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INTRODUCTION

In this thesis results of the analysis of neutrino interactions obtained with
the electronic detector of the CHARM (Amsterdam-CERN-Hamburg-Moscow-Rome M l )
collaboration are described. An experimental study of the structure of the
ueak neutral-current interaction and of the structure of nucleons will be re-
ported.

The detector was designed for the study of neutrino interactions at the
CERN (European Organization for Nuclear Research, Geneva, Switzerland) Super
Proton Synchrotron (SPS). The main design aim uas to optimize the detector
for the measurement of neutral-current interactions (muonless events), al-
though also charged-current interactions (events with a muon in the final
state) can be studied. The requirement of the measurement of the energy and
the direction of the energy-flow of hadronic showers led to the choice of mar-
ble as target material.

The neutrino is a point-like particle which has only weak interactions
and is therefore an extraordinary tool to study these interactions. In addi-
tion, the internal structure of nucleons can be studied with neutrino scatter-
ing experiments. The advantage of the use of neutrinos as probes is the sim-
ple form of the interaction and the large momentum transfers which can be ob-
tained. Furthermore, the use of weakly interacting probes makes it possible
to study the distribution of matter and antimatter in the nucleon separately.
The price one has to pay is the low cross-section of neutrinos.

High-energy accelerators have made the study of neutrino interactions
possible. The experimental verification of the muon-associated neutrino as a
second kind of neutrino in 1962 [2] and the discovery of the neutral-current
in 1973 131 were important results. The linear rise of the neutrino cross-
section made it possible to perform more quantitative measurements at the
higher-energy accelerators of FNAL (Fermi National Accelerator Laboratory, Ba-
tavia, USA) and CERN, providing neutrino beams of a few hundred GeV. Bubble
chambers (e.g. the Fermi lab 15 foot bubble chamber 14], and the Gargamelle
(GGM) {5] and BEBC (Big European Bubble Chamber) [6] bubble chambers at CERN)
have contributed a lot to the understanding of neutrino interactions. The in-
clusive character of the measurements opened the way for the large electronic
detectors of the CITF (California Institute of Technology-Fermi lab) [7] and
HPUF (Harvard-Pennsylvania-Wisconsin-Fermilab) 18J collaborations. The HPWF
and CITF experiments used a separate hadron calorimeter and muon spectrometer.

These first generation high-energy neutrino experiments have contributed
to the succes of the quark-parton model. The first experimental indication of
the existence of partons in the proton uas obtained by electron scattering ex-
periments at SLAC (Stanford Linear Accelerator Center, Stanford, USA) in 1966
(9). Further evidence strongly supporting the quark-parton model was provided
by the low-energy neutrino experiments at the CERN PS (Proton Synchrotron) in
the early 1970's. After the start of the operation of the neutrino beams at
the CERN SPS (Super Proton Synchrotron) in 1977 the high-statistics measure-
ments of the CDHS (CERN-Dortmund-Heidelberg-Saclay) 1101 collaboration were
reported in 1977 and subsequent years, where an electronic detector was used
which merged the functions of calorimeter and muon spectrometer into magne-
tized iron toroids.

Different experimental groups have made different choices of target mass
and measurement precision. On one side there are the bubble chambers with a
moderate mass, which can study exclusive properties of the interactions. On
the other side are the massive calorimeters which see less details, but pro-
vide high event rates. These massive counter experiments measure usually only



the hadronic energy and the kinematic variables of the outgoing muon in
charged-current interactions. In the experiment of the CHARM collaboration
described in this thesis a compromise is chosen between the two previously
mentioned types of experiments. Although in addition to the variables usually
measured by counter experiments also the direction of the hadronic energy-flow
is measured, still only inclusive studies are possible. The fine spatial re-
solution enables one to separate events induced by neutral-current and
charged-current processes on an event-by-event basis for a large kinematic re-
gion, larger than the region explored by iron calorimeters, but comparable to
the domain available to bubble chambers. As a consequence the target mass is
smaller than that of iron calorimeters, thus providing a lower event rate,
which is nevertheless still significantly higher than the event rates obtained
in bubble chambers.

The different characteristics of the various experiments are complementa-
ry to each other. Furthermore, the analysis is usually not straightforward,
and different groups choose different options. Results on the same issues are
obtained with completely different systematic uncertainties, which provide an
important check on the results.

The CHARM detector has already been used for a wide range of experimental
studies. Results on the inverse muon decay reaction [HI, the polarization of
muons produced in charged-current neutrino interactions [121 (a joint experi-
ment with the CDHS collaboration), prompt neutrino production in 400 GeV pro-
ton nucleus interactions I13J, neutral-current and charged-current neutrino
cross-sections (141, and y-distributions of neutral-current and charged-cur-
rent neutrino interactions [15] were already reported.

This thesis is organized as follows. ÏÏÏ chapter 1 an introduction to the
present theory of weak interactions is given, followed by an introduction to
the quark-parton model and its consequences for neutrino interactions. The
neutrino beam used in this experiment is described in chapter 2. Chapter 3
deals with the neutrino detector of the CHARM collaboration. In chapter A the
reconstruction program used in the analysis is described. Finally, in chapter
5 the results of the analysis are given. In this chapter results on total
cross-sections of both neutral-current and charged-current interactions of
neutrinos and antineutrinos and differential cross-sections of charged-current
interactions are given.



Chapter 1

THEORY

1.1 MEAK INTERACTIONS

1.1.1 Early theories of the ueak interaction

In the early 1970's the ueak interaction phenomena uere well described by the
V-A theory, or better its current x current generalization. In this theory,
the effective Lagrangian has the form

with the Fermi coupling constant G. The current J^(x) appearing in this equa-
tion is the sum of a leptonic and hadronic part both being of V-A structure:

j^ + s*sin8c1

in terms of the lepton fields \i, v„, e, vc and the quark fields u (up), d
(down) and s (strange). The rotation through the Cabibbo angle 8 C [16] in the
last term describes the concept that the quarks of the strong interaction are
not the eigen-states of the ueak interaction.

The Lagrangian., providing a good description of the data in louest order
calculations, gives divergent results in next to louest order diagrams, e.g.
in the case of the diagram in fig.Ka) contributing to the louest order dia-
gram in fig.Kb), the integral over the internal loop is divergent.

'e e

(a) (b)

Figure 1: Contributions to v«e -» v«e.

However, also the first order diagram in fig.Kb) yields on dimensional
grounds a cross-section a '« GZE2 which uill eventually violate unitarity at
centre-of-mass energies around 600 GeV.

In analogy to the theory of electromagnetic interactions, quantum elec-
trodynamics (QEO), uiere these effects are damped by the photon propagator,
one may introduce an intermediate charged vector boson: M. In order to yield
the same succesful lou-energy behaviour as the current x current theory this
intermediate boson has to be massive (say MM > 10 GeV). The lou-energy re-
sults are restored uith the definition of the dimensionless coupling constant,

- 1 -



(in the limit Q2 << M M
2 ) . The diagram of fig.Kb) is modified into the dia-

gram of fig.2 and its amplitude at high energies is damped by the boson propa-
gator.

Figure 2: The lowest order diagram of v»e •* v«e with boson propagator.

Houever, the analogy with QED is not complete; while the photon is massless,
the vector W-bosons have a large mass, and consequently a longitudinal polari-
zation mode. It is this longitudinal degree of freedom which causes diagrams
like the one shown in fig.3(a) to yield infinite amplitudes.

(b)

Figure 3: Possible contributions to the v«-v. cross-section.

One way of curing this problem is to add a neutral vector boson field 2Q.
With a suitable choice of the coupling constants, the graph of fig.3(b) can-
cels the divergences of the previous one. These coupling constants emerge
naturally in gauge theories like the Glashow-Salam-Weinberg model 117]. Some
properties of this model uill be discussed below in more detail.

1.1.2 GIM-mechanism

In the intermediate vector boson theory, the current

(1 • ys)»(d»cos8e + s«sinflc)

gives effective strangeness-changing neutral-currents, which are not observed
experimentally uith the expected strength. The decay K°i •* \i*V-~ would occur
through the diagram in fig.4(a) with rates comparable to the charged kaon de-
cay K •» U.V.



K° =

(b)

Figure 4: Contributions to K°i •» u*n".

It «as realized by Glashou, Iliopoulos, and Maiani [18], that the introduction
of a fourth quark, the charmed (c) quark, with charge +2/3 possessing a new
quantum number, would cure this problem (GIM-mechanism). In the example the
u-exchange line can then also be replaced by a c-exchange (fig.4(b)). With
properly chosen coupling constants this new diagram cancels the old one suffi-
ciently to explain the observed rates when the mass of the charmed quark is
not larger than a feu GeV. With the introduction of the fourth quark the weak
hadronic-current has two terms:

s*sinflc)

d»sin9c)
(1)

corresponding to two families of quarks, (u,d) and (s,c). The most important
term in the diagrams of fig.4 is the lowest order term, which is independent
of the quark masses. From the formulation of the hadronic-current in equation
(1) follows that the diagram with the u-exchange has a coefficient
cos9c*sin8e, whereas the c-exchange has a coefficient -sinOc»cos0c, thus can-
celling the u-exchange diagram. The next to lowest order term depends on the
masses and the experimentally observed depay rates are explained if the mass
difference of the charm and up-quark is not larger than a feu GeV.

1.1.3 The standard theory of electromagnetic and weak interactions

The standard Glashou-Salam-Meinberg [17] theory of electroueak interactions is
a gauge theory based on local gauge symmetries. The theory is renormalizable.
This means that, once a finite number of infinities having been absorbed in
suitably chosen physical constants, the calculation of physical processes
yields finite results. It was well known that gauge theories involving only
massless fields are renormalizable. It was shoun by 't Hooft [19], that also
gauge theories with massive fields can be renormalized if the masses are in-
troduced by a mechanism of spontaneous symmetry breaking.

The lepton part of the standard theory is based on the observations:

1. There are only left-handed charged leptonic-currents, uhich connect
e.g. the electron-type leptons only to each other, and not to the
muon-type or other leptons (separate lepton number conservation).

2. Electric charge is conserved.

These properties are obtained by the assignment of ueak-isospin, T and ueak-
hypercharge, Y. Using the electron-type leptons as an example:

A left-handed doublet, with ? = 1/2

- 3 -



r" «i
L = 1/2«(1 + y 5)

The third component T3 = +1/2 is assigned to the neutrino and T 3 = -1/2
to the electron.

A right-handed singlet, with T = 0.

R = 1/2*(1 - y5)«e

The hypercharge is determined by the electric charge, Q, and the relation

0. = T 3 + Y/2

A similar assignment holds for muon-type leptons. For simplicity the T-type
leptons are ignored here.

The quark sector is built in a similar way grouping u and d'-quarks and c
and s'-quarks in left-handed singlets u, d', c, s'. The quarks heavier than
charm are ignored here. The 6IM mechanism is incorporated in the model, and
ď and s' stand for the Cabibbo mixed states:

ď = d*ccs8c + S'sinOc

s' = s*cos8c - d*sinflc

where d and s denote the eigen-states of the strong interactions. The assign-
ment of quantum numbers is summarized in table 1.

The ueak-isospin and weak-hypercharge symmetries of the Lag rang i an cor-
respond to the composite gauge group

G = SU(2) x U(1)

To both symmetry groups correspond a vector boson field, with a different cou-
pling constant: g for the SU(2) group, and g' for U(1). Me have:

1. Three M-bosons corresponding to the SUÍ2) group. One of them is neu-
tral, the other two are charged.

2. One B°-boson corresponding to the U(1) group.

The neutral M mixes with the B-field and yields two orthogonal states. One
state is massless and is identified with the photon. The other is a heavy
neutral particle responsible for the weak neutral-current interaction. The
coupling constants corresponding to these fields are also combinations of the
two different constants of the two groups.

The physical intermediate vector bosons in the theory are:

2 massive charged bosons, U* and W~,

1 massive neutral boson, Z°, and

1 massless neutral boson, the photon.

The interaction Lagrang j an is a sum of the usual weak charged-current interac-
tion, the electromagnetic interaction and the weak neutral-current interac-
tion:

^-interaction = Lee * L««» • Lne

- A -



Tlie coupling constants of these interactions are given below.

1. The charged-current couples with the constant g of the SU(2) group and
is left-handed. The V-A theory is restored in the low-energy limit
with the following relation between the Fermi constant, G, and the 14-
mass, Mw,

G/\/2 = g2 / 8MM
2 J G = (1.16632 ± 0.00004) 10"5 G e V 2

2. The electromagnetic interaction is a pure vector interaction. The usu-
al electromagnetic interaction is restored by the relation:

e = g g ' / \ / < g 2 + g ' 2 > J e 2 = 4na = 4 t r / ( 137 .03604 ± 0 . 0 0 0 1 1 )

Hence the two coupling constants are constrained by this relation and
there is only one free parameter left. Commonly this parameter is the
electroueak mixing angle, 9, defined by

tanfi = g' / g

In terms of this parameter the electron charge is

e = g «sinO = g'*cosO

3. The weak neutral-current interaction is a mixture of left-handed and
right-handed currents. The couplings are usually given relative to the
charged-current coupling, and are determined by the ueak-isospin and
charge quantum numbers. The left-handed and right-handed coupling con-
stants are:

«1 = T3 - Q*sin28

€ r = - Q*sin28

In table 1 these chiral coupling constants are worked out for the ele-
mentary fermions. In the following the notation ui and u r will be used
for the left-handed and right-handed coupling constants of the up-
quark, and similarly di and dr for the down-quark.

TABLE 1
Chiral coupling constants predicted in the standard theory.

left-handed right-handed

Q T3 «i T3 €,.

ve, Uu O 1/2 1/2
e, u -1 -1/2 -1/2+sin29 0 sin28
u, c 2/3 1/2 1/2-2/3«sin2e 0 -2/3*sin28
d, s -1/3 -1/2 -1/2+1/3«sin2e 0 1/3«sin28

The masses of the heavy bosons are predicted in the theory; neglecting radia-
tive corrections one finds

[ t/2'e2 -j 1
—

An J ai

37.3 GeV

8G J sinO sinO

- 5 -



'f-

M w 37.3 GeV

cosO sin9*cos8

1.1.4 Measurement of sin2Q in inclusive neutrino interactions

The standard model of ueak interactions contains only one free parameter:
sinz8. This parameter can be measured in neutrino experiments. In addition,
tests of the validity of the model can be made. These measurements are based
on the determination of total cross-factions for charged-current and neutral-
current processes in both neutrino and antineutrino interactions [20]. Me use
the definitions:

<r(vN -» vX)
R =

ffívN -> M.-X)

•* vX)
R =

a(vN -• (i*X)
r =

a(vN -• u"X)

There are several ways to extract sin28 from a measurement of R, Ŕ and r, a
model-independent method, in uhich R, Ŕ* and r are used, and a model-dependent
method, uhere the measurement of r is not needed. Both methods uill be de-
scribed belou.

The model-dependent determination
In this method a value of R and R is predicted for different values of sin20,
and compared with the measurements. An additional model of the differential
cross-section is needed to predict the values of R and Ŕ for a fixea value of
sin28. For this purpose a model based on the quark-parton model [21] uill be
used. The cross-sections are integrated over the beam-spectrum, taking the
experimental cuts into account.

The charged-current (CO cross-sections are independent of sin20. The
neutral-current (NO cross-sections are calculated for different values of the
parameter. The various cross-sections are calculated uithin the frame-uork of
the quark-parton model uith quantum chromodynamic corrections included.

In this model, the total cross-sections of interest are incoherent sums
of the cross-sections of the constituent quarks. The quark momentum distribu-
tion functions are parametrized following Buras and Gaemers [22], slightly
modified by Kim et al. [231. This parametrization uill be described in more
detail in a following section. These functions describe the quark-structure
of the nucleon as seen at different four-momentum transfers. The free parame-
ters of the model of nucleon structure are adjusted to fit the available data
on structure functions obtained in charged-current neutrino interactions and
electron-proton and muon-proton interactions.

The uncertainties of the parametrization of the structure functions in-
troduce an uncertainty in the determination of sin20. Kim et al. estimate an
uncertainty of 0.009 on the value of sinz0 introduced by these model uncer-
tainties.

- 6 -



The model-independent determination
In this method a suitable combination of the total cross-sections is used, in
which model-dependent corrections are kept small. In return the measurement
of r is needed in addition to R and R. It was first noticed by Paschos and
Wolfenstein (24] that for targets which can be considered as having icospin
zero the following general result holds:

<T(V •+ v) - <x(v •• v)

= ',/2 - sin28 C)

This relation follows from general isospin arguments and holds for the differ-
ential cross-sections as well. It is therefore possible to apply cuts in the
data, provided the same cuts are taken in the numerator and the denominator.
The equation is valid in the presence of scaling violations, provided the ex-
perimental beam spectra are the same for neutrinos and antineutrinos. This
condition is usually not satisfied in the experiments. The equation is not
strictly valid due to the kinematic suppression of charmed and even strange
quarks. These threshold effects play a role to the extent that the neutrino
and antineutrino beam spectra are different.

The uncertainty introduced by these effects can be estimated with the use
of the parametrization of the structure functions of Kim et al. [23] intro-
duced above. We estimate an uncertainty of 0.008 on the value of sinz0, in
agreement with the calculations of Paschos [25].

1.1.5 Tests of the theory

The particular choice made in the Glashou-Salam-Weinberg model for the mecha-
nism of symmetry breaking fixes the mass relation

M* = Mw / cos9

This is equivalent to the statement that neutral and charged-currents have
equal strength. In the more general case, going beyond the Glashou-Salam-
Weinberg model, the relative strength of NC and CC interactions is given by an
additional free parameter, p, which is defined by

p =
Mz'cosO

This parameter is equal to one in the standard theory.
In a quark-parton like model, uith vanishing Cabibbo angle (neglecting

the strange and charmed sea) the relations

R - r2»Ŕ
gi 2 = p 2«(ui 2 + di 2) = (3)

1 - r2

K - R
g r

2 - p 2»(u P

2 + d P

2 ) = (4)
(1/r) - r

hold for the left-handed and right-handed neutral-current coupling constants.
Here ui, di (ur, d r) are the left(right)-handed coupling constants of the up
and down-quark, given for the standard model in table 1.

- 7 -



These equations are only valid for the total inelastic cross-section
ratios. Hence the ratios appearing in these equations must be corrected for
experimental cuts. In addition, a correction has to be made for the contribu-
tion of the strange and charmed quarks to the cross-section.

The equations (3) and (4) are readily derived with the use of the quark-
parton model. A justification of the notations Will be given in a following
section. With the assumption that only up and down quarks contribute, ue can
write for the isoscalar cross-sections

ff(v -» ji") = A • (q + q/3)
O(V •• Ji*) = A • (q + q/3)
a(v -• v) = A • (gi2'(q+q/3) + g r

2 • tq+q/3))
OÍV -» v) = A • ígr

2«(q+q/3) + gi2'(q+q/3)>

in which q is the quark content and q the antiquark content of the nucleon,
and A is a single constant. The factors 1/3 follow from general helicity ar-
guments, and the assumption that only V and A currents contribute. Thus the
neutral-current cross-sections can be written in terms of the charged-current
cross-sections and the coupling constants:

a(v •* v ) = g i 2 * o ( v •» n") + g P
2 « a ( v -» u.*)

or(.v •+ v ) = g r
2 * o ( v •* p.") + g i 2 » o ( v •• \i*)

Uith these simple expressions ue find the following relations for the neutral
to charged-current cress-section ratios in terms of the coupling constants and
the charged-current cross-section ratio r:

R = gi 2 + g r
2 • r

R = g i2 + gr2 . (1/r)

Solving this equations for gi 2 and g r
2 yields equations (3) and (4). Uith the

following relations for the coupling constants, which follow from table 1:

U12 + d l 2 = ( 1 / 2 ) - S i n 2 8 + (5/g).Sin««ö (5)

u r
2 + d r

2 = (5/9)«sin'te (6)

and p - 1 for the Glashow-Salam-Weinberg model, the Paschos-Wolfenstein rela-
tion (2) is obtained for the total cross-sections.

Unlike the measurement of sin28, which is a free parameter of theory, a
measurement of p tests the theory, p and sin20 can be extracted separately
from the data. They can be written in terms of gi and g r:

p = i/((9/5) • g r
2) + V<2«gi2 - (1/5) • g P

2) (7)

r r1

sin2e = 1 + ̂ |^^ + (10/9) • l(gi/gP) - 1J> (6)

which follows from equations (3), (4), (5), and (6).

1.2 DEEP INELASTIC NEUTRINO NUCLEON SCATTERING

1.2.1 Notation

The notation used for the kinematics of the inclusive charged-current neutrino
nucleon reaction

v + N •* u, + X

- S -



is most easily g i v e n with the use of fig.5. X stands for any hadronic final
state.

W

(a) ( b )

Diagram Laboratory frame

Figure 5: Diagram (a) of the neutrino-nucleon interaction, and (b) the
interaction in the laboratory system.

The definitions used in the following are:

k, k' four-momenta of neutrino and muon.
p, p' four-momenta of incoming nucleon and the outgoing

hadronic final state,
k-k' four-momentum transfer.
E neutrino energy in the laboratory frame.
Efi muon energy in the laboratory frame.
M rest mass of the nucleon.
Eh*0* total energy of hadronic final state in the

laboratory system.
8 angle of muon with respect to neutrino direction in the

laboratory system.
Qz = -(k-k')2 * 2E«En«(1-cose>:

the second equality holds for a negligible muon mass.
V = p«q/M = E - Ej» = Eh i o i - M
W2 = (p+q)2 = M2 + 2Mv - Q2 s

the squared invariant mass of the hadronic final state.

Tuo dimensionless variables, usually called scaling variables, are:

x = Q2/2Mv
y = v/ï.

The hadronic energy measured uith calorimetric techniques is more closely re-
lated to v than to Eh*ot = v * M. In the following ue use the experimental-
ists' jargon and define

Eh • v

Three variables are sufficient to describe the interaction; ue will use most
frequently E, x, y. However, sometimes the physics will be more transparent
uith the use of E, Q2 and v.

1.2.2 Kinematic domain

The kinematic region probed in neutrino experiments is limited by the maximum
neutrino energy, EMax, available. This is shown in the Q2-v plot of fig.6(a).
The physical region is given by the requirements:
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1. x S 1 or M2 2 M2 giving the condition Q2 í 2Mv (contour a).

2. |i-cos9| Í 1 giving the condition Q2 í Em,x*(En»x-v) (contour b)
v < Em«x - Q

2/2Em„xr and

3. Q2 > 0.

The contour U2 = M2 (or x=1) corresponds to elastic scattering. The inelastic
domain is bound by contour a' corresponding to W2 = (M+MJJ)2, where Mn is the
pion mass. Contours a' and b can only be drawn for a fixed neutrino energy.
For the sake of visibility an energy of 20 GeV is chosen.to draw the curves in
fig.6. In the experiment described in this thesis the maximum neutrino energy
is 200 GeV. In the variables x and y these conditions translate to

0 < x í 1

and

0 < y í

as shown in fig.6(b). The corresponding contours have corresponding labels in
fig.6(a) and 6(b). In practice, the region explored by an experiment is
smaller due to acceptance problems near kinematical boundaries.

MAX

Figure 6: Kinematic domain of neutrino-nucleon scattering, (a) Q2-v plot, (b)
x-y plot. For explanation see text.

1.2.3 Inclusive cross-section

The double-differential neutrino nucleon inclusive charged-current cross-sec-
tion, can be written [26]:

d2a
=

dxdy

G2ME

ÏÏ •[ •( Mxy
1-y

2E
± xF3«y(1-y/2)

J
(9)

for a V-A interaction and a large intermediate boson mass, such that the ener-
gy in the centre-of-mass system is small compared to the intermediate boson
mass. The structure functions F describe the hadron structure and are a
priori different for each process giving in total 12 functions for vn, vp, vn,
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vp scattering. The structure functions depend in general on x and Qz ~ 2finxy
(or Q2 and v). The third function F3 contains V,A interference, and its con-
tribution changes sign going from a neutrino beam to an antineutrino beam.
The plus sign holds for neutrinos, and the minus sign for antineutrinos. The
factor outside the brackets contains a linear dependence on the centre-of-mass
energy squared: 2ME. An additional energy-dependence (implied by the
Q2-dependence of the structure functions) can modify the linear energy-depen-
dence of the cross-sections suggested by this factor.

In the following ue shall limit ourselves to isoscalar targets, i.e. tar-
gets containing equal numbers of neutrons and protons. The 12 functions re-
duce then to six average functions:

p.isoscalar = (p.proton 4 p.neutron)/2

The target material used in this experiment, marble (CaC03), is isoscalar.

1.3 QUARK-PARTON MODEL

1.3.1 Assumptions

The first experimental indication of the existence of point-like particles in-
side the nucleon uas provided by electron scattering experiments performed at
SLAC in 1968 (9]. The quark-parton model identifies the quarks introduced as
a mathematical tool to describe the properties of hadrons (Spectroscopy, se-
lection rules) 127] with the parton as seen by the electron scattering experi-
ments.

Th<? quark-parton model (QPM) is the subnuclear analogue of the impulse
approximation in nuclear physics. The basic assumptions of the QPM are:

1. Hadrons are a collection of point-like partons.

2. Partons behave as if they are free during the interaction with the cur-
rent; the cross-section is an incoherent sum of single parton contribu-
tions.

3. Interactions between partons, at a different time scale, confine par-
tons inside the hadrons.

4. Partons carry the quantum numbers of quarks.

5. The parton masses are negligible.

The quark-parton model uas not based on any theoretical justification, the
only justification being the good description of the experimental data.

1.3.2 Scaling

Scaling as suggested by Bjorken [28], can be derived without the use of a par-
ton model, in fact it can be derived by dimensional analysis alone. The scal-
ing hypothesis states that in the limit Q2 -> M and v •* « (keeping the ratio of
Q2 and v, and thus x constant) the structure functions depend on one dimen-
sionless variable, x, proportional to the ratio of Q2 and v, only. Another
uay of formulating scaling is that the interaction occurs among point-like
particles. In order to obtain the scaling limit, the values of Q2 and v have
to be large compared to any mass-scale involved.

Neglecting Mxy/E, the double-differential cross-section equation (9) can
be written in this limit:
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d2a G2ME r -,
= • F2(x)«(1-y) • Fi(x)*xy

2 ± xF3(x)«y(1-y/2) (10)
dxdy v *• •*

Six isoscalar structure functions, three for neutrino interactions and three
for antineutrino interactions, are needed to describe the isoscalar cross-sec-
tions. This formulation of the cross-section shows the most important conse-
quences in a transparent way.

1. The factor in square brackets has no explicit or implicit E-dependence;
the cross-section rises linearly with the neutrino energy.

2. The y-distributions are described by second order polynomials in y, and
do not change with neutrino energy. The structure functions are only
weight factors of the terms of the polynomial.

Experimentally it has been discovered that the structure functions scale for
Q2-values as low as a few GeV2. The fact that this occurs for Q2-ranges close
to the nucleon mass is surprising and is called precocious scaling.

1.3.3 Interpretation of the x-variable in the QPH

The scaling variable x introduced by Bjorken has a simple interpretation in
the quark-parton model. With the assumptions that the partons interact as
free particles and their mass is negligible, one can derive a simple interpre-
tation of x.

Figure 7: Current-quark interaction.

Let p be the nucleon momentum, £ the fraction of the momentum carried by
the parton, and q the momentum transfer by the current, then (see fig.7) writ-
ing the masses of the incoming and outgoing partons as mi and mf respectively;

m 5
z = f2p2

mf2 = (£p + q ) 2

With both masses equal and negligible with respect to p, one obtains:

* =

With this interpretation the structure functions are quark-momentum distribu-
tion functions in the nucleon. The scaling property of the structure func-
tions states nou that for sufficiently large Q2, such that the nucleon does
not interact coherently, the structure of nucleons probed at different Q2 is
the same for constant x.
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1.3.4 Cal Ian-Gross relation

For spin 1/2 partons (quarks), with negligible transverse momentum, the Cal-
lan-Gross relation [29] holds:

F2(x) - 2xF1(x) (11)

The relation corresponds to a vanishing contribution of the scalar W-absorp-
tion cross-section, compared to the right and left-handed cross-sections. As-
suming the validity of the Cal Ian-Gross relation the double differential in-
clusive cross-section (10) simplifies to

G2ME 1 r

TT 2 L

d2ff G2ME
± xF3(x)'{1-(1-y)

2) | (12)
dxdy

The y-dependence contains only terms proportional to a constant and a (1-y)2

distribution:

d2o G2ME 1 r i
= •—I ÍF2(x)±xF3(x)} + (1-y)

2«{F2(x)+xF3(x)> (13)
dxdy n 2 L J

With this relation betueen Fi and F2 ue are left uith four independent struc-
ture functions, two for neutrino (F2,Fa) and two for antineutrino (F2',F3')
interactions. A violation of the Callan-Gross relation i.e.

F2(x) -
R(x) = * O

F2(x)

adds an extra term inside the square brackets of the form:

R(x)

2

and provides a way to check the assumptions made.

1.3.5 Interpretation of v-distributions

In the quark-parton picture the basic interaction is the interaction of the
neutrino uith the constituent quarks. In a V-A theory of the ueak-currents
the y-dependence of the interaction takes the simple form:

do
—(vq and vq") * 1
dy

for neutrino-quark and antineutrino-antiquark interactions corresponding to an
isotropic distribution in the centre-of-mass frame. The interaction of anti-
neutrinos uith quarks or neutrinos uith antiquarks takes the form:

da
—(vq and vq") * (1-y)2

dy

corresponding to a suppression for ISO degrees scattering in the centre-of-
mass system. This behaviour follows simply from the spin-dependence of the
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interaction, and is the same as for neutrino-electron and antineutrino-
electron scattering. The spin-dependence of the interaction is given by angu-
lar momentum conservation and the fact that both V and A currents conserve
helicity.

We write q(x)/x and q(x)/x for the probability of finding a quark and an
antiquark in a nucleon at a given x. With this notation q(x) and q(x) are the
momentum distribution functions of quarks and antiquarks in the nucleon. The
cross-sections are proportional to the probability of finding a quark or anti-
quark at a given x, and to the point-like neutrino-quark cross-section. The
point-like cross-section is proportional to the centre-of-mass energy squared
of the neutrino-quark system, 2ME«x. In this expression V2ME is the centre-
of-mass energy in the neutrino-nucleon system. The factor x enters because x
is the fraction of the momentum of the nucleon carried by the struck quark.
The neutrino-nucleon cross-section is then proportional to the momentum dis-
tribution functions q(x). Me obtain for an isoscalar target:

2ME«iq(x) + (
dxdy

d2a(vN)

dxdy
2ME«{q'(x)«(t-y>2

The distributions q(x) and q'(x), as probed by neutrinos and antineutrinos re-
spectively, may be different. Neutrinos and antineutrinos probe the amount of
quarks and antiquarks in a nuclebn separately.

From this formulation of the cross-sections and equation (13) the rela-
tion betueen the quark-momentum distribution functions q(x) and q(x) and the
structure functions becomes transparent:

F2(x) = q(x) + q(x)
(15)

= q(x) - q(x)

for neutrinos and similarly for antineutrinos:

F2'(x) = q'(x) + q'(x)
(16)

XF3'(X) = q'(x) - q'(x)

As the quark and antiquark-momentum distribution may be different as probed by
neutrinos and antineutrinos, the structure functions can also be different.

1.3.6 Valence and sea-quarks

In the static quark picture of hadron structure, the quantum numbers of bary-
ons are carried by three quarks (introduced to explain the observed selection
rules and mass spectra).

Analogous to the valence electrons of atoms, these quarks are usually re-
ferred to as "valence-quarks". In the same picture these valence-quarks are
surrounded by a cloud of "sea-quarks".

This sea of quarks is created in a similar way to the electron-positron
cloud of a charged particle in quantum electrodynamics (QEO). The presence of
gluon fields mediating the force betueen quarks gives rise to the production
of quark-antiquark pairs and their subsequent annihilation. This process is
analogous to vacuum polarization in QED, and yields a sea with equal contribu-
tions of quarks and antiquarks.
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Me introduce the notation qa(x) and qv(x) for the momentum-distribution
of sea and valence-quarks respectively, and q\<x> and q*v(x) for the antiquark
distributions. The quantum numbers of nucleons are carried only by quarks,
hence for a nucleon

qv(x) * 0

qv<x) = 0

and for the sea

q»(x) = qs(x)

With the relations:

q(x) = qv(x)

q(x) =

and equations (15) and (16), simple interpretations are obtained for the
structure functions

F2(x) = qv(x) + 2qs(x)

= qv(x)
(17)

1.3.7 Relation of cross-sections in the auark-parton model

In the QPM, the inclusive neutrino cross-sections can be written as the sum of
contributions of different quark flavours

o = 1\ <M ; i = u, d, s, c

where we limit ourselves to a system of four quark flavours. The neutrino-
quark cross-sections factorize in a product of the point-like cross-section
proportional to the centre-of-mass energy squared in the neutrino-quark system
(see section 1.3.5), 2ME*x, which gives a cross-section proportional to

G2ME

and the probability of finding a quark of that flavour at a given x in the nu-
cleon, q;(x)/x.

TABLE 2
GIM structure of charged-current neutrino-quark interactions.

vd •* u~(cos20c*u • sin
20i.*c)

vs •• a~(cos28>.»c • sin2Be*u)
vff -> |i~(cos2ec*3 + sin

28e*i> •
vc •* u~(cos20^«s + sin29^»H) •

vu -» p.*(cos2Se*d + sin
2ee*s)

ffc -» u.+ (cos2fl».«s • sin2fl«.«d)
uf(cos29e*u"

(1-y)2

55 •* u.*(cos2B..«5 • sin28c*ü)
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The quarks appearing in the charged-current cross-sections correspond to
the GIM-currents of the electroweak Lag rang i an introduced in section 1.1.2.
The contributions of the various quark flavours to charged-current interac-
tions are summarized in table 2. The contributions to the cross-sections fol-
low from the fact that a W*-exchange raises the quark charge by one unit and a
«"-exchange lowers it by the same amount. Contributions involving charm-
quarks are underlined in the table. The structure functions are composed of
all possible contributions of the different quark flavours. Two approxima-
tions will be given, one far above the charm threshold, such that kinematic
suppression of charm production can be neglected, and one below charm thres-
hold, such that no charm production is considered. The isoscalar structure
functions are averages of neutron and proton structure functions. Far above
threshold we first write the proton and neutron contribution separately:

= 2x«(dP(x) +

F2(vn) = 2x»íd
n(x) + ü"(x) + sn(x) + cn(x)>

F2(vp) - 2x»tu
p(x) + 3p(x) + sp(x) + cp(x)>

F2(vn) = 2x»(u
n(x) + an(x) + s"(x) + c"Cx)l

xF3(vn) = 2x«{d"(x) - ïï"(x) + s
n(x) - ên(x)}

(18)

xF3(vp) = 2x»luP(x) - 9>(x) - 5P(x) +

xF3(vn) = 2x«{u
n(x) - Hn(x) - In(x) +

The factor two enters because both V and A currents contribute. In contrast
to the definition of q(x), which is a momentum distribution function, the
flavour probability function up(x) is defined as the probability of finding a
u-quark in a proton at a given x, and similarly öpCx) for anti u-quarks. The
momentum distribution function is then written x*up. The definitions of
dP(3p), s p(I p), cp(5p) are analogous for the d, s and c-quarks. Similarly, u n

denotes the probability function of finding a u-quark in a neutron. The plus
and minus signs in equation (18) follow from equation (15) and (16). We have
explicitly ignored any Q2-dependence of the quark-probability function?. The
quark probability functions for neutrons and protons are related by isospin
symmetry. In the following we use the definitions:

u(x) = uP(x) = d"(x)

d(x) = dP(x) = u"(x)

s(x) = sP(x) = sn(x)

c(x) = c"(x) = cn(x)

with these definitions the isoscalar structure function are written:

F2(vN) * x'iu(x) + d(x) + u(x) • H(x) + 2s(x) + 2c(x))

F2(vN) a x»(u(x) + d(x) • ïï(x) • B(x) + 2l(x) + 2c(x)}

xF3(vN) a x'iu(x) + d(x) - u(x) - 3(x) + 2s(x) - 2c(x)}

xF3(vN) a x*(u(x) + d(x) - u(x) - ?(x) - 2i(x) + 2c(x))

(19)

- 16 -



Nith the definitions of the probability functions given above the
following sum rules hold:

(20)

o/ - 0(x)ldx = 2

o/'id(x) - 3(x)}dx = 1

o/Usix) - §(x))dx " 0

o/'tcix) - E(x))dx = 0

These rules mean nothing more than that the proton contains three valence-
quarks, tuo u and one d, and that the proton has neither strangeness nor
charm.

With the assumption of SU(4) symmetry of quark flavours, expected to be
valid at infinite energies, and remembering that u and d-quarks are the va-
lence-quarks of nucleons we write

0(x) = o*(x) = s(x) = c(x) = S(x) = ?S(x)

With these relations we obtain the important result that the structure func-
tions F2 and xFs as seen by neutrinos and antineutrinos are the same:

p.neutrino(x) ~ p.antineufrino(x)

xp 3neutrino( x ) = xp3»ntineutrino(x)

(2IÍ

In this case the structure functions can be obtained by simply adding and sub-
tracting the neutrino and antineutrino x-distributions. From equation (12)
follou

d a ( v N ) d a ( v N )
+

4G2ľ1E
•F2(x) (22)

dx dx 3?r

da(vN) do(vN) 2G2ME
• • x F 3 ( x ) (23)

dx dx 3tt

However, when the neutrino energy is not sufficiently high the mass of the
charmed quark cannot be ignored (the effective mass is estimated to be
-1.5 GeV). Working below charm threshold the s-coupling will be Cabibbo sup-
pressed, also the coupling with the d-quark will be slightly modified. Me
easily read off from table 2, suppressing the processes including charm, that
the structure functions for protons and neutrons separately are obtained from
equation (18) with the substitution

u ' ( x ) -» u ' ( x )

d'Cx) -• c

s'(x) •+ sin 2 8 c *s'(x)

c'(x) •* 0

where i stands for n,p separately. Similar substitutions hold for the anti-
quark distributions. Using these substitutions and averaging over protons and
reutrons the following expressions for the structure functions below charm
threshold are obtained:
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F2(vN) e x«{(u+d)»cos28c + 2s»sin2Oc •

F2(vN) a x«Uu+d) + 2š«sin20c + (ü+ET) •cos29c}
(24)

xF3(vN) = x«{(u+d)'cos29c + 2s»sin29c - (ö+ïï)}

xF3(vN) = x«Uu+d) - 2š«sin20c - (ü+3) •cos29c>

For a zero Cabibbo angle the result of equation (21) is reproduced, and for a
non-zero angle the differences are non-zero:

F2(vN) - F2(vN) = sin
29c»(ü" • ï - u - d)

(25)
xF3(vN) - xF3(vN) = sin

29c«(4s - u - d - ú - H )

The structure functions F2 and xF3(x) are different for neutrino and antineu-
trino processes, and in the analysis a correction has to be made when they are
obtained by adding and subtracting the neutrino and antineutrino differential
cross-sections.

The structure function of the s-quark can be obtained independently from
dimuon events. The first observation of dimuon events was reported by the
HPUF collaboration [30] and soon confirmed by the CITF collaboration [31].
Dimuon events are attributed to the decay of charmed particles into a muon and
a neutrino; the production of charm-quarks off strange-quarks is favoured by
the Cabibbo factor cos29c = 0.95 for this reaction rather than the factor
sin26c = 0.05 for the production off doun-quarks (see also table 2). The con-
tribution to the total cross-section can also be obtained by a comparison of
neutrino and antineutrino y-distributions (see section 1.3.9), and is of the
order of *55i.

In this experiment the energy-range is such that the situation is expect-
ed to be between the two approximations given above. Most of the momentum
transfers are above charm threshold, but are not sufficiently high to justify
the approximation of SU(4) symmetry.

1.3.8 Gross-Lleuellyn-Smith sum rule

The normalizations for the valence-quarks (equation (20)) and the forms ob-
tained for the structure function xF3 suggest the Gross-Lleuellyn-Smith sum
rule [32]:

o/'F3(x)dx = 3

just counting the number of valence-quarks in the nucleon. This equation is
expected to be exact in the case of SU(4) symmetry, or in the three-quark
SU(3) case for vanishing Cabibbo angle.

1.3.9 The shape parameter of the v-distribution

The y-dependence in the double-differential cross-section can reveal the frac-
tion of the momentum of the nucleon carried by antiquarks, and can give infor-
mation on the strange-quark content.

Substituting the formulation of the structure functions of equation (19)
in terms of the flavour probability functions into the double-differential
cross-section (13) and integrating over x yields:
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davvN)

= A»{(1-«) + a(1-y)2}

(26)

da(vN)
dy

with the assumption of charge symmetry:

da(vN)

dy

da(vN)

y=0 dy
(27)

y=0

which enables us to use a single normalization constant A. Ue have defined
the shape parameter of the y-distributions:

/x«{u(x) + cT(x) + 2c(x)}dx
o =

/x» (u + d + ü + H" + 2s + 2č")dx
(28)

/x«íu"(x) + STíx) • 2š(x))dx
« =

Jx*(u + d + ü + ČT + 2š"+ 2c)dx

Uith the usual assumptions we can equate both denominators and ue obtain the
difference in the shape parameters of the neutrino and antineutrino y-distri-
butions:

- c(x)}dx
ä - a = (29)

ƒ x • (u+d+u+čľ+s+i+c+c*)dx

For a vanishing contribution of the charmed quark ue can determine the frac-
tional momentum carried by the strange-quark in the nucleon.

The assumption of charge symmetry (equation (27)) can be tested by com-
paring the experimentally observed cross-sections do/dy for neutrinos and an-
tineutrinos at y = 0. From equation (12) it follows that only Fj contributes
at y = 0; the contribution of xFs vanishes at y = 0. From the QPM formulation
of Fz one can directly obtain the expected value of da/dy at y = 0. From
equation (21) one reads off that charge symmetry is expected to be exact for
an SU(4) symmetric model. In the SU(3) symmetric model it is only exact for a
vanishing Cabibbo angle (see equation (25)). From the difference of F2 for
neutrinos and antineutrinos compared to the average F2 (equation (24)), one
expects that dtr/dy at y = 0 is of the order of a feu percent higher for anti-
neutrinos compared to neutrinos (uith sin z8 c = 0.05, o * 5 * 0.15).

1.3.10 Total cross-sections

The measurement of total cross-sections of neutrino and antineutrino interac-
tions can provide information on:

1. The relative momentum fraction carried by antiquarks in the nucleon.

2. The relative momentum carried by partons, which do not couple to the
ueak interaction.
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In the approximation of no strange and charmed sea-distributions, we obtain,
by integrating the double-differential cross-section and inserting the quark-
parton interpretation of the structure functions (equations (IS) and (16)),
for the cross-section ratio:

<i(v •• |i*) q + q/3
r = = (30)

<T(V -» n") q + q/3

in which the quark and antiquark contributions are defined:

q = /x(u(x) + d(x))dx

q = /xiü(x) • ö'(x)}dx

We see immediately:

1/3 i r í 3

where the lower limit is reached for vanishing antiquark contribution and the
upper limit for vanishing quark contribution. The relative contribution of
antiquarks in the nucleon can be obtained by rearranging equation (30) and
reads in terms of r:

(31)

The sum of the two charged-current total cross-sections gives the momen-
tum sum rule (see equation (22)):

3TI

•{(itvN+ii-X) + a(vN-»|i+X)} = 0/
1F2(x)dx (32)

4G2ME

and is interpreted in the QPM as the total momentum fraction of the nucleon
carried by the quarks. The difference from one of this quantity measures the
momentum fraction carried by other partons, which do not couple to weak and
electromagnetic interactions. The observed non-saturation of the momentum sum
rule (equation (32)) shows that around one half of the momentum of nucleons is
carried by partons not coupling to electromagnetic and weak interactions.
These other partons can be identified with the bosons mediating the force be-
tween quarks, the gluons.

1.3.11 Relation to electron-deuteron scattering

With the use of the QPM, the structure function F2 obtained in electron scat-
tering experiments is related to Fz obtained in neutrino experiments.

The electromagnetic interaction is parity conserving, and cannot see the
difference between quarks and antiquarks, hence the cross-section does not
contain the Fa structure function, which is a result of V and A interference
for neutrino scattering.

The electromagnetic-current couples to the charges of the partons. T«he
quark-parton interpretation of the electromagnetic structure function F2 below
charm threshold for an isoscalar target, say deuterium, is then:

F2(eN) = (1/2)«x«[(5/9)'{u(x) + u(x) + d(x) + H(x)} • (2/9)*Cs(x)
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The coefficient (5/9) is obtained by adding the squared charges of the u and
d-quark. The coefficient (2/9) is twice the squared charge of the s-quark.
The overall coefficient (1/2) enters due to the averaging over protons and
neutrons. The normalizations defined in equations (20) are used here. The
weak-current has V and A parts of equal strength, which gives a factor 2 in
the cross-section (section 1.3.7), whereas the electromagnetic-current is only
a vector.

With the simplification 8 C
 s 0 in equation (24) for the neutrino struc-

ture functions and the usual assumption of isospin symmetry, the ratio of the
electromagnetic and weak structure function for isoscalar targets is:

F2(eN) (5/9)«iu+ü*d+a} • (2/9)•{s+Sl 5

F2(vN) 2»tu + ü • d + Si 18

The limiting case 5/18 is reached for vanishing strange-quark contributions.
The experimental verification of this ratio is an important check of the

basic ideas underlying the QPM. The comparison 133) shows agreement with the
factor 5/18 and therefore supports the quark-quantum numbers.

1.3.12 Scale breaking

The property of scaling of the structure functions was derived under the as-
sumption of the absence of any mass-scale comparable to the momentum transfer
involved. Me have already seen that the non-negligible mass of the charm-
quark may play a role for the structure functions.

Upon crossing the charm threshold new channels open up and a change of
the structure functions may be expected, corresponding to an SU(4) symmetry
far above threshold. The effects of non-negligible masses involved in the
process can be represented by a modification of the scaling variable.

Georgi and Politzer (341 have derived such a modified scaling parameter,
f, which takes all mass effects into account. Scaling in terms of f holds
when the coupling constant is small, but is independent of mass effects. The
modified parameter is:

Q'2 2

t = . (33)

where

2Q'2 = Q2 + mi2 - m?2 + i/tQ* • 2Q2*("f2 • »i2) • (»f2 - mi2)2)

in which:

mj mass of the initial state quark,
ittf mass of the final statt quark.

The variable { has a simple parton-model interpretation when the struck quark
is light. In this limit equation (33) reduces to

Q2 * mf2

which is the solution of the constraint that the produced parton is on its
mass shell:

(fp • qï2 = ntf2
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(f is here the fraction of the nucleon momentum carried by the parton.) For
negligible quark masses this reduces to the Nachtmann (35) variable, describ-
ing target mass effects only:

Q2

f =
M'tv + \/(v2+Q2)}

; Q2 >> mi2, (34)

and is only considerably different from x at large x. This form reduces only
for small x to the Bjorken scaling variable:

Q2

x = ; v2 Q2

2 Mv
m; 2, mf 2

An other approximation holds for the threshold region of a heavy quark flavour
with mass m. In that case Q 2 - m 2, the production of the new flavour will be
predominantly at low x:

Q 2 + m 2

2Mi/

m2

= x + ; v 2 >> Q 2 (35)

In this case low x does not mean lou £. With the simple consequence of the
parton interpretation, £ i 1 and the relation Q2 = 2xMv, an upper bound can be
derived for x in reactions in which heavy quark flavours are produced:

x í Q2 / (Q2 + m 2)

The scaling of the structure functions as a function of f means that they are
shifted, in terms of x, towards lou x, and for Q2 just larger than m2 only the
tail of the structure functions contributes to the heavy quark production.
For increasing Q2 an increasing fraction of the structure functions shifts now
into the physical region 0 < x í t.

1.3.13 Continuous scale breaking

Scaling is also the consequence of the point-like structure of the particle,
as seen by the probe with a necessarily finite resolution. When a new struc-
ture is resolved inside the particle, scaling will not hold. This new struc-
ture may come in successive discrete layers:

nucleus -* nucleon -» quark

Scaling is observed for the first layer until its structure is resolved. At
sufficiently high Q2, there will be a rescaling in terms of the new elementary
constituents. This new scaling will be violated when the structure of this
new constituent is resolved in its turn. Then a rescaling will occur, etc.

However, when the scale breaking is caused by a continuous process, no
rescaling uill occur. When quarks are surrounded by a virtual cloud of gluons
and quark-antiquark pairs such a scale breaking can be introduced. Qualita-
tively the effects of such a mechanism can be seen from the diagrams drawn in
fig.8. The quark in fig.8(a) is seen by the current with a momentum fraction
x. In fig.S(b) the momentum transfer is higher and makes the bremsstrahlung
process more probable. The quark radiates a gluon, and shares its momentum
with the gluon. A fraction y (y < 1) of the quarks original momentum fraction
x is kept by the quark. Consequently, the gluon obtains the fraction 1-y of
x. The quark is nou seen by the current uith a reduced fraction xy < x.
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(a)

Figure 8: Current-quark interaction without (a) and with (b) gluon
bremsstrahlung.

This mechanism changes the structure functions; these functions become
larger at small x and smaller at large x (they shrink towards x = 0).

1.4 QUANTUM CHROMODYNAMICS

The electromagnetic and ueak interactions can be described by a gauge theory.
Me shall discuss a gauge theory for strong interactions. The successes of the
QPM suggest a theory in which quarks are asymptotically free at large momentum
transfers. On the other hand, the theory of strong interactions has to ex-
plain uhy quarks are not seen as free particles. Although one hopes that the
theory provides this quark confinement, it is certainly not proven.

The building blocks of the theory are the quarks of the QPM and vector
bosons, gluons. Quarks and gluons carry colour charges analogous to the elec-
tric charge of quantum electrodynamics (QED).

However, there are some basic differences in the comparison of colour and
electric charge. (

\. There are three colours (and three anticolours) as opposed to only one
electric charge.

2. Photons are neutral, gluons carry colour charges. This means that
gluons couple to each other.

An important axiom is that hadrons are colour singlets, "white". For baryons
this is achieved by a state containing three quarks, each a superposition of
three colours; mesons are made of a quark and an antiquark carrying a colour
and its anticolour. The SU(3) of colour is an exact symmetry, so that the
three colour states are degenerate. Gluons are thought to be massless, which
together with exact colour symmetry leads to a renormalizable theory. This
field theory is called quantum chromodynamics (QCD). There are indications of
the existence of three colours, some of these are:

The e*e~ annihilation cross-section is roughly three times as large as
expected for colourless quarks.

The ir° decay width into two photons is explained by three colours.

Colour provides a way to form a totally antisymmetric wave function for
the A**.

As compared to QED a new feature of the theory is the gluon-gluon coupling.
The coupling constant of QCD is a running coupling constant; its value

depends on the momentum transfer. The effective coupling constant, calculated
to first order, reads in terms of the mass-scale A, a free parameter in the
theory 136]:
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12ÏÏ
es(Q

2) = (36)
(33-2f)«log(Q2/A2)

where f is the number of quark flavours. Tor less then 16 quark flavours,
this form shows the asymptotic freedom property, small coupling at large Q2,
as is required by renormalizabi1 i ty.

At Q2 « A2 the coupling becomes very large, and the perturbation theory
approach is not applicable. At this point it is hoped that the non-perturba-
tive part of the theory will take care of confinement.

The mass parameter A emerges even in a massless theory, massless quarks
and massless gluons. As mentioned, the equation (36) gives the value of
as(Q

2) in a first order perturbation expansion. However, at present energies
the value of o s is large enough to suspect important contributions of higher
order terms. In second order the form of a s will be [36):

12n r Bi'loglog(Q.2/A'2) -j
< X S ( Q 2 ) = J i (37)

(33-2f)«log(Q2/A'2) L Bo 2Mog (Q2/A'2) J

where Bi = 102 - (38/3)f and Bo = 11 ~ (2/3M. It is clear from equation (36)
and (37) that the functional forms of ct5 in terms of A and A' are different,
and that it matters whether the first or second order (or next order) formula-
tion of a s is used. When a value of A is extracted from experimental data one
has to give the formalism within which it is obtained. Furthermore, the rela-
tive importance of second and next order contributions may be different for
different processes. This leads to an arbitrariness in the definition of A
extracted from the data for different processes.

1.4.1 Application to deep-inelastic scattering

Me have seen that the coupling constant becomes small for large Q2 (i.e. small
distances), and in this regime the perturbation expansion may give reasonable
convergence.

Most of the QPM picture is restored in perturbative QCD, however, a
breaking of scaling is predicted. The structure functions are expected to de-
pend on Q2 in addition to the x-dependence. The Q2-dependence is introduced
by the mechanism of gluon bremsstrahlung (fig.8).

At a given Q2, say Qo2, the theory is incapable of predicting the shape
of the structure function. This shape is a consequence of the non-perturba-
tive aspects of the theory, which are not (yet) calculable.

However, given the structure function at Qo2, the theory is able to pre-
dict the variation with Q2. The Altarelli-Parisi equation 137] relates the
structure functions at different Qz:

dq(x,Q2) a9(Q
2) dy

Q 2 . = •x/1—q(y,Q2)'Pqq(x/y) (38)
dQ2 2* y

This form of the equation is valid in the leading order approximation for a
non-singlet structure function q(x,Q2). Non-singlet functions are those that
do not contain quark-antiquark pairs (flavour-singlets), like XF3.

The integrand contains the splitting distribution function which de-
scribes the splitting of a quark into a quark and a gluon; this particular
Pqq(z) describes the probability of finding a quark in a quark at a value of
z, the fraction of the original momentum fraction x. The distribution func-
tion has the form:
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'qq

3 r 1+z2 3 -i
- _. + -.8(2-1)

4 L l\-z)* 2 J

with the Dirac 6-function and in which the formal definition of the distribu
tion function (1-z)+ is given by the requirement that the integral equation

oX'dz
g(z)

(1-zH

g(z) -

(1-z)

is valid for all functions g(z). After substitution of the function Pqq the
evolution equation for XF3 is given by:

dxF3(x,Q2) ets(Q
2>

dQ2
3TT

x/ fdy( )
1-y

r
{3

L
4 1 o g ( 1 - x ) } « x F 3 ( x , Q 2 )

x
(-
y

- 2xF3(x
-j

, Q 2 ) }

where

D "•

33-2f

12n

and where as(Q
2) is used as defined above. The corresponding evolution equa

tions for functions containing quark-antiquark pairs, contain also gluon dis-
tributions, and will not be given here (they can be found in e.g. [37]).

This rather complicated form of the predictions can be tested experimen
tally in different ways. Some of these methods will be given in the follow-
ing . Tests of QCD are limited to the evolution of the structure functions
with Q2. The x-dependence of the structure functions at fixed Q2 is not pre-
dicted by the theory.

1.4.2 The moment method

Because the integro-differential equation (38) cannot be solved analytically,
one approach is to define moments: The n t h moment of q(x,Q2) is

M(Q2,n) = (39)

The evolution equations can be solved in terms of the moments, which yields a
possibility of experimental verification of these equations.

The basic problem of the analysis using moments is that a measurement
over the full x-range for all Q2 is required. This is clearly not satisfied
due to the kinematical limits of the various experiments. The analysis needs
in those regions a filling procedure with guesses, obtained in other regions.
This introduces an arbitrariness, which is difficult to control.

More theoretical problems are:

The choice between the x-scaling variable or ^-scaling variable, as in-
troduced by Nachtmann [35].

The question whether data from the resonance region have to be includ-
ed.

Due to these experimental and theoretical problems we have not attempted an
analysis using moments.
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1.4.3 Explicit functional form for g(x,Q2)

This method proposed by Buras and Gaemers (22] is based on an explicit parame-
trization of the structure functions, which satisfies the moment equations.
Because QCD does not predict the x-dependence, a functional form is used,
which gives empirically a reasonable description of the experimental data.
Once the x-dependence is given at a fixed Q2, the Q2-dependence is imposed by
QCD depending on the value of A, the free parameter of the theory. The para-
metrization is based on the leading order formalism, with the definition of as

of equation (36).
The valence and sea-quarks are parametrized separately in the model of

Buras and Gaemers. The structure function xF3 is closely related to the va-
lence-quark momentum distribution function (see equation (19) and (24)), the
difference being proportional to the difference of the strange and charmed
sea. For the valence-quark momentum distribution function the parametrization
of Buras and Gaemers is:

where
fli = floi + flu «s'4/25

fl2 = fl02 + fli2'S'4/25
and

log(Q2/A2)
s = log[

r logm*/A'J n

where Qo2 is a fixed value of Q2. The Euler B-function ensures:

/ = 3

The values of A, 7)01 and 7>02 are free parameters in this model of the valence
structure function. The evolution equation fixes the values of flu and fli2
for a given set (floi,fl<>2) independent of A. The values of 7)11 and ttyz are
found fitting the first twelve moments (equation (39)) given by the parame-
trization to the behaviour predicted by the solution of the evolution equation
in terms of the moments:

M(Q2,n) = M(Q0
2,n) • exp(-s«y")

where rn is an analytical function of n [221. A parametrization of the sea is
necessary to obtain F2. The structure functions of the sea are split into
contributions of the u, d, s, and c quarks. The sea contributions are parame-
trized in terms of the normalizations a(s) and the exponents b(s):

x«qsea(x,s) = a(sW1-x)
b<s>

for u, d, s, and c and similarly for the gluon distribution. The latter dis-
tribution is necessary in order to be able to solve the evolution equations
for these singlet contributions. The up and down sea are assumed to be iden-
tical. The evolution of the sea structure functions can be determined from
their first two moments. A detailed prescription is given in [22] and [23],
At Qo2 the various sea contributions are assumed to have the same x-depen-
dence, i.e.

b(s=0) = 7»s

- 26 -



where T)S is a free parameter in the model. Additional free parameters to fix
the normalization of the sea are the ratio of the antiquarks to the total
quark contribution at Q2 = Qo2s

q/(q+q)

and the ratio of the strange sea to the up sea, also defined at Qo2:

s/ü

The normalization of the charmed sea follows from the assumption:

c = 0 for Q2 < 1.8 GeV2

The gluon normalization follows from momentum conservation. The part of the
cross-section which is related to charm production is parametrized according
to equation (35) in section 1.3.12 ("soft rescaling"). With these parame-
trizations and the QPM formulations of the structure functions given in sec-
tion 1.3.7 the model can be constructed.

The advantage of this approach is that only a part of the full x-range is
needed, and hence regions where large experimental or theoretical uncertain-
ties dominate can be excluded. The main disadvantage is the arbitrariness of
the functional form, which is not at all imposed by QCD. However, this para-
metrization is useful as a phenomenological description of the data.

1.4.4 Non-perturbative effects

At present energies non-perturbative effects may be large. Coherent phenomena
such as transverse momentum effects, resonance production, diquark scattering,
and elastic scattering result in 1/Q2 and 1/Q% etc. corrections to the pertur-
bative QCD predictions. These effects are referred to as "higher-twist ef-
fects".

These effects introduce scaling violations, which are difficult to sepa-
rate from the log Q2-dependence of the simple QCD predictions. No calcula-
tions of these effects exist yet. The parametrization of higher-twist effects
commonly introduced is (381:

Hi2 1*2*r Hi* 1*2' 1
f(x,Q2) -• f(x,Q2)« 1 + •

L Q2(1-x) Q*(1-x2) J

where |ii and ii2 are free parameters. The inclusion of these terms in the
analysis decreases the amount of violation of scaling attributed to perturba-
tive QCD, and hence the estimate of A will decrease. This parametrization is
arbitrary to a large extent, it only reflects the prejudice that these non-
perturbative effects die out with increasing Q2 as powers of Q2, and that they
are more important for large x than for small x.
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Chapter 2

THE NEUTRINO BEAM

2.1 INTRODUCTION

Basically two types of neutrino beams are used for the study of neutrino in-
teractions:

1. Wide-band beams, where the maximum possible number of secondary parti-
cles are focused. These kinds of beams provide high event rates. How-
ever, the spectrum peaks at low energies and is not well knoun. Fur-
thermore, the high-energy part of the spectrum is not very pure as far
as the polarity of the particles is concerned.

2. Narrow-band beams, where particles in a small momentum-bite are fo-
cused. The event rates in these beams are one to two orders of magni-
tude lower than in wide-band beams. In return a well defined spectrum
is obtained, with an energy-angle correlation. The beam can provide a
hard spectrum with good purity.

The experiment was performed at the narrow-band neutrino beam of the CERN SPS.
This beam will be described in the following sections.

2.2 THE CERN NARROH-BAND BEAM

MAGNETIC DECAY
BEAM CHANNEL TUNNEL

SHIELDING
STEEL EARTH

CHARM
DETECTOR

400 GeV r — |
PROTONS T I I g

lmL

Figure 9: A schematic layout of the NBB. Marked are: (T) the position of the
production target; (B) the position of the beam current
transformers in the secondary beam; (S) the solid-state counters in
the shield (see text).

Schematically the components of the CERN narrow-band beam (NBB) can be summa-
rized as follows (see fig.9):

1. A target region where secondary hadrons are produced by the proton beam
from the SPS.

2. A magnetic beam forming channel of 120 m length.
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3. A 300 m long decay tunnel, required in order to produce neutrinos by
the decay of hadrons,

4. A shield composed of iron, earth and rock, to absorb the hadrons and
range out the muons in order to obtain a nearly pure neutrino beam.

2.2.t Layout of the CERN NBB

The beam is designed to meet the demands of large acceptance and high purity
Ï391.

The proton target consists of a string of five beryllium rods of 100 mm
length. Each rod is inserted with both ends into holes of a beryllium plate.
The target box contains three different targets, with diameters of 10 mm, 3 mm
and 2 mm. The 3 mm target was used during data-taking. The proton beam is
extracted from the SPS at 400 GeV.

During NBB operation the fast extraction is used yielding spills of 23 us
length. Depending on proton beam intensity and secondary beam polarity the
proton beam is extracted in one to five spills. The time between spills is
23 |is. The choice of number of spills is a compromise between minimal dead-
time of the experiment and minimal cosmic background. The time-structure of
the burst is visible in fig. 10, were the event time distribution of neutrino
interactions (after selection) is shoun for one SPS operation period (a feu
weeks).

300

200

100

_

i_ _ r

R

i

i

i
100

t (jisec)

200

Figure 10: The time distribution of events recognized as neutrino
interactions in the CHARM detector recorded during one SPS
operation period. The origin of the time axis is the start of the
gate during which triggers are accepted in the neutrino detector.
The time-difference between the start of the trigger gate and the
accelerator burst is kept constant.

The magnetic channel focuses charged secondary particles of one polarity.
The beam line was used at a central momentum of 200 GeV/c. The channel trans-
ports particles with a maximum 6p/p of ±1055, resulting in an r.m.s. momentum
spread of 4.55Í Sp/p. The central momentum is known with an accuracy of 1.0 X
to 1.5%.
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Particles produced within a forward cone of approximately 10 fisterrad are
transmitted through the beam line. The secondary beam is nearly parallel when
it enters the decay tunnel. Its angular divergence is ±0.22 mrad in both
planes. In the design of the beam line a compromise is chosen between maximum
neutrino event rate and optical properties. The beam is not parallel in the
decay tunnel due to the size of the production target and optical aberrations,
which are a consequence of the momentum acceptance of the magnetic channel.

The decay tunnel is evacuated, and has a pressure of 1 torr. The tunnel
is followed by a shield consisting of a 180 m long iron cylinder with a diame-
ter of 2.5 m. The end of the system is formed by a 230 m long earth shield.

Neutrinos are produced by the decay of pions and kaons. The channel is
designed in such a way that mainly decays of particles in the decay tunnel
contribute to the neutrino flux at the position of the experimental detectors.

The proton beam and the target are on an axis which makes an angle of
11 mrad with respect to the final beam direction in the decay tunnel. Fur-
thermore, the bendings of the beam in the magnetic channel are performed in
two planes. With this technique one has achieved that the secondary beam does
not point towards the experiment until the last bend before it enters the de-
cay tunnel. Thus the background of neutrinos from decays of hadrons before
the decay tunnel is reduced. This feature enables one to calculate the energy
spectrum and the spatial properties of the neutrino beam accurately.

2.2.2 Monitoring system of the CERN NBB

The intensity and position of the extracted proton beam, secondary beam and of
the muons in the shield is monitored by a system of detectors [40,41].

There is quite some redundancy in the information provided by this detec-
tor system. This fact enables us to make various checks on the performance of
the monitors.

The detectors, which were used during the data-taking and the analysis,
can be summarized as follows:

Detectors around the target in the primary proton beam
A beam current transformer (BCT) is placed in the proton beam to measure its
intensity. Just in front of the target a system of secondary emission foils
is mounted consisting of an intensity monitor (SEM), two pairs of split foils
to monitor the horizontal and vertical asymmetry and two foils with holes of
different diameter in order to measure the width of the beam. This system is
mainly used for on-line purposes to provide a check on the quality of the
steering of the proton beam.

The multiplicity is measured with a foil mounted downstream from the tar-
get. The positions of these monitors are shown in fig. 11.

PROTONS TARGET
^ ,—, MAGNETS I I I MAGNETS

BCT * * \
SEM / \ SEM
INTENSITY SPLIT INTENSITY
MONITOR FOILS MONITOR
PROTONS SECONDARIES

Figure 11: Oetectors around the target in the primary proton beam.

Secondary hadron beam monitors
A threshold Cerenkov counter mounted behind the momentum defining collimators
records the time structure of the secondary beam. The signal of this counter
is used to measure the effective dead-time of the neutrino detector.
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Two beam current transformers (BOT) are used for the intensity measure-
ment. They have an inner hole diameter of 20 cm and 10 cm respectively. The
BCTs are placed just in front of the entrance of the decay tunnel. The BCT
with the large hole diameter is used in the analysis to determine the absolute
particle fluxes.

The current induced in the BCT is integrated over a gate time fully
covering the extraction spill time. Four time samples of this integrated cur-
rent are taken (fig. 12) at times Ta, Tb, Te, and Td such that

T.) = T c - Tb = 2*(Td - Tc)

The machine burst occurs between Tb and Tc.
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Figure 12: Integrated current in the BCT. The accelerator burst occurs
between Tb and Tc.

In order to correct for offset currents an analogue circuit calculates
the corrected measurement II from the four time samples M„-d using the relation

M = M, - 2Mb + 2MC - Md

All five signals M, Ma-d are digitized by ADCs. The result M is calibrated
with a current pulse of the same time structure as the extracted beam. An ac-
curacy of 3/i can be obtained in the absolute calibration of this device.

In the same region a differential Cerenkov counter is used to determine
the relative abundance of the different particle types. This is done by re-
cording the current of this counter integrated during a machine burst for dif-
ferent gas pressures.

The profiles of the hadron beam are measured in front of and behind the
decay tunnel. Depending on the intensity of the beam a system of either se-
condary emission foils or ionization chambers is used. These measurements are
used during data-taking only to monitor the quality of the secondary hadron
beam. Due to the bad background conditions these monitors provide only a
rough measurement of the width of the beam. The positions of the monitors in
the secondary beam are shown in fig.13.

Mu or counters in the shield
The muon flux in the shield is measured in various air gaps in the iron 141].
In six gaps in the shielding silicon solid-state detectors are placed, at iron
depths between 10 m and 120 m.

The detectors are mounted on a support structure, which is movable to
provide the possibility of an alignment with respect to the beam. On each
support seven counters are mounted along a horizontal radius, 15 cm apart.
The first counter is positioned on the beam axis, the last one at a radius of
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Figure 13: Monitors in the secondary hadron beam.

90 cm. In addition, a feu circles with radii of multiples of 15 cm are
equipped with eight detectors. Depending on the gap one or more of those cir-
cles of detectors are operational.

A movable box containing a stack of five counters is used to fix a rela-
tive calibration of the counters within one gap. This box can also be used to
provide a more detailed mapping of the muon flux. One additional box travels
between the gaps and serves to fix the calibration from gap to gap.

Different detector types are used at different places, according to the
large variation in flux-density at different iron depths and radii. The sur-
face varies from 30 mm2 to 200 mm2 and the thickness from 100 |im to 1000 u.m.

To obtain the detector signals, charge integration is used, uith a cor-
rection for the leakage current of the detector. The necessary leakage cur-
rent correction is measured between machine bursts and is updated every 15
minutes.

The signal obtained uith the muon detectors is a result of the ionization
in the sensitive volume caused by the muons and by secondary radiation pro-
duced by the muons in the shield. This background contribution is as large as
20% in some cases. The secondary radiation has a broader spatial structure
than the muons and causes a position dependent calibration of the detectors.
A detector calibrated at a certain position in the shielding needs to be reca-
librated if it is used at a different radius from the beam axis in the same
gap, or if it is used in a different gap.

The background is a severe problem for the absolute measurement of muon
fluxes. Houever, the relative calibration of counters uithin one ring is not
changed by this background. The relative calibration of these detectors uith-
in a ring of eight is knoun uith an accuracy better than 1%.

For the measurement of the shape of the muon flux a correction has to be
applied for this background. The correction is measured using emulsion tech-
niques or alternatively by the use of different absorbers in front of the de-
tectors. An absolute calibration of these counters is difficult.

Therefore, these detectors uere only used as relative monitors, providing
a relative normalization of the positive beam uith respect to the negative
beam. The system is also used to provide a relative normalization for peri-
ods, during which the BCT-information uas unreliable or not available.

2.3 PROPERTIES OF THE NBB

2.3.1 NarrcM-band nature

The energy-spectrum of the NBB has tuo components, one corresponds to pion de-
cays and another to kaon decays.

At the position of the experiment the energy of the neutrinos is corre-
lated uith the radial distance from the beam axis. This property of the NBB
is a result of the small momentum spread and the small divergence of the se-
condary hadron beam, together uith the neutrino production, uhich occurs pre-
dominantly by the tuo-body reactions v •* |iv and K -» p.v. The tuo component
structure causes an ambiguity in the energy-radius correlation.
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2.3.2 The hadron beam

In order to be able to calculate the neutrino energy spectrum one must have
detailed knowledge of the properties of the secondary hadron beam.

The calculation of these properties necessarily starts with a description
of the production of particles by the proton beam. Absolute cross-sections as
a function of secondary momentum and production angle have been measured in a
beam in the North Area CNA) of the CERN SPS 142]. These measurements were
performed in a low intensity beam where the secondary particles were counted
and recognized individually.

Also the beam acceptance as a function of momentum and production angle
has to be known. The acceptance was obtained by a simulation of the magnetic
components in ti»e beam, taking into account apertures of the magnets, collima-
tors, and the absorption due to the material in the beam. The calculations
were performed using the beam simulation program TURTLE [43].

From the production data and the acceptance, the relative abundance of
different particle types can be computed, and of course corrections for the
decay of pions and kaons have to be made. These particle ratios are directly
measurable in the NBB itself. As mentioned already, for this purpose a spe-
cially designed Cerenkov counter is placed in the straight section between the
last bending magnet and the entrance of the decay tunnel [44]. Due to the
high intensity and short spill length individual particle identification is
impossible. The integrated current of this counter is measured at different
pressures of the gas in the counter. The surface under the different peaks
attributed in the pressure-curve to pions, kaons and protons is integrated,
thus providing a relative measurement of the particle abundances.

The direct measurement of the particle ratios can be compared with the
calculation based on the production measurements. Both results are given in
table 3. The uncertainty in the results of the NA measurements is 3/i.

TABLE 3
Particle ratios in the NBB.

NBB-measurements Parametrization of
NA-measurements

K-/TT-
KVn*
p /v*

0.
0.
4.

049 ± 0.
147 ± 0.
4 ± 0.

0015
0044
2

0.
0.
4.

050
149
05

The results for the kaon to pion ratio agree, but the proton to pion ratio is
10% higher in the direct measurement compared to the calculation. This can be
explaned by a small difference in momentum-calibration of the beam line used
in the production cross-section measurement relative to the NBB momentum set-
ting, as a change of 13 in the central momentum of the beamline causes a
change of 3.53 in the p/v ratio in the same direction, according to calcula-
tions based on the parametrization of the production spectra measured in the
North Area of the CERN SPS.

In order to avoid problems of this kind the result of the direct measure-
ment is used throughout the analysis.

Houever, more detailed information than the relative particle fluxes are
needed for the computation of the neutrino spectrum. A full description of
the phase-space density of the beam in the decay tunnel is necessary. This
can be seen in fig.14, where some correlations are shown in the angle and mo-
mentum variables. These correlations are obtained with the above mentioned
beam simulation program.

For this calculation the particle production spectra and angular distri-
butions and the positions, sizes, apertures, and magnetic fields of the mag-
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Figure 14: Simulated phase-space densities for particles in the NBB. The
angular distribution of particles entering the decay tunnel is
shoun for both projections as a function of the particle momentum.

nets in the beamline have to be knoun. The program simulates trajectories of
individual particles through the beamline. Apart from a small contribution of
earlier decays (see a following section), only decays of parents in the
straight section of the beamline behind the last bending magnet (including the
decay tunnel) contribute to the neutrino flux at the position of the neutrino
detector. The neutrino spectrum incident on the neutrino detector follows
then from the phase-space density of the parents entering the decay region and
the decay kinematics, which will be described in the following section.

2.3.3 Narrow-band energy-spectrum

Kinematics
The energy E of a neutrino produced by the decay of a parent particle with ve-
locity v, when measured in the lab system is given by the Lorentz transforma-
tion:

where
E = yE

C M'(Bcos0 c m + 1) (40)

& = v/c, c being the velocity of light.
v = 1 / v*(1-Bz)
E c m = neutrino energy in the rest system of the parent,
gem = decay angle of the neutrino with respect to the parent

particle momentum in the rest system.

Consider a two body decay into a muon with mass m and a massless neutrino then
E c m is fixed and can be written as

Ecm - ( M 2 . (41)

where M p is the parent mass. For spinless particles the decay is isotropic in
the rest system, and hence flat in cos8 c m. For a monochromatic beam with a
high-energy (where we can put 8 = 1 ) the energy-spectrum will then be flat
from E = 0 up to the maximum energy

-max
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Putting y = Ep/Mp, uhere E p is the energy of the parent, we get

Numerically, for a 200 GeV parent beam the maximum energy is

= 191 GeV for kaon decays and
= 85 GeV for pion decays.

Due to the limited radial dimension of the neutrino detector, the effective
spectrum for the experiment has a cut-off at the lower part of the spectrum
(see fig.15).

E
<

\

r

I 1

40 80 120 160

Energy (GeV)

200 240

Figure 15: The energy spectrum of the neutrino beam calculated for this
experiment. Only neutrinos within a radius of 120 cm were
accepted. The low-energy part corresponds to pion decays, the
high-energy part to kaon decays. Due to the limited radial
acceptance of the detector, the two components do not extend to
zero energy. The cut-off at the high-energy side of the two
components is not sharp due to the momentum spread in the hadron
beam.

For the muon energy-spectrum of this monochromatic beam this will yield a
flat behaviour from a minimum energy depending on the mass of the parent up to
200 GeV. The minimum muon energies are then 9 GeV for kaon decays and 115 GeV
for pion decays.

As a direct consequence of equations (40) and (41) the neutrino energy E
is fixed by the knowledge of the decay angle for a given parent particle decay
in a monochromatic beam. This decay angle is given in the experimental set-up
by the radial distance from the beam axis at which an event was measured.

Energy radius correlation
The largest fraction of decays of pions and kaons is into a muon and a neutri-
no. This percentage is nearly 100% for pions and 63.5% for kaons. This fact
together with the small momentum spread and the small divergence of the secon-
dary hadron beam yields a two-band structure in the energy-radius plane as
seen by the experiment.

However, the fixed energy-radius relation is smeared out by the following
experimental conditions:

1. The hadron beam is not strictly monochromatic but has a certain momen-
tum spread.
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2. The hadron beam is not parallel but has a small divergence.

3. The decays do not occur at a fixed point but along the full length of
the decay tunnel.

The effect of the length of the decay tunnel is mostly visible at large radii,
where the parallax is the largest. At medium radii, where the variation of
the energy with radius is largest, the influence of the divergence is seen.
The momentum spread smears the distribution equally at all radii and dominates
near the beam axis.

Depending on which energy-radius band an event belongs the energy reso-
lution of the kaon part of the spectrum is "5% near the beam axis and «15X at
ca. 1 m radius; for the pion part this amounts to 5% and 30K respectively.
The resolution in neutrino energy as a function of the radius is shown in
fig.16.

40 80
Rodius I cm )

120

Figure 16: Neutrino energy resolution as function of the radius in the
neutrino detector.

2.3.4 Other components

The two components of the NBB as described above provide the majority of the
neutrino events obtained in the detector. However, also other components con-
tribute to the flux. These other components are due to:

1. other decay modes of the kaon;

2. wide-band background;

3. decay of muons.

The energy-radius correlation as it was measured in this experiment is shown
in fig.17.

Other kaon decay modes
The two body decay of the kaon into a muon and a neutrino contributes 63.5J8 of
all kaon decays. The next largest contribution to the neutrino flux is formed
by the decay K -» u,vn°. In table 4 a list of decay modes [45] contributing to
this background is given in more detail. In this table the decay branching
ratios (B.R.) and the appoximate event rates (flux weighted with neutrino en-
ergy) are given for the various components relative to the pion two-body decay
contribution. The decay K •» evair° gives rise to electron-neutrinos the inter-
actions of which are classified in the neutrino detector as neutral-current
events.
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Figure 17: Measured energy-radius correlation of charged-current events for
(a) the neutrino beam and (b) the antineutrino beam. The high-
energy band corresponds to kaon decays, the low-energy band to
pion decays. The different K/TT ratios are clearly visible from
the different populations of the tuo bands in the tuo beams. The
events between the tuo bands are partly due to the limited
precision of the energy measurement in the neutrino detector and
partly due to neutrinos from the decay K •* \ivw°. The component of
uide-band background is visible predominantly at lou neutrino
energies (< 30 GeV) in the antineutrino exposure. This background
is relatively more important at large radii.

Decay

K-+U.V

K-MITT0

K-»ïïïïïï

K-»nvy

TABLE 4
Contributions to the muon-neutrino event rate.

v (R<!20)

1.0
0.292
0.007
0.0004
0.0006
0.00003
0.0015

B.R.

0.9997
0.6350
0.0320
0.2116
0.0559
0.0173
0.0058

v (R<120)

1.0
0.876
0.022
0.0013
0.0012
0.0001
0.0045

v (R<90)

1
0.
0.

.0

.220

.006
0.0003
0.0004
0.00003
0.0012

Hide-band background
This is the name for the collection of neutrinos uhich is produced by decays
before the momentum selection of the secondary beam. This background can be
studied by running the beam with the momentum defining collimators closed.
Its contribution to the flux is «2% for a neutrino beam and *10J{ for an anti-
neutrino beam.

Decay of muons
The contribution of the decay of muons into tuo neutrinos and an electron to
the total neutrino flux is very small (< 2.10"3). This is estimated simulat-
ing the trajectories of muons in the decay tunnel, the shielding, and the sur-
rounding material. ,
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2.3.5 Muon flux

The measurements of the muon flux in the shield can be compared with a calcu-
lation based on the simulation of the muon trajectories. As a starting point
the simulation of the secondary hadron beam is used.

The muon momentum vector is derived from the decay kinematics and the pa-
rent hadron momentum vector. Like for the decay neutrinos, the angular dis-
tribution of the muons will be broader for kaon decays than for pion decays.
However, the mean momentum of muons from kaon decays is smaller than that of
muons from pion decays.

The trajectories of the decay muons are calculated taking the energy-loss
and multiple scattering into account. The approximation of small angle scat-
ters is used, which yields the following formulas for the root mean square
displacement Sx P m 5 and change in projected angle S9 r m s [46]:

20 MeV/c
88rms t/9«1ologX)

8x
where rms 'rms

X = the thickness in radiation length.
L = the traversed length.
P = muon momentum.
B = velocity in terms of the velocity of light.

The track is followed in steps of five radiation lengths. The displacements
are taken to be normally distributed.

A comparison of the calculated distribution of muons In the second gap in
the shielding (after 30 m of iron) is made with a measurement 147] obtained
with the solid-state detectors (fig.18).
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Figure 18: Comparison of the calculated radial distribution of muons in
gap II with the measurement (arbitrary units).

This particular gap was chosen because the measurements are here less affected
by secondary radiation than in gap 1, while the flux is still considerable.
The agreement of the calculation and the measurements is satisfactory.
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Although the counting rates of the individual counters depend on the beiir.i
steering, the combination of counting rates of a suitably chosen set of count-
ers can be shown to cancel the individual variations to a large extent. The
simulation can be used to predict the sensitivity of different counters or
combination of counters to small mis-steerings of the hadron beam. The calcu-
lation of the sums over the rings is made under the assumption of perfect re-
lative calibration of the counters. According to the calculations, the influ-
ence of a 1 cm mis-steering of the secondary beam on the sum of the counting
rates of eight counters on a 15 cm ring is 0.1% in the second gap, after 30 m
of iron, and 0.2JJ in the first gap, after 10 m of iron. The main contribution
to a change of the detection efficiency when the beam is mis-steered is due to
small relative calibration errors of the individual counters. The relative
calibration of the solid-state counters on one ring is known to better than
1J{, thus the effect of variations in the beam steering on the total muon de-
tection efficiency is smaller than 0.5JÍ.

2.3.6 Beam performance

The operation and stability of the beam can be checked at several points with
the monitoring system. As a result of the redundancy in the monitoring sys-
tem, also a feu cross checks of the individual counters are possible. In this
way malfunctioning of monitors can be separated from instabilities of the
beam. A large mis-steering of the secondary hadron beam may cause the follow-
ing problems:

unreliable operation of the beam monitors;

a shift of the energy-radius relation, which causes a wrong neutrino-
energy assignment.

A large mis-steering may indicate more serious problems, it may be the result
of the following causes:

suitching-off of a magnet, uhich may change the focusing in an unknown
way;

a mis-steering of the proton beam, uhich may give an effective shift in
the average momentum and a larger divergence of the secondary beam.

A continuous record of the beam steering is kept, in order to be able to dis-
card data taken under bad conditions.

Measurement of beam position
From the measurements of the muon flux in the shielding an estimation of the
hadron beam direction can be obtained. In each gap the centre of the muon
flux is obtained from the central detector in combination uith eight counters
on a ring.

This system contains four axes on uhich the beam is assumed to have a
gaussian intensity profile. The centres on the four axes, defined by the
maximum of the beam profile on the axis, define the centre of the flux distri-
bution on the plane. In fact only tuo axes are needed, and therefore a con-
sistency check can be made on the results of the method. In fig.19 some com-
parisons are shown.

In this way, the beam centres can be calculated uith a precision of ±1 mm
in each projection. Uith this method ue find a stability of the beam steering
of a feu millimeters r.m.s. for typical running conditions.
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Figure 19: Comparison of two independent measurements of (a) the horizontal
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gap II. The calculations are made for individual accelerator
bursts.
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Chapter 3

THE EXPERIMENTAL SET-UP

3.1 THE DETECTOR

The CHARM detector [48J was built for the study of neutrino interactions pro-
duced by the neutrino beams of the CERN 400 GeV Super Proton Synchrotron
(SPS). It was principally designed to investigate the neutral-current inter-
action

v + N •* v• + anything.

A good muon detection efficiency enables one to separate this interaction from
the charged-current process

v •»• N -» |i + anything.

The detector is equipped with a muon spectrometer and is well suited to the
measurement of charged-current interactions.

The main design aims uere the following:

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

2. Measurement of the energy, and of the energy-flow of showers produced
in neutrino interactions. The energy-flow measurement requires that
the hadronic and electromagnetic parts of showers are approximately
equally long in the calorimeter.

3. Identification of muons for the classification of events as neutral or
charged-current interactions.

4. Sign and momentum-analysis of muons produced in charged-current inter-
actions.

3.1.1 The target calorimeter

The detector consists of a fine-grain target calorimeter, surrounded by a
frame of magnetized iron and followed by a forward muon spectrometer (fig.20).

Marble1* is used as target material to provide a large mass and to meet
the requirement of the energy-flow measurement. The iron, surrounding the
marble calorimeter, is used for muon identification, and sign and momentum-a-
nalysis, while it also serves as a calorimeter for full containment of showers
starting in the marble calorimeter.

The target calorimeter with its iron frame is composed of 78 equal subu-
nits. The subunits consist of an iron frame, 45 cm wide, surrounding a marble
plate, with 3x3 m2 surface area. The marble plate and the iron frame are 8 cm

1 The physical properties of marble, relevant to the experiment, are equal to
those of aluminium. However, marble is 10 times cheaper. It is also a good
polarization analyser, used for the measurement of the polarization of posi-
tive muons. This aspect of the experiment is not described here.
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thick. The spacing of the subunits is 20 cm. Groups of six subunits form a
module. The iron frames of these six subunits are welded together at the
base.

The target plates are interleaved with scintillation counters covering
the marble plates and proportional counters covering the full area of 4x4 jn2.

One scintillation counter plane consists of 20 plastic scinti1lators, 3 m
long, 15 cm uide and 3 cm thick. The proportional counter planes consist of
128 tubes, 4 m long, 3x3 cm2 in cross-section.

Both scintillator counters and proportional tubes alternate in the hori-
zontal and vertical direction, one gap being covered by scintillators and
tubes of different orientation.

The frames are magnetized by two copper coils on the vertical legs of
each frame. A current of 1000 A in both coils, when acting in the same sense,
provides a toroidal field of 1.4 T in the frame.

3.1.2 The end system

The target calorimeter is followed by an end system (fig.21) with a twofold
function.

Figure 21: Schematic layout of the end system. The iron discs are shown as
shaded rectangles. The orientation of the proportional counter
planes (vertical lines) is denoted as H (horizontal wires) and V
(vertical wires). The scintillation counter planes are not shown.

The end system serves as muon spectrometer, while the first part is also used
for calorimetry.

It consists of iron discs, each 370 cm in diameter. The discs are
grouped into four modules, each module giving 75 cm of iron thickness. The
discs are magnetized by coils passing through holes in the centre, providing a
toroidal field of 1.7 T on average.

The first module, used as end calorimeter, is made out of 15 discs of
5 cm thickness. The three other modules consist of 5 discs of 15 cm thickness
each.

Every second gap between the discs in the end calorimeter contains a pro-
portional tube plane, covering an area of 370x370 cm2. The 16 central tubes
are cut into two halves, leaving room for the coils to pass through. The ori-
entations alternate horizontally and vertically. Between the end calorimeter
and first end magnet module, three inclined tube planes are placed, rotated
12.5 degrees around the beam axis. One pair of horizontal and vertical tube
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planes is placed between the end magnet modules. A double pair of those
counter planes terminate the detector behind the last end magnet module.

Six planes of scintillation counters are inserted in the gaps between the
iron discs of the end magnet. These counters are used to detect the secondary
radiation produced by high-energy muons traversing the iron.

3.1.3 The scintillation counter system

The 3 meter long polyvinyl toluene scinti1lators (NE114) are terminated on one
side by a mirror, and are viewed from the other side by a single photomulti-
plier (EMI 9839A) through a 50 cm long light-guide. The total mass of scin-
tillator material is 21 tons.

The scinti1iators provide a good measurement of single particle ioniza-
tion, a minimum ionizing particles yielding roughly 50 photo-electrons, and a
precise measurement of the total energy of hadronic and electromagnetic show-
ers. The good transparancy of the scinti1lators keeps the variation of the
response over the total length of the counter below 30%. The light attenua-
tion of the scintillators deteriorates with time. After three years of opera-
tion the yield of photo-electrons of a track traversing the the far end of a
scintiIlator was roughly 20 compared to 50 at the beginning of the scintilla-
tor. The attenuation length of each individual scintillator is therefore re-
measured monthly.

The signals of the photomultipliers are transported by twisted pair ca-
bles [49] to a splitter system. The main part of the signal is fed into the
ADC-system via an 80 m long twisted pair cable. This delay enables the trig-
ger logic to generate gating pulses for the AOCs. The trigger logic is fed by
the other part of the split signal.

The main signal is divided, 95% being analysed by one 8-bit ADC, 5% by an
other 8-bit ADC. This provides the required dynamic range corresponding to
5000 channels.

The ADCs have a buffer storage of 50 events, and are read-out by CAHAC
during data-taking.

3.1.4 The proportional drift tubes

The proportional counter planes are formed by 8 chambers each containing 16
extruded aluminium tubes of internal cross-section 29x29 mm2 [50]. The tubes
are 4 m long. A stainless-steel sense wire, 50 u.m thick, is stretched along
the centre of each tube.

The tubes are used for the measurement of the ionization loss in the ca-
lorimeter and for the position measurement of muon tracks with a precision of
-1 mm. For these purposes both the charge collected at the sense wire
(pulse-height) and the drift-time of the electrons in the gas are recorded.

For the ambiguity resolution of straight tracks every third and fourth
plane in each module are displaced by half a tube width.

The analogue and digital electronics are mounted directly on the cham-
bers. The digital information is collected by read-out boxes connected to the
CAMAC-system.

The chambers are aligned with the use of centring holes at one end and
centring slots at the other end. The positions of the sense wires are known
with respect to the centring holes with a precision of 0.2 mm. The alignment
of the proportional tubes is checked by the use of high-energy muons travers-
ing the detector. The relative positions of the individual wires are known
with a precision of 0.3 mm.
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3.1.5 The trigger logic

The electronic trigger is based on scintillator information. A discriminator
system the threshold of which is set to at least 1/5 of the average energy
deposition of a minimum ionizing particle, provides for each scintillator
plane the following signals:

1. at least one hit;

2. at least two hits;

3. at least three hits; •*

4. at least one of the side counters hit (counter 1 and 20);

5. a minimum total energy recorded on that plane.

The plane signals are combined with each other to provide trigger signals cor-
responding to global requirements at the level of the whole calorimeter.
Namely, for each of these five types of basic plane triggers a signal is pro-
vided, corresponding to the requirement, that at least one, two, three or four
planes give this particular signal. This yields 20 logic pattern signals for
the whole calorimeter. In addition, a trigger signal corresponding to a mini-
mum energy deposition in the calorimeter is available. The requirement that a
particular plane satisfies one of the five basic conditions can be added to
the trigger. This is used to veto incoming charged particles, entering the
front of the apparatus. The first scintillator plane covers an area of 4x4 m2

rather than 3x3 m2 in order to reject this source of triggers efficiently.
In the narrow-band beam the trigger-rate due to neutrino events is rough-

ly one per accelerator burst for neutrino exposures and five times less for
antineutrino exposures. The number of cosmic-ray triggers is reduced by the
short gate-time, corresponding to the short accelerator spill. This enables
us to choose as trigger a minimum bias trigger corresponding to at least one
hit recorded in at least four planes, with the requirement of no hit in the
first plane. This trigger corresponds to an energy deposition of -1 GeV for
showers, and is essentially fully efficient for 1.5 GeV showers as shown in
fig.22.

50 100 150

Visible energy ( MeV)
200

Figure 22: Efficiency of the trigger used in NBB exposures as function of the
energy deposition in the scintillators. An energy deposition of
20t MeV corresponds to a hadronic shower energy of 2 GeV for
neutral-current events. For charged-current events, the energy
deposition of the muon in the scintillators is sufficient for a
fully efficient trigger.
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The cosmic rate for this trigger is 3500 Hz. With a gate length during
the accelerator spill of -200 u,s, 0.S to 1 cosmic trigger per burst is accept-
ed. The dead-time is typically «10-158.

3.1.6 The on-line system

The data-taking is steered by tuo on-line computers (Hewlett Packard 2100 and
21 MXE). One computer (HP 2100) performs the tasks of data acquisition,
data-reduction and transfer to tape. Up to 30 neutrino events can be written
to tape per machine burst.

Only the non-zero information of the proportional tubes is transferred to
the computer and recorded. All scintillator ADC-channels are read-out and
checked for consistency and completeness. Only channels with contents corres-
ponding to more than 1/5 ionising particle are written to tape.

To every event a block is added containing beam-monitor information, the
trigger-bit pattern and the contents of some sealers. After every burst a
special "monitor-event" is written to tape, which contains beam information
and forms a logical separation of machine bursts.

Between machine bursts seven cosmic events are recorded for calibration
purposes, and special beam-block events containing information received from
the computer of the neutrino facilities monitor (NFM) 141] are written to
tape. Every 32 bursts, all AOC-channels are read-out, written to tape, and
retained to provide a continuous record of the ADC-pedestals.

One full tape contains «30000 triggers, of which in the narrow-band beam
a few thousand are taken during the accelerator spill. The rest of the trig-
gers are mainly for calibration purposes.

A selected sample of events is transferred via a link to the other on-
line computer (HP 21 MXE). Here hit frequency distributions, pulse-height
distributions and other diagnostic information are updated during data-taking,
providing a continuous monitor of the detector-operation. An event display
and sample analysis of the events and beam-monitor blocks are available.

3.2 MONITORING OF THE NEUTRINO BEAM

3.2.1 Data-handling of beam-monitor signals-

The measurements obtained by the various detectors are made available to the
on-line system in two ways, namely in the form of direct pulse-trains (hard-
ware information) and information transmitted through one or more computers
(software information). The signals transmitted by hardware are recorded on
tape as an integral part of the physics events. The software information is
received in blocks containing several hundred words, and are recorded block-
by-block as special non-physics events.

The organization of data-tapes is synchronized with the machine-bursts in
order to be able to correlate the different pieces of information irt the off-
line stage. The data are recorded in the following sequential order; starting
with the first physics-trigger of an SPS-burst:

1. physics-triggers during the burst (zero, one or more up to «30);

2. special monitor event to close the burst;

3. 7 cosmic triggers for calibration purposes;

4. pedestal event (one burst out of 32);

5. beam-block events.
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This sequence is repeated for every burst. The special monitor event is used
to synchronize the sequence and is written for every burst (also if no physics
events were recorded and the beam intensity was zero). This event contains,
amongst other sealers, a copy of the beam information transmitted by hardware.

The most important sealers are recorded in this monitor-block. Some of
them are

BCT signal;

extracted proton beam intensity (SEN);

secondaries produced on the target (SEM);

some muon flux counters in the shield;

pulse-trains from the threshold Cerenkov-counter (this signal is accu-
mulated during the active-time of the apparatus and during the total
neutrino burst-gate, to provide a dead-time measurement).

All these signal:», apart from the gated pulse-trains, are also available in
the data-blocks received from the NFM-computer.

The signals from all beam monitors relevant to the experiment, are avail-
able in the software transmitted blocks.

3.2.2 Accumulation of monitor-rates

During the off-line processing of the data, the beam-monitor information is
accumulated in order to obtain the integrated intensity of the neutrino beam.

The main points of the scheme adopted in the analysis are described in
the following.

Inefficiencies in the transfer of the software data-blocks
As described in section 2.2,2, the signal delivered by the BCT is, after cor-
rection for offset currents, digitized by an ADC. The content of the ADC is
read by an on-line computer, which transfers the result to the NFM computer.
This signal reaches the on-line computer of the experiment via a software link
and is called here the software BCT signal. In addition, the ADC content is
converted into a pulse-train, which is sent directly to a sealer. The content
of this sealer is read by the on-line computer of the experimental set-up.
This signal is called the hardware BCT signal. The conversion of the ADC con-
tent into a series of pulses is accurate to approximately \X. Therefore, the
BCT signal provided by the software-link is more precise than the accumulated
hardware pulse-train. In addition, the software signal is accompanied by the
current calibration constant. The main normalization of the beam is provided
by the accumulated software signal.

Usually the transfer of the software-blocks is 95JÍ-99ÍÍ efficient. The
missing information is obtained by accumulating the hardware pulse-train dur-
ing bursts where all information was present and for the burst where the soft-
ware-blocks were not present separately.

The hardware pulse-train is then calibrated locally and used to fill in
the gaps.

Bad quality bursts
It was noticed that the beam quality is likely to be bad for bursts with an
intensity much lower than the average. Also possible offsets in electronics
providing the monitor signals are relatively more important.

Therefore, thresholds uere defined below which an SPS-burst is not used
in the analysis. These thresholds are fixed for longer periods, e.g. one
SPS-running period, during which the conditions uere comparable. This cut is
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applied on the hardware BCT signal (see fig.23), which is recorded as a word
in every physics event, and in the special monitor event.

100 200 300

BCT SCALER

400

Figure 23: Typical distribution of values of the hardware BCT signal recorded
for accelerator bursts during one run. The threshold value is in
this case defined at channel 100.

For these bursts all physics triggers, the monitor event, and all soft-
uare beam-block events are discarded, such that this burst is completely re-
moved. This procedure has the advantage that the data-taking does not need to
be interrupted when the accelerator does not operate reliably. The bad cosmic
background conditions otherwise introduced are suppressed in this scheme.

Change of conditions
The integration of monitor rates is interrupted when important changes of the
operational environment are detected. The main reasons for these interrup-
tions are:

1 . change of BCT-amplifier s e t t i n g ;

2. change of run-number (mainly for book-keeping reasons);

3. change of beam settings.

Thus the data are grouped into self-consistent entities. The different parts
of data can be added later on, taking the running conditions into account.

Insufficient information
During narrow-band beam exposures it takes about six hours to write a full
tape, this tape contains one "run". A feu thousand bursts are recorded during
one run. The beam quality, the reliability of the intensity monitors, and the
efficiency of the transfer of beam information are checked for every run.

The action taken in order to minimize systematic uncertainties is as fol-
lows:

1. Runs with a transfer efficiency below 90X are not used for the absolute
normalization of the beam.

2. When there is an indication that a particular monitor was not working
properly (or its electronics etc.), this monitor is not used. In the
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case that other relative monitors, calibrated during neighbouring
periods, can provide sufficiently precise information that run is used.
Runs, where this is not possible, are discarded for the absolute nor-
malization.

3. Runs with an unsatisfactory beam quality are completely discarded.
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Chapter 4

EVENT RECONSTRUCTION

4.1 CALIBRATION

In the first stage of the off-line analysis, a calibration of all pulse-
heights is performed. Special tapes containing cosmic ray events are analysed
to obtain the attenuation constants of each individual scintillator. These
constants vary roughly 1.5% per month and are updated regularly.

Then the cosmic events, recorded during data-taking betueen the accelera-
tor bursts, are used to establish calibration constants for each scintillator-
chain and for the proportional tubes per chamber of 16 tubes. These cosmic-
ray events are taken with a trigger requiring a penetration of at least nine
planes, in order to suppress large angle tracks.

The response of all scintillator-ADC chains are individually calibrated
with signals from cosmic muons recorded betueen accelerator bursts.

The sensitivity of the system is such that the average signal of a cos-
mic-ray muon is recorded in channel 30 to 40 of the high-sensitive AOC. The
low-sensitive ADC is calibrated with respect to the high-sensitive one with
signals in the region where their ranges overlap. These large pulse-heights
are not provided by cosmic-ray events, and consequently neutrino-induced show-
ers are used for this calibration.

The saturation limit of the low-sensitive ADC corresponds to -150 minimum
ionizing particles of a shower crossing one scintillator. Deviations from
linearity of the electronics of the scintillator-ADC chains are found to be
less than 2% over the whole range. The photomultipliers deviate on average
less than W. from linearity over this range.

The pulse-heights of the tubes are calibrated on a chamber-by-chamber ba-
sis using cosmic muon tracks continuously registred during data-taking. The
pulse-height measured on a track of a single ionizing particle is determined
by the statistical fluctuations of the Landau distribution, the energy-depen-
dent energy-loss, the orientation of the track and space charge effects. A
calibration procedure was developed, which is optimized to take the large
space-charge effects into account. This procedure only takes tracks with an-
gles less than 45 degrees, and normalizes the tubes to the scintillators for a
track at 22.5 degrees. To minimize geometrical effects in this calibration-
procedure, only tube-hits are taken without firing neighbours.

These constants are obtained for every tape separately. In a second
pass, the cosmic events are filtered out, and the channel contents are con-
verted to energy units, using the previously obtained calibration constants.
Intermediate tapes, containing these converted data, are written and used as
input for the pattern recognition pass.
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Figure 24: Both projections of the off-line display of a (a) charged-current
event (muon and shouer), (b) neutral-current event (single shower)
and (c) charged-current event (single muon). Vertical bars denote
scintillator hits; the thickness of the bars correspond to the
recorded energy deposition. Points are drawn for tube hits. The
direction of the neutrino beam is from left to right in the
figure.



4.2 THE PATTERN RECOGNITION

The pattern recognition program has to cope with different event topologies.
These can be classified roughly as follows:

1. Single muon events, i.e. cosmic ray events or neutrino induced events
without visible hadronic energy deposition.

2. Muonless events, where only a (hadron or electron) shower is visible.

3. Charged-current events consisting of a hadronic shower and a muon track
emerging from the same point. Some of these events contain more than
one muon track.

4. Other events like entering muon tracks with bremsstrahlungs showers.

Some off-line event displays are shown in fig.24. First the logic flow of the
pattern recognition program will be discussed, then the different processors,
which perform the tasks mentioned in the following section will be described
in more detail in later sections.

4.2.1 Logic flow of the reconstruction

The first stage of reconstruction is a fast rejection of cosmic-ray events.
These cosmic-ray events are recorded during the accelerator spill and fulfil
the physics trigger. For events surviving this filter, a search for possible
muon tracks, as described below, is made. The tracks found in this stage are
classified as shower-tracks or real muon candidates on the basis of their
length, and they are classified as tracks entering the front or the sides, or
as tracks originating in the apparatus on the basis of their origin.

Before the shower is reconstructed, all real muons are subtracted from
the hit and pulse-height patterns, thus only the bare shower is reconstructed.
In this stage shower vertex, angle, and energy are determined.

Then an attempt is made to define the momentum of all real muons, which
originate in the apparatus, by the deflection in the magnet system. For all
muons the minimum momentum is calculated from their range, and their end is
defined. For stopping muons the range is used as a momentum estimate.

In the following, the different processors are described in more detail.

4.2.2 The fast cosmic rejection

Events containing a single particle trajectory in the calorimeter, and no
other data, are rejected. The tracks are required to enter the apparatus from
the start plane or the sides. Tracks of stopping muons, which enter the end
or the sides of the apparatus and travel in a direction opposite to the neu-
trino beam, cannot be rejected. Up to two spurious hits, not lying on the
track, are allowed. The total number of cosmic-ray events rejected by this
filter is «10s for the exposure in the narrow-band beam. This number can be
compared with the roughly 15000 neutrino events, which survive all selection
criteria, and which were taken during the same exposure. More difficult to-
pologies are rejected after the full reconstruction.

- 52 -



4.2.3 The shouer reconstruction

This processor operates on the hit patterns of the scinti1lators and tubes,
after these have been cleaned from muon tracks. In this cleaning procedure
the light attenuation in the scintiIlators is taken into account. The remain-
ing scintillator pulse-heights are also corrected for the attenuation.

The start plane of the shouer is defined by the first two consecutive
scintillator planes with more than two minimum ionizing particle (m.i.p.) en-
ergy deposition. Events where this requirement is not fulfilled, are called
showerless. The end is defined by three consecutive planes with less than one
m.i.p. The lateral boundaries are defined in a similar uay.

The shouer energy and barycentres are calculated uith the scintillator
information inside the box. Tube information in the frames and the end calo-
rimeter is used if the box lies sufficiently close to the edges of the marble
calorimeter.

The shouer vertex is calculated uith an empirical algorithm. The vertex
is defined by the intercept of the start-plane of the shouer and a straight-
line fit to patterns in the first four planes (including the start-plane of
the shouer). By means of this straight-line fit the energy-flou of the first
part of the shouer is projected back to the start-plane of the shouer, thus
providing an estimate of the shouer vertex. First, tube hits which cannot be
followed to the next plane are removed, in an attempt to remove soft large an-
gle particles from the shouer pattern [51].

The elements used in the above mentioned straight-line fit are:

1. the scintillator barycentres on the first four planes;

2. the overall barycentre of the scinti1lators;

3. the integrated profile of the first four tube planes;

4. all the combinations of clusters on these four tube planes.

Tube clusters are rous of fired tubes on a plane uith no gaps. As many fits
as there are possible combinations of clusters are performed in this process.
The different elements enter in the straight-line fits uith a ueight according
to their pulse-heights. In addition, a narrou tube cluster has more ueight
than a uide cluster. The relative ueight of scintillators and tubes is chosen
to give the best results. The straight-line fit uith that combination of
clusters, uhich gives the best x2 is used to provide the estimate of the ver-
tex position.

For the shouer direction an average of tuo different methods is taken.
One estimate is the straight line joining the vertex and the overall scintil-
lator barycentre. The second estimate is formed by the axis through the ver-
tex that divides the tube energy pattern in tuo equal parts, in each projec-
tion. The energy of the individual tubes is ueighted uith a function uhich
decreases the ueight of tubes near the vertex and far from the axis. This
ueight function enhances the importance of the core of the shouer and sup-
presses fluctuations at the edges of the shouer. These fluctuations in the -
energy deposition are larger in the proportional tubes, because here the
charge induced by large angle tracks is collected more efficiently.

4.2.4 Results of the shower reconstruction

Vertex resolution
The resolution, achieved for the vertex of hadronic shouers, can be parame-
trized as follows:
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where E is the shower energy. In fig.25 this parametrization is shoun to-
gether with the measurements. The parametrization works for the energy range
below 200 GeV; the linear energy-dependence of the second term has no physical
meaning. The measured points are obtained from a comparison in charged-cur-
rent events of the shower vertex and the vertex defined by the muon track ex-
trapolated back to the start plane of the shower.

The quoted resolution function ignores the presence of non-Gaussian tails
in the distributions. These tails are taken into account in the analysis.

The resolution expected from the granularity of the detector elements is
«1.5 cm. The resolution is negatively influenced by the presence of tracks
from nuclear fragments travelling in a direction opposite to the shower direc-
tion. Also the fact that soft particles at large angles cause more ionisation
in the gas of the tubes than the leading high-energy particles, makes the ver-
tex measurement more difficult.

In charged-current events, the vertex can be obtained from a combination
of the shower vertex and the muon track parameters. This procedure yields at
low hadronic energies a considerable improvement compared to the shower vertex
alone.

Shower energy calibration and resolution
The energy measurement of hadronic showers was calibrated using showers pro-
duced by a beam of momentum-selected pions. A calibration factor was measured
for various energies between 15 and 140 GeV. The calibration factor varies
slowly with energy as shown in fig.26.

Figure 25: Measured vertex resolution for hadronic showers.

Figure 26: Measured energy calibration factor for hadronic showers.

The energy resolution was also obtained in this way and is represented by
a simple energy-dependence:

o(E)/E = 0.53 / i/(E/GeV)

This functional form is expected in calorimetric energy measurements; the num-
ber of particle tracks is roughly proportional to the shower energy, which in-
troduces the statistical square-root. A part of the energy of a hadronic
shower is released by electromagnetic cascades. Roughly half of the reso-
lution is explained by the variation in the fraction of the electromagnetic
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part, and by nuclear binding effects. The resolution is larger than this
minimum because the energy released in the active part of the calorimeter is a
fraction of the total energy deposition.

Shouer angle resolution,
The measured shower angle is a result of the average of the method based on
the barycentre of the scintillators and the method based on tube information.
The two methods, applied separately, give comparable results. In the energy
range below 30 GeV almost no improvement is seen averaging the two estimates.
This indicates, that the statistical fluctuations of the shouer dominate the
resolution. For higher energies, the combination of the two estimates gives a
considerable improvement compared to the individual results.

The resolution of the angle measurement of hadronic showers was measured
using showers produced by the pion beam. The angular resolution can also be
measured using the coplanarity requirement of the muon track and the shouer
vector in charged-current events. Both measurements give the same results.
If the vertex obtained from the shouer alone is used, the resolution can be
parametrized as:

a(8) proj

0.16 0.56

\/(E/GeV) E/GeV
rad

An improvement is obtained for showers where the muon can be used to define
the vertex. In this case the resolution can be parametrized as follows:

0.16 0.20

proj
V(E/GeV) E/GeV

rad

Both cases of the angular resolution are shown in fig.27.
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Figure 27: Measured angular resolution of hadronic showers when the shouer
vertex is used (open circles) and uhen the muon is used to define
the vertex (full circles). The curves are parametrizations given
in the text.

The measured points are obtained by the coplanarity method in charged-current
events. .
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The angular resolution of the shouer has non-Gaussian tails, due to the
influence of the vertex measurement.

4.2.5 The track-finding

The search for muon tracks operates on the signals measured by the proportion-
al drift tubes [52]. The pulse-height information is used, but no use is made
of the drift-time information. The algorithm is developed empirically. It
was optimized to match the details of the functioning of the proportional
drift tubes. The algorithm is based on the high efficiency of the tubes for
the recording of muon tracks (-935Í).

The track-finding is preceded by a blanking procedure with the aim of re-
moving all hits associated with the shouer and to retain a sufficient number
of hits on the muon tracks. The blanking algorithm uses the following cri-
teria either to remove or retain a recorded hit.

1. No hits are removed on planes with less than three signals.

2. On other planes, any signal above a certain threshold is removed, un-
less it is an isolated hit (no fired neighbour within four tubes on ei-
ther side). The threshold is chosen such that signals due to one tra-
versing track are accepted for the largest fraction of the Landau dis-
tribution, taking the relativistic rise effects into account. If a
signal is removed its direct neighbours are also taken out. This is
repeated for every neighbour of a removed tube. In the magnet system,
the threshold is set higher because here the problem of shower-associ-
ated hits is smaller.

3. An additional requirement is imposed on the signals in the last four
planes of the end magnet. Here we have a double measurement of the
track and i<eep only those hits, corresponding to a hit on the other
plane of the same projection, unless all hits are lost by this require-
ment.

4. If the end calorimeter has verv feu signals in total, but the end mag-
nets contain a number of hits consistent with a track, signals corres-
ponding to the hole positions are generated in the end calorimeter.
This is done in order to avoid an inefficiency induced by the hole in
the end calorimeter. If no track can be associated with these generat-
ed hits, they are deleted in a later stage of the track-finding.

Strictly speaking, the latter point does not belong logically to the blanking
procedure, but more generally to the preparation of the hit-pattern used as
input for the track-finding. After the blanking has been performed, tracks
are searched for, using the remaining hits.

The track-finding starts with a combinatorial search for tracks in the
end system. The basic assumption is made that tracks in the end system are
well enough represented by parabolae. The search is made in the two projec-
tions separately, and only in the non-inclined planes. Points sre joined into
tracks in two passes. In the first pass only tracks which traverse the whole
end system are found, with strict criteria on the points lying on a parabola.
In the second pass, also shorter tracks can be found with larger tolerances.
In both cases, a check on the curvature of the parabola is made, the parabola
being defined in a rotated coordinate system with the end points of the track
defining the abscissa of the coordinate system.

The tracks found in the projections are then matched into tracks in space
using the information of the inclined chambers. The check on the inclined
chambers is only required in the case that more than one track is found in a
projection. In this case the projections are matched only if two inclined
planes have hits in the predicted points.
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Tracks in the target calorimeter are followed in a plane-wise backward
search. Hits are assigned to tracks in the following hierarchical order:

1. First an attempt is made to continue tracks already found in the end
system.

2. Then, an attempt is made to join hits to tracks which terminate in the
target calorimeter.

3. On hits still remaining, the hypothesis is tested, whether they can be
the end of a track stopping in the target calorimeter. This is done by
a search for straight-line combinations with points on the tuo preced-
ing planes.

In this stage of the search, no hits can be common to tuo or more tracks.
Tracks which have not been continued for tuo planes in the projection are
marked as being complete, and no further continuation will be attempted for
these tracks. In this search a hit is joined to a track if it lies suffi-
ciently close to the straight-line prediction of the three preceding points;
also a check on the change of slope is made.

After the pass through the calorimeter is complete, the tracks are
checked for their straightness. Tracks may fail this test if they are in the
iron, or if it has been wrongly followed in the shower region. In this last
case, the first points are removed until the first three points are on three
consecutive planes.

In the target calorimeter, no information from inclined uires is availa-
ble and tracks are matched on the basis of their total length and the position
of their mid-points and finally on the basis of their end-points.

Points which had been lost by the blanking procedure, are restored to the
track. At the end of the track, an extrapolation is made to prolong the track
if possible. As a last step, an attempt is made to join tracks which have
been found in tuo sections into one, on the basis of their straight-line pa-
rameters.

In events where no tracks are found, a search for large angle tracks is
made on the partially blanked hit pattern. The blanking procedure can erase
information of large angle tracks due to the larger pulse-heights in the tubes
and a geometrically increased probability of firing neighbour-tubes.

The efficiency of the track-finding is checked by an eye scan of the
events. The reconstruction efficiency is -99.5ÍÍ. The lost tracks are predo-
minantly large angle tracks of which one projection is hidden by the shower,
and tracks traversing the holes in the end calorimeter.

4.2.6 The muon momentum fit

ľluons produced in the target calorimeter and which traverse a sufficient
amount of iron, are fitted by a classical least-squares method, based on the
fit used in the CERN Split Field Magnet detector [53]. The logic is divided
into three distinct sections:

f. the point selection;

2. the ambiguity resolution;

3. the fit proper.

The point selection
The point selection starts with the classification of tracks as frame-tracks,
end-tracks, mixed-tracks (seen in the frames and in the end system) and tracks
consisting of insufficient points. The latter class consists of e.g. tracks
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of muons stopping in the marble or in the iron before a sufficient number of
counters inside the iron is hit, or steep tracks leaving the sides of the ap-
paratus.

The minimum requirement is six points for end system tracks, and eight
points for frame-tracks. In the geometry-fit, the drift-time information of
the tubes is used, which forces a strict point selection. The following cri-
teria are used to discard hits, where the drift-time information is considered
to be unreliable:

t. The pulse-height is too large, which distorts the drift-time drift-dis-
tance relationship, and may mean it is contaminated by the shower or by
bremsstrahlung.

2. It has first or second neighbours, unless it is the member of a double-
hit, in which the sum of the two drift-distances yields the distance
between two adjacent wires. The latter property is also used to re-
solve the left-right ambiguity for this hit.

In this way up to five hits are selected in each projection in the target ca-
lorimeter, in the planes preceding the start of the track in the iron; up to
14 hits in the magnet system are selected. The selection criteria are less
strict for short tracks, where all reasonable signals are taken.

When the energy deposition measured by the scintillation counters insert-
ed in the gaps between the discs of the end magnet is inconsistent with the
energy deposition of a muon track alone, the track is treated specially at
this point. If the hit-multiplicity is consistent with the number of muons,
the energy deposition is used in the fit to correct the track-parameters at
that point; if the multiplicity is higher, the track is cut at this point and
only the first part is used in the fit.

The ambiguity resolution
The left-right ambiguity in the position measurement using the drift-times is
then resolved. First, all possible straight-line fits are tried through the
points on the straight section. The best solution is used to fix the ambigui-
ty of one point, which will be used in the fit, and a point on the magnet face
is generated. This point, together with the ambiguity resolution provided by
the double measurement of the last four planes is used to fix the end points
for the ambiguity resolution inside the magnet system.

These ambiguities are resolved trying all possible parabola-fits through
the points on non-inclined planes. The ambiguities on the inclined wires are
resolved by a comparison with the prediction of the best parabola on this
plane.

The fit
The muon momentum is obtained by a least-squares fit to the track positions
obtained with the drift-times.

The estimate of the weight matrix is done following a method due to
Regier (54] and implemented by Friihwirth 155].

In this method the multiple scattering and energy-loss are taken into ac-
count. Depending on the nature of the material traversed by the particle, the
scatterer is treated as a continuous or discrete scatterer.

The actual fitted parameters are the two projections of a point on a ref-
erence plane, two direction cosines and the inverse momentum. In a first at-
tempt, all points are used with their drift-time information, yielding a posi-
tion measurement with a precision of the order of 1 mm, rather than the -9 mm
corresponding to the 3 cm tube granularity. Roughly 75JJ of these fits are
succesful above the 0.001 probability level.

In subsequent trials one or more position measurements are replaced by
their wire position and correspondingly larger resolution. The selection of
points to be degraded is done on the basis of their drift-times. Smaller
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drift-times are more likely to be generated by extra particles, or S-rays; in
addition, the ambiguity resolution is more likely to fail for short drift-dis-
tances. The fit yielding an acceptable xz with the least number of points de-
graded is than taken as the final estimate. This procedure yields finally *5*4
of the tracks fitted with only the wire coordinates as momentum estimate.

The efficiency of the momentum fit is 95JJ for tracks which have a suffi-
cient number of points measured on the track. The additional geometrical in-
efficiency is «t2J{ for the narroM-band beam spectrum. This geometrical inef-
ficiency is caused by steep tracks leaving the sides of the apparatus and by a
small number of straight tracks traversing the hole in the end system.

The momentum of stopping muons can be obtained from their range. This is
the only uay to define the momentum of muons stopping in the marble part of
the calorimeter. For some muons stopping in the end system, the momentum can
be obtained from both the magnetic deflection and the range. A comparison of
the two different momentum estimates is shown in figure 28.
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Figure 28: Comparison of muon momentum obtained by the range and by the
magnetic deflection.

4.2.7 Muon momentum resolution

The measurement error in the muon momentum is the result of multiple scatter-
ing in the iron disc-magnets and of the limited chamber resolution. The first
gives rise to a constant term in the relative resolution, the latter to a mo-
mentum dependent term.

For ideal tracks, i.e. tracks visible along a straight section before the
magnet system and traversing the complete end system, the average relative re-
solution, a°Cp)/p, for a momentum, p (given in GeV/c), is

<r°(p)/p = (0.001'P)*}

The two terms yield equal contributions for 140 GeV muons.
An estimate of the variance of each individual fit is calculated during

the fit. This estimate is used to analyse the distribution of normalized re-
lative measurement errors p(p)/p / o°(p)/p (fig.29(a)). The actual shape of
the distribution making up this average is only very slightly momentum depen-
dent. It is well described by three components (fig.29(b)):

1. a peak at 0.85»o°(p)/p for *80X of the cases;

2. a shoulder around 1.3*o°(p)/p for «12JÍ of the fits;
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3. a tail around 3.0«a°(p)/p. The population of this tail is -5V, for low
momenta and increases to «10}{ at 200 GeV.

For less ideal tracks, the resolution is modified. Tracks without a straight
section in the marble calorimeter show an enhancement of the shoulder. Tracks
not traversing the whole end system, i.e. stopping tracks, tracks partly tra-
versing the holes, and tracks leaving the sides are fitted with a resolution
according to the amount of magnetized iron seen. The worsening factor is
shoun in fig.30.
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Figure 29s Normalized relative measurement errors for the muon momentum fit.
Shoun are the measured (a) and simulated (b) distribution for
muons traversing the end system.

Figure 30: The factor, by which the muon momentum resolution is degraded when
a muon traverses less than the maximum amount of magnetized iron.
For muons traversing less than 0.5 m, the deflection is not
sufficient to measure the momentum.

4.2.8 The muon angle measurement

The muon angle is measured in the marble part of the calorimeter. For this
purpose a section of the track is defined as close as possible to the shower
region, only using points not likely to be contaminated by the shower.

The length of the section is defined matching the position measurement
error to the uncertainty introduced by multiple scattering. The point selec-
tion uses criteria similar to thqse used in the momentum fit.

The straight-line fit uses the drift-time information of the tubes. If
this treatment does not yield an acceptable xzt or the number of points mea-
sured on the track is insufficient to resolve the ambiguities of the position
measurement, a fit to the wire-position on a longer section is performed. The
fit to the «ires is only necessary in 5JÍ of the cases.

If the track is not visible for a sufficiently long section in the mar-
ble, the first feu points in the frames are accepted in the fit; for tracks
only seen in the end system, the direction-cosines of the momentum-fit are
used for the angle measurement.

Angular resolution of muon tracks
In the straight-line fits only the diagonal elements of the weight-matrix are
used, giving an estimate of the measurement error which is too small. An av-
erage correction factor is used afterwards to account for this approximation.

The resolution of the angle of muon tracks follows directly from the er-
ror on the straight-line fit and the multiple scattering on the part of the
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track obscured by the shower. The error in the measurement of the slope of
the straight track is given by the length of the section used, the number of
measurements on that section and the multiple scattering. The length of the
straight section depends strongly on the actual geometry of the event and on
the length of the shower.

In fig. 31, the range of measurement errors as a function of the muon mo-
mentum is shown.

50 100
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Figure 31: Average muon angular resolution as function of the momentum. The
multiple scattering in the region inside the shouer, where the
muon is not visible, is taken into account in addition to the
uncertainty in the measurement of the angle of the visible part of
the track.

4.3 THE KINEMATICAL FIT

4.3.1 Measured kinematical quantities

An ideal reconstruction of charged-current events yields the following kine-
matical quantities:

1. the muon momentum;

2. the shower energy;

3. both projections of the muon angle;

4. both projections of the shouer angle;

5. the knowledge of the vertex position giving the neutrino energy in the
narrou-band beam (section 2.3.3).

The full kinematics of an event is determined by a subset of these quantities.
This makes it possible to impose a feu constraints on the measurements and
hence to improve them. The constraints are in this case energy and momentum
conservation giving three additional relations betueen the variables.

The measurement of the neutrino energy suffers from an ambiguity intro-
duced by the dichromatic spectrum. This ambiguity is resolved uith the use of
the other information available. An estimate of the neutrino energy is ob-
tained fitting all available measurements, excluding the knouledge of the beam
spectrum. This estimate is compared uith the tuo possible beam energies. The
energy uhich suits better is assigned as an extra measurement.
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With this complete set of measurements a second fit is attempted
providing the best possible estimate of the kinematics.

For events, where not all quantities are reconstructed, some relations
are lost. The following cases can occur:

1. Muon momentum not reconstructed (neither by magnetic deflection, nor by
range): two relations are left, the constraint of energy-balance is
lost.

2. Before the ambiguity due to the neutrino energy spectrum is resolved,
the neutrino energy is not known: again only two relations survive. In
the subsequent second fit the neutrino energy obtained from the radius
of the interaction is used, adding a constraint in the second fit in
this case.

3. Both muon momentum and neutrino energy unknown: only one relation (co-
planarity) is available.

4. The shower angle is not reconstructed (this happens for low-energy
showers only): one relation (energy balance) remains.

5. In some cases, the kinematics is not overdetermined and no fit can be
performed. This occurs when e.g. only the muon momentum, muon angle
and shower energy are known.

4.3.2 Fit method

The fit uses a ^-minimization procedure, the constraints are introduced with
the method of Lagrange-multipliers 156).

The least-squares method requires a normal distribution of measurement
errors. This is not the case for the error of the muon momentum. The magnet-
ic deflection is more related to 1/p and therefore the error in 1/p will be
approximately normally distributed. In all other measurements the normal dis-
tribution is a fair approximation of the actual distribution. Hence the fit
varies the inverse of the muon momentum and the other quantities as they are
defined in the previous section.

From the way the measurements are obtained in the reconstruction program,
it is clear that a diagonal covariance matrix can be used. In some cases,
this is only an approximation, e.g. for events where the muon is used to im-
prove the vertex estimate of the shower for the shower-angle measurement.
Here a small correlation of the muon and shower-angle error is neglected.

The errors on the individual measurements are estimated either on an
event-by-event basis, where the reconstruction program gives an estimate of
the error (muon momentum and angle), or by means of a parametrization in the
other cases.

- 62 -



Chapter 5

EXPERIMENTAL RESULTS

In this chapter results on total and differential cross-sections will be pre-
sented. The first section deals with the measurement of total cross-sections
of both charged and neutral-current neutrino and antineutrino interactions.
The second section describes the analysis of differential cross-sections of
charged-current interactions.

5.1 TOTAL CROSS-SECTIONS

Total cross-sections of neutrino and antineutrino interactions were obtained
using data taken in the CERN 200 GeV narrow-band neutrino beam (section
2.2.1). The momentum of the extracted proton beam was 400 GeV/c. Roughly
2 x 1O1S protons on target were collected during a running period of in total
four months.

First the method used for the normalization of the neutrino flux and the
event selection will be discussed. Then results on total cross-sections anH
neutral-current coupling constants uill be given.

5.1.1 Normalization of neutrino fluxes

The neutrino and antineutrino fluxes were obtained with a method combining
measurements obtained with the beam current transformer in the secondary ha-
dron beam and solid-state muon counters in the iron shielding (section 2.2.2
and 3.2.2). For the calculation of the absolute neutrino flux one has to knou
the number of pions and kaons in the decay tunnel, the branching ratios of the
decays of these particles into neutrinos (section 2.3.4), and the properties
of the secondary hadron beam. The latter is required in order to be able to
calculate the energy spectrum and the radial dependence of the neutrino flux.
Some of the neutrinos in the beam do not enter the fiducial volume of the neu-
trino detector due to the uidth of the neutrino beam. Hence the fiducial vol-
ume and the resolution of the measurement of the interaction vertex have to be
taken into account in the calculations. In all calculations the divergence of
the secondary hadron beam was taken 10JÍ larger than the nominal divergence, as
indicated by the energy-radius correlation measured in the neutrino detector.

The beam current transformer in the secondary beam provides a good mea-
surement of the total number of pions and kaons in the antineutrino beam; the
contribution of antiprotons is small (-0.6J{). In the neutrino beam, the pion
and kaon fluxes are much more uncertain because of the large proton content of
the positively charged hadron beam (p/u = 4.4 ± 0.2) (44). The shield mea-
surement of the ratio of the muon fluxes in the neutrino and antineutrino
beams is not affected by this problem. Therefore, ue have used the beam cur-
rent transformer to obtain the absolute antineutrino flux, and the solid-state
muon detectors to measure the ratio of the neutrino and antineutrino fluxes.

The absolute calibration of the beam current transformer is known to ±3%
(441, while its temporal stability is estimated to be better than VA as a re-
sult of a check against ionization chambers both in the secondary beam and in
the shield, and against the solid-state muon counters in the shield. The re-
lative calibration of the solid-state detectors is known to better than VA
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147], thus the effect of variations in the beam steering on the total muon
detection efficiency is smaller than 0.5/i. An absolute calibration of these
detectors is therefore unnecessary.

The secondary hadron beam is accompanied by low-energy electrons produced
in the matter (foils, air) traversed by the beam. A correction of 5.5JÍ ± 35Í
was applied to the signal of the beam current transformer for the contribution
of these 6-rays (44]. The magnitude of this correction is obtained by a com-
parison of the signal of the BCT and the signal of the differential Cerenkov
counter in the negative and positive hadron beam. The Cerenkov counter is
only sensitive to relativistic particles, while the BCT also records the cur-
rent induced by soft electrons. The current induced by the soft particles
does not change sign when the beam polarity is changed, and hence a comparison
of the ratio of the BCT and Cerenkov signals for different polarities measures
the contribution of soft particles. This ratio changes by (11 ± 2)'/, when the
beam changes polarity. With the assumption that the contribution of soft par-
ticles is equal for both beam polarities one obtains a correction of 5.5JS. An
extra uncertainty is assigned to this value due to the uncertainty in the as-
sumption of equal contributions of the soft particles for both beam polari-
ties. The component of this secondary radiation, which is sufficiently rela-
tivistic to be measured by the Cerenkov counter, adds to the Cerenkov signal
in both beam polarities. Hence this contribution cancels when the ratio of
the Cerenkov signal in the positive and negative beam is taken, and does not
change the argument.

The detection efficiencies for muons produced by the decays of pions and
kaons in the secondary hadron beam are different. This effect was estimated
by a Monte Carlo simulation of the muon trajectories in the shielding. Ac-
cording to the calculation described in section 2.3.5, the acceptance of the
solid-state detectors for muons from kaon decay is a factor of 1.30 ± 0.08
higher than for muons from pion decay. The uncertainty in this number is
mainly due to the uncertainty in the divergence of the hadron beam. Correc-
tions corresponding to the different K/v ratios were applied.

The flux of muons measured in the shielding was corrected for contribu-
tions from particles decaying before the momentum-defining slits. This back-
ground was determined experimentally with the momentum slits closed; it
amounts to (4.1 ± 0.2)?! in the neutrino beam and (3.4 ± 0.2)% in the antineu-
trino beam.

The uncertainty in the ratio of the neutrino and antineutrino fluxes is
given by the uncertainty of the relative muon fluxes, and is estimated to be
2%. The acceptance calculation for the detection of muons contributes an 0.&X
uncertainty, other contributions are due to electronic instabilities of the
solid-state detector system and the beam jitter (-1JS), and the subtraction of
background muons. The absolute flux, measured in the negative beam is known
with a precision of 5%, mainly due to the calibration of the BCT and the cor-
rection for 6-rays.

Dead-time effects in the neutrino detector were corrected using a signal
from a threshold Cerenkov counter placed in the beam line and recorded inde-
pendently during the active time of the target calorimeter and the gate time.

In order to have a consistency check on the monitoring of the neutrino
beam, we have determined the event rate normalized to the absolute neutrino
flux for different samples of the data. The spread of the distribution of
these normalized event rates is compatible with being purely statistical
(fig.32).
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Figure 32: Spread of event rate (NC + C O normalized to the total neutrino
flux for (a) antineutrinos and (b) neutrinos. The events have
been divided into sub-samples in chronological order. For each
sub-sample the number of events, normalized to the neutrino flux,
is plotted against the relative deviation from the global mean.
The curve shows the distribution expected for purely statistical
deviations.

5.1.2 Selection criteria and corrections

The fine spatial resolution of the calorimeter is such that classifica-
tion of events as neutral-current (NC) or charged-current (CO candidates may
be made on an event-by-event basis.

The criteria used to select neutrino interaction candidates uere the fol-
lowing :

1. The interaction vertex lies within a fiducial volume chosen to ensure
good pattern recognition and low background conditions; this fiducial
volume covers an area of 120 cm (90 cm) radius perpendicular to the
beam axis in neutrino (antineutrino) exposures, and extends longitudi-
nally from target plate 7 to target plate 60, inclusive, corresponding
to a target mass of 65 (37) tons. The end of the fiducial volume was
chosen in order to ensure a good muon recognition. The six active
plates in front of the fiducial volume ensure an efficient suppression
of events induced by entering particles. The radial fiducial cut of
120 cm in neutrino exposures was applied for the pattern recognition.
This radius was chosen to be 90 cm in antineutrino exposures in order
to suppress wide-band background, which is relatively more important at
large radii.

2. The event contains no charged track entering the front or the sides of
the detector.

3. The shouer energy is greater than 2 GeV. The shower energy cut ensures
a full trigger efficiency for events satisfying the selection criteria.
This requirement is not necessary for CC events, where the energy depo-
sition of the muon is sufficient for a fully efficient trigger. There-
fore, for some analyses of CC events where no comparison with NC events
had to be made, this requirement was dropped.

The neutrino event candidates were classified as CC or NC interactions
according to the following criteria:

1. A CC event has a track identified as a muon associated with the inter-
action vertex (a track is called a muon if it has a range corresponding
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to more than 1.0 GeV/c and if it is clearly visible outside the hadron
shower for a length corresponding to a range of more than 0.67 GeV/c;
the track is further required to have no kink or interaction uitliin the
ranges defined above).

2. All other events are classified as NC.

The automatic reconstruction and classification of all NC candidates have been
verified by an eye scan. The 5/Í wrong classifications of these candidates
were corrected individually. In the case of CC candidates, a sample was scan-
ned and a correction, amounting to nine out of 9000 CC events, was applied ac-
cordingly.

We thus find 9000 neutrino and 4000 antineutrino CC and NC events (see
table 5).

TABLE 5
Corrections to raw event numbers for showers > 2 GeV.

Raw event numbers

Wide-band and cosmic background

U selection criteria

K and n decay in flight

v e events from Ke, decay

Corrected event numbers

NC

1126 ±

-143

-22

+15

-26

948

.a ±

.6 ±

.2 +

.4 t

.3 +

\

34

26.3

2.2

3.1

3.0

43.3

i

CC

2751 i

-244

+22

-15

2514

.0 t

.6 ±

.2 +

.4 +

53

35.1

2.2

3.1

63.7

NC

2361 ± 49

-95

-96

+53

-163

2059

.4 i 11

.5 ± 9.

.5 + 10

.6 ± 10

.0 ± 53

.6

3

.9

.0

.5

>

CC

6503 i

-112.

+96.

-53.

6433.

6 ±

5 +

5 i

4 i

81

13

9.

10

84

.1

3

.9

.3

These two samples of data were corrected for backgrounds and for various ef-
fects mixing NC and CC events. The following corrections have been consider-
ed:

1. The wide-band background of events induced by neutrinos and antineutri-
nos produced by the decay of hadrons before the momentum slits in the
beamline is evaluated using special runs during which the momentum
slits were closed. The exposure in these runs is normalized relative
to the normal data-taking exposure, using the secondary beam intensity
as monitored by the secondary emission foil downstream from the target.

2. The number of cosmic-ray events classified as neutrino events is ob-
tained by analysing data taken under identical trigger conditions while
the accelerator was off. The total contribution of these events is
small.

3. The number of events lost by the automatic pattern recognition is de-
termined by an eye scan of a sample of the rejected events. On the ba-
sis of this scan we have added 21 (15) NC events and 16 (12) CC events
to the neutrino (antineutrino) event samples.

4. The selection criteria for muon tracks results in a number of CC events
being classified as NC events. This effect is mainly caused by muons
leaving the sides of the detector before being identified and, to a
lesser extent, by muons obscured by the hadronic shower. The contribu-
tions were evaluated using a semi-Monte Carlo method, where Monte Carlo
generated muons were superimposed on showers of real events and then
reconstructed.
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5. The decay in flight of pions and kaons in the shower can produce « m;:cn
track which satisfies the selection criteria for CC events. This cor-
rection uas determined experimentally from an analysis of dimuon events
157]. The origin of the second muon in dimuon events was compared uith
the origin of the primary muon. Using the relative distance of the two
muons as a criterion, the secondary muons from pion and kaon decays can
be separated from muons created at the vertex (e.g. from charmed meson
decays). In this way the number of decay muons satisfying the selec-
tion criteria uas obtained normalized to the number of hadronic show-
ers. The probability for such a muon uas found to be proportional to
the shower energy.

6. The narrow-band beam contains a component of electron-neutrinos from
Ke3 decays. Neither their CC nor NC interactions give a muon in the
final state, and have to be subtracted from the NC sample. The correc-
tion is calculated using the known K-decay branching ratios [45] and
assuming electron-muon universality.

5.1.3 Total cross-sections

From the corrected event numbers listed in table 5 we obtain directly the
following cross-section ratios on an isoscaiar target for the shower energies
above 2 GeV:

R = = 0.320 ± 0.010

and
a(ïïN -» vX)

Ŕ = = 0.377 ± 0.020
atvH •

The systematic error in these results is small (about one third) compared to
the statistical one.

Measurements of the ratio of the neutral-current and charged-current
cross-sections reported by other experimental groups 158,59,60,61,62] are com-
pared uith the results of this analysis in table 6. In addition, the various
shouer energy cuts applied in the analyses are listed for completeness.

TABLE 6
Comparison of neutral to charged-current ratios.

target material R R Eh cut

CHARM
GGM
HPUF
CITF
BEBC

marble
f reon
liquid scintillator
iron
NeH»

0.320 ± 0.010
0.26 ± 0.04
0.29 ± 0.04
0.27 ± 0.02
0.32 í 0.03

0.
0.
0.
0.
0.

377
39
39
40
39

± 0.020
i 0.06
ž 0.10
ž 0.08
± 0.07

2
0
4
12
15

GeV
GeV
GeV
GeV
GeV

CDHS iron 0.307 ± 0.008 0.373 ± 0.025 10 GeV

Making use of the absolute normalization of the neutrino fluxes and
weighting the spectrum assuming a linear rise of the cross-sections uith neu-
trino energy in the laboratory frame, E, ue measure the total CC cross-sec-
tions of neutrinos and antineutrinos on an isoscaiar target (including, the
quasi-elastic contributions):
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-» n"X) = (0.604 t 0.032) x lO"38 x E cm2 (GeV nucleon)"1 (42)

•• |i+X) = (0.301 ± 0.018) x 10"3» x E cm2 (GeV nucleon)"1 (43)

These total cross-sections were obtained for the full neutrino energy spec-
trum, effectively averaging over the range 20 to 200 GeV (fig.15). No shower
energy cut uas applied in this case. No absolute normalization of the neutri-
no fluxes is needed for the ratio of the charged-current neutrino and antineu-
trino total cross-sections. With the relative normalization of the neutrino
and antineutrino fluxes measured with the tnuon counters in the shielding we
obtain:

r = = 0.498 ± 0.019

again without shouer energy cut. The CC cross-section ratio uith a 2 GeV
shower energy cut is needed in order to be able to compare NC and CC cross-
sections (e.g. in the Paschos-Wolfenstein relation equation (2)). When this
cut is introduced ue obtain:

r(Eh ž 2 GeV) = 0.470 + 0.017.

The 2 GeV cut in shouer energy removes the contribution of quasi-elastic
events efficiently. These events represent the coherent interactions of neu-
trinos uith the whole nucleon and do not probe the internal structure of the
nucleon. The cross-section ratio obtained for a 2 GeV shouer energy cut can
be corrected for this cut, explicitly neglecting the quasi-elastic contribu-
tion. In this uay an inelastic cross-section ratio uas obtained,
t'inel = 0.492 ± 0.019, which can be interpreted in terms of the quark-parton
model. Uith the assumption of equal fractional antiquark contributions probed
by neutrinos and antineutrinos, ue obtain (equation (3D) í

q
= 0.16 ± 0.01

q+q

The antiquark contributions for neutrino and antineutrino interactions sepa-
rately uill be obtained from the y-distributions.

Assuming that the Cal Ian-Gross relation (equation (ID) is valid and that
the structure functions are equal for neutrino and antineutrino interactions,
ue evaluate the momentum sum rule (equation (32)) for the energy range of this
experiment, interpreted in the quark model as the fractional momentum carried
by the quarks and antiquarks in the nucleon (section 1.3.10):

3n r . i
fftotďN •* U - X ) + < r t o t ( v N •> n * X ) = 0 J ' F 2 ( x ) d x = 0 . 4 4 ± 0 . 0 2

4G2ME L J
from the sum of the total cross-sections quoted in equation (42) and (43).
This result suggests that roughly one half of the momentum of a nucleon is
carried by non-ueakly interacting partons.

In table 7 the total cross-sections obtained in this experiment are com-
pared uith other experimental results [63,64,65,66]. All quoted cross-sec-
tions are averaged over a comparable energy range, roughly 20-200 GeV. The
various experimental results agree uith each other, uith the exception of the
CFRR (Caltech-Fermilab-Rochester-Rockefeller) result. The reason for this
discrepancy is not knoun. The ratios of the cross-section of neutrinos and
antineutrinos agree. This implies that the absolute scale of the flux normal-
ization measured uith the BCT at CERN and uith a ionization chamber in the

- 68 -



3 3

case of the CFRR experiment do not correspond. The flux normalization of the
negative beam at CERN using the solid-state muon counters, which provide a
measurement of comparable quality, agrees within 3JÍ with the BCT normalization
1671.

TABLE 7
Comparison of total cross-sections.

CHARM
CITF
BEBC
CDHS
CFRR

target

marble
iron
NeH2

iron
iron

neutrinos

0.604
0.609
0.63
0.62
0.719

± 0.032
± 0.03
± 0.04
± 0.03
± 0.036

antineutrinos

0.301
0.290
0.29
0.30
0.371

ž 0.018
ž 0.015
ž 0.02
± 0.02
± 0.019

ratio (r)

0.498 ± 0.019
0.476 ± 0.019
0.46 ± 0.04
0.48 ± 0.02
0.516 ± 0.009

x 10"3 8 x E cm2 (GeV nucleon)"1

5.1.4 Energy-dependence of the cross-sections

The energy-dependence of the total cross-sections was obtained measuring the
cross-sections separately for two parts of the neutrino spectrum. A natural
choice was the separation into the kaon part and the pion part of the neutrino
spectrum.

In order to increase the statistics of the high-energy part of the anti-
neutrino data the radius of the fiducial volume was taken to be 120 cm rather
than 90 cm. The increase of the wide-band background otherwise introduced was
suppressed by a cut of 30 GeV in the measured neutrino energy. For the pur-
pose of this cut the neutrino energy assignment using the energy-radius corre-
lation of the beam is not used, because it produces wrong results for the
wide-band background events. This cut is only possible for CC events; the to-
tal energy is not accessible in NC events. The wide-band background is re-
duced by a factor four, while less than 10% of the wanted events are lost. No
shower energy cut was applied.

TABLE 8
Corrected event numbers and total cross-sections.

Beam

Neutrino

Antineutrino

Energy Corrected event
numbers

30-90 3383.2 ± 71
90-200 3074.5 ± 68
30-90 2173.2 ± 58
90-200 684.8 í 38

Cross-sections
10-38cm2»E

0.625 ± 0.040
0.578 ± 0.040
0.303 ± 0.018
0.275 ± 0.025

The total number of events after corrections, together with the cross-
sections obtained for different parts of the energy spectrum, are given in ta-
ble 8. The errors are larger than the errors in the total cross-sections ob-
tained for the full energy spectrum due to the following sources:

1. The uncertainty in the K/ir ratio enters directly in the higher part of
the spectrum (3%).

2. The uncertainty in the tails of the resolution functions enters. This
contributes a 2.5% error to the low-energy part. The uncertainty in
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the migration of events from the lower to the higher part and
vice-versa contributes a IJi uncertainty, except for the high-energy
part of the antineutrino spectrum, where a 3.5JJ uncertainty is induced.
This large effect is due to the asymmetric population of high-energy
and low-energy events in this exposure.

3. The statistics is reduced. This contributes a TA uncertainty (4JJ for
the high-energy part of the antineutrinos).

The ratios of the cross-section slopes a/E can be compared with pre-
dictions from scaling and QCD calculations. This comparison is shown in table
9. In the absence of a quasi-elastic contribution, the scaling prediction
would give t for this ratio. The QCD calculations are based on the model of
the structure functions, described in section 1.1.4 and 1.4.3. An ad hoc con-
tribution of quasi-elastic events was used in both predictions with a constant
cross-section [68]

Oqe = 0.5 • 10"3e cm2 nucleon"1

Effects of the U-propagator can be neglected in this energy range. The uncer-
tainties in the measurements are too large to be sensitive to the small
differences in the predictions. The results are consistent with both hypo-
theses.

TABLE 9
Ratios of total cross-sections for two energy regions.

neutrinos antineutrinos

This measurement 0.93 ± 0.06 0.91 ± 0.07
Scaling prediction 0.99 0.97
QCD prediction 0.95 0.97

Figure 33: Best fit and confidence limits of 39%, 87%, and 99X on the chiral
coupling constants as determined in this experiment. The drawn
curves are lines of constant p, and the dashed curves arc lines of
constant sin26.

- 70 -



5.1.5 Coupling constants

From the measured cross-section ratios, we obtain the chiral coupling
constants or, equivalently, the relative strength of the NC to CC coupling p
and the electroweak mixing angle sinz9. Me first analyse the results within
the framework of an SU(2) x U(1) gauge theory, in which no specific value of
the parameter p is assumed.

Me find from equations (3) and (4) the following values of the left-hand-
ed and right-handed coupling constants after correction for the strange and
charmed sea, the non-zero Cabibbo angle, and the shower energy cut:

gi2 = p2(ui2 + di2) = 0.305 ± 0.013 (44)

g r
2 = p 2(u P

2 + d r
2) = 0.036 ± 0.013 (45)

Me thus obtain a non-zero value of the right-handed coupling with more than
90ÍJ confidence (see fig.33) without constraining the value of p. Therefore,
this measurement of the right-handed coupling is independent of the Glashow-
Salam-Meinberg model. Values of these coupling constants obtained by other
experiments [61,62] are given in table 10; the values corrected for the dif-
ferent energy cuts and the contribution of strange quarks are taken from 1691.

TABLE 10
Comparison of results on chiral coupling constants.

CHARM CDHS BEBC

gï 2 0.305 ± 0.013 0.292 ± 0.013 0.313 ± 0.034
g r

2 0.036 ± 0.013 0.034 ± 0.017 0.023 ± 0.025

This result can also be expressed in terms of the parameters p and sin26.
From equations (7) and (8) and the measurement of the coupling constants
(equations (44) and (45)) follows:

p = 1.027 ± 0.023 (46)

sin28 = 0.247 ± 0.038 (47)

In the framework of the Glashow-Salam-Meinberg model, NC and CC coupling
have equal strength, p = 1. To obtain the electroweak mixing angle in the
context of this model, we have made use of an equation proposed by Paschos and
Uolfenstein 1241 (see equation (2) in section 1.1.4):

- ff(v-»v)
= p 2 d / 2 - sin28) (48)

Assuming p - 1 and inserting event numbers and the ratio of neutrino and anti-
neutrino fluxes, we find for a 2 GeV shower energy cut,

sin29 = 0.230 ± 0.023 (49)

Relation (48) holds only if the structure functions and their scaling viola-
tions in neutrino and antineutrino interactions are equal, if the charmed sea
is negligible and if the neutrino and antineutrino energy spectra are equal.
The dominant corrections to equation (48) involve the threshold behaviour of
charmed quark production, due to the different spectra of the neutrino and an-
tineutrino beam (see also section 1.1.4). Me estimate an additional system-
atic error of ±0.008 due to these effects, in agreement with the calculations
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of Paschos (25). Experimentally, the influence of these effects can be
estimated qualitatively by varying the shower energy cut. Inserting the event
numbers obtained uith a 25 GeV shower energy cut, we find

sin*© = 0.224 ± 0.025

in agreement uith the result for the lower cut.
The systematic error in the results given in eqs. (44), (45), (46), (47),

and (49) is composed of approximately equal contributions from the uncertain-
ties in the various corrections applied to the raw data sample and from the
uncertainties in the neutrino flux monitoring.

The measurements of R and ff alone can also be used to determine sin20 in
a model-dependent analysis. Me have used a recent QCD model calculation by
Kim et al. [23], as described in section 1.1.4. They use a model based on the
parametrization of the structure functions of Buras and Gaemers [22] (see sec-
tion 1.4.3). Taking the beam spectra and selection criteria of the present
experiment into account, we deduce a value of the electroueak mixing angle of
the Glashow-Salam-Weinberg model corresponding to

sin2» = 0.220 ± 0.014 (50)

Kim et al. [23] estimate an additional error of 0.009 on this value because of
uncertainties in the model calculation. In fig.34 we compare these results
with previous measurements; the result of the model calculation is shown for
different values of sin28. The measurement of R determines the electroueak
mixing angle, while the measurement of Ŕ serves as a consistency check of the
model.

Figure 34: Comparison of the results of various experiments on R and R uith
the Glashou-Salam-Ueinberg model. The rectangles indicate the -la
limits. The data are taken uith different cuts in shouer energy
(the cuts being 0 GeV, 4 GeV, 12 GeV, 15 GeV, and 10 GeV for
experiments GGM [58], HPWF [59], CITF [60], BEBC [61], and CDHS
[621, respectively. Our data have a cut of 2 GeV. The curve is
obtained for our conditions following the model calculations of
ref.(23), for different values of sin29.
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The model-dependence of the measurement of sin29 (equation (49)) using
the Paschos-Wolfenstein relation is due to the experimental problem of unequal
beam spectra, whereas the result quoted in equation (50) is obtained by an ex-
plicit use of model calculations, and hence the model-dependence is inherent
in this method. However, the model-dependent uncertainties in the two results
turn out to be nearly equal. Because the experimental uncertainties are larg-
er in the result quoted in equation (49), we prefer to quote the more precise
result of equation (50) based on the model-dependent analysis:
sin*8 = 0.220 ± 0.014.

The measurement of sinz8 in this experiment is in good agreement with the
value sin28 = 0.224 ± 0.020 obtained with measurements of parity violating
asymmetries in the inelastic scattering of longitudinally polarized electrons
from deuterium [70].

The measurement of sin2© can be compared with predictions made in the
context of grand unified theories. The result of a calculation of Marciano
and Sirlin 171] for an SU(5) theory, obtained for neutrino scattering off nu-
cleons around Q2 = 20 GeV2 is

sin28 = 0.2098 + 0.004«(Nh-1> + 0.006«log(0.4 GeV/A(R§))

where N h is the number of Higgs doublets in the theory and A(MS) is the free
mass-scale parameter of QCO valid for a particular renormalization scheme
(more details can be found in ref.[711). For the presently accepted values of
the free parameters, A(MS) - 0.4 GeV and Nh = 1, the SU(5) prediction is in
good agreement with the measurements.

5.2 DIFFERENTIAL CROSS-SECTIONS OF CHARGED-CURRENT INTERACTIONS

The differential cross-sections dor/dy and d<r/dx were obtained for neutrino and
antineutrino charged-current interactions. The data were recorded during a
200 GeV/c narrow-band beam exposure. The momentum of the extracted proton
beam was 400 GeV/c for the largest fraction of the exposure. Also data taken
with a 450 GeV/c extracted proton beam were used. The analysis is based on
6317 neutrino and 4294 antineutrino charged-current events satisfying all se-
lection criteria. The selection criteria used for this analysis are identical
to those described in section 5.1.4.

5.2.1 The interpretation of measured distributions

Experimental distributions, obtained by a measurement with finite reso-
lutions, can not be interpreted without knowledge of the measurement reso-
lution. In addition, cuts applied in the analysis have to be taken into ac-
count. Resolution effects can be taken out in different ways:

1. The measured distributions are untouched, and compared with a theoreti-
cal prediction of the same distribution. To make the comparison mean-
ingful, one has to include all resolution effects and cuts in the pre-
diction. This method is useful if one wants to reject or accept a de-
finite theory, or to measure a parameter in a theory. It has the dis-
advantage that no corrected distribution can be shown.

2. A different approach is to correct the measured distributions for reso-
lution effects and cuts. The advantage of this method is that the
physical distributions are obtained. Furthermore, one can make a check
whether the physical distribution obtained in the procedure gives a
good description of the data. This check is done comparing the mea-
sured raw distribution with the simulated distribution obtained by mod-
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ifying the physical distribution obtained in the procedure, according
to the experimental resolution and acceptance. This method will be de-
scribed belou.

5.2.2 The unfolding procedure

The adopted unfolding procedure is developed in order to find a physical
distribution in the most model-independent uay. The problem it solves can be
stated as follows:

Find that distribution, which, when transformed according to the re-
solutions, gives the best description of the measured distribution
of events.

The measured variable accumulated in the frequency distribution of measure-
ments is defined to give optimum sensitivity of the measurement. The choice
depends on the resolution functions of the experiment. Usually one can define
a measured variable, which is the best estimate of the physical variable.
However, the method is more general and also the space of measured variables
can have a different dimension than the space of physical variables.

Let the measured variable be zm, its frequency distribution g(z m), the
physical variable z and its physical distribution f(z). The resolution func-
tions ure known and are given by the distribution function r(z,zm), uhich
gives for an event with the physical property z the probability to yield the
measured value zm. For a measurement with infinitely small uncertainties the
smearing distribution function reduces to:

r(z,zm) = S(z-zm>

Acceptance effects and kinematical cuts are incorporated in this function r.
Due to these effects the measured number of events can be smaller than the
number of interactions with the property z. The acceptance can be written in
terms of r: ••

A(z) = ƒ r(z,zm)dzm < 1

In this way, the acceptance corrections do not need a model for the physical
distribution in the variable z. The distribution function r(z,zm) describing
the experimental resolution and acceptance is obtained by integration of the
detector response over all kinematic variables except z, and over all geome-
trical variables. In practice, this integration is performed by a Monte Carlo
simulation of events, uhich will be described in the following section.

In general, the measured distribution is given as a histogram; ue define:

Gi = ƒ g(zm)dzm

as the content of the i*h bin in the histogram. With these definitions, ue
can write down the integral equation uhich has to be solved in the unfolding
procedure:

XU1
6i = ƒ dzm/dz f(z>T(z,z«) ; i = 1,k

Xi

where the integration interval of the inner integral is the whole physical
range of z. This equation can be solved with the ansatz

f(z) = Ij*aj 8j(z) ; j = 1,n (51)
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where 8j(z> are n arbitrary fixed functions of z, and aj are the coefficients
to be measured. The simplest choice for Bj(z) are histogram bins:

&i(z) = 1 for z\ i z < Zi+1
Bj(z) = 0 outside the interval.

With this choice, the estimate of f(z) will be in general a discontinuous
function. Better choices for the functions Bj can be made, which yield a con-
tinuous function as a result. With a chosen set of functions Bj, the integral
equation takes the form

Gi = ƒ dz m Zj aj |dz Bj(z)«r(z,zm)

Apart from the coefficients, the right-hand side contains only known func-
tions. With the notation

Xi + 1
Hi,j = S dz» /dz Bj(z)«r(z,zM)

x?

one obtaines the system of k equations with n unknowns a;

Gi = Ej aj Hi,j ; i = 1,k ; j = 1,n (52)

which has & unique solution for n = k. For the case k > n the unknowns aj can
be estimated by a least-squares fit. When the coefficients aj are found, the
unfolded physical distribution is given by equation (51). Of course, the
choice of the functions Bj is arbitrary, and is a critical step in the proce-
dure.

For the purpose of presentation, histograms can be obtained by integrat-
ing the function f(z) over intervals of z. The covariance matrix of the his-
togram bin contents can be found by a straightforuard error propagation of the
covariance matrix of the coefficients aj.

As a consequence of the finite resolutions, the coefficients aj have usu-
ally non-vanishing negative correlation coefficients. The contents of the
histogram bins (the integrals over f(z)) can have a mixture of negative and
positive correlation coefficients. These correlations have to be taken into
account when e.g. fits are made to the data points. With an optimal choice of
the bin size compared to the experimental resolution, the positive correla-
tions introduced by the integration over the bins can be made to cancel ap-
proximately the negative correlations inherent in the unfolding procedure.
This was achieved e.g. in the unfolding of the experimental y-distributions by
choosing the bin width roughly twice the size of the resolution.

In our analysis we have used B-spIines {72] for the functions Bj. In
fig.35 an example is given of cubic B-splines with equidistant knots Xj (a)
and quartic B-splines with non-equidistant knots (b). The most important
properties of cubic B-splines are:

1. They are third order polynomials in the intervals XJ < x < x,- + i.

2. They are continuous over the interval where they are defined.

3. The first and second derivatives are continuous over the interval.

4. The third derivatives are in general discontinuous at the knots xi.

Quartic B-splines are fourth order polynomials of which the first, second and
third derivatives are continuous and of which the fifth derivatives may be
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Figure 35: Cubic B-splines with equidistant knots (a) and quartic B-splines
with non-equidistant knots (b).

discontinuous at the knots. With this choice of the functions no physical
assumption is made other than that the physical distribution varies smoothly
over an interval comparable to the knot distance.

5.2.3 Monte Carlo simulation of events

The acceptance and resolution corrections applied to the experimental data
were obtained using a Monte Carlo method. On the one hand, the simulation was
used in order to obtain the distribution functions r(z,zm) for the unfolding
of measured distributions, as described in the previous section. On the other
hand, distributions smeared by experimental resolutions and acceptance were
generated for the comparison of theoretical predictions with the measurements.
The latter method was used in the fits to the y-distributions described in a
following section. The integration over the kinematic variables is performed
simulating the performance of the detector and the pattern recognition on the
basis of single events.

The first step in the simulation program is the generation of the kine-
matic variables of the events. One necessary input is the beam spectrum and
the energy-radius correlation of the neutrino flux. The different angles of
the incoming neutrinos at different radii and the spread in the angles were
taken into account. The magnitude of this effect is of the order of the muon
angular resolution.

The other input is the model assumed for the differential cross-sections,
necessary as a weight function in the integration over the resolution and ac-
ceptance. In the unfolding method no assumption is necessary about the dif-
ferential cross-section dependence in the variable to be measured. However, a
model of the dependence on orthogonal variables has to be assumed, when the
unfolding is performed in one dimension. This can be explained with the fol-
lowing example.

For the unfolding of the y-distribution one has to know the reso-
lution function for the measurement of the y-variable. This is ob-



tained by integrating the double differential cross-section dza/dxdy
at a fixed y over x, and over the beam spectrum and the interaction
radius in the detector. The spectrum and the radial dependence of
the neutrino beam are calculable. However, for the integration over
x one needs a model of the x-distributions at fixed values of y.
This model-dependence is removed when one does the unfolding in x
and y (or in x and Q2) simultaneously. Then, one integrates only
over the known beam properties.

The model-dependence introduces some unavoidable arbitrariness in the results
of one dimensional distributions. The influence of the choice of the model
uas tested in the individual cases by varying the assumptions within reason-
able limits.

The kinematics of an event are fixed by three variables only, say the
scaling variables x and y and the neutrino energy E. From these variables and
the interaction vertex all kinematic variables can be generated. When Fermi-
motion is neglected these quantities, the "true" variables, follow directly.
However, due to Fermi-motion effects the kinematic variables follow only when
the four-momentum of the nucleon is known in addition. The analysis is done
with and without these corrections for Fermi-motion separately. Details are
described in the following section.

The second step is the resolution smearing of the generated kinematic
variables of the event. Simultaneously the selection criteria for muons are
simulated. In order to be able to use the resolution functions for the muon
momentum and the angle, muons are tracked through the geometry of the detec-
tor. The visible path length in the marble region outside the shower, and the
path length in the magnetized iron is calculated. The number of points mea-
sured on the track in the various regions are simulated, taking the efficien-
cies into account. From these numbers the resolutions can be simulated and
the muon selection criteria applied. The shower resolutions are defined as
global parametrizations. The event vertex measurement is simulated using the
muon angular resolution and multiple scattering together with the shower ver-
tex resolution.

The simulated measurements are then passed through the same kinematical
fit as the recorded data events described is section 4.3. Like for real data
events the measured neutrino energy is assigned from the energy-radius corre-
lation of the beam spectrum. Fiducial cuts are applied on the smeared vari-
ables.

5.2.4 Fermi-motion corrections

The aim of the Fermi-motion corrections applied to the data is to obtain a
measurement of neutrino interactions on nucleons in their rest frame. Nu-
cleons of elements other than hydrogen are not at rest in the laboratory sys-
tem due to nuclear binding effects (Fermi-motion). These effects are only
negligible if the kinetic energy of the nucleons is small compared to their
mass, independent of the incident neutrino energy. The influence of the
Fermi-motion corrections on the final results of the analysis was checked for
all results by performing the analysis with and without these corrections.
The distribution of the kinetic energy of nucleons was calculated using an av-
erage potential of nuclei in the marble target, to which was added a 25% con-
tribution of tails due to short-range forces obtained from the deuteron wave-
function [73]. Indications of short-range nucleon-nucleon correlations were
observed in electron-nucleus scattering experiments (741. The energy distri-
bution is shown in fig.36.

The actual four-vector of the struck nucleon is generated randomly ac-
cording to this energy-distribution; the direction is generated isotropically
in the laboratory system. Both the neutrino four-vector and the nucleon
four-vector ure nou Lorentz-transformed to the rest system of the nucleon; the
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Figure 36: Total energy distribution of nucleons in the target used in the
calculations of the Fermi-mótion corrections.

transformation yields trivially zero for the value of the nucleon momentum.
The scaling variables are then defined in the nucleon rest system. Together
with the transformed neutrino energy this is sufficient to calculate the
four-vectors of the muon and the hadronic system. The four-vectors are trans-
formed back to the laboratory frame. The resulting four-vectors are used as
starting point of the same resolution smearing and acceptance simulation. In
this way one obtains simulations of measured distributions originating from a
set (x,y,E) defined in the nucleon rest frame.

5.2.5 Radiative corrections

The measured differential cross-section differs from the "bare" neutrino nu-
cleon cross-section due to the radiation of photons by the outgoing muon. Me
have used the prescription given by de Rujula et al. [751. The diagrams con-
tributing to the effect in the leading order approximation are shown in
fig.37, together with the diagram corresponding to the "bare" cross-section.

Figure 37: Bare cross-section (a) and diagrams involving real photon emission
(b) and virtual photon emission (c) by the muon.

In this approximation only the emission and eventual reabsorption of collinear
photons was considered (peaking approximation). The emitted photons cause the
measured muon energy to be less than the energy at the primary vertex; the an-
gle is not changed in this approximation. The energy of the photon is sampled
as a part of the hadronic energy.

The equation for the measured cross-section, a0, in terms of the bare
cross-section, ©b, is written in its most transparent form in terms of the
muon energy and space angle:
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The first term of the integrand corresponds to real photon emission (changing
the muon energy), the second term to virtual photon emission and reabsorption
(not changing the muon energy). According to de Rujula et al. [751 this equa-
tion is expected to be a good approximation, to -10/Í of the effect, everywhere
except at very large y.

The equation involves the input of a known bare cross-section. Mith a
guess of this bare cross-section the ratio of the observed differential
cross-section and the bare cross-section can be computed. This ratio depends
on x, y and E. The correction is incorporated in the unfolding procedure.

The Monte Carlo events generated for the integration of the resolution
and the acceptance are weighted in the integration with the correction factor
to obtain a radiatively distorted simulated event distribution. Thus predict-
ed smeared distributions are obtained, corresponding to a bare cross-section
for a value of the physical variable. In this way the measured distributions,
which are distorted by radiative effects, are compared with radiatively dis-
torted simulated distributions.

In this procedure the migration of events is approximated by a multipli-
cation with correction factors. The magnitude of the effect, typically small-
er than 10%, ensures that this is a good approximation when a reasonable
choice of the bare cross-section is made. This can be checked comparing the
assumed model with the result of the analysis. We have applied corrections
only for radiation of photons by the muon. Other effects involving the inter-
ference of radiation by the hadrons and the muon are expected to be much
smaller and are neglected. The radiation of photons by hadrons need not be
corrected for, because the hadronic system is measured inclusively in this ex-
periment.

5.2.6 Subtraction of backgrounds from differential distributions

The following backgrounds were subtracted from the differential distributions
of charged-current events.

1. Wide-band background. The energy-spectrum and event-numbers were ob-
tained using closed-collimator runs. The ratio of neutrino induced
events to ant i neutri no induced events was measured using the sign of
the muon charge, given by the magnetic deflection.

2. IT and K decay in showers of NC events. The characteristics of this
background were measured in dimuon events. The probability to observe
a decay muon in an NC event faking a CC event was shown to be propor-
tional to the shower energy. Also the angular distribution was ob-
tained.

Distributions were generated with a simulation program for both types of back-
ground and normalized to the correct number of events. Resolution effects
uere taken into account in the simulation of these events. A model of the
differential cross-sections was necessary.
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The subtraction of interactions of neutrinos from other decays of the
kaon than the decay into a muon and a neutrino was incorporated in the
unfolding procedure. Only the energy spectrum and the total number of
these events had to be known a priori. The details of the differential
cross-sections of their interaction followed automatically from the un-
folding procedure, with the assumption that they were identical to
those of the non-background events.

5.2.7 The v-distribution of charged-current interactions

Resolution and acceptance
In charged-current interactions the inelasticity, y, is defined by the mea-
surement of the shower energy and the energy of the muon, y = Eh'(Eh+En). The
estimate of y can be improved by adding in the kinematical fit (described in
section 4.3) the constraints of transverse momentum balance provided by the
measurement of the shower and muon angles. Also the energy of the neutrino,
E, can be infered from the radial position of the interaction in the detector
and the beam spectrum, thus adding a further constraint in the kinematical fit
by the requirement of energy balance (Eh + Eji = E).

The resolution in y obtained with the kinematical fit mentioned before is
shown in fig.38 for different parts of the neutrino energy spectrum. The re-
solution improves with increasing energy, no large x-dependence is observed.
The resolution is calculated with the simulation program for all events satis-
fying the cuts.

38)
0,2 0,4 0.6 0.8

Figure 38: Resolution of the measurement of y as a function of y for the two
components of the neutrino spectrum.

Figure 39: Calculated y-dependence of the acceptance for charged-current
events. The cut-off towards y s 1 is a consequence of the
selection criteria for the recognition of muons. The drop towards
y = 0 is due to the 2 GeV shower energy cut.

The acceptance, calculated with the simulation program (section 5.2.3) is
shown in fig.39. For values of y between 0.1 and 0.8 the acceptance is essen-
tially 10054. At low y the acceptance drops due to the shower energy cut, at
high y due to the selection criteria for the recognition of muons.

The raw y-distributions thus obtained were corrected for backgrounds by
subtraction of Honte Carlo generated distributions. The distributions were
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Figure 40: The resolution unfolded, acceptance corrected differential cross-
sections do/dy for neutrinos and antineutrinos measured for the
full energy spectrum (a), and the low (b) and high (c) part of the
spectrum. The curves are theoretical predictions for the physical
distributions corresponding to fits to the raw distributions (see
the text in a following section). The numerical values of the
data points are given in Appendix A.



corrected for kinematical cuts and smearing effects due to measurement errors
using the unfolding procedure described above.

Corrections
The data were corrected for radiative effects. Due to their limited expected
influence, no Fermi-motion corrections were applied to the y-distributions as
a standard procedure. However, where appropriate the results with these cor-
rections included will be mentioned. In addition, the effect of the radiative
corrections will be shown by a comparison with results from uncorrected data.

A set of cubic B-spline functions was used with equidistant knots, pro-
viding ten intervals of width 0.10. The use of these functions corresponds to
the implicit assumption that the y-distributions vary smoothly over the knot-
distance.

Measured distributions
The corrected, resolution unfolded y-distributions obtained for the full ener-
gy spectrum and the parts corresponding to kaon and pion decays are shown sep-
arately in fig.40.

The last two bins are averaged, because the acceptance corrections play
an important role in the last bin of the y-distributions. Hence the results
depend on the details of the simulation program for y larger than «0.9.

In principle, the measurement uncertainties follow from the full covari-
ance matrix. However, due to the matching of the bin width and the reso-
lution, the negative correlations necessarily introduced by the unfolding are
cancelled approximately by the positive correlations introduced by the use of
B-splines. Hence the vertical error bars shown in the figure, corresponding
to the diagonal elements of the covariance matrix are a meaningful measure of
the uncertainties. The horizontal bars merely indicate the bin sizes.



As a check of the procedure, the y-distributtons obtained in the unfold-
ing uere smeared with the experimental resolution, and acceptance cuts Mere
applied. The smeared y-distributions thus obtained can be compared with the
measured, rau y-distributions from which backgrounds uere subtracted. The
comparison is shown in fig.41. As can be seen, the simulated distribution
fits the data wel 1.

Fits to the y-distributions
The simple form of the theoretical prediction enables one to extract the pa-
rameters from the rau distributions in a transparent way. In these fits not
the resolution unfolded distributions are used, but the directly measured, raw
distributions. Backgrounds uere not subtracted from the rau distributions,
but considered as a separate term in the fit. The measured y-distributions
uere separated into tuo parts, corresponding to kaon and pion decays. These
tuo parts uere compared separately with a linear superposition of simulated
histograms. These histograms uere obtained by simulating the detector re-
sponse to physical input distributions, uhich uere integrated over the tuo
parts of the beam spectrum. The theoretically predicted y-riistribution can be
obtained from a linear superposition of the various physical input distribu-
tions, the coefficients of the input distributions being free parameters in
the fit. The theoretical formalism uas already given in sections 1.3.4,
1.3.5, and 1.3.9. The terms considered in the various fits to the rau distri-
butions are the histograms corresponding to

1. a constant term;

2. a term proportional to (1-y)2;

3. a term proportional to y2;

4. the uide-band background;

5. NC events uith a decay muon faking a CC event.

These histograms are calculated for the part of the beam spectrum correspond-
ing to kaon and pion decays separately for both the neutrino and antineutrino
distributions. The effects of resolutions and experimental cuts are simulated
by a Monte Carlo integration (see section 5.2.3).

In this method the uncertainties of the relative normalizations of the
neutrino and antineutrino flux and of the K/n ratios can be taken into account
rigorously. Also the uncertainties in the absolute scale of the background
subtractions, giving rise to a bin-to-bin correlation of the background histo-
grams can be treated correctly. Three different types of fits attempted uith
this procedure uill be discussed belou.

Shape parameters of the v-distributions
Uith the assumption that the Cal Ian-Gross relation is valid and the assumption
of charge symmetry, the y-distribution is described by equation (26). Uith
the absolute normalization of the fluxes, the neutrino and antineutrino dis-
tributions can be fitted simultaneously. The results of this fit can be ex-
pressed in terms of the shape parameters, <t and 5, as defined in equation
(28). The shape parameters, a, measure the contribution of the momentum frac-
tion carried by antiquarks in the nucleon. The difference of these fractions,
5-a, is interpreted as twice the contribution of strange quarks (equation
(29)).

The functions corresponding to the best fit are shoun in figure 40. The
values of the parameters are shoun in table 11. The difference of the anti-
neutrino and neutrino shape parameters is given separately because the mea-
surement errors of these tuo parameters are correlated. The first column
gives the results for the analysis including radiative corrections, the re-
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suits in the second column are obtained including Fermi-motion corrections in
addition, and the third column shows data uncorrected for both effects.

The results in column four are obtained without making use of the know-
ledge of the beam spectrum in the kinematical fit. Otherwise the analysis was
equal for the results in columns one and four. Both types of analysis produce
equivalent results, which indicates that the calibration of the muon momentum
and the shower energy are consistent with the nominal beam energy.

TABLE 11
Shape parameters of the y-distributions.

a
a
«-a

Radiative
corrections
only

0.10 ž 0.04
0.16 ± 0.01
0.06 ± 0.04

Radiative and
Fermi-motion
corrections

0.11 ± 0.04
0.16 ± 0.01
0.05 ± 0.05

No radiative
no Fermi-motion
corrections

0.06 ± 0.06
0.18 t 0.01
0.12 ± 0.08

Energy not
from beam
spectrum

0.10 ± 0.04
0.17 ± 0.01
0.07 ± 0.04

From a and ä can be concluded that the contribution of antiquarks agrees
with the amount indicated by the cross-section ratio of neutrinos and antineu-
trinos, around 155{. Furthermore, there is room for a contribution of the
strange quark, although with a statistical significance of only 1.5 standard
deviations.

The inclusion of the Fermi-motion corrections does not produce signifi-
cant changes to the results. However, the shape parameter of the neutrino y-
distribution is changed considerably after radiative corrections.

TABLE 12

Energy-dependence of the shape parameters.

Energy range 30-90 GeV 90-200 GeV

a 0 .11 ± 0 .04 0 .12 ± 0 . 05
5 0 .16 ± 0 . 0 1 0 . 1 7 ± 0 .02

S - a 0 . 0 5 ± 0 . 0 5 0 . 0 6 ± 0 . 0 5

Separate results of fits to the high-energy part (kaon decays) and low
energy part (pion decays) are shown in table 12. The numbers are quoted for
the results with radiative corrections, but without Fermi-motion corrections.
The influence of Fermi-motion on these results is small. No significant ener-
gy-dependence can be observed.

The errors quoted in the tables include statistical and systematic er-
rors. The systematic uncertainties follow naturally from the uncertainties
found in the fit; a small systematic uncertainty due to the simulation of the
muon acceptance is neglected.

TABLE 13
Comparison with other measurements of shape parameters.

CHARM HPWFRO COHS BEBC CITF

a 0.10 ± 0.04 0.13 ± 0.02 0.15 ± 0.04
0.11 ± 0.03 0.24 * 0.08

- 0.13
a 0.16 t 0.01 0.14 ± 0.01 0.15 ± 0.02
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Results on these quantities obtained by other experiments (63,64,65,761
are listed in table 13. The BEBC and CITF groups have not extracted a for
neutrinos and antineutrinos separately and report the average value. (The
acronym HPWFRO is an abbreviation of the combination Harvard-Pennsylvania-Wis-
consin-Fermi lab-Rutgers-Ohio. )

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

term. The coefficient of this term is expected to be equal for the case of
neutrinos and antineutrinos. We have tested the existence of this terms under
the assumption of charge symmetry. Me find a value for the Callan-Gross vio-
lation parameter, R, as defined in equation (14):

R = 0.01 ± 0.11

indicating no deviation from the Callan-Gross relation. The influence of
Fermi-motion is negligible, while for data not corrected for radiative effects
a value of

R = 0.10 ± 0.12

is obtained. No significant energy dependence of this value is observed.
Previously obtained results from other experiments [64,65,761 are given in ta-
ble 14. The BEBC and HPMFRO groups give the statistical and systematic error
separately; in this case the statistical error is given on the first row and
the systematic one below. The BEBC result was not corrected for radiative ef-
fects.

TABLE 14
Violations of the Callan-Gross relation.

CHARM

0.01 ± 0.11

HPWFRO

0.11 ± 0.04
t 0.03

CDHS

0.03 ± 0.05

BEBC

0.15 ± 0.10
± 0.04

Test of charge symmetry
Charge symmetry uas Rested comparing the energy-ueighted neutrino and antineu-
trino flux ratio, #/#, with the ratio of the values of the two y-distributions
at y = 0. The value of the functions at y = 0 uas obtained from a fit, in
which the validity of the Callan-Gross relation uas assumed; no yz term uas
permitted. Unlike the fits mentioned before, the function values uere not
constrained at y = 0 according to the neutrino and antineutrino flux ratios.
We find the following result for the double ratio

S =
dy dy

= 1.06 ± 0.06
y=0

compatible uith charge symmetry, S = 1. In the QPM one expects S to be a feu
percent larger than 1 (see also section 1.3.9). The effects of Fermi-motion
corrections are negligible. No considerable difference is observed uhen radi-
ative effects are neglected. No significant energy dependence of S is ob-
served.

In table 15 the results are compared uith previously reported measure-
ments [63,64,651.
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TABLE 15
Tests of charge symmetry.

CHARM CDHS BEBC CITF

S 1.06 i 0.06 1.01 ± 0.07 0.9 ± 0.2 0.98 ± 0.09

5.2.8 The x-distributions of charoed-current interactions

Analysis
The x-distributions of CC events were obtained with a procedure similar to the
one used for the y-distributions. Houever, some details were changed due to
some characteristic differences of the problems. The main differences are:

1. The resolution varies as a function of x from values around 0.01 at
x = 0 to 0.25 at x = 1. The resolution in x is shown in fig.42.

2. The expected population of events over the physical region is peaked
towards x = 0.

3. Fermi-motion effects are expected to have a considerable influence on
the results.

4. The acceptance is not a strong function of x. Only at high y the ac-
ceptance decreases slightly uith increasing x.

X

Figure 42: Resolution of the measurement of x as a function of x for the two
components of the neutrino spectrum.

Therefore, the following changes were made:

1. In order to exploit the good resolution near x = 0, and to have a more
uniform distribution, we used \/x rather than x as measured variable.

2. A non-equidistant binning in unfolded x was chosen for the same rea-
sons.

3. Because of the coarse resolution near x = 1, the constraints
f(x=1) = 0, f'(x=1) = 0 and f"(x=1) = 0 were imposed on the function,
f, in the unfolding. These constraints are justified by the rau x-dis-
tributions (fig.43) and by high-energy electron scattering experiments
(see e.g. [77]). Houever, due to these constraints imposed on the re-
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suits the last bin 0.7 < x í 1.0 cannot be considered as an independent
measurement.

4. In order to accommodate rapid variations of the distributions, quartic
rather than cubic splines were used.

5. Corrections for Fermi-motion were incorporated in the standard analy-
sis.

a) V

S 20'
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0 2
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Figure 43: Rau x-distributions for neutrino and antineutrino exposures.
Backgrounds uere subtracted.

Results
The corrected, resolution unfoldee differential cross-sections da/dx are shown
for both neutrino and antineutrino interactions in fig.44. Displayed are the
average cross-sections calculated for bins in x. Error bars according to the
diagonal elements of the covariance matrix are drawn. The non-diagonal ele-
ments are small near x = 0, but are significant for x > 0.15. The bin-to-bin
correlations are negative in this region. No cut in Q 2 was applied in this
analysis.

In the presence of scaling violations, i.e. when the structure functions
acquire a Q2-dependence, a quantitative interpretation of these results is
difficult. The reason is, that the Q 2 region probed varies as a function of
x. The maximum Q 2 reached for a beam with a maximum neutrino energy, E m a x

(-200 GeV in this experiment), at a value of x is:

The Q 2 at which a bin in x is measured ranges from 0 to Q 2

m»x- This range is
the same for the corresponding x-bins for the neutrino and antineutrino dis-
tributions. However, due to the different beam spectra and different y-dis-
tributions of neutrinos and antineutrinos, the average Q 2 is different for
corresponding x-bins. The average Q 2 as measured in the experiment is given
as a function of x for the two beams in fig.45.
From this figure one can read off that the first two x-bins are measured for
low Q 2 only: Q 2 < 1 GeV2 essentially. Furthermore, the average Q 2 is consid-
erably different for neutrino and antineutrino exposures.

One can argue that inclusion of low Q2 data in the results should be
avoided. The interpretation of the scaling x variable is not quite clear in
the low Q 2 region. For sufficiently high Q2, the neutrino scatters off almost
free quarks. In this domain the quark-parton interpretation of x as the mo-
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Figure 44: The differential cross-sections dw/dx for neutrinos and
antineutrinos obtained for all Q2. Shown are the averages over-
the bins.
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Figure 45: Measured average Q2 as a function of x for neutrinos and
antineutrinos.

menturn fraction of the nucleon carried by the struck quark makes sense. For
small Q2, say smaller than the nucleon mass squared, this interpretation is
not applicable and no scaling is expected.

In order to have a qualitative indication of the influence of these ef-
fects, different cuts in Q2 were applied. In fig.46 differential cross-sec-
tions are displayed with the cuts, Q2 > 0, Q2 > 1 GeV2, Q2 > 2 GeV2 respec-
tively.
The first three bins are taken together in this case, because a cut in Q* cuts
away the very low x-region. The Q2 cut is corrected for by extrapolating the
measured part of the bin into the unmeasured region, assuming no explicit
Q2-dependence of the cross-section.

When a cut in Q2 is applied, the neutrino distributions do not change
considerably, while it can be observed, that the antineutrino distributions
show a rise towards x = 0 when a cut in Q2 is applied.
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Figure 46: Differential cross-section dff/dx obtained for (a) all Q2, (b)
Q2 > 1 GeV2, and (c) Q2 > 2 GeV2.

To conclude, a quantitative analysis of these distributions in terms of
the quark structure of the nucleon is difficult, because the distributions are
not stable against different cuts in Q2. Moreover, scaling violations are ex-
pected to be present in all models beyond the naive quark-parton model with
massless quarks (see section 1.3.12 and 1.4), and were first observed in elec-
tron and muon scattering experiments [78,79]. A more quantitative analysis is
possible when the structure functions are measured as function of x and Q2.
This analysis will be given in a later section.

5.2.9 The Gross-LleuelIvn-Smith sum rule

Problem
The measurement of the integral

tests the Gross-Llewellyn-Smith sum rule (section 1.3.8). The value of this
integral is predicted to be equal to three, i.e. the number of valence quarks
in the nucleon.

Experimentally the values of xF3Íx) are obtained rather than Fg(x) (see
equation (23)). This fact creates the experimental problem:

The value of xFg(x) is divided by x to obtain the integral, and for
a non-vanishing value of xF3(x) at x - 0 the integral diverges. In
general, due to the finite resolution of the experiment the value of
xF3(x=O) will be finite.

Furthermore, due to the large weight of the events near x = 0 the integral
will be dominated by statistical fluctuations of a small number of events.
The problem is solved by defining a cut-off, xM;n> below which the integral is
completed by a parametrization.

Analysis
The experimental procedure followed in this analysis can be summarized as fol-
lows:

f. The neutrino and antineutrino event distributions were unfolded in
terms of the variable ( - -10log x. This has the advantage that the
details of the distribution are emphasized near x = 0. Quartie spline
functions were used, with equidistant binning, Af = 0.25.



2. The measured part of the integral was calculated integrating the spline
function, obtained in the unfolding procedure, weighted exponentially
with f. This integration was performed over the interval 0 < £ <

corresponds to xm\n-

3. The missing part of the integral was obtained using the parametriza-
tion:

xF3(x) = A«x*«(1-x)
b

This gives in terms of £ the distribution:

= A«exp{-(a+1)«£/t} • H-exp(-*/t)lb (53)

where t = 10log e. This functional form was fitted to the spline func-
tion to obtain the values of the parameters A, a and b. For suffi-
ciently large fmax the missing part of the integral was obtained by the
analytical integration of equation (53) weighted exponentially with
(?/t. The correction for the missing part of the integral is then

i n Ä
ƒ F3dx =
0 ť a

which is the result of the integration over the interval ? m ax < I < •»•

4. The value of xmin was optimized with the criterion of minimum uncer-
tainty in the result. The uncertainty in the measured part follows
from the unfolding procedure. The uncertainty in the missing part was
taken to be one third of its value. This number was suggested by the
precision of the definition of the fitted parameters.

Results
The value of the integral (the sum of the measured and fitted part) and the
value of the measured part alone for different choices of x m, n are shown in
fig.47. The minimum uncertainty is obtained for x m; n

 = 0.01. The result for
this optimum value of x m i n is

o/'F3dx = 2.66 ± 0.39(stat.) ± 0.13(syst.)

consistent with the predicted value. Corrections for radiative effects and
Fermi-motion were included in this analysis. The additional systematic uncer-
tainty of 5% quoted in the result has to be added due to the absolute normali-
zation uncertainty of the neutrino fluxes.

The value three is only predicted for fixed Q 2. Scaling violations as
predicted by QCD tend to decrease the measured value when the whole Q2-range
is included in the data. At large x the structure function is probed at large
Q 2, at small x the Q 2 is correspondingly lower. QCD predicts a shrinkage of
the structure functions towards smaller x with increasing Q 2, and hence a de-
crease of the measured integral compared to three. The influence of different
Q 2 admixtures can be tested partly using data separated into the kaon and pion
part of the spectrum. Me obtain for the high-energy part:

o/'F3(x)dx = 2.46 ± 0.46(stat.) ± 0.12(syst.)

and for the lower part:

o/'F3(x)dx
 s 2.Í3 ± 0.39(stat.) ± O.Hisyst.)

- 90 -



4 -

3 -

x
•o
X

1 1 1

\> <

r--o-

-

/
>

t Total integral

o Measured part

i

I -

,056 .032 .018 ,01 ,0056 .0032

Figure 47: Total integral of F3 and the measured part of the integral for
different values of the cut-off xm;n.

for the same value of xmirv Hence the influence of this effect is probably
small compared to the statistical error. Results of other experiments [64,65]
in this energy region are given in table 16. The BEBC group has not corrected
the value for the missing part of the integral and gives a lower limit; the
minimum x in this result was 0.02.

TABLE 16
Measurements of the Gross-Lleuellyn-Smith sum rule.

CHARM

2.66 í 0.41

CDHS

3.2 ± 0.5

BEBC

22.5 i 0.5

5.2.10 Structure functions

When scaling is exact, the structure functions depend only on one variable, x.
However, in general the structure functions depend on x and Q2.

Unfolding of x and Q2 distributions
The x-Q2 distributions of neutrino and antineutrine data Here unfolded in
these two dimensions. The problem encountered in the procedure is the trian-
gular shape of the physical region in the x-Q2 plane. The resolution unfold-
ing method in two dimensions works only for a square physical region. There-
fore, a coordinate transformation was performed:

(x,Q2> •* (x,g(x,Q2))
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such that this requirement was fulfilled. We have used g = \}Zu- This choice
has the advantage that the experimental resolution is constant in this vari-
able. Hence the x-distributions in bins of Eh are a direct result of the un-
folding procedure. However, at every point in the x-i/Eh plane the best esti-
mate of the distribution function is known (fig.48).

Figure 48: Two dimensional spline function as representation of the best
estimate of the event distribution in x and T]ZU for neutrinos (a)
and antineutrinos (b).

This fact can be used to extract the structure functions in terms of x and Qz.
The number of events, corrected for resolution effects, is found by integrat-
ing the distribution measured in the x-^Eh plane over a region in this plane
corresponding to a rectangular cell in x and Q2. Due to the coarse resolution
of the experiment in the region near x = 1 the same procedure uas used to
treat this kinematic boundary as in the one dimensional unfolding of the x-
distributions (section 5.2.8). Hence no independent measurements of the
structure functions were obtained for the region near x = 1.

Although, in principle, the contents of cells overlapping with the bound-
ary of the physical region can be measured, most of these are not used for the
analysis due to the uncertainties in the beam spectrum at the end of the ener-
gy range. No explicit cut in shower energy uas applied. However, cells with
most of their data in the region Eh < 2 GeV uere not used in the analysis.

Extraction of structure functions
Assuming the Cal Ian-Gross relation, the differential cross-section can be
uritten as

d2a G2ME r i
= • g2(y)*Fz(x,Q

2) ± g3(y)'xF3(x,Cl
2)

dxdy IT «• J

The functions g(y) can be found from equation (12); g2 is not strictly a func-
tion of y only, for simplicity the term Mxy/2E is dropped in the text; this
term uas taken into account in the analysis. With the absolute normalization
of the energy ueighted neutrino flux

• = ƒ E«*(E)dE

- 92 -



where *(E) is the flux, we have measured the normalized number of events in
bins of x and Q 2:

dxdQ*

The outer integral is over the full energy spectrum, while the inner two are
within the cell in x and Q 2. The chosen normalization f is suitable, because
it is roughly proportional to the number of events; also other normalizations
could have been chosen. By integrating the right-hand side over the flux one
can define the event numbers expected in the same bin in x and Q 2 if F 2 or XF3
would take the value one in this cell [64]:

62(1 1
NkCi,j) 5 •/E«*CE)'dE fdx /dQ 2» • gk(y(x,Q 2)) } k = 2,3

IT'* 2xME

again normalized to the energy-weighted flux *. The factor (2XME)" 1 enters
because the Jacobian of the transformation (x,y) -» (x,Q2) has to be taken into
account. In this notation the measured numbers of events for neutrinos and
antineutrinos can be expressed in terms of the structure functions

i,j) = N 2(i,j)«F 2(i,j) + H 3(i,j)*xF 3(i,j)

j) = Ň 2(i,j)'F 2(i,j) - N 3(i,j)

The structure functions are taken to be equal for neutrino and antineutrino
interactions. These equations can be solved for F 2 and xF 3.

The values of the structure functions are defined here as averages over
the cell. This point introduces problems, which are particularly important
near the boundary of the physical region. A correction was applied, such that
the measured points are defined as the value of the structure function at the
centre of the bin.

Structure functions and scaling
The measurements of F 2(x,Q

2) and xF 3(x,Q
2) are shown in fig.49 and are given

numerically in Appendix B. The error bars in this figure correspond to the
diagonal elements of the covariance matrix. An additional scale uncertainty
of -5% due to the flux normalization is not shown in the figure. In fits to
the data the non-diagonal elements have to be taken into account. The bin-to-
bin correlations are positive for adjacent Q2-bins and negative for adjacent
x-bins. The error bars include resolution unfolding uncertainties. The meth-
od used for the unfolding of experimental resolutions enables one to include
the statistical uncertainties induced by the finite resolutions in the errors
in a mathematically rigorous way. The general trend of an increase of the
structure functions with increasing Q 2 for small x and the opposite behaviour
for large x is visible for F2. In the case of xF 3 the slopes as a function of
Q 2 are not significant. In the large x region the functions F 2 and xF 3 coin-
cide, which indicates that the sea quarks do not contribute here significantly
(see equation (17)). The scaling violation parameter, B, defined by

d log F 2

B =
d log Q 2

is shown in fig.50 for the measured bins in x. The violations of scaling are
only significant in the two lower x bins and in the highest x bin. The gener-
al trend of these violations coincides with the prediction from QCD.
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Measured Q2-dependence for (a) F2 and (b) xF3 in bins of x. The
curves are QCD fits following the Buras and Gaemers approach
explained in the text in a following section.- The data points are
given in Appendix B.
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Figure 50: Logarithmic slopes of the variation of Fa with Q2.

Figure 51: The x-dependence of ?z,
3 < Q2 < 30 GeV2.

and the sea structure function for

In fig.51 the x-dependence of the structure functions is shoun for • re-
gion 3 GeV2 < Q2 < 30 GeV2. The functions F2(x), xF3(x) and the structure
function of the sea q«(x) = (1/2)•{F2Cx)-xF3(x)} (section 1.3.6) are shoun.
The curves are fits of the form



XF3(X) = A • X* • (1-X)
b

2qa(x) = B • U - X )
c

The values of the free parameters are given in table 17. Other experiments
have reported values of the exponents averaged over all Q2. The BEBC group
finds for the antiquark exponent c = 4.9 (+2.4/-1.7) (64]. The results of
COHS are given for a = 0.5 fixed; they find c = 6.5 ± 0.5 and b = 3.5 ± 0.5
(651.

TABLE 17
Parameters of the fits to F2 and XF3 for 3 < Q2 < 30 GeV2.

A
a
b
B
c

2.63 ± 0.81
0.41 ± 0.11
2.96 ± 0.31
0.80 i 0.09
4.93 i 0.91

Phenomenolog i cal approach to scaling violations
A more quantitative approach was persued following Buras and Gaemers [22].
This prescription was slightly modified, as described in section 1.4.3, to al-
low for a non-SU(3) symmetric sea at Qo2 and a non-vanishing Cabibbo angle.
In the fits the parameter š/ú was fixed to 0.5 at Qo2 = 5 GeV2. The data are
not sensitive to this value, taking š/u - 1.0 (SIK3) symmetry) does not change
the results. In order to exclude data where perturbative QCD is not supposed
to be reliable, all data points with Q2 < 3 GeV2 were excluded, removing a
large fraction of the measurements. Due to the conditions imposed on the un-
folded distributions at x = 1 (the function, its first and second derivatives
are required to be zero at x = 1) no measurements for x > 0.65 can be given.
This resolves the problem whether the Bjorken x-variable or the Nachtmann
{-variable (see equation (34) in section 1.3.12) has to be used for the scal-
ing expressions, because they are only different from each other at large x.

When the data are corrected for Fermi-motion and radiative effects ue
find for the mass scale of QCD defined in leading order (equation (36)), from
a fit of the parametrization of Buras and Gaemers to the data on T z and xF3

for Q2 > 3 GeV2:

A = (0.29 ± 0.12) GeV

This value is obtained after correction for the small differences expected for
the structure functions as measured by neutrino and antineutrino interactions.
This difference is due to the charm threshold (see section 1.3.7), and can be
calculated only when the free parameters of the model are fixed by the fit.
Therefore, an iteration procedure was used, in which the data after correction
based on the results of the previous fit were used in the next fit. The in-
fluence of this correction is small, and the procedure converges in a feu
iterations. The structure functions are in this way defined as the average of
the neutrino and antineutrino structure functions.

The results for all free parameters are given in the first column of ta-
ble 18. The notation is used as it was introduced in section 1.4.3. The val-
ues of flu and 7)i2 follow directly from the fitted values of 1)01 and 1)02 as
pointed out in section 1.4.3, and are therefore not additional free parame-
ters. The fixed value of sVJJ is given for completeness. The curves in fig.49
correspond to the fit given in the first column of table 18, and are only
drawn through data points used in the fit (Q2 > 3 GeV2).

The effects inducing the largest change in the values of A are given for
comparison. The second column gives the results ignoring Fermi-motion, the
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third column applies to data obtained without radiative corrections and
Fermi-motion corrections. It should be noted that the fits for the non
Fermi-motion corrected data are worse, especially in the high x region. The
increase of the valence exponent does not correspond to the broadening of the
shape of the distributions as seen in the data points themselves, The fourth
column gives the results if no correction was applied for the effect that the
average value of x inside a bin changes for different values of Q2.

TABLE 18
Parameters of the fit with different corrections included.

»01

1)11

Doz
1)12

ï)s
q/(q+q)
§/Ü
A

All
corrections

0.53 ± 0.03
-0.31
3.08 ± 0.16
5.56
4.55 ± 0.49
0.12 ± 0.01
0.5
0.29 ± 0.12

No Fermi-motion
corrections

0.54 ± 0.03
-0.88
3.35 ± 0.16
5.69
5.04 ± 0.67
0.11 ± 0.01
0.5
0.18 ž 0.10

No Fermi-motion
and radiative
corrections

0.55 + 0.03
-0.88
3.46 ± 0.16
5.75
5.58 ± 0.67
0.12 ± 0.01
0.5
0. 12 ± 0.09

No corrections
for changing
average x

0.52 ±
-0.81
3.01 ±
5.56
4.69 ±
0.11 ±
0.5
0.37 ±

0.03

0.18

0.50
0.01

0.13

When the first two corrections are neglected the measured value of A de-
creases significantly. Uhen the latter correction is not included the A esti-
mate is increased by one standard deviation. These variations can be inter-
preted as an indication of the systematic uncertainty in the value of A. Al-
though it is difficult to estimate the uncertainty in these corrections, a
guess of 10JJ to 25'/. of the magnitude of the correction seems reasonable. It
may be uorthuile to note that not all experimental groups have incorporated
Fermi-motion corrections in their analysis of structure functions. The influ-
ence of Fermi-motion corrections on the measurement of the Q2-dependence found
with the method adopted (described in section 5.2.4) is in agreement with the
results of an analysis of these corrections reported by Bodek and Ritchie
180].

TABLE 19
Sensitivity of A to changes in the analysis.

Change in analysis

57/v flux ratio +1a
-1o

Absolute scale of fluxes + 1<r
- la

Wide-band background ±1o
Resolution function uncertainty
K/tT ratio uncertainty
No correction for {LFzt0,
š/ú-1, SU(3) symmetric sea
No charmed sea
No processes with charm
Cabibbo angle neglected

flgluons = "»»•» " 1
R = 0.1 (constant)
Ríx.Q2) = 1.2(GeV2)»(1-x)/Q2

Effect on A

+0.012
-0.014
-0.008
+0.002
±0.008
±0.025
±0.030
-0.017
+0.028
•0.021
-0.078
-0.018
+0.025
-0.082
-0.013
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The influence of other variations in the analysis is summarized in table
19. These effects turn out to be less important than the previously mentioned
ones. The flux normalizations, the ratio of the fluxes and the most important
background contribution (wide-band background) uere varied by one standard de-
viation.

The variation of the result, when the charmed sea or all processes in-
cluding charm have been neglected in the model, is given to illustrate the
sensitivity to the assumptions made in the parametrization.

The influence of the assumption that the x-dependence of the gluon dis-
tribution has the same shape as the sea-quark distributions at Qo2 (section
1.4.3) uas evaluated. One could argue that the x-dependence of the gluons is
less steep than the x-dependence of the sea but steeper than the x-dependence
of the valence-quarks, in the picture that the valence-quarks radiate gluons
and the gluons create the sea (see section 1.3.13). The result for
flgluons = flsea " 1 is given in the table.

For the extraction of the structure functions the Cal Ian-Gross relation
(equation (ID) was assumed, R = 0, supported by the result of the fit to the
y-distributions (equation (14)). However, this measurement leaves room for a
103 violation of this relation. (Electron scattering experiments find such a
value [77]). The result of the alternative assumption R = 0.1 is given in the
table. In QCD one expects R to decrease with increasing x [811. The result
of an analysis with the approximation R = 1.2(GeV2)«(1-x)/Ct2 suggested by the
CHIO (Chicago-Karvard-Illinois-Oxford) muon scattering experiment [82] is also
given in the table.

Finally, in order to interpret the significance of the value of A found
from the data, a fit uas performed including higher tuist effects. They uere
parametrized by the substitution (section 1.4.4)

L Q2(1-x) Q»(1

and a similar substitution for xF3. No theoretical predictions for the mass
parameters u-1 and u,2 exist. The parametrization can be used to investigate
uhether the scaling violations are better described by the logarithmic behav-
iour of QCD or by pouers of Q2 as expected for non-perturbative effects. In a
fit using both u.i and u.2 as free parameters ue find an insignificant contribu-
tion of H2• Therefore, a fit using only Hi as additional free parameter, fix-
ing H2 = 0, uas performed. Ue find for the best fit:

A = (0.29 ± 0.12) GeV
H, = (0.28 ± 0.09) GeV

The value of A is not changed considerably, its statistical significance is
smaller due to the correlation of the simultanous measurement of A and M-I•
The correlation coefficient is large and negative. The fit including both
mass parameters gives:

A = (0.24 ± 0.12) G?V
m = (0.28 ± 0.24) GeV
|l2 = (0.11 ± 2.50) GeV

The values of p.* and u.2 are not uell constrained by the data. Going even fur-
ther, allowing the contributions of the \i\ terms to be negative, a value of A
compatible with zero can be obtained combined uith a suitable positive contri-
bution of the first correction term and a negative contribution of the second
correction term.

From table 18 and 19 one can read off that the result of the analysis is
not rigorous when interpreted in terms of A. All kinds of assumptions made in
the analysis have an influence on its value (radiative corrections, Fermi-mo-
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tion correction, Callan-Gross relation, gluon distribution, higher tuist
effects, etc.). In addition, part of the violations of scaling at low x are
expected to be due to charm production (included in the model); results of
muon-scattering indicate that 1/3 of the scaling violations in this region are
due to charm production 1831. For the higher x region 0.4 < x < 0.65 this ar-
gument is not applicable nor can one argue that scaling violations in this re-
gion are due to higher tuist effects only, as they are expected to contribute
only at lou Q2. The scale-breaking is observed up to the highest Qz in the
data. Hence some QCD scale-breaking must be present to explain the data.

The theoretical interpretation of the measurement of A using this ap-
proach is not unambiguous. The functional form assumed for the x-distribu-
tions at Qo2 is an empirical choice uhich is found to fit the data satisfacto-
rily, but is not predicted by the theory. Only the change of the distribu-
tions with Q2 is fixed by the evolution equations. An additional theoretical
arbitrariness follows from the fact that the inclusion of higher order terms
in the QCD perturbation expansion may influence the measured value of A.

Houever, scaling violations are observed in the data and they are reason-
ably uell described by the fit of this model to the data. Hence as a phenome-
nological measure of scaling violations the value of A makes sense and can be
used to compare results obtained by other experiments, although such a compar-
ison is made difficult by the different correction procedures and different
assumptions used in the analyses of the different groups.

Results of other experiments
The results of this analysis can be compared with recent measurements of
structure functions obtained by other experiments. Various groups have used
different binnings, because the particular experimental conditions are differ-
ent such as statistics of the event sample, resolution functions and beam
spectra. Therefore, in order to make a comparison possible the QCD-prediction
based on the Buras and Gaemers fit to the data of this experiment uere super-
imposed on the data points of other experiments. The data are compared uith
recent CDHS [84], Gargamelle 185] and HP14FRO 176] data.

The kinematic region in x and Q2 probed by the various experiments is
shown in fig.52. For constant x the high Q2 limit is given by the beam spec-
trum and the lou Q2 limit by the hadron energy resolution at lou shouer ener-
gies. The x-resolution limits the measurements at high x. In this region the
resolution is dominated by the resolution of the muon momentum, uhich is uell
measured in bubble chamber experiments (e.g. Gargamelle).
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Figure 52: The kinematic region probed by various experiments.
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In fig.53 data on F2 and xFj of the GGM-SPS collaboration are shown.
These results are based on 3000 neutrino and 3800 antineutrino events taken in
the CERN wide-band beam. An overall scale error of 10% was estimated due to
the normalization of the beam. Following the preference of the Gargamelle
collaboration, this error is linearly added and included in the error bars
shown in the figure. Fermi-motion corrections were applied to the data, radi-
ative corrections were neglected. The curves represent the prediction based
on the fit to the CHARM data. The agreement of the curve and the data points
is excellent.
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Figure 53: Measurements of Fz and xF3 by the Gargamelle collaboration. The
curves represent the prediction from the fit to the CHARM data.

In fig.54 recent high-statistics data of the CDHS collaboration are
shown. The measurements of F2 and xF3 are based on 65000 neutrino and 25000
antineutrino events obtained in the CERN narrou-band beam. The structure
functions are obtained with the assumption P. = 0.1. Fermi-motion corrections
were not applied to the data. The -5% scale uncertainty due to the normaliza-
tion of the beam is not included in the errors. The curves represent the pre-
diction for the data points obtained from the fit to the CHARM data. The
agreement for small x is good, but for x > 0.45 a clear discrepancy shows up.
A part of the discrepancy can be explained by the fact that no Fermi-motion
correction was applied to the CDHS data. The Fermi-motion smearing for an
iron target as calculated by Bodek and Ritchie [80] was incorporated in the
dashed curves in this figure; the effect is to small to explain fully the dis-
crepancy of the two measurements. The Q2-dependence of the two sets of data
are compatible. The shapes of the structure functions do not agree (broader
for CDHS and narrower for CHARM). Presumably the differences are due to un-
known systematics, such as resolution functions and possibly the procedure
used to correct for the resolutions.

The structure functions measured by the HPWFRO collaboration are shown in
fig.55 together with the prediction for this binning obtained by the fit to
the CHARM data. The results are based on 21500 neutrino and 7500 antineutrino
events obtained in the Fermi lab quadrupole triplet and sign-selected bare-tar-
get beam. In the analysis of this group the assumption R = 0.1 was used; no
Fermi-motion corrections were applied to the data. An additional scale uncer-
tainty of *5V. is not shown in the figure. The data points and the curves

- 99 -



Figure 54: Structure function measurements by CDHS. The drawn curves
represent the prediction from the fit to the CHARM data. The
dashed curve gives the prediction smeared with Fermi-motion.

Figure 55: HPMFRO structure function data. The curves show the predict-on
from the fit to the CHARM data.
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agree reasonably well, except at the large x region, where the HPWFRO data
show a significantly broader x-dependence than the CDHS, Gargamelle and CHARM
data. Nevertheless, the Q2-dependence of this data agrees with the other mea-
surements.

The Q*-dependences of the stucture functions can ue compared using the
parameter B = dlogF2/díogQz. In fig.56(a) the measurements of this parameter
for F2 are shown as a function of x for the BCBC (64] and CDHS [84] and CHARM
data. Measurements of this parameter reported by electron [77] and muon (821
scattering experiments on isoscalar targets are shown in fig.56(b). The fits
to the data of [64,77,82] are taken from [86]. The various experiments agree
qualitatively on the Q2-dependence of F2.
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Figure 56: Comparison of (a) neutrino experiments and (b) electron and muon
scattering experiments in terms of the scaling violation parameter
B.

The value of A obtained in this experiment can be compared with results
obtained by other experiments. The CDHS collaboration finds in a recent anal-
ysis [84] of their neutrino data A = (0.2 v*0.15,-0.10)) GeV, in which the er-
ror includes systematics. In this analysis ft =0.1 uas assumed and no Fermi-
motion corrections were made. This value uas obtained by numerical integra-
tion of the Altnrelli-Parisi equation (38) for data with Q2 > 2 GeV2 and
W2 > 11 GeV2. Previous CDHS results [65] based on four times less events were
obtained uith the Buras and Gaemers method and yielded A = (0.47 ± 0.11 (± 0.1
syst.)) GeV. In this case R = 0 uas assumed and only data uith Q2 > 3 GeV2

uere included. A combined analysis of the non-singlet structure function XF3
obtained by the BEBC group [64] and CDHS [65] uere reported by Barker et al.
[871. They find for these data the allowed range 0.13 S A i 0.91 GeV. Their
analysis of the non-singlet electromagnetic structure function (the difference
of protons and neutrons) yields the allowed range 0.13 & A i 0.64 GeV, combin-
ing SLAC electron scattering data [88] and CHIO muon scattering data (82).
The EMC (European Muon Collaboration) muon scattering experiment [89] finds
A =(0.1 ± 0.1) GeV, where the error is dominated by systematic uncertainties.

In summary, although the values of A obtained by different experiments
using different probes, different experimental techniques and different analy-
sis methods differ quite much, they agree within the rather large uncertain-
ties.
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5.3 CONCLUSIONS

5.3.1 Total cross-sections

The cross-sections of deep inelastic neutrino and antineutrino scattering on
isoscalar targets were measured, making use of an event-by-event classifica-
tion of NC and CC interactions. The results are summarized in table 20.

TABLE 20
Results of the total cross-section measurements.

R

R

0 C C

tot

5 C C

tot

r

s in2 6

sin2e

• 0.320

- 0.377

• 0.604

- 0.301

- 0.498

- 0.220

- 0.230

±

±

i

±

±

±

0.009

0.020

0.009

0.00B

0.015

0.013

0.022

(stat)

(stat)

(stat)

(stat)

(stat)

(stat)

(stat)

±

t

4

±

í

i

-t

0

0

0

0

0.

0.

0.

003

003

031

016

012

004

005

(syst)

(syst)

(syst)

(syst)

(syst)

(syst)

(syst)

a)

a)

x 1 0 " " x E v cm* GeV nucleon"
1

x ïo-1' x Eg cma GeV nucleon"1

b)

O

a) For shower energy > 2 GeV.

b) From QCD model calculations. The systematic errors quoted do not include

the uncertainties of the model.

c) From Paschos-Wolfenstein relation»

The neutral-current chiral coupling constants were obtained without mak-
ing use of the Glashou-Salam-Meinberg model. The results were:

gi2 = p2(ui2 + di2) = 0.305 i 0.013

g P
2 s p2(ur

2 + d r
2) = 0.036 ± 0.013

A statistically significant contribution of the right-handed coupling of the
neutral hadronic current was observed, interpreted in the standard model of
Glashou-Salam-Meinberg as being due to the mixing uith the electromagnetic
current.

The strengths of the NC and the CC weak coupling were found to be equal
to within ±2.5%:

p = 1.027 ± 0.023

A value of the electromagnetic mixing angle within the framework of the
Glashou-Salam-Meinberg model (p=1) was deduced corresponding to

sin2e - 0.220 ± 0.014

The values of the left-handed and the right-handed coupling constants of the
weak neutral hadronic current determined by these measurements, and the total
cross-sections, agree uith previous results obtained uith different methods.
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5.3.2 Charqed-current y-distributions

The differential cross-sections d<r/dy were obtained for charged-current inter-
actions. From simultaneous fits to the neutrino and antineutrino data the
following results were deduced:

The relative contribution of antiquarks as measured by neutrinos is
0.10 ± 0.04 and 0.16 ± 0.01 for antineutrino interactions. The differ-
ence, attributed to the strange-quark contribution is 0.06 ± 0.04. The
relative contribution of antiquarks obtained from the shape of the y-
distributions agrees with the value deduced from the charged-current
cross-section ratio.

No significant deviation from the Callan-Gross relation was found. The
sensitivity of the test is \\%.

Extrapolations of the y-distributions to y = 0 are compatible with
charge symmetry at the level of one standard deviation (6%).

The results agree with previous measurements.

5.3.3 Structure functions

Charged-current differential cross-sections da/dx uere obtained. No signifi-
cant quantitative conclusions uere drawn due to the different admixtures of
the values of Q2 as a function of x for the neutrino and antineutrino distri-
butions. The evaluation of the Gross-Lleuellyn-Smith sum rule yielded

= 2.66 ± 0.41

compatible with three valence quarks in the nucleon.
The nucleon structure functions F2 and xF3 uere obtained as a function of

x and Q2. As a consequence of the good shower energy resolution, F2 could be
obtained for a large range of Q2, especially down to low values of Q2. The
Q2-range over which xF3 was measured is limited by the statistics of the data.
The following can be concluded.

Statistically significant violations of scaling were observed for the
structure function F2- The value of F2 increases with Q

2 for small x
and decreases with Q2 for large x, in qualitative agreement with QCD
predictions. The rise of F2 for small x could be explained qualita-
tively by charm production, without the need of QCD effects. However,
the decrease of F2 for 0.4 < x < 0.65 is visible over the uhole
Q2-range up to large Q2 and is difficult to be explained without QCD
scaling violations.

A quantitative comparison with QCD was persued with the method of Buras
and Gaemers. From a simultaneous fit to F2 and xF3 taking only data
with Q 2 > 3 GeV2, a value of A in the leading order approximation was
obtained

A = (0.29 i 0.12) GeV

where the error is statistical only. The systematic uncertainties were
found to be large («0.1), due to uncertainties in various corrections.
Especially radiative and Fermi-motion corrections changed the value of
A considerably.
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The main disadvantage of the method of Buras and Gaemers is the intro-
duction of a model of the x-dependence of the structure functions, and
the need of extra assumptions to describe the sea and gluon distribu-
tions. These model dependences can in principle be removfd by inte-
grating the Altarelli-Parisi equation for the non-singlet function XF3.
The statistical significance of the measurement of xF3 is not suffi-
cient to justify a QCD analysis on the basis of this structure function
alone.

The observed scaling violations are in agreement uith results obtained
by other experiments. The scaling violations are consistent uith the
QCD picture.

The measurements of the x-dependence of the structure functions of the
various experiments agree less well. At large x significant differ-
ences are observed in the comparison of the measurements. The discre-
pancies may be explained by systematic uncertainties in the corrections
for the experimental resolutions. Due to the steepness of the struc-
ture functions at large x, and the coarse resolution of all experiments
in the large x region, the differences in the analyses are likely to
show up in this region.

A quantitative analysis in terms of QCD is difficult due to the fact
that a significant part of the data is obtained below the value of Q2

above uhich QCD is supposed to give reliable results. These difficul-
ties are enlarged because a satisfactory theoretical description of the
so-called higher twist effects is not available. For these reasons ex-
periments uith higher-energy beams are needed to give precise and reli-
able measurements of A.
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APPENDIX A

The numerical values of the differential cross-sections dor/dy are given in ta-
ble 21. The errors correspond to the diagonal elements of the covariance ma-
trix. The off-diagonal elements are small, typically smaller than 10J5. The
full covariance matrix can be supplied on request.

TABLE 21
Differential cross-sections da/dy.

30 GeV < E < 200 GeV
y neutrinos antineutrinos

0.0 - 0.1 5.99 ± 0.42 6.29 ± 0.53
0.1 - 0.2 6.15 ± 0.26 5.03 ± 0.21
0.2 - 0.3 6.07 ± 0.24 4.41 ± 0.19
0.3 - 0.4 5.87 ± 0.24 3.59 ± 0.16
0.4 - 0.5 5.68 ± 0.24 2.27 ± 0.15
0.5 - 0.6 5.66 ± 0.24 2.32 ± 0.14
0.6 - 0.7 5.97 ± 0.25 1.89 ± 0.12
0.7 - 0.8 6.11 ± 0.26 1.29 ± 0.11
0.8 - 1.0 5.78 ± 0.26 1.13 ± 0.10

x 10"39 x E cm2/6eV

30

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

GeV < E
y

- 0.1
- 0.2
- 0.3
- 0.4
- 0.5
- 0.6
- 0.7
- 0.8
- 1.0

< 90 GeV
neutrinos

8.05
6.70
5.77
6.03
5.72
5.77
6.22
5.66
5.90

±1.37
± 0.41
i 0.37
±0.36
±0.36
±0.36
± 0.37
± 0.39
± 0.47

antineutrino

6.23 ± 0.93
4.95 ± 0.25
4.39 ± 0.22
3.65 ± 0.20
2.74 ± 0.18
2.33 ± 0.16
1.82 ± 0.15
1.26 ± 0.13
1.15 ± 0.13

x 10"3' x E cm2/GeV

90 GeV < E < 200 GeV
y neutrinos antineutrinos

0.0 - 0.1 6.15 ± 0.44 7.19 ± 0.62
0.1 - 0.2 5.46 ± 0.33 4.92 ± 0.39
0.2 - 0.3 5.83 ± 0.32 3.94 ± 0.32
0.3 - 0.4 5.68 ± 0.32 3.38 ž 0.29
0.4 - 0.5 5.55 ± 0.32 2.44 ± 0.26
0.5 - 0.6 5.50 ± 0.33 2.25 ± 0.24
0.6 - 0.7 5.70 ± 0.33 2.04 ± 0.23
0.7 - 0.8 6.40 ± 0.35 1.29 ± 0.19
0.8 - 1.0 5.34 ± 0.31 1.02 ± 0.15

x 10"3» x E cmVGeV
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APPENDIX B

The measurements of the structure functions F2 and XF3 are given in bins of x
and Q2 in table 22. The errors correspond to the diagonal elements of the co-
variance matrix. In fits to the data the full covariance matrix has to be
used, which can be supplied on request. The off-diagonal elements are large
in some of the cases.
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SUMMARY

In this thesis the results of an analysis of neutrino and antineutrino inter-
actions on nuclei are presented. The data were taken with the calorimeter of
the Amsterdam-CERN-Hamburg-Moscow-Rome (CHARM) collaboration at the narrow-
band beam of the CERN SPS. The detector combines a large target mass with a
high pouer of pattern recognition.

The presently accepted theory of weak interactions of Glashou, Salam, and
Weinberg is introduced. Applications of the quark-parton model in the context
of deep-inelastic neutrino interactions on nuclei are summarized. The concept
of scaling and its consequences are mentioned. Some sources of scaling viola-
tions are discussed.

The properties of the narrowband neutrino beam at CERN, which are rele-
vant for the experiment are given. The neutrino energy spectrum and the flux
monitors are described. A short overview of the components of the neutrino
detector is given. The on-line data-handling of counter signals and the beam
monitor information is summarized. The off-line data-analysis is described.
The reconstruction of hadronic showers and the recognition of muons are pre-
sented together with the achieved resolutions.

Measurements of total cross-sections are presented. From the ratios of
neutral-current and charged-current cross-sections of neutrinos and antineu-
trinos the coupling constants of the weak neutral-current are deduced. A sig-
nificant contribution of the right-handed coupling is found. The relative
strengths of the neutral-current and charged-current couplings are compatible
with the Glashou-Salam-Heinberg model. The electroweak mixing angle, the only
free parameter in this model, is deduced from the data. The results are in
agreement with previously reported measurements from other experiments.

Some details of the methods used in the analysis of differential distri-
butions are discussed. The differential charged-current cross-sections da/dy
and da/dx are measured. The relative contributions of quarks and antiquarks
to the neutrino cross-sections are deduced from the y-distributions.

Finally, the analysis of the structure functions is presented in terms of
x and Q2. Scaling violations are observed in qualitative agreement with QCO
predictions. The mass-scale parameter of QCO, A, is obtained with the method
of Buras and Gaemers. The results are in agreement with results obtained by
other experiments. It is pointed out that the systematic uncertainties in the
value of A are large, both due to experimental and theoretical uncertainties.
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SAMENVATTING

In dit proefschrift worden de resultaten van een analyse van neutrino en anti-
neutrino wisselwerkingen behandeld. De gegevens werden verkregen met de tel-
ler opstelling van de Ams.terdam-CERN-Hamburg-Moskou-Rome (CHARM) samenwerking
in de impuls-geselecteerde neutrino bundel van het Super Proton Synchrotron
van CERN (Europese organisatie voor kern onderzoek, Geneve). De detector ver-
enigt een grote doelwit massa met goede mogelijkheden voor patroon herkenning.

De op dit moment aanvaarde zwakke uisseluerkingstheorie opgesteld door
Glashou, Salám en Weinberg uordt geïntroduceerd. Toepassingen van het quark-
parton model op diep-inelastische neutrino wisselwerkingen met kernen worden
samengevat. Het begrip schaal invariantie en de gevolgen daarvan worden ge-
noemd. Sommige oorzaken van schaalbreking worden besproken. ô'

De eigenschappen van de impuls-geselecteerde neutrino bundel van CERN,
die voor dit experiment van belang zijn, worden behandeld. Het energie spec-
trum van de neutrinos en de bundel intensiteits monitoren worden beschreven.
Een kort overzicht van de onderdelen van de neutrino detector uordt gegeven.
De verwerking van de teller signalen en de bundel monitor gegevens gedurende
de bestraling uordt samengevat. De analyse van de verkregen gegevens uordt
beschreven. De reconstructie van hadronische lawines en de herkenning van
muonen uorden behandeld tezamen met de bereikte oplossende vermogens.

Metingen van totale uerkzame doorsneden uorden vermeld. De koppelings
constanten van de zuakke neutrale stroom uorden afgeleid van de verhoudingen
van de totale uerkzame doorsneden van neutrale en geladen stroom wisselwerkin-
gen van neutrinos en antineutrinos. Een significante bijdrage van de rechts-
handige koppeling is verkregen. De relatieve sterkten van de koppeling van de
neutrale en geladen stroom zijn in overeenstemming met het Glashou-Salam-
Weinberg model. De hoek, die de menging van de electromagnetische en zuakke
wisselwerkingen bepaald - de enige vrije parameter van het model - is afgeleid
van de gegevens. De resultaten zijn in overeenstemming met eerder gepubli-
ceerde metingen van andere experimenten.

Details van de methode toegepast in de analyse van differentiële verde-
lingen uorden besproken. De differentiële uerkzame doorsneden da/dy en da/dx
van geladen stroom wisselwerkingen zijn gemeten. De verhoudingsgeuijze bij-
dragen van quarks en antiquarks tot de uerkzame doorsneden van neutrino wis-
selwerkingen zijn bepaald aan de hand van de y-verdelingen.

Tot slot is de analyse van de x- en Q2-afhankelijkheid van de structuur
functies besproken. Schaalbreking is waargenomen, in qualitatieve overeen-
stemming met QCD voorspellingen. De parameter, A, die de massa-schaal van QCD
beschrijft, is verkregen volgens de methode van Buras en Gaemers. De resulta-
ten komen overeen met resultaten verkregen door andere experimenten. Er uordt
op gewezen, dat de systematische onzekerheden in de bepaling van A groot zijn,
zouel tengevolge van experimentele als theoretische onzekerheden.
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STELLINGEN
1. De gemeten absorptie breedtes van de 3d-niveaus van pionische

atomen van zware kernen kunnen niet gereproduceerd worden door
de standaard optische potentiaal berekeningen.

«7.Konijn et al.3 Nucl.Phys. A326 (1979) 401.
J.H.Koah en F.S.Scheok, Nuol.Phys. A340 (1980) 221.

2. Bij het meten van quadrupool momenten van kernen uit Röntgen-
spectra van pionische atomen moeten alle zichtbare achtergrond
lijnen nauwkeurig geanalyseerd worden. Hierdoor kunnen sys-
tematische fouten vermeden worden die kunnen ontstaan bij de
analyse van het hyperfijn complex.

R.Beets et al.3 Nuol.Phys. A300 (1978) 369.
S.C.Cheng et al., Hyperfine Interactions 4_ (1978) 145.
C.J.Batty et al.» Nucl.Phys. A3S5 (1981) 382.

3. De door Baltay et al. gebruikte methode voor het verkrijgen van
x-distributies van neutrale-stroom neutrino wisselwerkingen is
fundamenteel onjuist.

C.Baltay et ál., Phys.Rev.Lett. 44_ (1980) 916.

4. Bij het bepalen van het aantal gebeurtenissen veroorzaakt door
elastische verstrooiing van muon-neutrino's aan electronen
hebben Heisterberg et al. de achtergrond op onzorgvuldige wijze
in aanmerking genomen.

R.H.Heisterberg et al.s Phys.Rev.Lett. 44_ (1980) 635.

5. Gemeten frequentie verdelingen worden in de praktijk vaak gecor-
rigeerd voor meetonnauwkeurigheden door middel van een methode
waarbij een gesimuleerde verdeling, die verkregen is door meet-
fouten in aanmerking te nemen, direct te vergelijken met de ori-
ginele gesimuleerde verdeling zonder meetfouten. De experimen-
teel gevonden frequentie verdeling wordt dan vermenigvuldigd met
correctiefactoren, berekend door het quotient te nemen van de
originele gesimuleerde verdeling en de door meetfouten vervormde
gesimuleerde verdeling. Deze veelvuldig toegepaste methode is
incorrect wanneer de meetfouten niet "klein" te noemen zijn.

J.G.H.de Groot et al.3 Z.Physik Cl_ (1978) 143.
S.M.Heagy et al.3 Phys.Rev. D23_ (1981) 1045.

6. De hoeveelheid cellen met dubbele micronuclei gevonden door
I.Diehl-Marshall en M.Bianchi na het bestralen van de wortel-
punten van Vicia faba met neutronen afkomstig van 600 MeV pro-
tonen kan eenvoudig verklaard worden door aan te nemen dat de
twee micronuclei veroorzaakt zijn door twee ongecorreleerde
processen.

I.Diehl-Marshall en M.Bianohi3 Induction of micronuclei by
irradiation with neutrons produced from 600 MeV protonst CERN-
preprint 1980 HS-RB/020/RP3 to be published in Brit.J.Radiol.



7. De biochemische zuiveringsmethoden en de biologische test ge-
bruikt door M.Riedel et al. voor het aantonen van cytokínines,
waarop de conclusie gebaseerd is dat de radiorestauratieve wer-
king van gistextracten en de daaruit geïsoleerde bestanddelen
zoals tRNA en mengsels van aminozuren toegeschreven kan worden
aan hun cytokinine gehalte, zijn niet voldoende selectief. Ook
andere moleculen, met name polyamines, kunnen zowel door de ge-
bruikte methode geïsoleerd worden als positief op de biologische
test reageren.

M.Riedel et al., C.R.Aoad.So. aer.D Paria 28£ (1977) 1457.
J.J'ánnet M.Pösc en A.Raina, Bioehimica et Biophysioa Aota 473

(1978) 241.

8. Voor het overtuigend aantonen van gebeurtenissen die duiden op
het verval van een proton is het aan te bevelen behalve de spo-
ren ook de bewegingsrichting van de deeltjes langs het spoor in
de detector te bepalen, Dít kan verwezenlijkt worden door van
elk. tellersignaal niet alleen de plaats, maar ook de tijd te
meten.

9. Zolang de massa's van de verschillende typen neutrino's niet
experimenteel bepaald zijn blijven alle modellen die de vorming
van melkwegstelsels beschrijven speculatief.

D.N.Schramt en G.Steigmanj Astroph.J. 243 (1981) 1.
F.R.KKnkhmer en CA.Norman* Astroph.J. 243_ (1981) tl.


