanflag is
added, that specifies the nature of the unfulfilled conditions.

If non of the specific CC conditions are fulfilled but there are track(s) recognized in the event, it is
called Ofi and also here a scanflag is added, less the track(s) are clearly recognized as overlays (= cither
incoming beam muons or cosmic ray muons, not visible in the scintillators but only in the pdt's), in which
case the event is an unambiguous 0/i event.

At the end of this classification logic, the shower vertex of the event (as reconstructed by the shower
finding) is compared with the imposed fiducial volume boundaries (both longitudinaly and laterally) and the
classification of neutrino — induced events is updated with the notion of inside or outside fiducial volume.
Although the muon vertex of a CC event is usually more precise, the shower vertex is used to avoid
differences in the fiducial volume definition of 0/i and CC events.

At this stage, CC r events are classified as O/i events since the charged final state lepton manifests
itself as a shower and no', as a track.

4.2.1 CORRECTIONS TO THE EVENT CLASSIFICATION"

Based on the experience gained with the analysis of pre\ious experiments [ 1 ] it was decided to eye — scan a
selected number of events whose program classification was doubtful. In addition a subsample of 10 % of all
events not flagged for scanning, was scanned to check the efficiency of the program classification.

In the classification of events scan - flags were attributed on the basis of the following criteria:
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scan — flag # scan - flag description

1. vertex -(muon) — vertex -(shower) > 60 cm

2. 20 cm < distance in space between muon vertex and shower vertex < 60 cm

3. the event contains one track which is only seen in the end system

4. the aspect ratio ( = length/width) of the event is > 1.

5. there is only one muon with a momentum from range greater than 1 GeV/c and that muon is only
found in one projection

6. a superimposed track is seen in the event (= a track that is only visible in the proportional tubes
but not in the scintillators)

7. the event was classified as CC based only on the presence of some hits in the bremsstrahlungs
counters, possibly indicating the passage of a relativistic rnuon, but no track was fuund

8. (first shower plane — muon start plane) > 3 planes

9. the event was classified as CC by the presence of a leading muon, but no vertex check was made
because the shower energy was below 10 GeV

10. the vertex as defined by algorithm 'NAUGHT" lies outside the fiducial volume and the vertex
defined by algorithm "MOSCOW" lies inside the fiducial volume or vice versa, or the difference in
longitudinal position of both vertices is greater than 4 planes

11. the event was classified as a 0/i event but there was a muon found with a momentum greater than 1
GeV/c

The use of two vertex algorithms as mentioned in point 10 has historical reasons, but apart from that
the Moscow vertex algorithm is more suitable for low energy showers (between 1 and 5 GeV) whereas in the
region above 10 GeV the two vertex algorithms give the same result.

All events classified as CC (or lp) and Op with at least one scan —flag set and all events with a
shower energy between 1.5 and 5 GeV, were eye —scanned. Scanning was done using micro—fiches,
containing pictures of the selected events in which every fired detector element was shown, correctly aligned,
for both projections separately, and using paper output containing event number, classification and scanflag.
All events were scanned twice. If the two scans gave different results, the event was scanned a third time and
the final classification was taken from the third scan. In all cases the final classification was based on the scan
results. The results of the scan were stored on separate files. Only in writing micro —dst's, containing a
subsample of the total available event information necessary for a certain type of analysis, the scan
information was merged with the original event data.

(The reason for the eye scan of the events is that, even if it is in principle possible to correct all
possible misclassiccations by computer code, the development of a programmed algorithm at that refined
level is very time consuming (more than scanning) and would require scanning itself. In addition, it is
doubtful if a program can replace the observational power of a human eye and brain and can really 'interpret'
what it sees. Also, the risk that by solving one classification problem, one introduces a systematic
misclassification of another type, is certainly not negligible.)

SCANNING RULES
Determination of the event class during scanning was based on comparison with the following description
and rules:

1. Leading muon: a track is attributed to a leading muon if
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a. it has itself no interactions in the region where it is clearly visible and has at least two
bremsstrahlungs counters fired,

b. or if it traverses at least 20 marble equivalent plates in at least one projection (1 iron plate
of the end —system is roughly 3 marble equivalent plates) between the calculated event
vertex and the end of the track, which corresponds to a range momentum of at least 1
GeV/c, and is clearly visible (= separated from the shower) through at least 13 equivalent
marble plates and if the event has a shower energy of less than 10 GeV,

c. or if it has at least a range momentum of 1 GeV/c and is clearly visible in at least 13
equivalent marble plates and if the event has a shower energy greater or equal to 10 GeV
and if the distance between muon vertex and shower vertex laterally is less than 60 cm in
both projections.

2. Superimposed muon: a track traversing the marble plates of the calorimeter (and not the frames) with
only proportional tubes hit and no corresponding scintillators fired (the reason for the occurrence of
such tracks is the much longer memory time of the pdt system with respect to that of the
scintillators)

3. Neutral current event: an event with no leading muon and the vertex within the fiducial volume and
which shows no resemblance with a cosmic shower (e.g. aspect ratio, shower direction and no
entering tracks)

4. Charged current event: an event that has at least one leading muon (not superimposed and not
starting in the frame ) and where the difference between the longitudinal shower vertex and the muon
vertex is less than 4 planes. In addition, if the shower energy is less than 1.5 GeV the space angle of
the muon must be less than 700 mrad.

5. The scanner was allowed to assign any of the four classes: 0/i,CC,O0,u and OCC (where the O stands
for 'outside fiducial volume'). In only one special case the scanner was allowed to assign the class
COSMIC: if the program classification was 0/i/O0fi but the event was made by a cosmic and a
superimposed track. In all other cases where events were found to be cosmic a comment was added
in the scan —file, but the actual program class was not changed.

The in/out fiducial volume transition was subjected to the following rules:

6. if no vertex was defined by one of the two algorithms, the scanner was allowed to decide by eye.

7. if the NAUGHT vertex was missing in one or both projections the Moscow vertex must be used to
decide.

8. if the NAUGHT vertex was badly wrong in longitudinal position a decision by eye was allowed, but
a comment should be added to the scanfile.

9. differences of less than 6 cm in the lateral position between the two algorithms must be ignored and
the NAUGHT vertex must be used to make the decision.

10. if the lateral difference between the two vertices was larger than 6 cm and if the NAUGHT vertex
was clearly wrong the Moscow vertex was taken.

THE RANDOM SAMPLE
Ten percent of all events without a scanflag, including cosmics, were presented for scanning to check if there
was any systematic misclassification by the program which was not covered by the scanflags or, even worse,
would result in a loss of neutrino induced events by attributing them to the outside fiducial volume sample or
the cosmic sample. No systematic effects in the program—event classification were found. The uncertainty of
the event classification can be represented by a standard deviation of o = ± 0.3 %.
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RESULTS FROM THE SCAN
Out of 34.270 events collected in three periods of data taking a total of 8862 events were presented for
scanning, adding all possible categories together and summing over both dump densities lp0 and po/3.
Selecting only 'good" neutrino events and rejecting bursts with too high losses these numbers become 7782
events scanned (= 23.2 %) out of 33.336.

1440 events (3 % of the total sample) belonging to the scanflag sample were found to change class.
This fraction and the type of changes have no obvious energy dependence.

The results of the scan for all events (i.e. without any cuts) of the random sample are given in table
8. To estimate the inefficiency of the program classification and to calculate the corrections to be applied to
the event samples used in the analysis, only the transitions of CC and NC events are relevant. For events
with an E L > 2 GeV, as is the common low energy cut for the complete analysis of this beam dump
experiment, these transitions occur for 11 events only out of a total of 1429.

Table 8:

CC COSMprogram
Scan

occ

ONC

NC

CC

COSM

OCC

557

11

-

-

_

Results of the

ONC

7

436

1

-

scan
(all

of the random sample
events)

NC

-

-

168

-

_

4

-

3

443

1

180

16

3

5

365

With proper scaling the absolute corrections to the two different data samples are listed in table 9.

Table 9:

Corrections to the total data sample as obtained from the scan.

p = 1 P - Po/3

NC +10 events + 42 events

CC —31 events 0 events

Subtraction of cosmic event? which look like 0/x or CC interactions, is done statistically and not on an event
to event basis. This background was determined evaluating a special sample of cosmic ray induced events.
They were taken with the same trigger conditions, when the accelerator was not operating. The results of this
evaluation were normalized to the total lifetime of the beam dump exposure.
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4.3 ELECTROMAGNETIC AND HADRONIC SHOWER SEPARATION

To determine the number of CC electron - neutrino induced events a special set of computer programs was
written and added to the pattern recognition program NAUGHT of the CHARM experiment. The typical
topology of such events is a hadronic shower superimposed on an electromagnetic shower. The latter
represents the leading charged lepton in this type of CC reactions. The routines were only used to analyse Oji
events of the beam dump. The added routines try to interpret part or all of the visible shower energy of
events of the 0/J sample as electromagnetic energy by comparing the characteristics of the deposited energy in
a certain region of the event with expectations for electromagnetic showers. It is with these routines that the
search for CC v events starts.

The search method makes use of the typical behaviour of electromagnetic and hadronic showers in
the low Z material of the CHARM target calorimeter. In the calorimeter, the length of a hadronic shower of
a given energy is about the same as that of an electromagnetic shower of the same energy. The lateral shower
characteristics however, are different for the two types of showers. For electron showers the width is typically
2.5 cm FWHM and for hadronoc showers typically 20 cm FWHM. In addition, the longitudinal energy
deposition for electromagnetic showers is very regular, whereas for hadronic showers the fluctuations in the
energy deposition are big. Also, for electron showers a road of 15 cm wide scintillators, starting at the shower
vertex and with an appropriate energy dependent length, contains about 95 % of the total deposited energy.
For hadronic showers this is a factor two smaller.

We used the energy, deposited in a road of 15 cm wide scintillators to determine the total shower
energy and a length dependent energy content criterium to determine if a shower candidate is compatible with
an electromagnetic shower.

The routines do not try to uniquely identify the v£ interactions and to separate them from the
background, but only treat the Ofi events in a special fashion such that a statistical method can be used after
this treatment to isolate the signal of v induced CC interactions. In fact, the routines determine some
kinematical variables for all 0> events, under the working hypothesis that all these events are i<e induced CC
interactions.

4.4 THE SEARCH FOR ELECTROMAGNETIC SHOWERS

The search starts by defining the five scintillators with the highest energy deposition (named maximum
scintillators) as the five regions where possibly the core of an electromagnetic shower is situated. A first
indication of the direction of the electromagnetic shower in one projection is then given by the direction of
the line connecting vertex and maximum scintillator. The next step is then to refine the definition of the
shower direction in the projection of the maximum scintillator and to determine the angle in the other
projection. This is done by sampling the energy in the scintillators along the line, adding to that the energy
measured in the proportional tubes in a region around the intercept of the shower axis with the scintillator.
The sampling along the line stops as soon as two consecutive planes with minimum3 or zero energy
deposition are reached. The linesum' region is then defined by the length of the sampling path and has a
width of 15 cm (because the scintillator found on the line has a width of 15 cm). The lateral region for which
the pulse heights measured in the pdt tubes are taken into account is chosen to be 10 cm to either side of the
intercept and the energy content of the tubes is weighed with a Gaussian profile which peaks at the intercept.
The reason for using the pdt's is their finer granularity (3 cm instead of 15 cm) and their proportionality,
when defining the position of the core of a shower where one measures the maximum energy deposition.

The process of sampling what is called the Tinesum' is repeated for at least three positions in the
maximum scintillator. Comparison of these three linesums for any given vertex point can lead to one more
linesum evaluation using an intermediate point in the scintillator. The highest linesum is retained. This
procedure is repeated for at least three points in the vertex region ( with optionally a fourth point). Again the
line with the highest pulse height sum is kept, giving a vertex and a point in the maximum scintillator that
define the shower axis. The whole linesum sampling procedure is then repeated, using the previously defined
axis as a starting point, with decreased steps in the scintillator and vertex region, to optimize the shower

' A plane with minimum energy deposition is a plane where the deposited energy in the scintillator is less or equal to that deposited by
one average ionizing particle
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direction.

In the other projection there is no a priori determined starting direction. The sampling along a line is
done for each scintillator in the plane before the plane of the maximum scintillator (again for at least three
points in every scintillator) in the same way as described above, but only if the requirement that the
scintilktor in that plane has a minimum energy deposition of 12 % of the maximum scintillator is fulfilled.
This same requirement has to hold for the scintillator in the plane after the maximum scintillator plane
through which the line passes. (For purely electromagnetic showers a requirement of 40 % would be
reasonable down to 5 GeV, but some space has to be provided for a heavily fluctuating underlying hadronic
shower, so the severity of this cut is considerably reduced). At the end of the line sampling procedure over
two projections one then has five (or less) possible shower directions in two projections.

Next, for each of the possibilities, the program constructs four shower energy estimators, based
entirely on the visible energy deposited in the scintillators. The first estimator is the energy in the maximum
scintillator. The second estimator is the sum of the energy deposited in the scintillators in the planes before
and after the maximum scintilJator plane that lie on the line indicating the shower axis. The third and fourth
estimator are the sum of the energy deposited in the scintillators along the shower axis, where the length of
the 'shower' is restricted to the number of planes between the vertex and the end of the line, or a number of
planes which is smaller. This smaller number of planes stems from the application of an algorithm (based on
purely electromagnetic showers) for the longitudinal development of the shower. This algorithm relates the
length of the linesum region to the energy content and cuts the length if necessary to fulfill certain criteria.
The algorithm operates independently on both projections.

Before making a final estimate of the shower energy, using the four estimators in a weighted average,
two corrections to the estimator values are applied:

1. The obtained estimator values still contain background energy coming from the hadronic part of the
shower. The energy outside the linesum area is used to get an estimate of the hadronic energy present
in the event. This is done in the following way: a first estimate of the electron shower energy is
obtained from the raw linesum estimators (still contaminated with hadronic energy). This estimate
gives the order of magnitude for the amount of energy of the electron shower leaking into the
scintillators outside the linesum region, via a parametrization obtained with real, purely
electromagnetic showers. Then the sigma for this electron energy is calculated, using a relationship
extracted from real e.m.showers. Now, if the energy outside the linesum region is greater than the
(mean + one sigma) percentage of the energy IN the linesum region, presence of an hadronic
background is assumed and its visible energy is the difference of the energy outside the linesum region
and the calculated percentage of the energy in the linesum region. Via another parametrization, using
an iterative method, the total visible hadronic energy is reconstructed (including the part underneath
the linesum) and via the response curve for the CHARM calorimeter the total hadronic energy is
then derived.

The total hadronic energy serves as an input to reconstruct average hadronic shower profiles
per plane by means of parametrizations (obtained with real hadronic showers over the whole
expected energy range) With the help of those profiles the average background in every scintillator
used to build up the estimators can be subtracted. It should be said that the fluctuations in hadronic
showers are much larger than in electromagnetic ones. Hence, in order not to destroy electron shower
estimators for showers in the small y - region, the background subtraction was tuned in such a way
that it has no influence at all for pure electron showers.

2. Leakage correction (applied after the background subtraction). If the intercept of the shower axis is
close to the edge of a scintillator, part of the energy of the shower core will leak into the
neighbouring scintillator and that energy is lost for the estimator. This effect introduces a vertex and
angular dependence of the estimators since the scintillators of the CHARM detector are not
staggered. To diminish this effect a correction is applied, based on a parametrization of
electromagnetic shower profiles per plane per energy bin. The ratio of the integral of the Cauchy
profile centred at the intercept of the chosen shower axis and integrated over one scintillator — width
and the integral of the same profile centred in the middle of the scintillator gives the percentage of
correction to the pulse height of the scintillator sampled in the linesum region. The thus calculated
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additional pulse height is added to that of the scintillator in question only if it is available in the
neighbouring scintillator. The parametrization of the lateral shower profiles was obtained with Monte
Carlo generated showers, using the streamer tubes as an ideal - scintillator type of detector counting
the number of particles passing each single tube (the streamer tube granularity is 1 cm).

After these corrections to the estimator values it is assumed that now the estimators contain the
visible energy of the electromagnetic part of the shower only. Consequently, the total electromagnetic energy
can be reconstructed using a relationship between estimator and total energy, coming from the evaluation of
purely e.m. showers, analysed with the same search program. These purely e.m. showers come from data
taken with a beam of electrons with different momenta (see section 4.1.1). An electron energy is calculated
for each estimator. In addition to the estimator response curves, also the resolutions for the different
estimators are known from the test - beam evaluation. Both the reconstructed energy and its resolution are
then used to calculate the weighted average of the four estimators as the final electromagnetic shower energy.

This whole procedure is followed for all five (or less) possibilities and in the end yields five (or less)
electron energy estimates plus a calculated least square value and the direction in two projections. A final
selection between all possibilities is made by choosing the shower for which the four estimators lie closest to
each other, as being detected by means of a least squares method.

The essence of this part of the analysis lies in the assumption that the largest electromagnetic shower
of an event is the result of the interaction of the fnal state charged lepton of an electron — neutrino nucleon
reaction. All events in the sample are considered to be of this type. Events without a detectable
electromagnetic shower are kept and classified as events with hadron fraction = 1 (where the hadron fraction
is defined as: y = (EjOta]~ ^ekctron^total ) ' ^ s k o u ^ ^ e n o t e c* a t this s t aB e that no absolute cut on the
least square value is useato separate signaTfrom background Hence, each shower is interpreted as being a
combination of an electromagnetic shower and a hadronic one, except some for which none of the
possibilities pass a few very general criteria such as a minimum length without 'empty' scintillators, a
minimum energy deposition in the maximum scintillator and a very loose test on the consistency between the
different estimators.

The physics analysis counts the events by integrating the measured y — distribution. The measured y
may have a negative value in the case that the found electromagnetic energy is greater than the visible energy
multiplied by a calibration constant for e.m. energy. The latter is given by the response curve for e.m.showers
in the detector. Thus the measured y — distribution is folded with a complex resolution function.

4.4.1 THE KINEMATICAL VARIABLES OF THE ANALYSIS

The electromagnetic shower search program analyses an event, assuming that it is a CC v induced
interaction and thus contains an electromagnetic shower part if the hadronic fraction is less than 1. The
energy of the electromagnetic part of the shower (if found!) is determined by the weighted average of four
energy estimators. Once the electromagnetic energy is determined, use is made of the known response of the
calorimeter to visible e.m. energy to translate total electromagnetic energy into visible energy. Subtracting the
visible e.m. energy from the total visible energy of the event, one obtains the visible energy of the hadronic
part and, via the response curve, the hadronic energy. The sum of the e.m. energy and the hadronic energy as
measured in the event is the total energy of the neutrino: E^. The hadronic fraction y for the event is defined
as y = Ej1/Ej(. If an electromagnetic shower is found, also its angle (both in each projection and in space) is
known with respect to the beam axis. Still under the assumption that the event is a genuine ?e induced CC
interaction and under the condition that the measured y is not negative4 and the neutrino beam is directed
along the ideal beam axis (= axis of the calorimeter), the angle S between electromagnetic part and hadronic
part can be determined by imposing momentum balance.

In the high —energy region, where E^ > > M (with M the nucleon mass), the neutrino scattering
process can be taken as a neutrino nucleon scattering if the momentum transfer is greater than a few hundred
MeV/c. If the incoming neutrino momentum is k, the incoming nucleon momentum p, the outgoing lepton

4 Sometimes the measured y of a particular event has an unphysical (negative) value. This is due to the energy resolution of the
deleccor (and the program) giving rise to a measured E that, converted to visible energy turns out to be bigger than the total visible
energy in the shower.
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momentum k' and the outgoing hadron system momentum p' , the relations that describe the kinematical
variables of the scattering process can be listed as follows:

1. E = electromagnetic shower energy

2. Et = laboratory hadronic shower energy

3- Etotal = E» = E e + \

4. E^jj = total Tiadronic' shower energy

5. Q2 = -q2 = - (k - k')z

6. v = p-q = MfE, - Ej) = M ^ - M)

7. x = Q2/2, = ( ^ - M )/ E, - Ej^ / E,

8. y = W(k-p) = ( % - M)/E,, = E^E,,

9. 0 = angle of e.m.shower with respect to beam axis

10. H = angle between e.m. and hadronic part of the shower

E i is obtained by assuming that the total visible energy is of hadronic nature. Ej is the outgoing
lepton energy. Y is called the fractional energy transfer. Cuts, if applied, are made on the basis of the
measured variables. In fact, there are three general cuts: only events with a E ^ > 2 GeV are accepted as
input to the shower search and only events with a E, > 2 GeV and a y__. c , ,M j < 1. are contributing to the
measured distributions.

4.4.2 SEPARATION OF SIGNAL AND BACKGROUND

With the special analysis of the Oji sample, we want to determine the number of v£ and v CC interactions.
To do that, we make use of the difference in the y — distribution for CC v(P) events and NC c(P) and v{y)
events. Measuring the electromagnetic content of the shower and calculating the hadronic fraction y, we
expect to find for the CC v(v)e events a distribution that resembles the sum of the physical y-distributions
for v and v, assuming equal fluxes, but which is folded with the measurement resolution. For NC events we
expect to find a distribution which is populated mainly in the region y = 1, but some events will populate the
region y < 1 because of u° induced electromagnetic showers and misinterpretation of hadronic energy. It is
clear that the distributions for CC and NC events overlap in almost the whole range of y. Therefore we did
not try to identify the CC events on an event to event basis, but used a statistical method to separate the
signal, CC v& and P events, from the background of NC events. We predicted the shape of the folded
y —distribution for the signal and for the background events and fitted those to the measured data
distribution, thus determining the contribution of each of the two predicted distributions.
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5. DESCRIPTION OF EVENT SAMPLES AND DISTRIBUTIONS

The analysis of the CC v events makes use of two different data samples. In addition, there are several other
data samples and generated distributions used in the analysis. They are briefly described in this chapter.

The first sample is the data from the beam dump experiment itself, but only the so — called Ofi events,
that is events without an observed muon in the final state, are used. This sample is split into two parts: the
subsample belonging to the exposure of the dump with density lp0 and the subsample for the dump density
po/3 exposure. The reason for splitting the sample is to isolate the prompt signal by linear extrapolation to
infinite density. The sample contains the signal, v CC events, and essentially two types of background
events, v and v NC events.

The second sample is the semi — Monte — Carlo sample that contains real charged current v events
from the beam dump experiment where the final state muon is replaced by a Monte Carlo generated
electromagnetic shower, to simulate the expected signal in the 0(i data. This sample is used to extract the
resolution functions for the quantities to be measured.

To check the Monte Carlo generation of electromagnetic cascades in the CHARM calorimeter,
events were produced, simulating the test —beam conditions that were used to calibrate the CHARM
detector. This test — beam contained pions and electrons of well defined different momenta. The test — beam
of electrons had an energy range from 5 to 50 GeV. A detailed comparison was made of the characteristics of
showers of the test — beam and the ones generated by Monte Carlo simulation.

Monte Carlo generated distributions of the measured quantity y, are used to predict the shape of the
distribution of the variable y for the signal. The expected real shape of the signal distribution in the variable y
is smeared using the resolution functions measured in the semi — Monte — Carlo sample. The shape of this
smeared distribution is used to determine the contribution of CC v& events in the measured y - distribution of
the data.

The shapes for the y — distributions of the background to the signal were obtained from the analysis
of Q/i Wide Band Beam events, both neutrino and antineutrino interactions. It is used to determine the
contribution of background events in the measured y — distribution of the beam dump data.

The beam dump 1 — fi events and a sample of WBB CC events were used to determine scale factors
or weights for the WBB On events that were used to determine the shape of the background due to NC v
events.

5.1 THE BEAM DUMP MUON -LESS EVENT SAMPLE

The Ofi sample contains the events taken during the beam dump exposure, where no leading muon was found
by the event reconstruction program. Events belonging to this topology are NC and CC v events and NC v
events from prompt and conventional sources and CC v events with invisible muons. Table 10 shows the
absolute number of events and the absolute amount ot protons on target for the two subsamples with
different target density.

Table 10:

The beam dump muon —less event sample

p protons Op events

1 p0 1.333 x 10 la 1622

P o /3 0.663 xlO 1 8 1542
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The event numbers in table 10 are scanning — corrected only and the events have their vertex inside the
fiducial volume. All these events were subjected to the special search for electromagnetic energy.

5.2 THE SEMI - MONTE - CARLO SAMPLE

This sample of events simulates a clean sample of v CC interactions. Using CC v events, obtained during
the same beam dump exposure, the muon is taken out and replaced by a Monte Carlo generated
electromagnetic shower with the same vertex, angle and momentum as the original muon. In this way the
sample contains all possible values of y (the fractional energy transfer) and electron energy. It is only slightly
biased in the lowest total energy bin because the events used to construct the sample were selected with a
visible energy cut and an unambiguously defined leading muon, the later imposing a lower cut on the muon
momentum due to the definition of leading'.

The sample is used to evaluate the resolution funtions of the quantities to be measured and used in
the analysis, the most important one being the hadronic fraction y . It should be noted that, since the shower
finding algorithm uses only part of the shower (namely the core) and constructs the energy via a set of
estimators, the overall energy resolution is expected to be worse than the one measured in e.g. test —beam
data using the standard analysis which samples the whole shower. In addition, although the shower finding
algorithm includes the subtraction of the hadronic background to construct the clean electromagnetic
estimators, it cannot be avoided that the electron estimators are contaminated if hadronic energy is present.
Since the hadronic energy has much larger fluctuations this will a'so worsen the electromagnetic energy
resolution and since the determination of the hadronic energy of the event is based on the found
electromagnetic part, also the hadronic energy resolution will be worse than quoted in previous publications
ot the CHARM collaboration, for the standard analysis of purely hadronic showers were no search for
electromagnetic energy is performed. The above described behaviour of the energy resolutions puts some
restrictions en the obtainable resolution in y.

In constructing the semi — Monte — Carlo sample a few corrections had to be applied to the Monte
Carlo output to take into account time dependent detector characteristics. Use was made of standard data
files with constants that describe these effects. These files are evaluated at regular intervals in time from data
obtained with the detector.

The Monte Carlo program used to simulate the electromagnetic showers calculates the visible energy.
However, in e.g. the scintillator detection system of the calorimeter, the light is attenuated and thus the
observed energy is reduced with respect to the visible energy. Another effect that contributes to the
diminution of the observable ionization energy is the saturation of the ADCs that digitize the observed signal.
Therefore, the Monte Carlo calculated visible energy has to be transformed into observed energy in order not
to distort the observable energy of the hadronic shower in an uncorrectable way and to be able to make use
of the calibrated relations between visible and total shower energy for this specific calorimeter. Several
corrections had to be applied to the Monte Carlo generated showers before they could be merged with the
hadronic event rest:

1. The scintillators attenuate the light and the attenuation depends on the distance between the
photomultiplier and the position where the light was produced by the ionization. For each scintillator
in the calorimeter the attenuation curve is measured as a function of the distance to the
photomultiplier. The diminution of the Monte Carlo calculated visible energy is determined using
the known shower axis to calculate a reference point (per plane) and using this reference point to
calculate the attenuation factor for each scintillator individually.

2. the photomultipliers collecting the light of the scintillators have a known non—linear response. The
correction for this again leads to a decrease of the signal as a function of the visible energy. The
correction function is taken to be the same for all photomultipliers.

3. A third correction is applied after adding the electromagnetic signal in the scintillators to the hadronic
one. For each individual scintillator it is checked that the sum of both signals does not exceed *he
dynamic range of 5000 channels of the adc — pair that is used for the conversion. For this correction
the measured calibration constants of each scintillator—ADC —chain are used.
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4. In the case of the proportional drift tubes the Monte Carlo program takes care of the space charge
effect and distorts the energy deposition in the tubes such that in the overall energy calibration of the
total signal measured in this type of detector, using the measured response curve, the effect is
corrected for. A small overall pulse height correction is applied to the individual tube signals. Since
the tubes are not used for the shower energy determination, saturation effects of the ADCs are not
taken into account.

Figure 30 shows the generated and measured y — distribution for all events of the semi - Monte — Carlo
sample. The events where no electron shower was found, only contribute to the generated y — distribution.

200

100

— y-generafed
— y-found

-0.5

Figure 30: Generated y - distribution of all events of the semi - Monte — Carlo sample and superimposed
the distribution as found by the shower finding algorithm.

It was checked that the semi — Monte — Carlo events indeed show the expected characteristics if
analysed by the standard analysis program: because of the difference in response to electromagnetic and
hadronic showers respectively of the CHARM calorimeter, the standard analysis program that interprets all
deposited energy in terms of hadronic visible energy should find a y —dependent ratio Egeneraje(j/Emeasured
(close to y = 0 the ratio should be 1./1.17 because the response changes by 17% for showers above IDljeV).
Figure 31 shows that, indeed, the semi - Monte - Carlo data display the expected behaviour.

Subdividing the sample into four (non — equidistant) bins of generated neutrino energy, gives an
impression of the energy dependence of the y—resolution functions for v^ CC events: figure 32 shows the y
resolution "(dy), defined as the r.m.s. of the distribution (y — yA (where y is the generated y value and y>-
is the measured value) and the shift in y defined as < dy > = < y — Vf> Doth as a function of y for four
bins in neutrino energy.

5.3 THE PURE ELECTRON SHOWER EVENTS

To replace muons in CC v events by electromagnetic showers and thus construct the »e CC type of events
of the so called semi —Monte —Carlo sample, a Monte Carlo program for cascade simulation was used. The
detector description in the Monte Carlo program was carefully programmed and matched almost exactly the
detailed geometry of the CHARM calorimeter, including the aluminium walls between the tubes and the
positioning of counters and planes longitudinaly and laterally. In addition, constants like density, radiation
length etc., were checked and adjusted where necessary and the response of the different detector elements
was tuned to match the measured properties as well as possible. As explained in the previous section, some
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Figure 32: The resolution and shift function for the different energy bins when hadronic background
subtraction is performed to determine the electron energy.

detector dependent corrections were applied to the output of the Monte Carlo simulation e.g. effects like
attenuation, saturation and non-linearities in the scintillator system, because they change with time. Other
corrections were applied to the reconstructed event (which in case of the semi —Monte —Carlo sample means
after the addition of the electromagnetic part and the hadronic part). The application of these corrections is
described in more detail in the following section. To check that the Monte Carlo generated e.m. showers look
like real e.m. showers as observed in the calorimeter, it is not sufficient to only compare global quantities like
overall energy deposition and energy resolution, number of fired detector elements as function of shower
energy, global length and global width etc.. It is essential that a second compatibility test is made with the
same program that is to be used later for the analysis of the semi-Monte-Carlo and beam dump sample of
events, especially since the analysis method adopted is sensitive to detailed shower characteristics.



- 6 7 -

Two compatibility checks were made, the first comparing the overall shower characteristics of Monte
Carlo simulated events with those of the test — beam events. Table 11 shows the results of this comparison at
different test - beam energies. The second

Table 11:

Global comparison between test - beam and Monte Carlo electrons.

En[GeV]
D

5
MC
TB

7.5
MC
TB

15
MC
TB

30
MC
TB

50
MC
TB

tiSfti

0.550+0.046
0.549+0.045

0.833 + 0.058
0.834+0.052

1.645+0.088
1.648+0.074

3.306+0.116
3.305+0.125

5.426+0.156
5.429± 0.144

#of
scintillators

18.64+3.43
17.41 + 2.82

23.17+3.62
21.96+2.96

32.84+4.07
31.80+3.37

47.32+4.90
44.38+4.50

60.67+6.49
57.40+4.40

#of
pdt's

32.84+5.35
33.27+5.39

41.54+6.35
43.16+5.59

64.09+7.56
64.49±7.78

94.22+10.85
98.70+ 16.63

125.0+12.0
>115

#of
str.tubes

46.27±5.80
48.64+6.75

62.13+7.47
65.55±8.29

99.35+10.01
105.8±14.7

155.9+14.7
168.4+15.9

206.3± 16.0
220.0+ 19.2

[M^f

0.636+0.266
0.564±0.108

0.913±0.344
0.876±0.141

1.690±0.410
1.538±0.209

3.057±0.462
2.700+0.486

4.595± 0.489
4.501 ±0.469

check was made using the electron shower finding algorithm and comparing the energy resolution and the
electron estimator values and resolutions. For technical reasons it was not possible to compare the Monte
Carlo results at the same energies as used for the test —beam, which is the reason why in figure 33 the Monte
Carlo points lie between the test —beam points.
Table 12 shows one of the electron energy estimator values for Monte Carlo and real data (the values for
test —beam data were calculated at the Monte Carlo energy points using the measured response curves in
test —beam data). The estimator shown, is the sum of the two linesum estimators mentioned in section 4.2.1.
The conclusion from both comparisons is that the Monte Carlo generated showers are in very good
agreement with showers produced by real electrons in the CHARM detector and thus can safely be used to
simulate the electron part of r events.
Since test — beam showers ana Monte Carlo showers are the same, at least as far as their characteristics seen
by the shower finding algorithm are concerned, the test-beam data were used to evaluate the response
curves and the resolution of the different energy estimators of this algorithm. The behaviour of those
estimators beyond the test —beam energies was checked with Monte Carlo showers. Figure 34 shows the
response curves for the different estimators for purely electromagnetic showers.

5.4 THE Y-DISTRIBUTION FOR THE SIGNAL

The resolution and shift in y, measured in the semi - Monte - Carlo sample, are used in a Monte Carlo
program to simulate the shape of the expected measured signal distribution in y. The simulation is performed
by folding the assumed 'true' y - distribution for CC v£ events with the measured resolution and shift.
Because the distributions of (y — ŷ ) per bin in y were not really Gaussian it was decided not to use their
mean values and r.m.s., but to use the distributions themselves and to randomly select a dy for a given yt

from the corresponding measured y — y^ distribution and to smear the y t r u e distribution in this way.

The Monte Carlo program smeared two y t rU£ distributions simultaneously: a y - distribution for
neutrinos and a y — distribution for anti —neutrinos. Trie shape of the assumed true y — distributions was
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Figure 33: Measured energy resolution for test - beam and Monte Carlo generated electromagnetic
showers as a function of the beam energy (Eg) As can be seen both data samples display
the same behaviour, which means that the Monte Carlo showers both in shape and
energy deposition resemble real electromagnetic interactions in the detector.

Table 12:

Electron energy estimator values for electron showers in units
of the energy loss of average ionizing particles (a.i.p).

(1 a.i.p. = 2 MeV/cm deposited energy in the scintillates)

EB[GeV]

13.7

17.3

23.3

30.0

Estimator
Monte Carlo

217.0±14.2

278.1+16.8

376.9± 17.8

480.0+20.9

Estimator
test —beam

215.4

271.1

368.7

473.0

made energy dependent and accommodated also the quasi elastic events. The shapes of the smeared
distributions were determined by normalizing the total number of 'events' to 1.
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Figure 34: The relation between measured visible energy (in a.i.p.) and total energy for the different
estimators used in the shower finding. El corresponds to the maximum scintillator in the
first projection, E2 is the sum of the two scintillators in the plane before and the plane
after the plane of El , LI is the sum of the scintillators along a possible shower axis in the
first projection, L2 the sum in the second projection.

The advantage of folding two separate input distributions, one for neutrinos and one for
anti —neutrinos, is that the smeared distributions can be combined and renormalized in any desirable way to
fit any model or assumption about the relative fluxes of each of these components. In this way the Monte
Carlo is partly model independent. The only model dependence comes from the explicit choice of the shape
of the true y—distributions (and thus prevents one from measuring the physical y — distributions for
electron-neutrinos with this type of analysis).

The behaviour of this Monte Carlo program was checked by smearing the generated y —distribution
of the semi — Monte — Carlo events and comparing this result with the measured distribution. Figure 35
shows the Monte Carlo smeared and the measured y — distribution for the semi — Monte — Carlo events.
Input to the Monte Carlo were the neutrino energy distribution, the true y — distribution and the measured
resolution functions for the Semi Monte Carlo sample, the output is the expected smeared y - distribution.
As can be seen from the figure the measurement confirms the prediction.

5.5 THE Y-DISTRIBUTION FOR THE BACKGROUND

The shape of the measured y —distribution for events that form the background to the CC ve signal in the 0/i
data sample, is obtained by analysis of NC interactions induced by r's in a Wide Band Beam exposure. The
WBB exposure was chosen because of the low contribution of conventional electron —neutrinos of about 2.2
% and because these data were taken with the same trigger conditions as were used during the beam dump
exposure. For this sample the y m e a s u r e A has nothing to do with the fractional energy transfer parameter but
stems from a mis — interpretation of haaronic energy or TT° induced electromagnetic showers. Because of this
characteristic it is important to adjust as well as possible the shower energy spectrum of events measured in
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Figure 35: The measured y — distribution and the Monte Carlo predicted one for a sample of events with
a given generated (or true) y —distribution.

the beam dump exposure. We therefore weighted the WBB events with factors determined by comparing the
shower energy spectra of CC events of the beam dump and the WBB sample.

Since one does not expect a measurable difference in shower characteristics between CC and NC
events e.g. due to a different w° contribution* one could argue that the CC v events of the beam dump can
be used to determine the background y—distribution even in a absolute way. The disadvantage is that
corrections for e.g misclassification are not the same for NC and CC events. Using the same type of events,
namely NC events, has the advantage that part of the corrections to the raw data sample become obsolete.

5.6 MONTE CARLO SIMULATION OF CHARM PRODUCTION AND DECAY

We have used a Monte Carlo program to simulate the charm production in copper. The model used and the
particular choices of the parameters made for the simulation, are explained in detail in the following.

' In about 5.6 % of the CC interactions the recombination of the struck valence quark cannot lead to a »°. In NC reactions the struck

valence quark can always recombine to w° Thus, in first approximation the average difference in shower energy is 5.6 % of the

average «° energy and therefore neglicible.
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The Monte Carlo simulation is used .to compare the observed energy dependence of the measured
prompt electron-neutrino signal with a calculated one and to see how the theoretical assumptions about
charm production and decay, compare with the measurement. The Monte Carlo simulated the complete
chain of events upto and including the observation of v£ interactions in the CHARM calorimeter, starting
with the proton — copper interactions of 400 GeV/c incident protons which produce DD and ACD states. The
differential cross — section for the production of charmed states was taken proportional to:

E (dVdxdp2
t) cc (1 - |ji|)n exp(-bp t )

(see e.g. [23] ), where x is the Feynman variable defined as ^ P i / P , , ^ and where E, p,,pj and P m a _ stand
for the energy, the transverse, the longitudinal and the maximum momentum of the charmed particle. The
exponent n can have values between 1 and 6 for diffractive or central production processes for A D and DD
pairs, depending on the particular production process chosen. The p^ distribution can be parametrized with a
coefficient b = 1 or 2.

In addition to the primary interaction, the full cascade was simulated in the copper, thus taking into
account the contribution to the charm production of secondary protons and pions. The simulation showed
that the contribution of D —mesons from 'secondary' protons, relative to the D-mesons produced in the
primary interaction is about 14 %. The contribution due to pions, relative to the secondary protons,
calculated using a ir+/p ratio taken bom [24] is about a factor 2 and thus with respect to the primary
protons 28 %. The variation of the production cross —sections with energy was taken from the calculations
of Donnachie and Landshof [25] and is shown in figure 36. The estimated uncertainty in the cross — sections
is about 30 % but since we are mainly interested in the shape of the spectrum the absolute value of the
cross- sections is not so important.

Crude estimates of total cross section
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Figure 36: On the left hand side, the charm —production cross —section for wp and pp interactions as
calculated by Donnachie and Landshoff as a function of the centre of mass energy. In our
calculations we neglected <j> production and thus the lower two curves in this figure. On
the right hand side, a comparison between a calculated QCD prediction for the hadro
production of charmed particles and experimental observations of charmed hadrons.
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The production of A by the primary protons was parametrized with n = 1, and the production of the
associated D with n = 5. The parametrization is partly supported by the observations of at least 4 ISR
experiments (see e.g. [26] ) and seems to confirm the phenomenology of the process in a simple quark picture
where two of the 'fast' valence quarks join a c - quark to produce the (leading) Ac and only one valence
quark plus the other charm partner form the D with a softer momentum distribution (see reference [27] ).
Estimates for the value of n, if calculated using simple quark counting rules of e.g. [28] give n = 1 for Ac and
n = 3 for D, neglecting the masses of the charmed particles. Taking the masses into account will soften the
momentum distributions especially at lower energies. Tor the DD production by the primary protons (where
D and D indicate the presence of c and c respectively) the used value of n was n = 5. For the pions produced
in the cascade, the simple quark picture favours a n = 1 behaviour for the DD production. But given the fact
that the average energy in the cascade is lower than in the primary interaction and that the mass of the
charmed particles possibly is not negligible, a value of n = 3 was used to soften the momentum distribution.
The sainc value of n was used for the secondary proton interactions for A£ and n = 5 for the D partner. The
contribution of A with respect to DD was determined experimentally using the observed energy dependence
of the ratio R = 9>(P ) / * ( O which can be fitted with the expression a • (a^A^D)) + P • (o(DD)) for various
assumptions about the different values of n. The semileptonic branching ratios used for this determination
were 9 % for D and D and 4.5 % for A '["he contribution of A turns out to be very small, the best fit
giving an a = 0.08 ± 0.13. This small contribution is supported by cross - section estimates based on other
experiments where typically a(AcD) is a few percent of J ( D D ) . In addition there is experimental indication
that apart from a ( l - x ) n term with n>3, also a small contribution with n ~ 1 is present in DD pair
production and thus that the observed forward production is not related to A£ only. This minor contribution
of A D production is also supported by the present QCD calculations where these particles are produced by
the flavour excitation diagrams (QCD evolution). It should be said that even if phenomenologically the QCD
picture works, calculations with perturbative QCD arc not reliable and might not be valid at all. For the time
being, however, it sets a trend which seems to confirm the data, which is illustrated e.g. by figure 36. A
comparison is shown between a full O(a2) calculation and various data on hadro production of charm (see
[27] ). The values used for n and b and the semileptonic branching ratios were obtained comparing the
observed energy dependence of the /i' jp. ratio and the v prompt CC flux in our data with the predictions
of the Monte Carlo for various choices of the exponents.

_ Comparison with the v data led to the conclusion that the data can be equally well described with
DD production alone, using n = 5 and b = 2.

Experimentally, based on observations of Jl"i?, the cross — section for c —production was found to
vary linearly with the atomic number A of the target nucleus. We note that other experimental observations
have shown that strange particle production exhibits a more complicated A" dependence with a = a(x,pA
and that models with only diffractivc production want naively a = 2/3 for the A dependence of the inelastic
cross — sections. In these cases one assumes that Q

c i l a r m
 = n ; n e i - However, when extrapolating <*•_„] measured

on a target with A > 1 to the A = 1 situation, the predicted inelastic cross — sections come out 20 — 25 % too
high, compared to the ones measured. This could indicate that a > a- ^ is more realistic. Since no good
measurements of the A —dependence in DD production are available and taking into account the above
arguments, we assumed a linear A dependence for the DD production cross — section.

The model used as basis for the Monte Carlo simulation describes the /? decay of a (heavy) c — quark
with mass M into an s — quark with mass M and considers the process as a desintegration of the charmed
meson into a spectator quark (with a definite mass M and a momentum distribution *(p) ) and decay
products (the masses of the leptons are neglected). The heavy quark (the c - quark in this case) is treated as a
virtual particle with invariant mass W for which the expression W2 = Mr,2 + m 2 — 2Mj-yv/ (p2 +
m 2) holds with M p the D —meson mass. The final values for the free parameters of the model were
chosen on the basis of a comparison of the predicted charged lepton energy distribution with a measured one
(SPEAR data, sec [33] ). The lepton energy distribution is given by

dr/dx = (drD/dx) I 1 - (2as/3*) G(x,0 ]

where x = 2E /.M and e = M /M . The second term on the righthand side in this expression contains the
corrections to lowest order QCD for real and virtual gluon emission (radiative corrections). As was pointed
out by Ali and Pietarinen [34] these radiative corrections are quite similar to the QED radiative corrections in
the case of n — decay. They can be calculated in QCD if one substitutes {IL,S,V ,V ) by (Qfl.l^i"]) in the
Lagrangian densities of the latter and replaces
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a - 1/3 as TR 2A.\j = 4/3 ag

summing over the 8 gluon fields and where
« s = iar/{(33-2nf)lii(MI

q/A1)}

where nc is the number of effective flavours, M the mass of the heavy quark and A the renormalisation
point of w 500 MeV. G(X,E) was calculated anSyticaly by Cabibbo et al. (see [35] ). Also applied was a
correction for Fermi motion of the c — quark inside the charmed meson by assuming a Gaussian momentum
distribution for the spectator quark, namely

4>(p) = (4/Pf
3 » e x p ( - p 2 / P f

2 )
which via the expression for the invariant mass W given above, imposes Fermi motion on the c —quark. The
advantage of the use of the spectator quark is that in this way no kinematical constraints are violated. Pj is an
adjustable parameter. The values of the parameters of the model chosen were: Mp = 1.866 GeV, Ms = 0.3
GeV, m =0.15 GeV, a = 0.38 and Pr < 0.15 GeV. The zero order energy spectrum for the neutrinos
producecrin the decay is in this model given by the following expression:

dT° G 2 M 5 ( x M - x ) 2

= x 2 _ [( l -x)(3
M

dx 9(m3 (1 -x ) 3

(in the rest frame of the D — meson).

Only neutrinos within the angular cone of the acceptance of the CHARM calorimeter were retained
and their interactions in the detector were simulated. The reaction v& N -• i X was described by the following
x and y distributions:

f(x) = 3 V x ( l - x ) 3 + 0.3(1 - x ) 7

f(y)" ~ ( 1 - Q ) + o ( l - y ) 2 witha= 0.11 ± 0.04
f(y)p ~ a + ( l - a ' ) ( l - y ) 2 with a '= 0.16 ± 0.01

For the cross — section ratio and the NC/CC ratio the following values were used to simulate the number of v
and P interactions: a(v)lo(v) = 0.48, (NC/CCf = 0.30 and (NC/CC)P. = 0.38 [36] . It should be mentioned
that the quasi - elastic events were neglected in the simulation. Tc be able to apply the same cuts in E •
(where E ^ is the visible or observed energy) as are applied in real data, the electromagnetic and hadronic
showers were smeared according to the following (measured) resolution functions

o IE = 0.20/^/E.

and the difference in energy response between electromagnetic and hadronic showers was a factor 1.17.
Neglecting the quasi elastic contribution leads to the softening of the predicted visible energy spectrum below
20 GeV.

The Monte Carlo simulation contains two important simplifications: F production was not taken
into account and only semileptonic decay was considered. As was pointed out by Berger, Clavelli and Wright
[39] F production and purely leptonic decay modes can modify the expected ratio ^>(ve)/0(f ) without
implying a violation of the universality principle. Including a relatively large amount of F production and
including semileptonic and purely leptonic decays of charged F and D mesons, they calculate values for e.g.
(le/Ifi) as low as 0.92. In these calculations the production of heavier leptons then e and \i was ignored. In
addition, the ratio becomes energy dependent and will decrease with increasing neutrino energy. If one
assumes that the mass of the v is zero, clearly the dominant purely leptonic decay mode of F will be F -• T
vr Including this in the calculations of the observable (le/l/i) ratio brings the expected value closer to or
even above unity, specially for experiments where the charged current vT events are not recognizable as
charged current events because the t -*• v + hadrons. It is stressed that the calculated values heavily depend
on the explicit assumptions for the weak decay constant fp and a(F).
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6. EXPERIMENTAL RESULTS

In this chapter the experimental results, based on the variables extracted with the e.m. shower search method
will be discussed. Unless explicitly mentioned in the text, tables or figures, all quoted results are for the
neutrino energy range of 20 to 200 GeV. Prompt rates for le events (= v(P) CC interactions) for this
analysis were obtained with the method of extrapolation to infinite density. All quoted prompt rates are
leakage corrected (see section 2.2.5). If more than one error is given for values mentioned in the text or in
tables, the first error is the statistical one and the second error the systematical.

6.1 INTRODUCTION

The aim of the analysis is to extract the number of charged current electron —neutrino interactions from a
sample of muon-less events, selected from the data taken during the beam dump exposure. With this
number, different physical quantities can be determined such as the NC/CC cross —section ratio for
electron—neutrinos and anti —neutrinos, the CC(><E)/CC() ratio for prompt neutrinos and the charm
production cross —section. The extraction of the signal is done by a statistical analysis of the measured
y-distribution of the muon—less events.

The method is based on the difference in the distribution of the measured quantity y, defined as

for NC and CC interactions of v and v^. Pure electron showers are expected to give y = 0 and pure hadron
showers should give y= I. The y is measured for, every event of the muon —less event sample with the
method described in section 4.2. The measured data distribution (D) is compared with two other
y - distributions, one for the signal (S) i.e. the CC ?e and v induced events, and one for the background (B)
i.e. NC neutrino induced events. The statistical analysis or the data distribution determines the number of
signal and background events, fitting the shapes of S and B to the data distribution,

Data = y • Signal + 6 • Background

and determining y and S.

The shape of the expected y m e a s u r e ( j distribution for the signal S, CC v(P)e events, is obtained via
Monte Carlo simulation, by folding an assumed true y — distribution with the measurement resolution. Figure
37 shows the assumed y—distributions for v and v events below 30 GeV in six bins of 5 GeV each, including
the quasi —elastic interactions. Below 30 GeV the relative contribution of quasi elastic events is such that the
y —distribution is visibly affected by it. Above 30 GeV the following parametrization was used [16] .

(do/dyf = ( 1 - a ) + a ( l - y ) 2

(do/dyf = a' + ( l - a ' ) ( l - y ) a

where a = 0.10 + 0.04 and a' = 0.16 ± 0.01 .* Neutrino and anti-neutrino distributions are folded
separately and sampled in 8 bins of neutrino energy. The normalization of the v and v distributions below 30
GeV, is determined by the ratio of the events in the y = 0 bins, exploiting the equality of the cross —sections
for c and v at y = 0. Above 30 GeV the ratio of the integral of the y - distributions is taken to normalize the v
and v distributions.

The measurement resolution for the fraction y, which defines the smearing, comes from the analysis
of a semi-Monte-Carlo sample of clean v(i>)e CC events, using again the method described in section 4.2
to measure y. The resolution was determined for four different bins of neutrino energy to correctly introduce
the effect that not only the resolution worsens towards higher y but also towards higher shower energy
because the determination of the electromagnetic energy estimators worsens when the overall shower energy
increases. The measured resolution contains two components, namely a shift of the mean measured y with

6 The quoted values for 0 and (3' include radiative corrections.
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Figure 37: True y-distributions for neutrino events with energies below 30 GeV including the
quasi-elastic contribution. This contribution causes the distributions to peak al low y
and changes the shape considerably with respect to the distributions for the inelastic
processes.
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respect to the mean generated y and the nonrzero width of the distribution yReneraf:e^ ~ ^measured' Both
this shift and the rms width are used to smear the 'generated' y. The absolute values for these two effects
depend on the 'generated' neutrino energy. The neutrino and anti — neutrino component are then
renormalizcd and added, assuming equal fluxes , to fix the shape of the overall smeared signal (= CC >'(•')„)
y —distribution.

The shape of the measured y —distribution for the background NC events that are part of the Op
sample is determined by measuring y in a sample of NC WBB events, which contains only a small (~ 2 %)
contamination of v^, also in eight different bins of Ep.

Both the background shape and the signal shape are then fitted to the measured y — distribution of
the Op sample. The contributions of signal and background are the free parameters to be determined by the
fit. They in fact measure the absolute amount of signal (CC r ) events and background (NC v and v )
events in both subsamples p = lp0 and p = pD/3 of the Op sample separately. Thus the problem posed is a
simple and linear one, where the sum of two distributions is compared to a third one and the fit method is
based on minimizing the chisquared. The error on the parameters and the correlation coefficient take into
account the statistical errors on both the data (Op.) and the background distributions.

We start our analysis with a sample of muon —less events for the p = p0 exposure and the p = po/3
exposure. All events in the sample have a shower energy E n > 2 GeV. We have

for p =p 0 : 1622 events for p =po /3 : 1542 events

As said before, the sample contains NC "{f) and »(P)e induced events and CC i>(P)e induced events, both for
prompt and conventional neutrinos. The sample also contains some other events e.g. cosmic ray interactions,
charged current v induced events of which the final state muon was not recognized and interactions of
neutrinos which were produced upstream of the target. In the following four points we discuss these other
contributions and the corrections that they involve. We will give the arguments which proove that explicit
corrections to the number of muon —less events given above, are not necessary prior to the statistical analysis
of the measured y — distribution.

1. For the cosmic ray background the relevant y —distribution can be obtained by analyzing cosmic ray
induced events, taken when the accelerator was switched off, with the electron shower search
program. The quantitative correction, in number of events, for the Op sample, that follows from the
analysis of those cosmic ray induced events, is small. From this number should be subtracted the
number of cosmic background events in the WBB NC sample, which in fact is of the same order of
magnitude and which contribute to the y - distribution measured for the background. In view of the
smallness of the correction that is left, it was decided not to correct the data distribution but to take
it into account in the systematic error to be determined for the measured quantities. In addition, the
background contamination of cosmics would mainly result in an enhancement at y= 1. This will be
eliminated by the procedure which cuts all events at y > 0.95 when doing the least squares fit.

2. The correction for muon decay of a pion or a kaon in the shower, whicht simulates CC events, that
are consequently lost for the Op sample, can be split into two parts. First, for the v induced NC
events which, due to this decay, are missing from the muon - less sample because they were classified
as CC events. These events are also missing in the WBB NC sample and thus missing from the
background y — distribution and the data - distribution. The quantitative correction is taken care of
by a renormalisation of the shape of the background y — distribution. Second, for the part that
concerns the i>e induced CC and NC events that fake v CC interactions, the correction is not
negligible (> 1 %) and is shower energy dependent. Since the shower energy dependence is known
the effect of this correction on the smeared y - distributions for the signal can be estimated, using the
Monte Carlo program that folded the assumed c and v y distributions with the resolutions. Figure 38
shows the shower energy dependence of the IT —K decay correction, measured in v induced
di —muon events. Thus, by applying a correction to the simulated y — distribution for the signal, the
measured y — distribution of the data and the number of events in that distribution can be left
unchanged. Also here, the correction is a renormalisation of the signal distribution.



- 7 7 -

3. The so-called soft —side-hidden muon correction refers to v induced CC events of which the
muon has a momentum of less than 1 GeV/c, of which the muon left the detector at one of the sides
before its momentum by range exceeded 1 GeV/c and of which the muon was hidden by the shower
and thus escaped detection. These events are then wrongly classified as NC events and become part
of the Ofi sample. Their y —distribution can be obtained via the analysis of a special event sample
with which also the quantitative correction can be evaluated. This special event sample contains v
induced CC events, of which the muon is replaced by Monte Carlo generated muons. The sample
reflects the complete kinematics of neutrino interactions. But since this type of events is present in
both the WBB NC sample and the Op data sample, their contribution to the background is
automatically incorporated in the measured background y —distribution and the quantitative
correction can be done by a renormalisation of this distribution.

4. The correction for neutrino interactions induced by neutrinos of conventional origin coming from
proton interactions with upstream material (like rest gas in the vacuum beamline and measurement
foils in the proton beam), for which the relevant y - distribution resembles that of the NC
background sample, was also not applied explicitly because of the smallness of its size and will be
part of the systematical error.
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Figure 38: The percentage of v induced NC events which are classified as CC v interactions because cf
ir or K decay in muon and muon —neutrino, as a function of the shower energy.

Table 13 lists the observed number of events for both the p = lp0 and p = pa/i O/i subsamples for
different cuts in shower energy and the contribution of events for which the corrections were discussed above.
The NC sample of the WBB, which is used for the background parametrization, also contains v CC
interactions. These are forced to be background by the chosen analysis method, but they should be part of
the measured le signal. The final le rates (where rate = number of events per ton and 1018 protons), that
result from the fit will be corrected for these missing events, and not the Op events or the y — distribution. The
correction is proportional to the fitted number of background events. The size of this correction was
estimated by an analysis of WBB events (see reference [56] ) and is 5.6 % of the background in the Op
sample. The estimated uncertainty on the value of this correction is 30 % and will be taken into account in
the systematical error.
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number of events
after scanning

corrections:

cosmic background

T,K decay
into muon
soft — side — hidden
rrmons
upstream material

E
? h >

P - lPo

1622

events

- 14.1

33.9

- 146.6

- 3.9

. Table 13:

The 0(i data sample

2GeV

1542

events

- 7.5

31.5

-207.6

- 1.9

P = lPo

882

events

- 1.3

28.1

- 53.6

- 1.9

• 20GeV
P=Po/3

762

events

- 0.7

24.7

- 59.5

- 0.9

6.2 OBSERVATION OF PROMPT ELECTRON - NEUTRINO INDUCED
INTERACTIONS

The results of the fits of the sum of the y-distributions for signal and background to the data distributions
are shown in figure 39.

The leakage corrected number of le ( = CC >-e and Pe) events found in both subsamples is given in
table 14. Also given is the extrapolated number of prompt le events. For the corresponding fiducial mass of
90.62 tons and an integrated number of protons of 1.333 x 1018 forp= lp0 and 0.663 x 1018 for p = po/3 the
event rates per ton and 1018 protons are shown in the in the second column of table 14.

The event rate due to CC interactions induced by promptly produced r and i> is determined with
the so-called extrapolation method: once the v CC rates are known for both subsamples p = l p 0 and
p = po/3, the rate of v£ CC interactions produced by 'prompi' neutrinos is determined by linear extrapolation
of the measured rates to infinite density. To calculate the prompt rate (or the rate for infinite density)
R t from the observed rates at the two different densities by extrapolation, we used the following
relation which includes the leakage correction a:

V o m p t ^ ™ ^ ! " Rp=l/3) + ™Rp=l - R
P=l/3)

Table 15 contains the rates of directly identified le events for both target densities for different energy
ranges. The extrapolated prompt le rates are listed in the third column of that table.

Figure 40 shows the results of this and other CERN beam dump experiments that have measured the
prompt CC i> rate. The results are scaled to the position of the CHARM detector with respect to the 1982
dump, using a geometrical dillusion factor.

Another way of determining the prompt le rate, using a completely different method, is by
subtracting the expected number of NC v induced events (still keeping the two subsamples separate) from
the 0/i events, for different bins of shower energy. Assuming that there are only ?e and v in the beam, what
is left after this subtraction is NC + CC ve and i> induced events. Extrapolation to infinite density then leads
to the number of prompt v£ CC + NC events. At this stage a Monte Carlo calculation, based on only DD
production and decay and assuming a ®("^) I ®(i>e) flux ratio of 1. and which uses the known energy
dependent response of the calorimeter and a parametrization for the y —distributions for ve, provides the
expected ratios of the number of prompt CC e(i') events over the total number of prompt v and P events
for different cuts in neutrino energy and for different bins in shower energy. Multiplying the observed prompt
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Figure 39: Result of the fit to the y-distributions: the full line represents the data (0/i sample), the dots
represent the signal (CC v£) and the crosses the sum of signal and background. Y = 0
corresponds to pure electromagnetic showers; the background is therefore smallest.

events with the Monte Carlo calculated ratios yields the total number of prompt le events. This method is
sometimes refered to as the (0/i - 0.33 l/i) extrapolation method where the 0.33 refers to the chosen NC/CC
cross — section ratio R^ for prompt and conventional v and v . R is based on the ratio of the total
cross — sections for NC and CC events known from experimentH36] . The relation used to calculate the
effective ratio R for this experiment was :
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Table 14:

Observed number of le events.

# of events rate (events per ton and 101B protons)

p= l P o 462.7+43.5 3.83+0.36

p = Po/3 271.6+42.1 4.52+0.70

prompt 3.49+0.64

Table 15:

Observed le rates for the two target densities and the
extrapolated prompt rate per ton and 101B POT

E,,[GeV]

2-10

10-20

20-40

40-60

60-80

80-100

100-120

> 120

2-200
20-200
80-200

P~ lPu

0.83+0.18+0.08

0.2610.13+0.05

0.°4+0.19+0.09

1.17+0.19+0.10

0.5610.1510.05

0.52±0.14+0.04

0.2810.10+0.02

0.3610.0910.03

4.9210.43+0.18
3.83+0.3610.15
1.16+0.1910.05

p-Po/3

1.42+0.38+0.17

0.90+0.26+0.10

1.09±0.33±0.12

1.3710.34+0.12

0.5810.2710.05

0.55+0.36+0.05

0.45+0.20+0.04

0.48+0.17+0.04

6.84+0.8410.28
4.5210.70+0.19
1.4810.45+0.08

extrapolated prompt

} 0.4810.35+0.17

0.87+0.33+0.15

1.07+0.3310.16

0.5510.2610.08

0.5110.28+0.07

0.2010.1810.04

0.30+0.1610.05

3.9210.77+0.30
3.4910.64+0.24
1.00+0.36+0.09

The first error is statistical, the second is the systematic error.

The third method of establishing the prompt le rate is by subtracting Monte Carlo predicted NC and
CC v£ and ?e conventional rates (in bins of shower energy) and the expected number of NC v(i>) events,
which directly gives the number of prompt NC + CC i»(P)e events. This method has the advantage that one
can determine the prompt le rate for each of the two (independent) subsamples individually, avoiding the
extrapolation to infinite density.

The extrapolation method is the most straightforward and least model dependent method of the three
mentioned above. The statistical error on its result is dominated by the limited statistics of both the p = p0
and the p = po/3 samples. The second method has the same statistical significance as the first but relies partly
on Monte Carlo predictions. The thr.d method gives results with smaller statistical errors than the first two
methods, because the error is dominated by the statistics of the p = \pD sample, which is greater than for the
P =po/3 sample. However, it relies heavily on Monte Carlo predictions.
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Figure 40: Comparison of the rates at 487.4 metres from the dump (in the middle of the fiducial volume
of the CHARM detector) for prompt electron—neutrino charged current interactions; E^
> 20 GeV. (the numbers for BEBC and CDHS were taken from reference [18] and scaled
to the distance of the CHARM detector).

Table 16 lists the prompt le rates for different energy cuts and compares between the three different
methods. We want to emphasize that the different methods show consistent results, thus confirming the
validity of the methods used.

Table 16:

Prompt le rates (per ton and 1018 POT), determined by three
different methods.

2 -200 GeV

20-200 GeV

80-200 GeV

shower search
extr.

3.92+ 0.77± 0.30

3.49± 0.64+0.24

1.00±0.36±0.09

Op-0.33 lii
extr.

3.94±0.49±0.36

3.02+0.39± 0.20

1.17±0.22±0.05

Op-0.33 If.
subtr.p = lp0

3.49+0.27+0.27

3.15± 0.22+0.15

1.32+0.13+0.03

SYSTEMATICAL ERRORS
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To evaluate the systematical error for the observed le rates, as quoted in the tables shown, the following
effects were considered:

1. normalisation: the errors on the deadtime corrected number of protons on target are + 9.8% for
p = lp0 and ± 10.6% for p = po/3 respectively, which in both cases introduces an uncertainty of 1 %
for the observed le rates.

2. classification uncertainty: the uncertainty in correctly classifying NC and CC events is estimated to be
0.3 %. This estimate is based on the results of the eye —scan of the random sample. Assuming that
the total uncertainty applies only to v£ interactions and that all misclassified events are missing from
the 0(i sample, (which is over estimated), then the maximum systematical uncertainty in the observed
number of le events is 0.3 %.

3. uncertainty in the w/K-decay correction: the uncertainty in the used energy dependence and the
absolute value of the correction to the smeared y - distributions to take care of misclassification due
to ^K —decay is estimated to be 0.6 % of the number of observed le events, ihe uncertainty was
evaluated by comparing the observed number of le events, calculated using folded signal
y — distributions with and without the correction for the i K - d e c a y included and assuming an
uncertainty in the value of the correction of 25%.

4. uncertainty in the y — resolution: the uncertainty in the measured y-resolution functions that are
used for the smearing of the assumed signal distribution, was evaluated by analysing purely
electromagnetic showers (y = 0). Averaged over the whole energy range, the mean value and rms
width of the dy (i.e. <ye~ yt>) distribution for those events were 0.02 and 7% respectively. The
uncertainty in the le fates was calculated by re —analysing the Oji sample using smeared
y—distributions for the signal that were simulated with an increase of the measured shift in y of 0.02
and an increase (decrease) of the measured o's of 7%. The thus calculated uncertainty in the le rates
is 3.8 %.

5. uncertainty due to chosen fit range: the chosen y range of — 0.30 to 0.95 over which the fit of the
measured y - distributions was performed is somewhat arbitrary. To evaluate the systematical
uncertainty introduced by this arbitrariness, the fit was repeated varying the number of bins of the
y — distributions participating in the fit within reasonable limits dictated by the specific shapes of the
distributions. Comparing the results of the fits over three different y —ranges, namely —0.03 to 0.7
and 0.2 to 1.0 and 0. to 0.9, a systematic change of 3 % in the observed le rates was found and
contributes to the total systematic uncertainty.

6. y —distribution parametrization: the coefficients that determine the parametrization of the expected
true y — distribution above 30 GeV, as given in [16] are measured with a finite precision. Assuming
that the uncertainty in the shape of the true distribution is the same below 30 GeV as above, the
systematic effect on the le rates was evaluated by changing the coefficients that determine the true
y -distribution by one sigma. Smearing the thus changed distributions and then looking at the found
rates beyond 30 GeV, we estimated an uncertainty in the le rates of 3 %.

7. Cosmic background and upstream material: the uncertainty in the le rates due to cosmic background
events and events from upstream interactions was estimated to be < 0.2 %.

8. correction of the le rates for the v£ CC subtraction via the background: the uncertainty on the
correction for the missing " CC events, which were wrongly interpreted as background was
estimated to be 30 % of the correction. Since the correction and thus its contribution to the
systematical uncertainty are background (and thus energy bin) dependent they are given as a function
of E^ in table 17.

9. The monitoring of the muon rates over the whole period of running showed random fluctuations of
+ 0.5 %, which indicates that a change in the effective density of the targets with time must be
smaller than this value. Deviations of the nominal target densities due to effects like heating up,
shock waves, the finite granularity and the mechanical tolerances for the construction amount to less
than 0.2 % changes in the density. Local damage to the target (cracks or holes etc.) as result of
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Table 17:

Uncertainty in percentage of the total number of le events for different
energy bins, as caused by the WBB v& correction.

Eu [GeV] P = lp0 P = Po/3

2 - 1 0
10-20
20-40
40-60
60-80
80-100

100- 120
> 120

5.4 %
17.3 %
3.5 %
0.8 %
1.4 %
0. %
0. %
0. %

8.6°/
7.3 °/<
7 .2° /
2.2 "/<
3.6 °/<
1.0 °/c
0.7 °/t
0. %

dumping 10'3 protons in 23 /is in a block of copper (641 kJ !) were not found during inspection of
the targets after the exposure. Therefore we assume a total systematic uncertainty in the extrapolated
rates, attributed to target density effects, of + 0.5 %.

The total systematical uncertainty on the observed le rates both for p= lp0 and p = po/3 can be
ted to be !

the background.
calculated to be 8.4 %, not including the systematical uncertainty due to the v CC correction coming from

6.3 NC/CC CROSS-SECTION RATIO FOR ELECTRON - NEUTRINOS AND
ANTI-NEUTRINOS

Fot the calculation of the NC/CC cross — section ratio for electron —neutrinos, the statistics of the p = p0 and
the p =po/3 sample were combined, using both prompt and conventional neutrinos. An energy cut of

f i f d
g ^

GeV was applied. Assuming equal fluxes again for vg and v (see chapter 2), the NC/CC cross —section ratio
for electron neutrinos and anti neutrinos can be determined in the following way.

The fit of the y — distributions of signal and background to the data not only determines a number of
charged current re and i>e events but also the background B. Assuming that only >'e and v are constituents of
the beam, this background contains two components, namely NC interactions of v& and v . Using the known
cross — section ratio < R > = 0.331 + 0.010 for v + v induced interactions and the number of observed CC
f +p interactions, one can calculate the expected amount of NC »„ + >'„ events and subtract them from the
measured background. That leaves the v(P) induced NC events. The NC/CC cross —section ratio for
electron—neutrinos, Re, can then be calculated.

O(NC) B - iycc(, j
Re = (»e+te) = - — »!

<r(CC) CC("e + *e)

The number of CC{v£ + v) interactions has to be corrected for the difference in the effect of the Et
cut for NC and CC interactions for electron —neutrino induced events. The reason is, that in the case of a
CC interaction the visible energy is E ^ = E j j + E e , whereas in the case of a NC interaction Eyjs = E^.

The correction of the number of electron —neutrino induced CC events to obtain an effective cut in
Ejj > 2 GeV, for a sample selected with a cut at E • > 2GeV can be calculated with a Monte Carlo
simulation. The simulation makes use of the known detector characteristics (in particular the difference in
response for electromagnetic and hadronic showers [17] ) and it needs an assumption for the y-distribution
and the energy dependence of the neutrino flux. Assuming equal fluxes for re and ve we have calculated the
ratio of the total number of v induced CC events with EL > 2 GeV and the number of v induced CC
events with E^ > 2 GeV and find
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1.115

Table 18 shows the measured rates for le, background and lfi events and gives R and the calculated
rate of NC(r ) events for the cuts in E ^ > 2 GeV.

Table 18:

Observed le and background rates for the 0> samples, the l/i rates
and the ratio R , for these samples and the calculated

NC(I>(P) ) rate [events per ton and 10)8 protons].

E,,>2GeV

p = 1

P-Pn/3

CC(,e)

4.92±0.43

6.84+0.84

background

8.03+0.52

17.48+ 1.0

C C (V
19.04+0.39

44.99+0.84

R^ NC(

0.331

0.333

1.73±0.54

2.50+1.04

The correction to the number of le events for the E ^ cut of 2 GeV is a factor I/I.115. Thus, the corrected
rate of v and Pg induced CC events, both densities combined, is (11.76 ± 0.94) / 1.115 = 10.55 ± 0.84. For
the NC/CC cross —section ratio for electron —neutrino induced events we find

NC(x + ? ) 4.23+ 1.17
R = = = 0.40 + 0.12 (± 0.08
syst.)

+ ve) 10.55+0.84

This is the first direct measurement of R . Within the errors it is in agreement with R .

6.4 PROMPT ELECTRON-NEUTRINO AND MUON - NEUTRINO FLUX RATIO

From the analysis of the l/» samples for p= lp0 and p = po/3, containing the CC v and P events, we
determined the prompt lji rates for the different energy ranges. The numbers quoted in table 19 are those
obtained by extrapolation to infinite density. The numbers do not come from the analysis in this thesis.
Unfortunately, at the time of writing, the final systematical errors for the lp rates were not yet known,
because of a discrepancy between the rates obtained by our experiment and the ones of another CERN
experiment [19] . The CHARM collaboration prefered to first find the reason for the discrepancy, before
publishing the final errors on the measured lft rates. Therefore, the systematical errors are missing from the
tables containing the extrapolated prompt l/i rates and preliminary systematical errors are quoted for results
derived using l/» events. A conservative estimate for the preliminary systematical error is 18 %. The details of
the mentioned l/i analysis can be found in [44] and [57] .

The extrapolated values of the prompt In rate are used in the following calculation. The
(v

e
 + v^)ccl(-''u + vJCC rat'° *°r Prompdy produced neutrinos in the neutrino energy range 20 to 200 GeV is

then given by

(le/l/i) = (3.49±0.64)/(5.95±0.80) = 0.59±0.13(+0.10 prelim.syst.)
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Table 19:

Prompt 1M rates per ton and 10'8 POT
The errors are statistical only. The systematic errors are

not yet known, as is explained in the text.

2 - 1 0 GeV

10-20 GeV

20-40 GeV

4 0 - 6 0 GeV

6 0 - 8 0 GeV

80-100 GeV

100-120GeV

> 120GeV

2-200 GeV
20-200 GeV
80-200 GeV

extrapolation

0.16±0.89

0.03+0.58

1.63+0.51

1.73+0.37

0.69+0.30

0.74+0.23

0.46+0.19

0.71 + 0.22

6.10+1.30
5.95+0.80
1.91 + 0.39

The systematic error is a preliminary and conservative estimate and should be added linearly to the
statistical error.

In table 20 are listed the different (le/lp) ratios for the different energy ranges. The numbers with
which the ratios, quoted in this table, were calculated come from tables 15 and 19 .
In figure 41 the determined (le/l/x) ratios for prompt neutrinos obtained using the shower search method are
compared with those obtained with other methods. We note a reasonable agreement.
The ratio (le/l/i) as a function of different neutrino energy bins is shown in figure 42. The ratios were
calculated using the extrapolated lc and lft rates. The point at 10 GeV in figure 42 is affected by large
unfolding uncertainties on the 1M rate. In good approximation, the ratio (Ie/lp) is energy independent.
Figure 43 shows a comparison of the measured (le/lfi) ratio for this and other experiments. We conclude
that the asymmetry in the (le/l/i) ratio, measured in this experiment is not in disagreement with all other
experiments.

6.5 THE ENERGY DEPENDENCE OF THE PROMPT ELECTRON-NEUTRINO
EVENTS

The observed energy dependence of the prompt v + P£ event rate is compared in figure 44 with a Monte
Carlo predicted curve. The Monte Carlo simulation and the models on which it is based were described in
section S.6. The predicted curve given here is based on DD production only. A production and production
of heavier mesons such as the F were neglected because of the smallness of their contribution. We conclude
that the prompt electron —neutrino data are in good agreement with the Monte Carlo prediction and that this
justifies the attribution of D-meson production and semi-leptonic decay as source of these prompt
neutrinos.
The prompt muon and electron—neutrinos are expected to have the same neutrino energy distribution. The
observed energy distributions for prompt muon neutrinos is also shown in figure 44. We do not observe any
difference between the energy spectra of prompt v and v .
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. Table 20:

Measured prompt (le/l/i) ratio as function of Ey

using the shower search method.
(le = C O e and 1/J = CCv )

As in table 19, the errors are statistical only.
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Figure 41: The (le/l|i) ratio extracted with different analysis methods. The circels refer to the
measurement using ths extrapolation method, both for the le and for the l/i events, the
triangels indicate the values found when the the extrapolation method is used for the le
events and the subtraction method for the lp events.
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Figure 44: The measured energy dependence of the » (CC) flux and the one from DD production and
semi —leptonic decay predicted by Monte Carlo. Also shown are the prompt lji data.

6.6 CHARM HADRO - PRODUCTION CROSS-SECTION

From the observed number of prompt v and i>c events we can calculate the product of the cross - section for
DD production in p — Cu interactions times the branching ratio of D(S) semi—leptonic decay, at the cm.
energy Js = 27.4 GeV.

From Monte Carlo calculations (described in section 5.6) the ratio of the number of produced v and
i'e's within the angular acceptance of 2.7 mrad of our detector and the total number of produced i'(i') 's was
found to be

fe,accepted)
= 4.02- 10-3

total)

From the same Monte Carlo simulation we also determined the mean energy of the prompt neutrinos and
antineutrinos, including the experimental cut at E s j>2 GeV and found < E > v = 44.7 GeV. We assume
equal v and Pe fluxes and use for the CC cross —section the average

cma/GeV
<o(CC)> = (0.453 + 0.015) -10"3*

With the observed number of le events per ton and 1018 protons, N ^ = 3.92 + 0.77 (± 0.30 syst.), with
E > 2 GeV, and a fiducial target mass of 90.62 tons with an average number of nucleons per cm2 of M =
0.94S 10" we find
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o(DD>B =
2-<E(i>-<<7(CC)>-e-M-63

2.92 ± 0.58 (± 0.47 syst.) pb/nucleon

where we assume that the cross - section depends linearly on the number of nucleons. We took 800
mb for ot t(p —Cu) from a recent review by Mohring [58] . The factor 2 in the denominator in the above
formula takes into account that the D — mesons arc produced in pairs.

If we assume a semi - leptonic branching ratio B for the decay mode D -• v + e + X of B = 9 %,
we find a DD pair production cross - section

o(DD) = 32.44 ± 6.67 (+ 5.22 syst.) (ib/nucleon

Our measurement compares well with other measurements, as is shown in figure 45. In particular
with the latest value given by the Rochester - Caltech - Chicago - Fermilab - Stanford (RCCFS)
collaboration for 350 GcV protons on iron (pl-e) (sec [591 ). From their data they extracted the parameters of
the D-meson production distribution E(D)-(d3o/d3p) ~ (1 —*r)n e~^Pt which gave n = 5.0+0.8 and
b = 2.0+0.3, in agreement with the parameters used in our Monte Carlo simulation (see section 5.6). Scaling
the RCCFS cross —section for the difference in energy, using the energy dependence calculated by Donnachie
and Landshof [25] and applying a factor 2 for the pair production, we find

o(DD>B = 2.22 + 0.23 pb/nucleon (for RCCFS)

in good agreement with our value 2.92 + 0.58.
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Figure 45: Measurements of the cross - section times branching ratio for DD pair production and
semileptonic decay (D-»ce + e + x).

6.7 DISCUSSION AND CONCLUSIONS

We conclude that the observed prompt rate of 3.92 + 0.77 (± 0.30 syst.) events per ton and 1018 protons on
target, identified as v^ and i>e charged current interactions, confirms earlier evidence for the existence of a
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prompt electron - neutrino signal. We identify the source as the weak semileptonic decay of charmed
D-mesons .

The measured NC/CC cross —section ratio for a mixed beam of electron —neutrinos and electron
anti — neutrinos was found to be

e e
R = = 0.40 ± 0.12 (+ 0.08 syst.)

in agreement with the corresponding value for muon — neutrinos derived from other measurements

NC(r + » )
R = M ^ = 0.330 ± 0.010

[36] and thus with the prediction of the Standard Model that the coupling strength to the charged current and
to the neutral current is family independent. For the (»"e,e) coupling this has been verified for the first time in
this experiment.

Using the measured value of Re, we can put an upper limit on the occurence of the reaction i^N -•
T + X. The existence of that process would indicate that T is not a sequential lepton and that e.g. in the T
decay reaction T" -• x + Pg + e", the particle x is not necessarily a vT with its own flavour. There is
experimental evidence that x cannot be a i> or a v , since this would increast the branching ratio of T decay
into electrons or muons with a factor 2 [37] which is completely excluded by experiment. Also, x cannot be a
v because the reaction v N -» T + X is not observed and excluded with a probability of less than 0.03 (90 %
C.L.) [38] . However, the process i^N -» T + X is not yet experimentally excluded. This reaction would give
rise to an anomalous ratio of o(NC)/o(CC) for electron — neutrinos, because ~ 66 % of the final states would
not have an electron or a muon and those events would be classified as NC interactions.

From the value of Rfi = 0.40 ± 0.12, determined in this experiment and taking into account that
i d f th d t t d l t i d d , we dr i 95 % C f i d L i i t

0.43

fi p
two-thirds of the detected le events are v£ induced, we derive a 95 % Confidence Limit

which confirms the sequential nature of the i>7-

From prompt neutrino interactions we deduced a v jv flux ratio of

(le/lp) = 0.59 ± 0.13 (± O.lOprelim.systOforE^ 20 GeV

which may be in contradiction with the prediction in terms of the Standard model. However, the observed
discrepancy is only 1.8 standard deviations (for E^ > 20 GeV, statistical and systematical errors added
linearly) and does not allow a sensitive conclusion about the validity of the e - v universality, assumed in the
Standard Model.

The measured product of DD production cross — section and semi — leptonic branching ratio,
o(DD)-B ,from prompt electron-neutrino and antineutrino interactions, at ^/s= 27/-2 GeV is found to be

o(DD)-B = 2.92 ± 0.58 (± 0.47 syst.) /ib/nucleon

and compares well with other measurements. In particular with the latest value given by the
Rochester-Caltech-Chicago-Fermilab-Stanford (RCCFS) collaboration for 350 GeV protons on iron
(pFe) (see [59]).
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SUMMARY

This thesis describes an analysis of electron —neutrino and anti—neutrino interactions with nuclei. The data
were collected with the calorimeter of the Amsterdam —Cem —Hamburg —Moscow —Rome (CHARM)
group in a beam dump exposure to 400 GeV/c protons from the CERN SPS in 1982.

The experiment was performed to verify an indication, observed in 1979, that the ratio of the flux of
prompt electron —neutrinos and muon — neutrinos may deviate from unity. Since the neutrino beam,
obtained by dumping the proton beam in very thick targets, contains a larger electron - neutrino component
with respect to the electron —neutrino flux in a wide band type of neutrino beam, it offered the possibility to
investigate the characteristics of high energy electron-neutrino induced interactions. These interactions form
the basis of the analysis presented in this thesis. The contents of this thesis can be summarized as follows.

First, the presently accepted Standard Model of electroweak interactions is introduced, together with
some more phenomenological descriptions of processes that play a role in this study. The predictions of the
Standard model for the quantities measured in this experiment are given.

Then, after a description of this special type of neutrino beam and the apparatus used to detect the
interactions, the analysis of the data is explained in some detail. The results of the analysis of events without
a primary muon in the final state are given in the form of an experimental y —distribution. A statistical
analysis of this y — distribution was used to separate charged current i»e and Pg events and background and to
separate interactions of neutrinos, produced in the decay of short—lived particles (called prompt neutrinos),
from those produced by neutrinos from decay of long —lived particles (called conventional neutrinos).

The measured quantities are compared with the predictions of the theory and the measurements of
other experiments. Presented are the cross — section ratio of neutral current and charged current
electron —neutrino induced events, the prompt CC p(P)e interaction rate, the prompt ( I^ + P )/ (y +v ) flux
ratio, the energy dependence of the prompt electron —neutrino flux and a measurement oi the DD
cross — section times semileptonic branching ratio based on prompt electron — neutrinos interactions.

The cross-section ratio for NC/CC interactions of v + Pe, R = 0.40 + 0.12 (+ 0.08 syst.) is found
in agreement with the known cross — section ratio R = 0.330±0.01 for % + %• This equality is predicted by
the Standard Model of electroweak interactions and verified here tor the first time. The prompt
CC(>'(P)e)/CC(i'(P) ) flux ratio is not in bad disagreement (1.8 stand.deviations) with the Standard Model
predictions under the assumption of equal fluxes for v£ and Pg. The energy dependence of the prompt
electron - neutrino flux is in agreement with a Monte Carlo prediction simulating DD production and
semileptonic decay. The calculated DD cross —section times semileptonic branching ratio agrees with the
results of various other measurements of this quantity.
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. SAMENVATTING

in dit proefschrift wordt de analyse van gegevens betrekking hebbende op neutrino en antineutrino
wisselwerkingen met materie behandeld. De nadruk ligt op door electron-neutrino geproduceerde
gebeurtenissen. De gegevens werden verkregen met de electronische teller opstelling van de
CERN —Hamburg—Amsterdam —Rome —Moskou groep, welke was opgesteld in de neutrino bundel van
het SPS (Super Proton Synchroton) van CERN (Europese organisatie voor onderzoek van elementaire
deeltjes, te Geneve). De gebruikte neutrino's waren afkomstig uit hei verval van zware deeltjes, welke werden
geproduceerd in botsingen tussen protonen en een grote hoeveelheid koper.

Als eerste worden de voor dit experiment relevante theorie en diverse hierop betrekking hebbende
deelmodellen behandeld. De voorspellingen van het Standaard Model ten aanzien van de gemeten
grootheden, zoals de relatieve bijdrage van electron-neutrino geïnduceerde geladen stroom (CC) reakties ten
opzichte van de door muon—neutrino's bewerkstelligde CC gebeurtenissen (= le/1/») en de verhouding van
electron —neutrino neutrale stroom (NC) en CC wisselwerkingen (=NC/CC), worden vermeld. Vervolgens
wordt een model dat de oorsprong van een deel van de geobserveerde neutrino's beschrijft, behandeld.

Na een beschrijving van de gebruikte neutrino bundel en de teller opstelling, wordt de bewerking van
de verkregen gegevens behandeld. De resultaten van deze bewerking, die in hoofdzaak leidt tot een classificatie
van de gebeurtenissen, worden neergelegd in de vorm van een karakteristieke verdeling. Door vergelijking van
de gemeten karakteristieke verdeling met een aantal voorspelde verdelingen (welke verkregen zijn middels de
analyse van. een aantal onafhankelijke, speciaal geselecteerde gebeurtenissen) is getracht de gemeten verdeling
op te splitsen in de individuele bijdragen van twee verschillende soorten gebeurtenissen: signaal en
achtergrond. Een verdere onderverdeling van het signaal isoleert de bijdrage van neutrino's geproduceerd in
het verval van kort —levende deeltjes van die van neutrino's afkomstig van het verval van lang—levende
deeltjes, respectievelijk prompt en conventioneel genoemd.

De grootte van het aldus geisolcerde signaal wordt gebruikt in de samenstelling van een aantal
natuurkundige grootheden, welks waarden worden vergeleken met de theoretisch voorspelden en met de
waarden gemeten in andere experimenten.

De gemeten verhouding (le/l/i) voor prompt neutrino's, is niet ín tegenspraak met de voorspelling
van het Standaard Model. De gevonden afwijking is ongeveer twee standaard deviaties (Ey > 20 GeV,
statistische en systematische fouten lineair opgeteld). De gemeten verhouding R = 0.40 ± 0.12 (+ 0.08
syst.) is in overeenstemming met de theoretische voorspelling en met de, van andere experimenten bekende,
werkzame doorsnede verhouding R = 0.33 ± 0.01. De gemeten partiële productie werkzame doorsnede
voor de productie van gecharmeerde hadronen (die door hun verval de direct geproduceerde neutrino's
leveren) is in overeenstemming met een model afhankelijke voorspelling, maar opgemerkt dient te worden dat
de onzekerheid van de voorspelling een bevestiging of ontkenning van het model in de weg staat. De op een
realistisch model gebaseerde simulatie van de energie afhankelijkheid van de direct geproduceerde electron
neutrino's komt zeer goed overeen met de experimentele observaties.

Tot slot kan worden opgemerkt dat de gevonden afwijking andere, juiste voorspellingen van het
Standaard Model niet uitsluit. De reden voor de afwijking kan niet worden gevonden door een nadere analyse
van de met dit experiment verkregen gegevens, daar de natuur van het experiment zich daarvoor niet leent.
Het is echter van het grootste belang dat de reden voor het verschil tussen de huidige theorie en de
werkelijkheid experimenteel wordt vastgesteld, een en ander met behulp van speciaal hiertoe ontworpen
experimentele opstellingen.
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RESUME

Cette thèse décrit l'étude des interactions de neutrinos électrons et d'antineutrinos élections avec des noyaux.
Les données ont été prises durant l'année 1982 avec le calorimètre du groupe CHARM
(Amsterdam —CERN— Hambourg—Moscou —Rome) dans un faisceau de neutrinos. Ce faisceau était
produit en envoyant des protons du SPS de 400 GeV/c sur des blocs de cuivre selon la technique de
'décharge de faisceau' ou 'Beam Dump'.

Le Modèle Standard des interactions éiecirofaibles ainsi que quelques descriptions plus
phénoménologiques de processus jouant un rôle dans cette étude sont présentés, et les prédictions dans le
Modèle Standard des quantités mesurées dans cette expérience sont données.

Après la description de ce type particulier de faisceau de neutrinos et de l'appareillage utilisé pour
détecter les interactions, l'analyse des données est présentée en détail. La section efficace différentielle do/dy
des événements sans muon primaire dans l'état final est obtenue. Puis, le signal des événements ve et P£ CC
est séparé du bruit de fond par une analyse statistique et le nombre d'événements trouvés est utilisé pour
calculer différentes quantités physiques. Les événements vg sont ensuite séparés en deux groupes. IJS premier
contient les événements provenant des interactions des neutrinos prompts i.e. produits par désintégration de
particules ayant un temps de vie court. Le second contient les événements créés par les neutrinos produits par
désintégration de particules ayant un temps de vie long.

Enfin, les quantités mesurées sont comparées aux prédictions de la théorie et aux résultats d'autres
expériences. Sont présentés: le taux d'interactions en courant chargé des prompts f£, le rapport
C C ( P +P )/CC(K + P ), la dépendance en énergie du flux de neutrinos électron prompts, le rapport NC/CC
pour Tes neutrinos électron et une mesure du produit de la section efficace DD par le rapport de branchement
semi —leptonique. Le rapport CC(re)/CC(p ) mesuré n'est pas en accoid avec les prédictions du Modèle
Standard si l'on fait l'hypothèse des flux égaux pour t'f et P . Cette mesure est malheureusement assez peu
sensible à l'hypothèse des flux égaux.
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