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Abstract

The process of hadronisation in ete™ annihilation falls in the non—perturbative
regime of QCD (the theory of strong interactions) which, at the present time, is
theoretically non-calculable. Consequently, one has to rely on phenomenological
models to describe this process. The accuracy and validity of these models is then
tested in terms of various aspects of particle production in multihadronic events,

thereby furthering our understanding of the hadronisation process.

The study of K° production resulting from hadronisation in e*e~ annihila-
tion at the Z° peak forms the subject matter of this thesis. The analysis presented
here is based on a data sample containing 138,638 Z° multihadronic events (cor-
responding to an integrated luminosity of 6.5 pb™') which was collected by the
OPAL detector in 1990 at the LEP collider.

The inclusive production rate for K° is determined to be:
1.95 & 0.03(stat.) + 0.14(sys.) per multihadronic event and is found to be consis-
tent with particular Monte Carlo models. This rate corresponds to a strangeness
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The detailed kinematical distributions used to investigate K° production were
divided into two classes— those that were based purely on single particle properties
and others that depended on the global shape parameters of the event. For the
former case, the momentum and scaled energy distributions were studied. For the
latter category, the distributions of the transverse momentum in and out of the

event plane, the rapidity and the event sphericity were investigated.




iv
The overall conclusion reached is that the production of K°® within multi-
hadronic events is well described and is consistent with the considered hadronisa-

tion models.
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Chapter 1

Introduction

1.1 A Brief History of Particle Physics

The atomistic nature of the material world dates back to the days of the early
Greek Philosophers. Just before the turn of this century the existence of atoms had
been experimentally verified, and these atoms were believed to be the fundamental
building blocks of matter. At that time, the only forces known to act on these

material particles were gravity and electromagnetism.

The discovery of the negatively charged electron by J. J. Thompson in 1897
and the positively charged nucleus by E. Rutherford in 1912, both smaller in size

than the atom, hinted at the subatomic nature of matter.

Experiments subsequent to Rutherford’s discovery indicated that the nucleus
was made up of densely packed positively charged objects (protons) and neutral
objects (neutrons). Also, during the 1930s and the 1940s, cosmic—ray data pro-
vided clear evidence for ihe exisience of many new particles, and conclusively ruled
out the widely accepted view of the 1920s which regarded the electron and the pro-
ton as the elementary constituents of matter. This heralded the birth of modern
elementary particle physics.

In order to account for the stability of the nucleus against the repulsive
electromagnetic forces between the protons, a force field stronger than electro-

magnetism was postulated: it was simply named the “strong force”. The first
1
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important theory of the strong force was put forward by H. Yukawa in 1935 [1]. In
doing so, he proposed a “quantum” of the field responsible for transmitting this
strong force. This agent came to be known as the “meson”. The existence of the 7
meson was eventually confirmed by Powell’s group in 1947 [2] by nuclear emulsion
techniques. Strongly interacting particles (“hadrons™) were then categorised into
two subclasses: mesons (carriers of the strong force, such as the = meson), and

baryons (such as the proton).

The transmutation of matter, as observed in radioactivity, was explained in
terms of the existence of yet another force, the “weak force”. E. Fermi in 1934 [3]
proposed the first weak interaction theory to explain f—decay in analogy with the

electromagnetic current—current interaction.

By 1947, the muon, the 7 meson, and Dirac’s positron (antiparticle of the
electron) had been discovered and Pauli’s neutrino had been postulated (though
not detected). At this time, the K° meson was observed by Rochester and Butler

in 1947 [4] with its characteristic two—prong decay in their cloud chamber.

The K° meson was heavier than ihe = meson and was referred to as a
“strange” meson, for it was produced rapidly (time scale 10723 s) but decayed
slowly (time scale 107 s). A. Paisin 1952 [5] proposed the concept of strong pro-
duction and weak decays for such strange particles. Pais’s idea was implemented
by M. Gell-Mann [6] and K. Nishijima in 1953 [7] in terms of a new property of
matter called “strangeness”, which is conserved in any strong interaction, but is

not conserved in weak interactions.
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1.2 The “Periodic Table” of Elementary Particles and the
Quark Model

By 1960, a large number of strongly interacting particles had been discovered.
Apart from the classification of these mesons and baryons according to their mass,
charge and strangeness, no real underlying pattern was apparent. This was all
changed in 1964 when Gell-Mann and Ne’eman [8] proposed the Eightfold Way, in
which'they arranged baryons and mesons in certain geometrical patterns accord-
ing to their charge and strangeness. One could alternatively plot these geometrical
patterns in terms of “hypercharge” (Y) and third component of isospin (I3). Hy-
percharge is an additive quantum number which is defined in terms of strangeness

and baryon number (B), via:

Y=B+S (1.1)

The charge, Q, is then given in terms of the third component of isotopic spin

and hypercharge via:

Q=I5+ -1;: (1.2)

Figure 1.1 shows one such pattern for the eight lightest mesons, forming the pseu-
doscalar meson octet. An explanation for the Eightfold Way was offered by Gell-
Mann and Zweig in 1964 [9] who independently postulated an even more elemen-
tary constituent of matter from which hadrons were built; Gell-Mann called these
quarks. Initially three quark types ( or “flavours”) were introduced, known as up
(u), down (d), and strange (s)-

In 1970 Glashow, Illiopoulos and Maiani [10] proposed a fourth quark, known

as charm (c), to account for the observation of highly suppressed strangeness—changing




Y
Ko(ds) p—3H - o K+ (u3)
7 _ wt(ud)
7° +1/2 1 I
< K°(sd)
Y
+1
K-(ds) » o K~+(u3)
p~(dz) o , p*(ud)
-1 P +1/2 +1 I
K (s8) s { &-o(sd)

Figure 1.1: Geometrical configuration for (a) the pseudoscalar mesons and (b) the
vector mesons as arranged in the Eightfold Way.
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neutral currents (the GIM mechanism). The existence of this charm quark was
experimentally verified by the independent discovery of the J /v particle at SLAC
and BNL in 1974 [11].

Prior to the discovery of the charm quark, Kobayashi and Maskawa in 1972
bad in fact proposed 3 generations of quarks in order to account for the observed
CP violation in nature [12]. The two quarks making up the third generations are
know as bottom or beauty (b) and top or truth ().!

For a review of these aspects of particle physics, the reader is referred to the
bibliography-item [13].

1.3 Strong and Electroweak Theories

The present theory of the strong interaction is known as Quantum Chromody-
namics (QCD) [14] in which each quark carries a colour charge that can have three
values: Red, Green, or Blue. The interaction between the quarks is mediated by
the quantum of the field known as the gluon (g). Quarks and gluons are known
collectively as partons.

Mesons are made up of quark—antiquark pairs (qq), while baryons consist of
three quarks (qqq). The observed hadrons (mesons and baryons) are colourless.

The non—abelian nature of QCD 2 results in a self—interaction of the gluons.
This has the consequence that at short distances the colour interaction between
the quarks “switches off”. This is known as “asymptotic freedom”. The opposite
to asymptotic freedom is “confinement” where, as quarks move apart, the colour

force between them increases and the gluon field between them is squeezed into

YThe top quark still remains to be experimentally discovered. The bottom quark was discov-
ered at FNAL in 1977.
2Non—abelian means that successive gauge transformations do not commaute.




Table 1.1: The four fundamental forces of nature.

Force Mediator
strong gluon, g (0 mass)
Electromagnetic Photon, v (0 mass)
Weak W (82 GeV), and Z° (91 GeV)
gravitational graviton G(0 mass)

a tube or colour string. The further the quarks move apart, the stronger the
attractive force between them becomes. After a certain distance of separation the
string breaks up into two where, at the end of each string, one finds a quark and
an antiquark; the net effect is to create a new meson. In this manner, quarks are
always confined and cannot be isolated.

The Fermi theory of the weak interaction has been superseded by the elec-
troweak theory of Glashow—Weinberg—Salam (GWS) [15] which unifies the elec-
tromagnetic and weak forces. This theory is sometimes referred to as Quantum
Flavour Dynamics (QFD). In this present view, the weak force is understood to be
mediated by the intermediate vector bosons. There are in fact three such particles,
two of which are charged (W), and the third is neutral (Z°). The electromagnetic

interaction is transmitted by the photon (v).

A Y

Table 1.1 shows the four known fundamental forces of nature with their

corresponding mediators.

1.4 The Standard Model

At the present time, all matter is considered to be composed of spin 1/2 objects

known as fermions, of which there are two kinds: quarks and leptons. Three
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families of quarks and leptons have been identified (see Table 1.2). The interaction
between these material objects is via mediators which are particles of integral spin
and are known as bosons.

The QCD sector of the strong interaction and the Glashow-Weinberg-Salam
theory of the electroweak interaction provide a theoretical framework that is known
as the Standard Model (SM) of particle Physics; the mathematical basis for which
is the group SU(3).® SU(2)L QU (1)y- The SU(3). part of the group differentiates
between colour triplets of quarks, while SU (2). distinguishes between the singlets
of right-handed particles and the doublets of left-handed particles:

\
u
) i €Rr,un,dr
).(%),
v, c R
(#—- )L)(s )L 3 #R’cRysR

t
v(b) ? T]-{-)tR’bR
L L

and U(1)y assigns hyperchazge to the SU (2) doublets and singlets.

1.3 High Energy e*e” Annihilation and the Hadronisation
Process

In the early days of experimental high energy physics, one relied on high energy
cosmic-tay interactions for the production of elementary particles. Subsequent
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Table 1.2: The three generations of quarks and leptons. The top quark has not
been discovered yet.

Generation 1 2 3 charge
0 Harm () Fp | T2
(4 MeV) (1.5 GeV)
Quarks
(mass)
down (d) strange (s) beauty (b) -1
(7 MeV) (200 MeV) (5 GeV)
e—neutrino () | p—neutrino (v,) | 7—neutrino (v;) 0
(< 18 V) (< 0.25 MeV) (< 35 MeV)
Leptons
(mass)
electron () muon (j) tau (7) -1
(0.51 MeV) (106 MeV) (1.8 GeV)

technological advancement in charged particle accelerators has allowed a more con-
trolled environment for the investigation of particle production than was possible
with cosmic-rays.

In recent years, particle colliders have gained popularity. With these ac-
celerators, beams of particles are accelerated in opposite directions and are then
allowed to collide head—on. Provided one employs particle-antiparticle beams, all
of the original quantum numbers are annulled, allowing the total energy of in-
teraction to transform into new particles which can be entirely distinct from the
original colliding particles. Figure 1.2 shows the basic diagrams where ete™ anni-
hilate into fermion—antifermion final states. At very low centre-of-mass energies
(<<91 GeV), the reaction proceeds via only the 4 which then couples to charged

fermions and antifermions: i.e. quarks and charged leptons. For high enough




Figure 1.2: e*e™ annihilation resulting in fermion—antifermion pairs mediated by
a photon (7) or a neutral intermediate vector boson (Z°).

centre—of-mass energies, both the v and the Z° mediate the reaction, with Z°

coupling to all fermions and antifermions including neutrinos and antineutrinos 3.

The cross—section for this reaction has three components: an electromagnetic
part, a weak part and the interference between the eleciromagnetic and the weak

parts. The differential cross-section in the centre—of-mass is given by [16]

do,(e"’e"—»ff) _ do=™ N do,inter + da.weak
dcosé " dcosf dcos8  dcosb
2
= _N_’EZZ__Qi(l + cosz 0)

N.aQ:GrM3(s — M3)
8v2[(s — M3)? + MZT7]
X [(Re+ Le)(Rr + Le)(1 + cos® 0) + 2(R. — L.)(Rs — Lg) cos 6]

3 At the Z° peak, the weak mechanism is favoured by as much as 1000 over the photon exchange.
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N.GFM;
64m((s — MZ)* + MZT7]
X [(RZ+ L2)( R + Lf)(1 + cos® 8) + 2(R: — LI)(Bf — Lf) cos 6]

(1.3)

where s = E2_ is the square of the center—of-mass energy, 8 is the scattering
angle of the fermion in the center—of-mass, My is the mass of the Z°, Tz is the decay
width of the Z°, N, (= 3 for quarks, = 1 for leptons) is the colour factor, Qs is the
charge of the fermion, G is the Fermi constant and o = fh—c is the electromagnetic
fine structure constant. L; and Ry represent the left and right-handed coupling of

the Z° to fermions and are given by:

Ry = —2Q¢sin’fw

Lf = T3 — 2Qf Sill2 0W

where 8y is the Weinberg angle and &3 = 173 is the third component of the weak
isospin. The first term is the pure electromagnetic component, the second term is
the interference term and the last term is the pure weak part. Figure 1.3 shows the
integrated form of this cross—section for hadron and gt g~ production for various
centre—of—mass energies. Table 1.3 gives the relative decay modes of the 7° to the
various fermion-antifermion pairs.

The creation of hadrons in high energy e*e annihilation proceeds via the

process:

ete” — 7%, Z° — qq(g....) — hadrons (1.4)

where the created fermion—antifermion from the decay of the 7,Z° happen to be
quark-antiquark pair accompanied by the emission of hard gluons, which are then

acted upon by the strong force as they move apart. Each of these primary created
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Figure 1.3: Fermion-antifermion cross-sections as a function of center—of-mass

energy.
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Table 1.3: The relative decay fraction of the Z°.

Decay modes Branching ratios(%)
per decay mode

VeV, VT, ViVs 6.6%
ete , ptp=, 7" 3.4%
ui, cc 12.1%

dd, s3, bb 15.2%

partons then result in a “spray” of hadrons (i.e. a group of particles within some
“narrow” cone) known as a “jet”. In this process, additional soft (low energy) glu-
ons are radiated and other quark—antiquark pairs are produced out of the vacuum.
The mechanism responsible for this parton-to—hadron transformation is known as
“hadronisation”. This is the regime of non—perturbative QCD and is theoretically
non—calculable. It is then necessary to rely on phenomenological models to describe
the parton to hadron transition. This thesis will concentrate on studying certain
aspects of these fragmentation models: namely the production characteristics of
K°. In the next chapter the process of fragmentation is discussed in some detail

and the various approaches that are used to model it are examined.




Chapter 2

QCD Models of Hadronisation

Hadron production in high energy e*e™ annihilation can be modelled in terms
of two distinct steps: (i) the formation of an initial partonic state and (i) the
fragmentation (or hadronisation) of this partonic state into final observed hadrons.
It is assumed that these two steps are independent (or at least have negligible
interference), which subsequently allows one to handle them consecutively and
separately.

The underlying reason for choosing to describe hadron production in the
above manner lies in the momentum—transfer dependence of the “effective” cou-
pling constant of the strong interactions, a,. To first order in perturbation theory,
this coupling constant is given by:

127
(33— 2N)1n(%)

a,(Q%) = (2.1)

where N; is the number of quark flavours, Q is the magnitude of the 4—momentum
transfer and A is a QCD scale 1.

For large Q values, a, is small and a perturbative approach in terms of weakly
interacting quarks and gluons is possible. This constitutes the initial step in the
formation of primary partons.

Subsequently, these primary partons move away from the interaction region

(which is normally accompanied by soft gluon emission) and fragment into the final

1A is a free parameter of the theory and is experimentally determined to be in the range of
0.15—0.25 GeV :

13
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hadrons. At these large distances from the region of creation of the initial partons,
momentum transfers are small and the coupling constant is large. Here, pertur-
bative QCD calculations are not possible. In dealing with this non—perturbative
regime of QCD one must rely on phenomenological models to describe the parton
fragmentation. In this chapter, various QCD models of hadronisation are intro-
duced and their specific implementation in this work is discussed. Figure 2.1 shows
the overall schematic of a typical ete~ annihilation with its subsequent hadroni-
sation process. The primary quarks are formed at a scale Q. This is followed by
QCD branching where more partons are formed and this showering continues until

a scale Qp is reached. The process of hadronisation then converts the partons to

hadrons at the QCD scale of A.

By experimentally studying the composition and the spectra of particles in
hadronic final states, one refines these phenomenological models and gains in-
sight into the non—perturbative nature of QCD. This ultimately may lead to
the formulation of suitable non—perturbative methods. It is noted that studying
non—perturbative aspects of QCD via ete” annihilation (ete — qq — hadrons)
has the advantage that it provides one with a well—defined initial parton state

without any complication due to poorly known initial hadronic states.

The algorithmic implementation of the process ete~ —hadrons that employs
a particular model for hadronisation constitutes what is commonly known as as
a “physics generator”. In order to compare experimentally measured quantities
with the prediction of these hadronisation models however, one needs in addition
a full and reliable Monte Carlo (MC) simulation of the detector used in the ex-
periment. The combination of the physics generator and the MC simulation of the

detector provides a MC model which can then be used for direct comparison with
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Figure 2.1: Schematic of a typical ete~ annihilation with the subsequent hadroni-
sation process.
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experiment.
2.1 Primary Parton Distributions

The generation of primary partons is governed by the perturbative regime of QCD.
There are two classes of perturbative methods that are in current use to produce
the primary partons: (i) the exact matrix element method and (ii) QCD shower
models in the Leading Logarithmic Approximation (LLA).

With the matrix element method, the production cross—sections for “on—
shell” 2 partons up to second order in QCD (O(o?)) have been exactly calcu-
lated [17]. In this manner, one uses a finite sum approximation to the infinite per-
turbative expansion involving (a,)" to estimate the number and the 4—momenta
of the primary partons. With this approach, a maximum of 4 primary partons
can be generated: 3 primary partons can be produced by a single gluon emission
ete” — qgg while ete~ — qqgg and ete™ — q4q'q result in 4 primary partons.

Figure 2.2 shows some of the Feynman diagrams relevant to this parton generation.

In the second approach, the parton distribution is formed by a shower process.
The primary quarks are produced off—shell and decay into virtual partons (mostly
gluons) via successive branchings (q — qg, g — gg, & — qq). As the branching pro-
gresses, the virtual masses decreases until a cut—off mass, @y, close to hadron mass
(of the order of 1.0 GeV) is reached. The probabilistic picture for these branchings
is defined by the Altarelli-Parisi equations [18]. Figure 2.3 is a schematic picture
of shower evolution.

In the early days of such models, only those leading logs arising from collinear

2A particle is said to be “on-shell” if its calculated mass based on Einstein’s mass—energy
relationship (m? = E? — p?) agrees with its rest mass. Otherwise it is referred to as “off-shell”.
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Figure 2.2: Feynman diagrams for parton generation. (a.) first order correction for
qq, (b) first order qqg and (c) second order qqgg or qqq'q’.
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Figure 2.3: Schematic of the parton shower cascade.

divergences of perturbative QCD were included [19]. However, it has been shown
more recently that the infrared (soft gluon) leading logs can also be summed,
resulting in the destructive interference of soft gluons {20]. This has a simple
probabilistic interpretation: soft gluons are emitted with uniformly decreasing
opening angles in the shower cascade. This is known as angular ordering and

reflects the coherent behaviour of emitted soft gluons.

2.2 Fragmentation Models

In the hadronisation process which follows the primary parton generation, one is

dealing with momentum transfers of the order of the QCD scale (Q ~ A) where
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the confinement property of the strong force takes over and converts the partons
into hadrons. This section is devoted to the description of three phenomenological
models that perform the task of bridging the gap and establishing the connection
between the perturbative partons iﬁd the hadrons. The three models discussed are:

the independent fragmentation model, the string model and the cluster model [21].

2.2.1 Independent Fragmentation Model

One of the earliest models of fragmentation was introduced for ete™ — qg by Field
and Feynman [22], and is known as the independent fragmentation (IF) model.
In this model, the two original quarks decay independently of each other. The
picture is sketched in Figure 2.4. The model is based on a recursive scheme where,
at each step of the process, a ¢'q’ pair is created out of the vacuum (with some
of the original quark momentum) and a new meson is formed: q — M(qq’) + ¢
The remaining quark q' does exactly the same and pulls another quark—antiquark |
pair out of the vacuum. The iteration continues until there is insufficient energy
to proceed with the cascade. With this scheme, energy and momentum are not
necessarily conserved and have to be imposed at the end of the fragmentation
process. The process is normaiiy parameirised in ierms of a fractional energy and

momentum that is imparted to the meson. Let z be this fraction :

z= (E + Pll)meson/ (E + p[l)Quark (2‘2)

where pjj is the momentum component parallel to the direction of the original quark
and E is the energy. Then if D(z) is the probability density function (fragmentation

function) for producing a meson with energy and momentum fraction z, one may
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Figure 2.4: Schematic of the independent fragmentation model.

write [22], [23):
z. dz'

D(z) = /(=) + [ §(1- D)= (2:3)

where f(z) is an arbitrary normalised function * known as the scaling (or the
splitting) function which governs the fraction of energy and momentum transfer
at each branch point *. When the production of different flavours is taken into

‘account, one has a more general version of the above integral equation (see B.

3 f(z) satisfies the normalisation condition f; F(z)dz=1
4The original Field—Feynman function was f(z) = (1 — a) + 3a(1 — 2)?, with parameter a to
be determined from experiment. :
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Andersson et al. [24]):

1 - z . dz'
Diz) = f22)+ [ TR - D)= (2.4)
ql
where h is a hadron and q and q' are quark flavours. The f’s are now normalised

according to:
1 —1
Y [ £z =1 (2.5)
q 70

The independent fragmentation model has failed to predict the observed
“string effect”® in three jet events [25]. At the present time, string fragmentation
models and cluster models are the favoured fragmentation models and will be the

subject of the rest of this chapter.

2.2.2 The String Fragmentation Model

The basic starting idea for such models is the concept of a “string”. In QCD, one
expects a linear confinement behaviour at large distances which is expressed in
terms of a string with constant tension that connects the quark and the antiquark
with an associated confining force F' o & 7, where & (~ 1 GeV/fm) is the string
constant and r is the separation distance.

on model based this classical concept was fir
by Arturu and Mennessier in 1974 as a (1 + 1) dimensional model [26]. As the
quark and the antiquark move apart the energy in the colour field increases until
it is energetically favourable to produce a new quark—antiquark pair out of the

vacuum. At this time, the string breaks. This process continues until there is

too little energy in the string to create a new quark—antiquark pair out of the

5In three jet events, the study of energy flow and angular distribution in the event plane has
shown a depletion in the production of hadrons opposite to the gluon jet (i.e. in the region
between q and G) compared to the prediction of the independent fragmentation model.
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Figure 2.5: Schematic of the string fragmentation process.

vacuum. The left over strings are then the stable mesons. This is schematically
shown in Figure 2.5. In contrast to the independent fragmentation where individual
ntation (SF) model, hadronisation results
from the break up of the string that joins the partons. The process of generation
of quark—antiquark pairs out of the vacuum is invoked in terms of a quantum
mechanical tunnelling process [27] with a probability which is proportional to:
wmi

= exp(———= (2.6)

exp ( 7r:"z)exp( 7rZ%)

where m is the rest mass of the produced quark (or antiquark), pr is the transverse

momentum of the produced quark (or antiguark) perpendicular to the direction
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of the original quark and my (m% = m? + p%) is known as the transverse mass.
The mass—dependence of the above probability implies a suppression for heavier
quark production in the following ratios: m:d:s:c=1:1:0.3:107"'. This means that
charm and heavier quarks are not produced in the soft fragmentation process. The
strangeness suppression factor (with the default value of 0.3), 7,, is left as a free
parameter. Within this model, the pseudoscalar to vector meson production rates
are also treated as arbitrary parameters to be determined experimentally. The
above formula imposes a flavour—independent Gaussian spectrum for the trans-
verse momentum of the generated quark—antiquark pair and in this way provides
transverse momentum to the jets.

The qq pairs are formed such that energy and mass are conserved at each
step. For simplicity, consider the (1+ 1) dimensional model with space coordinate
z and time coordinate t. Then, if a (q1,q;) pair is generated at (z1,%;) and a
(a2,4,) pair is generated at (z3,%;), the energy and momentum of the produced

meson is given by (see B. Andersson et al. [24]):

E(q1,9,) = &(zz— 1) (2.7)
pla,T@) = w(tz—t)
The requirement that the meson is to have a mass m implies that the hadronisation
point must lie on a hyperbola in space—tiime:

(o= 2:f = (=) =% (28)

Figure 2.6 shows schematically the space—time evolution of a one—dimensional
string and the hatched areas represent the regions of non—vanishing field.
Baryon production can be incorporated in terms of diquark pair production

out of the vacuum: (qq —qg)- However, due to the higher diquark mass as com-
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Figure 2.6: Schematic of space—time evolution of a one dimensional string.

pared to a single quark, baryon production is suppressed. An alternative method
of baryon production is in terms of the so called “popcorn” mechanism, where a
meson is created between the baryon and the antibaryon. Figure 2

7 shows the

schematic of baryon production in the string model.

The string model used in this thesis was developed by the LUND group [24]
with its specific implementation of JETSET 7.2 using parton shower generation.
The major conceptual advance introduced by the LUND group was their treat-
ment of a gluon jet as a kink on the string. This amounts to having a geometry
where one section of the string is connecting qg and the other Gg. This method of

accommodating hard gluon radiation accounts for the observed string effect pre-
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Figure 2.7: Schematic of baryon production via (a)diquark formation, (b) popcorn
mechanism and (c) leading diquark formation.

viously discussed. Figure 2.8 compares the decay of a qgg event as seen in the
independent and the string fragmentation models 6. As pointed out before, with
the independent fragmentation model individual partons (quark, antiquark and
gluon) fragment individually. In the string fragmentation model, hadronisation
results from the break up of the string that joins the gluon to the quark and the
antiquark; this results in a depletion of the produced hadrons in the region between

the quark and the antiquark which is known as the “siring effect.”

6Despite their conceptual differences, the independent fragmentation model and the string
fragmentation model provide similar description for ete™ — qq events. As has been observed
however, the two methods predict differences in properties of 3 jet events qgg which relates to
the difference in which hard gluon emission is treated in the two models.
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Figure 2.8: Schematic of the fragmentation for a 3 jet (qqg)
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dent fragmentation model and (b) string fragmentation model.
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“clusters” which are regarded as the basic units for hadron production. Each pro-
duced cluster decays directly into primary hadrons and so no recursive scheme is
necessary for the implementation of such models.

The cluster model used in this work is due to Marchesini and Webber [20]
with the specific implementation as a computer program known as HERWIG [21].
In this model parton showers are initiated with the LLA approach. The model
also incorporates the effects of soft gluon interference which results in the angular
ordering of these soft gluons.

The hadronisation in such models proceeds in three steps. Initially each of the
final gluons resulting from the QCD shower process is branched non—perturbatively
into qq pairs 7. In the second stage, neighbouring quark—antiquark pairs are com-
bined into colour—neutral low mass (i.e. hardron-like) objects known as clusters,
which are characterised by their 4—momenta and the flavour content of the con-
stituent quark and antiquark 8. Finally, these clusters decay isotropically into
hadrons, weighted according to phase space. Figure 2.9 shows the schematic of
hadron production in the cluster model.

Clusters may decay into hadrons by two possible mechanisms: either a
one—body decay or a two—body decay with the choice based on the flavour con-
tent and the mass value of the cluster. Consider a cluster C with the flavour

composition, (q;,q,) and mass, Mc. It could decay into two hadrons:

C(ql 7-(-12) - hl(ql).(_lf) + hz(‘lﬁﬁz) (2’10)

where g is taken to be any of the five possible quark flavours (the top quark is

excluded) with equal probabilities. For the above process to proceed, the chosen

7Such a splitting of gluons is performed in order to separate the two colour indices of the
gluon, allowing the formation of colour—neutral clusters.
8A cluster may have a diquark as its constituent parton.
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Figure 2.9: The schematic of the hadronisation process as viewed in the cluster
model.
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Table 2.2: Default values of some HERWIG parameters which determine momen-
tum distribution.

Parameter || Monte Carlo name | Default value
Arra QCDLAM 0.2 GeV

Gluon Qo VGCUT 0.06 GeV

Quark Qo vQCUT 0.48 GeV
M oz CLMAX 3.5 GeV

Table 2.2 shows the default values for the HERWIG 5.0 parameters control-
ling the momentum distribution of hadrons. It is noted that the baryon production
rate is critically dependent on the maximum allowable cluster mass, CLMAX. For
example, changing CLMAX from 3.5 GeV to 3.0 GeV reduces the A baryon pro-
duction rate by a factor of 2 approximately whereas both the charged track and

the K° multiplicity are rather insensitive to this change.
2.3 Predictions for K® and Other Particles

In order to study various aspects of hadronisation relating to K° production, one
must make a comparison between those aspects determined by the data and those
expected from the different Monte Carlo models. For these comparisons, it is desir-
able to have the different Monte Carlo models provide one with similar inclusive °
momentum spectra. .

In the case of JETSET, such spectra are ultimately determined by the phe-
nomenological aspects of the hadronisation such as the transverse momentum, the
strangeness suppression factor and the ratio of the strange pseudoscalar to vector

meson production. In the case of HERWIG, with its very compact description

9An inclusive reaction for the production of K° is: ete~ — v,2% — K? + X, where X could
be anything.
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of event generation, the spectra are determined by the cluster phase space decay
aspects of the model.

K° mesons typically arise from 3 sources in ete™ annihilation. They can be

created as first rank hadrons containing the primary s or § quarks resulting from
ete~ — s5. They could also originate from the weak decay of the hadrons that
are formed from the heavier flavour primary quarks: ete™ — ccor ete™ — bb; the
example decays are: D° — Kortx—, D+ — K°r* and B? — K°J/4,
B+ — K°rt. Finally, they can be produced in the QCD shower process. As a
result, this makes K° a very useful probe in fragmentation studies. The contribu-
tion of these various sources to the (JETSET) inclusive production cross—section
for the K as a function of the scaled energy variable ' is shown in Figure 2.10. It
is seen that at low zz values (zg < 0.1), the charm and beauty sources are orders
of magnitude smaller than the strange source. The charm and beauty sources also
exhibit a harder fragmentation distribution. Figure 2.11 shows the (JETSET) in-
clusive production cross—section for for the five possible primary quark flavours at
the 7°. Tt is observed that at low zz values (zg < 0.1) all flavours have similar
contributions while at large zz values, the strange quark is the largest contrib-
utor. Figure 2.12 shows the normalised inclusive momentum spectrum for the
production of K°. One observes a very good agreement between the two generated
distributions for HERWIG and JETSET. The average momentum of the produced
KO is: (Pge) = 4.4 GeV/c. This momentum corresponds to a mean decay length !
of Age = 23.7 cm.

Table 2.3 shows the predicted multiplicities for some particles by both the

10The scaled energy variable zg = 2E/+/s, where E is the energy of the particle and /s is the
centre—of-mass energy. 8 = p/E, where p is the momentum of the particle.

11The mean decay length in flight for KO is defined as Ao = £(cm0) = 55575 (2-675) = 23.Tcm,
where p is the momentum of the K° in the laboratory and m 1s its rest mass.
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Figure 2.10: Production cross—section for K° meson from various sources.




34

102 ¢
e
Y
- .. e all events
10 % .
; . o ddbar events
N gg . A uyubar events
- % * ssbar events
= A % °
> 1 2 3 o ccbar events
~ - 4 o. = ¢ bbbar events
o = A
3 .t s
,—‘g} 10 A *
o =
Lo8 ”
~N i & e
- i 4
- 10 L *
- o
Z 0
3 A
10
- %
o
10 i H i i ! H H s l H s [ [ ' ] 1 i 1 ] 1 3 ] i
0 0.2 0.4 0.6 0.8 1
xe= 2E / /s

Figure 2.11: Production cross-section for K° meson for the five possible primary
(quark, antiquark) pairs.




35

0.08

0.07
JETSET

T 11

_ _ _ HERWIG

L

0.06

s N
-

0.05

0.04

Normalised frequency

0.03

0.02

0.01

I||IIIIIllllllIIlllllllllllll
1 i ¥ )

—

Figure 2.12: Inclusive momentum distribution for KP as predicted by JETSET and
HERWIG. :




36
tuned JETSET and HERWIG. It it noted that even though the inclusive produc-
tion rate for K° for the two models agree relatively well, their predicted rates for
the vector mesons are quite different. JETSET is equipped with a tunable parame-
ter, designated as V/(P+V), which determines the probability of the vector meson
production relative to the pseudoscalar meson production. More is said about the
tuning of this parameter using the measured rate for vector meson production in
section 6.5.

Lastly, it is noted that tensor meson production has been incorporated in
HERWIG such that production of particles such as K3(1430) can be studied. In
its present form JETSET, lacks such capability.

2.4 Summary

The hadronisation process was discussed and the three phenomenological models
used to describe it have been considered. The two models that will be utilised
in the analysis section of this thesis are the string fragmentation model and the

cluster model, with their specific implementation in the form of computer programs

JETSET 7.2 and HERWIG 5.0, respectively.
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Table 2.3: JETSET and HERWIG predicted multiplicities for some particles. The
statistics is based on 100,000 generated events.

Particle | JETSET | HERWIG
KO, K° | 2.154 2.071
K*° 1.060 0.771
Kt/ 1.099 0.822
A%,A 0.386 0.427
nt/- 17.353 17.313




Chapter 3

The Experimental Background

3.1 Some Historical Perspectives

Experimental high energy particle physics has its origins in cosmic—ray physics.
High energy cosmic rays impinging upon the Earth’s upper atmosphere act as

projectiles, splitting nucleons and producing elementary particles.

In order to imitate high energy processes initiated by cosmic rays, one could
alternatively accelerate charged particles (usually protons or electrons) to high en-
ergies and utilize them as the projectile particles. This can be achieved by having
the particles traverse an accelerating voltage many times, each time receiving a
small “kick” and a correspondingly small increase in their kinetic energy. This
technique of gradual acceleration (instead of one big “push”) constitutes the un-
derlying principle for all of the modern particle accelerators.

In very broad terms, a typical high energy particle physics experimental
set—up consists of two main components: an accelerator, to create the high—energy
process of interest to be studied, and a detector to “record” it for subsequent
detailed analysis. The subject matter of this thesis is concerned with one such
high energy particle physics experiment carried out at the LEP (Large Electron
Positron) collider using the OPAL (Omni Purpose Apparatus for LEP) detector.

Before embarking on a detailed description of the LEP collider and the OPAL

detector, this section is concluded by a very short summary of the historical de-
38
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velopment of ete~ (positron—electron) storage rings [29]. In what follows, CM

stands for Centre of Mass.

e The “first generation” ete~ storage rings became operational in the period

1963—1967 in Italy, USA, USSR, and France, operating in the CM energy
range of 1-7 GeV.

e The larger “second generation” machines were built in the early 1970s. These
were, SPEAR (the Stanford Positron Electron Accelerating Ring) at SLAC
(the Stanford Linear Accelerator Centre) and DORIS (Double Rlng Stor-
age) at DESY (the Deutches Electronen SYnchrotron), in Hamburg, Ger-

many. Both achieved a total energy of about 9 Gev and possessed better

energy resolution. More sensitive detectors were designed to take advantage

of this new improved mass resolution.

o The “third generation” of these storage rings appeared towards the end of
the 1970s, including: PETRA (Positron—Electron Tandem Ring Accelera-
tor) at DESY (CM energy of 38 GeV, later upgraded to 46 GeV), CESR

(Cornell Electron Synchrotron Ring) at Cornell University, USA (CM energy

=}
=
]
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-
B
.
o
=
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ositron Eieciron Projeci) at SLAC (CM

¢ The “present generation” of ete™ colliders has pushed energies to even higher
levels. The earliest to become operational (1987) was TRISTAN at KEK
(Ko—Enerugie butsurigaku Kenkyusho) in Japan with a CM energy of 60 GeV.
This was followed by SLC (Stanford Linear Collider) at SLAC and LEP at
CERN (Centre Europeén pour la Recherche Nucléaire). LEP was conceived
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as a conventional circular accelerator, while SLC is a hybrid accelerator em-
ploying both the linear and the collider accelerator concepts. With SLC,
beams of et and e~ are accelerated in SLAC’s 2—mile linear accelerator.
The two beams are then separated into distinct arcs and are made to collide

head—on at one collision point. Both of these accelerators possess a CM

energy of 100 GeV and act as Z°—factories.

3.2 The LEP Collider

3.2.1 The Main Ring

The LEP collider ( phase—1, CM energy of 100 GeV ) was designed as a Z°—factory
with the aim to study the production and decay processes of the neutral intermedi-
ate vector boson (Z°) of the weak interaction. Its expected upgrade ( phase—2, CM
energy 200 GeV ) by the mid 1990s, would allow direct observation/investigation of
W+W~- pair—production. At the present time, LEP is the largest particle collider
of its kind, and is expected to remain so until the late 1990s. It became operational
in the summer of 1989 {30].

LEP is an underground ring—shaped tunnel with a circamference of 27 km
and a tunnel diameter of 3.8 m. It passes through both French and Swiss territories
(three quarters of it lying in France) and is situated near Geneva, Switzerland. The
schematic is shown in Figure 3.1. The other 3 experiments at LEP are ALEPH,
L3 and DELPHL The ring is not a perfect circle but is made up of eight 2800 m
curved sections, linked by straight sections, forming an octagon. Electron and
positron beams that have been pre—accelerated, are injected into the LEP ring
and are made to circulate in opposite directions, with electrons anti—clockwise. In

the curved section of the ring, the electrons and positron beams are guided on their




Figure 3.1: Schematic of the LEP ring.

41
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circular path with the aid of 3392 bending magnets (dipoles). The focusing of the
beams is realized with the utilization of 1320 focusing—magnets (816 quadrupoles
and 504 sextupoles). The magnets take up about 20 km of space in the LEP
tunnel. In following a curved trajectory, the beams loose energy in the form of
synchrotron radiation. Per single revolution of the tunnel, this energy loss (Eioss)
is related to the energy (E), mass (m), and radius (R) of the path of the particle

according to the following proportionality relationship:

E4
Eipss ;L’IR‘ (3-1)

This implies that the larger the radius of the ring, the smaller the synchrotron
radiation loss. Of course, one has to make a trade off between the construction and
the operational costs. Besides, geographical limits ultimately dictate the largest
size a collider can have. For an energy of 45.6 Gev and radius or orbit of 4300 m
(typical LEP values) the synchrotron energy loss for an electron or a positron is
89 MeV/turn.

There are four bunches per beam, giving rise to 8 possible collisions points
around the ring. In phase—1 of LEP, fully equipped experimental halls have
been constructed at Points 2, 4, 6, and 8 only, where superconducting “low—pg”
quadrupoies are used for beam focusing. Non—experimental areas of P1, P3, P5,
P7 use electrostatic separators to keep the positron and electron beams apart.

The acceleration of the beams and the replenishment of their energy loss due
to synchrotron radiation is achieved by arrays of Radio Frequency (RF) cavities.
These devices are placed on either side of the experimental areas P2 and P6 and
are situated in the straight sections of the tunnel. The upgrade of LEP to phase—2
is to be accomplished by replacing the present copper cavities by superconducting

niobium cavities together with the installation of additional superconducting RF




43
cavities at P4 and P8. At present, the total installed RF power is 16 MW with
the associated RF frequency, vrr = 352.2 MHZ, and the corresponding wavelength

App =0.851m

The reaction rate at any interaction point in the collider is given by:
R=CLo (s (3.2)

where £ (cm™2 s~1) is the “luminosity” at the interaction point and o (cm?)
is the cross—section for the reaction. The luminosity depends on the number of
particles per bunch (N.), number of bunches per beam (ng), the frequency of
revolution for the bunches (forbit), and the effective area of interaction for the two

beams (A.ss) [31] via:

[~ forbit BB Net Ne—

3.3
A, (3-3)

where

Agp =4mw o 0y (3.4)

and o, and o, are the effective r.m.s. dimensions of the beam profile (assumed

Gaussian) in the horizontal and the vertical directions respectively.

The luminosity can be alternatively expressed in terms of the beam —currents.
Since I+ o~ = Net o~ € forbic np (Where e = 1.6 x 10~? is the magnitude of the

charge on the electron), the expression for the luminosity becomes:

Ll
T €2 np forbit Acsy

(3-5)

Some typical LEP parameters are given in the table 3.1.
The nominal ( design ) LEP luminosity for a beam energy of Epeam = 55 GeV,

and a circulating beam—current of Iyeam = 3 mAis £ ~1.6%x10% ecm~2s7. Given




Table 3.1: Some Typical LEP performance parameters

LEP—Parameter | Nominal Value

oot 11 x 10° (H2)

Tortit 88.9 (ps)
np 4

N+ ~ 4.25 x 101
T ~ 300 (pm)
oy ~20 (pm)
o, ~2 (cm)

Oote——z0 = 30 nb, the event rate at the Z%— peak would be:
R~ (1.6 x 103)(30 x 107%) = 0.48 (3.6)

i.e. approximately one event every two seconds.
From a statistics point of view, one is interested in the cumulative number
of events collected over the course of the experiment. This is expressed in terms

of the “time—integrated luminosity” defined as:

Lol = / L(t) dt (cm™?) (3.7)
Brotat = L7otal © (events) (38)

The ﬁture prospect for LEP lies in the use of its tunnel for a hadron collider.
Indeed, the proposal for a Large Hadron Collider (LHC) with a CM energy of
16 TeV, exploiting the existing LEP tunnel, is under serious consideration by
CERN. This pp collider is aimed at exploring the same physics as that of the
Superconducting Super Collider (SSC, CM energy of 40 TeV) under construction
in Texas, USA. These two colliders indicate the direction which the experimental

high energy particle physics community is intending to pursue in the 21°¢ century.
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3.2.2 The Injection system

A great reduction in the cost of LEP was achieved by employing the already existing
accelerating system to serve as its “injector”. It is made up of 3 main components:
a linac system, an accumulator system, and a synchrotron (See Figure 3.1).

The LEP Injector Linac (LIL) system consists of an electron—gun and two
linear accelerators. It serves the purpose of producing/accelerating positron and
electrons pulses. During the positron generation cycle, the electrons produced by
the electron—gun are accelerated to 200 MeV in the first linac and are directed
onto a converter target. The produced positrons are subsequently accelerated to
660 MeV in the second linac. In the case of the electron cycle, the operation of
LIL is very much the same as in the positron cycle except that the converter target
is absent and the electron—gun is employed at a much reduced pulse intensity.

The function of the Electron—Positron Accumulatér ( EPA ) is to gather a
sufficient number of positrons at 660 MeV, prior to injection into the synchrotron
system.

Both positron and electrons are fed into the Proton Synchrotron (PS) for
additional acceleration to 3.5 GeV. Finally, the particles are passed onto the Super

roton Synchrotron (SPS) for their final phase of acceleration to 22 GeV, at which
time they can be injected into LEP.

The act of injecting “fresh” positron and electron beams for the purposes of
data acquisition ( a “physics run” ) is referred to as a “f11”. A typical LEP fill
is as follows. Prior to re—fill, when LEP is undertaking colliding beam physics,
the injection system is switched on for the positron filling—mode. When the beam
is “dumped”, the LEP magnets are reset to 22 GeV. The magnet system is then

set up with weaker focusing than normal in the interaction points. This reduces
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the sensitivity of the machines during injection and acceleration. When LEP is
ready, positrons are fed in for 10 minutes. Next, the injection system feeds in
the electrons. This takes about 1 minute for positron/electron switching and 2
minutes for filling. Both beams are then accelerated to the required energy of
LEP. Following focusing (for high luminosity) and removal of beam separation,

the colliding physics can be resumed.

3.3 The OPAL Detector

OPAL is a multipurpose detector with very good acceptance over nearly 4w of
solid angle for the detection of Z° decays [32]. It is the most conventional of the
four detectors at LEP and was built employing already tested technology to ensure
reliable operation at LEP start—up. Its basic design goal has been to construct
a detector capable of providing accurate measurements of electromagnetic energy
and of charged particles over its full solid angle. It is composed of six main sub-

components:

e A 3—component cylindrical central tracking system surrounding the beam
pipe which provides information about the momenta and direction of charged
particles. It is used for charged particle identification via dFE /dz and is

employed in primary and secondary vertex reconstruction.

e A large volume solenoidal coil which surrounds the central tracking system

and supplies a uniform axial magnetic field.

e An electromagnetic calorimeter made up of 11704 lead glass blocks. It pro-

vides identification and energy measurement for electrons and photons.
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e Sandwiching limited streamer tubes between the segmented magnet iron re-

turn yoke, provides a hadronic sampling calorimeter.

e A muon detection system is provided by a set of drift chambers enveloping

the full solid angle of the detector.

e Two forward detectors (one at each end) are used to measure luminosity
using Bhabha scattering ! and identify particles traversing the detector in

very forward directions, i.e. very close to the beam line.

Figure 3.2 shows the perspective view of the OPAL detector, where the
z—axis (which is inclined at 1.4° to the horizontal direction) represents the di-
rection of the colliding beams, the z—axis is horizontal and points to the centre
of the LEP ring and finally the y—axis is in an upward direction perpendicular
to the (z,z) plane. The polar and the azimuthal angles, 8 and ¢, are measured
with respect to the positive z and z directions, respectively. The ¢ —y and z — 2

sections of the OPAL detector are shown in Figure 3.3.

3.3.1 The Beam Pipe

The beam pipe is an evacuated volume to reduce beam—gas interactions and to
improve beam lifetime 2.

The pipe consists of three sections each about 1150 mm long, with an inner
radius of 78 mm, made up of a 0.1 mm aluminum tube unto which a series of
overlapping layers of carbon fiber have been epoxied.

The central section of the beam pipe ( |z| < 155 mm ) has 1.3 mm thick

carbon fibre lamination which, in addition to the 0.1 mm aluminum liner, corre-

1Bhabha scattering is the elastic scattering process ete” —ete .
2During Physics runs, the LEP ring operates under partial vacuum (10~° Torr).
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Figure 3.2: A perspective view of the OPAL detector with the associated (z,v,2)
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sponds to 0.66% of a radiation length. Its outer edges are tapered to 4mm thick,
making it suitable for welding to the other two adjacent outer sections of the beam
pipe.

The inner aluminum layer is required to reduce RF losses and local heating.

It also furnishes a vacuum tight surface with minimum outgassing.

3.3.2 The Central Tracking Detector

OPAL’s central tracking detector operates in a (nominal) axial magnetic field of
0.435 T operating under an internal gas pressure of 4 bars 3. It is made up of three

components:

e A high resolution vertex chamber placed close to the interaction point, which
surrounds the beam pipe and affords very good r — ¢ and z measurements.
Tt assists in improving charged track reconstruction and helps in accurately
determining the interaction point and secondary vertices of short lived par-

ticles.

e The main task of tracking is performed by a large drift chamber known as the
[ 3 0 P gy

particles over almost the entire solid angle and allows particle detection via

sampling energy loss, dE/dz.

e 7—chambers surround the Jet chamber in the so called “barrel region” of
the detector and allow precise z—determination hence resulting in better

invariant mass resolution from improved momentum determination.

3The OPAL central gas mixture (“OPAL gas”) consists of argon/methane /iscbutane in the
ratio 88.2%/9.8%/2%
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Figure 3.4: Schematic of the OPAL vertex cell geometry.

The analysis presented in this thesis is crucially dependent on the perfor-

mance of this central fracking part of the OPAL detector.

3.3.2.1 The Vertex Detector

The vertex detector [33] is a cylindrical drift chamber, positioned centrally in the
OPAL detector around the beam pipe. It is Im long and 470 mm in diameter. It
consists of 36 inner axial cells and 36 outer small angle stereo cells (stereo angle
~ 4°). Each cell is defined in terms of two adjacent cathode planes. The cathode
planes are made up of 125 pm diameter copper—beryllium wires with 1 mm radial

spacing. Figure 3.4 shows a schematic of the vertex cell geometry. Each axial cell
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has 12 anode wires (20 pm diameter gold—plated tungsten—rhenium wires with
9.3 mm radial spacing) located in the chamber between radii of 103 and 162 mm,
while each stereo cell has 6 wires (radial spacing 5 mm) located between radii of
188 and 213. The anode wires are placed alternately with potential wires (200 pm
diameter gold—plated copper—beryllium), and an anode staggering of +40um is |
used to resolve left-right ambiguity.

The electrostatic condition in the chamber is defined in terms of the drift
field and the anode surface field (which determines the gas gain). One achieves
the desired fields by an appropriate voltage application to the potential and the
cathode wires. The Anode wires are at ground potential and all have uniform
gain. Application of a linearly increasing potential with radius to the cathode
plane results in a drift field perpendicular to the anode plane which is uniform over
most of the drift region. This potential gradient is obtained by a voltage divider
resistive chain. Typical operating conditions are a drift voltage of 2.5 kV/cm and
an anode surface field of 360 kV/cm. There are 18 separate high voltage (HV)

cells for the axial and stereo cells powered by 10 kV Bertran 380N power supplies.

Sense wires are read at both ends and the signals, after amplification, are
fed to constant fraction discriminators. By combining the two signals for a given
sense wire in a mean timer, one achieves an 7 — ¢ measurement from drift time
independent of z with a resolution of 55 gm. Figure 3.5 shows the measured
spatial resolution as a function of drift distance in the » — ¢ plane for the axial
cells. The time difference between the two wire signals allows a z—coordinate mea-
surement with a resolution of ~3 cm. Finally, the chamber possesses a minimum

two—particle separation of about 2 mm.
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Figure 3.5: 7 — ¢ spatial resolution for the vertex axial cells as a function of drift
distance (Ey =2.5 kV/cm, B, =360 kV/cm).

3.3.2.2 The Jet Chamber

The jet chamber design [34] was motivated by the requirements of both good spatial
and double track resolutions to study jet-like events.

It is a cylindrical chamber with a length of about 4 m, having an inner
diameter of 0.5 m and an outer diameter of 3.7 m. It surrounds the vertex detector
and the beam pipe. The chamber is divided into 24 identical sectors each with 159
anode sense wires alternating with potential wires; these sense wires are drawn
parallel to the beam direction and form 24 radial wire planes, positioned between

955 mm and 1835 mm as one moves outwards. Individual wires in each plane are
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spaced equally at 10 mm separation in the radial direction with +100u m stagger
to the left and right of the wire plane in order to resolve left-right ambiguity for
track reconstruction. The cathode planes are azimuthally inclined by 7.5° with
respect to the adjacent anode planes and each cathode plane is subjected to the
same potential gradient varying from 2.5 kV at the inner point to 25 kV at the
outer point. The amplified signals from sense wires are recordéd by 100 MHz flash
analog-to-digital converters (FADCs).

The r — ¢ spatial positioning is determined by drift time measurement while
the z—coordinate is determined by charge division. The chamber is operated with a
typical drift field of 890 V/cm (gas gain 10), with a resulting r—¢ spatial resolution
of 135 pm (at a mean drift distance of 7 cm) and an average z—resolution of 6 cm.
Figure 3.6 shows the variation of the r — ¢ resolution with drift distance for the

Jet chamber. With 159 measured samples per track, the Jet chamber provides a
dE/dx resolution of o(ag/ax)/(dE/dx) =3.5%.

2.3.2.3 The Z Chambers

The Jet chamber is covered by a barrel layer of detectors known as the 7 cham-

bers [35], capable of precise z measurement. They cover the polar angle range from
44° to 136°. The detector consists of 24 drift chambers, 4 m long, 50 cm wide and
50 mm thick. Individual chambers are built from 8 bidirectional cells of 50 cm X
50 cm. Each cell has 6 anode wires, placed azimuthally and spaced radially at 4

min with a stagger of £250pm to resolve left right ambiguity.

The 7Z chambers use the Jet chamber gas and operate with a drift field of

800 V/cm , giving an average z resolution of 200 pm.
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Figure 3.6: 7 — ¢ spatial resolution as a function of drift distance for the Jet
chamber.

3.3.2.4 Combined Performance

The combined Central Detector system performance for the analysed data is as

follows. The r — ¢ momentum resolution in the barrel region of the detector

was measured as (0p,/PT) = \[(6.0018 pr)? + 0.025% where pr is the transverse
momentum in the r — ¢ plane in GeV /c. Figure 3.6 shows the 1/p distribution for
dimuon events. The impact parameters measured from these dimuon events are:
45 pm in the r — ¢ plane while in the r — z plane it is 2 mm with and 3 cm without

the stereo wires of the vertex detector
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Figure 3.7: Distribution of 1/p for dimuon events: ete” — ptp~.

3.3.3 Magnet

The OPAL magnet has iwo components: 2 self-snpporting watercooled solenoid
coil and a return iron yoke. It has the power consumption of 5 MW and produces
an axial magnetic field of 0.435 T which is uniform to within 40.5% in the Central

Detector region.

The return yoke is made of soft steel and is divided into 5 sections: two C’s,
two poles and one central portion. All are installed on their own respective system

of rollers allowing easy assembly during the detector set up.

The annular region between the outside of the coil and the return yoke is
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occupied by the barrel electromagnetic calorimeter. The associated photomultiplier
tubes which collect the light from the lead glass blocks cannot operate in magnetic
fields exceeding a few tens of Gauss. This necessitated the construction of the coil
in one full-section; an axially segmented coil would have provided a much easier
option from a construction point of view, but the magnetic field pon-uniformities
at the junctions between the different segments would have been unacceptable for

the photomultiplier operational mode.

3.3.4 Time of Flight (TOF) System

The TOF system forms a barrel of mean radius 2.360 m, position.ed coaxially just
outside the magnet aluminum coil and covers the angular range of | cos 8] < 0.82.
It consists of 160 scintillator counters, each counter being 6.840 m long, 45
mm thick and 90 mm wide.
From ete~ — ptp~ events, a time resolution of 280 ps at the centre and
350 ps at the ends with a z resolution of 5.5 cm have been determined for the

operation of this system 4.

3.3.5 Electromagnetic Calorimeter

The electromagnetic calorimeter has been designed to measure the energies and
positions of photons, electrons and positrons. It consists of three subsections:
a barrel component and two end cap components; each component in turn is
constructed from lead glass blocks. The choice of lead glass was based on its good

energy resolution, linearity, spatial resolution (~ 1 cm) and gain stability.

4The TOF system has limited charged particle identification capability in the 0.6—2.5 GeV/c
momentum range and is also used in triggering.
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The barrel component is a cylindrical array of 9440 lead glass blocks of 24.6
radiation lengths placed outside the magnet coil at a radius of 2455 mm. It covers
| cos 8] < 0.82 and the full azimuthal angular range.

Each end cap component is a dome-shaped array of 1132 lead glass blocks
with a total depth of at least 20.5 radiation lengths, covering 0.81 < |cosf| < 0.98
and the full azimuthal angular range. It is positioned between the pressure vessel
of the central tracking detector and the hadron pole tip.

The calorimeter is supplemented by presamplers (thin multiwire chambers),
placed in front of it, to detect electromagnetic showers that have been initiated
within the magnet coil and the pressure vessel. In this way, one is able to improve
the overall energy resolution by correcting for this energy loss (see figure 3.8).

The electromagnetic calorimeter has a typical energy resolution of og/E =
(0.2+6.3/v/E)% in the barrel region and o5/E = (2.5+ 16/vE)% in the end cap

region (where E is measured in GeV).

3.3.6 Hadron Calorimeter

The hadron calorimeter is used to detect and measure the energies of hadrons as
they leave the electromagnetic calorimeter. It covers a solid angle of 97% of 47
and is made up of three sections: a barrel section (streamer tube technology),
two end cap sections (streamer tube technology) and two pole tip sections (mut-
liwire chamber technology). The iron return yoke of the magnet is constructed
as a sampling calorimeter using limited streamer tube design. The iron core of
the hadron calorimeter corresponds to 4 interaction lengths while the material in
the electromagnetic calorimeter represents. an effective thickness of 2 interaction

lengths. Hence the overall electromagnetic and hadron calorimeter is equivalent to
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Figure 3.8: Energy resolution for the barrel section of the electromagnetic calorime-
ter as a function of incident electron energy. In the Figure, the improved resolution
from using the presampler is shown.

some 6 interaction lengths.

The barrel section is radially located between 2.20 m and 4.39 m. It consists
of 9 layers of active elements alternating with 8 iron slabs 100 mm thick, where
the gap between the iron slabs is 2.5 cm.

The donut shaped end caps have 8 layers of chambers alternating with 7 iron
slabs. Here once again, the sampling thickness is 100 mm with an increased gap
separation of 3.5 cm.

'i‘he solid angle for hadron calorimetry is farther extended to 0.91 < |cosf] <

0.99 with the use of the hadron pole tips . In this region an attempt is made
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to improve energy resolution by increasing the number of samplings to 10 and
reducing the distance between samplings to 86 mm. Over this angular range, the
Central Detector has rela.ti%rely poor momentum resolution.

If Eycar(Egcal) is the measured energy deposited in the hadron (electro-
magnetic) calorimeter, assuming the particle to be a hadron (electron), and if R
is the e/w ratio of the electromagnetic calorimeter, then the combined energy re-
sponse of the hadron and the electromagnetic calorimeter to an incident hadronic
particle is given by Egcar+RX Egcar- R has been determined to be ~3 at 6 GeV
and ~2 above 20 GeV. The energy resolution for this combined detector used in
determining hadronic energy ranges from %(E < 15GeV) to -%"%(E = 50GeV).

Figure 3.9 shows this combined energy response for a 10 GeV beam.

3.3.7 Muon Detector

The last layer in the assembled OPAL detector is the muon detector. It is designed
for detecting muons that make it past the hadron calorimeter. The essence of
muon identification is the association of an extrapolated central track (allowing
for energy loss and coulomb multiple scattering) to a reconstructed muon track
segment both in position and angle in two views. Muons above 3 GeV will reach
the muon detector and are detected within the 93% solid angle with effectively
100% efficiency. The detector is composed of two main components: a barrel
section and two endcap sections.

The barrel section has 4 layers covering an angular range of | cos 8| < 0.68.
It consists of 110 individual drift chambers. The chambers are all 1.2 m wide by
90 mm deep, but have varying lengths of 10.4, 8.4 and 6.0 m. The chambers with

shorter lengths were used to fit in between the magnet support legs. The gas is a
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Figure 3.9: Combined energy resolution for ECAL and HCAL for a 10 GeV beam.

10% ethane and 90% argon mixture. The cathode pads are kept at a potential of
14.0 kV while the the anode wires (50 gm in diameter) are sef at +1.85 kV relative
to these pads resulting in an average drift field of 13.4 V/mm. The maximum drift

time in these chambers is 8 ps.

Each end cap section is divided into 8 quadrant chambers (6mx6m) and
4 patch chambers (3mx2.5m), covering an angular range 0.67< |cosf| < 0.985,
using limited streamer tube technology. The tubes operate with a gas mixture
of 25% argon and 75% isobutane Wifh the anode wires (100 pm diameter) at a

common voltage of +4.3 kV and cathodes at ground.
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3.3.8 Forward Detectors

The forward detectors are used to measure the LEP luminosity by observing
small angle Bhabha scattering. The two main components are a lead—scintillator
calorimeter and a set of position measuring proportional tubes. The detectors have
good acceptance for particles from the interaction region in the angular range of
47 to 120 mrad from the beam and the full 27 azimuthal range.

The forward calorimeter is made up of a presampler (4Xo) and a main
calorimeter (20X,) and is, in total, composed of 35 layers of lead—scintillator
sandwich which are read out via wavelength shifters. The presampler has wave
length shifter on the outside while the main calorimeter is read on both the inner
and the outer sides. It is subsectioned into 16 azimuthal sections which are con-
tained in two semi—cylindrical parts with a vertical cut allowing its easy mounting
around the LEP beam pipe. It has an energy resolution og/E ~ 11%/ VvE (E
measured in GeV), and provides a radial position resolution of £2 mm for electron
showers using the ratio of the inner to outer signals of the main calorimeter.

Three layers of brass—walled proportional tube chambers occupy the space
between the presampler and the main calorimeter. The absolute position of the
tubes is surveyed to +1 mm. These position measuring tubes are then used to
define a precise acceptance region used in absolute normalisation for luminosity

determination.

3.4 The Trigger and the Data Acquisition Systems

Beam crossings (BX) at every interaction point at LEP occur every 22.2 ps. For
OPAL, situated at one of these interaction points, this translates o a maximum

trigger rate of 45 kHz . However, given the nominal luminosity of LEP, actual
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e+e— anmihilation events occur at a rate of no more than 1 Hz. Background events
(cosmics, beam gas and beam wall interactions) have substantially higher rates, of
the order of 140 Hz [36]. Hence it is necessary to have an efficient trigger system
that is able to reduce the number of accepted and recorded events to a few per
second (1-5 Hz) by effectively eliminating most of the background events while

retaining all of the interesting events.

The physics interest in all final states arising from ete~ annihilation events
means that one necessarily needs to incorporate a certain degree of flexibility and
redundancy in the trigger system in order to make it “intelligent” enough to identify

various categories of events.

Finally, in addition to the above requirements, one needs the trigger system
to be multilevel. The first level, a fast trigger, reduces most of the background
events and minimises dead time. A more sophisticated second level trigger would
then be responsible for filtering and possibly recording the selected reduced data

set.

The OPAL trigger system [37] has been designed to give good efficiency
for various physics reactions of interests such as multihadronic events, charged
lepton pairs, while effectively removing background events. The general philosophy
behind the design is that most physics reactions generate triggers that are formed
from several independent requirements imposed on different subdetector signals.
Now, in order to geometrically correlate signals form these various subdetectors,
OPAL uses a triggering scheme that is based on 0¢ segmentation. To this end,
the OPAL detector has been divided into 6 polar sectors () and and 24 azimuthal
sectors (@), i.e. 144 8¢ bins.

Subdetectors deliver two sort of signals, a 8¢ signal as well as a “stand
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alone” signal, where the latter signal is derived form track counting or total energy
sums; these analog sums are discriminated in the subdetectors. Both signals are
generated based on certain threshold requirements to safeguard against noise. The
collection of ¢ segmentation for the various subdetectors forms what is known as
the 8¢p—matrix. It has 5 layers: track, TOF, electromagnetic calorimeter, hadron
calorimeter, and muon trigger.

The trigger/data acquisition system is organised based on MOTOROLA 68k
series microprocessors using the VME bus 5.
The OPAL trigger system is known as the “Central Trigger Logic” and is

comprised of 4 components:

e The “Single Input Module” (SIM), which receives up to 64 direct standard
NIM signals form the subdetectors.

¢ The O¢—matrix, consists of 5 modules, one for each detector layer. Here

correlation within a given layer and /or between different layers is established.

o The “PAitern Match Module” (PAM) has 120 inputs, of this, 64 inputs
are from the SIM and 56 inputs from the §¢—matrix. It is the logical unit
responsible for combining these SIM and 6¢—matrix signal to produce the
final trigger pulse. Based on this trigger decision an event is either accepted

or rejected.

e The “General Trigger Unit” (GTU). It oversees the general synchronisation
and timing of the various subdetectors. Now, each subdetector has a “Local

Trigger Unit” (LTU) which is connected to the GTU via the trigger bus.

5The VME bus is a 32—bit data and 32—bit address asynchronous multi—processor bus in-
troduced in 1982 and is now the IEEE standard.
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GTU then dictates the overall trigger decision produced by the PAM to

these individual LTU’s which in turn take appropriate action.

Figure 3.10 shows the set up of OPAL’s central trigger logic. Following
each beam crossing, all of the direct and 6¢ input signals arrive at the central
trigger between lps and 14 ps 6. After formation of internal f¢ signal and their
combination with the direct signals, PAM combines these signals and decides ~ Tps
before the next beam crossing whether to reject this event or to further process
it. If the event is to be rejected, the GTU issues a reset signal to the LTU’s and
the detector stands ready. Following reset, the subdetectors clear their modules in
order to receive the next gate. However, if the event is to be accepted and further
analysed, the GTU broadcasts an interrupt signal which inhibits any further trigger
signals. This will continue until o]l subdetectors have concluded their data readout.
On completion of data read out the “busy” signal on the trigger bus is removed
allowing further triggers.

The data acquisition system [38] has a multilevel tree structure. For each
event, 16 acquisition subsystems (14 subdetectors, trigger and track trigger) supply
raw data that is treated by the system. This corresponds to some 150,000 analog
signals from the various subdetectors which, after processing, produce on average
100 kbytes of data per multihadronic event.

The Local System Crate (LSC) is the VME system where all data of a sub-
detector are gathered and from where the subdetector is controlled. It typically
contains one or more CPU boards, about 5 Mbyte of memory, the local trigger
unit, an ethernet interface, and a2 VME crate interconnect. Here the acquired

sub—event data is formatted for later software processing.

6The Jet chamber and muon detector have the longest time lapse due to their long drift times.
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The VME system that carries out the task of merging the sub—event data
from all the various subdetectors into a single data structure is known as the
“event builder”. This concatenated data would then be further treated by the

“filter” processors.

Filter processors are yet another VME system that perform a fast analysis of
ecach event. At this stage, events get classified into various physics categories and
background events are rejected. Subsequent to this, an event identification—bit is
set in the 32—Dbit filter word that associates the event with a particular physics
category. The filter program is written in FORTRAN and uses the calibrated
calorimeter signals, the jet chamber tracks, the TOF and the muon chamber in-

formation.

The data from the filter crate is then transferred via an optical fiber link
to the ground level (about 100 m above the underground experimental area) at
a maximum rate of 4 Mbyte/s to the so called “top crate” VME system. The
top crate is connected to a set of Apollo DN10000 computers equipped with RISC
(Reduced Instruction Set Code) processors running under the UNIX operating
system. These attached fast processors perform event “reconstruction” using the

off-line reconstruction program.

The final step in the data acquisition consists of transferring these processed
events via a high—speed parallel link to the main online computer, a VAX 8700,
where they are recorded on magnetic tape cartridges. These cartridges are later
transferred and stored at the main CERN site for the ensuing physics analysis.

The overall data acquisition chain is schematically shown in Figure 3.11.

In order to perform any physics analysis, it is necessary to translate the digi-

tised information from the various subdetectors into meaningful quantities such as
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momentum and energy for a given event. This task is carried by an off-line re-
construction program which determines and correlates the energy and momentum
from the various subdetectors.

The OPAL reconstruction program is @ded in FORTRAN and is known
as ROPE (Reconstructor for OPal Events) 7. ROPE is made up of various soft-
ware processors that are responsible for interpreting the digitised information for
their associated subdetectors. For example, the software processor responsible for
handling the digitised information from the vertex detector is known as CV (Cen-
tral Vertex), that for the jet chamber is referred to as CJ (Central Jet), whereas
CZ (Central Zed) handles the information from the Zed chambers. In addition,
there are software processors that interrelate the reconstructed information for sev-
eral different subdetectors. For example, CT (Central Tracking) is responsible for
merging the reconstructed subtracks from CV, CJ and CZ into one overall track
incorporating the information from all of the 3 central tracking chambers.

The result of the reconstruction is summarised and written into a particular
tree—like data structure, known as the Data Summary Tape (DST), where all
ihe relevant information for every given subdetector is recorded in the form of
é. self—contained data block 8. In addition there are data blocks that contain
information about the global properties of the event including detector and trigger
status, charged tracks and secondary vertices. Most physics analyses are then

carried out using the DST information only.

7Both online and off-line software codes written in FORTRAN use the memory manager
ZEBRA [39]

8Various calibration files are used in producing the DST information which are not stored as
part of the DST. '




Chapter 4

The Data Selection

The analysis reported in this chapter is based on a data sample which is comprised
of 138,638 multihadronic 7° decays collected by the OPAL detector in 1990. The
sample corresponds to an integrated luminosity of 6.5 pb™! with an event weighted
centre-of-mass energy of 91.314 GeV.

In order to classify, categorise and analyse (multihadronic) events, certain
characteristics have to be meaningfully defined. So, before considering the ac-
tual selection technique that has been applied to the data, some of these relevant

concepts pertaining to the event shape will be discussed.

4.1 Definition of Some Global Shape Parameters

Shape parameters refer to a set of “collective” variables that describe the global
shape of an event and quantify its associated properties such as its degree of
“Jettiness”.
One such variable is the sphericity (S), which is defined in terms of the
normalised momentum tensor, My:
My = %?&g-“- kl=1,2,3 (4.1)

where p; is the momentum of the it* particle and k,l are space—coordinate indices.!

1The above definition includes all final particles in the event, although sometimes only charged
particles are considered.

70
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Diagonalising this symmetric matrix results in the unit eigenvectors ny, nz,
ns and three eigenvalues @1, @2, @3, ordered according to 0 < @1 < @2 < @3,

with Q; + Q2 + Q3 = 1. Sphericity is then defined as:

_3 _ 3min[y(pir)’]
S = 2(Q1 + QZ) - 2 Zj(pj)z (4'2)

where p;7 is the component of momentum perpendicular to the axis n (the spheric-
ity axis), which has minimised the sum in the numerator.

It is noted that: 0 < § < 1, where events with S = 1 are more or less
spherical, while for a pair of collimated jets S =~ 0.

Due to its quadratic dependence on particle momenta, S is inherently unsta-
ble against collinear decays that could be encountered in fragmentation or QCD
radiation. By defining an observable having a linear dependence on particle mo-

menta it is possible to circumvent this sensitivity. One such variable is the principal

thrust (T), defined by

' mas{S: lps -nl
T = Ipl (43)

where the unit vector m = N7jrus: Which maximises the numerator defines the
thrust azis, and provides one possible candidate for the jet axis. Spherical events
have T = 0.5, while narrow two jei events have 7' =~ 1.

The application of equation 4.3 in the plane perpendicular t0 NThrust deter-
mines the Thrust major value, Thajor, With its associated direction, BTmajor It
provides a measure for three jet events. The event plane is then defined by nThrusts
and DTmajor-

Finally, the direction n = NTminor (which is perpendicular to both n7hrust
and N7 major) in conjunction with equation 4.3 yields the Thrust minor value,

Tminor -
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4.2 The Multihadron Event Selection

High average visible energy and multiplicity are the two most distinguishing fea-
tures of a hadronic event. Figure 4.1 shows a typical multihadronic event as ob-
served in OPAL. There are background processes, however, that could reproduce
these marked characteristics. So, one peeds to identify and discriminate against

such background events. The most notable sources are:

e 7—pair (r+7) events with hadronic decays of the 7’s; the predominant de-
cays are the 1 prong ((86.13+0.33)%) and the 3 prong ((13.76:0.32)%), while
the higher—prong 7 decays are less probable (the 5 prong decay has a decay
rate of (1.1£0.27)1073).

o Beam—gas, beam—wall events. Here, et or e"interact with the residual gas in
the beam pipe or the actual material of the beam pipe respectively, sending

a shower of particles into the detector.

e Two-photon events where the final pseudo—hadronic final state results from

the radiation of two photons (see Figure 4.2).
e cosmic-rays penetrating the detector.

The selection criteria employed to identify a multihadronic event candidate is based
on Cluster and Charged Multiplicity information and is known as the CMH selec-

tion. The following requirements were imposed:
1. Ngx> 5 — at least five charged tracks.

9. Ngus > 7 — at least seven electromagnetic clusters.
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Figure 4.1: A typical multihadron event as observed in OPAL.
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Figure 4.2: Diagrams for two-photon hadron production.

3. Ryis = (i Bljue/ v/3) > 0.1 — visible energy deposition of no less than 10%

of the total centre—of—mass energy.

4. Ryt = |3 By cos g,/ T Ei,, < 0.65 — the energy imbalance along
the beam axis, where 8%, is the polar angle of the i** cluster, and Ei,, is

the energy of the i** cluster.

Only “good” tracks and clusters were atilised in these considerations. Tracks
were required to have at least 20 measured space points (“hits”)and a minimum
momentum component transverse to the beam axis, pr, of 50 MeV. The “yertex”

requirement for these tracks demanded a distance of closest approach to the nom-
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inal interaction point of < 2 cm perpendicular to the beam direction, |dol, and
< 40 cm along the beam direction, |z0]- The barrel region clusters were required
to have greater than 100 MeV energy, while the endcap clusters contained not less

than two adjacent lead glass blocks with a minimum deposited energy of 200 MeV.

The requirements 1. and 2. (see above) were aimed at removing charged
lepton pair events. The vertex requirements for the charged tracks effectively
discard tracks from beam—gas events and cosmic-rays since these tend to occur far
from the collision region. The two—photon and beam—gas events were eliminated
by the R,;, requirement. The energy imbalance condition, Rpai, served to discard

beam—gas, beam—wall and the cosmic-rays in the end cap region.

These criteria provide a multihadronic event selection process with a very
high degree of purity (the only remaining contaminations arising from two—photon
and 7+7—events which are estimated to be at a level of less than 0.1%). Using the
JETSET and HERWIG Monte Carlo (MC) samples, the acceptance for the mul-
tihadronic selection procedure has been determined to be (98.37+0.61)% where
the uncertainty includes the statistical and the system;a.tic (pertaining to the am-
bignities associated with a particular choice of fragmentation model as well as the

selection method itself) errors {40].

In this fashion, a data sample consisting of 138638 multihadronic event can-
didates has been obtained. The collected data spans an energy range of +3 GeV
(at integral intervals of 0, £1, +2, +3 GeV) around the 70 mass, and corresponds
to an integrated luminosity of 6.5 pb~1. The energy—composition content of the
data sample is shown in Figure 4.3. In addition, two Monte Carlo samples, one
JETSET and the other HERWIG, containing 164042 and 89926 events respec-

tively, were treated in like manner. The number of multihadronic event candidates
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Figure 4.3: The normalised energy—composition distribution for the data sample.

for these two Monte Carlo samples after the selection procedure was 161327 and

88277 respectively, in agreement with the expected 98.4% efficiency of the selection

TOACEQS
HES LV w2

4.3 Global Similarity of the Data and the MC

The MC description of the detector and the physics investigated by the detector
is inherently limited and represents only a model. So, having selected the multi-
hadronic event candidates, one then needs some form of “compatability” between
the data and the MC samples for any ensuing detailed physics analysis. This is

necessarily required if one wishes to carry out a meaningful comparison between
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the data—extracted experimental results and the theoretical results ntilised in the
MC simulation.

This overall compatability requirement is demanded in the form of “global
similarity” where one has a reliable description of the collected data by the gen-
erated MC on a global scale. Tt is achieved by applying an additional set of cuts,
independently, to both the data and the MC samples, thereby producing “work-
ing” samples that exhibit similar global properties. From such a restricted working
data sample, one could then confidently extrapolate to the “physics level” (cor-
responding to the “generator leve » in the MC), employing the known detector
acceptance for the physics of interest. These cuts will be referred to as the Global

Event Shape (GES) selection cuts.

The philosophy behind the GES selection cuts is to choose an appropriate
physical region of the detector and of the event phase space that are accurately
represented by the MC. Let’s consider examples where the MC simulation might
be considered an insufficient description of the real physics involved. For instance,
tracks that have very low momenta spiral under the applied magnetic field within
the central detector and might not be too reliably simulated in the MC. Steep tracks
do not generaﬁy have as gicat 2 measured path length in the Central Detector as do
tracks that are well within the barrel region and therefore may not be as accurately
measured. Events with polar angle of the thrust vector close to the direction of
the beam axis, once again, do not have an entirely reliable MC reproduction. For
such extreme forward directions (where a great deal of the energy associated with
the event could flow down the beam pipe), the collected experimental information

by the detector is clearly limited and is hard to be accounted for in the MC.

To summarise, the effect of the application of the GES cuts is to produce
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a set of “well defined” and “well contained” events that can have a reliable MC
representation. The GES selection criteria (the final component in the sample

selection chain) are listed below:
¢ Individual charged track quantities:
1. pr> 0.15 GeV, where pr is the component of momentum perpendicular
to the beam axis.

2. | cos Oeri| < 0.94, where O s the polar angle of the track.

3. |do| < 5. (cm), where do is the distance of closest approach perpen-

dicular to the beam direction.

4. |zo] < 99. (cm), where z, is the distance of closest approach parallel

to the beam direction.

5. N&,> 40, where N§&; is the number of Jet chamber hits associated

with the track.
6. x4, < 999., where the x2% . is associated with the goodness of the
charged track reconstruction in the (z,y) plane.
e Global event quantities:
1. N> 5, where Ny is the number of charged tracks in the event
satisfying all of the preceding single track cuts.
2. | cosfr| < 0.9, where 67 is the polar angle of the Thrust vector for the

event.

Table 4.1 presents the efficiency of the sample selection chain. The overall selection

efficiency is of the order of 94%. Figure 4.4 shows the global similarity of the data




samples.

1— estimated using the 98.37% selection efficiency .

Selection Process # DATA | # JETSET | # HERWIG Selection
Events Events Events Effigency
Generator/Physics
Level (140935 ) 164042 89926 100%
CMH selection 138638 161327 88277 ~98%
GES selection 131253 154070 84228 ~94%
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Table 4.1: The efficiency of various selection processes on the data and the MC

and the MC ( JETSET ), where the number of entries in the MC histograms have
been normalised to that for the data. In Figure 4.5 one sees this compatibility for

the sphericity and thrust global shape parameters.
4.4 Summary

The manner in which multihadron events are selected in OPAL has been discussed.

The procedure is very efficient ( (98.37+0.61)% ) and has very high degree of purity

a level of less

{ two-photon and 7% 7~ contamination at of less than 0.1%).

Following the multihadron cuts, further additional selection cuts are imposed
in order to choose multihadron events for which the data and the MC exhibit global
similarity.

From a total of 138638 selected multihadron data events, 131253 events sur-
vive the latter global event shape selection cuts. This reduced data set then forms

the working sample which is used in the K7 analysis.
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Chapter 5

The Data Analysis

This chapter deals with the manner in which K? have been reconstructed. The
a.ccepta.nce‘ﬁmction for this reconstruction procedure is determined and its associ-
ated systematics discussed. The quality of the K? sample is then checked in terms
of fragmentation—independent distributions. The chapter commences with a brief

description of how charged tracks are parametrised in the OPAL Central Detector.

5.1 Charged Track Parametrisation and the Associated
Momentum Determination in the OPAL Central De-
tector

Charged particles arising from e*e”annihilation within the OPAL detector create
helical trajectories in its Central Detector (CD) under the influence of an applied
axial magnetic field. The description for such paths (“tracks”) is done in terms
of two independent parametrisation: a circle fit in the (x,y)-plane and a straight
line fit in the (s,z)-plane (z-axis is taken along the beam axis direction which is
slightly inclined to the horizontal direction.) The variable s, is the projected path
length along the particle’s trajectory in the (x,y)-plane measured from the point
of closest approach (p.c.a.) to the origin, (2o,y0). Figure 5.1 shows the geometry
of a typical track in these two respective planes.

In OPAL, the 5 parameters necessary to describe such a helical motion are

chosen to be (&, ¢o, do, tanl, z), where:
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(0,0)

Figure 5.1: Typical track geometry in (x,y)-plane. (2¢,ye) is the centre of the
circular path, (Zo,%o) is the p.c.a. and (xy) is a typical point on t
the unit vector along the tangent to the path at the p.ca., d is the vector from

origin to the p.c.a. and B is the (uniform) axial magnetic field along the +z.

he track. ¢ is
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1. k — track curvature (cm™1), is related to the radius of the projected circular

path in the (x,y)-plane according to:
W = = (5.1)

Given an axial magnetic field along the +z-axis, a +ve & corresponds to a
—ve charge particle. For such a particle, ¢ (azimuthal angle associated with
the track tangent to the path, at the given point of interest), increases as it

moves away from its p.c.a.

2. ¢o — the azimuthal angle (rad.) for the track tangent at the p.c.a. in the

(x,y)-plane.
3. dy — the impact parameter. It is formally defined as:
do=oxd-2 (5.2)

where d is the vector from the origin to the p.c.a., $o is the unit vector in
the direction of the track tangent at the p.c.a. and Zis the unit vector along

the +z-axis.

4. tan X = tan(3 — ) = cot 8 — where A is the “dip angle”, while 8 is the usual

polar angle measured from the +z-axis.

5. 2o — the z—coordinate of the track at the p.c.a.

The (s,z)—plane description of the track in terms of the last two parameters is
given by:

z=2zp+s-tan (5.3)
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The transverse momentum of a particle with these track parameters is then deter-

mined according to:

, a= -;- x 1074 = 1.499 x 10~ (5.4)

where the numerical value of the constant, a, is appropriate to units in which
B is measured in kG, & is measured in cm™!, then pr is determined in GeV/c;
¢ = 3.0 x 10%1° cm/s is the velocity of light in vacuum.

The other components of the momentum at the p.c.a., are then determined

as follows:

Pz, = PT - CO5 ¢y (5.5)
Py, = P - sin o (5.6)

P, =pr-tani
(5.7)
= pr - cot

The total momentum of the charged particle is then evaluated as:

P =P, +P, +P,

= prv1 + tan A2

(5.8)

5.2 Track Fitting in OPAL

The task vof tracking charged particles within OPAL is carried out by 3 central
tracking subdetectors. Associated with each of these, thereis a corresponding soft-
ware processor that interprets the measured hits and, after “pattern recognition”,
reconstructs tracks. The three processors associated with the Central Detector are
CV, CJ and CZ. The merging of subtracks from these various processors is done

by the CT processor.
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A typical, fully reconstructed, track in OPAL can have as many as 183 an-

ode hits (Vertex chamber with 18 anodes, Jet chamber with 159 anodes, and the
Zed chamber with 6 anodes) allowing a very accurate determination of the track
parameters; the measurement errors being a decreasing function of the number of

measured points [41].

However, charged particles travelling through matter experience random de-
viations due to multiple coulomb scattering from the gas and the solid material
within the chambers. So, there are additional uncertainties resulting from multiple
scattering that cannot be reduced below a certain level. These scattering errors
become significant particularly for low momentum tracks. Since such tracks are
produced abundantly, it is important to have a track fitting routine that handles

this properly.

OPAL uses a (backward) recursive method of fitting that takes multiple
scattering into account following a technique devised by Billoir [42]. The technique
performs a fit starting from the outside of the detector moving in, and at each point
all of the previously treated points are considered in the fit. Multiple scattering
is taken into account between consecutive points by the addition of an average

scattering angle contribution to the error matrix.

An alternative but less preferable method of fit is to perform a global instan-
taneous circle fit with no multiple scatiering taken into account. An example of
such a technique as employed in the UA1 experiment was devised by Karimaki [43].
Such a technique would certainly be faster than the Billoir method but would have
inferior angular and impact parameter resolutions. The interested reader is re-
ferred to one such comparison between the Billoir and the Karimaki method that

has been made for the case of the OPAL detector [44].
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5.3 The K° Analysis

5.3.1 The V°—Finding Procedure

A neutral particle decaying into two charged daughter particles, under the appli-
cation of a magnetic field, could leave a “signature” resembling a “V”; hence the
generic designation of V°. The charged decays of the K meson, K{—#t7~, and
of the lambda bazyon, A® — pr~, are two such cxamples. Figure 5.2 shows the
schematics of a typical V? decay topology in the (x,y) plane. In Figure 5.3 an iso-
lated K%—7* 7~ candidate is seen, decaying just outside the OPAL vertex detector.
The photon conversion, 7 — e*e™, is a special case (zero rest mass particle) for
which the two tracks are parallel at the vertex point.

The technique employed in OPAL for finding such V° (secondary) vertices is
a geometric one [45]. It consists of “looping” over all possible pairs of distinct and
oppositely charged tracks to determine their associated intersection points (if any)
in the (x,y) plane: (zv,yv) .

The track pairs are chosen such that the sum of their absolute impact param-
eters with respect to the primary vertex is greater than 0.2 cm, i.e. one requires
|do1| + |doz| > 0.2 cm.? In this way, one achieves a substantial reduction in the
combinatorial background due to the large track multiplicities emanating from the

primary vertex.

Having determined all possible intersection points, the “separation distance”

1Charged tracks are described in terms of circles in the (x,y) plane. So, in order to find the
cross—over points between any two tracks, one looks for intersection between their two respective
circles. For the special case of photon conversion, one determines the point where the tangents
to the two tracks are closest together.

2An alternative approach would be to place cuts on the individual |do:| and |doz| and not
their sum. This leads to a slight change in the shape of the background under the K? peak which
is more skewed. The technique employed in this analysis results in a gentler variation in the
background across the KO mass peak.
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track 1

(0,0)

Figure 5.2: Typical V°—decay topology in the (x,7) plane (not to scale).
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Figure 5.3: An isolated K?—n*7r~candidate as seen in OPAL Central Detector.
The K? candidate is seen decaying just outside the OPAL vertex detector.
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( or the “miss distance” ) in the z—direction, Az, at these intersection points is
calculated and required to be less than 20 cm: |Az| < 20 cm.

Furthermore, only the intersection points within the volume of the central
detector are considered: 1. < Ry = \/m < 150 cm. The neutrality of the
reconstructed secondary vertex is further emphasised by allowing no more than
6 cm radial separation between this determined vertex position and the minimum
radial position (of the two daughter tracks) of the first upstream hit: Ry — Rimin <
6 cm 3.

The candidate—V? s remaining, are then subjected to a “pseudo }*” test
defined in terms of Az and the angle, ¢y, which is between the (x,y) momentum

of the V°, P, and its (x,y) position vector with respect to the primary vertex,

Az\* ([ ¢v \’
Xpseudo = (?) + (0.015) (5.9)

The maximum allowable value for this pseudo—x? is 25: X3,cudo < 25- In the

—

.th

case of a track pair for which two possible intersection points exist, the one with
the smaller value of x2,.,4, is chosen.

By performing a constrained (s,z) vertex fit * for the tracks making up the
V? one obtains an improved dip angle determination (i.e. better p, estimation)
and, consequently, an enhanced signal. Figures 5.4 and 5.5 clearly show the im-
provement in the signal to noise ratio for both the data and the MC samples,
respectively.

Finally, the effective mass associated with the V° is then determined from

the measured (and fitted) momenta at the intersection point. For the case of

3Where Rjniy is the minimum radial position of the first hit on either of the two tracks
4The manner in which this fit is performed is explained in the next section.
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K% — mtr~, this reconstructed mass is obtained by assigning pion mass to

each of the tracks.
The above mentioned cuts would constitute what will collectively be referred

to as the V° (or the KO in the special case of the K° meson) selection cuts.

5.3.2 The Constrained (s,z) Vertex Fit

An ideally reconstructed K¢ — 7% 7~ decay would have Az= 0. However, due to the
finite z—resolution associated with such a reconstruction in OPAL, one generally
finds |Az| > 0. The fit procedure adopted here is to adjust the tan A for both
daughter tracks such that a common z, is obtained. 5 The net effect of such a fit
is a better p, determination for the daughter tracks and consequently for the K2.
Let tan A;, tan A, be the tan of the dip angles of the daughter tracks before the

fit. Then, prior to the vertex fit one has:

P = PTy tan Al
(5.10)

P, = P, tan Az

Subsequent to the fit, with the modified dip angles ), and A,, the new z—component

of momenta are given by:

)
} (5.11)

!
4] — mr tan X-
£ zy r+1 T 771

!

P, = pry tan
It is noted that some care needs to be taken in determining the value of s (measured
path length in (x,y) plane) utilised in evaluating z,. One typically expects: z; <
2z, < z;. However, a wrong choice for the sign of s could result in a 2, far removed

from the vertex region.

5The algorithm implemented is due to P. Billoir and relies on a x2,—minimisation tech-
nique [46]. :
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Figure 5.4: The 7* 7~ invariant mass distribution (determined with the requirement
of |Az| < 20. (cm) at the vertex point) for the data (a) prior to the vertex fit and
(b) subsequent to the vertex fit.
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Figure 5.5: The m+n~invariant mass distribution (determined with the requirement
of |Az| < 20. (cm) at the vertex point) for the MC (normalised to the number of
data events) (a) prior to the vertex fit and (b) subsequent to the vertex fit.
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5.3.3 Data/MC Observed Rate Difference for K{ — w7~

It has been demonstrated that the data and the MC samples possess globally com-
patible features. However, by comparing Figures 5.4(b) and 5.5(b) one observes
a statistically significant difference between the size of the signals for the mass
distribution associated with the reconstructed K? —candidates, i.e. an observed
rate difference between the data and the MC (the MC mass distribution has been
normalised to the number of entries in the data sample). To understand this sys-
tematic, consider the Az—distributions of the K? for the data and the MC over
the entire solid angle range of the detector. Figure 5.6 (a) indicates a substantial
difference between the two Az—distributions. This is because MC does not sim-
ulate the data behaviour completely accurately and CJ has a z systematic that
cannot be simulated. This z—associated difficulty is somewhat remedied by re-
stricting oneself to those K? — ntr~decays which are expected to have reliable
z—measurements, namely, those for which both daughter tracks lie within the bar-
rel region of the Central Detector (|cosfuk| < 0.7) and both have CZ hits. ©
Figure 5.6 (b) presents the Az—distribution for such a restricted sub—sample. It
is evident that the data and the MC distributions are in better agreement than
before. Having selected such a sample, one is then faced with the task of determin-
ing a meaningful and consistent value of the “matching efficiency” between the Jet
and the Zed detectors for the data and the MC. This is then required to account
for the different CJ/CZ matching properties exhibited by the data and the MC.

6CZ possesses a much better z—resolution than CJ and hence the presence of CZ hits ensures
a much better z—determination.
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Figure 5.6: Az distributions for (a) the entire solid angle of the detector and (b)
the barrel region of the detector with CZ hits.
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5.3.4 CJ/CZ Matching Efficiency Determination

It is now evident that in order to be able to carry out any meaningful rate measure-
ments for K?, it is necessary to employ a restricted K? sample. Thus, only those
K? — wtn—with both daughter tracks having CZ hits are necessarily considered.
However, due to the poorer angular and momentum resolutions encountered in the
data, one then experiences a reduction in the probability of matching the asso-
ciated track-segments in CJ and CZ for the data as compared to the MC. This
is subsequently accounted for by making a correction for the CJ/CZ matching
efficiency difference.

The first step in formulating a matching efficiency for the K? is to define a
single track CJ/CZ matching efficiency (STME), which is determined as a function
of the transverse momentum of the track, pr, the cosine of the polar angle of the
track, cos(d), and its associated charge, q.” Furthermore, only those tracks which
satisfy the CMH selection criteria and are contained within the barrel region of
the Central Detector are considered. The single track matching efficiency is then
defined as the proportion of CJ tracks within a given interval of interest that have
at least 3 CZ hits:

N(or, | cos(0), Nz > 9

Nz, [cos(8)],0)

e(pr, | cos(8)],q) = (5.12)

The CJ/CZ matching efficiency for the K?, eﬁ;’ /€% a5 a function of total momen-
tum of KO, Pgo, is then evaluated ( assuming independent single track matching

efficiencies ) as the product of the single track matching efficiencies of the daughter
tracks making up the K?:

7At low momenta, +ve and —ve tracks have significantly different STME.
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exo(Pio) = ex(pr1, | cos(81)], @) X e2(pr2, | cos(f2)l; 2) (5.13)
where ¢ = —¢2.

The single track matching efficiencies for the —ve data and MC tracks are
shown in figures 5.7 and 5.8 respectively. The +ve data and MC tracks exhibit
similar trends.

Having assigned a CJ/CZ matching efficiency as a function of Pke, to the can-
didate KO in this manner then, for any other associated variable z (which could be
event—dependent, such as sphericity), one assigns an appropriate CJ/CZ match-
ing efficiency in a similar manner. The momentum—dependent CJ/CZ matching
efficiencies for the data and the MC and the associated data correction factor are

shown in Figure 5.9 and summarised in Table 5.18.

5.3.5 Extraction of Physics Distributions

A typical detector, by the very nature of its construction and its implemented
hardware cuts, has a finite resolution and a restricted acceptance. Furthermore,
subsequent analysis may impose its own set of more rigid cuts with further limita-
tions on acceptance. The measurements provided by such a detector (a “detector
quantity”) results in a “measured distribution” (at the “detector level”) of a given
“physics quantity” of interest. Such a distribution is “smeared” and does not truly
represent the actual “physics distribution.”

In order to be able to account for this limited detector behaviour, one relies

on MC simulation techniques. Generated MC events are passed through a sim-

alated model of the detector (mimicking the measurement process performed by

8The momentum range Pgo < 0.5 GeV/c has been made inaccessible to the analysis due to
the software cuts on the track momenta.
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Figure 5.7: CJ/CZ single track matching efficiencies for the negative charge tracks
as determined from the data sample, restricted to the barrel region of the Central
Detector: |cos(f.4.k)| < 0.7.
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Figure 5.8: CJ/CZ single track matching efficiencies for the negative charge tracks
as determined from the MC sample, restricted to the barrel region of the Central
Detector: [cos(f.rk)| < 0.7.



100

1
0.8 _:" __0_.0:—0—'—0"‘
| w———O—
’} = ——
° B ———8—8—
a5 06 = o
g -
w 0.4 — o MC
N e DATA
02
0 _I P 11 1 g1 1 P 131 Il 1 1 i
1 10
P, (GeV)
(b)
14
135 £
o3 E
o - e o
§ 125 | e T
@ g, B —e—
- 115 £ .
11
1.05 &
l:lllll i i Lllllll i i 1
1 }9 PK@S (GeV)

Figure 5.9: CJ/CZ matching efficiencies for the data and the MC and the associ-
ated correction factor.(a) Individual momentum—dependent matching efficiencies
for the data and the MC. (b) The resulting matching efficiency correction factor.




Table 5.1: Pxko ——dependent K? matching efficiency correction factor ( o
restricted to the barrel region of the Central Detector.

CJ/CZ )
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(e cicz )
Pgg —range (elc(‘g—%iTA x(’(‘gﬁlzc CJ/CZ) = clfroggw )
—DATA
(GeV/c)
(0.0,0.5) — - —
(0.5,1.0) 0.5854 + 0.0005 | 0.6681 + 0.0006 1.1412 &4 0.0012
(1.0,2.0) 0.6115 4 0.0003 | 0.7384 + 0.0003 1.2076 £ 0.0007
(2.0,3.0) 0.6186 +- 0.0003 | 0.7685 =+ 0.0003 1.2423 + 0.0007
(3.0,4.0) 0.6233 1+ 0.0003 | 0.7847 £ 0.0003 1.2590 £ 0.0007
(4.0,5.0) 0.6257 & 0.0003 | 0.7945 + 0.0003 1.2698 &+ 0.0008
(5.0,7.0) 0.6302 +- 0.0003 | 0.8046 + 0.0003 1.2767 £ 0.0006
(7.0,10.) 0.6369 + 0.0003 | 0.8133 £ 0.0003 1.2769 1 0.0006
(10.,20.) 0.6469 + 0.0003 | 0.8222 + 0.0003 1.2710 3 0.0006
(20.,45.) 0.6514 4+ 0.0008 | 0.8211 £ 0.0007 1.2605 1 0.0015

the detector) accounting, as best as possible, for the detector’s finite geometry and
the possible interactions therein. In this manner, one gets a handle on how the

detector may treat a given event.

Experimentally measured distributions are then formed by binning the mea-
sured (“detector”) quantity. This quantity is related to the physics (“detector

unfolded”) quantity via the matrix equation:

.__D_A
_1.2_

where D is the measured distribution, U is the physics distribution and C(= A™)

u

I
I

(5.14)

[+

is the correction ( inverse acceptance ) matrix relating the two. Fora bin—by—bin

correction, one employs a diagonal matrix relating the measured (detected) and
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the physics (generated) -quantities. In this manner, for bin i, one has:

U:= A7'-D; (5.15)
with
Ay Paerl(2:))
A((=:)) = —FRY (5.16)
A= -:;‘ﬂ (5.17)

gen

where n},, and n},, represent the number of entries in the bin 7 for the MC’s

detected and generated distributions respectively. For example in the case of

KP—n+r~, the momentum—dependent acceptance is defined as:

Nget(K2 — wto™)

A( (ng )) = ngen(KO)

(5.18)

In the case of the date however, its different CJ/CZ matching efficiency has to be
taken into account explicitly. Hence, the corrected (measured) distribution for the

data is a modified form of equation 5.15 and is given by:

[(PAT4) _ ( pgglcz . A—l(MC)). . p\PATA) (5.19)

i %

The K? selection cuts have been optimised so as to produce an improved
signal to noise ratio without unduly biasing either the data or the MC samples.
In order to be able to realistically apply the acceptance function fo the data it
is necessary to ensure that these optimised cuts do not preferentially reject more
data events than MC events or vice versa. In practice though, no MC models
the detector perfectly and hence differences arise in the way these “analysis cuts”
treat the data and the MC. This ultimately leads to systematic effects that need

to be estimated. The discussion and estimation of such systematic uncertainties
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is delayed until later. The K? optimised selection cuts utilised in this analysis are

summarised below:

o |doi| + |doz| > 0.6 cm

e maximum allowable separation between the vertex and the 1st hit upstream

of the K? decay vertex was set to 3 cm

RMISS = ldOV' = ldngl <02cm

x;zaseudo = (%)2 + (3&'%_5‘{_ z<10.

|Az| < 20. cm

cos(Ry - pr) > 0.99975

NE; > 40

1. < Ry < 150. cm

xZ, < 100.

The distribution of these selection cuts for the data are shown in Figures 5.11 and
5.19. For each presented distribution; all of the other optimised cuts have been
applied. The optimised cuts are seen to discard a relatively small fraction of the
total number of reconstructed V° events except the |do| + |doz| cut that rejects
a substantial fraction of the candidate V°, and is a particularly powerful cut for
background reduction. Figure 5.10 compares the reconstructed K°® mass plots
resulting from the application of the loose cuts (as disscussed in section 5.3.1) and

the optimised cuts, showing the improved signal-to-noise ratio associated with the

optimised cuts. In Figure 5.10(b) the shaded regions represent the signal and the
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background windows as used in the background subtraction technique (see section
5.3.6.).

Before an acceptance calculation can be performed, one needs to estimate
the number of reconstructed entries under the mass peaks, ndet- It has been found
that a double Gaussian is a more suitable functional form than a single Gaussian
for such counting purposes. Figure 5.13 shows the results of a single Gaussian
and a double Gaussian fit to the “tagged” MC reconstructed K — w+7~ mass
distribution °. From Figure 5.13(b) it is seen that a single Gaussian is insufficient
to account for the poorly reconstructed K? that form the tails; a double Gaussian

function however, provides a better description of this distribution.

5.3.6 The Double Gaussian Functional Form

The most general double Gaussian function has the form:

m—py 2 m—piy 2
f = (N ! 8—0.5( "1” ) + Nz——l_e—o.s( “2“ ) ) (5.20)

! V2moy Va2no,

For the purposes of number estimation from the differential mass peaks, certain
constraints have to be imposed necessarily on the above general functional form.
T the above function is to provide one with a total number of reconstructed K —
n+7~, then one must have Ny + N2 = Niot- In addition, the two Gaussians are
required to have the same mean, g, = fi2 = 10,

With these two constraints, the modified double Gaussian function takes the

form:

Y - (5.21)

N1 1 -0_5(2‘;2 N1 1 _0.5(.’222)2)
= N'o ———— € o1 —€ o2
f tot (Ntot \/211’0’1 Ntot)VZ'll'U'z

9Using tagged reconstructed K — s+x— candidates eliminates any possible systematics
associated with background effects.

10This is required in order to clearly distinguish the second broader Gaussian (poorly recon-
structed KO from the background over which it is fitted.
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Figure 5.10: Comparison of the reconstructed mass for K° candidates for (a) the
loose cuts (see section 5.3.1) and (b) the optimised cuts. The shaded regions in
(b) represent the signal and the background windows as used in the background
subtraction technique (see section 5.3.6).
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Figure 5.11: Optimised cut distributions for the data (a) |doi| + |doz|, (b) Xscudor
(c)dov, and (d)cos( Ry - pr). For each distribution, all of the other cuts have been
applied. The shaded areas represent the region of rejection for the cut.
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Figure 5.13: The reconstructed mass distribution for “tagged” MC candidates
(K® — ntn™), fitted to (a) a double Gaussian function and (b) a single Gaussian

function.
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Table 5.2: Comparison of the single Gaussian, the double Gaussian and the back-
ground subtraction techniques for the estimation of the differential signals. The
entries under the “TREE” ( from JETSET MC ), represent the actual true number

of #K? — ntx~ that pass the optimised cuts.

Pgo —range || #K? — w¥n~ | #KJ - w¥n™ #KO — x| #K? - vt
(GeV/c) ( TREE ) (Single) (Double) ( Bkg. Sub. )
(Gaussian) (Gaussian)
(0.5,1.) 1504 1565 + 39 1531 + 44 1520 + 41
(1.,2.) 4559 4306 + 65 4654 + 76 4444 + 75
(2.,3.) 3706 3454 + 66 3640 + 74 3875 =+ 72
(3.,4.) 2816 2494 + 51 2696 + 66 2875 + 63
(4.,5.) 1961 1717 + 4 1848 + 56 1985 + 53
(5.,7.) 2719 2354 + 51 2711 + 64 2773 + 62
(7.,10.) 2124 1832 =+ 47 2102 =+ 56 2127 + 53
(10.,20.) 1930 1481 =+ 40 1725 + 51 1776 + 48
(20.,45.) 228 195 + 16 218 + 17 206 =+ 17
| [ 21608 | 19337 + 146 | 21125 + 176 | 21581 + 169 |

of K — w+r~ as determined from the tree in Table 5.2. The two are in good
agreement at 2% level.
From Table 5.2 it is evident that a single Gaussian significantly underes-

timates (by as much as 10%) the total number of entries under the mass peak.

5.3.7 The Acceptance Function for K

In determining an acceptance function for K{ one is interested in those K? that
arise as a direct result of the fragmentation process and carry information about
the physics of annihilation process ete™ — 70 — qq.

However, K? are also produced as a by—product of secondary interactions of

already hadronised particles within the detector. Figure 5.14 show this production
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Figure 5.14: The radial distribution for the generation of K? resulting from
hadronic interaction within the volume of the detector.

as a function of radius from the centre of the detector. As is seen, a large fraction
of such K are produced just outside the Central Detector. For any fragmentation
study it is imperative to minimise the effect of this source of contamination. In
Table 5.3 one sees clearly that the contribution from this secondary source is
effectively removed by the optimised K? selection cuts.

The resultant momentum—dependent acceptance functions for the JETSET
and the HERWIG MC samples based on the optimised cuts is shown in Figure 5.15
and is tabulated in Table 5.4, where the number estimation is in terms of a double
Gaussian and a quadratic background fit. To improve statistical accuracy, the
weighted mean of the HERWIG and JETSET acceptances (statistically compati-

ble) has been used. The resulting K° data sample with its associated double Gaus-
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Table 5.3: Fragmentation versus secondary hadronisation (detector produced) con-

tributions to the actual number of K¢ — n*#n~ passing the optimised cuts, using
the JETSET MC sample.

Pyo—range Fragmentation Secondary Hadronisation
(GeV/e) [ FRT] #R = wir | KT FK > oin
(0.,0.5) — — — —
(0.5,1.) 20647 1565 741 1

(1.,2.) 29705 4559 586 2
(2.,3.) 19015 3706 289 0
(3.,4) | 13714 2816 137 1
(4.,5.) | 10155 1961 117 1
(5.,7) |l 14129 2719 121 1
(7.,10.) || 11664 2124 88 1
(10.,20.) || 12130 1930 47 1
(20.,45.) | 2184 228 6 0

sian fit and the quadratic background is shown in Figure 5.16. It contains an esti-
mated number of 136304158 reconstructed K¢ — w7~ events. The reconstructed
mass associated with the peak is: mgo = 497.4 + 0.1 MeV, which agrees very well
with the quoted value by the Particle Data Group [48] of 497.67 3- 0.03 MeV.

5.3.8 Fragmentation Independent Distributions

Having selected the K? data sample, it is then desirable to check its “quality” by
studying some fragmentation—independent distributions. The two distributions
looked at here are the c¢r (where 7 is the proper mean life of K?), and the helicity

angle of the negative daughter track.

The corrected cr distribution is presented in Table 5.5. The mean value of
er for K? from a fit to this distribution is ¢ = 2.78 = 0.10 cm which is in good
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Figure 5.16: The reconstructed mass distribution for K¢ — wt#n~ resulting from
the application of the optimised cuts.
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Table 5.4: The weighted mean momentum—dependent acceptance function, based
on the HERWIG and the JETSET MC samples. Subscript “HW?” refers to HER-
WIG while subscript “JT” refers to JETSET.

Pgo — range Apgw At (4)
(GeV/c)
(0.,0.5) - - -~
(0.5,1.) 0.060= 0.002 | 0.060 +0.002 | 0.060 £ 0.002
(1.,2.) 0.131 &+ 0.003 | 0.129 & 0.002 | 0.130 + 0.002
(2.,3.) 0.152 &+ 0.004 | 0.160 & 0.003 | 0.157 & 0.003
(3.,4.) 0.176 -+ 0.005 | 0.164 & 0.004 | 0.168 £ 0.003
(4.,5.) % 0.154 + 0.006 | 0.150 £ 0.005 | 0.152 X 0.006
(5.,7.) 0.145 + 0.005 | 0.158 + 0.004 | 0.153 & 0.003
(7.,10.) 0.144 + 0.005 | 0.145 + 0.004 | 0.144 & 0.003
(10.,20.) 0.110 &+ 0.004 | 0.109 = 0.003 | 0.110 X 0.002
(20.,45.) 0.062 + 0.008 | 0.070 3 0.005 | 0.068 X 0.004

agreement with the world average as quoted by the particle data group [48] of
2.68 cm.

The decay angle for the -ve (or +ve) pion in the rest frame of the K° is
referred to as the helicity angle of the -ve (or +ve) track. Since the K° has spin
zero, this decay distribution is expected to be isotropic. The corrected distribution
for the helicity angle of the -ve track does indeed exhibit this expected behaviour

as is seen in Figure 5.17(b).

5.3.9 Systematic Effects

Systematic uncertainties could arise due to the manner in which a certain tech-
nique handles a specific measurement. It is very important to be able to iden-
tify and account for the major sources of systematics in any measurement as no

amount of accumulated statistics eliminate these. The approach for estimating
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Table 5.5: Proper mean life distribution for K. The quoted error is statistical.

There is a 7% systematic error.

er || #KO o wtam | pgg’%? Afer) T ICs
(cm) “Raw” (em™1)
(0.,1.) 2158460 1.256-4-0.001 | 0.069-+0.001 | 0.56060.0156
(1.,2.) 403777 1.2514-0.001 | 0.1811+0.003 | 0.39661-0.0076
(2.3.) 2944162 1.246+0.001 | 0.184+0.003 | 0.28241-0.0056
(3.,4.) 2041147 1.23740.002 | 0.1583-0.003 | 0.22651-0.0052
(4.,6.) 1429-+44 1.23040.002 | 0.116+-0.003 | 0.1073+0.0033
(6.,8.) 351423 1.2084-0.003 | 0.0621-0.003 | 0.04891+0.0033
(8.,15.) 112415 1.1924-0.003 | 0.020+0.002 | 0.01351-0.0017

these systematic errors is to vary specific cuts or parameters and then evaluate
the corresponding change in the desired measured quantity. This change is then a

measure of the systematics associated with the varied parameter.

In this section, the identified major sources of systematics for the K° inclu-
sive production rate are discussed and evaluated from the corresponding inclusive

momentum spectra. The measured rates are normalised to the corrected number

of multihadronic data events which is Npq = 140935 (see Table 4.1).

The momentum region Pxo < 0.5 GeV/c is inaccessible to the analysis due
to the software selection cut on the transverse momentum of the tracks and is
referred to as the “invisible momentum region”. As a result, one needs to rely on
the MC to account for this unobserved region. Below about 2 GeV/c, data exhibits
a decreasing trend compared with the MC expectation (see Table 6.1). Because of
this and the fact that a large fraction of K° production is in the low momentum

range, one expects a large systematic uncertainty associated with the way the
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Table 5.6: The distribution for the cosine of the decay angle in the rest frame of
K? (the helicity angle, 6*) for the negative track, in the decay K3 — n*x~. The
quoted error is statistical. There is a 7% systematic error.

cos 0} #K% — ntm- pﬁé’lcz A(cos ;) 7,;;?(%:?{)

((-1.00,-0.70)\ 19084-63 1.245:!:0.001\ 0.17740.005 | 0.6331-0.027
(-0.70,-0.60) 63928 1.263--0.004 | 0.174:-0.006 | 0.658-0.037
(-0.60,-0.50) || = 65627 1.269-£0.004 | 0.17140.006 | 0.690+0.037
(-0.50,-0.40) 64227 1.265+0.004 | 0.188+-0.006 | 0.61510.033
(-0.40,-0.30) 682127 1.2744-0.004 | 0.196--0.007 | 0.630+0.033
(-0.30,-0.20) 689+28 1.265::0.003 | 0.1894-0.007 | 0.65410.035
(-0.20,-0.10) 68228 1.2714-0.004 | 0.1974+0.007 | 0.623+0.033
(-0.10,0.00) 683127 1.27540.004 | 0.207+0.007 | 0.5981-0.030
(0.00,0.10) 693127 1.2754-0.004 | 0.200-2-0.007 | 0.626-:0.032
(0.10,0.20) 663127 1.271+0.004 | 0.195--0.007 | 0.614-0.032
(0.20,0.30) 714428 1.2634-0.004 | 0.197-+-0.006 | 0.649+0.033
(0.30,0.40) 611+26 1.2634-0.004 | 0.201-0.007 | 0.5451-0.029
(0.40,0.50) 677128 1.25740.004 | 0.166+0.006 | 0.7261+-0.040
(0.50,0.60) 67027 1.260-4-0.005 | 0.1784-0.006 | 0.697+0.038
(0.60,0.70) 596427 1.25340.005 | 0.1714-0.006 | 0.619£0.036
(0.70,1.00) 1718463 1.2044-0.002 | 0.158-:0.004 | 0.621+0.029

invisible momentum region is handled. The JETSET MC estimates that ™% of
the total K® production lies in the (0.,0.5) GeV/c momentum range. The final K°
multiplicity is determined by including the 7% unobserved production rate, which
then gives a measured multiplicity of 1.95:0.03(stat.) for K°. The systematic
uncertainty is then estimated by varying the position of the momentum cut—off up
to 1.0 GeV/c. The resulting systematic uncertainty is estimated to be 4.6% from
the KO rate of 2.04+0.02 using p > 1.0 GeV/c.

Previously it was discussed (see section 5.3.4.) how the different CJ/CZ
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matching properties for the data and the MC were accounted for in terms of a
matching efficiency correction factor (pxg). The matching efficiency employed in
this analysis is based on all K° candidates, with no associated mgo mass cuts.
Alternatively, oﬁe could determine the matching efficiency based on thase K° can-
didates that survive the optimised cuts and fall in the mass range (0.45,0.55) GeV.
This is shown in Table 5.7. The associated systematic has been determined to be

2.1% from the corresponding rate of 1.9910.03.

Another marked difference between the data and the MC behaviour is seen
in the number of CJ hit distributions associated with +ve and —ve tracks for track
momenta below about 1 GeV/c. Figure 5.18 shows this effect. The —ve tracks
behave similarly while +ve tracks have quite different distributions. The systematic
associated with this parameter was estimated by increasing the minimum number
of CJ hit requirements up to 50 hits on both daughter tracks making up the KJ.
The K° rate was then determined to be (see Table 5.8) 1.91+0.03, i.e. a systematic
of 2.1%. '

The multihadronic selection criteria used a track transverse momentum of
pr> 0.15 GeV/c. The systematic effect of this cut was studied by increasing the
threshold level to 0.25 GeV/c. The resulting rate was determined to be 1.96--0.03

(see Table 5.9), i.e. a 0.5% systematic effect.

The motivation for requiring CJ/CZ matching (and hence the introduction
of a matching efficiency correction factor) was to obtain improved z measurement.
From Figures 5.7 and 5.8, it is clear that single track matching efficiency behaviour
for the data and the MC are markedly different in the ragne 0.6 < | cos(f.err)| < 0.7.
This is understood in terms of an “edge effect” associated with CJ/CZ matching.

The systematic uncertainty has been studied by tightening the cosine of the polar
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angle to be well within the barrel region of the Central Detector: |cos(furi)] <
0.6. The resulting rate is 1.964:0.03 with an associated systematic of 0.5% (See
Table 5.10).

For a neutral particle like K°, produced in the fragmentation process, one
expects the impact parameter with respect to the beam spot, RMISS = dyv, to
be small as its trajectory is not influenced by the axial magnetic field in the Central
Detector. The systematic associated with this cut was studied by requiring the
impact parameter for K° to be less that 0.5 cm. The corresponding measured rate

for K° was 1.97+0.03, i.e. a systematic effect of 1.0% (See Table 5.11).

The sum impact parameter, |do;| + |doz|, was found to be by far the most
efficient cut for reducing background. An estimate for the systematic uncertainty
associated with this cut was obtained by reducing this cut to 0.4 cm, i.e. |dn| +
|doz] > 0.4. The resulting K° rate was 1.914-0.03 which corresponds to a systematic
of 2.1% (See Table 5.12).

The systematic effect for x2,,,4, Was determined by increasing this cut to 15.
The corresponding rate was estimated to be 1.984:0.03 which represents a 1.5%
systematic (See Table 5.13).

The differential mass peaks for the reconstructed K¢ — ntn~ candidates
were fitted with a double Gaussian plus a quadratic background over the mass range
(0.4,0.6) GeV. The associated systematic was estimated by increasing the range of
the fit to (0.4,0.7) GeV, resulting in a rate of 1.88+0.03 which is a systematic of
3.5% (See Table 5.14).

Lastly, the systematic associated with the choice of the generator was investi-
gated by estimating rates based on JETSET and HERWIG MC samples separately.
By using the HERWIG MC sample the K° rate was estimated to be 1.97+0.03 (see
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Table 5.15), while the use of J ETSET MC sample resulted in a rate of 1.95% 0.03.
This corresponds to a systematic effect of 1.0%.

Table 5.16 summarises the studied systematic ancertainties for the measured
production rate of K°.

Finally, the matter of the initial state radiation (ISR) is addressed. Af the
70—peak, the relatively large width of the Z°—peak means that initial state radi-
ation does not affect the hadron production cross—section that appreciably. This
was verified by running the JETSET MC with and without the initial state ra-
diation; the result shows no statistical difference between the two cases. This
is seen in Table 5.17. The guoted momentum distributions are for 10 JETSET

multihadronic events.
5.4 Summary

From a sample of 131253 multihadronic events, employing the optimised K finding
cuts, a total of 13630 K% — w*#x~ have been reconstructed. The acceptance for
these cuts has been determined, where the chosen functional form used in estimat-
ing the acceptance function was a double Gaussian plus a quadratic ba.ckground.
The different CJ/CZ matching behaviour for the data and the MC has been ac-
counted for in terms of a matching efficiency correction factor. The systematic
effects associated with K° rate extraction have been discussed and estimated. The
reliability of this K¢ sample has been verified by studying two fragmentation—
independent distributions: c7 and helicity angle.

In conclusion, the K? sample is unbiased and can now be used to study the
single K° production characteristics in multihadronic events. These will be dealt

with in the next chapter.
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Table 5.7: Systematics associated with CJ/CZ matching efficiency.
Pyo — range #KO — wta” p%.’ /cz A # (K% K°)
(GeV/c) “Raw” ’
(0.,0.5) — - - -
(0.5,1.) 76729 1.136-£0.002 | 0.060-:0.002 290361468
(1.,2.) 2722 +65 1.210+0.002 | 0.129::0.002 51064-£1456
(2.,3.) 2606168 1.248-+0.002 | 0.160-:0.003 40667-:1308
(3.,4.) 1802161 1.29540.004 | 0.164:+0.004 28452::1190
(4.,5.) 13521449 1.320-:0.007 | 0.15010.005 2379911178
(5.,7.) 1562156 1.313-+0.005 | 0.158+0.004 25953+1143
(7.,10.) 1321447 1.313+0.003 | 0.145::0.004 23915+1078
(10.,20.) 1274144 1.308-£0.003 | 0.1090.003 3056411351
(20.,45.) 164116 1.271+0.007 | 0.07020.005 7571917
[ Total || ] [ [ 2610213732 |

Table 5.8: Systematics associated with the number of C

J hits, Ng_] > 50.

il

Pgo — Tange #KO — wtn pf(gj/ cz A # (K°,X°)

(GeV/c) “Raw”

(0.,0.5) - _ _ -
(0.5,1.) 780129 1.139-40.002 | 0.0593-0.002 3012741516
(1.,2.) 2731 +63 1.2054-0.001 0.125::0.002 526711479
2.,3.) 2361169 1.2404:0.001 0.158+0.003 3705611292
(3.,4.) 1799161 1.9584-0.001 | 0.1651-0.004 27434-+1144
(4.,5.) 1309149 1.269+0.001 | 0.157+0.004 211571958
(5.,7.) 1518456 1.276-:0.001 0.15740.004 246771106
(7.,10.) 1335147 1.276--0.001 | 0.13910.004 2451611129

(10.,20.) 1157143 1.269-40.001 0.108+-0.003 271961262

(20.,45.) 158117 1.257+0.002 0.0681:0.005 58411761

“f 1Gaha! " ! ! ||“Z%%‘i%%ﬁk:“
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Table 5.9: Systematics associated with the track transverse momentum.

lpr| > 0.25 GeV/c.

Pyo — range ‘ #K® - wtw~ pﬁ;’/ cz A # (KO,—KB)

(GeV/c) “Raw” )

(0.,0.5) — — - -
(0.5,1.) 592426 1.1394-0.002 | 0.0451-0.001 299791476
(1.,2.) 2419 +57 1.199-+4-0.001 | 0.1051-0.002 552591+1674
2.,3.) 2139161 1.2294-0.001 | 0.1291-0.004 407531717
(3., 4.) 1994459 1.244+0.001 | 0.172+£0.004 2884341086
(4., 5.) 1413149 1.952+0.001 | 0.149:£0.004 2374411041
(5.,7.) 1561456 1.25840.001 | 0.15810.004 2486511092
(7., 10.) 1321+48 1.258+-0.001 | 0.14510.004 2292241046

(10.,20.) 1093144 1.252+0.001 | 0.110+0.004 25002+1216

(20., 45.) 164-+16 1.238+-0.001 | 0.069-:0.005 5883+715

[ Total | { | [ 2572503804 |

Table 5.10: Systematics associated with the cos(polar angle of the track).
| cos B.irk| < 0.8.

Pxo — range || #K - wrw” 5 fez A # (K°,KO)
(GeV/c) “Raw” '
Yo I ) IR I
(0.5,1.) 500+95 | 1.132:£0.001 | 0.046+0.002 | 294681776
(1.,2) 9960 +32 | 1.192::0.001 | 0.103:0.002 || 522871257
(2.,3.) 9189462 | 1.221:0.001 | 0.129:40.003 || 413021517
(3.,4.) 1444456 | 1.239+0.001 | 0.13210.004 || 27101+1334
(4.,5.) 1124445 | 1.247+0.001 | 0.129::0.004 || 217251100
(5.,7.) 1300451 | 1.253:0.001 | 0.131+0.003 || 24877::1130
(7.,10.) 1140444 | 1.253+0.001 | 0.120+0.004 || 238111095
(10.,20.) 1058440 | 1.248-:0.001 | 0.089-:0.003 || 296671503
(20.,45.) 1204+15 | 1.234+0.002 | 0.053::0.005 || 6008--900

[ Total | [ 256246::3946 |
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Table 5.11: Systematics associated with the impact parameter for KO.
RMISS < 0.5 cm.

Pyo — range #KO® — wtw~ pﬁ;,’/ cz A # (K°,X%)
(GeV/c) “Raw” '
—
(0.,0.5) — - - —
(0.5,1.) 759129 1.139+40.002 0.060:-0.002 28827+1462
(1.,2.) 2785 167 1.205+0.001 0.1294-0.002 5204741490
(2., 3.) 2625158 1.2404-0.001 0.160--0.003 406841179
3., 4.) 1795165 1.258+0.001 0.1661-0.004 2720811184
(4.,5.) 1223453 1.269-+0.001 0.152+0.005 2041811111
(5.,7.) 164860 1.2764:0.001 0.159+0.004 2645311171
(7., 10.) 13431452 1.27640.001 | 0.145:0 004 || 2364211124
(10.,20 J) 1386148 1.269+0.001 0.1081-0.004 325791446
(20., 45.) 178+17 1.25740.001 0.073-+0.006 6130772
[ Total | | \ [ 257988::3702 |

Table 5.12: Systematics associated with the sum impact parameters.
‘doll + ‘doz‘ > 0.4 cIi.

Pyo — range | #KJ =71 o A # (K°,X9)
(GeV/c) “Raw”
(0.,0.5) - - - -
(0.5,1.) 789429 | 1.139:0.002 | 0.061:0.002 994751452
(1.,2.) 9891 £72 | 1.205:£0.001 | 0.135:-0.002 5162741497
(2.,3.) 9605474 | 1.240+0.001 | 0.174:-0.003 384081376
(3.,4.) 1869468 | 1.2580.001 | 0.184::0.004 95559::-1083
(4.,5.) 1404456 | 1.269:+0.001 | 0.1674-0.005 91334--1064
(5.,7.) 1816464 | 1.276:£0.001 | 0.174:-0.004 266371121
(7.,10.) 1385-£54 | 1.276:£0.001 | 0.158-:0.003 22376970
(10.,20.) 1424451 | 1.269:0.001 | 0.128--0.004 9282421342
(20.,45.) 99018 | 1.257-0.001 | 0.085::0.006 6507703

[ Total | | [ 25016523611 |




Table 5.13: Systematics associated with the pseudo—chisquare, Xjyeudo < 15-

Pyo — range #K? — wtx™ pg‘; cz A # (K°,K°)
(GeV/c) “Raw”
(0.,0.5) - - - -
(0.5,1.) 770131 1.13940.002 | 0.060--0.002 || 29245:-1529
(1.,2.) 2812 +66 | 1.205::0.001 | 0.130+0.002 || 521471464
(2.,3.) 268470 | 1.240-£0.001 | 0.158-:0.003 || 42125+1393
(3.,4.) 185462 | 1.258+0.001 | 0.164:+0.004 || 2844511178
(4.,5.) 1374450 | 1.269+0.001 | 0.154:0.004 || 22641+1012
(5.,7.) 1629457 | 1.276+0.001 | 0.159::0.004 || 261481127
(7.,10.) 1349448 | 1.276+0.001 | 0.147+0.004 | 234251049
(10.,20.) 1288445 | 1.269:4:0.001 | 0.109:-0.003 || 299971334
(20.,45.) 164416 1.257+0.002 | 0.070£0.005 || 5890712

[ Total | | | 2600633498 |

Table 5.14: Systematics associated with the fit procedure.

Pgy — range #KO — wtx~ pﬁg/ ¢z A # (K°,X°)
(GeV/c) “Raw” )
(0.,0.5) - - - -
(6.5,1.) 767420 | 1.13040.002 | 0.060+0.002 || 291311469
(1.,2.) 2611+62 | 1.20540.001 | 0.125::0.002 || 50357+1442
(2.,3.) 9587467 | 1.240:4-0.001 | 0.171::0.003 || 37516:£1174
(3.,4.) 1784459 | 1.258+0.001 | 0.174+0.004 || 257981039
(4.,5.) 1384448 | 1.269:0.001 | 0.162+0.004 || 21679923
(5.,7.) | 1734%54 | 127630001 0.163::0.004 || 271501077
(7.,10.) 1360446 | 1.276:£0.001 | 0.149:-0.004 || 23299:1006
(10.,20.) 1172443 | 1.269:£0.001 | 0.116£0.003 || 256491151
(20.,45.) 165+16 | 1.2570.002 | 0.068:0.005 }‘ 6100800

[ Total | | [ 24667943418 |




Table 5.15: Systematics associ

ated with the generator choice, HERWIG.
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Pyo — range #KO — 7t~ pg;,’/ cz A # (K°,K°)
(GeV/c) “Raw” :
(0.,0.5) - - - -
(0.5,1.) 767+29 1.145--0.002 | 0.060+0.002 29359+1550
(1.,2.) 2722165 1.211-4-0.001 | 0.131::0.003 503561667
(2.,3.) 2606168 1.2454-0.001 | 0.1523-0.004 4275411647
(3.,4.) 1802161 1.260-:0.001 | 0.176::0.005 257601176
(4.,5.) 1352149 1.27240.001 | 0.154:-0.006 l 2228241206
(5.,7.) 156256 1.277+0.001 | 0.145:-0.005 27446+1351
(7.,10.) 1321447 1.278-£0.001 | 0.144+0.005 234601167
(10.,20.) 1274144 1.274+0.001 | 0.110:-0.004 294261493
(20.,45.) 164116 1.266-:0.002 | 0.0620.008 6719::1082
[ Total | R [ 257562::4162 |

production rate.

Parameter

% systematic uncertainty

—

invisible Ap—region 4.6%

ng 2.1%

Ng; 2.1%

|pr 0.5%

| cos(fcers)| 0.5%

dov 1.0%

doa| + |doal 2.1%

x;zzseudo 1.5%

Fit range 3.5%
Generator choice (HERWIG) 1.0% .

total (quadrature) “ 7.2%

Table 5.16: Summary of systematic uncertainties associated with K° measured
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Table 5.17: Effect of initial state radiation (ISR) on K° production momentum
distribution. Result based on 10° generated JETSET multihadronic MC events.

PKo— Tange ISR ON ISR OFF Ratio (ON/OFF)

(GeV/c) #(K°,KO) #(K°,K%)
(0.,1.) 460760 + 679 459860 + 678 1.002 £ 0.002
(1.,2.) 443120 -+ 666 441500 1 664 1.004 + 0.002
(2.,3.) 282140 + 531 279940 + 529 1.008 + 0.003
(3.,4.) 199980 + 447 200860 1 448 0.996 4 0.003
(4.,5.) 151160 + 389 151000 + 389 1.001 £+ 0.004
(5.,7.) 209680 + 458 210960 -+ 459 0.994 4 0.003
(7.,10.) 181200 + 426 181120 4 426 1.000 4 0.003
(10.,20.) 191600 + 438 191780 + 438 0.999 + 0.003
(20.,45.) 37500 + 194 37940 + 195 0.988 + 0.007
2157140 + 1469 | 2154960 + 1468 1.001 4 0.001




Chapter 6

Results

The degree of success of a hadronisation model in describing particle production
in e+e—annihilation is dependent not only on its ability to provide a reliable pre-
diction for various inclusive particle production rates, but also on its capacity to
generate detailed kinematic distributions that mimic the data. Hence one needs
to investigate both production rates and differential distributions.

This chapter concentrates on one such study with K° as the primary particle
of interest. Using the already obtained K? data sample and the tuned MC sam-
ples, the inclusive production rate for K° is then determined from the momentum
distribution. This is followed by a study of scaling and coherence effects for in-
clusive particle production. A number of distributions of interest are also studied,
namely: longitudinal rapidity, transverse momenta in and out of the event plane

and sphericity dependence of strangeness production.

6.1 Determination of the K° Inclusive Production Rate
and Estimation of the Strangeness Suppression Fac-
tor

The inclusive production rate or the mean multiplicity per event for K°, (o K5)» is
defined as the average number of K° and its anti—particle, KO, that are produced
per multihadronic event. Table 6.1 summarises the measured K?° production rate

as a function of its momentum. It is noted that the measured differential rate
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Table 6.1: Data “Fragmentation Function”. Optimized cuts + {cos(feirk)] < 0.7 +
two CZ “tracks”. The rate is normalised to the corrected number of multihadronic
data events which are Nyqgq = 140935 (see Table 4.1). The A and Pt /CZ are those
as given in Tables 5.4 and 5.1. '

Pgy —range | # K3 - 7¥7™ | 3 (K%, K%)para || # (K% K%)mc DazA

(GeV/c) “Raw” Corrected (JETSET)

(0.,0.5) — - - -
(0.5, 1.) 767 +29 29177+1471 43724479 0.67+0.03
(1.,2.) 2722 165 5057111437 62239-+94 0.8140.02
(2.,3.) 2606 68 4124111334 39463175 1.0540.03
(3.,4.) 1802 161 2700911034 2831563 0.951-0.04
(4.,5.) 1352 +49 22589+1012 21287455 1.060.05
(5.,7.) 1562 456 260681065 29739465 0.88+0.04
(7.,10.) 1321 +47 232661958 25533160 0.96-+0.04

(10.,20.) 1274 +44 29441+1149 27035162 1.09+0.04

(20., 45.) 164116 60801693 5602128 1.09+0.12

C T 135702153 | 255442£3457 | 262037200 [0.90:£0.01 |

below about 2 GeV/c exhibits a decreasing trend compared with the JETSET
expectation. The “invisible” region for the reconstructed K° in the data is placed
at 0.5 GeV/c. Including the 7% contribution from this inaccessible region of the

momentum spectrum results in the final measured rate that is:
("'(KO,R—O)) = 1.95 + 0.03(stat.) £ 0.14(sys.) (6.1)

This value is somewhat lower than the JETSET and HERWIG predicted rates of
9.15 and 2.06 at 91.314 GeV respectively. Table 6.2 lists the K° measured mean
multiplicities at different centre—of—mass energies from previous experiments. The
present measured rate is to be compared with the DELPHI [49] LEP result of 2.12+
0.050.04 and the MARK II [50] at SLC value of 1.54::0.21+0.18. In Figure 6.1(a)
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the measured K° production rates as a function of centre—of—mass energy are
compared with the expectations of JETSET and HERWIG. The measured values
agree generally quite well with the MC expectations, with the possible exception
of MARK II at 91 GeV which is approximately 20 below the the MC predicted
values.

Based only on this K° rate measurement, one can now proceed to determine
the strangeness suppression factor, 7, (7, is defined as the ratio of the production
of strange quark to up or down quark). Figure 6.1(b) shows the linear behaviour
of 4, with respect to the JETSET predicted K° production rate. The graphically

determined value for the suppression factor based on the present rate is then:
s = 0.25 % 0.03 (6.2)

The error reflects both the statistical and systematic errors of the K° pro-
duction rate. Table 6.3 gives a summary of the strangeness suppression factor
(from K° production rate measurements) in ete~annihilation experiments at vari-
ous centre—of—mass energies. Strange particle production has also been studied
in lepton—nucleon scattering where the vp and p data from BEBC [59] indicates
4s =~ 0.2, while the EMC collaboration [60] result based on pp scattering finds
e = 0.30 £ 0.01(stat) & 0.07(sys). Malhotra and Orava [61] have complied data
for hadron-hadron interactions from which they have deduced a weighted mean
for the strangeness suppression factor of v, = 0.30 +0.02. The available data from
these various sources then indicates a value of v, in the range 0.2 — 0.3 with no
evidence for dependence on the centre—of—mass energy or reaction type.

This observed strangeness-suppression could be interpreted quite naturally in
terms of the “flux—tube model” for particle production {27}, where the confinement

force field is treated as a one—dimensional string. The quark production process,



Table 6.2: K°—multiplicity as a function of the centre-of-mass energy.

Experiment || /s (GeV) | Reference K° Mean Multiplicity
PLUTO | 9.3—9.44 [51] 0.73£0.16
PLUTO 9.45—9.466 [51] 0.974+0.22
PLUTO 12 [51] 1.5:0.4
PLUTO | 276316 | [51] 1.46--0.30

CLEO 9.46 [52] 1.054:0.13
JADE 12 53] 1.14£0.38
JADE 14 [53] 1.05:£0.21
JADE 22 [53] 1.2740.29
JADE 30 [53] 1.494-0.224-0.16
JADE 34.5 53] 1.45:£0.23
TASSO 14.8 [54] 1.17-£0.09-:0.07
TASSO 22 [54] 1.284+0.1140.08
TASSO 34.5 [54] 1.49+0.04:-0.05
TASSO 35 [54] 1.47-+0.03£0.05
TASSO 426 [54] 1.52:£0.05:£0.05
HRS 29 [55] 1.58+40.031-0.08
MARKII 29 [56] 1.2740.034-0.15
MARKTI 29 [50] 1.26-1+0.0440.14
MARK II 91 [50] 1.5440.21£0.18
TPC 29 [57] 1.22:0.03£0.15
CELLO 35 [58] 1.42+0.09-4-0.18
DELPHI 91 [49] 9.12+£0.05:-0.04
OPAL 91 This thesis 1.95-+0.034-0.14
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Figure 6.1: (a) Comparison of the measured mean multiplicity for K° with JETSET
and HERWIG as a function of the centre—of—mass energy and (b) determination
of the strangeness suppression factor at 91 GeV.
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Table 6.3: Measured values of the strangeness suppression factor, 7,,
in ete"annihilation experiments.

Experiment || /s (GeV) | Reference s
JADE 12-35 [53] | 0.2740.03::0.05
TASSO 14-43 [54] | 0.35:£0.02::0.05
DELPHI 91 [49] 0.30-£0.02
OPAL 91 This thesis 0.251+0.03
] Average || ] | 0.2910.02 |

in terms of string breaking, is essentially a tunnelling process and the strangeness
suppression represents the SU(3) flavour breaking due to the larger mass of the
strange quark. The “string constant” (energy per unit length of the string) is then

a measure of time and momentum transfer involved in the confinement process.

6.2 K° Differential Production Cross—section as a Func-
tion of Scaled Energy Variable

The range of the momentum distribution for the production of particles is depen-
dent on the energy of interaction, and so it is not suitable for comparison purposes
at different centre—of—mass energies. This is remedied by using a related scaled
variable that accounts for this differing production range. The variable chosen here
is the scaled energy variable, g, defined as g = 2E /\/3, where E is the energy
of the particle and /3 = Ecy is the centre—of—mass energy. In this way, zg lies
in the range (0.,1.) irrespective of the initial interaction energy.

The K° scaling (5=

B ohad

£2 ) and normalised (51-$= ) cross—sections as a func-
zE Ogo TR
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tion of zg are tabulated in Table 6.4. For the normalised cross—section, the distri-
bution is normalised to unit area by using the appropriate measured rate.

Figure 6.2 presents the measured scaling cross-section along with the JET-
SET and the HERWIG MC predictions. One observes a very good agreement
between the measured cross—section and the two MC expectations.

Comparisons with results from other experiments are presented in terms
of both the scaling cross—section (as shown in Figure 6.3) and the normalised
cross—section (as shown in Figure 6.4). Both distributions indicate scaling viola-
tion, with the LEP distributions (highest centre—of-mass energy) having the softest
fragmentation. This can be understood as follows. As the centre-of-mass energy
increases the number of emitted gluons increases which in turn results in larger
multiplicity and a corresponding reduction in the fractional energy of individual
Produaced puriities. The other cordributing factor 1s the effect of the different cou-
pling of the v and the Z° to quarks. Below the Z° peak, the coupling is purely
QED and the strength of the coupling is determined by the square of the charge on
the appropriate quark. At the Z° peak however, the coupling to various quarks is
determined by the size of the electro—weak couplings (see section 1.5) and resulis
in a more democratic distribution. Table 6.5 shows the production rate for the
various quark flavours below, and at, the Z° peak. At the peak, the proportion
of K° arising from heavier quark decays increases, thereby enhancing the softer

component of the distribution.

6.3 K° Production Within Jets

The emphasis so far has been on single particle production distributions without

any explicit reference to the jet nature of multihadronic events. The attention is
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Figure 6.2: The scaling cross—section for inclusive K° production.

now turned to distributions that take the global shape and parameters of the event
into account. Two kinematical variables that are often used to describe particle
behaviour within jets are the longitudinal rapidity with respect to the thrust axis
(y)) and the transverse momentum squared with respect to the thrust axis (P}).

The investigation of transverse momentum properties for particles within
jets, which is associated with hard gluon radiation, will be carried out in terms
of two transverse momentum distributions: the transverse momentum (a) in the
event plane (Pri,) and (b) out of the event plane (Prout)-

Finally, the dependence of strangeness production on event sphericity is also

studied.
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Figure 6.3: Comparison of measured scaling cross—sections for K° production at

various energies.
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Figure 6.4: Comparison of measured normalised cross—sections for K° production
at various energies.
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Table 6.4: Scale invariant and normalised cross—section for the production of neu-
tral Kaon, (K° KO). A is evaluated at the centre of each respective bin. The quoted

error is statistical. There is a 7% systematic error.

(zE) #KO—xtx | pgy/ Ot A(zg) et L fe
“Raw”
< 0.015 - - - - -
(0.015,0.025) 767429 | 1.14140.001 | 0.060+0.002 || 27.47+1.39 | 11.80+ 0.85
(0.025,0.04) 2208 £55 | 1.200+0.001 | 0.125::0.002 || 20.56+0.61 | 9.92+ 0.33
(0.04,0.06) 2742 +68 | 1.235+0.001 | 0.15240.002 || 16.19+ 0.45 | 8.10 +0.24
(0.06,0.10) 3002 £81 | 1.261+0.001 | 0.16840.003 | 8.07+026 | 4.10:0.3
(0.10,0.15) 2019 +63 | 1.27510.001 | 0.154:-0.003 || 4.76+ 0.18 243+ 0.09
(0.15,0.20) 1222 £79 | 1.280:0.001 | 0.14740.003 || 3.03+0.21 1.55+ 0.11
(0.20,0.30) 1069+41 | 1.275:£0.001 | 0.127+0.003 | 1.52+0.07 | 0.778+ 0.04
(0.30,0.40) 358 £26 | 1.270-:0.001 | 0.105:0.002 || 0.61+0.05 | 0.313+ 0.03
(0.40,0.60) 193+17 | 1.265:£0.001 | 0.087-£0.002 | 0.119+ 0.018 | 0.102: 0.009
(0.60,1.00) 3547 1.255:£0.001 | 0.060-:0.004 || 0.0260+ 0.005 | 0.0133% 0.003

6.3.1 Rapidity Distribution

The direction of the general flow of energy in an event is given by the thrust vector.
It is of interest to study the capability of hadronisation models in reproducing flow
distributions for particles relative to this general flow direction. The variable used

to investigate this is the rapidity, defined as:

1 E-l-p")
y= 3o (22
=2 (E—Pn

where E is the particle energy and py is the particle momentum component parallel

(6.3)

to the thrust axis.
The rapidity distribution is made up of a main plateau region (at small
rapidity values) followed by a rapidly falling edge (at high rapidity) known as

the “fragmentation region”. The initial quarks are generated with a high rapidity
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Table 6.5: Comparison of the production rate for various primary quark flavours
below and and at the Z%-peak.

Primary quark flavour || 7 (Eem = 30 GeV) | Z° (Ecn = 91 GeV)

(u, cE) 36% 17%

(dd, s5, bb) 9% 22%

y) ~ In(y/5/m,) (where /5 is the centre—of-mass energy and m, is the quark mass)
and, because the confinement process involves only limited momentum transfer
corresponding to a small change in rapidity, the fragmentation region is occupied
by particles that contain the primary quarks. The plateau region, on the other
hand, is mainly populated by particles made up of newly formed quarks.

The corrected rapidity distribution is presented in Table 6.6 and Figure 6.5.
One observes good agreement between the data and both the JETSET and the
HERWIG MC for high rapidity values. Over the plateau region, however, the
HERWIG MC exhibits a somewhat different behaviour than the data. The data
maintains a flat distribution while HERWIG has a fall off at small rapidity. This
implies that the HERWIG MC predicts a diminished number of K°® with small

momentum component parallel to the jet axis as compared to the data.

6.3.2 Transverse Momentum Distributions In and Out of the Event

Plane

Ideal two jet events result from back-to—back produced primary quarks. Such jets

possess no transverse momentum and all of the energy flow is along the original
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Table 6.6: The longitudinal rapidity ( y; ) distribution for neutral Kaon, (K° K9).
The rapidity, y;;, is defined with respect to the ( principal ) thrust axis for the
event. The quoted error is statistical. There is a 7% systematic error.

) | #K ot | g Ay) e
“B,aW” .

(0.,0.25) 391425 1.20240.004 | 0.042:10.002 | 0.63110.053
(0.25,0.50) 510+-28 1.2414+-0.002 | 0.061+0.002 | 0.5851-0.040
(0.50,0.75) 674131 1.2404-0.002 | 0.07510.003 | 0.6351-0.037
(0.75,1.00) 880136 1.230-£0.001 | 0.104-£0.003 | 0.5911-0.029
(1.00,1.25) 1012440 1.22140.001 | 0.114+0.003 | 0.6141-0.030
(1.25,1.50) 1092142 1.219+0.001 | 0.12940.003 | 0.586-:0.027
(1.50,1.75) 1272447 1.2224-0.001 | 0.142+0.004 | 0.619--0.029
(1.75,2.00) 119050 1.2364-0.001 | 0.14410.004 | 0.5811-0.029
(2.00,2.50) 1367149 1.2481+0.001 | 0.148+0.004 | 0.6531+0.030
(2.25,2.50) 1135452 1.262+0.001 | 0.152+0.005 | 0.5351:0.030
(2.50,2.75) 1064147 1.27440.001 | 0.153-£0.004 | 0.50310.027
(2.75,3.00) 921441 1.283+0.001 | 0.144+0.005 | 0.4651-0.026
(3.00,3.50) 1028+45 1.2934-0.001 | 0.137+0.004 | 0.2743-0.014
(3.50,4.00) 315147 1.298+0.002 | 0.1281-0.008 | 0.09041-0.0147
(4.00,5.00) 70+10 1.29240.005 | 0.058+0.008 | 0.02201-0.0044

direction of the primary quarks. Jets, however, do develop transverse momentum
due to hard gluon radiation and the tunnelling process from vacuum involved in
particle production.

The event plane can be defined in terms of the thrust azis and the major
thrust azis; the two axes being perpendicular. The average momentum measured
along the major thrust axis is known as the transverse momentum in the event
plane, ({Prin)). It is critically affected by hard gluon radiation and is a measure
of 3 jet structure. A third thrust axis, known as the minor thrust azis, is defined

to be perpendicular to the event plane and the average transverse momentum
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Figure 6.5: The longitudinal rapidity ( g ) distribution for inclusive production
of neutral Kaon, (K% K°).

measured along this axis is known as the transverse momentum out of the event
plane, ({Prout))- This, in contrast to the other distributions, reflects the nature of
jet transverse momentum as acquired during the quark hadronisation process. In
the absence of any hard gluon radiation, the two distributions are expected to be
identical. However, with hard gluon radiation present, one expects a broadening

of the (Pr;,) distribution.

Figures 6.6(a) and 6.6(b) show the measured transverse momenta in and
out of the event plane respectively, together with the JETSET and the HERWIG

predictions. One clearly observes the broadening of the {Pr;,) distribution (with
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Table 6.7: The transverse momentum distribution in the event plane (Priy) for
neutral Kaon, (K° K°). The quoted error is statistical. In addition there is a ™%

systematic error.

t — the entry is to be multiplied by 102

(PTin) #K? — wtm— pﬁg ez A(Prin) ﬁ d g.-
(GeV/c) “Raw” ’ (GeV/ (:):1
(0.00,0.20) 2447+63 1.236-+0.002 | 0.10010.002 | 2.1561-0.068
(0.20,0.30) 1197442 1.2394-0.003 | 0.1081-0.003 | 1.9411-0.084
(0.30,0.50) 2094155 1.2384-0.002 | 0.1174+0.002 | 1.5751-0.052
(0.50,0.75) 1948+53 1.24340.003 | 0.137-+-0.003 | 1.0000.034
(0.75 ,1.90) 1444144 1.24040.002 | 0.1441+0.004 | 0.70410.028
(1.00,1.50) 1619+46 1.2434+0.002 | 0.1464-0.004 | 0.391+0.015
(1.50,2 .00) 845133 1.2494-0.003 | 0.151+0.005 | 0.199+0.010
(2.00,3 .00) 759431 1.256+0.003 | 0.1514-0.006 | 0.08961-0.0049
(3.00 ,5.00) 4601424 1.2534-0.004 | 0.135:-0.007 | 0.0303+0.0023
(5.00,10.00) 107411 1.247+0.008 | 0.103+0.010 | 0.368+0.052 {

a Width at Half Max. of ~0.6 GeV/c) compared with that for (Prou) (a Width
at Half Max. of ~0.4 GeV/c). The agreement between the data and the MC is

quite good except at lower transverse momenta where the data indicates a smaller

production rate than the expectation of both the JETSET and the HERWIG.

6.3.3 Sphericity Dependence of Strangeness Production

The sphericity of an event is dependent on the nature of the primary quarks (heav-
ier beauty and charm quarks result in more spherical events) and the hard gluon
emission (an increase in sphericity also corresponds to an increase in hard gluon
radiation). Hence one could gain further insight into strangeness production by

studying its dependence on event sphericity. Such a study will allow a comparison
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Figure 6.6: Production cross-section for K° (a) in the event plane (b) out of the
event plane.
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Table 6.8: The transverse momentum distribution out of the event plane (Prou)
for neutral Kaon, (K° K°). The quoted error is statistical. In addition there is a

7% systematic error.
t — the entry is to be multiplied by 10!

(Prow) | #KS—wta= | pd/ 7 | AlProw) | sahen
(GeV/c) “Raw” (GeV/c)1
(0.00,0.05) | 1191443 | 1.236:£0.003 | 0.120--0.003 | 3.487+0.155
(0.05,0.10) | 1238443 | 1.242+0.003 | 0.116£0.003 | 3.751--0.164
(0.10,0.15) | 1170442 | 1.23620.003 | 0.12240.003 | 3.365-0.150
(0.15,0.25) || 2041155 | 1.242:40.002 | 0.1252:0.003 | 2.876-0.097
(0.25,0.50) | 3779+73 | 1.24240.001 | 0.127+0.002 | 2.098:-0.051
(0.50,0.75) | 1875450 | 1.243:0.002 | 0.129:0.003 | 1.015:-0.035
(0.75,1.00) 870433 | 1.24340.003 | 0.124:-0.004 | 0.4944-0.025
(1.00,3.00) 764+32 | 1.248--0.003 | 0.089--0.004 | 0.762+0.045 ¢

between such production in quark and gluon jets.

Figure 6.7(a) shows the rate of K° production per multihadronic event as
a function of event sphericity. This clearly manifests an increasing trend for
strangeness production with sphericity. An earlier MARK Il measurement {50}
at 91 GeV had indicated a possible depletion region in the data for low spheric-

ity events as compared with the MC expectation !. In this analysis, however, no

such discrepancy is observed between the data and the MC. In fact the sphericity

dependence of strangeness production is described very well by the MC.

Data at lower centre—of—mass energy [54] has shown that the mean charged
track multiplicity as well as the number of K°® per multihadronic event increases
with sphericity. However, there was no indication that the two multiplicities in-

crease at different rates. Figure 6.7(b) shows the ratio of the K° production rate

1This would imply a preferential production of sirangeness in gluonic jets as compared to
quark jets. »
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to the mean charged track multiplicity as a function of sphericity for the OPAL
data. It indicates that K° production and charged track multiplicity increase at
the same rate as a function of sphericity, and therefore no preferential production

of strangeness is indicated in gluonic jets.

6.4 QCD Prediction of Inclusive Particle Production Spec
tra

Recent analytical developments in perturbative QCD have made it possible to give
definitive predictions about the inclusive particle production spectrum in terms of
the Modified Leading Log Approximation (MLLA) [62] employing Local Parton
Hadron Duality (LPHD) [63]. MLLA is an approximation that correctly keeps
leading and next to leading logarithms in calculations. LPHD postulates that the
conversion of partons into hadrons occurs on a low virtuality scale, independent
of the scale of the primary process, and leads to close similarity between hadron
and parton distributions. Such local duality is believed to be connected with
the Amati and Veneziano “preconfinement” [64] properties of the QCD parton
cascade. This perturbative approach then attempts to describe the global features
of hadronic events such as inclusive energy spectra, multiplicity distributions, etc.,
independently of any particular fragmentation model. In doing so, it expands the
regime of applicability of perturbative QCD.

According to this formulation, the inclusive particle spectra as a function of
the logarithm of the inverse of the fractional momentum §, = In(1/z,) = In(+/s/2p)
is a “humped-back” distribution, with the position of its maximum (&) depen-
dent on the mass of the particle, decreasing as the mass of the particle increases.

This distribution is expected to be approximately Gaussian in the vicinity of the
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Table 6.9: Differential cross—section for the production of neutral Kaon, (Ko,—K_"),
as a function of ¢, = In(1/z,). The quoted error is statistical. In addition there is

a 7% systematic error.

&) |#K o ate | e A%) T [
“Raw”

(0.0,1.0) 314421 1.265--0.002 | 0.07510.004 | 0.0751+0.0064
(1.0,1.4) 682131 1.27040.001 | 0.115+4-0.002 0.267+0.013
(1.4,1.6) 548-+30 1.2744-0.001 | 0.1351-0.003 0.3674-0.022
(1.6,1.8) 811 £35 1.2754-0.001 | 0.145+0.003 | 0.506:0.024
(1.8,2.0) 895137 1.2764-0.001 | 0.150+0.003 | 0.540£0.025
(2.0,2.2) 1011144 1.2754-0.001 | 0.15310.003 | 0.600::0.029
(2.2,2.4) 1144 +47 1.269+-0.001 | 0.155+0.003 0.664--0.030
(2.4,2.6) 1198150 1.261-4-0.001 | 0.168+0.003 | 0.640-0.029
(2.6,2.8) 1160450 1.2554-0.001 | 0.1651-0.003 0.626-0.029
(2.8,3.0) 1182439 1.2404-0.001 | 0.158+0.002 0.660+0.023
(3.0,3.2) 1191445 1.2304-0.001 | 0.1481-0.002 0.705-0.028
(3.2,3.4) 106648 1.2154-0.001 | 0.1381-0.002 0.668-+0.032
(3.4,3.6) 740421 1.200--0.001 | 0.1231-0.002 0.514+0.017
(3.6,3.8) 651136 1.1804:0.001 | 0.105-£0.002 0.4691+0.027
(3.8,4.5) 767129 1.141+0.001 | 0.060+0.002 0.2994-0.015

>4.5 — - — —

peak [65].

To gain insight into, and to test the validity of, this new QCD approach for
predicting hadron production spectra, such inclusive distributions for a variety of
particle species have been measured.

Table 6.9 presents the differential cross—section for the inclusive production
for the K° as a function of ¢&,. Figure 6.8 compares the distributions for KJ, A,
and all charged tracks as measured by OPAL. The fitted curve is a Gaussian to

the K¢ distribution (in the range |¢*—€] <1.)and corresponds to a peak position
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of & = 2.70 £0.08. As expected the distribution for the charged tracks is at
a higher value of £5,4,4.q = 3-60 £ 0.04 [66]. No significant difference is observed
between the distribution for the K° and A.

DELPHI [49] has obtained similar values for the peak positions:
Enargea = 3-67 £ 0.10, éro = 2.62+0.11, & = 2.82+0.25. The DELPHI value
for £, is in good agreement with the value determined in this work.

L3 [67] has measured this distribution for 0 and finds the peak position to
be at &, = 4.11 £ 0.18.

These measured distributions for various particle species are in fair agree-
ment with the expectations of MLLA + LPHD. However, it is noted that the
similarity of the distribution for the KO and A indicates a possible deviation from

this description of inclusive particle production in the case of baryons.

6.5 Strange Vector Mesons: K**/~(892) and K*°(892)

In this section, the attention is turned to the inclusive production of strange vector
mesons. Such mesons are produced both directly as a result of fragmentation and
indirectly from the decay of higher mass particles. Based purely on statistical
reasoning, the ratio of direct production of vector to pseudoscalar mesons, as given
by spin degeneracy, is expected to be 3:1. Experiments at lower centre—of—mass
energies have shown that light pseudoscalars are actually favoured over heavier
vector mesons [68]. This observation is implemented phenomenologically in the
JETSET MC via another tunable parameter which expresses the probability of
production of a vector meson, V/(P+V). For the case of strange vector mesons
this parameter is more specifically labelled as (V/(P + V))s and is designated as
PARJ(12) in JETSET. It is set to a default value of 0.6 based on measurements
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at lower centre-of-mass energies [68]. It is therefore of interest to determine this
parameter at the 7° peak and gain further insight into the fragmentation process.

The detailed matter of rate extraction for the strange vector meson is not
dealt with in depth in this thesis. However, the observation of the charged strange
vector meson is presented and the recent OPAL rate measurements for K*+/-(892) [69]
and K*0(892) [70] , based on the 1990 OPAL data, are provided. These rates, along
with that already measured for KO, are then used to infer a value for (V/(P +V))s

( at the Z° peak.

The charged K* vector meson is reconstructed through its strong decay:
K*+/— — K%xt/~. For the purposes of K* detection, the previously reconstructed
KS is selected around the w7~ mass peak within the range 0.475 < Mgtr— <
0.520 GeV. The additional x+/— is selected from those tracks with |do| < 0.5 cm,
|zo| < 5.0 cm, and which have 3 CZ hits. The observed K*+/—(892) peak is seen in
Figure 6.9. Its reconstructed mass and width are: m = 0.8907-£0.0037 (GeV), and

T = 0.0519 & 0.0107 (GeV), which are in good agreement with the world average
as quoted by the Particle Data Group [48] of m = 0.8918 0.0002 (GeV), and

T = 0.0498 - 0.0008 (GeV) for the charged mode. The chosen fitting function had

the form
N & 12)2 (e A\
= + BKG 6.4
Fm) = N+ T2 (64
where the background took the form:
BKG = oy(m — mo)™ ¢~ (eam+asm?) (6.5)

Using this technique for K~+/-(892) reconstruction [69], OPAL has deter-

mined an inclusive production rate of 0.889i0.012(sta.t.):1:0.150(sys.) per hadronic
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event. This rate compares favourably with that of the HERWIG prediction of 0.81
while JETSET with its default parameters predicts a rate of 1.100.

Employing the already measured suppression factor of v, = 0.25+0.03, it was
determined that the above measured K*+/~(892) rate corresponds to (V/(P4+V)), =
0.52 - 0.10 in JETSET. It was subsequently checked that with the tuned parame-
ters, 7s = 0.25 and V/(P+V), = 0.52, the expected JETSET K° multiplicity was
in agreement with the previously measured KO rate of 1.95:+0.03(stat.)+0.14(sys.).

K~°(892) has also been recomstructed in OPAL [70] via the decay chain
K*0(892) — K*/~x*/~, where the dE/dx information from the Jet chamber has
been used in particle identification. The inclusive production rate for K*°(892)
is measured to be 0.79+0.07(stat.)+0.04(sys.) per hadronic event. This is in
good agreement with HERWIG expected rate of 0.777 while J ETSET, with its de-
fault parameters, gives an expected rate of 1.06. Once again, using the measured
s = 0.25 & 0.03, the determined value for (V/(P+V)), = 0.50 £ 0.05. With this
choice of parameters one has a.greément between the measured K*%(892) rate and
its JETSET expected rate. 2

The determined value of the parameter (V/(P+V)), from both K*%(892) and
K*+/~(892) are in good agreemenf and indicate that strange pseudoscalar and

vector meson direct production rates are comparable in fragmentation process.
6.6 Future Prospects

This study concentrated on production characteristics of single K° in a multi-
hadronic environment. Much time was invested in understanding the K° signal

extraction, its proper handling and the associated systematics.

24 global fit [70] to OPAL, L3 and DELPHI rate measurements for all charged, 7%, K°, w(783),
K+ (892), K~0(892), $(1020), A and = gives 0.2 < 7, < 0.25 and 0.4 < (V/(B +V))s <05.
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With this knowledge and a larger data sample in hand, one could investigate

in more detail the nature of hadromisation, with K° as a probe, by looking at
multi-K° events production characteristics versus those for single K° events, K-
KP° correlations and K° properties in 2 and 3 jet events. With a larger data set a
study of production characteristics of strange tensor mesons, such as K3(1430), is
also feasible. Charm production could be investigated using K° via decay channels
such as D° — Kor+nr— and Dt — Kort,Koxtatx~. Finally, a study of the rare

decay D° — KOK° is also of interest.



Chapter 7

Conclusions

The behaviour of K production at the Z° resonance has been studied and several
distributions characterising this production in hadronisation have been investi-
gated. The data set used for this purpose comprised of 138,638 multihadronic
Z° decays, was collected by the OPAL detector in 1990. The findings have been
compared with the expectations of two Monte Carlo models: JETSET 7.2 (string
fragmentation) and HERWIG 5.0 (cluster fragmentation) which had been tuned
so as to describe the overall global event shapes.

The inclusive production rate for K® at 91 GeV has been measured to be
1.954-0.03 (stat.)ib.14 (sys.) per multihadronic event. This measurement agrees
with the JETSET and HERWIG expected rates although JETSET predicts a
slightly higher rate. The measurement is in accord with the recently published
DELPHI rate of 2.124+0.05 (stat.)£0.04 (sys.). MARK II has reported a rate
of 1.5440.21 (stat.)+-0.18 (sys.) which is substantially below (about 1.5 o) the
present measured rate. Together with results from other ete~ experiments at
lower centre-of-mass energies it is concluded that JETSET and HERWIG both
provide a fairly good description of the variation of K° multiplicity over the energy
range 10-91 GeV.

The OPAL measured mulitiplicity for K° corresponds, within the JETSET
model, to a strangeness suppression factor of v, = 0.25 & 0.03. The available data

from vp, pp, hadron-hadron and ete~ experiments at different centre-of-mass
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energies, suggests that the strangeness suppression factor lies in the range of 0.2~
0.3 with no evidence for its dependence on the reaction type or the centre—of-mass
energy.

The inclusive single particle scaling cross—section (ﬂ—;};%) has also been
measured. JETSET and HERWIG both provide a very good description for this
distribution. A comparison of this cross-section with those at lower centre-of-
mass energies indicates scaling violation. The cross—sections at the higher centre-
of-mass energy are softer signifying the increased contribution of strangeness from
gluon radiation and from heavier primary quarks.

K“j&dductio‘n ‘within jets has been studied in terms of rapidity (yy) and
tra;nsvéfé'é:?'ﬁiéiﬁéﬁtﬁm in (Prin) and o'ut (Prout) of the event plane. Both the
J ETSET andHERWIGMC accurately describe the measured rapidity distribution
in the high rapiditjf’ region. However, in the plateau region near zero rapidity, the
HERWIG MC prediction deviates from the measured data points by predicting a
reduced production of K° with small momentum component parallel to the jet axis.
The transverse momentum in and out of the event plane are also well described
by the two MC except that, at lower values of transverse momenta, JETSET
and HERWIG slightly overestimate K° production. As expected, Prin exhibits a

broader distribution than Pro, due to the hard giuon radiation.

The K° production dependence on event sphericity has also been investigated.
The results indicate an increase in production with sphericity, a trend which is very
well predicted by the MC. An earlier MARK II result at 91 GeV had hinted at
a possible depletion of K° at lower sphericity which would imply a preferential
production of K° in gluonic jets at 91 GeV. There are no such indications in the

present analysis. In fact, the ratio of K° production to the charge track multiplic-
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ity as a function of sphericity exhibits a uniform distribution. If strangeness werc
preferentially produced in gluonic jets (more spherical events) then the distribu-
tion would not have been flat. This sphericity-dependent behaviour agrees with
observations at lower centre—of-mass energies.

The inclusive K° production as a function of the logarithm of the inverse of
the fractional momentum, £, = In(1/2,), has also been determined. In accordance
with MLLA+LPHD, the expected humped-back distribution is observed, signi-
fying the coherent emission and the subsequent destructive interference of soft
gluons. A comparison with other particle species reveals the expected decreasing
trend in the position of the peak for such a distribution with increasing particle
mass, although there are indications (from A measurements both by OPAL and
DELPHI) that for baryons there might be deviation from this behaviour.

Using the OPAL measured rates for strange vector mesons, K*+/- and K*°,
the relative probability for the generation of strange vector mesons has been de-
termined to be (V/(P+V)), = 0.50 +0.04. This implies that strange pseudoscalar
and vector mesons are produced in equal proportion in the fragmentation process.

This thesis has presented the results of a study on some aspects of hadronisa-

 tion process as probed by K° meson. In summary, K° production is well represented

by the hadronisation models considered, although some slight parameter tuning is

indicated in the case of JETSET.
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