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ABSTRACT

Some results are presented from neutrino and antineutrino interactions
in the Big European Bubble Chamber (BEBC) filled with a 70% molar
neon / hydrogen mix and exposed to the CERN wide~band bean.

This analysis is based on ~9,800 neutrino and ~17,000 antineutrino
charged current events identified as such using & large External Muon
Identifier (EMI) of multiwire proportional chambers. Neutral current
background to the charged current sample is estimated to be < 1% for
events with muon momentum above 3 GeV/c and is largely concentrated
below 5 GeV/c.

The average charged multiplicity is seen  to increase
logarithmically with W?, in reasonable agreement with other
experiments. Fragmentation functions are presented, which obey
approximate isospin invariance. A simple analysis does not reveal any
significant scaling violations or factorisation breaking for W > 3
GeV/c and Xg > 0. However, using 1 mesons of all Xg from events of
all W shows some degree of Q? and x dependences in the fragmentation
functions. A steady growth in <Pt3> with W? is found for fast forward
fragments.

Evidence is presented for an azimuthal asymmetry about the current
direction for pion production of <cos¢> = -0.050 % 0.012
(»0.044 + 0.012) for w+(n~) in neutrino (antineutrino) interactions
before correction for  radiative effects and ~0.039 % 0,013
(~0.034 % 0.014) after correction. This asymmetry is in qualitative
agreement with & parton model calculation incorporating a quark
primordial transverse momentum.

Final state bremsstrahlung is observed for muons and found

consistent with QED expectations.
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INTRODUCTION

Deep inelastic scattering (DIS) experiments have been enormously
successful in producing important physics results over the last two
decades. In fact, over this time span, our understanding of the
particulate nature if matter has moved forward in leaps and bounds,
aided by such experiments. One particular DIS experiment, using
neutrinos and antineutrinos was proposed in the late 1970's to do &
high statistics survey of structure functions and the hadron final
state and took data in the Spring of 1980. More than 10 institites
widely distributed geographically about Europe collaborated in this
enterprise. In this thesis some results on the hadronic final state
are presented, based on the data from this experiment. In particular,
results on final state azimuthal asymmetries are given - the so-called
"cos¢” effect.

In chapter I a brief theoretical survey of neutrino interactions is
presented, but, in such a small space hardly does justice to current
knowledge in this field. Chapter II is devoted to apparatus details
and data processing, whilst chapter III enlarges upon one particular
aspect of the apparatus and presents results of work in assessing some
background effects. Data selection and correction for some important
systematic effects are described in chapter IV, which also covers some
usual and not so usual features of neutrino interactions. In chapter
V results are presented on hadronic multiplicities and some
longitudinal properties of the hadron shower. Aspects of transverse
and azimuthal degrees of freedom in the hadron shower are explored in
chapter VI, which in particular discusses at length the presence of an
azimuthal asymmetry in the production of final state hadrons. A brief
summary of results presented, with particular reference to szimuthal

asymmetries, is given in chapter VII.
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Any experiment of this scale is naturally impossible for any one
individual to perform and thus all participants are highly dependent
on each other. However, the physics results presented and discussed
in this thesis are the work of the author, unless stated otherwise.

In this thesis the word "neutrino” may refer to neutrinos and
antineutrinos generically, as well as to the particle itself,

depending on context.
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Chapter 1
THEORETICAL REVIEW

1.1 HISTORY

In 1896, Becquerel stumbled across the phenomenon of natural
radioactivity and unknowingly heralded the dawn of the nuclear age. A
decade and a half later, Rutherford put forward the idea that the atom
has a substructure, as suggested by large angle scattering of
a-particles by thin metallic foils. The nuclear atom was born.

Through the first half of this century, the idea that the atom was
the fundamental building block of matter slowly crumbled. First the
electron and proton were discovered, then the neutron, neutrino, muon
and pion; some particles appearing in more than one electric charge
state. The experimental discovery of such particles went hand in hand
with the new theory of quantﬁm mechanics (as developed by Bohr,
Heisenberg, Schrodinger and fellow workers) which explained the
particle dynamics. Dirac incorporated relativity into this framework,
predicted the existence of the positron (later discovered by Anderson
in 1932) and included the photon as the quantum of the electromagnetic
interactions. As the years advanced, more particle states were added
to this list, including the strange particles heralded by the so
called "V" events. The lack of simplicity in the building blocks of
matter and the various interactions between them led to a search for
an underlying, simpler structure.

Broadly speaking, particles can be classified as hadrons (from
Greek for the "strong” ones) or leptons (the "light" ones) depending
on whether they interact through the strong force or not. The
electron, its neutrino and their antiparticle sisters, the positronm

and its antineutrino are all leptons and are stable. In & similar



manner the muon and its neutrino can be grouped together. Hadrons,
however, can be furthur classified as either baryons (such as the
proton or neutron and all other particles which decay into them) and
mesons (such &s the pion). All mesons are unstable and ultimately
decay into leptons. Both leptons and baryons carry intrinsic half
integer angular momentum (or spin) and thus are fermions.

In the early 1960's, Gell-Mann proposed that hadrons could be
grouped together in singlet, octet, decuplet etc. representations of
the group SU(3) [1.1]. However, no grouping of hadrons could be found
to fit the fundamental (triplet) in SU(3) representation. He thus
proposed sub-constituent particles of hadrons, called quarks, to fill
the triplet. Higher representations formed by taking combinations of
triplets of quarks and antiquarks explained all the then known hadrons
and even predicted the existence of some unknown particles which were
later discovered. A great triumph for this theory was the prediction
of the Q and its subsequent discovery in 1964. A new quantum number,
called flavour, was assigned to the three quarks to differentiate
between them. In this theory, quarks carry fractional charge,
fractional baryon number and like all leptons, carry spin 1/2 and are

hence fermions.

TABLE 1.1

The Four Fundamental Forces of Nature

Force Relative Range Boson
Strength
Strong ~ 1 10738 p gluon
Electromagnetic ~ 17137 - photon
Weak ~ 107" 1077 m wh,ze
Gravity ~ 1074 - graviton




Interactions between fermions can occur through four forces (table
1.1). The strength of the gravitational force is exceedingly weak in
comparison to the others and is very often neglected. Within the
framework of Yukawa's exchange model of forces [1.2], the
electromagnetic interaction is brought about by exchange of a
massless, spin 1 boson (the photon) between electrically charged
fermions and has infinite range. In contrast, the weak interaction is
mediated by massive bosons (giving a finite range) and in addition may
change both fermion flavour and charge. The exchange model picture
has been tremendously successful and the strong interaction has been
interpreted similarly with a group of eight vector bosons (called
gluons) mediating interactions between fermions possessing an extra
quantum number of colour charge.

As yet, free quarks have not been observed experimentally and it is
believed that they are confined inside mesons and baryons by gluon
exchange. To explore the quark dynamics it is thus necessary to give
a bound quark a large 'knock'. This can be done very nicely using
energy imparted by the exchange bosons of the weak interaction.

Neutrinos can be used to provide energy via the weak interaction to
quarks bound in protons and neutrons. Some aspects of the strong
interaction of quarks can hence be explored. However, since quarks
are not observed directly, quark dynamics must be inferred from the

hadrons observed after quark hadronization (fragmentation).

1.2 THE FUNDAMENTAL BUILDING BLOCKS

The present day picture of matter consists of quarks and leptons
interacting via exchange of various quanta. The particies are
itemized in table 1.2 together with some of their properties. For
every particle listed there exists an antiparticle with opposite
quantum numbers. The nature of the interactions naturally suggest

placing quarks in doublets of contrasting electric charge and grouping



TABLE 1.2

The Fundamental Fermion Doublets

Generation Leptons Quarks
(charge) ~1 0 +2/3 =173
1 (e, v) (U, D)
3 (1, v*) (T*,B)
* Yet to be confirmed by experiment
Q = charge
I = isospin
I3 = third component of I
C = charn
5 = strangeness
T = top
B = bottom
Quark Quantum Numbers
Quark Q I 13 c 8 T B
Up +2/3 172 +1/2 0 0 0 0
Down -1/3 1/2  ~1/2 0 0 0 0
Charm +2/3 0 0 1 0 o 0
Strange ~1/3 0 0 0 -1 0 0
Top +2/3 0 0 0 0 1 0
Bottom ~1/3 0 0 0 0 0 -1

them with one charged lepton and its neutrino into one 'generation'.
So far three generations are believed to exist, each with a
relationship between members comparable to the first generation.
Members of each generation are typically more massive than the
previous generation (neutrinos possibly excepted), but as to why this
should be or indeed why there are generations at all is an open
question.

Each quark is assigned a flavour (table 1.2) and it is the domain
of weak interactions to bring about flavour transitions. Mixing can
occur between the generations, most strongly between neighbouring

generations, but almost negligibly between generations 1 and 3. The



extent of mixing is parameterized in terms of mixing angles which
together constitute the 3 x 3 Kobayashi-Maskawa mixing matrix. The
scene was originally set by D and S quark mixing with the Cabbibo
mixing angle ﬁa, but has been extended in the light of the discovery
of the C and B quarks and the prediction of the T quark. The weak

quark current, taking into account mixing, can be written

d
3 = [u,c,t] 1,(1-%) U |s (1.1)
b
where U = | C, $,C4 $,54 )
“81C, €10,C5-5,8.e%% ¢ 0 5.45,0,e18
=818, €18,04-C,85¢™ € ;5,5,-C,c et
and ci(si} = cosﬁi (sin&i), 81 = Gc o

This current, when contracted with a suitable lepton current,
expresses all allowed weak charged current intersctions.

The electromagnetic force couples via the charge of the fermions
and is well described by a U(1) gaﬁéa symmetry, in which the exchanged
boson (the photon) is uncharged. This theory is hence Abelian. In
contrast, the weak force couples to the weak fermion charge and is
described by a SU(2) gauge symmetry for the exchanged bosons. The
latter exist in 3 charge states, w*,w” and 2°. The first two account
for charged current interactions whilst the latter is responsible for
a weak neutral current similar to that mediated by the photon
(although restricted to a finite range by the 2° mass).

The weak interaction has successfully been unified with the
electromagnetic interaction (see next section) with an SU{2)=U(1)
gauge symmetry. This theory has achieved enormous success, however,

its non-Abelian nature raises complications for renormalization.



1.3  THE ELECTROWEAK THEORY

Up to this point it has been assumed that the weak interaction is a
pointlike Fermi interaction. This is wrong as it leads to a violation
of unitarity at high energy and does not exhibit a short range,
characteristic of wesk interactions. In analogy with quantum
electrodynamics (QED), it is natural to use an exchange model where
charged, massive, intermediate vector bosons, Wi, are exchanged {(a
charged current interaction). The culmination of this idea is in the
electroweak model of Glashow, Weinberg and Salam in which QED and weak
interactions are united. The theory is based on & weak isospin 8SU(2)
group of & massless triplet of vector bosons, W',W?,W’ and a weak
hypercharge U(1) group containing a massless singlet boson, B. Mixing
occurs between the 113 =0 W boson and the B boson to produce the
photon, A, and a neutral boson 2° whilst the 13 # 0 components give
rise to W' and W". By the process of "spontaneous symmetry breaking"
the w‘*, W and Z° are given mass whilst the photon remains massless.

The Lagrangian density for electroweak interactions is given by
=gl W +g'JY. .
L gJy wu g JM 3;: (1.2)

where Jl} and Jyy are the weak isospin and hypercharge currents of the

leptons and quarks and g and g' couplings to fields wu and Bu

:?espactive},y. In analogy with the definition of hypercharge
y em €3>

Jp = 3u Ju and hence

"y +, > em em
= + €33, 2
L g(J k’u J W” )y + g(J sin 8wJ ,‘}«‘75u + 385,3;9“3“ Au

(1.3)

where g'/g = tan 8,
The first term gives rise to weak charged currents, the second to weak

neutral currents and the third to electromagnetic neutral currents

(i.e. QED).



The culmination of this theory was in the discovery at CERN of the
2° and W' [1.3, 1.4] by the UAl collaboration. The theory is

expounded in many texts (e.g. reference 1.5).

1.4  QUANTUM CHROMODYNAMICS

The enormous success of the electroweak theory has prompted & similar
approach to the strong interaction. There are various sources of
compelling evidence why quarks should appear in three states of a new
quantum number called colour. This then takes into account & factor
of 3 between experimental and theoretical values for the ratio of
hadron to muon production in e‘re” reactions. It also permits the
formation of an antisymmetric wave function for the three quarks in
the Q. The strong interaction is explained by exchange of quanta
called gluons, which couple to the colour charge of quarks. Leptons
are colourless, which explains why they do not interact strongly. The
three colours of quarks form a triplet in SU(3) whilst gluons form an
octet. Since gluons also carry colour charge the theory is non-
Abelian and hence permits gluon - gluon as well as quark -~ gluon
couplings. The strong interaction coupling constant, o, decreases
with increasingly energetic probes making the use of perturbation
theory possible for high energy scattering processes. In fact the
coupling is believed to be weak for small quark separations (so called
asymptotic freedom) but approaches infinity as quarks are moved apart.
This latter property leads naturally to quark confinement inside
hadrons and explains the lack of evidence for free quarks. All
observed groupings of quarks in hadrons (Qﬁ for mesons and QQQ for
baryons) are colour singlets, Mesons are composed of colour -~
anticolour quark combinations whilst byaryons are formed from three
differently coloured quarks. Reference 1.6 covers this topic in much

greater depth.



1.5  DEEP INELASTIC SCATTERING

1.5.1 Kinematics

{3

ity shower
F qf hadrons

Figure 1.1: Deep inelastic scattering

Before embarking on a discussion of deep inelastic scattering it will
be useful to introduce the variables commonly used. Deep inelastic
scattering can be represented by a Feynman diagram (figure 1.1) in
which k, p, k' and p' are the 4-momentum of incoming neutrino, target

nucleon, outgoing muon and final state hadron system respectively. We

define

s = (k+P)?

Q* = -(k-k")? = -q* (= -4EE'sin?(8/2))

v o= P.q/Mp =E -~ E' (1.4)
x = «q¥/2P.q = Q’/Z}Ipv

y = P.q/P.k = v/E

W2 = (P+q)? = Hp* - Q* + 214?\»

where Hp is the proton mass, s is the total centre of mass energy
squared and from 8P.8x 2 h Q® indicates the scale penetrated in the

interaction. For high Q* smaller distances are probed. v is the



energy transfer and W is the invariant mass of the final state
hadronic system. x and y are the Bjorken scaling variables. Both x
and y are bounded in the range 0 € x,y € 1. If x = 1 then y = 0 and
W= Mp which is the case of elastic scattering, but for x < 1 the
scattering is inelastic and for high Q* (i.e. Q% >> 1) it is termed

deep inelastic scattering. 8 is the lepton scattering angle.

1.5.2  The Quark-Parton Model

{~)
Y
CURRENT
FRAGMENTS
TARGET
FRAGMENTS

Figure 1.2: Deep inelastic scattering at the parton level

The quark parton model [1.7, 1.8] can be likened to the impulse
approximation in nuclear physics. In a frame in which the target
nucleon has a very large 3-momentum (the so-called infinite momentum
frame) the nucleon can be viewed as a collection of partons travelling
parallel (figure 1.2), each with negligible transverse momentum. The
Heisenberg Uncertainty Principle gives 8E.8T 2 h and hence a high
energy current interacts for only a very short time such that the

struck parton can be taken to be quasi-free and the effects of



confinement within the nucleon can be neglected during this time. It
can thus be assumed that :

1. during the time of the current absorption, interactions between

partons can be neglected and

2. final state interactions can be ignored.
In fact, in such & frame partons appear not to interact with each
other during the absorption of the current owing to time dilation.
Deep inelastic scattering is interpreted as an incoherent sum of
elastic scatters off these quasi-free partons and is more closely
represented by figure 1.2.

The cross-section for this process is given by

d?g G E' @) Loy wHY (1.5)

dQdE'  (2m)? E (m* +Q*)

where Luv and W are the leptonic and hadronic currents respectively
and the term m’wl(m’W+Q3} comes from the W boson propagator. L, is
well understood in the Standard Model but WY can only be cast in
terms of structure functions, namely Wl(v,Q’), wz(v,Q“) and w3(v,Q’),
because of the composite nature of the nucleon and are determined by

experiment. Other structure functions can be omitted as they are

negligible. Equation (1.5) now becomes:-~ .

d*e GF3 E'? (m’w) (2w15i339/2 “ wgcosga/z + Ua(E+E’)5in’8/2)
dRdE' 207 (m?4Q?)

(1.6)

1

where 8 is the lepton scattering angle, '+' is for neutrino and '~
for antineutrino.

A consequence of the above assumptions is that since interactions
are pointlike the cross-section should be independent of scale.
Hence, the W, (v,Q%) become independent of v and Q® and only depend on

the ratio x. In the limit of high Q* where individual partons can be
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resolved the wi(v,Qz) are replaced by Fi{x)v Quantum chromodynamics
somewhat modifies these to be functions of Q? as well and leads to
scaling violations at very high Q*. This effect can be interpreted as
having resolved the cloud of gluons which surrounds individual quarks.
However, neglecting such violations (which are very small at typical

Q*'s in this experiment) the cross-section becomes

dfo  Gp's (xy'Fy(x) + (1-y)F,(x) % y(1-y/2)xF4(x)). (1.7

oy
g

dxdy 27

The nucleon structure functions Pi(X} can be replaced by a sum of
parton distribution functions f i(x) each giving the probability of
hitting & quark of type i carrying a fraction x of the nucleon

momentum thus,

B + " N
FZ(x) 2x (Eq fq(x) Xﬁ fq(X)) (1.8)
and x}"s(x) = 2x (Zq fq(x) - qu» fa(x})
also for spin 4 partons 2xF, = F,.

Equation (1.7) now becomes

2 2 + )2 S_f. ; .
d*o WGF X (quq (1-y) quq) for neutrinos (1.9

-

dxdy "

and d%*o Gy’sx ((1-y)? }qu + Zafa) for antineutrinos.

q

P

dxdy

It can be shown that (l-y) = #(l+cosB) and hence whilst vq and Vg
scattering is isotropic v and Vq scattering has a strong dependence
on the scattering angle 8. This is in fact a consequence of helicity
conservation. Neglecting sea quark contributions, neutrino scattering
is isotropic but antineutrino scattering has a (l1-y)? dependence.
Another interesting feature arises as a consequence of isospin
changes which can be brought about by the w' and W. Neutrino

interactions proceed via a wt which can only be absorbed by D or U
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quarks (neglecting strange or charmed sea) but conversely antineutrino
interactions proceed via a W and can only be absorbed by a U or D
quark. This gives the possibility of selecting the flavour of the
struck quark and hence (as will become apparent later) the leading

meson after hadronization.

1.6  FRAGMENTATION
An event can be completely characterized by E v,Q* and x, but if
single particle production is studied more variables are needed.
Typical variables used are transverse momentum, Pt:’ of a hadron to the
current direction, azimuthal angle, ¢, about the current direction
(with u direction defining zero degrees) and 2z, the longitudinal
momentum fraction of the struck quark momentum carried by the hadron.
Unfortunately, the momentum of the struck quark is unknown
experimentally and only approximations can be made. A definition

often used is

h

z =P 4.?11/(;;.?‘n (1.10)

where Ph, Pn and q are the hadron, nucleon and current &4-momenta

respectively. 2 is a lorentz invariant, can be reduced to
z = Eh/ {Ehad»%?) in the laboratory frame and is in fact the momentum
fraction of the current carried by the hadron. A better estimate of
the struck quark energy includes the nucleon mass (i.e. z = E}h/zhad).
With this definition, 2z is bounded between 0 and 1 and this is the

(Ehad

definition used in this thesis. = total hadronic energy).

Other useful variables (although not Lorentz invariant) are

*
Xe = 2Py, /W and (1.11)
* * * *
y = ilnifz *Plt )/ (E ”Pzz )]

*
where P, = is the hadron's momentum parallel to the current in the

hadronic centre of mass (CMS) and E* is the energy. Xe is bounded



between -1 and +1, the sign indicating whether the particle is forward
(>0) or backward (<0) in the hadronic CMS. Transformation from one
frame to another changes the rapidity (y) of all particles by a

constant,

y' =y + #In[(1+B)/(1-B)] (1.12)

where B is the velocity of the new frame with respect to the old.

1.6.1 Breit Frame

#(zxP;0,0,~222P)
”im (xP;0,0xP) e AN~ arinon N f"&f""‘)goﬁ'{"“}’p)
N F ot C SR E g= {Q; {), O;*;im P) P’»(*%QQ*%P) N :
3 Current Wﬁ“”,
s 9. 1/
(P;00 P) Current fmgmmfa i ;ﬁ:}qiﬁntx
Target

(a) Before () After

Figure 1.3: Scattering in the Breit frame

Neutrino-quark scattering and subsequent hadronization is most easily
understood in the Breit frame in which the target-current system is
boosted so that the current has zero energy. In this formalism the
nucleon is taken as a collection of independent partons and has a
momentum P (figure 1.3). The current, with momentum q = (0;0,0,-2xP)
is taken to interact incoherently with & parton with momentum
p = (xP;0,0,xP) head on. The struck parton thus has its momentum

reversed, p' = (xP;0,0,-xP) whilst the remaining partons have total
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momentum p'' = ((1-x)P;0,0,(1-x)P) and the two systems are separated
by a large momentum. It is reasonable to assume that the subsequent
hadronization is independent of the earlier current interaction but
only depends on Z. The momentum of a hadron arising from the struck

quark is hence Ph = (zxP;0,0,~2xP).

1.6.2 Longitudinal Fragmentation
The hadronization phase of an interaction has unit probability of
occurring since free quarks are not observed. However, a complete
description of how quarks combine into observed hadrons is not yet
possible. Whilst QCD is believed to be responsible for the processes
involved in hadronization, the calculations necessary are non-
perturbative and so cannot yet be completed. Hence, we have to be
satisfied with parameterizations of hadronization in terms of models
(see next section). Experimentally parton fragmentation functions are
introduced into the single particle cross-section to describe
hadronization and like structure functions are subjects for
measurement. The single particle cross-section can be written

a*o? GF’s x (Structure Function) x Dih(x) (1.13)

e

dxdydz  2m

where Dih(z) is the fragmentation function and is the probability for
producing hadron h from parton i with longitudinal momentum fraction z
(thus neglecting Pt and ¢). This function is naively expected to
scale, but in practice it is found that fragmentation cannot be
separated from the earlier current-parton interaction and is fourd to
depend on the interaction scale. The fragmentation functions are
hence expressed in the form Dih(z,Q’) which is scale violating.

By invoking isospin and charge conjugation invariance, relations

between the various functions are found thus:-
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nu’* =p,"" = p-" = p " (1.14)

d g
o W . -
T e _ oM _ T
Ds = D5 D. Dg

where heavy quark production has been ignored.
In neutrino scattering {(putting ﬁa = 0 and ignoring charm) the

single particle cross-~section is

1 do (vP =y h...) d{x)buh(z) + l/3u{x}Ddh(z) (1.13)

so—

-

%ot dz d{x) + 1/3u(x)

but with the above relations simplifies to

1 do (vP > urt...) =D ™(2) (1.16)

P

%ot dz

and allows direct measurement.

1.7  HADRONIZATION MODELS
Our inability to calculate explicitly the hadronization process has
led to a proliferation of models to explain it, each with varying

degrees of success. Two such models will be discussed briefly.

1.7.1 The Cascade Model

Among the first models was that proposed by Feynman and Field [1.9]
which follows a cascade picture (figure 1.4). The struck quark 'a'
stretches a colour field between itself and the spectator diquark
system, q,q,, and from which quark - antiquark pairs are produced.
The primary quark 'a' combines with a secondary antiquark 'b' to
produce a rank 1 meson '(ab)'. The remaining 'b' quark combines with
a tertiary antiquark 'c' to produce a rank 2 meson '(bc)' and so on.
The cascade finishes when a quark combines with the diquark system in
the backward hemisphere. This occurs when little energy is left in

the colour field and conserves baryon number. Clearly, there is a



rank

STRUCK a - -
QUARK, (ab) 1
SPECTATOR _ _ - FORWARD
DIQUARKS Cete BACKWARD
BARYON

Figure 1.4: The cascade picture of fragmentation

link-up between forward and backward hemispheres and therefore a
"leakage" of quantum numbers between the two. The probability of a
meson to have a certain momentum is based on the ratio of meson and
quark momenta with the consequence that the resulting z distributions
are independent of the initial quark momenta. The probability of
U,D,8,C etc. quark pair production in the colour field is fixed
empirically as is the ratio of pseudoscalar and vector mesons
produced. All resonances and v''s are decayed. Quark pairs are
produced with equal and opposite transverse momenta according to &
Gaussian distribution.

Whilst no direct comparisons are made in this thesis with this
model, it is still helpful in understanding some of the processes

involved.
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1.7.2  The Lund Model

This model (owing to & group at the University of Lund, Sweden) has
gained much popularity in recent years and is a logical extension of
the cascade picture, putting it on & more formal footing. The model
will only briefly be reviewed here, more thorough treatments are to be

found in references 1.10, 1.11 and 1.12.

()
ﬁmm' DIQUARK
J

DIQUARK

(&)

(c)

(£A) Quar

» (valance)
Ly DIGUARK

FUUIX TRBE

{vmemmes)
RUARK

(B5EA) any1Gumma

Figure 1.5: Quark and diquark systems connected by a QCD string
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In the Lund model the QCD colour field between separating quark
and diquark systems after scattering is confined to a flux tube (or
string) stretched between them (figure 1.5a8). As the two systems
separate kinetic energy of the quarks is converted into potential
energy in the extending string with a string tension (k) of ~ 1
GeV/fm. A probability that the string will break yielding a QQ pair
is introduced and gives rise to 2 strings which may further divide.
In this way all final state hadrons can be produced. Classically,
however, the QQ pair cannot be created at a point but instead at a
finite separation along the string. The energy in the string between
the pair provides their mass and transverse momentum. This can be

treated as a tunnelling phenomenon with a probability proportional to

exp(~vmt’fx) = exp(~mm?/x) exp(wn?t’/x) (1.17)
where x = string tension
m = quark mass
th transverse momentum of quark to struck quark direction

m, = f(m“+?t2),
This leads to a Gaussian P, spectrum which is flavour independent.
The Pt is locally compensated between the two produced quarks as the
string itself does not have any Pt' This formalism naturally
suppresses heavy flavour production in the ratio | u:d:s:c =
1:1:0.3:10"** and hence charm quarks can be neglected during
fragmentation.

Gluon radiation by the struck quark is modelled by a kink in the
string (i.e. a transverse excitation). A q(qq)g event is simulated by
stretching the string from q to g to qgq (figure 1.5b) The only
parameter in gluon generation is the strong coupling constant (ag)
which fixes the production rate. Fragmentation then proceeds with the

strings independently in & similar manner as for one string.
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Scattering from the sea is dealt with by assuming the struck sea
quark and antiquark stretch out strings from the nucleon. The nucleon
is taken to split into a quark - diquark system and all strings are
then fragmented (figure 1.5¢).

Diquark systems are dealt with by splitting them into primary and
secondary quarks with & string stretched between them which also
fragments. The secondary quark is connected to both the struck and
primary quarks and so always picks up 2 quarks during fragmentation to
become a baryon in the final state. Other baryon - antibaryon pairs
may be created by producing diquark - antidiquark pairs when a string
breaks (so conserving baryon number). The probability for this
process against single quark pair production is fixed empirically to
match available data.

A Monte Carlo program incorporating this fragmentation scheme is

described in Appendix I and used in this thesis.

»"{;OQ”'..



Chapter II
EXPERIMENTAL DETAILS

2.1 INTRODUCTION

Neutrinos are weakly interacting particles and as such typically have
a cross-section of the order of 10 °* cm® at 1 GeV/c which rises
linearly with energy. This small cross-section dictates the need for
a large mass target and a high neutrino flux at high energy. These
conditions are largely met with the Big European Bubble Chamber (BEBC)
filled with a heavy liquid and placed in the wide band neutrino beam
at CERN. This filling gives higher gamma conversion and neutral
particle detection efficiencies when compared with liquid hydrogen.
Approximately 90% of event energy is observed. Energy correction
methods were applied to estimate the neutrino energy and these will be

discused later.

2.2 THE CERN WIDE-BAND NEUTRINO BEAM

A wide-band neutrino beam does not use any momentum selection (unlike
8 narrow-band beam) and so gives the maximum possible neutrino flux
over a large energy range. The CERN wide-band beamline is shown
schematically in figure 2.1 and is discussed in reference 2.1.

For this experiment a 3 ms burst of some 10'? protons at an energy
of 400 GeV/c was fired from the CERN Super Proton Synchrotron (SPS)
every 10.8 seconds at a beryllium target of some 3 proton interaction
lengths and a diameter comparable with the beam diameter (to minimize
absorption loss of produced pions and kaons). The chief neutrino
production mechanism was from the decays 7 * u + v and K ~ u+ v, Two
magnetic horns [2.2], rotationally symmetric about the incident proton

direction and having a large angular and momentum acceptance were used

. 20 -



Decay channel {SMemw@

LLLLLLL Ll L L o i A 1
E jection e G N
o I 1 7 el
oo lerator 777777/ /
Proton beom  Torget Focusing Muon flux BEBC
. o measurement
antineutrino parents channels

Figure 2.1: Schematic layout of the CERN wide-band neutrino beamline

to select and collimate the secondary w's and K's, the neutrino
parents. Switching from neutrino to antineutrino was accomplished by
changing the sign of the horn magnetic field to select opposite sign
parents. Particles of opposite charge were defocussed by the horn
except for those travelling along the horn axis which met a beam
stopper.

The focussed particles passed into & decay tunnel of some 290
metres and gave rise to a neutrino beam composed as shown in table 2.1
The tunnel was followed by 185 metres of iron shield to absord
remaining hadrons and charged leptons. The shield was broken in seven
places by sets of concentric rings of solid state detectors which
sampled the muon flux from pion and kaon decays [2.3]. Data from
these detectors was recorded by a NORD computer. This information,
when combined with data from the calibration detector arrays and
nuclear emulsion exposures made it possible to estimate the neutrino
flux through BEBC to an accuracy of about 10%. Following the iron
shield was 173 metres of earth shield after which the beam emerged

from the soil and traversed 50 metres of air before entering BEBC.
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TABLE 2.1

Typical Wide-band Neutrino Beam Composition

Parent %' Channel Branch?
wt | ~80 (83) | w4+ v 100.0
Pl @y |t e 63.6 Right
w4+t v | 3.2 | Focussed Sign
a4+ et 4 Ve 4.8 Neutrinos
W' -0 o) | et +5, + v, [100.0
0 -, 4
K ~3 (7} 1Tt e 4 v 39.0 | Unfocussed
o+ v | 27.1
»»O * - -
K ~3 (7) T +e Ve Unfocussed
LA I A
" uo+ Vu
K B+ v, Wrong
74w+, Defocussed | Sign
e+, Neutrinos
ut e + v + Ve

' percentage in parent beam for positive (negative) particles
2 approximate branching ratio

The relevant decay modes of the 7 and K are isotropic in their
respective rest frames. Using relativistic kinematics and a Lorentz
boost to the laboratory frame it is found that a neutrino can

maximally take 43% of the original pion energy or 95% of the original

u22~



— 174 oo
o I [ T —
:
5|V H
o A3 57 ! 0 L,05 «95 |
W*DVJL/QW m*P%#JpK

Figure 2.2: Decay probability for  or K into u and v
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Figure 2.3: Typical neutrino energy spectrum from a wide-band beam

kaon energy, the probability distribution is shown in figure 2.2.
Since the pions and kaons were produced with roughly the same energy
spectrum the highest part of the neutrino energy spectrum arose from

kaon decay. The spectrum is shown in figure 2.3
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2.3 THE BIG EUROPEAN BUBBLE CHAMBER (BEBC)

iron shield cameras
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Figure 2.4: Side view of BEBC

BEBC was & cryogenic bubble chamber of approximate volume 38 m3 [2.47.

The stainless steel pressure vessel was cylindrical in shape with a
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diameter of 3.7 metres, a height of 2.0 metres and was capped by a
dome of radius 1.85 metres (figure 2.4 & colour plate). Particle
trajectories from interactions in the chamber were recorded on film
using four cameras mounted on top of the chamber. Fish-eye optics
were employed for the greatest coverage of the chamber volume. A
fifth camera was also used with high resolution optics to photograph
the central region of the chamber with a reduced depth of field. A&
typical antineutrino induced event is shown in the monochrome plate.

The chamber was filled with an approximately 75% wmolar liquid
neon/hydrogen mixture of density 0.7 g/cm® which resulted in a hadron
absorption length of approximately 1.5 m and & radiation length of
42 cm. This gave an improved energy resolution compared with a pure
hydrogen filling, since a greater percentage of neutral hadrons and
gamma rays were seen in the chamber. The chamber was operated at a
temperature of 29.28 K and the camera flash ocurred 8 ms after the
beam spill giving a typical bubble size of 300 to 400 microns and
density of 5 to 10 bubbles per cm. A picture was recorded by each
camera for each beam spill. At the film scanning stage frames which
did not conform to scan rules (see section 2.5) were rejected.

The bubble chamber was surrounded by a superconducting magnet
operated at a nowinal current of 5700 A which gave a uniform vertical
field of some 3.5 Tesla throughout the chamber wvolume. To reduce
stray field to a tolerable level and to provide a magnetic return yoke
the whole assembly of chamber and magnet was enclosed by an iron
shield. This high field enabled momentum measurements to be made for

all tracks of reasonable length.
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2.4 THE EXTERNAL MUON IDENTIFIER

Charged current (CC), neutral current (NC) and neutral hadron induced
(from interactions prior to BEBC) events were separated by identifying
all muons in events. This was done using an External Muon Identifier

(EMI) consisting of two planes of multiwire proportional chambers.

MAGNET SHIELDING

HADRON ABSORBER / ézﬁ’i gﬁfi’; !
82210 mm
UPPER, OUTER R6Omm [ o BEBC
EMI CHAMBERS / /
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Q / Q
N N
N
‘ N N
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N . N
) % f @ ’,§
== : \
77> R N
LOWER, ODUTER X <
EMI CHAMBERS N : Ky
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N
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Figure 2.5: The External Muon Identifier and BEBC

The EMI was located just downstream of BEBC (figure 2.5), the whole
assembly of BEBC and EMI is depicted in & colour plate. Muons were
identified by demanding time coincidence and spatial correlation of
signals from both planes. A wmuch fuller discussion of the EMI,
construction, operation and evaluation of acceptances and background

is to be found in chapter I1I.
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2.5 DATA REDUCTION
The data for this experiment (CERN code WA59) was taken in 1980 and
totals approximately 36,300 neutrino and 61,000 antineutrino pictures.
All frames of film were double scanned and all events found accepted
as charged current candidates if they had:~

1. 2 or more prongs or 1 prong plus associated V''s or ¥'s, and

2. 1 or more forward leaving tracks of positive or negative charge

with curvature > 50 cm and length > 10 cm on two or more views.

Actual CC identification was only done after merging with EMI
information. Such events were measured on all four views where
possible and kept provided there was at least one right sign (di.e.
negative for neutrino and positive for antineutrino) leaving track

above 3 GeV/c, the vertex was within a fiducial volume defined by

R < 155 ¢em
12} < 115 cm (2.1
|2} < 235 - R

(where R* = (X+25)%+Y? and X,Y,2Z are the vertex co-ordinates, with
origin at the centre of BEBC) or if the vertex was considered to be an
N* or V® possibly associated to another vertex on the frame. The high

resolution view was not used.

2.6  GEOMETRICAL RECONSTRUCTION

To reconstruct the 4-vectors of all tracks of an event, each of the &4
views was projected in turn onto a calibrated measuring table and
digitised. These measurements were fed into a geometrical
reconstruction program (called GEOMETRY [2.6]) along with accurate
constants describing the BEBC optics and magnetic field. The momentum
of each track was determined from the curvature and the particle
charge was deduced from the sign of the magnetic field. Various

characteristics such as stopping tracks or decays in flight were used
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to force particle identification. The measured rate of change of
momentum was used to fit each mass hypothesis (pion or proton) in turn
and the best fit was selected. Above about 1 GeV/c the fits were
insensitive to mass hypothesis and by default a pion mass was assumed.
2-prong vertices on a frame were fitted for K®'s, A®'s and ¥'s.

The results of this computation were saved in a format suitable for
subsequent processing using the HYDRA memory management system [2.5].
This allowed the natural organization of data into banks of
<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>