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INTRODUCTION

This thesis describes the analysis of the events induced by elastic scattering of

neutrinos and antineutrinos on electrons and interpretes the results in terms of the

coupling strength of (anti)neutrino on electrons. The data for this analysis were

obtained with the electronic calorimeter of the CHARM (Amsterdam. Cern, Hamburg,

Moscow, Rome) collaboration [1] during the Hide band neutrino beam exposures of

1979. 1980 and 1981 in the neutrino facillity of the SPS (Super Proton Synchrotrcn)

at CERN (Conseil Europeen pour la Recherche Nucleaire. Geneva Switzerland).

Although the detector uas specially optimized for the study of neutral current

neutrino-nucleon interactions and for the measurement of the polarization of the

forward muons produced in neutrino interactions, the scattering of (anti)neutrinos

on electrons could also be observed and studied with this apparatus.

In the beginning of the seventies a major improvement in the theoretical under-

standing of the elementary interactions in particle physics has been made. Before

this improvement the phenomenology of the four elementary interactions were seper-

a.tely described. A complete underlying theory uas only available for the electro-

magnetic interactions (Q.E.D.). It is uith the introduction of the Glashou, Wein-

berg and Salam model, which unifies the elecromagnetic and weak interactions, that

the first step to a general model explaining the four fundamental interaction has

been made. This theory has two parameters: the electric charge and the electroueak

mixing angle sin29H, The latter can be measured in several neutral current

processes (like in (anti)neutrino scattering on electrons). Independent measure-

ments of sinz8N are /needed to demonstrate the validity of this theory.

The present hope in understanding the fundamental physical phenomena is that all

interaction can be derived from similar principles as used in the electroueak model.

In these models the value of the electroueak mixing parameter can be predicted and a

presise measurement of this quantity is very relevant.

This thesis is organized as follows: In chapter 1 a historical overview of the

early neutrino physics and a description of the phenomenological tagrangian is

given, followed by an introduction to the electroueak unification model. The

neutrino detector of the CHARM collaboration is described in chapter 2. Chapter 3

deals with the on-line monitoring system of this detector which has been under the

responsability of the author. The wide band neutrino facillity of the CERN SPS is

described in chapter A, followed by a discussion of the experimental method to

measure the neutrino energy spectra of the neutrino beams. The electromagnetic

shower development process is reviewed in chapter 5 and is followed by a description

of the technique that was used to seperate showers of electromagnetic and hadronic

origine. Chapter 6 discusses the observed signal of the (anti)neutrinos scattering

on electrons and interpretes these events in terms of the parameters related to the

strength the coupling of neutrinos to electrons.
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chapter 1

THEORY

The four (known) fundamental! forces describing the interaction between matter are

the strong-, the electromagnetic-, the weak- and the gravitational force. Physics

aims to improve the understanding of the underlying structure of these interactions

and if possible to describe them with one single theory.

Presently it is believed that two of these interactions, e.g. the electromag-

netic and the weak interaction can be unified in one model (the so called elec-

troueak theory) and attempts are made to construct theories that also includes the

strong and gravitational interaction.

This thesis describes a measurement of the scattering processes:
 l
v^ + e~->'v^ + e~.

These processes are mediated by that part of the weak interaction (the neutral

current) that mixes with the electromagnetic interaction. The results of this

measurement will give more insight in the structure of the weak force and is of

importance to test the validity of the electroweak model.

In this chapter some aspects of the weak interactions and of the electroueak

theory will be discussed.

1.1. HISTORY OF THE WEAK INTERACTIONS

The first observation of a weak phenomenon was made in 1896 when Becquerel discov-

ered the β-radiation 12]. At that time nothing was yet known about the atomic

structures. In 1911 Rutherford proved the existence of the atomic nucleus, and in

1932 Hetsenberg suggested that these nuclei were composed of protons and of the

then recently discovered neutrons.
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In 1933 Pauli 13] assumed that besides an electron also an undetected light neutral

particle was emitted in 8-decay. The emission of this particle, today known as a

neutrino, explains the continuous energy spectrum of the S-rays and, bearing like

the electron half a unit of angular momentum (spin 1/2), it also balances the

angular momentum in the decay process.

It took until 1956 before the neutrino was actually observed in an interaction

with matter. Since the neutrino (a massless neutral lepton) is on'y involved in

weak processes, it has a very small probability to be abscrbed in matter.

In 1934 Fermi [4] gave a successful description of the β-decay process. He

described the emission of the electron and the neutrino in a similar way as the

emission of a photon by an excited nucleus, e.g. comparing the processes:

n -» p+(e~+v) and p •» p+r (virtual).

The latter process is described in quantum electrodynamics by an interaction

term in the Lagrangian. consisting of the inner product of a four vector:

u(p')7u.u(p) (the proton current, with u(p) being the Dirac spinor of the proton and

Vμ the Dirac matrices) and an electromagnetic four potential Aμ, representing the

photon field. Fermi interpreted the β-decay process as the interaction of four

fermions at a single space-time point and he obtained the corresponding Lagrangian

in an analoguous Hay but replacing the photon field A^ by a second (leptonic)

current, leading to the current x current interaction term in the Lagrangian:

L = G [ u(n)y
>
jj(p) ]•[ u(ê)rMu(v) ] , (1)

«here G is the weak interaction coupling constant (Fermi constant) which has the

strength of lO'S'tip"2.

The present theory describes the weak interaction not as a point process, but as

mediated by bosons (spin 1 particles) in analogy with the electromagnetic interac-

tion that is mediated by a massless boson: the photon. The choice of a heavy mass

of these intermediate bosons restores the same low energy behaviour of the ueak

interactions as predicted by the current x current theory.

Nowadays, the ueak phenomena are not anymore bound to be observed only in decay

processes. When particle accelerators came into operation the range of weak

interactions that could be observed uas enlarged drastically. Moreover, the

current x current theory predicts an interaction probability of neutrinos with

matter increasing linearly with the neutrino energy, making it also much more

convenient to study the ueak processes with high energy neutrino beams created at

accelerator centres.

Although the intermediate vector boson theory predicts a departure of the

current x current theory of Fermi at high centre of mass energies, the centre of
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mass energies of present experiments are still too low to feel any appreciable

effect of these bosons. Consequently, the Lagrangian that describes the weak

phenomena today is not very different from the Lagrangian that uas used in 1933 by

Fermi. The Lagrangian (1) has been modified in tuo major aspects:

- The parity violation of the weak process.

Originally it had always been assumed that parity is a uell defined quantity

being conserved in elementary processes, and that nature would be symmetric

under space reflection. In 1956 Lee and Yang [5] suggested a number of crucial

experiments to test the parity conservation in weak interactions. After the

discovery of a maximum parity violation in the same year [6] the leptonic

current has been modified to make it maximum parity violating, by writing it as

the sum of a vector and axial vector parts: 1/r\f2»'ü"(e)r̂ t(1+r5)u(v).

A factor (1+y5)/\f2 projects out the negative helicity state of the neutrino.

Hence only neutrinos with their spin opposite to the direction of the momentum

are involved in the process (e.g. the neutrino behaves like a left-handed

screw). This observation has lead to the acceptance of the tuo component

neutrino theory, which was formulated already in 1929 by Weyl [7]. This theory

allows only neutrinos with negative helicity and their antiparticles (the

antineutrinos) with positive helicity, making nature asymmetric in this respect.

In 1973 the Lagrangian describing the weak interactions had to be modified

again. The Lagrangian at that time included only interactions where the elec-

tric charge of the particles changed with one unit (charged currents events).

The observation of events due to the reaction v^. + e"-» Vμ * e" [81 and shortly

afterwards due to the reaction V u * N •• Vμ + X [9J by the Gargamelle collabora-

tion led to the extention of the Lagrangian with terms allowing these neutral

current interactions.

The existence of the neutral current had been predicted already before by the

Glashow, Weinberg, Salam theory (see section 1.4). However, it predicted a rate

for the weak neutral current decay of the long living neutral kaon, KI-M«^~,

that was much higher than the actually observed rate. This discrepancy is now

well solved by the GIM mechanism (101.

1.2. THE HEAK PHENOMENA

1.2.1. Process classification

The weak interaction between four fermions a + b •* c + d can be described in

general by an exchange interaction between two weak currents:
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The complete interaction Lagrangian describing all the weak processes at lou energy

is of the form:

G r -I
= — J**J- + p«J0«J° .
V2 L J (2)

uhere J represents the "weak isospin" current and p determines the strength of the

neutral current interactions relative to the charged current interactions.

The Lagrangian contains tuo type of currents:

a) The charged currents: J*, J'.

These currents are the charge changing currents, describing the transitions

between tuo members of each weak isospin doublet. These doublets contain the

elementary fermions of the ueak process:

t3)

The existence of the particles v< and t is experimentally not yet established.

The first three doublets are composed of leptons, leading to Ieptonic currents.

The top members (the neutrinos) have a charge 0, the bottom members have a

charge -1. The last three doublets are composed of quarks, the building

elements of hadrons. These quarks, which are also involved in the strong

interactions, lead to hadronic ueak currents. The top members have a

charge 2/3 and the bottom members have a charge -1/3 times the elementary

charge.

b) The neutral currents: J°.

Contrary to a charged current, the particles involved in the neutral current do

not alter their charge state in the process; the incident and outgoing particle

are identical and the currents consist of either neutrinos: v-»v, charged

leptons 1-»I, or quarks: q-»q.

Usually the charged and neutral current weak processes are also classified

according to the type of particles involved in the currents:
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a) Purely leptonic processes

The two interacting currents are both of the leptonic type. The particles

involved in these processes are pointlike without strong interactions. Only

electromagnetic effects may play an additional role during the interaction.

Hence these processes are the cleanest of the weak processes with respect to

the theoretical interpretation.

b) Semileptonic processes

One of the two interacting currents is a hadronic current. The quarks involved

in these currents are bound inside nucleons or mesons by the strong interac-

tion. Hence the theoretical interpretation of these results generally depends

on models (quark parton models), describing the initial and final states of the

interacting quarks.

c) Non-leptonic processes

These involve interactions between two hadronic weak currents.

1.2.2. The Lorentz structure of the weak currents

Originally, it was assumed by Fermi that the weak currents were, like the electro-

magnetic current, pure vector currents of the form Gy^u (e.g. the current behaves

like a vector under the Lorentz transformation). However, in a more general way

also other type of interactions terms can be constructed from bilinear functions of

the Dirac spinors of the interacting fermions. These bilinear functions have the

form: üOjU, where the linear operator Oj represents a 4 by 4 matrix in the Dirac

spinor space. A set of 16 independent matrices can be formed uith the unit matrix

and uith the four Dirac TΜ matrices and they are classified according to their

Lorentz transformation properties 111]:

Os

Ov

Ot

o
a

Op

= 1

= Vμ.

- iVsVu

= Vs

scalar

vector

j TΜ) tensor

axial vector

pseudo scalar.

the chirality operator)

The most general interaction Lagrangian one may nou construct that is invariant

under proper Lorentz transformations, can be written as:

L = — I Cj« J ïïc0iU, ] • [ UdOi(1+ € i«y 5 )Ub 1 •
V2 L J L J

i=S,V,T,A,P
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The coefficients C{ are the coupling constants corresponding to the different

coupling types (S,V,T,A,P). The parity violation of the Lagrangian is given by the

factor (1+6;'7$) in the second current. Maximum parity violation is obtained for

€i = ±1 (€i = +1 selects left handed neutrinos, «i = -1 right handed neutrinos).

Charged currents structures

From the study of the decay processes the charged leptonic currents were found to

be of the V-A form e.g. only vector and axial vector currents are involved in the

process uith equal strength but with opposite sign. The hadronic charged currents,

observed in nuclear β-decay uere found to be almost of the same V-A form:

C
a
 - -1.18*C

V
. This fact is explained as a renormalization effect due to the

strong interactions: In absence of these strong interactions one uould have again

C» = -Cy. The agreement between the values of the Fermi constant deduced from

0'* β-decay (a pure vector decay i.e. C
a
 = 0) and from muon decay lead to the

concept of the Fermi universality: a universal interaction between pairs of

fermions uith an equal amount of vector and axial vector coupling.

The V-A theory of the charged currents is also successful in the description of

the present accelerator experiments. A review of experimental evidence for the

validity of this theory at high neutrino energies can be found in [12].

The V-A coupling leads to the general form üy^( 1+7s)u of all the charged

currents and consequently only left-handed particles are involved in these

processes: Right-handed particles uould require a V+A coupling. One often uses

also the left- and right-handed coupling constants instead of Cv and Ca: Ci=Cv~C»„

C p—C v"*1 V^*

Neutral currents structures

Neutral current interactions were observed for the first time in 1973 by the

Gargamelle collaboration (81,[9].

One of the first things to be investigated is whether the outcoming neutral

particle is identical to the incident neutrino. The concept of the neutrino

identity is supported by the measurement of the differential cross-sections do/dy

(y is the inelasticity of the interaction, the fraction of the neutrino energy in

the lab. system that is transferred to the interacting particle:

y=(Ejn-Eout^Ein ' f°r the neutrino and antineutrino neutral current process 113).

As pointed out by Uolfenstein [14], these differential cross-sections coincide at

y=0 if the final state neutrino is identical to the incident neutrino.

The Lorentz structure of the neutral current processes is not a priory identical

to the structures of the charged current interactions. Hence the neutral currents

need to be investigated independently of the charged currents in order to determine

their structures. The presence of S.P or T terms would change the helicity of the

neutrino in the interaction and is in conflict uith the concept of the two compo-
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nent neutrino theory. However, the unique handedness of the neutrino can be a bias

due to the charged currents and it may be not a property of the neutrino itself.

Experimental evidence, that neutral currents consist mainly of V and A terms, is

coming from the scattering of longitudinally polarized electrons on deuterium 115].

The result of this experiment is compatible uith a maximal interference between

weak and electromagnetic amplitudes, indicating that the observed weak neutral

currents are (like the electromagnetic interactions) helicity conserving.

Although small admixtures of S,P and T terms in the interaction are difficult to

rule out (a summary of experimental suggestions can be found in 112]). it will be

assumed in the following that only V and A terms contribute to the weak neutral

currents. The strength of the vector coupling in the weak neutral current can be

affected by an interference with an electromagnetic current (a pure vector

current). Hence, the ratio between the V and A components may be different from

the ratio observed in the charged currents and could even depend on the type of

particle involved in the neutral current.

Summary of the neutral current processes

The neutral current processes can be summarized by the Sakurai tetragon [16], as

shown in figure 1. Although interactions may occur both for reactions between and

within the corners, in practice not all the processes are measurable.

Figure 1: Sakurai tetragon of neutral-current interactions. In this figure, v

stands for all neutrino types.

The 13 coupling constants describing the vector and axial vector coupling in the

observable processes are:

1 - elastic scattering of neutrinos on electrons: gv, 9a (see eq. 5 in

section 1.3).
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2 - neutrino-quark scattering: a,6,7,8, (the chiral coupling constants as defined

by Hung and Sakurai) describing the Lorentz and isospin structure of the

hadronic neutral current in neutrino hadron interactions.

3 - electron-quark scattering: a'.B'.y'.S'. describing the same structure but in

electron hadron interactions.

4 - muon-quark scattering. This process is similar to the previous process and

provides an essential possibility for testing e-p universality in neutral

current coupling.

5 - pure leptonic experiments on e*,e~ storage rings (e*e~-»l*l~): h»
s
, h

v
», h

V
v.

giving the axial-axial, vector-axial, and the vector-vector coupling of the

charged leptons.

These coupling constants, a priory independent, may be fixed by using a particular

model describing the weak currents. The study of these interactions should there-

fore be as free as possible from any model dependent assumptions. Once they are

obtained in this way, they can be used to test any theory in a more objective uay.

1.3. NEUTRINO SCATTERINC ON ELECTRONS

In this thesis the analysis of the purely leptonic interactions of neutrinos

scattering on electrons is described, which yields a result on the determination of

the coupling constants g
v
 and g«. There are four processes which belong to this

category of neutrinos scattering on electrons:

A) I?» + e" -» Vμ, * e~

B) v^ + e" •* VΜ + e~

C) v» + e" •» v
e
 + e"

0) v« + e" •» v
(
 + e"

The processes (A) and (B) are pure neutral current processes, the processes (C) and

(D) can also proceed through a charge current interaction as shown in figure 2.

Assuming only left-handed neutrinos, the effective Lagrangian of the neutral

current part of these processes can be written as:

L = — [ ?r^.(gv+g»Ts>e ]•[ vy^(1+y
5
)v J. (5)

For process (A) and (B), where only neutral currents are involved, the differential

cross-section are (in the limit of zero electron mass) given by [17]:
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NC

e ~ — i/ee~

Figure 2: Contributions to the elastic scattering of vm and v ( on electrons.

G2 m« Ev

dy

dv

dy

G2

2lT

me Ev

2 TT
[(gy-g.)2+(9v+g.)2(i-y)2] .

(6)

C7)

with y the inelasticity of the process: y = E«/Ev.

The factors (gv+9e)
2 and (gv~9*)

2 give the coupling to the left-handed: gi=gv+3».

and the right-handed: 9r
r9v"9• electrons. (The difference of these expressions

compared with the left- and right-handed coupling for charged currents is due to

the different way of writing the two Lagrantjians. eq. (4) and eq. (5) ). In figure

3 the direction of the momentum and spin are given of the particles in the initial

state and in two extreme cases of the final state, i.e. forward scattering (y=0)

and backward scattering (y=1). Since in a pure point process the orbital angular

momentum is zero, the backward scattering of neutrinos on right-handed electrons

and of antineutrinos on left-handed electrons is forbidden by the conservation of

angular momentum and is suppressed by the (1-y)2 dependence in (6) and (7).

In order to obtain the cross-sections of the processes (C) and (0) the contribu-

tions of the charged currents to the process has to be added. With a Fiertz



- 11 -

Figure 3: Direction of the momentum and spin of the particles in the neutrino

electron scattering processes. Since the total angular momentum in the

first and fourth process is zero the scattering is isotropic for these

cases. Tor the second and third process, the total angular momentum is

not equal to zero; the backward scattering is forbidden by the conser-

vation of angular momentum leading to the (1-y)2 dependence of this

process.

transformation the Lagrangian of the charged current processes, eq. (4) uith

CV=CV'=1 and C,=C,'=-1, can be brought into a suitable form to add them to the

neutral current Lagrangian:

L = — (8)

The contributions of the charged currents are simply included in the Lagrangian of

the neutral current process (5) by replacing gv'=9v+1 and g»'=g»+1. Hence the

differential cross-sections of processes (C) and (0) can be obtained from eq. (6)

and (7) by the same replacement.

The total cross-sections of the four processes can be obtained by integration

over y:
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o(vee") =

') - G2m«Ei»/2ir •[ (gv*g»ï2 * 1'3(gv-g«>2 1

-) = , , •[ (9v-g.ï2

~) = , , •[ (gv+9«*2

. , • [ (gv-g«)2 • 1/3Cg»+g,+2)2

(9)

(10)

C11)

U 2 )

The measurements of an individual cross-section do not determine a unique solution

of gv and ga but determine an elliptical contour in the gv-g» plane.

i iX' ' I

'V s i n2ew

STANDARD MODEL

Figure 4: The gv-g« plane for neutrino electron scattering. The contours corre-

spond to four ideal experiments, assuming the total cross-sections as

predicted by the standard model uith sin26H = 0.25.

Figure 4 gives the contours corresponding to four errorless experiments,

assuming the total cross-sections given by: gv=0, g*=-1/2 (i.e. the standard

model uith sin2eH = 0.25, (see section 1.4). A combination of cross-section

measurements determines the coupling constants up to a tuofold ambiguity due to the

invariance of the expressions of the total cross-sections uith respect to an

exchange gv •*-» ga.

Any electroueak unification model might constrain the physical area in the gv~g»

plane, e.g. the standard model uhich will be discussed in the section 1.4, defines

a straight line (see figure 4) on uhich physical gv, 9a values must lie.



- 13 -

1.3.1. Electromagnetic radiative corrections

The process of a neutrino interacting with an electron can be described in the

first order as a purely weak interaction of two structureless particles. However,

in higher orders electromagnetic interactions Hill contribute to the process. In

figure 5 the diagrams of these electromagnetic radiative contributions are given.

The first three diagrams show processes uith internal radiation, while in the last

two diagrams real "Bremsstrahlung" photons are emitted.

Figure 5: Electromagnetic radiative contributions to the interactions of

neutrinos uith electrons.

The radiative processes have been studied by several authors and the correction

due to these five processes together on the total cross-section is found to be

small [18].

A different y-distribution for the interaction will be obtained, if the photon

energy is not taken into account. In the experiment described in this thesis,

emitted photons are not distinguished from the outgoing electron <the energy is

summed to the energy of the electron) and distortions of the y-distribution are

neglected.

In (19] an expression is given from where the energy- spectrum can be derived of

the radiated photons:

dN 1 a r E,2 -\
— = - • - log I J ,

uith w the energy of the photon.

(13)

The number of photons due to these radiative processes is equivalent to the number

of photons emited by an electron traversing a material thickness of the order of

3 'A of a radiation length (see section 5.2.1).
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1.3.2. Experimental characteristics

The small mass of the electron has some important experimental implications for the

study of the neutrino electron scattering process.

- Since the cross-section for a neutrino interaction, expressed in centre of mass

units, containes the mass of the target particle, the cross-section of the

process v c -* will be a feu orders of magnitude loner than the cross-section

of the inclusive neutrino-nucleon neutral current scattering process,

(lore explicitly, ue can give an estimation of the relative rate of the two

processes on an isoscalar target by:

gi2 + 1/3* gP
2 m #

R = • . (14)
I(ui*+di2)/2 «• 1/3«(ur

2+dr
2)/2} Mp

giving the ratio R of the rates of the tuo processes. gi. gr, ui, ur, di, dr

are the left- and right-handed coupling constants for the electron, up quark and

the doun quark. Marble, the target material of the experiment described in this

thesis, is an isoscalar target (equal amount of u and d quarks), hence the

contributions of the u and d quarks can be averaged. To take into account the

fact that there are tuice as many nucleons as electrons, the nucleon mass Mo

should be multiplied by tuo. However, this factor cancels against an other

factor of -0.5 due to the fact that the quarks carry only half of the nucleon

momentum.

Using the left and right-handed coupling constants as predicted by the

standard model with sin26H=0.25 (see table 1) the ratios can be given by:

3«10-\ R(vï = 7'10-*. (15)

A second implication of the small electron mass is the small scattering angle of

the outgoing electron uith respect to the incident neutrino.

Using the four momentum vectors k and P for the incident neutrino and electron,

respectively, and k' and P' for the same particles after the reaction, ue can

urite: lc-P'=k'-P. Squaring this expression and using k'2=k2=0, P'2=P2={mec
2)2

gives:

k*P' = k'*P or:

where Ev the en&rgy of the incident neutrino and E«,P% and 6 the energy,

momentum and scattering angle of the outgoing electron, (all these quantities

are given in the laboratory system). Uith the approximation |Pa| = E. the angle

8 can be written as:
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f16)

i.e. giving the limit O < 10 mrad for an electron recoil energy E a = 10 GeV.

1.4. UNIFIED MODELS OF WEAK AND ELECTROMAGNETIC INTERftCTIOHS

1.4.1. Intermediate vector bosons

Since the relative angular momentum of tuo interacting particles in a point process

is zero, the cross-section is a simple S-uave cross-section. From the fact that

the absolute square of the partial wave amplitude cannot exceed unity, one can

obtain the limit a(S-uave)<8ir/s Cs being the centre of mass energy squared). The

cross-section, calculated for the process described by a current x current Lagran-

gian o«G2s, violates this unitarity limit at centre of mass energies around

s=600 GeV.

This problem can be solved by the introduction of massive intermediate vector

bosons, giving a damping factor of MH
2/(MH

2+Q2) (with Q2 the four-momentum transfer

squared) in the cross-section. For centre of mass energies which are small

compared with the intermediate vector boson mass MH this factor will be unity,

while for high energies the cross-section will be flattened off to a value

a = G 2M M
2/IT. This cross-section still violates the unitarity cross-section but at

much higher energies. However, since this cross-section has been obtained taking

into account only the first order interaction diagram it cannot be trusted at very

high energies.

1.4.2. The standard model

This section describes the model based on the local gauge symmetry group

SU(2)ixU(1), which has been developed by Glashow, Weinberg and Salam (201. This

model, which unifies the electromagnetic and weak interactions, explains naturally

the structure of the electromagnetic CV), the weak charged current (V-A), and the

weak neutral current CV.A) interactions. The success of this theory is also due to

the fact that it has been shown by 't Hooft to be renormalizible, e.g. contribu-

tions of higher order diagrams to the process can be calculated.

Many alternative electroweak unification models have also been proposed but the

Glashow-Ueinberg-Salam model is the simplest or minimal model that unifies electro-

magnetic and weak interactions. This model will be refered to as the standard

model of the electroweak interactions.
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The model is built with the following assumptions:

1 - Elementary fermions are assumed to carry a weak isospin I (SU(2) group) and a

weak hypercharge Y (UC1) group).

The left-handed fermions are grouped in doublets of isospin 1=1/2 (see (3)

in section 1.2.1), the third component of this weak isospin is Ï3=+1/2 for the

top members of the doublets and 13=-1/2 for the bottom members. The right-

handed massive fermions (right-handed neutrinos are not taken into account)

are in l=0 singlet states.

The hypercharge of the fermions is given by the relation Y=C-l3, with Q the

charge of the fermion.

2 - The electroueak interaction between these fermions occur by means of coupling

to massless intermediate vector bosons: an isospin coupling of strength g to

the SU(2) bosons U1.U2.H3 and a hypercharge coupling of strength g' to the

U(1) boson B. The interaction Lagrangian is given by:

L = g J'^Wji + g' jy^Bp (17)

3 - The intermediate bosons obtain a mass by coupling their fields to a scalar

isodoublet i> - (#*,#°) whose neutral member has a non-zero vacuum expectation

value (Higgs mechanism [22]). An important requirement for this step is that

the gauge symmetries are local (the gauge, or change of phase, can be a

function of space and time). By this coupling the symmetry is spontaneously

broken and as a result the bosons mix and produce the following physical field

quanta:

(18)

Z = cos8M M3 - sine». B ,

A = sin8N U3 * cos0N B ,

with 0 H the tiectroweak mixing angle. The masses are given by:

tl*2 , Ma
2 = 0 . (19)

4 - Using these relations, one can now rewrite the interaction Lagrangian (17) in

terms of physical fields:
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• Cg sinOH J
3j» * S ^ ^

• (g cos6M J
3u - g' sin6N J

yu) Zu.

Charged weak currents

The first term in (20) is the charged current interaction, with W* and H~ the

charged intermediate bosons. The mass of these bosons are related to the known

strength of the charged currents (given by the Fermi constant G) by: MM
i=g2vl2/(8G).

Electromagnetic currents

The second term of the Lagrangian (20) gives the coupling to the massless neutral

boson end can be identified uith the electromagnetic interaction: e J#"yVu,. The

condition that the electric charge of the neutrino (Y=-1/2, 13=1/2) is zero and of

the electron (Y=-1/2, l3=-1/2) is minus the unit charge e, gives the "unification

condition": e = g sin9H = g'cosOM

The electromagnetic current is then given by: J*"^=J3^^Jy^

Uith the unification relation and the mass relation (19) the mass of the inter-

mediate bosons can be expressed as a function of the electroueak mixing angle:

e ^2 "* 37.3 GeV M„
nw = (—) = — , HE = . (21)

sin6M 8G sinOH cos0H

Neutral weak currents

The last term in the Lagrangian (20) is responsible for the weak neutral currents

and may be rewritten es:

The specific form of the weak neutral current Jneu. = J 3u " sinz6M «)••ƒ*, results in

the general coupling constants of the elementary fermions given by

€ = I3 - Q sin20M* In table 1 these constants are worked out more explicitly as

left-handed €i=(cv+€a)/2 and right-handed <r=(€v-««)''2 coupling constants for all

the elementary fermions.

The original Glashou model

The overall strength of the neutral current interactions is fixed in the standard

model by relation (21). This relation results from the I = 1/2 nature of the

Higgs field in the standard model. In the original Glashow model (a precursor to

the standard model), which is based on the same symmetry group SU(2)ixU(1), the

masses of the intermediate vector bosons are not generated by any mechanism but are
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TABLE 1

Neutral current chiral coupling constants

V

e

u

d

.μ^r

,c,t

,s.b

Q

t 0

-1

2/3

-1/3

left-handed

Ia

1/2

-1/2

1/2

-1/2

«I

1/2

-1/2+sin
2
e

N

1/2-2/3«sin
2
e

M

-1/2+1/3«sin
2
e

M

right-handed

Ia

-

0

0

0

«r

-

sin
2
e

H

-2/3»sin
2
9

M

l/3«sin
2
e„

put in by hand. This results in tha free parameter p = M
M

2
/irWi

2
sin

2
e

H
> tsee eq. 2)

giving the relative strength of the neutral current interactions (/> = 1 in the

standard model). The drawbacks of this model is that it is not renorinalizable.

Renormalizable models with pf-\ can be constructed using a more complicated Higgs

sector to generate the masses of the intermediate vector bosons [23]. However, the

value of the parameter p predicted by these models differs very much from unity and

these theories are easily ruled out by the present experimental results, which find

values of p being consistent with unity.

1.5. NEUTRINO ELECTRON SCATTERING IN THE STANDARD MODEL

In section 1.2.2 it has been stated that the 13 coupling constants involved in the

neutral current interactions should be analysed free from any model dependent

assumptions.

The two coupling constants involved in v e scattering, g
v
 and g». can be

expressed without any loss in generality (exept for the specific choice in the

fourfold ambiguity in the g
v
~9e plane) in the parameters of the standard theory by:

g
v
 = p'i-1/2 * 2sin

2
e„) C23)

9a - P* -1/2

The electroweak mixing parameter sin*»..

The limits on the systematical uncertainties in the measurement of sin
2
O

H
 are much

lower for the purely leptonic processes like v e scattering than in neutrino quark

scattering. The uncertainties due to the strong interaction puts a limit on the

systematic error in the determination of sin
z
6

M
 of the order of 0.005.
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Neutrino electron scattering experiments (if they have sufficiently large

statistics) are able to beat these limits since the electron is free from any

hadronic structure.

- One of the basic tests of the standard model is the universality of the elec-

troueak mixing parameter found in all processes involved in neutral currents.

- Within the framework of the electroueak mixing theories a precise measurement of

the parameter sin2eH gives a valuable contribution of the understanding of the

theory. A measurement at low energies gives a prediction on the corrections to

the masses of the intermediate vector bosons (eq. 21) due to higher order

interaction diagrams. Together with a measurement of these masses (which uill

bs performed within a fen years at the new high energy e* e" colliders SLC and

LEP), a sensitive test can be made on the higher order contributions of the

model.

- One also may consider the standard model, represented by the SU(2)ixU(1) group,

being embedded in a larger symmetry which breaks down at lou energies. The

larger symmetry groups, e.g. Grand Unified Theories (GUT's) which includes the

strong and electroueak interactions, or the "super symmetry" groups including

also the gravitational interactions, make predictions for the value af the

electroueak mixing parameters and can be tested with a good knowledge of the

parameter sin*0H

The relative strength of the neutral current

A crude measurement of the parameter p gives already decisive information about the

Higgs sector in the electroueak mixing theory. A more precise measurement of this

parameter could indicate small distortions due to any interfering phenomenon which

changes the apparent relative strength of the neutral current processes. An

illustrative example is found in [24], quoting an upper limit on the t quark mass.

While the parameter sin26H can be measured very accurate in neutrino electron

scattering from the ratio neutrino electron scattering over antineutrino electron

scattering performed in the same detector, the measurement of the parameter p is

less trivial since it requires a good knowledge of the selection efficiency and of

the absolute normalization.

The latter uncertainties can be avoided in neutrino exposures with a measurement

of the ratio charged/neutral currents using the purely Ieptonic charged current

process of the inverse muon decay which can also be measured 1251.
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chapter 2

THE EXPERIMENT

2.1. THE DETECTOR

The CHARM detector [26] has been built for use in the neutrino and antineutrino

beams at the CERN 400 Gev Super Proton Synchrotron (SPS). The detector has

specially been designed for the study of neutral current interactions and for the

measurement of the polarization of muons produced in charged current neutrino

interactions.

To study neutral current interactions a good tnuon identification is needed to

separate neutral- from charged-current events, together with a good measurement of

the only observable part of a neutral current interaction: the hadronic final

system. The minimum information needed to reconstruct a neutral current interaction

is the direction and energy of the incoming neutrino and of the final hadronic

system (the neutrino energy can be approximately determined only in narrow-band

neutrino beams).

To measure the polarization of muons stopping in the detector, a good detection

efficiency of the decay electron and a small depolarization effect of the stopping

material is needed.

These requirements and the need of a massive detector to obtain reasonable event

rates, despite the low neutrino nucleon cross-section, are met in the CHARM

detector.

The CHARM detector consists of a marble target calorimeter surrounded by an iron

frame and followed by an iron end system. Figure 6 shous a schematic view and the

overall dimensions of the detector.
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Figure 6: Side view of the CHARM neutrino detector,

and part of the end system are shown.

Only 12 out of 78 subunits

The marble is used as a target and, at the same time, as an absorber material for

the calorimeter. The hadrons produced in (anti)neutrino-nucleon interactions will

form a shower by nuclear collisions, the shower particles depositing their energy

mainly by ionization. Depending on the energy of the hadrons, the full hadronic

shower will be contained in three to five absorption lengths, corresponding to

1 to 2 m of marble. The marble is subdivided along the beam direction into 8 cm

thick plates interleaved with scintillators and proportional drift tubes. A fixed

fraction (^10%) of the shower energy is deposited inside these scintillators and

proportional drift tubes, making it possible to measure the total energy of the

hadrons. The direction of the energy flow of the hadronic cascade can be deter-

mined by sampling the lateral distribution along the shower.

Marble (CaCOe) has been chosen as a material for the detector because it meets

the following requirements:

a) it forms an isoscalar target.
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b) being a composite of nuclei without magnetic moment, it has small depolariza-

tion effects for stopping positive muons.

c) the length of hadronic and electromagnetic showers is about equal. This point

is important to minimize the fluctuations in a hadronic shower due to the

electromagnetic components originating from a fluctuating number of IT9 'S

produced in the shower.

d) the material is about ten times cheaper than aluminium, a material with similar

properties.

The magnetized iron frame that surrounds the target calorimeter is used to identify

the muons produced in charged current interactions and to analyse their momentum.

It is at the same time used for calorimetry on showers not fully contained in the

marble. During uide-band antineutrino beam running, the frame magnets are magne-

tized in a dipolar way, to produce the B field in the marble needed for the \i*

polarization measurement.

The end system consists of magnetized iron disks (15 times 5 cm and 5 times

15 cm thick with 370 cm diameter) interleaved with scintillators and proportional

drift tubes. This system serves, like the iron frame, as a calorimeter and for muon

spectrometry.

The calorimeter consists of 78 equal subunits. Each subunit has a total width of

20 cm and contains:

- An 8 cm thick marble slab of 3*3 m2 surface, surrounded by a magnetized iron

frame 8 cm thick and 45 cm wide.

- 20 plastic scintillators 3 cm thick, 15 cm wide and 3 m long, covering the whole

3*3 m2 aeea of the marble.

128 proportional drift tubes 4 m long, with a cross-section of 3*3 cm2, covering

the 4*4 m2 area of marble plus iron frame. The outer 16 tubes on each side

sample exclusively the energy deposited in the iron frames.

At a later stage, during the long shut down of the SPS from June 1980 to June

1981, 256 streamer tubes {27] 270 cm long and with a !•) cm2 cross-section have

been added to each subunit. These streamer tubes, that cover an area of

270*270 cm2, were installed to improve the measurement of the vertex in the

projection orthogonal to that of the proportional drift tubes.

Only a small fraction of the data used for the analysis described in this thesis

have the information of these streamer tubes. In order to have uniform selec-



- 23 -

iion criteria for all the data this information is not used in this particular

analysis.

The orientation of the scintillators and proportional drift tubes is orthogonal

between tuo marble plates. The orientation alternates over 90° between subsequent

subunits.

2.1.1. The scintillator system

The scintillator system (1560 scintillators in total) is used in tHo Hays. The

digital information of the signal above a fixed threshold is used for trigger

purposes, the analogue signal is used to give a measurement of the total energy

deposited in the calorimeter. The 3 cm thick, 15 cm wide and 3 m long polyvinyl

toluene scintillators NE114 are terminated at one side with a plane mirror and are

at the other side viewed through a 50 cm long triangular light guide by a single

photomultiplier EKI9839A. The sensitivity of the scintillator system is such that

a minimum ionizing particle (nrip) traversing the scintillator at a distance of 3 m

from the light guide, still yields about 40 photo-electrons in the photomultiplier.

The signals coming from the photomultipliers are sent through twisted pair

cables [28] to a splitter unit. The length of these cables is adjusted to correct

for the time of flight of relativistic particles travelling in the direction of the

beam, the maximum correction being 50 nsec.

In the splitter units the signals are picked up by high impedance amplifiers.

The output of these amplifiers is fed into the trigger system. The signal itself

continues its way in a 400 ns delay to the analogue to digital converting (ADC)

system, giving the trigger logic its time to make the trigger decision.

The ADC's integrate the charge during the 150 ns defined as the A0C gate. The

resolution of the ADC's is eight bit. To increase the dynamic range two ADC

channels per scintillator are used: 95JJ of the signal is fed into the "high sensi-

tive ADC" channel, the remaining 5% is fed into the "low sensitive ADC" channel.

This results in a dynamic range from 0.03 to 150 mip (which is equivalent to a

scale from 1 to 5000).

The response of the ADC's including the splitter and divider units was tested

and found to be linear within 2 % over the whole dynamic range.

The complete scintillator system is continuously monitored using cosmic ray tracks

which are recorded between two accelerator pulses. The overall sensitivity,

scintillators x photomultipliers x ADC's, of each individual scintillator can be

monitored with an accuracy better than one percent. The average drift observed

over a period of ten days is 0.6 X.
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2.1.2. The proportional drift tube system

The proportional drift tubes [29] measure the positions of single tracks outside

the shower and by sampling the lateral pulse height distributions the direction of

the energy flow inside the shouer. For these purposes both the drift time and

pulse height information of each tube are recorded.

There are 78 planes of proportional drift tubes installed in the calorimeter and

18 planes in the iron end system. A plane contains eight chambers, made of 16 tubes

glued together to form one unit. Each proportional drift tube is made from a 4 m

long extruded aluminium tube with an interna! cross-section of 29*29 mm
2
 and a

stainless-steel wire of 50 \un stretched along the centre of the tube. The propor-

tional drift tubes are filled with a 95 % argon 5 V. propane mixture and are oper-

ated at a voltage of 1.6 kV.

In order to make the gas amplification independent of the fluctuations in the

atmospheric pressure, each of the eight gas circuits is equipped with an amplifica-

tion stabilizer. This stabilizer, consisting of a reference tube and a feed-back

circuit, regulates the high voltage of all the proportional drift tuaes in the gas

circuit. The reference tube is a 30 cm long tube (of the same geometry as the

proportional drift tubes) which is continuously irradiated by a 20 pXi *°Sr source.

The feed-back circuit keeps the current drawn by the reference tube constant (and

so the gas amplification), by regulating the high voltage supply of the propos—

tional drift tubes in this circuit. The gain instability of this system is 0.2 JJ

per week. The response of the proportional drift tubes is continuously monitored

using cosmic ray tracks and is found to be uniform within ±5 V. over the 96 planes

and the 4x4 m
2
 surface.

The positions of the muon tracks are measured by the proportional drift tubes

with an accuracy of
 e
1 mm. To solve the left-right ambiguities one third of the

planes are staggered by half a tube width. The proportional tubes are aligned and

the alignment of each individual wire is known uith a 0.3 mm precision.

The electronics for drift time and pulse height measurement [30] is mounted

directly on the chambers. Each wire has an independent circuit. The electronics is

self triggering: a minimal charge of 0.25 pC will open the charge sampling gate

and start the drift time measurement. The charge of all signals on the same wire,

arriving within 800 ns, is summed to the total charge, while the drift time is

measured only for the first arriving signal. If a trigger signal, derived from the

scintillator system, arrives within 800 ns it will serve as a stop for the drift

time measurement and it will start the analogue to digital «onversion of the

sampled charge after the closure of the 800 ns gate. If no trigger arrived, the

drift time measurement will be reset and the charge sampling capacitor discharged

within 3.2 μs, to clear the channel for possible new hits.
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2.1.3. The trigger

The 'trigger decision is made on the basis of the information provided by the

individual scintillators. The scintillator signals are fed by the splitter units

into the trigger system. The trigger logic consists of the following levels:

1. An analogue sum signal of all the scintillators in the calorimeter (Etot) is

used as a strobe and determines the timing of the trigger by its leading edge.

The accuracy of this timing is about 5 ns.

2. The 20 scintillators of one plane are served by one discriminator unit, uhich

discriminates at 1/4 of the energy deposit of a minimum ionizing particle and

provides the following logical outputs:

H (hit) one or more scintillators fired.

D (double) two or more scintillators fired.

T (triple) three or more scintillators fired.

E (energy) total energy deposition in this plane larger than

a preset value.

S (side) one of the side counters (1 or 20) fired.

The plane number for these logical signals will be indicated in the trigger

notation by a subscript i.e. H69 meaning the H condition in plane 69.

The first scintillator plane has a dimension of 4*4 m2 and is used as an

antiplane to reject charge particles entering the detector (represented by Hi

in the trigger notation).

3. The plane based signals are combined in majority logic to provide the basic

logical signals for the whole detector. The majority logic creates the signals

Hm.Dm.Tm.Em and Sm (with m = 1,2,3 or 4), requiring that a specific condition

occurs in at least m planes. Also a special Pm signal is made from the

majority of the H of every fourth plane, giving the possibility to trigger on

penetrating particles.

4. The final trigger is made by a combination of the individual plane conditions,

the majority signals for the whole detector and a minimum energy deposition In

the calorimeter {Etot>..Cev].

Each trigger is followed by a dead time of 16 ps to allow for the analogue to

digital conversion of the scintillator and proportional drift tube information.
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The actual triggers:

During the wide-band (anti)neutrino beam operation the following triggers were

used:

a) neutrino triggers: (triggers taken during the neutrino burst)

NO - The minimum bias trigger: H4*Hi#fEtot>1Gevl. This trigger selects neutrino

interactions with a very low energy cutoff. During the uide-band beam it «ill

give high rates due to the high rate of low energy neutrino interactions. To

limit the total deadtime to 15 7,, this trigger was scaled down by accepting

only 1/8 to 1/32 triggers, depending on the beam intensity. Since there are

two other (unsealed) neutrino triggers running in parallel (N1 and N3), the

down scaling affects only events with a visible energy less than 5 Gev.

N1 - The shower trigger: H4*Hi»lEtot>5Gev]. This trigger is the major trigger

used for the analysis described in this thesis. It selects events with a

visible energy of 5 Gev with a 90 JJ efficiency, while it rejects most of the

cosmic accidentals. For events with a visible energy larger than 7.5 Gev,

this trigger is 100 V. efficient.

N3 - The endmagnet muon trigger: H4»Hi*Hee*EM4 where Ell stands for the end-system

scintillator planes. This trigger is specially installed to select muons

produced in (quasi)elastic neutrino scattering which can be momentum analysed

in the end system.

Ms - The stopping muon trigger: H2«H3#H4#S1«H77«H.78, is used to trigger on muons

that stop inside the calorimeter. A mu-stop trigger opens a 6 |is gate during

which a more complicated late event trigger is allowed to detect a possible

decay positron.

b) calibration triggers:

Two additional triggers were used between two burst of the SPS to provide a

continuous monitoring of the calibration constants of the different detector

elements.

pedestal trigger: HI, After each 32 neutrino bursts the scintillator system is

randomly strobed and read out to obtain the offset values of the individual

ADC's.

cosmic muon trigger: H4«P3*Dt. Seven cosmic muon triggers are taken after

every neutrino burst to calibrate the pulse height response of the scintilla-

tors and proportional drift tubes to minimum ionizing particles.
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2.1.4. Performance of the calorimeter

Beams of pions and electrons with a momentum in the range of 5 to 140 GeV/c have

been used to measure the response and energy resolution of the calorimeter. This

beam test uill be described in more detail in chapter 5 where the method to sepa-

rate electromagnetic showers is discussed and results on the angular resolution in

the determination of the shower direction is given. The resolution of the energy

measurement is well described by a simple E'1'2 dependency and can be parametrized

for hadronic and electromagnetic showers by the expressions:

= 0.53«(E/GeV)-"2,

e = 0.20«(E/GeV)-"*.

2.2. DATA ACQUISITION AND MONITORING

The neutrinos are created by accelerated protons, which are extracted during a

short burst, once every accelerator cycle. When running in uide-band beam opera-

tion mode, the typicle burst length is 3 ms and the SPS cycle is about 10 s.

In order not to be limited in the trigger rate by the data readout, the scintil-

lator and proportional drift tube digitizing electronics is equipped iiith 'first-

in-first-out' buffers. In these buffers the information is stored for all events

during the neutrino burst, each event being marked by a trigger. The ADC's of the

scintillators use RAM storage to store up to 50 events. Of the 13,000 proportional

drift tubes only the non-zero information, labeled with the wire address, is

transferred to the read-out boxes. A read-out box is a single camac unit that

reads and accumulates the proportional drift tube data of tuo planes. One read-out

box is capable of storing in total 256 charge and drift time measurements, suffi-

cient to hold on average 30 neutrino induced events. All the data are converted

and stored in the buffers within 16 us after the arrival of the trigger.

During the burst additional information is accumulated, like event trigger bit

patterns, timing and beam intensity information. This information is stored

separately and later added (in one block) to the events at the moment of the camac

readout.

After the burst the data are read event by event from the buffers by the on-line

computer. Additional beam information coming from the Neutrino Flux Monitor (NFM)

computer is also sent to the on-line computer after each burst and written to tape

as a separate "monitor event".

In the time left before the start of the next burst about seven cosmic muon

triggers are taken and written to tape for calibration purposes.
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The on-line computing task was performed by two HEULETT £ PACKARD computers: a

HP2100 with 32K (16-bit words) memory as front-end computer and a HP21MX-f with

5J2K memory and a 20 Mbyte disk-drive as monitor computer.

The front-end computer

The task of the front-end computer is to read the detector information from the

buffers, to check the data on completeness and to reduce the scintillator data by

suppressing the ADC information with less than 8 counts (the proportional drift

tube information is already zero-suppressed by the electronics). Up to 30 burst

events and 7 cosmic events taken between tuo bursts could be processed during one

SPS cycle. No on-line event selection is performed by the computer, all events

accepted by the trigger logic are written to tape. A full tape (9 tracks/1600BPI)

is written in 2 to 4 hours and contains on average 25000 events of which roughly

half are physics events (triggers taken during the neutrino burst).

In a later stage, during the shut doun of the SPS accelerator in 1981, the

fronii-end computer has been replaced by a NORD-100 computer.

The monitor computer

A sub-sample, usually about 50'/. of the total number of events, is sent to the

monitor computer. In this computer standard histograms with hit frequency and mean

pulse heights are continuously updated to provide a good monitoring of the perform-

ance of the detector. The events may be copied to a disk buffer, from where they

can be displayed by a display program, or analysed by special dedicated programs.

In chapter 3 the on-line monitor system will be discussed in more detail.

BQL

Tapes written by the on-line computer are taken to the computer centre and analysed

with the BOL (bicycle-on-line) job the same day. This job checks the readability

of the tapes (labels, eof's), provides some basic control plots and gives a summary

output of the accumulated statistics.

2.3. OFF-LINE DATA PROCESSING

The off-line data processing of the experimental data is performed at the main

computers of CERN by one single program. This program is able to work in a number

of different modes and is used to make several passes over the data.

The data recorded with the on-line computer are the raw information from the

different detector elements. The first step in the analysis is to transform this

information into normalized quantities e.g. going from charge and drift times to

deposited energies and positions. To perform this transformation, the energy

response of cosmic ray muons is used as a reference.



2.3.t. Alignment

The alignment of the detector is carried out once for every period that the

detector stays in the same position. It yields the positions of the proportional

drift tubes «ires. For this purpose, high-energy muons are used, giving the

relative position of each wire within an error of 0.3 mm. This error is due to

limited drift time resolution and multiple scattering.

2.3.2. Attenuation constants

Before the start of each major period of operation (usually four to six weeks), the

light attenuation constants of the scintillators are measured. With about 400,000

cosmic tnuon tracks the mean pulse height is calculated at 18 different positions of

each scintillator. To these mean pulse heights a parabolic fit is made to obtain a

good parametrization of the light attenuation inside each scintillator. Experience

has shown that the light attenuation is not constant, but deteriorates slouly uith

time, so a regular updating of these constants is necessary.

2.3.3. Calibration of scintillators and proportional drift tubes

Each tape written during wide-band beam exposures contains on average 10.000 cosmic

muon triggers taken between the accelerator pulses. To obtain the gain constants

of the scintillator photomultipliers and proportional drift tubes about 25.000

cosmic muon triggers are needed. Hence the runs are generally grouped in sets of

three, and the gain constants are determined for each of these sets. Care has been

taken that the conditions of these three runs stay the same e.g. no changes of the

magnetic fields in the iron frame and no changes in the high voltage settings are

allowed to occur within these sets.

2.3.4. Event filter job

Using these gain constants the tapes are processed & second time. In this stage

cosmic triggers are filtered out and the information is converted from charge to

energy units and from drift time to drift distance. This job has five output

streams, covering:

1. All neutrino induced interactions.

2. All events detected by the stopping muon trigger.

3. Neutrino electron scattering candidates. Events uith less than three planes hit

in the end system and with a total deposited energy larger than 4 Gev are

selected for this output stream.
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4. Quasi elastic nuon events. Events with more than tuo planes hit in the end

system and with a total deposited energy less than 10 Gev are selected for this

output stream.

5. Normalization events. Every Nth event, where N equals 50 or 100 depending on

the run period, is written to this output stream. These events are used for the

normalization in the neutrino electron analysis.

The events from the tapes of these streams are then processed to perform the

complete analysis and to write the results on data summary tapes (DST's).

The data for the analysis described in this thesis are coming from: (a) stream

3 for the signal, (b) stream 4 for the evaluation of the neutrino and antineutrino

flux (see section 4.3) and to obtain the E 28 2 distribution of the (quasi)elastic

background events (see section 6.2.2) and (c) stream 5 to obtain the total normali-

zation to determine the absolute cross section of the (anti)neutrino electron

scattering processes (see section 6.3.2).
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chapter 3

THE MONITORING SYSTEM

In this chapter the on-line monitoring system is described in more detail. The

system has continuously grown from a rather simple system to its present state,

usim the features offered by new hardware and operating systems coming available.

3.1. THE HP 21MX-F COMPUTER

3.1.1. Short hardware overview

The hardware of the 21MX-f system consists of

- HP 21MX-fs CPU with fast floating-point processor.

- 512k 16-bit word memory.

- 20 Mbyte disk-drive.

- camac crate with several video monitor drivers and one touch-screen driver.

- terminals, lineprinter, tape-drive.

3.1.2. Memory addressing

An important point for the understanding of the HP computer is the memory

addressing. The memory is subdivided into pages of 1024 16-bit words. A basic

memory reference instruction has 12 of its 16 bits reserved for addressing and can

directly access two pages: the base page (page 0) and the current page (the page

were the executed instruction is located). Of the (12-bit) address field of the
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instruction one bit is used to select base/current page and 10 bits are used for

the address inside the page. A reference to a location outside these tuo pages is

performed by indirect addressing: When the indirect addressing bit is set in the

address field of the instruction, not the address itself is given but the address

of the location that holds the full (16-bit) address of the required location. In

such a full address there is again one bit reserved to select direct/'indirect

addressing. Hence the available address space (the logical address space) is

limited to 32 pages for each program. Another consequence is that absolute

programs are not relocatable inside this address space.

Memory mapping

In order not to be limited to 32K of physical memory and to make it more feasible

to establish a multi-programming environment, the method of memory mapping is used.

The 5-bit (logical) page address does not point directly to a physical memory page

but to one of the 32 (10-bits) "mapping registers". This set of 32 registers

contains the memory map of the program in execution: the addresses of the physical

memory pages corresponding to the 32 logical pages. In total 1024 f ages of memory

C1M words) can be accessed with this method. The absolute programs are nou also

"page relocatable", e.g. if the memory map is adjusted accordingly, a program can

be moved to any other set of pages.

In total there are 4 sets of memory map registers available: one is used by the

operating system, one is used by the program currently in execution and tuo sets

are used to handle direct memory access (DMA).

EMA

Programs using large data arrays that do not fit into the 32K logic address space

have to use extended memory addressing (EMA). With EMA large data arrays in core

can be accessed (practically up to 1M words). The data area is split in segments

of one or more pages. The size has to be chosen in such a uay, that at least one

of these segments can be included in the logic address space. When a part of the

EMA area needs to be accessed, the memory map registers are adjusted to map the

required segment into the logical address space.

3.1.3. The operating system

The monitor computer runs under the control of the RTE IV-b operating system

(without session and batch monitors). The memory resident part of this system

occupies 50K of memory including 12K of common buffer space. The system takes care

of many tasks like interrupt handling, buffered input/output, serving DMA requests

and program scheduling.
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Programs to be scheduled are placed in free memory and the corresponding memory

map is constructed and saved by the system. Uhen a program is moved to a different

part of the memory after a disk swap, the system automatically adjusts the memory

map. Of the 32 addressable pages at least four pages are always mapped to a common

part of the system pages for interaction with the system.

Any request to the system is normally made uith an "EXEC CALL", the parameters

of these calls are used to indicate the desired action. For normal input/output

the standard FORTRAN READ/WRITE statements are automatically compiled in calls to

the appropriate system routines.

3.1.4. Implementation of the monitoring system

The whole monitoring system is built out of modules, each module with its own

specific task. For the operating system these modules are equivalent to independent

programs. During the data-taking most of these programs can be aborted and reloaded

on-line without disturbing the rest of the monitor system, making it possible to

add or to modify a particular task without stopping the monitor system.

The communication between the several programs takes place through system

buffers and system common, e.g. common memory accessible by all programs.

Figure 7 gives an overview of the several parts involved in the monitoring

system. The names in this figure refer to programs that will be explained belou.

3.2. MONITOR CONTROL

In this section the control of the different tasks in the computer is described.

Basic control functions are: start of the display of events or histograms, start

and stop of special analysis programs, and the reset of accumulated data.

3.2.1. The touch screen

The person in charge of the data-taking generally does not have a complete knowl-

edge of the system. A simple and user-friendly tool was provided to ease the

interaction with the system.

For this purpose a touch screen is used [311: a transparant screen uith 16 touch

sensitive fields. The action that each field will provoke is displayed on a video

monitor behind the transparant touch screen. The pages displayed on the video

monitor can be changed with additional push buttons on top of the touch screen.

Uith one button one can go to the base page (page 0), two other buttons are used to

go forward or backward one page. A fourth button is used to select the line
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printer or a graphic terminal as the general output device. Figure 8 shows as an

example the touch screen page from where the "basic histogram" display can be

controlled.

basic histogram display

H

ALL

S P E C
cosr.ics
/

SHOUERS

PRINT
RUNSUMHARY

DATA

SELECT £
EXPAND
(INPUT)

• T H

SCINTIL.
(+APS)

I A L H

SCINTIL.

MONITOR 1

EVENT
HISTOS

SELECT £
EXPAND

(CONTINUED)

I S T O G R J

STREAMER
TUBES

S T 0 G R

STREAMER
TUBES

IISTOGRAMS

BEAM
HISTORY

PRINT
OUTSIDE
LIMITS
(INPUT)

CTPG04

PROP.TUBES
(IN • OUT

TIME)

M S

PROP.
TUBES

ENOM.TOF
+

PHASE CORR
T.D.C.

RESET
HISTOGRAMS
(INPUT)

Figure 8: Basic histogram display control page. For any field hit on this page,

the touch screen monitor will schedule a special display program

passing it the field number as a parameter.

When one of the touch sensitive fields or push buttons is hit. an interrupt to

the computer is generated. This interrupt will lead to the activation of the CHARM

touch screen monitor (CTSM). CTSM is the program that provides the page display on

the monitor behind the touch screen and that initiates the desired action corre-

sponding to the fields on each page. Most of the time the action to be taken is

the scheduling of one of the many programs with some specific parameters.

3.2.2. Control area

A reserved area of 256 words in system common is used to maintain all control

information. The use of this area can be summarized shortly by:

- The first 96 words contain the run summary: a summary of accumulated statistics

and error rates.

- The next 16 words are reserved for constants, used to steer the analysis and

automatic procedures.

- Next, 16 words are used for control flags. In this area the on/off status of

the analyser programs is kept and the flags used for histogram clearing.
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- The last 128 words are reserved for the exchange of control information with the

front end computer.

The information in this area is updated by several programs. The run summary

information is maintained by the main analysis program (MANAL) and by the frontend-

link handler (MHPND). The on/off flags are changed directly by CTSM. The control

flags and constants are changed indirectly via an other program (MRSET). Each time

an important change has been made in this area a copy is made to a disk file for

backup purposes.

The relevant information of this area is displayed by the run-status display

program (CRST) on a video monitor. This display is automatically updated every 10

seconds or after each important change in the run status.

3.3. DATA MANAGEMENT

The data management is built around a memory buffer, managed by the system: system

available memory (SAM). SAM is used by the system for buffered I/O. Also special

tools are available to give the user access to this area.

To distinguish one class of data from the other classes of data in SAM, the

system supplies the user uith special keys (class words). In one class any amount

of variable length data records can be saved either from an input device or

directly from a program, as long as the required space is available. The data of

each class in SAM can be directed to other programs or output devices on a first in

first out basis. Each record can be read by several programs, the read pointer

being set for all programs to the same record. If the read pointer is advanced to

obtain a neu record of a certain class the space occupied by the previous record

will be automatically released.

The size of SAM is determined at system generation time but can be extended with

a memory reconfiguration. In this case 12K words of memory space is reserved for

SAM, which is sufficient to hold on average about seven events (the CHARM on-line

event format is given in figure 9).

3.3.1. Data input

There are two programs available that can be used to store events in SAM. One of

the two programs (MHPND) receives the events through the link with the front end

computer and is used during normal operations. The other program (MREPL) reads the

events from magnetic tape and is used for playback purposes. The events are

transferred to SAM with an "exec call" (a request to the operating system), to
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CHARM on-line event format

structure:
header

data
block

data
block

etc.

event length, trigger identifier, event number

block length, block identifier
+ data

on-line data blocks:

block 100 83 words: containing run number, trigger bit patterns

hardware scaler information,

block 200 scintillator information, containing two words per

hit: scintillator address and data

block 300 proportional drift tube information, two words per

tube hit (address and data) + one word per tube plane,

block 550 80 words scintillator APS ADC's (analogue plane sums)

and 120 words end-system scintillator ADC's,

block 600 42 words TDC information, (used in the mu-stop trigger)

block 900 Streamer tube information, two words per unit of

16 tubes that has been hit.

Figure 9: CHARM on-line event and block structure.

store the information into the buffer. A special key, the so called "class word" is

maintained under which the data is stored to distinguish this data from the data of

other SAM users.

3.3.2. The distributer

The task of the distributer (the program MDSTR), is to activate the analysis

programs whenever an event arrives in SAM. If the distributer is ready to accept
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data it informs the system uith an exec call. If there is an event available the

system uill inform the program immediately. If there was no event pending the

program uill be put in a wait state until some information becomes available. So

whenever the distributer is ready and data is available, the system will activate

the distributer.

The distributer takes a copy of the first five words of the event from SAM

containing the event type information. The distributer then searches in the

OAQ-table, a table located in system common, for all programs waiting for this type

of event. These programs will be activated by the system on request of the

distributer. The execution of these programs is according to a priority sceme.

Concerning this event the task of the distributer is finished and it uill go into a

wait state until all the activated programs have got a copy of this particular

event out of SAM.

The distributer waits for a period of 0.2 s and then it requests the system for

a new event, restarting the procedure from the beginning. The (adjustable) delay

of 0.2 s is used to give the analysis programs time to finish their tasks.

3.3.3. The analysis programs

The monitor programs interact uith this scheme in the follows way:

1 The very first time a monitor program or "analyser" becomes active it initial-

izes and hooks itself to the DAQ system by making an entry in the DAQ-table in

system common. The program name and requested event types uill be stored so that

the distributer, which has also access to this table, can activate this program

each time an appropriate event is available.

2 After the initialization the analyser has to go dormant to allow the distributer

to schedule it.

3 When the program is reactivated by the distributer, it asks the system for a

copy of the event from SAM. If this program uas the last of the programs queuing

for this event, it releases the event from SAM, making the occupied space

available, and reactivates the distributer.

4 At this point the program checks the histogram clear flags, to see if some of

its histograms need to be cleared, and it checks the on/off status flag. If

this status is off, the program uill put itself on standby in the DAQ-table and

the distributer uill not serve this program any more. If the program has to

resume the analysis, the touch screen monitor CTSM will set the on/off flag and

reactivate the program.
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5 After the program has analysed the event it returns to point 2.

3.4. HISTOGRAM DISPLAY

In most cases the results of the analysers are stored in histograms, that should be

displayed on request of the operator. To perform this task there exist three

solutions.

3.4.1. Histogram file on disk

The analyser makes a copy of its histograms to a diskfile after every burst (every

10 s), overwriting the previously stored information on disk. Each time a histo-

gram display is requested, a special display program is started which makes the

display using the histogram information from the disk.

3.4.2. Program segmentation

The second possibility is to use a segmented program with one segment for the data

analysis and one segment for the histogram display. The histograms reside in a

memory area common to both segments. Normally the analysis segment will be loaded

but when a histogram display is requested the display segment will be loaded from

disk. During the time that the display segment is active making a histogram

display, the updating of these histograms is suspended.

This scheme has the advantage that the histograms do not need to be transferred to

a diskfile after every burst, because the histograms stay in memory. Houever, the

histogram file has to be copied to disk anyhow every 100 to 500 events in order to

be "deadstart protected": If an analyser gets reactivated after a deadstart it

will find a recent copy of its histograms on disk, consequently only a a small

amount of the statistics is lost by a deadstart.

This scheme is typically used by programs that have only a limited analysis

task. The histogram display is not frequently used and the loss of some statistics

is not harmful.

3.4.3. Shared memory

The third possibility (presently used by one program only) is to use shared memory.

The analyser that uses this option, analyses the cosmic (or calibration) events and

makes histograms of mean pulse heights, drift times and attenuation constants. It

needs 70K of memory space for data storage and uses EMA (see section 3.1.2) to
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access this area. Normally the system allows programs only to access the memory

allocated to the program itself, but uith some additional software it is made

possible for a program to access the EMA area assigned to an other program. The

logic is nou the following:

- The analyser using 70K of EMA space locks itself into core, e.g. it forbids the

system to swap this program to disk.

When the display of one of the histograms is requested, the display program

includes the required segment of the 70K EMA area into its own logical address

space, by adjusting its memory map. The display progam has nou a direct access

to the required data without disk transfers or program segmentation.

3.5. THE DISK BUFFERS

Originally disk buffers were used to fulfil the same task that is rrnu performed by

SAM (see section 3.3). Whenever a disk device is used for data buffering, uith

many programs trying to access these buffers simultaneously, serious problems will

arrise due to excessive access times.

The introduction of SAM buffering has increased the data handling capacity

roughly by a factor five. It smooths the throughput of events that arrive in

bursts and unnecessary disk I/O is avoided. However, only about seven events can

be contained in SAM.

The disk buffers still proved to be useful. They can store large amounts of

selected events which can be used independently of data-taking for event display

and special analysis.

3.5.1. Buffer types

At present five disk buffers are used:

- cosmic buffer; this buffer can contain about 2000 cosmic muon events,

pedestal buffer; this buffer can hold in total 10 pedestal events,

- physics buffer; all events taken during the neutrino burst (except the mu-stop

events) are stored in this buffer,

- mu-stop buffer; the mu-stop buffer is filled uith a selected sub-sample of the

mu-stop triggers,

special buffer; this buffer is used to select sub-samples of any other trigger.

This can be done by specifying a special trigger bit that fnwst be set on the
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trigger pattern unit, or by using special programs that filter the events out

from an other buffer.

3.5.2. The huffer filling

The buffers are filled in a cyclic manner: A new event will always overwrite the

oldest event if necessary, regardless of whether it has been analysed or not.

There are two standard programs that fill the buffers. One program is the

.•nu-stop analysis program (MUSTP). It receives the events directly from SAM, it

makes special histograms and it copies selected sub-classes of events to the

mu-stop buffer. The sub-class of events to be selected can be chosen interactively

by the user.

The other four buffers are filled with the general buffer filling program

(MBUFF) which gets the events also directly from SAN.

In general, these programs get their events from SAM in the "no queue" mode.

This means that the distributer will not wait for these programs if they are still

active when a neu event is distributed. This avoids the blocking of the other

analyser programs, in cases when disk access is slowed down.

The automatic filling of the buffers can be switched on and off from the touch

screen (the status is kept in system common). The run-status display also shows

the buffer status e.g. the buffer contents and if the filling is switched on or

off.

3.5.3. The disk buffer users

There are two ways in which the buffers can be accessed.

Latest unseen event

In this mode the disk buffer is searched backwards for the latest event that has

not yet been analysed by the program. Each event that has been used is flagged with

a special bit assigned to this program. If, before the request of a next event, a

neu event entered the buffer, this event will be passed first, otherwise one of the

older events in the buffer will be taken.

This mode of accessing the buffer works only efficiently if it is done at a

relatively low frequency and it is specially useful for the event display: Always

a next event (if possible the most recent) will be displayed even in periods when

no new events enter the buffer.

Fast scan mode

This is a more efficient way of getting events out of the buffer. The events are

read from the beginning (the oldest events) to the end of the buffer (the latest
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events). In this case however, the buffer access Hill be blocked for any other

program, including the buffer filling program.

This accessing mode is typically used by special analysis programs uith a

dedicated task that is not covered by the standard analysis, like making a pulse

height distribution of all proportional drift tubes of a suspected plane.

3.6. PERFORMANCE

The monitoring system described in this chapter forms an adequate tool to guarantee

the quality of the recorded data.

About one hour of data-taking uith the cosmic muon trigger is needed after the

start up of the detector to get a fresh high-statistic diagnostic of the apparatus

(the time to detect the breakdown of a part of the equipment is often much

shorter). With an analysis rate of more than 5 events per second, a total

statistic of 2*10* events can be obtained in this period. This amount of data is

sufficient to give an average statistic of 100 hits per scintillator, 300 hits per

unit of 16 proportional drift tubes and of 100 hits per unit of 16 streamer tubes

(the errors detected in both tube systems are often related to the read out elec-

tronics of one such unit and not with the individual uires). The amount of data

analysed by the analysis tasks during a normal run, (uhich takes tuo to five hours)

is of the same order. Hence during each run a complete new diagnostic of the

detector can be obtained.

The standard monitor tasks provide:

- Hit and pulse height histograms, giving the number of recorded hits and the

average pulse height response of scintillators and tubes. The pulse height

histograms are updated uith events taken uith the cosmic muon triggers, uhile

the hit histograms, which are independent of the pulse height histograms, are

updated with the events taken with any kind of trigger.

The histograms can be displayed uith one bin per plane, giving a fast vieu over

the uhole detector, uith the "select and expand" option parts of the detector

can be displayed uith a resolution of one bin per scintillator or per tube unit

(or even one bin per single tube if desired).

- Pedestal monitoring, indicating the scintillator ADC's with a pedestal which is

too lou (11), too high (210) or drifting (changed by more than tuo counts).

- Trigger monitoring, allowing the location of problems related uith the trigger

logic. The available information consists of the number of triggers recorded of
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each type, and a histogram giving the time distribution of the neutrino triggers

inside the burst. Separate sets of histograms based on neutrino triggers and on

cosmic muon triggers allow a check on the functioning of the individual trig-

gers. These histograms give the distributions of: hits per event, fired

planes, number of planes hit per event, number of hits per plane, and of the

vertices.

- flu-stop monitor, a program providing histograms related with the mu-stop events.

Beam monitor. This program analyses the information originating from the

Neutrino Flux Monitor (HFM) computer and provides beam quality information.

Event buffers. The event buffers, together uith a set of special analysis

programs, can be used to make more refined studies of specific problems.

The event display. Events from the disk buffer can be displayed by the display

program, providing complete coherent information of the individual events.

Figure 10 shows an example of an on-line event display. The event display often

gives a fast impression of any aspect in the detector not covered by the stan-

dard monitor tasks. In particular, used in combination with the option of

selective buffer filling, it provides a possibility of testing newly installed

triggers.

The system has also proved to be flexible enough to implement, beside the large set

of standard monitoring tasks already being available, temporary tasks for the

monitoring of special hardware in dedicated data-taking (like for the beam test

described in chapter 3). The skeleton for a new analysis/display program can be

copied from an existing monitoring task. To allow access from the touch screen to

this neu task a feu lines of code have to be added to the touch screen monitor

program.
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Figure 10: On-line event display showing horizontal and vertical view of a

charged-current neutrino event. The scintillator hits are indicated

uith dashes, the proportional drift tube hits are indicated uith dots.
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chapter 4

THE NEUTRINO BEAM

4.1. INTRODUCTION

Figure 11 shows the layout of the CERN neutrino area.

WIDE-BAND NEUTRINO BEAM

HORN
TARGET / REFLECTOR

400 GeV
PROTON "" v '
BEAM FOCUSSING SIGN

SELECTION OF n,K

DECAY TUNNEL
- 300 m

MUON SHIELD
- 400 m

fff
7 ,

NEUTRINO

DETECTOR

I

Figure 11: Layout of the CERN neutrino area.

The principle of creating an intense neutrino beam is simple: The main source of

neutrinos is the weak decay of pions and kaons into muons and neutrinos, the

positive particles giving neutrinos and the negative particles antineutrinos.

These "parent particles" are produced by the interactions of accelerated protons in

an external target. A magnetic system focuses the particles of one sign in the

direction of the detector, the particles of the opposite sign are defocused. After

a decay region (the decay tunnel) the remaining parent particles and the decay

muons are stopped by a massive shielding and one is left with a pure neutrino beam.

Parent particles

The incident proton beam produces far more positive than negative forward going

particles, (typical ratios: irVn" «3, KVK" «10). As a consequence i» beams are
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more intense than v beams. Furthermore the contamination of wrong helicity

neutrinos due to imperfect focusing is much larger in v beams than in v beams.

Only a fraction of the pions and kaons decay uithin the decay region, i.e. 13JJ

(65JJ) of 50 GeV pions (kaons) decay in a distance of 400 m. The most important

decay channels are:

T T ^ μ * Vu (100 JO tuo body decay mode.

K •* \i + Vμ (63.8%)

K -» μ • v^ + ir° ( 3.2JJ) three ..

K -» e + v
m
 * v° ( 4.85J)

..

The main decay mode is into muon neutrinos and the last mode leads to a contamina-

tion of electron neutrinos.

The energy of the decay neutrinos in the laboratory system is given by:

Map ~ Iflji

E = - £ « 0.4 Epp(n) or 0.9 Epp(K) for E
p p
 » m

p p
 (24)

2(Epp-Pp
P
cos0)

uith E the neutrino energy, 8 the decay angle of the neutrino and m
P
p,P

p p
 and E

p p

respectively the mass, momentum and energy of the parent particle; all quantities

are given in the laboratory system.

The maximum decay angle accepted by the geometry is determined by the detector

size and its distance to the neutrino source and is usually of the order of a feu

milliradians.

From (24) it can be seen that the pions mainly contribute to the low energy part of

the neutrino spectrum and that the high energy part is due to the kaons.

Focusing

Basically there exist tuo methods to create a sign-selected focused beam of parent

particles, both being available at CERN.

NBB Narrow Band Beam: Parent particles in a small momentum bite are selected and

guided through a quadrupole focusing beam channel towards the decay region.

The neutrino energy can be deduced from the momentum of the parent beam and

the decay angle of the neutrino uith formula (24). Apart from the ambiguity

whether the parent was a pion or a kaon, the accuracy of the neutrino energy

determination is limited by the momentum spread in the parent particle beam

and the uncertainty in the longitudinal coordinate of the decay point. The

energy resolutions obtained with these beams are typically of the order of S

to 10 percent.

The neutrino flux is limited in narrow-band beams by the width of the momentum

bite of the parent particle beam and the length of the decay tunnel.
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WBB Hide Bend Beam: The maximum number of particles of one charge is bent towards

the neutrino detectors by means of a system of magnetic horns. There is no

information about the energy of the individual neutrinos available in these

beams but an event rate one or two orders of magnitude higher than in narrow-

band beams can be obtained.

4.2. THE CERN UIDE BAND BEAU

4.2.1. Layout

Figure 12 shows a schematic view of the target and focusing system during wide-band

beam operation.
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Figure 12: Schematic view of the target and focusing system.

The dashed elements are only used for the antineutrino beams and are removed during

neutrino beam running.

Taroet

Taking into account only the primary proton interactions, a thick target yields a

maximum output of parent particles if the length is one interaction length

(assuming the interaction length for protons and the secondary particles to be

equal). Thin segmentated targets allow secondary particles to escape more easily

from the target without being re-absorbed. Hence the total target length can be

slightly larger in this case.
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The target for the neutrino (antineutrino) beam consist of five (eleven) beryl-

lium rods of 10 cm length and 3 mm diameter, equally spaced over a distance of

200 cm. The total target length corresponds to 1.5 (3) interaction lengths. This

configuration optimizes the flux of positive (negative) pions and kaons taken into

account the re-absorption of the secondary particles in the target (the target

length for antineutrino beams can be larger, since the particles produced in the

very forward direction are stopped by a hadron stopper in the antineutrino beam).

Focusing

The achromatic focusing is obtained by a horn and two reflectors. The horn

consists of two conductors that are rotationally symmetric around the beam. A

strong pulsed current (*100 kA) along the inner conductor and returning along the

outer one produces a toroidal magnetic field between the two conductors. The shape

of the inner conductor is designed to produce the desired focusing of the secondary

particles.

The reflectors operate according to the same principle. Positi ned at 85 m

downstream from the target and 40 m in front of the decay tunnel th / reflect the

particles which are too far off-axis, back into the decay tunnel.

The horn and the two reflectors are pulsed by separate power supplies. The

timing of the pulsing is such that the currents reach their maximum during the 2 ms

extraction of the SPS. The current variation within this 2 ms does not amount to

more than 10 "4.

Stopper

The particles produced in the very forward direction will pass through the centre

of the inner conductor without being affected by the magnetic field of the horn.

Since the majority of the forward going particles are positive, a substantial

fraction of the wrong sign particles are not defocused during antineutrino beam

running. To reduce this source óf background, the hole in the horn is shielded by

a 118 cm long beryllium stopper (corresponding to three interaction lengths). The

8 mm thick stopper absorbs the hadrons leaving the target with angles smaller than

=2 milliradians.

The stopper also absorbs the remaining protons which, by interaction in the air

or with the entrance window of the decay tunnel, would also contribute to the

creation of wrong sign neutrinos.

Decay tunnel

The region where the parent particles are allowed to decay, has a total length of

410 m. The first 120 m is part of the neutrino cave, the area where the target,

horn and reflectors are installed. The last 290 m is the decay tunnel; this tunnel

is evacuated and has a pressure of 1 torr. The entrance window of this tunnel

consists of 2 mm thick titanium.
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Shielding

The decay tunnel is followed by the shielding. Since muons are not absorbed like

hadrons, they have to be ranged out by ionization loss. To achieve this 180 m of

iron followed by 230 m of earth is used.

4.2.2. Neutrino spectra

Figure 13 Cin section 4.3.2) shows the shape of the neutrino and antineutrino

energy spectra for the wide-band beam, as measured in this experiment (see 4.3.2).

The spectra are "broad-band'' with mean energies of 27 GeV for neutrinos and 22 GeV

for antineutrinos. The contamination of neutrinos with wrong helicity is 7 % in

the neutrino beam and 9 'A in the antineutrino beam. Above e30 GeV the spectra are

falling exponentially with energy, around «80 GeV a change of slope can be observed

due to the dominating contribution of kaon decay at these energies.

4.2.3. Flux monitoring

Neutrino flux monitoring in the wide-band beam cannot be achieved by the measure-

ment of the parent particle flux, due to the wide spread in space and momentum of

these particles.

In the wide-band beam the neutrino flux is basically monitored by the measure-

ment of the muon flux. For this purpose silicon nuclear detectors are installed

132] at various depths in the iron shielding. These solid state detectors are

charge integrating and have a linear response within a large dynamic range, i.e.

10z - 106 muons/cm2. The detectors are calibrated by a set of similar detectors,

which in turn have been calibrated by counting muon tracks in nuclear emulsions.

The absolute mucn flux is measured with this system as a function of radius and

penetration depth in the shielding.

These distributions permit, in priciple, the reconstruction of the parent

spectra from which the neutrino flux can be calculated. Some difficulties remain

however, because the spectra of the muons do not reflect the spectra of the

neutrinos directly:

a) This method does not measure the charge of the muons. The flux of the positive

and negative muons are summed together e.g. there is no way to determine the

rate of the wrong sign muon neutrino background.

b) While the neutrinos take different proportions of the energy of their parents,

the spectra of the forward going muons are similar for both pion and kaon

decay, e.g. the maximum energy is in both cases approximately the energy of the

parent.
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Because of the large ir/K ratio, with this method mainly the muons of pion decay

are measured. The possibility to exploit the uider angular distribution of the

muons from kaon decay uith respect to the distribution of the muons from p.on

decay, is difficult to utilize owing to the large lateral spread of the parent

beam.

As a consequence, no separate calibration is possible for (anti)neutrinos from

pion or kaon sources.

The (anti)neutrino flux, as a function of energy, is determined in the following

way: The production of pions and kaons on a beryllium target has been measured

133]. By Monte Carlo simulation [34] these parent particles are followed through

the focusing system and the decay region. Allowing for all possible decay configu-

rations the fluxes of the muons and the neutrinos are calculated. The measured

muon flux in the shielding can than be used to fix the absolute scale. A consis-

tency check can be made, comparing the observed radial distributions of the muons

at various depths in the muon shielding uith the Monte Carlo predictions.

4.3. EXPERIMENTAL DETERMINATION OF NEUTRINO SPECTRA

The amount of observed charged plus neutral current events is used to determine the

cross-section of the (anti)neutrino electron scattering process (see section

1.3.2). Hence,the absolute scale of the neutrino spectra (e.g. the total number of

neutrinos) is not needed for this specific experiment. The only required knowledge

of the beam spectra is a) the energy spectra of the various neutrino components and

b) the relative contributions of the different types of neutrinos. This means that

the complicated uork (including the absolute calibration of the solid state

counters), to determine the integrated neutrino flux over the several running

periods during three years, need not to be performed.

The neutrino spectra can, besides by Monte Carlo simulation, also be obtained

experimentally by analysing the (quasi)elastic semileptonic interactions. Changes

in the beam settings, or periods of poor beam quality are automatically reflected

in the experimental spectra by this method. This has the advantage that the beam

performance needs not to be known from burst to burst (which is sometimes even

impossible due to the lack of information coming from the Neutrino Flux Monitor

computer).

4.3.1. The (quasi)elastic process

The experimental method to measure the neutrino flux using the elastic processes:
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Vμ * p •* VL* * n

Vμ * n •* \i~ * p

has been suggested and used by M.F1.Block and is explained in [35]. The method can

deduce the absolute incident neutrino flux with hydrogen or deuterium targets from

the elastic event rate at Q
z
 (the four momentum transfer squared) close to zero.

According to the conventional theory of week interactions and neglecting the

muon mass this rate is given by:

der I G2 c o s 2 6 c

— - = (1 + |C,/Cvl2) . fwith e e the Cabbibo angle) (25)
dQ

2
 2TT
Q
2
-»0

and can be used to measure the incident neutrino flux.

For nuclear targets this method becomes unreliable because of the strong suppres-

sion of (25) at small Q
2
 due to the Pauli exclusion principle.

At large energy (E > «8 GeV) the total cross-section and the Q
z
 distribution of

the elastic process is expected to become energy independent and to be equal for

neutrinos and antineutrinós. The differential cross-section for large v energy

(E >> rip) is given by:

do/dQ2 = G2/2M •[ FV*(Q
4) + F,2(Q2) + QV4M «F^CQ*) J (26)

uith II is the nucleon mass and F V(Q
2), Fa(Q

2) and Fa(Q
2) are the form factors of

the nucleon uhich depends only on Q2.

Using this fact, the shape of the neutrino energy spectra can be determined

without a detailed knowledge of the form factors, of the influence of the Pauli

exclusion principle or of the effects due to the Fermi motion of the nucleons

inside the nucleus. It also allows the selection of a finite Q2 region instead of

measuring the rate for Q2-»0.

In general, it will be difficult to obtain a pure class of elastic events in a

calorimeter, due to the lack of pattern recognition. The sample will also contain

contributions from quasi elastic processes like 4(1232) production or higher

resonances.

However, for any of these exclusive channels, similar arguments as used for the

elastic process can be used to show the energy independency of the total cross-sec-

tion and of the Qz distribution. Even deep inelastic events selected with a fixed

and small energy cut have an energy independent cross-section.
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4.3.2. Data selection and analysis

The (quasiJelastic events used in this analysis to determine the shape of the

energy spectrum Here obtained as a by-product from the study of the inverse muon

decay (25]:

Vu + e' -» μ" + v
m

For this analysis the (quasi)elastic events of both neutrino and antineutrino

exposures were needed. The following criteria were applied to select the events

that went on the inverse muon decay DST:

a At least four scintillator planes are hit in the magnetic end system and at

least four scintillator planes are hit in the calorimeter (hardware trigger

requirement).

b Less then 92 MeV visible energy appears in the first six planes of scintillators

following the vertex. Taking into account the mean energy loss of a muon per

scintillator, the cut on the energy of the hadronic system proi need in the

neutrino interaction is (on average) Eh <
 c
0.5GeV.

The (quasi)elastic muon spectra

Events from the DST's were selected, belonging to the same run period and the same

fiducial volume used for the selection of the neutrino electron data.

To reconstruct the neutrino spectra (quasi)elastic candidates with a Q
z
 smaller

than 1 GeV
z
 were used.

Since in this analysis the muons that entered the muon spectrometer (the magnetic

end system) at small R ( < 20 cm) or at large R ( < 150 cm) were rejected (owing to

the lack of magnetic field}, all the events were weighted with the inverse of their

acceptance. This acceptance uas calculated for each event individually by

a) shifting the vertex longitudinally over the detector and b) by rotating the muon

track from the vertex around the beam direction.

Figure 13 shows the energy spectra of the selected (quasi)elastic events after

being unfolded with the muon momentum resolution. The background from the

(anti«electron neutrinos, also shown in the figure has been obtained by Monte Carlo

calculations 134]. (Anti)electron neutrinos are mainly coming from kaon decay.

The contribution from kaon decay can be observed in the high energy part of the

(anti)muon neutrino spectra. Hence the scale of the electron neutrinos could be

obtained by normalizing to the high energy part of the i>
u
 spectrum. An imperfect

focusing has been introduced in the Monte Carlo simulation to cope with the fact of

the higher observed rate of wrong sign neutrinos than predicted by the Monte Carlo

program before.
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Figure 13: Neutrino spectra in the neutrino and antineutrino beam as determined

in this experiment. The spectra «ere obtained using 27*103 and 74*103

quasi elasic events in the neutrino and antineutrino beam, respec-

tively. The factor four difference between the two vertical scales

corresponds roughly to the ratio in protons on target.

The method described has been tested on stability by changing the unfolding parame-

ters and by modifying the cut in Qz to Qz < 0.5 GeV2. In both cases the fraction

of urong sign muons and the mean energies remained unchanged within 2 X. The

reduction in the number of events found after the harder Qz cut was also equal

Hi tin 2% for the neutrino and antineutrino exposures.



chapter 5

SEPARATION TECHNIQUES

The reason why presently only a feu results of (anti)neutrino scattering on elec-

trons are available, is the small crosss-section of this interaction. The cross-sec-

tion is not only small in an absolute scale, but it is also four orders of magni-

tude lower than the cross-section of danti)neutrino's scattering on hadrons.

The technique to extract the signal out of the 10,000 times larger sample is

described in this chapter. It is mainly based on the following tuo properties of

the searched events:

- The difference between the electromagnetic and hadronic shouer development

inside the marble calorimeter.

- The small electron recoil angle (about 7 mrad for recoil energies around 20 Gev)

due to the kinematic constraint: E8* i 2mec
2 (see section 1.3.2).

Before discussing this technique in detail a short introduction uill be given to

the beam test setup which was used to test the separation methods.

5.1. THE BEAMTEST SETUP

In March 1979 [36] and in June 1981 special tests were made with part of the

detector. Pions and electrons of a well defined momentum in the range of 5 to

140 Gev/c were used to measure the energy response and resolution for electromag-

netic and hadronic showers inside the calorimeter, to measure the angular resolu-

tion in the determination of the shower direction and to test the methods to

separate electromagnetic from hadronic showers.
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Figure 14 shows the layout of the test setup of June 1981; 36 of the 78 submodules

were displaced 3 m to the side. A pion/electron beam, produced at an external SPS

target and with an electron contamination (depending on the beam momentum) of 15 %

to 90 %, was sent to the detector. An (almost) pure pion beam could be obtained by

inserting a one radiation length thick lead plate in the magnetic beam focusing

channel.

anti counter HALL 182

beam profile \backscatter detector

BEBC
building

2m

5m

S3-beam:
TT~5-140GeV
e" 5- 5OGeV

( identified by £)

inters \\counters

wbb line

1-- I—,1P 376mrad

CDHS detector

36 calorimeter
subunits

Figure 14: Layout of the beamtest setup.

A 20 m long Cerenkov counter was installed between the BEBC building and hall

182, the place where the CHARM detector is situated. This Cerenkov counter was

used to identify electrons in a momentum range of 5 to 50 GeWc. There were no

studies of electromagnetic showers made at momenta above 50 GeV/c and the response

of the detector was only measured with pure pion beams.

In front of the detector at the place where the beam entered the calorimeter a

special device, for historical reasons called "Swiss cheese", was installed. This

apparatus (see figure 15) simulated the detector around the vertex during the beam

test in the backward direction, leaving a hole for the incoming particle beam. It

was specially added to detect back-scatter ing particles for the study of hadron

showers. In a slightly different mode, after closing the hole in the last detector

plane, it was used to measure the energy deposited in the first scintillator plane

and the hit multiplicity in the first proportional drift tube plane for electromag-

netic showers.

Although the two beam tests were in principle the same, there are some small

differences.

During the second beam test the momentum range of identified electrons was

larger (the lowest measured momentum was 5 GeV/c instead of 15 GeV/c). Also the
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beam was better defined, using an anti counter hodoscope to reject photons travel-

ling along with the beam. In the first beam test no systematic study was made of

the behaviour around the vertex (the "Suiss cheese" uas not used).

Last marble plate in
./ backscatter detector

a) left open
b) filled with 27mm AL
c) .- „ 54mm AL
d) .. .. AL wedge:

Bernbackscatter
detector

in

wedge

Figure 15: The back-scatter detector. The last plane Has used to measure Ef and

Mf for electromagnetic showers (see section 5.3.3).

In the second beam test, which uas performed after the SPS shut doun, additional

hardware uas available. Between every tuo marble slabs 256 streamer tubes uere

installed to improve the detector response (see section 2.1). The energy calibra-

tion factor Evis/Ebeam for electromagnetic shouers is slightly affected by the

additional material in the detector and in the analysis of the data the appropriate

factor is used for each period.

5.2. ELECTROMASNETIC SHOWER DEVELOPMENT

In this section some general introduction to the electromagnetic shouer development

is given. This subject has been investigated since 1937, uhen Bhabha and Heitler

[37] suggested that multiplicative processes like bremsstrahlung and pair-produc-

tion played an important role in the propagation of high energy electrons and

photons. One of the first publications on this topic (38] gives a good theoretical

overvieu of the processes involved and is still of great interest. Tor more recent

ravieu articles I refer to 139] or [40].
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5.2.1. The electromagnetic cascade processes

Radiation and pair-production

High energy electrons and photons traversing matter produce cascades of secondary

electrons and photons via the electromagnetic interaction, mainly taking place in

the Coulomb field of the nuclei. The main contribution in the development of these

cascades comes from radiation (bremsstrehlung) and pair-production. The cross-sec-

tions of these processes (neglecting small energy and material dependent correc-

tions) are given by the following expressions (381:

electrons:

radiation: da/dE, = 4«a«N/A'Z(Z+1)«r#
2«ln(183«Z-"3)« 1/E, • dX. (27)

photons:

pair-prod..- a = 4«a'N/A*Z(Z+1)'r.2'ln(183«Z-"3)» 7/9 • dX. (28)

with: Ey = the energy of the radiated photon.

dX = the thickness of the material in g cm"*,

a = the fine structure constant: o = e2/hc =1/137.

re = the classical electron radius: r« = e2/mec
2 =2.8*10~iSm.

N = Avogadro's number = 6.022*1023 mole"1.

A,Z = the atomic weight and charge of the material.

7/9 = a constant resulting from the integration over the

energy of the emitted electrons.

These formulae are valid for E >> 137 m #c**Z~"
3 (i.e. E >> 30 MeV for aluminium),

«ere complete screening can be assumed. The logarithmic factor in these expres-

sions is related with th.e maximum impact parameter involved in these processes.

The maximum impact parameter is limited due to the screening effect of the elec-

trons surrounding the nucleus (the atomic radius being proportional to Z ~ " 3 ) . Tor

low energies, where screening effects are not important, this factor is replaced by

ln(2»E/MeC
2). A more detailed description of these processes can be found in 141].

For both processes there is a common material-dependent factor, representing the

average strength of the Coulomb field of the nuclei which will be defined as the

inverse of the; radiation length:

Xo"1 = 4««'.»N/A«Z(Z+1)«r.*«ln(183*Z-1'3). (29)

If the thickness dX is given in units of radiation lengths (e.g. dt = dX/Xo). the

cross-sections become material-independent:

= 1/Ey*dt (radiation) ,

= 7/9 *dt (pair-production) .
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The expression for the radiation loss shows that the energy spectrum of the radi-

ated photons has a V E Q behaviour. The total loss due to radiation can be obtained

by integration of Eq'dv/dEq over Ed from zero to the electron energy E. One then

obtains: dE = E*dt, showing that the fraction of radiated energy depends only on

the traversed distance in radiation lengths.

Ionization loss

The radiation loss of an electron at lou energy gets overshadowed by the energy

lost in inelastic collisions uith the atomic electrons. The major part of this

energy is spent in exciting and ionizing atoms and is thus dissipated. The total

rate of ionization energy loss per g*cm~2 traversed material is given by the

Bethe-Bloch formula:

dE N 1 r 2mec* -i
— = Av - Z re

2 m«c*- ln( B2y*) - B2 , (30)
dX A B z L I J

where I is the effective ionization potential averaged over all the atomic elec-

trons and can be approximated by I = Z*10 eV.

The factor in the square brackets has a logaritmic dependence on y. In fact, for

condensed materials, this 7 dependence reaches a plateau due to the polarization of

the medium (the factor in the square brackets has then a typicle magnitude - 11).

For relativistic electrons (BS1) the ionization loss is given by:

dE = Z/A«3.3 MeV«g-'-cm2«dX (dX in g«cm"2), (31)

or dE = Z/A»Xo*3.3 Mev»g"'cm2«dt (dt in radiation lengths).

Critical energy

The ionization loss stays constant down to very small energies (-2 MeV) this in

contrast to the radiation loss, where the radiated energy is proportional to the

particle energy. The energy of an electron where the ionization loss equals the

radiation loss is called the critical energy, c. The critical energy can be

calculated by putting the two energy loss rates equal, giving:

€ = 3.3 Xo Z/A MeV*g"'«cm2. (32)

It can be concluded from the above that the energy loss due to ionization in one

radiation length amounts to an energy e. Hence, the range of an electron uith the

critical energy is of the order of one radiation length.

5.2.2. Shower characteristics

Several other processes (e.g. Compton scattering, photoelectric effects and Miller

and Bhabha scattering) contribute also to the electromagnetic shower process, but
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are of less importance. Neglecting these processes, the development of an electro-

magnetic shower can be described in the following way: The electrons with an

energy E >> e, will loose their energy mainly by radiating (high energy) photons.

These photons will produce secondary electrons by pair-production. This cascade

process continues until the electrons come into an energy range uere the radiation

loss can no longer compete with the collision loss. Finally the complete initial

energy is dissipated in ionization and excitation of atoms.

This simplified picture can now be used to derive some global shower character-

istics.

Shower length

An electron radiating energy proportional to its own energy will have a range of

ln(E/€)'X0 before it is left with an energy «• Indeed the median depth of an

electromagnetic shower can be given by [<dl:

Lmed = X0[ln(Exe>
 + a) (with a=.4 for e's and a=1.2 for y's). (33)

The length of the shower containing 90% of the deposited energy, turns out to be of

the order U90JJ) =

Shower width

The average angle between the incoming and outgoing particles in pair-production or

radiation is only of the order of a feu mi 11iradian. The main contribution of the

lateral spread of the electromagnetic shower is coming from the multiple scattering

of the electrons with an energy close to the critical energy.

The proper scaling unit for the width of the shower is the Molière unit. This

unit is related with the lateral spread of an electron beam with the critical

energy after travelling one radiation length, it is defined by:

Es Z Es
Rn = — x<, « - • g*cm-2, (34)

e A 3.3 MeV

with Es = 21 MeV, the multiple scattering constant.

Figure 16 shows a measured (421 radial profile of electromagnetic showers at

different depths, induced by 6 Gev electrons in lead.

It turns out that the distribution may be split into a central part (called the

shower core) which scales with the Molière unit, and a peripheral part (or tail)

that does not scale with Rn. This tail is due to the large range of low energy

photons with a minimal cross-section and has no simple dependence upon Z and A.

Despite the presence of this tail, 95 % of the total energy is still contained in a

cylinder with a radius R(95K) = 2 R*.



- 60 -

Pb

a>
c
w

24X,

i . . . . i

1 3 5 7 9 11 R (cm) ->-

1 3 5 7 9 11 R (cm) --»-
1 3 5 7 9 11 13 15 R (cm)

Figure 16: Measured lateral shower profile for 6 GeV electrons in lead at various

depths l<421.

5.2.3. Electromagnetic showers in the marble calorimeter

A complete analytic treatment of the complex cascade problem is impossible, and

usually Monte Carlo simulation is used to study the details of the electromagnetic

shower development. Among these Monte Carlo programs, the EGS program [43], is one

of the most widely used.

The global characteristics however, can be calculated with the formulae of this

section. Table 2 gives a comparison of these characteristics between marble

(CaC03) and some other materials calculated for 10 GeV showers. The table shows

that marble and aluminium have similar properties in many aspects for electromag-

netic shower development. In the last line of this table the average values for

the CHARM calorimeter are given, showing that one subunit (20 cm thick) is approxi-

mately one radiation length.

The table gives also the characteristic dimensions, R(905O and 1(90%), for

hadronic showers. ROOK) is approximately equal to the absorption length Ao and

U90JJ) is of the order of 4«A0 140], For more detailed information about hadronic

shower development [39] or [40] can be consulted.
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Material

C

Al

CaCO3

Fe

Pb

U

Z

6

13

11.2

26

82

92

A

12

27

20

55

207.

238.

.0

0

0

9

2

0

HC (scintillator

CHARM

SHOWER

detector

P

[g/cm3]

2

2

26

70

2.75

7

11.

18.

) 1.

1.

SEPARATORS

87

35

95

03

3

TABLE 2

Material properties.

electromagnetic

<o

[cm]

18

8

8

1

0

0.

42.

19.

.8

9

7

76

56

32

4

4

e

tHeVj

76

39

41

20.5

7.2

6.5

85

41

showers

R(90%)

I cm]

10

9

9

3

3

2.

21.

9.

.4

.6

0

6

2

1

0

0

LC905O

[cm]

200

105

105

23

8

5

440

230

hadron showers

[cm]

34

37

34

17

18

12

69

34

K905O

[cm]

100

110

100

51

54

36

207

210

In this section the method to separate showers induced by single electrons is

discussed. This method can be divided roughly into two independent classes of

separation techniques:

a) The selection of showers of electromagnetic origin, by examining the overall

shouer structure.

b) Separation based on the topology around the vertex.

The efficiency of selecting showers induced by single electrons (e.g. the

fraction of accepted good events) of the selection criteria applied in the anal-

ysis, is measured with the electron induced showers recorded during the beam test.

To give an impression of its power to reject showers of hadronic origin, the

fraction of single pion induced events rejected by the methods of the first group

will be given. These rejection efficiencies have to be interpreted with care, they

are valid for hadronic showers induced by single forward going pions and may be

different for hadronic showers produced in neutrino nucleon interactions. Espe-

cially the irD content, determining the electromagnetic component in the shower, and

the particle multiplicity at the the shower vertex may be different in the latter

process.
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The rejection efficiency of the vertex separators is not given, since the vertex of

the pion induced showers is not Hell defined (a pion may pass through several

marble slabs before making its first interaction).

A realistic figure for the rejection power can be deduced from the neutrino data

and uill be given in the next chapter where the data analysis is described.

5.3.1. Longitudinal separators

Table 2 indicates that both hadronic and electromagnetic shouers in the calorimeter

have the same average length of about L(90X)=220 cm. It has been remarked already

(see section 2.1) that this characteristic is one of the reasons marble uas chosen

as a target material. The use of this material minimizes the fluctuations inside

the hadronic shower due to the electromagnetic components originating from a

fluctuating number of it0 's.

Although the average longitudinal behaviour is rather similar, the fluctuations

of the individual shower lengths are much larger for hadronic shouers than for

electromagnetic showers. This point can be understood by the following argument:

Practically all the initial energy of an electromagnetic shower is finally dissi-

pated in ionization and is thus visible. The number of interactions involved in

the development of the cascade is quite large (the total number of charged parti-

cles produced is of the order E/e). Hence the fluctuations in the shower lengths

can be expected to be small.

In hadronic shouers however, the number of interactions taking place is much lower,

leading to larger statistical fluctuations in the shower development. Moreover,

the mean inelasticity in a hadron interaction is one half, so that only half of the

energy is carried by leading particles. A sizeable fraction, on average 35 5J but

with large fluctuations, remains undetectable (e.g. binding energy to break up

nuclei), or is hard to sample like the energv of soft neutrons and protons

resulting from the de-excitation of the nuclei.

To exploit this fact a length estimator is calculated for each shower using the

scintillator information:

LshoHer = SXfPi ' *P» - X0»ln(Evis/20GeV), (35)

with: Pi the energy deposited in scintillator plane i,

Xj the plane position relative to start of the shower,

Xo the effective radiation length in the marble calorimeter.

e.g. LshoH«r is the longitudinal barycentre corrected for the logarithmic energy

dependence of this quantity (eq. (33) in section 5.2.2). The correction has been

chosen such, that the length is normalized to the length of 20 GeV showers.
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The distribution of L9hoM»r for electron and pion induced showers is given in

figure 17. The cuts that are applied to select showers of electromagnetic nature

are 82 < LahoM*r < 155 cm. These cuts select electron induced showers with an

efficiency of 95 X, while it rejects 25 X of the showers induced by pions.

V}

8 0 -
Test beam 20 GeV

-shower

Figure 17: Distribution of Lshoner for electron and pion induced showers.

5.3.2. Lateral separators

Table 2 shows a factor four difference in the expected mean radius containing 90 %

of the total deposited energy for hadronic and electromagnetic showers in marble.

For this reason the most powerful separation methods in the CHARM calorimeter are

based on the lateral shower development.

lu -rder to account for the rather long tail of the projected transverse distribu-

tion of the shower, this "lateral projection" can be parametrized by a Cauchy

distribution:

f(x) =
1 1

i+(x/n2
(36)

truncated at a distance of «50 cm from the shower centre. Figure 18 shows the

average profiles of electromagtic- and hadronic showers. These distributions have

been obtained by taking the average of the lateral profiles of 1900 electron and

800 pion induced showers measured during the beam test. These profiles have been
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measured with the proportional drifttubes. Due to the 3 cm bin width of the tubes

and to saturation effects of the tubes in the shower core. the actual shower

profile will even be smaller than the profile shown in this figure. The hal fwidth

T of the Cauchy distribution in this figure yields 2.5 cm, which is about twice the

average width given by the scintillator fit.

100

-30 -20 -10 0 10 20 30
Distance from shower centre (cm)

Figure 18: Lateral shower profiles for electron and pion induced showers measured

during the beam test. The curve drawn in the figure shows a compar-

ison with a Cauchy distribution.

To measure the shower width there are two types of sensitive elements available

in the calorimeter, e.g. the scintillators and the proportional drift tubes. The

scintillators provide a good energy resolution but being 15 cm wide, they have a

poor spatial resolution. The proportional drift tubes on the contrary, only 3 cm

wide, have a better spatial resolution, but they show a worse energy resolution as

a result of space charge effects, and because of their high sensitivity to low

energy particles.

Scintillator width

The major problem in estimating the shower width using the scintillators is the

large bin width of the scintillators compared with the characteristic width of the

Cauchy distribution. Due to the relative importance of the shower tails, a fit to

a Cauchy distribution is not impossible, but requires costly calculations. To

perform this fit, the integrals of the Cauchy distribution over the bins have to be

calculated, they cannot be approximated by the central bin value of the function.
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In view of the large amount of events that were to be analysed, a simpler method

was used to estimate the width of the shower. This method was developed completely

empirically and it does not use the distribution itself, but it fits the integral

of a Cauchy function, e.g. the function atan(X/D, to the cumulative scintillator

profiles.

This fit is performed independently for the horizontal and vertical lateral shower

profile. For each projection the algorithm proceeds in the following steps:

a - The shower profile, as sampled by the scintillators of one orientation, is

projected along the beam direction on one plane, e.g. the contents of the

scintillators of the same lateral position are summed, giving the lateral

shower profile in 20 scintillator bins.

A rough estimate of the position of the median is made by linear interpola-

tion of the median bin of this distribution.

b - With seven or eight scintillator bins Qi (105 resp. 120 cm width) centered

around this median, the normalized cumulative distribution is calculated:

Si = -0.5 + Z «Uot = I Hi).

Whether seven or eight scintillator bins are used depends on the position of

the median with respect to the scintillator edge. Close to the calorimeter

edge this number is reduced to five or six. This reduction does not introduce

an inhomogenity in the selection efficiency for electromagnetic cascades which

are generally confined to three or four scintillator bins, it only reduces

slightly the rejection power for hadronic showers close to the calorimeter

0.5

improved median /

linear interpolation

Figure 19:

scintillator bins

Graphical demonstration of the procedure to estimate the median of the

shower profile measured with the scintillators.
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c - In this step, the median of the shower profile in the limited range is esti-

mated in a more refined Hay. The position of this median can be obtained by

finding the zero crossing of the normalized cumulative distribution Si- To

estimate the position of the zero crossing, two arctan functions with a fixed

halfuidth r=1.2 cm are constructed, each going through one of the two data

points adjacent to zero. The final estimate of the median is non obtained by

linear interpolation between the zero crossings of the two curves. The

applied weights are reciprocal to the distance of the two data points to the

zero line. Figure 19 gives a graphical demonstration of this procedure.

For hadronic showers which have a width much larger than the expected width

for electromagnetic showers, this method approaches more a direct linear

interpolation between the two data points adjacent to zero.

Figure 20 shows the distribution of the difference between vertex position

and the median estimated by this procedure for electromagnetic showers meas-

ured during the beam test. The r.m.s width of this distribution (which is

also influenced by the inaccuracy of the vertex determination and the small

angular spread of the test beam) yields 1.7 cm.

300-

200-

100-

f- •10 cm

Figure 20: Distribution of the difference between the vertex position and the

median estimated in the scintillator width procedure.

d - In the final step the width of the shower is estimated by:

WVXi/tan(iT'Si>
Tecint = (37)

X U;

where the X; are the lateral positions of the bin edges relative to the

previously defined median. The Mj are weight functions that, appart from some

minor corrections, are essentially given by Wj = (0.5-|Si|)"2, i.e. they are
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proportional to the square root of the energy deposited on the peripheral side

of bin edge Xj. These weight functions are chosen as a result of an opti-

mizing procedure. The extra term, which is empirically determined, corrects

for the small energy dependence of the shouer width. This correction allows

for the application of an energy independent criterium for selecting electro-

magnetic showers.

The final shower width estimation r,cint is obtained from the quadratic average of

the two width calculations for both projections. Figure 21 shows the distribution

of r,cint for electron and pion induced showers as measured during the beam test.

The figure shows a good separation of the two types of showers. Applying a cut on

Tscint of 1.6 cm, one selects electromagnetic showers with a 96 % efficiency while

more than 98 % of the pion induced showers are rejected.
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Figure 21: Distribution of the width rscint measured by the scintillators for

20 GeV electron and pion induced showers.

It should be stated here that weight functions w,- are tuned experimentally. The

method ignores the correlations among the points Si, introduced by the transforma-

tion of the independent measurements Qi to the normalized cumulative distribution.

Also, the separate fit of the centre of the distribution and the width gives some

distortions to the weights (which are taken into account).
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Sigma tubes

The proportional drift tubes information is used in a more straightforward way to

extract a shower width estimation. Since the bin width of the tubes is reasonably

small the standard deviation of the lateral profile is already a good width estima-

tion.

The standard deviation of a symmetrically truncated Cauchv distribution of a

width T depends on the truncation point L/2 and is given (for L>>D by: a* = L«IVir.

The standard deviation is calculated over 55 tubes (e.g. 165 cm), so the

expected a is about 8 cm, assuming a Cauchy distribution with halfwidth r=1.2 cm.

The quantity atube is defined as:

Ï.2)-'. (38)

The extra factor is an experimentally determined correction to make this estimator

energy independent, hence allowing an energy independent selection criterium.

Figure 22 shows the distributions of fftube for electron and pion induced showers

measured with the beam test. The cut ?tubt < 9 cm selects 90 % of ne electromag-

netic showers and rejects 95 'A of the hadronic showers.

Test beam 20 GeV

-• n'

-i
L -r

25 30 35 4 0

Figure 22: Distribution of the width atube measured by the proportional drift

tubes for 20 GeV electron and pion induced showers.

The combined cuts

In the previous paragraphs the efficiency of the different cuts have been mentioned

already. Of course, in combining these cuts the correlations between the methods

have to be taken into account.
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Correlations among the two width estimators can be expected, «s they measure

both the same aspect of the shouer. However. T.eint is more sensitive to the

central part, while <nob« gives more weight to the tail of the shower. Hence there

is no complete correlation, since these two parts are physically different.

Figure 23, the bi-dimensional plot of two width estimators, shows how they are

correlated for electron and pion induced showers. The standard deviation estimate

"tube is particulary effective in rejecting the class of hadronic shsisers, where

the hadronic part is only slightly developed and a large electromagnetic component

is present due to it°-decay.

Combining all the three methods the resulting efficiency for the acceptance of

electrons is (85+5)2, while the rejection of showers induced by incident charged

pions is better than 99 X.
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Figure 23: Bi-dimensional plot of the two width estimators for electron and pion

induced showers measured during the beam test.

5.3.3. Vertex separators

The methods described above give a good separation of electromagnetic and hadronic

cascades. However, additional separation methods must be applied to reduce further

the remaining background. Moreover, there are classes of background events that

are not rejected by these methods, because they lead to showers with a large

electromagnetic component (see section 6.2.2).

Pattern recognition near the vertex can give information about the initial

particles that induce the shower and is used to reduce further the remaining

background.
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In neutrino electron scattering processes the shower is induced by one single

electron. Hence there Hill be an odd number of minimum ionizing particles observed

in the first scintillator plane after the vertex: the original electron and a

number of electron positron pairs from converted breinsstrahlung photons.

In processes where the electromagnetic cascade is induced by single y's or n° 's

an even number of minimum ionizing particles Hill be observed in the first scintil-

lator plane.

Moreover, in any neutrino nucleon interaction, the nucleus can be disturbed such

that it breaks up or 'evaporates'. In this case fragments of the interacting

nucleus will be scattered around the interaction point creating isolated hits

around the vertex.

The important quantities used to reduce the background further are called Mf= the

hit multiplicity in the first proportional drift tube plane, and Ef: the deposited

energy in the first scintillator plane of the observed shower. These quantities

have been studied intensively in the second beam test. To simulate the flat

longitudinal vertex distribution of the neutrino interactions in the detector, a

special aluminium "wedge" was used in front of the first scintillator plane (for

more detail see figure 15). At one energy (15 GeV) more systematic studies were

made, with aluminium of different thickness in front of the first scintillator

plane. This study allowed to estimate the correction to be made for the material

in the beam line (e.g. beam scintillators, beam profile counters, air) which

amounts to 0,08+0.05 r.l. Taking into account the 0.03 r.l. occuring in neutrino

electron scattering due to radiative processes (see section 1.3.1) a correction has

to be made for 0.05+0.05 r.l.

Definition of longitudinal vertex position

During the beam test the start position of the shower was defined by the entrance

of the beam into the apparatus.

During neutrino beam operation the start of the shower is determined by the

first two consecutive scintillator planes with more than 2 MeV (= 0.3 mip) energy

deposition. The longitudinal vertex position is defined by the middle position of

the preceding marble slab.

Mfirst

The number of observed hits in the first proportional tube plane following the

vertex, is called Mf. Figure 24 shows the distribution of Mf measured in the beam

test after 0.5 radiation length (measured with the wedge). In «75 X of the cases.

the cascade is limited in the first tube plane to a region that falls inside one

tube.

This feature of electromagnetic showers is later used as an additional require-

ment to discriminate against neutrino-nucleon processes. The restriction to one
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Figure 24: Distribution of the number of hits observed in the first proportional

drift tube plane following the vertex (Mf) measured for electron

induced showers during the beam test.

proportional drift tube hit in the first plane also leads to an improved angular

resolution (see section 5.4).

Efirst

The energy deposited in the first scintillator plane following the vertex is called

Ef. The cut applied in the analysis is E f < 50 MeV, (corresponding to the energy

deposition of about seven minimum ionizing particles). Combined with the criteria

Mf = 1, about 70 % of the electromagnetic cascades are retained, uhereas it

strongly discriminates against hadronic showers that deposit a substantial amount

of energy in the first plane.

The efficiency € of the criterium (Mf=1,Ef<50MeV) as a function of the energy

and of the material thickness in front of the first scintillator plane is shown in

figure 25, the numbers are given in table 3 at the end of this chapter. The

dependency on the material in front of the first scintillator (measured at 15 GeV)

can be parametrized by de(x)=-0.4t»x (x in r.l.). The energy dependency of the

criterium, after the correction for 0.05±0.05 r.l., is given by

€(E) = 0.77-0.006«E(GeV) ± 0.03 The quoted error is coming from the uncertainty on

the correction for the material in the beam and from the uncertainties in the

definition of a homogenius beam spot.

The efficiency averaged over the expected energy distribution of the

(anti)neutrino electron events in the energy range 7.5<E<30 DeV is e=0.7040.03.
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Figure 25: Efficiencies of (I) the criterium Mf = 1, Ef < 50 MeV and (II) of the

cut Ef < 8 MeV, as a function of the energy (measured with the wedge)

and as a function of the material in front of the first scintillator

plane (measured at 15 GeV). The efficiency of (II) is given for the

class of electron induced showers already fulfilling criterium I.

The resolution of the scintillator system is adequate to distinguish betueen the

distributions of one, two and more than two minimum ionizing particles. Figure 26

shows the distributions of Ef measured in the test beam for different material

thicknesses in front of the detector. The events used to make these plots were

selected with the requirement fif = 1 . The response of a single minimum ionizing

particle obtained with muons is also drawn (dashed curve). For larger amounts of

material in front of the detector, the figure shows that the relative contribution

of single minimum ionizing particles decreases.

With a cut Ef < 8 MeV a pure class of events can be selected that start with a

single minimum ionizing particle and provides a method to reject electromagnetic

showers induced by y's or ir°'s.

The width of the distribution for a single minimum ionizing particle is mainly

determined by photon statistics; the number of photons detected by the photomulti-

pliers per minimum ionizing particle traversing the scintillator is of the order of

50 in this experiment. Comparing the energy deposition Ef in the first scintil-

lator plane measured in the test beam (at 15 CeV with 0 r.l. material) with the

energy deposited by muons in the scintillators of the detector a slightly uider
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Figure 26: Distribution of the energy Ef deposited in the first scintillator

plane following the vertex measured for electron induced showers

during the beam test. The distribution of Ef after 0, 1/3 <1/2> and

2/3 radiation lengths are given. The dashed curves show the response

of a single minimum ionizing particle measured by the energy deposi-

tion of muons.

distribution for the latter is observed. This can be explained by the fact that

the response in the test beam is measured with one unique scintillator of a length

of 1 m (e.g. shorter thus less attenuating), uhile the latter measurement gives

automatically the average response over all the 3 m long scintillators during all

the wide band beam exposures. To correct for this effect the efficiency of the

selection criterium Ef < 8 MeV has been obtained using the average of the measured

efficiencies in the test beam for 7.25 and 7.75 MeV. In table 3 (at the end of

this chapter) and in figure 25 the efficiency of the cut Ef < 8 MeV is given for

different energies and with different material thicknesses in front of the first

scintillator plane. The efficiency of this cut, after a correction for

0.05+0.05 r.I. in the beam line, is given by t(Ef<8 MeV) = 0.36*0.05.

5.4. ANGULAR MEASUREMENT

The main characteristic of the neutrino-electron scattering process in comparison

with other processes is the small scattering angle (see section 1.3.2). To exploit

this fact an angular resolution comparable to, or smaller than the typical scat-

tering angle of the signal is needed.
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Since it is impossible to distinguish the original outgoing particle inside the

induced showar, the direction of this particle can only be obtained by measuring

the shower direction. The algorithm to measure the direction of the shouer is

described in this section.

5.4.1. The lateral vertex

Since the algorithm to find the shoHer direction needs the lateral vertex posi-

tions, the procedure to determine the vertex is a part of the angular measurement.

The best resolution for the lateral vertex measurement is obtained by the

proportional drift tubes due to their small bin size. However, in every gap

between two marble plates, the shouer profile is measured only in one projection.

Hence in one projection (to be called the first projection) the lateral vertex is

measured in the gap directly following the marble slab where the interaction takes

place, while the other projection (to be called the second projection) is measured

in the second gap following this marble slab. Whether the first projection is the

horizontal or the vertical projection depends on whether the vertex lies in an even

or in an odd numbered marble slab.

The lateral vertex is obtained by the following procedure which is slightly

different for the first and second projection:

Since there are only events with a single hit in the first plane selected for

this analysis, the vertex in the first projection is determined by one single

tube hit. In first instance the lateral vertex position is defined by the wire

position of the fired tube.

The events that survive the selection criteria (see section 6.2.1) are then

subjected to a visual scan of the printed event topology. In this scan, the

left-right ambiguity can be solved for the hits «ith a drift distance larger

than 4 mm. This ambiguity is solved by projecting the shower core (observed by

the hits in the proportional drift tubes with a high pulse height) backwards to

the vertex. The information available in the shouer is sufficient in order to

distinguish between two possible angles that differ on average by about

17 milliradian.

The scanned events are then passed a second time through the shouer direction

algorithm which re-calculates the shower direction, using the improved vertex

position.

- Events with a single hit in the second tube plane are rare. Hence the procedure

used for the first projection can not be applied here. Therefore the vertex in

this projection is defined by the centre of gravity of the energy deposited in

the tubes.
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The lateral vertices defined in this uay do not give the position of the shower

origin, but in each projection they indicate the position of the shouer in the

first proportional drift tube plane downstream of the vertex. However, these

positions, together uith the longitudinal positions of these planes, can be used as

the "shouer start points", used in the shouer direction algorithm. A better

estimate of the lateral shouer vertices can be obtained by projecting the start

points along the shouer direction backuard to the centre of the marble slab uhere

the shouer originates.

5.4.2. Shouer direction algorithm

Once these starting points of the shower are fixed, the shouer direction can be

defined in each projection by the line through the start point, that balances the

energy flou in the shouer. In practice, the approximation of this line is obtained

as a solution of the equation:

uith: Pi the pulse height in proportional tube i,

Xj.Lj the lateral, longitudinal position of tube i relative

to the vertex,

Mx,Ui suitably chosen functions for the lateral and longitudinal

ueight (the function Wx being an odd function).

The effect of the ueight function is demonstrated by showing the tuo extreme

choices that can be made for these functions.

1 - The choice UX(X)=X and Ui(L)=L reduces the method to the construction of a

line through the barycentre of the shouer:

o = £Pj*L;*X; / IPi'Lj1.

2 - The choice UX(X)=X/|X| and Wi(L)=1 selects a line uith perfect balancing of

the energy deposited on both sides of the Jine.

The method adopted in this analysis lies somewhere betueen the two extreme cases.

The ueight functions, chosen after an optimizing procedure to give the best angular

resolution, are: U,((X)=ARCTAN(X/<r) and Wi(L) = 1. The uidth a in the Ux function is

given by the RMS uidth of the lateral shouer profile measured by the proportional

drift tubes.

In the central part of the shouer the ueight Mx behaves like the ueight function

in the barycentre method, but in the tail of the shouer (uhich is mainly due to the

long range of lou energy photons), the Height becomes insensitive to the location

of the energy deposition.
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Figure 27: The angular resolution for electromagnetic showers in the close (A9,)

and far (A62) projection as function of the energy. The parametriza-

tion of the angular resolution, shown by the two curves, is given by

the expressions in the figure.

The angular resolution of this procedure is measured with the events taken during

the beam test. The events are selected with the same vertex criteria as used in

the neutrino-electron scattering analysis. The direction of the incoming particles

is known within a few milliradian. The results on the angular resolution are given

in table 3. In this table the resolution are given separately for the two projec-

tions, since they are expected to be unequal due to the difference in the determi-

nation of the lateral vertex position.

The angular resolutions can be parametrized by a function of the form:

Aβ = (AV* • AY* )"*'Leh
-1
.

Hith AV, AY the vertex, resp. shower centre resolution and L
s
h the average distance

of the start point to the shower centre.
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The resolution of the shower centre is proportional to the total number of charged

particles in the shower: E/c. Hence the energy dependency of the resolution can be

expressed by: AY = C»(E/«)-"*.

Fitting the values AV (different for the two projections) and C to the data,

using for Lsh eq. (33) from section 5.2.2, we find the resolution function for the

two projections:

I.832 + 11.5*'(E/e)-'P'2
, (39)

X0*[ln(E/€) + a.2J

M.O 2 + 11.5z«(E/€)-'J"2

. (40)
- 0.81

The fit (see figure 27) shows a better vertex resolution for the first projection

than for the second projection.

The expression for the shower centre can be rewritten like:

AY * <atube>*<.23«E/€)-"* (with <otub«> = 7 cm. the average RMS width of the tube

profile, see section 5.3.2) indicating that about 20 X of the charged particles are

effectively seen.

The estimation of the background left after all the selection criteria, is

performed comparing the events with E282< 0.12 GeVz (the signal region) with the

events in the window 0.12 <E202 < 0.54 GeV2 (the monitor region) (see section

6.2.2). The efficiency e of criterium E2e2 < 0.12 GeV2 have been measured using

the E*8* distribution of the beam test events. The angle of these events (taken

with respect to the incoming electron beam) has been folded by the average v e

scattering angle given by eq. (16) in section 1.3.2. The efficiency of this

criterium as a function of energy is shown in figure 28 and can be parametrized (in

the energy window 7.5 < E < 30 GeV) by e(E) = 1.08-0.016-E ±0.03. The efficiency

averaged over the expected energy distribution of the (anti)neutrino electron

events in this energy window is given by e = 0.8510.03.

5.5. ENERGY RESOLUTION

The energy response of the calorimeter has also been measured during the beam test.

The total energy is obtained by summing the visible energy in the scintillation

counters and applying the measured calibration factor electron induced showers.

The energy resolution can be parametrized by the function:

AE/E = 0.02 + 0.18«E-"1 (E in GeV).

or: AE/E = 0.02 + (1.S'E/c)"1'*.
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Figure 28: Efficiency of the criterium E*62 < 0.12 GeV1 as a function of the

energy (measured with the wedge). In the upper right corner is shoun

that there is no dependence on the amount of material in front of the

first detector plane.
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measured

Energy

5

7.5

10

15

20

30

50

TABLE 3

Beamiest results

with the uedqe (1/2 r.l.):

c(vertex)

.7374.011

.6924.009

.6984.011

.6664.011

.6244.014

.5884.024

.5824.034

measured at 15 GeV:

material

0 r.l.

1/3 r.l.

1/2 r.l.

2/3 r.l.

1 r.l.

e(vertex)

.7894.008

.7164.011

.6664.011

.5784.013

.3154.008

c(Ef<8MeV)

.4324.014

.3584.011

.3584.014

.3224.013

.3284.017

.3464.031

.3924.044

€(Ef<8fleV) 1

.7164.010

.4224.014

.3224.013

.2034.014

.0674.004

Aβ1 (mrad)

13.64.3

11.94.2

10.54.2

8.64.2

8.74.3

7.54.5

7.04.6

A6i (mrad)

9.14.2

9.74.2

9.24.2

9.44.3

-

18

17

14

13

11

8

8

&0
2

11.

12.

13.

12.

(mrad)

.24.5

.34.4

.24.3

.34.3

34.4

94.6

44.9

(mrad)

94.2

74.3

34.3

64.4

-

c(E*e*<.12GeV
2
)

.9884.003

.9524.005

.9414.007

.8224.011

.7094.018

.5374.035

.43 4.05

€(E*e*<.12GeV*)

.8424.009

.8204.011

.8224.011

.8214.014

-

i

The errors given in this table are the statistical errors. For a discussion

on the systematical errors see text.



chapter 6

ANALÏSIS AND RESULTS

In this chapter the analysis of the data obtained during the neutrin" and antineu-

trino uide-band beam exposures are discussed.

Results on the analysis of this data have been published a) on the cross section

of antineutrinos scattering on electrons [44] and b) on the ratio between the cross

sections of neutrinos and antineutrinos scattering on electrons [45].

In this chapter additional information is used from the evaluation of the second

beam test (see section 5.3.3 and section 5.4) and a more refined method has been

applied to determine the neutrino spectra using the unfolded spectra of the

(quasi)elastic muon events (see section 4.3).

In section section 6.1 the data treatment of this analysis will be briefly

reviewed. In section section 6.2.2 the observed signal of elastic v e" events is

discussed (were v stands for any kind of neutrino, e.g. Vμ, ^μ, Ve> H
e
). The

relative contribution of these four components to the measured signal is taken into

account in section section 6.3, uere the measured signal is interpreted in terms of

the weak coupling constants involved in the purely weak neutral current processes.

6.1. (ANTI)NEUTRINO DATA ANALYSIS

In total there uere «200 days of active running during which data uere collected in

neutrino and antineutrino exposures for 1.4«10
ie
 and 5.7«10

18
 protons on target,

respectively. In these tuo exposures 1.3 million neutrino and 1.4 million antineu-

trino interactions uith a shower energy larger than 2 GeV uere observed in the 80 t

fiducial mass of the detector. The life-time of the experiment, e.g. the total

integrated gate time during which the neutrino triggers uere accepted, was only of

the order of one houre. Figure 29 shows the number of collected triggers as a



function of the date. The gaps in this graph correspond to the periods of narrow-

band beam running or machine development.

15 August 4 November

Figure 29: Number of triggers taken per day as a function of the date for the

neutrino (shaded) and the antineutrino exposures.

6.1.1. Data reduction

Prefilter

The first step in the analysis was the reduction of the large amount of data. In

total «800 raw data tapes passed the pre-processing and pre-fil tering jobs (see

section 2.3.4).

One of the output streams consisted of the NUESCAT data tapes. These tapes

contained converted data, e.g. the scintillator and proportional drift tube infor-

mation were written in physical units. The events for these tapes Here selected by

a fast pre-filter using the following criteria:

a) "Raw energy" deposition larger than 4 GeV. The raw energy is given by the

total visible energy in the scintillators without applying pattern recognition

for track and shower limit finding, and without using scintillator attenuation

corrections.
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b) Less than three planes are hit in the magnetic end system of the apparatus e.g.

giving a fast rejection of charged-current events.

DST production

In the next step the events from the NUESCAT tapes were analysed and the results

were written to the NUEDST data summary tapes. In this step any event uith a

distinct track Cmuon candidate) recognized by the pattern recognition routine of

the program was immediately rejected, without further analysis (see next section).

Of the remaining events all the relevant variables like visible energy, shower

direction and shower width estimators were calculated and written together with the

event information to the NUEDST output tapes.

6.2. THE (ANTI)NEUTRINO ELECTRON SIGNAL

6.2.1. Selection criteria

To select the small number of candidates of antineutrino-electron scattering from

the large amount of data, the following criteria were applied:

A Events were selected in a fiducial volume of 2.3*2.3 m2 area and 60 subunits

long giving a fiducial mass of SO tons.

B Events with a distinct track found by the pattern recognition subroutine were

discarded. The minimum length required by the pattern recognition routine to

accept a track was eight radiation lengths (equal to two interaction lengths).

This criterium was applied at the level of DST production (see previous subsec-

tion) and rejects most of the remaining semileptonic charged current events,

with a negligible small ( <1H) loss of the candidate events.

C Events with a shower direction angle, larger than 100 milliradian with respect

to the beam direction, were rejected (this cut has been applied to the data at

an intermediate step of the signal selection). Also this criterium is fully

efficient for the selection of the searched events.

The following three criteria were the most effective to reject events of hadronic

origin, giving a reduction of the data by a factor of about 50. The efficiency

resulting from these three criteria for the acceptance of electrons is «d = (85±5)X

(see section 5.3.2).

01 The showerwidth estimator based on the scintillator information rsejnt should

not exceed 1.6 cm.
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D2 The standard deviation determined with the proportional drift tubes:

should not exceed 9 cm.

D3 Events with a shower length LshoH*r outside the range 82 cm to 155 cm were

rejected.

A large part of the remaining hadronic events Here rejected by the follouing two

requirements. Measurements of the efficiency in the beam test resulted in

e. = (70±3)% for electrons (see section 5.3.3).

El Only one single hit in the first proportional drift tube plane was allowed to

occur (f1f=1). This requirement excludes the scintillators from the fiducial

mass reducing it to 71 tons (this exclusion is a consequence of the propor-

tional tubes being placed before the scintillation counters).

E2 The energy deposition in the first scintillator plane Has not allowed to exceed

the energy deposition by seven minimum ionizing particles (Ef < 50 MeV).

The selection on kinematical quantities were:

T a cut in the shouer energy E of 7.5 < E < 30 CeV and a cut on the transverse

momentum squared of E282 < 0.54 GeV2.

The cut in E2BZ is fully efficient with respect to the selection of the signal.

The lower energy cut, E > 7.5 GeV, has been applied to have a fully efficient

trigger selection for all the accepted energies in both the neutrino and antineu-

trino exposures during the full running period.

The high energy cut, E < 30 GeV, has been chosen to get the best signal to

background ratio. An upper energy cut eliminates high energy events due to

(quasi)elastic charged-current reactions, induced by the'v, components of the beam.

The energy spectrum of the showers induced by these processes is expected to be

about five times harder than the spectrum of the showers induced by *v^ electron

scattering. A factor two comes from the difference in the mean energies of the *Vu.

and the *£« components in the beam (the latter is mainly due to kaon decay).

Another factor comes from the fact that in (quasi)elastic charged-current processes

the neutrino energy is almost completely transferred to the outgoing electron

(y=0), while in neutral-current v e processes only a fraction of the neutrino

energy is transferred to the outgoing electron (the average fraction depends on the

y-distribution and is of the order of 1/3).

Moreover, the angular distribution of the quasi elastic events with an energy

larger than 30 GeV is such that a substantial fraction of them have an angle

smaller than the experimental resolution. Consequently, this background is less

efficiently separated with angular criteria from the signal at higher energies.
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After applying the above selection criteria 267 neutrino and 665 antineutrino

events were left. The total combined efficiency of the criteria to select showers

induced by single electrons is (60±5) X.

The effectiveness of the individual criteria and of the combined criteria are

summarized in table 4. These figures have been obtained using a sample of 12465

neutrino and 11802 antineutrino induced neutral-current events with a shower energy

larger than 7.5 GeV. All percentages in this table refer to the original sample.

The consequtive application leads to combined cuts, for which also percentages are

given.

TABLE 4

Reduction rates in (anti)neutrino analysis

criterium

antineutrino data

reduction (JO

neutrino data

reduction (JO

events used (E > 7.5 GeV)

E < 30 GeV

E*82 < 0.54 GeV*

==> all "kinematic cuts"

Teeint < 1.6 cm

«tub» < 9 cm

==> all shower width cuts

82 < L.hoNer < 155 cm

==> "all shower cuts"

Mf = 1

Ef < 50 MeV

==> all "vertex cuts"

shower + vertex

shower • vertex + kinematic

11802 (events)

81.5 i 0.4

11.7 i 0.3

10.7 i 0.3

4.5 i 0.2

7.9 ± 0.3

2.7 ± 0.15

86.2 ± 0.3

2.5 ± 0.14

16.2 ± 0.3

56.0 ± 0.5

13.0 ± 0.3

0.68 ± .08

0.23 ± .04

12465 (events)

79.4 ± 0.4

T1.5 i 0.3

10.5 ± 0.3

2.7 ± 0.15

6.1 £ 0.2

1.5 i 0.11

84.9 ± 0.3

1.4 t 0.11

15.0 + 0.3

55.3 ± 0.5

12.0 i 0.3

0.43 S .06

0.13 ± .03

6.2.2. Background estimation

Figure 30 shows the 267 and 665 events, respectively, plotted versus the quantity

EZ02. These events include the signal of single electrons from elastic neutrino

electron scattering, but also some remaining background events, due to electromag-

netic showers from the following origins:
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Q) - Elastic and quasi-elastic charged current events induced by the v« and v,

components of the beam: V # + N -> e + X.

N) - Semileptonic neutral current events uith a dominant electromagnetic compo-

nent.

(GeVz)

Figure 30: Distribution of the candidate events as a function of E2fl2 a) for the

neutrino beam exposures, b) for the antineutrino beam exposures. The

background of CC t?« events and NC *i?u events, shown in the figure are

discussed in the text.

Due to the finite angular resolution of the calorimeter the signal events are

distributed over a larger E 28 2 range than the kinematically allowed region for the

v e scattering: E*62 < 2mec
2*E < 0.03 GeV*. However, the bulk part of the v e

scattering events are expected to have E 20 z values in a region below 0.12 GeV2 (see

section 5.4), corresponding to the first two bins of figure 30 where a clear peak

is visible. The contribution of the estimated background is represented by the

full line in the figure.

The background under the peak is determined by extrapolation of the background from

a high E262 region which is dominated by background events. In order to perform

this extrapolation the E262 distribution of the background processes has to be

known.

(Quasilelastic background (Q)

The transverse momentum squared E262 has been specially chosen to perform the

subtraction of background Q. The E2e2 distribution of the background Q is indepen-
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dent of the neutrino energy (which is less well known since the energy spectrum can

be obtained only by Monte Carlo simulation) and it can be determined experimentally

using data on elastic and quasi-elastic charged-current reactions induced by muon

antineutrinos:

Vμ * p -» μ* + n ,

Vμ + N -» μ• + X with Ex < 0.5 OeV

For the quasi elastic processes E*9
2
 is approximately equal to Q

2
, the four

momentum transfer squared. The Q
z
 distribution of these reactions is known to be

energy independent functions for energies above 7.5 GeV (see section 4.3.1) and the

same functions describe the Q
z
 distributions of the elastic and quasi elastic

reactions for the i>« and P« components of the beam, e.g. the E
2
6* distributions of

background Q.
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Figure 31: The experimentally determined E
2
9* distribution of the (quasi)elastic

v, and v
m
 background using the events from the reaction

Vt, + N •» μ• + X uith an energy transfer E
x
 < 0.5 GeV*, folded with the

electron angular resolution.

Figure 30 gives the experimental distribution of background Q, obtained with the

same events that were used to determine the shape of the antineutrino energy

spectrum (see section 4.3). The events were selected in the muon energy range
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7.5 < E < 30 GeV. To account for the difference in angular resolution which is far

better for muons (a feu milliradian) than for electrons, the muon angles were

folded with the experimentally determined angular resolutions (see section 5.4) of

the electrons.

The shape of the distribution is such that (33 ± 1) JJ of all the events in the

range E 28 2 < 0.54 GeV2 have an E 20 2 value less than 0.12 GeV1. Hence the ratio

between the forward rate ( 0 < E*0Z < 0.12 GeV1) and the reference rate

(0.12 < E 28 2 < 0.54 GeV*) amounts to 0.49 +0.03.*

Semileptonic neutral current background (N)

The semileptonic neutral current events with a dominant electromagnetic component

are assumed to originate from coherent scattering of muon neutrinos on nuclei

producing a 7 and/or a v° as predicted in [461. This hypothesis is supported by

the observation that the number of events attributed to this background in the

neutrino and antineutrino exposures (see section 6.2.2) corresponds to a cross

section ratio compatible with 1. The assumption is also supported by the observa-

tion of a clear signal of showers starting with the energy deposition of two

minimum ionizing particles in the first scintillator plane following the vertex, in

the kinematical region where the semileptonic background dominates. Figure 32

shows the E f distribution of the sample of events with an energy in the range from

7.5 to 17.5 GeV and with E262 > 0.54 GeV2. The dashed curve shows for comparison

the distribution for 15 GeV electron induced showers as measured in the test run

(see section 5.3.3).

The shape of this background has been calculated using the prediction for

coherent u° production by neutrinos on isoscalar nuclei (461 and is drawn in figure

30. The fraction of events in the forward region is equal to 0.28 ± 0.02 (the

ratio tforward/reference region amounts to 0.39 ± 0.04).

Relative contribution of the two backgrounds

Since the ratio foruard-zreference-rate is not very different for the two back-

ground processes, a possible error in the decomposition of the total background.has

a reduced effect on the final result of the background subtraction.

* I The quoted error takts into account the uncertainty on the fraction of

A-proiJuction in the (quasi)elastic background. These events have a slightly

different Q2 distribution since they are not suppressed at low Q2 by the Pauli

exclusion principle. The fraction of A-production in the (quasi)elastic muon

events is estimated 125] on 33 JS. The extrapolation of background (R) has been

corrected for a (50 ± 17)% contamination!.

• iThe quoted error corresponds to the difference between this ratio and the expected

ratio for neutral current neutrino-nucleon interactions.!
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Figure 32: Measured distribution of the energy deposition in the first scintil-

lator plane following the shower vertex: a) Showers induced by 15 GeV

electrons traversing on the average half a radiation length,

b) Photon-induced showers produced by neutrino and antineutrino beams

in an kinematic range where photon-induced showers due to coherent

processes dominate (7.5 < E < 17.5 GeV, EZ6Z > 0.54 GeV2). The

contamination due to electron induced showers is estimated to be 15 Z,

The decomposition can be performed by the analysis of the energy deposited in

the first scintillator plane following the vertex: Ef. The coherently produced

ir°'s and y's will not give an appreciable contribution to the events uith

Ef < 8 MeV and the background events in this region can be fully attributed to the

(quasi>elastic background.

The efficiency of the criterium Ef < 8 MeV for the (quasi)elastic background is

expected to be smaller than the measured efficiency for single electrons, since in

a fraction of these background events the electron will be accompanied by other

charged particles. The efficiency for this class of events is determined using the

events with a visible energy between 30 and 50 GeV and with

0.12 < E26Z < 0.54 GeV2. The obtained result is a o = 0.2620.06 and is found equal

for the neutrino and antineutrino exposures.



- 39 -

6.2.3. The v e signal

The 267 events observed in the neutrino exposures and the 665 events observed in

the antineutrino exposures are divided in the three categories:

N1 the signal region with E26Z < 0.12 GeV2.

H2a The background control region: 0.12 < E 20 2 < 0.54 Gev2 for single

electron induced events (Ef < 8 MeV).

N2b the background control region with the same E2fl2 range for events with

Ef > 8 MeV.

The size of the background control region has been limited to 0.54 GeV* in order to

be safe against the cut e < 1D0 mrad and against possible biasses at high angles

introduced by the shower uidth algorithms (the shower width is determined by the

width of the projected shower, without taking into account the shouer direction).

The fractions of the signal (S), of the (quasi)elastic (Q) and of the coherently

produced TT°'S and y's (N) in each category are given by the relations:

N1 = €,'S + €o*Q + Cn'N (41)

N2a = e,«(1-e»)S + aa'(1-€ci)Q • an*d-€n)N

N2b =(1-as)(1-€»)S *(1-a«,)(1-Ca)Q +(1-an)(1-e„)N

were es,ca> <?n
 a r e t n e f ract ions of events with E262 < 0.12 GeV2 and are given by:

signal.- €s = 0.85 ± 0.03 (see section 5.4.2), (42)

(quasi)e last ics: e«, = 0.33 i 0.015

ir°,y coherent: en = 0.28 t 0.02

aa, oe> a n are the fractions of the events with Ef < & NeV and are given by:

signal: « s = 0.36 ± 0.05 (see section 5.4.2), (43)

(quasi )elastics: a<, = 0.26 ± 0.06

Tr°.y coherent: a n = 0.0

The fraction o n has been set to be zero since v" and/or t induced showers will

contribute mainly to the region in Ef of more than one minimum ionizing particles.

The three equations can be solved giving the number of events that should be

attributed to the signal: S and the background Q and N. Since the solution for S,

Q and N are linear in N1, N2a and N2b and the latter are statistically independent,

the statistical errors on S, Q and N can be deduced by linear error propagation.

The number of events observed in each category and the decomposition into the

signal, the (quasi)elastic v, background and the semileptonic background is given

in table 5 for the neutrino and antineutrino exposures.



neutrino
110

12

145

antineutrino
251

53

351

TABLE 5

Observed events in the signal and background regions

signal region N1

background region N2a

background region N2b

assignment of the events in the signal region

signal S 49 SO

background Q 17 91

background N 44 80

total assignment to signal and backgrounds

signal S 5 7 + 1 5 9 4 + 2 4

background Q 51 ± 21 275 ± 45

background N 159 ± 21 286 ± 39

The number of events attributed to the v e scattering processes are 5 7 + 1 5

events for the neutrino exposures and 94 i 24 events for the antineutrino exposures

(these numbers correspond the events in the uhole E*92 range, for the number of

events in the signal region see table 5 ).

The statistical error on the final result is for more than 80 X coming from the

statistics of the number of events observed in the signal region. Hence the

background control region is sufficiently large since it adds only a small fraction

to the error on the result.

The errors on the constants c (eq. 42) and a (eq. 43) used in the matrix (41)

leads to systematical errors on the final number of observed v e scattering events.

Also the error on the efficiency of the criteria to select showers of electromag-

netic origine (c = 0.60 ± 0.05) uill contribute to the total systematic error in

the determination of the cross sections of observed signal. The overall systemat-

ical error has been obtained by a quadratical combination, resulting in a 15 X

systematic error in the neutrino exposure and a 21 X systematic error in case of

the antineutrino exposure.

The ratio of the v e signals

Most of the systematic uncertainties on the observed signals as discussed above

uill cancel in the calculation of the ratio between the signal observed in the two

uide band beam exposures:
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N(v
w
e) +0.28

Rob» =
 C

— = 0.61 (stat) i 0.06 (syst).
Hlv

μ
e) -0.19

Since the statistical errors on the signals are large (of the order of 25 X) the

statistical error on the ratio between the to signals becomes asymmetric.

The systematical error on this ratio is largely dominated by the systematic

error on the background subtraction which, in turn, is determined by the uncer-

tainty on the separation (by means of the cut in Ef) of the tuo background classes

and by the difference between the contributions of background (Q) in the tuo wide

band beam exposures.

6.2.4. Nature of the observed events

So far, no assumption has been made regarding the nature of the forward peak,

whether caused by electrons or by photons produced in an unknown exotic process.

In order to find the identity of the particles in the forward peak, an alterna-

tive method of analysing the data is employed which is selectively sensitive to

electrons. By the requirement Ef < 8 MeV a clean sample of electron induced

shouers can be selected. The E
2
9* distribution for the 32 selected neutrino and

123 antineutrino events with E
2
8

2
 < 1.08 6eV

z
 are shown in figure 33. Since the

background induced by ir°'s and/or y's is cut by the requirement Ef < 8 MeV, the

background can be subtracted using the shape of the (quasi)eJastic*Ve background

only. The background control region has been enlarged to 1.08 GeV
2
 in order to

obtain a better estimation of the background. This extention to 1.08 GeV
1
 is

possible without any bias coming from the cut 0 < 100 mrad, since the left back-

ground contributes only a little to the energy region below 10 GeV (the energy

region where the cut in 8 corresponds to a limit in E
Z
6

2
 which is lower than

1.08 GeV
1
).

After the subtraction of the background (12 ± 5) events are attributed to the

signal in the case of neutrino exposure and (29 ± 9) events in the antineutrino

case (these numbers give the signal events in the entire E
2
8

2
 range). The result

is within the errors in agreement with the two signals derived from the full sample

of events and the efficiency of (0.36 ±0.05) for the criterium Ef < 8 MeV. (see

section 5.3.3).

6.2.5. The energy distribution of the events

The analysis was also carried out in different energy windows, giving the energy

distribution of the signal and of the two backgrounds in the total range of

E*fi
2
 < 0.54 GeV

2
. Figure 34 shows the results of this analysis together with the

expected behaviour based on the energy dependence of the reactions involved. The
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Figure 33: Distribution of the candidate events with Ef < 8 fleV as a function of

E 20 z a) for the neutrino beam exposures, b) for the antineutrino beam

exposures. The background shown by the curve is entirely due to CC v e

events.

distribution of the signal show the events in the range E 20 2 < 0.12 GeV2, corrected

for the contamination of urong kind neutrinos (see section 6.3.1). The method did

not take into account the energy dependence of the selection criteria (see section

5.3.3 and section 5.4) resulting into a small systematic underestimation of the

observed rate at high energies.

The energy distribution of the background, however, will be less affected by

this method. The shown distribution is in agreement, within the large errors, with

that expected for the two kinds of backgrounds, confirming the validity of the

assumptions in the procedure for subtracting the background.

6.3. PHYSICS RESULTS

In this section the v e events observed during the neutrino and antineutrino

Hide-band beam exposures will be interpreted in the framework of the parameters

sin2eH and p of the electroueak theory.

In the first part the ratio between the v e signal observed in the two exposures

will be analysed, yielding a result on the value of sin2eN.
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Figure 34: Distribution of the shower energy E deposited in the calorimeter for

the events attributed to signal and to background ta) [CG v a ) . and to

background (b) INC v^1. The curves show the expected distributions.

In the second part the absolute cross sections of the neutrino and antineutrino

scattering on electrons «ill be determined, giving a result on the value for p.

At the end of the section the result uill also be presented by a domain in the

Sv-g» plane.
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6.3.1. Analysis of the ratio between the i> e signals

The measurement of the ratio between the v» e and v^ e scattering cross sections is

only sensitive to the electroueak mixing parameter sin
2
e

M
 The relative strength of

the neutral and charged current coupling, given by p, is a common factor in both

cross sections.

The ratio of the two cross sections at equal energies expressed in terms of

(g
v
-gi)

2
 and (g

v
+S»)

2
, using eq. (9) and (10), or in terms of sin

z
8

H >
 using

eq. (23), is given by:

= 3 . (44)
* 6 *

The measurement of the signal as described in section 6.2.2 does not give a direct

result on the ratio between the two cross sections. In order to obtain cross

section ratios the following points have tc be taken into account:

a) The relative normalization of the neutrino and aniineutrino wide-band beam

exposures.

b) The decomposition of the signal into events induced by the various types of

neutrinos (v«, 7», v«, V
9
) in the two beams.

c) The efficiency of the cut applied to the shower energy 7.5 < E < 30 GeV.

In the published result (451 on the ratio of the cross sections of neutrino and

antineutrino scattering on electrons these corrections have been made in the

following way:

Point (a) has been solved by the measurement of the number of inclusive neutrino

and antineutrino interactions on the nucleon in the each beam, and by the rates of

observed single μ" ^
+
) events induced by quasi elastic v^ (E^) " nucleon interac-

tions. For both procedures corrections have been applied in order to obtain the

relative normalization, leading to a systematical uncertainty of 7 JC. In the first

case, the normalization have been obtained using the measured neutrino-nucleon and

antineutrino-nucleon total cross sections !47]. Corrections have been made for the

composition of the neutrino beam and for the finite shower energy cut (E > 2 GeV).

In the second case the cross sections are equal but, since they are constant in

energy, the mean energy of both beams (calculated by Monte Carlo) have been taken

into account. A correction have been made for an applied muon momentum cut

(p > 10 GeV/c).

The contribution of the wrong kind neutrinos in the neutrino flux (point b) have

been obtained from the (quasi)elastic muon events and by Monte Carlo simulation.

However, the relative contribution to the signal due to these wrong kind neutrinos

are cross section dependent. The contributions to the signal have been calculated
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using a fixed value of sinz6M, leading to a small underestimation of the statis-

tical error of the measured sinz0H value.

The correction for point (c) have been calculated as a function of sin*eM using

the neutrino spectra obtained by Monte Carlo simulation.

Alternative analysis method

The method that uill be explained here is slightly different from the one above.

Instead of applying any of the (sinz6N dependent) corrections to the cross section

ratio in order to obtain with eq. (44) a value for sin28M, an expression uill be

evaluated for the sin2OH dependent ratio between the expected v e events observed

during the neutrino and antineutrino exposures.

In any neutrino beam with a known composition and energy distribution the expected

number of v e scattering events uith an electron energy in the uindou

7.5 < E < 30 GeV can be calculated by an integration over the y-distribution and

over the neutrino energy spectra. The expected number of events in this energy

uindou written as a function g v and g» (see eq. 6 and 7 in section 1.3) is given

by:

Gzm« r
S = • H • I (gv

+g«)2*Cl(vu) + (gv-ge)
2*Cy(rtt) :vue events (45)

2IT
 L _r _r _r

'S»-3») 'CHVi,) + (gv+g«)
z*Cy(V|t) :i>ue events

(2+gv+ge)
2*Cl (v#) + (gv-g«)*

#Cy(v#) :v«e events

(S»-g«)l*Cl(v#) + (2+gv+g,)
t»Cy(v#) J :v«e events

The constants CI and Cy contain the integration over the neutrino energy and the

y-distribution for each component of the beam. The integration over y is done uith

a linear y-dependence for Cl and uith a (1-y)2 distribution for Cy:

CI = JJ Ev*(Ev) dy dEv

Cy = JJ Ev*(Ev)*(1-y)2dy dEv

uere the integration over Ev is done over the entire energy spectrum and the

integration over y from y = 7.5/Ev to y = 30/Ev. uith the restriction that y is

limited to its physical range and does not exceed 1.

The expression for the expected number of v e scattering events is proportional to

the terms tgv-g»)
2, CSv+g»)2, and (gv

+9»+2)2 in the Following way:

S = (gv-g»)z*ICy(v^)+Cl(v^)+Cy(ve)+Cl(»e)l (46)

+ 1

Cl(v.)+Cy(v*a)]
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To calculate the expected ratio between the signal observed in the neutrino and

antineutrino exposures we can use the neutrino energy spectra as determined in

section 4.3. The (quasi)e!astic muon events used in this determination not only

give the neutrino energy spectra for the two types of wide band beam exposures, but

nou they also give the correct relative normalization to be used in the analysis of

the ratio.

In table 6 the three spectra dependent constants appearing in eq. (46Ï are given

for both Hide band beam exposures (the numbers are given in units of observed

(quasi)elastic muon events weighted by energy and y-efficiency).

TABLE 6

Relative contribution of the (gv-9»>* Jgv+9»)
2 and (gv+9»

+2)* terms

neutrino antineutrino

(9v-9«>* 1.00*10* 8.06*10*

(gv+9«>
2 3.25*10s 2.30«105

(gv+g,+2)
2 3.5 '103 5.7 *103

Due to the presence of the term proportional to (gv+ga+2)
z the ratio has become,

in principle, dependent on the parameter p. The effect, however, is negligible

small for p-1.

The predicted ratio between the two v e scattering signals can be calculated

uith the constants of table 6 and is shoun in figure 35. For comparison the

predicted total cross section ratio as a function of sin*6m, given by eq. (44), is

also shoun. This curve has been scaled uith a factor which takes into account the

difference in integrated flux and mean energy of the two wide band beam exposures.

The shift between these two curves is due to the difference between the fractions

of wrong kind neutrino background in the two wide band beam exposures.

Using the measured ratio of the signal events, an evaluation of the value for

sinz0M can be given:

sin2eN = 0.206 ± D.04S(stat) ± 0.013 (syst)

The systematic error on the value sin*6M has been calculated by taking into account

the systematic error on the observed ratio and by a 4 X systematic error on the

calculated (sin2eM dependent) ratio.

The systematic error on the calculated ratio has been obtained fey a) the system-

atic uncertainties in the method to measure the spectra (see section 4.3) which
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Figure 35: Expected ratio between the v e scattering signals observed in the

neutrino and antineutrino Hide band beam exposures as a function of

sin*eH. The measured ratio and its statistical error are shojcn

together Hith the corresponding values for sin26M.

The dashed curve shows the ratio of the total cross sections of the

v e scattering processes, scaled with a factor which takes into

account the difference in integrated flux and mean energy of the two

wide band beam exposures (the uncorrected scale is shown on the left).

amounts to 2 V, on the ratio (or 0.002 on the value of sinz6H), and b) by the

uncertainties in the relative normalization of the two neutrino exposures, due to

the not exact one-to-one correspondence of the runs used for v e scattering and

those used for the (quasi^elastic muon events (the latter were not always included

into the trigger for the runs used for the v e scattering analysis). Systematical

differences due to point (b) have also been monitored during during the three years

of running by the time variation of the ratio between the observed rate of

(quasi)elastic events and the rate of inclusive neutrino nucleon and antineutrino

nucleon interactions. The observed r.m.s. variation is 4 X.

Composition of the v e scattering signal

With the knowledge of the electroweak mixing parameter, the composition of the v e

scattering signal can be calculated. The composition of the beam is such that.



- 98 -

using the central value of the measured sin
2
O

M
 the observed signal in the iuo Hide

band beam exposures can be attributed in the following uay:

neutrino beam

antineutrino beam

VΜ : Vμ : V» : V» = 52 : 4 : -1 :
 e
O

: V« : TT. = 12 : 7« : «2 : «2

6.3.2. Determination of the total cross sections

So far, only the ratio betueen the neutrino and antineutrino electron scattering

cross section has been discussed.

To calculate an absolute cross section for the v e scattering processes an

absolute normalization is needed of the (anti)neutrino flux in both Hide band beam

exposures. The method described in section 4.3 gave only the energy spectra and

the relative contributions of the different components in the (anti)neutrino beams.

The absolute scale can be set by the measured number of inclusive neutrino-nu-

cleon (1.3*10
6
) and antineutrino-nucleon C1.4-10

6
) interaction!-, induced in the same

fiducial volume of the calorimeter as has been used in the v e scattering analysis.

The numbers of (anti)neutrino-nucleon interactions have been obtained by anal-

ysing the events on the "normalization tapes" (the tapes containing a fixed frac-

tion of the recorded triggers, see section 2.3.4). The number of events on these

tapes has to be corrected for the composition of the Hide band (anti)neutrino beams

and for the cut in visible energy due to the trigger requirement: ïE-tot > 5 GeV]

(see section 2.1.3).

Figure 36 shous the visible energy spectrum of the normalization events in the

antineutrino exposure in comparison with the prediction by Monte Carle program. In

this Monte Carlo prediction the contribution of the four components of the beam are

taken into account.

The Monte Carlo result shows good agreement uith the data exept for the first

three bins where the trigger is a not fully efficient. The extrapolation to

energies belou 7.5 GeV was checked with a sample of events selected by the minimum

bias trigger and was found in good agreement with the Monte Carlo predictions. The

final normalization of the (anti)neutrino flux in both beams can be done by making

use of the known neutrino-nucleon and antineutrino-nucleon total cross

sections [471. Correcting the observed neutrino electron and antineutrino electron

events for the cut in shower energy: 7.5 < E < 30 GeV, (using the measured value of

the electroueak mixing parameter) and for the selection criteria, the following

cross sections are obtained:
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Visible energy spectrum of the inclusive antineutrino-nucleon interac-

tions in comparison uith the prediction by Monte Carlo program.

= I 2.1 * 0.55(stat) ± 0.49(syst) 1 • 10"**

= [ 1.6 ± 0.35(stat) t 0.36(syst) 1 • 10"** cm2/GeV

Within the framework of the SU(2)]XU(1) theory (see section 1.4) the neutrino and

antineutrino cross sections can be expressed in terms of the electroueak mixing

angle sin2OM and a multiplying factor (p2) equal to the ratio of the overall

strengths of the neutral current and charged current coupling. The simultaneous

measurement of sin2eM and the cross sections of (anti)neutrino electron scattering

allou a determination of p, uith the result:

p = 1.12 * 0.12 (stat) iO.11 Csyst) .

6.3.3. Presentation of the result in the q»-g» plane

The result obtained in section section 6.3.1 on sin26H *nd in section section 6.3.2

on the parameter p can be translated to the coordinate system of g v and g» using

eq. (23) of section 1.5. Figure 37 shous the result of this measurement in compar-

ison uith the result of other experiments on purely leptonic interactions.
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The data point shoun represents in fact only one of the four possible solutions

for the results of this measurement. One of the alternative solutions can be found

immediately by the interchange of g
v
 and g

a
: a reflection uith respect to the line

g
v
=Sa (which is equivalent to the change of sign in of the 9r=3v-3« term in the

cross sections).

The tuo other solutions can be obtained from these two points by the change of

sign of both g
v
 and g

a
, reflecting the set of points uiih respect to the line

9v
=
-g». However, due to the presence of the v

a
 and v

m
 induced events in the v e

scattering signal, the expected event rates are no longer invariant to the sign of

gi, since these events are also produced in (lefthanded) charged current interac-

tions (see section 1.3). The contribution from the i>« and v« induced events to the

total sample of v e scattering events uill be increased roughly by a factor two.

Consequently the total cross sections have to decrease, shifting the points

slightly towards the origin, since the fraction attributed to the v^e and Vj,e

scattering events uill be reduced.

In figure 37 the results of tuo other measurements of a v e scattering process are

also given, e.g. the process Vμ*e~-*Vμ+e~ 1481 and the process 57
e
+e"-»v

e
+e" 1491.

These process are, like the process described in this thesis, purely leptonic

processes of neutrinos scattering on electrons. The three processes together

determine the allowed region upto a two-fold ambiguity: a vector dominant region

and an axial-vector dominant region. Both solutions indicate clearly that the

neutral-current is not, like the charged-current, of the pure V-A form. The

two-fold ambiguity can be solved using the results of electron positron collider

experiments. Uith the assumption that the weak interactions are mediated by a

single Z boson (factorization) these experiments can determine the values g
v

2
 and

g
a
*. The 95 V. confidence limit contour on the coupling constants determined by the

PETRA experiments [50] (also shoun in the figure), favours the axial-vector solu-

tion which is in agreement with the standard model.

6.4. CONCLUSIONS

The experimental results on the measurement of the electroueak coupling of

neutrinos and antineutrinos on electrons measured in the purely leptonic process of

(anti)neutrinos scattering on electrons are given by:

sin
2
e

H
 = 0.206 ± 0.048 (stat) ± 0.013 (syst)

p =1.12 ± 0.12 (stat) ± 0.11 (syst)

The result is found in agreement uith the standard model for electromagnetic and

weak interactions. The result also agrees, within the statistical error, uith the
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0.75 1
sin2O

this experiment

Figure 37: Result of this experiment in comparison with results obtained by other

experiments in purely leptonic processes.

values previously found in leptonic and semileptonic reactions (for recent reviews

see [12], [50] or [51]) thus favouring a universal coupling of leptons and quarks

to the weak neutral current.

The error on the result is dominated by the statistical error on the number of

observed v e scattering events. Table 5 shous that the events attributed to the

signal in the signal region are accompanied with a background of 120 X in the

neutrino beam and 200 % in case of the antineutrino beam. Due to this fact the

statistical significance of the 57 and 94 events attributed to the signal, is

statistically equivalent with a pure (background free) sample of 14 and 17 events,

respectively.
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Despite of these large errors a relatively small statistical error on the

evaluation of sinz0H is obtained by analysing the ratio of the observed neutrino

electron and antineutrino electron events. Since the two signals are observed in

the same experiment and extracted with the same technique, many of the systematical

uncertainties that enter in the evaluation of the cross sections cancel in the

calculation of the ratio.

The most economic way to increase the precision on the determination of sin*0* from

(anti)neutrino electron scattering, is to improved the angular resolution. In this

case not only the statistical significance of the events in the signal region Hill

be increased but also the systematical error on the ratio due the background

subtraction will be improved.

The relative normalization of neutrino and antineutrino exposures can be

performed using the (quasi)elastic muon neutrino and antineutrino nucleon scat-

tering (see section 4.3). The systematical uncertainty on the determination of

sin2eH coming from this method is in the present analysis of the order of 0.002 and

can even be improved by taking into account the Q2 distribution in the unfolding

procedure. The precise knowledge of the neutrino energy spectra in combination

uith the shower energy spectra of the observed events can even give more informa-

tion on sinzeH.

The present CHARM detector has since the installation of the streamer tubes (see

section 2.1) an improved angular resolution (A0i = A8j = «8 mrad at 15 GeV) and

aims to measure the electroueak mixing parameter with an accuracy of 0.02 in the

uide band beam runs of 1983. Ideas on further improvements on the measurement of

sin26H using counter techniques have been presented [52] aiming to measure sin*9H

uith an accuracy of ± 0.005 and p uith £ 0.03.
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SAMENVATTING

In dit proefschrift wordt een meting van de wisselwerking tussen (anti)neutrinos en

electronen beschreven.

De gegevens voor deze meting werden verkregen met de teller opstelling van de

Amsterdam-CERN-Hamburg-Moskou-Rome (CHARM) groep in de «chromatische neutrino bun-

del van het Super Proton Synchrotron van CERN (Europese organisatie voor kern on-

derzoek, Geneve).

In de jaren rond 1970 is een belangrijke vooruitgang geboekt in de ontwikkeling van

een theorie die de onderlinge wisselwerking van de elementaire deeltjes moet ver-

klaren. In de daaraan voorafgaande periode werden de vier verschillende wisselwer-

kingen tussen de materie (de sterke, zwakke, electromagnetische en zwaartekrachts

wisselwerking) alle afzonderlijk beschreven en alleen voor de electromagnetische

wisselwerking was toendertijd een volledige theorie beschikbaar. De belangrijke

stap voorwaarts was het theoretische model dat door Glashou Sa!am en Weinberg werd

ontwikkeld en dat de zwakke wisselwerking en de electrom^netische wisselwerking in

een theorie samenbrengt.

Deze theory heeft twee parameters: de electrische eenheids lading en sin29H, een

maat voor de menging van de zwakke en electromagnetische wisselwerking. Deze

laatste kan gemeten worden in verschillende zogenoemde "neutrale stroom" processen.

De elastische botsingen van neutrinos en antineutrinos op electronen behoren ook

tot deze groep processen. In tegenstelling tot de botsingen van neutrinos op kern-

deeltjes is dit botsings proces puur leptonisch, hetgeen betekend dat er geen

sterke wisselwerking in het proces betrokken is en dat de bepaling van de mengpara-

meter sinz0H vrij is van onzekerheden ten gevolge van deze sterke wisselwerking.

Een nadeel echter is dat de botsings kans voor (anti)neutrinos met electronen vier

grote ordes kleiner is dan de botsings kans voor neutrinos op kerndeeltjes. Aange-

zien in de praktijk beide processen tegelijk worden waargenomen is een goede schei-

dings methode voor deze twee botsings processen een noodzakelijke voorwaarde, een

voorwaarde waaraan de electronische calorimeter van de CHARM groep voldoet.

De verdere indeling van dit proefschrift is als volgt:

In hoofdstuk een wordt een historisch overzicht gegeven van onze kennis van de

zwakke wisselwerking, gevolgd door een beschrijving van het (anti)neutrino electron

verstrooi ings proces. Ten slotte wordt in dit hoofdstuk het nu algemeen aanvaarde

theoretische model voor electromagnetische en zwakke wisselwerking beschreven.

De experimentele opstelling welke gebruikt is voor het verkrijgen van de meetre-

sultaten wordt beschreven in hoofdstuk twee.

Hoofdstuk drie geeft een overzicht van de programmatuur op de rekenmachine van

het experiment welke gebruikt werd ter kontrole van de meetgegevens tijdens de me-

ting.
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De eigenschappen van de •chromatische neutrinobundel van CERN worden behandeld

in hoofdstuk vier. De experimentele methode om het energie spectrum en de samen-

stelling van deze bundel te bepalen uordt ook in dit hoofdstuk besproken.

De technieken welke gebruikt zijn om de botsingen van (anti)neutrinos op elee-

tronen te scheiden van de botsingen van (anti)neutrinos op kerndeeltjes worden be-

handeld in hoofdstuk vijf.

De uiteindelijke uitwerking van de gegevens en de interpretatie ervan worden ge-

geven in hoofdstuk zes. De gevonden experimentele waarden worden vergeleken met de

voorspellingen van het theoretische model voor electromagnetische en zuakke wissel-

werkingen en met de resultaten van andere experimenten die de mengparameter sin28H

hebben gemeten.



- 105 -

ACKNOWLEDGEMENTS

It is a great pleasure to thank all the members of the CHARM collaboration and its

many technical collaborators for the work they have done, which entered into this

thesis.

In particular I would like to thank U.Amaldi, G.Barbiellini, A.Rosanov,

C.Santoni and P.Stahelin for their co-operation in this analysis.

I am grateful to Prof. dr. A.G.Tenner for his interest in this analysis and his

valuable suggestions during the writing of this thesis.

I uould like to thank Prof. A.N.Diddens for his interest in this experiment and

the reading of the manuscript.



- 106 -

REFERENCES

[1] F.Bergsma, J.Oorenbosch, M.Jonker, C.Hieuuenhuis and F.Udo

(NIKHEF-H, Amsterdam, The Netherlands)

J.V.Allaby, U.Amaldi, G.Barbiellini, L.Barone, A.Capone, G.Cocconi,

U.Flegel, H.Kozanecki, K.H.Mess. n.tietcalf. J.Meyer, R.S.Orr, J.Panman,

A.M.Wetherell and K.Winter (CERN. Geneva, Switzerland)

J.Aspiazu, V.Blobel, F.M.Busser, P.O.Gall. H.Grote, B.Kroger, E.Metz.

F.Niebergall, K.H.Ranitzsch, and P.Stahelin CII. Institut fur Experimen-

talphysik. Um'versitat Hamburg, Hamburg, Germany)

P.Gorbunov, E.Grigoriev, V.Kaftanov, V.Khovansky and A.Rosanov (Institute

of Theoretical and Experimental Physics, Moscow, USSR)

A.Baroncelli, R.Biancastelli. B.Borgia, C.Bosio, F.Ferroni. E.Longo,

P.Monacelli, F. de Notaristefani, P.Pistilli, C.Santoni, L.Tortora snd

V.Valente (Institute Nazionale di Fysica Nucleare, Roma, Italy).

[2] H.Bequerel, C.R. Acad. Sci. J2.2 (1896) 420.

13) U.Pauli, Septieme Conseil Solvay, 1933 (Gauthier-Viliars, Paris 1934).

[41 E.Fermi, II Huovo Cimento H (1934) 1.

[53 T.D.Lee and C.N.Yang, Phys. Rev. J04 (1956) 254.

[61 E.Ambler et al., Phys. Rev. JJI5 (1957) 1413.

[7] H.Ueyl. Zeitschrift fur Physic £6 (1929) 330.

[81 F.J.Hasert et al.. GGM coll.. Phys. Lett. .46B (1973) 121.

[9] F.J.Hasert et al., GGM coll., Phys. Lett. 468 (1973) 138.

(101 S.L.Glashou. J.Iliopoulos and L.tlaiani. Phys. Rev. £2 (1970) 1285.

11M Dirac, Quantum mechanics, Oxford 1947.

Shiff, Quantum mechanics, London 1955.

[12] F.M.Buesser, Procedings of the International Conference of Neutrino Physics

and Astro Physics. Hawaii 81.

[131 ft.Holder et al., (COHS Collaboration). Phys. Lett. 73B (1977) 254.

[14] L.Wolfenstein, Nucl. Phys. SSI (1975) 95.

[15] C.Y.Prescott et al., Phys. Lett. 27B (1978) 347.

C.Y.Prescott et al.. Phys. Lett. M B (1979) 524.

[161 J.J.Sakurai, Proc. Int. Conf. on Neutrino Physics and Astrophysics, Baksan

Valley. USSR. 1977 (Nauka, Moscow, 2 (1978) 242)

[17] G.'t Hooft. Phys. Lett. 32B (1971) 195.

[18! M.Green and M.Veltman. Nucl. Phys. B169 (1980) 137, Erratum: B175 (1980) 547.

119] N.Byers and R.Ruckl. UCLA/78/TEP/22.

[20] S.GIashou. Nucl. Phys. 21 (1961) S79.



- 107 -

S.Weinberg. Phys. Rev. Lett. IS (1967) 1264.

A.Salam, Proc. 8th Nobel Symposium, Aspenasgarden. 1968, Ed. N.Svartholt»

(Almquist and Wiksells. Stockholm, 1968) p. 367.

121) G.'t Hooft. Nucl. Phys. fi3J (1971) 173.

122] P.Higgs. Phys. Rev. J45 (1966) 1156.

(23] D.A.Ross and n.Veltman. Nucl. Phys. B£§ (1975) 135.

[24] M.B.Einhorn. R.R.T.Jones and M.Veltman. Nucl. Phys. B191 (1981) 145.

[25] M.Jonker et al.. CHARM coll.. Phys. Lett. <£§ (1980) 203.

(26] A.N.Diddens et al.. CHARM coll.. Nucl. Instr. Methods 178 (1980) 27.

127] M.Jonker et al., CHARM coll., Phys. Scrip. 23 (1981) 677.

128] M.Ferrat, F.Udo and V.Valente, preprint CERN-EP/79-2.

129] C.Bosio et al.. CHARM coll.. Nucl. Instr. Methods JJLZ (1978) 35.

A.N.Diddens et al., CHARM coll., Nucl. Instr. Methods 126 (1980) 189.

130] G.Fremont et al.. CHARM coll., CERN 80-5 (1980).

[31] Kinetic System. Model 209E

[32] H.M.Heijne. CERN/EF/BEAM 77-1.

[33] H.U.Atherton et al., CERN Yellow report 80-07.

[34] C.Visser, NUBEAM, CERN HYDRA-application library write-up (1979).

[35] Ch.Lleuellyn Smith, Phys. Rep. 3C (1972) 263.

[36] M.Jonker et al.. CHARM coll.. Nucl. Instr. Methods 100 (1982) 183.

[37] H.J.Bhabha and U.Heitler. 1937 Proc. Roy. Soc. (London) A159, 432.

[38] B.Rossi. High Energy Particles, Pretence-Hall, Neu York (1952).

[39] S.Iwata. DPNU 13-80 (May 1980). Department of Physics Nagoya University.

Chikusa-ku, Nagoya Japan.

This article is a part of the report of the TRISTAN ep Working Group.

[401 U.Amaldi. CERN-EP/80-212

[41] Y.S.Tsai, Rev. Mod. Phys. ifj (1974) 815.

[42] G.Bathow et al., Nucl. Phys. B20 (1970) 592.

[43] R.L.Ford and M.R.Nelson, SLAC-Report 210 (1978).

[44] M.Jonker et al.. CHARM coll.. Phys. Lett. 105B (1981) 242.

[451 M.Jonker et al.. CHARM coll., Phys. Lett. 117B (1982) 272.

[46J K.S.Lackner, Nucl. Phys. B153 (1979) 526.

S.S.Gershtein, Yu.Ya.Komachenko, M.Yu.Kholopov, preprint IHEP 81-9 (1981).

[47] M.Jonker et al., CHARM coll., Phys. Lett. 99fi (1981) 265.

[48] R.H.Heisterberg et al., Phys. Rev. Lett. 44 635 (1980).

[49] F.Reines et al.. Phys. Rev. Lett. 37 315 (1976).

[50] M.Daviez, Rapporteurs talk at the XXI Int. Conf. on High Energy Physics,

Paris 1982, LAL 82/39.

[511 K.H.Mess and B.H.HiiK. DESY 82-011. March 1982.

[521 K.Winter, presentation at The Fixed Target Workshop, CERN, december 1982.



CONTENTS

INTRODUCTION 1

1. THEORY 2

1.1. HISTORY OF THE WEAK INTERACTIONS 2

1.2. THE WEAK PHENOMENA 4

1.2.1. Process classification 4

1.2.2. The Lorentz structure of the weak currents 6

1.3. NEUTRINO SCATTERING ON ELECTRONS 9

1.3.1. Electromagnetic radiative corrections 13

1.3.2. Experimental characteristics 14

1.4. UNIFIED MODELS OF WEAK AND ELECTROMAGNETIC INTERACTIONS 15

1.4.1. Intermediate vector bosons 15

1.4.2. The standard model 15

1.5. NEUTRINO ELECTRON SCATTERING IN THE STANDARD MODEL 18

2. THE EXPERIMENT . 20

2.1. THE DETECTOR 20

2.1.1. The scintillator system 23

2.1.2. The proportional drift tube system . . . . . 24

2.1.3. The trigger 25

2.1.4. Performance of the calorimeter 27

2.2. DATA ACQUISITION AND MONITORING 27

2.3. OFF-LINE DATA PROCESSING 28

2.3.1. Alignment 29

2.3.2. Attenuation constants 29

2.3.3. Calibration of scintillators and proportional drift tubes 29

2.3.4. Event filter job 29

3. THE MONITORING SYSTEM 31

3.1. THE HP 21MX-F COMPUTER 31

3.1.1. Short hardware overview 31

3.1.2. Memory addressing 31

3.1.3. The operating system 32

3.1.4. Implementation of the monitoring system 33

3.2. MONITOR CONTROL 33



3.2.1. The touch screen 33

3.2.2. Control area 35

3.3. DATA MANAGEMENT 36

3.3.1. Data input 36

3.3.2. The distributer 37

3.3.3. The analysis programs 38

3.4. HISTOGRAM DISPLAY 39

3.4.1. Histogram file on disk 39

3.4.2. Program segmentation 39

3.4.3. Shared memory . . . 39

3.5. THE DISK BUFFERS 40

3.5.1. Buffer types 40

3.5.2. The buffer filling 41

3.5.3. The disk buffer users 41

3.6. PERFORMANCE 42

4. THE NEUTRINO BEAM 45

4.1. INTRODUCTION 45

4.2. THE CERN HIDE BAND BEAM 47

4.2.1. Layout 47

4.2.2. Neutrino spectra 49

4.2.3. Flux monitoring 49

4.3. EXPERIMENTAL DETERMINATION OF NEUTRINO SPECTRA 50

4.3.1. The (quasi)elastic process 50

4.3.2. Data selection and analysis 52

5. SEPARATION TECHNIQUES 54

5.1. THE BEAMTEST SETUP . . . . . 54

5.2. ELECTROMAGNETIC SHOWER DEVELOPMENT 56

5.2.1. The electromagnetic cascade processes 57

5.2.2. Shouer characteristics Sβ

5.2.3. Electromagnetic shouers in the marble calorimeter 60

5.3. SHOWER SEPARATORS 61

5.3.1. Longitudinal separators 62

5.3.2. Lateral separators 63

5.3.3. Vertex separators 69

5.4. ANGULAR MEASUREMENT 73

5.4.1. The lateral vertex 74

5.4.2. Shouer direction algorithm 75

5.5. ENERGY RESOLUTION 77



S T E L L I N G E N

1. Voor het meten van de werkzame doorsnede van de elastische ver-

strooiing van (anti)muon-neutrino's aan elektronen in een teller

experiment is het beter wanneer deze qebeurtenissen op grond van

de lawinebreedte kunnen worden onderscheiden dan wanneer dit op

arond van de lawinelengte zou gebeuren.

2. De bepaling van de flux in de CERN (anti)neutrino bundel, door

middel van het meten van de muon flux in de muon afscherming, zou

aanzienlijk eenvoudiqer zijn geweest wanneer de silicium detectoren

direct teqen het ijzer zouden zijn gemonteerd in plaats van in de

huidige positie.

3. Structuurfuncties van nucleonen, gemeten door verstrooiing aan

kernen, gepubliceerd zonder correcties voor fermi-beweging, kunnen

niet a posteriori gecorrigeerd worden zonder dat alle details van

het desbetreffende experiment in aanmerking worden genomen. Het

publiceren van correctie tabellen is daarom zinloos en werkt mis-

verstanden in de hand.

A. Bodek, T.L. Ritchie, Phys. Rev. D23 (1981) 1070.

4. Het element van de Kobayashi-Maskawa mengingsmatrix dat de overgana

beschrijft van vreemde naar gecharmeerde quarks is slecht bekend.

Daardoor is de absolute normalisatie van de hoeveelheid vreemde

quarks in het nuclaon. gemeten met qeladen stroom processen, onzeker.

S. Pakvasa, CERN-TH 3434.

5. Er is nog qeen overtuigende evidentie dat gluonium toestanden

(olueballs) zijn waargenomen in elektron positron botsingen.

6. De beste methode om evidentie te vinden voor het bestaan van nieuwe

deeltjes, die voorspeld worden door supersymmetrische theorieën, is

de detectie van enkele fotonen in elektron positron botsingen.



7. De duidelijk zichtbare "jet" topologieën in hoge-energie elektron

positron botsingen maken de studie van jet ontwikkelingen mogelijk.

Het meten van correlaties tussen ladinq, smaak en baryon getal, die

aangeven of het behoud van deze quantum qetallen globaal dan wel

lokaal is, is een gevoelige techniek om de productie mechanismen

van jets te testen.

8. Het presenteren van experimentele resultaten door het geven van een

eenzijtliq confidentiedomein moet vermeden worden, daar het onvoldoende

informatie geeft over de vorm van de verdeling. Ingeval er geen dubbel-

zijdig confidentiedomein of een centrale waarde gegeven kan worden.

omdat deze in een niet fysisch gebied liggen, dienen er twee domeinen

van verschillende confidentie te worden gegeven.

10. Lading gekoppelde beeld detectoren (C.C.D. imaging detectors) kunnen

toegapast worden als hoge resolutie vertex detectoren in experimenten

die gebruik maken van enkelmalig botsende bundels van elektronen en

positronen.

11. Voor het produceren van Bi'4Ge30i2 kristallen in voor deeltjesfysica

gewenste aantallen is de Bridgman methode een veelbelovend alternatief

ter vervanging van de gebruikelijke Czochralski methode.

12. fiezien het grote aantal instituten dat in de toekomst zal samenwerken

in de gemiddelde hoqe-energiefysica collaboratie is een uitgebreid

hoge-energiefysica datanetwerk wenselijk. Dit netwerk moet behalve

voor het uitwisselen van programma's en gegevens ook gebruikt kunnen

worden voor interactief terminal-computer verkeer met snelheden equi-

valent aan 4800 baud of hoger.

13. Indien met het invoeren van de Arabische cijfers ook de bijbehorende

notatierichting voor getallen was overgenomen zou de nummering van

bits in een computerwoord nu op een eenduidige wijze geschieden.


