


QCD Processes and Hadron Production
in High Energy e+e- Annihilation

Philip Nicholas Burrows
Oriel College, Oxford

Submitted for the degree of Doctor of Philosophy
Michaelmas Term, 1988

Abstract

A study is presented of general features of the reaction ete™— hadrons. The data
are interpreted in terms of current models of the underlying QCD and hadronisation
processes. These models are outlined in detail and their predictions are compared with
most of the available experimental data collected between 12.0 and 46.8 GeV mean
centre of mass energies.

The model arbitrary parameters were optimised to give a generally good description
of the global properties of the large hadronic event sample accumulated by the TASSO
detector at 35 GeV: The Lund O(a?) model describes properties in the event plane
very well, but is deficient in the properties transverse to this plane. The Webber LLA
model gives a good description of the transverse observables, but overestimates those
quantities in the plane. The Lund LLA + O(a;) model provides a good representation
of the transverse properties but underestimates some quantities in the plane, though
the discrepancy is much smaller than for the LLA model.

The evolution of the observables as a function of c.m. energy between 12.0 and
41.5 GeV is generally well described, the Lund LLA + O(as) model representing the
data best. It is concluded that this model is successful in reproducing accurately most
features of the data because it includes QCD calculations of both hard and multiple
soft gluon emission processes.

The model predictions are extended up to W = 200 GeV, where the two parton
cascade models give similar predictions of the event properties which differ significantly
from those of the O(a,?) model.

Top quark production is simulated at W = 200 GeV for a top mass of 60 GeV/c?
and the distributions of thrust, aplanarity, pr,,, pr,,, and rapidity are found to be most
sensitive to its presence.

The data at 35 GeV are also analysed in terms of explicit multijet final states and
compared with the QCD model calculations. The O(a?) model is unable to account for
the observed rates of 4- and 5- jets per event, though it reproduces the 2- and 3- jet
rates reasonably well. The LLA model gives a better description of the rates of > 4-jets
but gives too few 3-, and too many 2-jet events. The LLA + O(a;) model is able to
reproduce all jet rates well. All the models describe the trend of the evolution of the
jet rates between < /s > = 14 and 43.8 GeV.

It is shown that the rate of 3-jet events seen in the data decreases as s increases in
a manner consistent with the Q2 dependence of a, as predicted by QCD.
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CHAPTER 1

HADRON PRODUCTION IN ete- ANNIHILATION

1.1 INTRODUCTION

This thesis contains a study of aspects of the process ete”— hadrons. Our present
understanding views this reaction as being divided into two stages: the primary process
ete~— partons, followed by the transformation of the partons into hadrons.

Our theory of the strong interactions between partons, ¢.e. quarks and gluons, is
known as Quantum Chromodynamics (QCD) [1], a so-called renormalisable non-Abelian
gauge theory, which is now briefly outlined [2]. The theory describes the interactions of
a triplet of spin-1/2 quarks possessing the quantum number colour (¢ = r,b,g) through
an octet of vector gluons within a Yang-Mills gauge theory [3]. The spinor quark fields
g¢c(z) transform as the fundamental representation of the SU(3) group whilst the gluon
fields A%(z) (a = 1,2,...,8) transform according to the adjoint representation. The SU(3)
colour transformations are generated by the 3x3 matrices 7% = A*/2 where A® are the

Gell-Mann matrices [4] which obey the commutation relations:
[Te,T% = &fbT° (1.1)

and f2¢ are the structure constants of SU(3). The Lagrangian density of QCD has the

form:

1 :
L = —ZFSUF‘“”G + q(iv, D* — m)q

where F'# is the field strength tensor:
Fo, = 0,A% - 0,A% + gf*" AL A
and D, is the covariant derivative:
D, = 0,—-119T*A}(z)
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g is the bare coupling constant of the theory, m the bare mass of the quark field and

the gluons are massless.

Physical quantities such as cross sections can be calculated from the Lagrangian,
but are found to be divergent. The infinities are removed by the process of renormal-
isation in which>they are ‘absorbed’ into the basic constants of the theory such as the
couplings and masses, which thereby acquire finite values. The couplings and masses
are hence physical constants and cannot be calculated by the theory. The requirement
of invariance under a mathematical operation known as a local gauge transformation,
described by the gauge group of the theory SU(3), leads to a unique Lagrangian which
severely restricts the possible interaction terms between the quarks and gluons. This
local gauge invariance is also necessary to ensure that the theory is renormalisable.

The structure of QCD is similar to that of the field theory Quantum Electrodynam-
ics (QED) which describes pure electromagnetic interactions. QED is an Abelian gauge
theory, which means that the commutator analogous to (1.1) vanishes. The charged
matter fields hence transform by simple phase transformations described by the U(1)
group and the field quanta are uncharged. However, QCD is a non-Abelian gauge theory
in which the quarks transform under the more complicated SU(3) colour group and the
field quanta, i.e. gluons, themselves carry colour charge and can interact with one
another. An Abelian form of QCD with colour neutral gluons has been ruled out by
experiment (see [2] and references therein).

Another characteristic feature of non-Abelian gauge theories is that the coupling
strength decreases with the four-momentum-transfer-squared, %, in the interaction.
This leads to the property of asymptotic freedom in which, at high Q? or small distances,
the coupling strength decreases and the quarks and gluons are quasi-free, and explains
the observation that in high energy electron-nucleon scattering experiments the electrons
scatter off pointlike, freely moving partons within the nucleon [5]. By contrast in
large distance or low @Q? interactions, the coupling strength increases so that quarks
and gluons remain bound together or ‘confined’ in colour singlet states. This is also
in agreement with the observation that only colour neutral hadrons, not free quarks
and gluons, are produced in particle interactions. Unfortunately, because the coupling

strength is relatively large in ‘soft’ low Q? processes, the transition of partons into
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hadrons, known as hadronisation or fragmentation, cannot be calculated by perturbative
QCD methods. Non-perturbative calculations are very difficult; so-called ‘lattice’ QCD
calculations [6] show some promise in predicting static hadronic properties, but as yet
there is little progress towards calculation of dynamical processes. At present therefore,

hadronisation can only be described by phenomenological models, to be discussed later

in this chapter.

The essential features of QCD are thus [2]:

(i) quarks with spin 1/2 exist as colour triplets

(ii) gluons with spin 1 exist as colour octets

(ii1) the coupling qqg exists

(iv) the couplings ggg and gggg exist

(v) the coupling constants in (iii) and (iv) are equal

(vi) the effective universal coupling g decreases with increasing energy scale like InQ)?

Most, but not all, of these features have been tested experimentally, and the theory
is found to provide an excellent qualitative description of the data. Unfortunately
quantitative predictions are difficult to test to high precision, for the QCD calculations
of parton-level properties have to be compared with the measured hadrons, a process
usually requiring a phenomenological fragmentation model as intermediary, thereby
introducing additional theoretical uncertainty. The experimental evidence for (i)-(vi) is

briefly reviewed here, for a more detailed review see [2].

As already mentioned, the first direct evidence for the existence of quarks came
from the observation at SLAC in 1968 that in electron-nucleon scattering experiments,
at high Q? the electron scatters from quasi-free pointlike particles carrying roughly one
third of the nucleon mass. These particles were identified with the quarks which had
been postulated by Gell-Mann and Zweig in 1964 as a calculational device to explain the
spectra of mesons and baryons in terms of bound qq and qqq (or Gqq) states respectively
[7]. If the quarks are assigned spin 1/2, possess the quantum number flavour (f =

u,d,s,c,b) and are triplets in terms of the colour quantum number (¢ = r,b,g) then a

consistent picture of the existence and quantum numbers of virtually all known hadrons

10



can be created*. The colour quantum number is required to explain the existence of

states such as AT (= ufutul) or @ (= ss{s!), which otherwise should not exist as
they contain three quarks in identical quantum states, thereby violating the principles

of Fermi-Dirac statistics.

To explain the measured charges of the hadrons the quarks are assigned fractional
charges: u(2/3), d(-1/3), s(-1/3), ¢(2/3), b(-1/3) in units of the electron charge, al-
though alternative models with integer charged quarks have been proposed [8] and have
not yet been convincingly excluded experimentally.

The number of colours N, can be determined experimentally, for the decay width

0

of the reaction 7° — 2v should be proportional to N? within the quark model, and

measurements yield N, = 3 [9]. An impressive test is via the measurement of the total
hadronic cross section in ete~annihilation. To lowest order in QED:
o(ete™ — hadrons)

= = N.Xg*
k olete™ — utu~) > 47

where gy is the charge of the quark of flavour f and the sum is over all flavours. R
therefore also provides a measurement of Eq?. The experimental value at c.m. energy
W = 35 GeVis R = 3.90+0.05 [10], consistent with the above charge assignment of the
quarks, Eq} = 11/9, only if N, = 3. The measured value does not agree exactly with
the results of this naive calculation because electroweak and QCD effects must also be
taken into account; see eg. [11]. R is shown as a function of s = W? in Fig. 1.1, taken
from [11], which includes data up to c.m. energies of ~ 52 GeV, the highest energy data
published to date [12]; the magnitude of the QCD and electroweak contributions to the
simple QPM value is indicated. Sudden increases in R occur at energies marking the
thresholds for production of new quark flavours; the ¢ and b thresholds around s ~ 10
and 100 GeV? respectively are clearly visible. The existence of a sixth quark known
as top (t) with charge 2/3 is predicted by the currently accepted Standard Model of
elementary particle interactions, although its expected mass cannot be calculated. The

top quark would produce a step increase in R of 4/3, which has not yet been observed

* There are a few hadron resonances which have properties which are difficult to
interpret in terms of the Quark Parton Model (QPM) and may be candidates for so-

called glueball states, particles which are bound states of gluons only.
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in ete~ collisions at TRISTAN up to 56 GeV, enabling a lower limit of ~ 28 GeV/c? to

be set upon its mass [13].

The assignment of spin 1/2 to the quarks, in addition to providing a consistent
explanation of all known hadron spins, has been verified experimentally in terms of the
distribution of the angle § between the jet axis and the eTe~beam direction in hadronic
two-jet events (Fig. 1.2a). These events are interpreted in terms of the production of a
back-to-back quark-antiquark pair: ete™— qg, which after fragmentation of the colour
field between them give rise to two hadronic jets. The angular distribution of the jet
axis is predicted to be proportional to (1+ cos?6), a general result for the single photon
production of two massless spin-1/2 particles neglecting electroweak interference effects
[14], and has been measured to be so [15,16].

Evidence for the existence of massless electrically neutral particles within the
nucleon first came from the discovery that in the electron-nucleon scattering experiments
mentioned earlier, only one half of the nucleon momentum was carried by the charged
quarks. The remaining momentum can therefore be assigned to the gluons which
mediate the strong interaction between the quarks. More direct evidence came from
the observation of three-jet events in ete~anihilation (Fig. 1.2b); these are understood
in terms of the radiation of a hard gluon by either the quark or antiquark in the final
state (Fig. 1.4), each parton giving rise to its own hadron jet after fragmentation [17],
and provide a demonstration of the quark-gluon coupling. In addition gluon jets have
been observed in high energy proton-antiproton collisions [18]. Even though the gluon
has not been observed directly as a particle, there is such an overwhelming amount
of evidence for its existence to be beyond reasonable doubt. Measurements of the
topologies of three-jet events have also demonstrated that the gluon is a spin-1 particle
[19].

Unfortunately properties (iv) - (vi) of QCD have not yet been demonstrated conclu-
sively. The gluon self-coupling can be tested using four-jet events (Fig. 1.2¢), interpreted
as ete™— qqggg or qqqq (Fig. 1.5). The processes in Figs. 1.5a,c may be described as
‘QED-like’: the radiation of a gluon by a quark in QCD is analogous to the radiation
of a bremsstrahlung photon by an electron in QED, whilst the gluon splitting into a

qq pair is analogous to the conversion of a photon into an ete~pair. However the
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QCD processes in Fig. 1.5b include the gluon self-coupling and have no analogue in
QED because the photon carries no electric charge; these events may be described as
‘QCD-like’. QCD predicts that a 4-parton event sample is dominated by the QCD-like
events and that the angle between the two gluons is peaked at smaller values for these
events than for the QED-like events [20]. Monte Carlo calculations have shown (see eg.
[21]) that the majority of four-jet events, where the jets are reconstructed using some
reasonable algorithm (see Chapter 5), arise from four-parton events. Assigning the two
lowest energy jets in an event to be the two gluon jets, measuring the distribution
of the angle between them and comparing this distribution with the QCD-predicted
distributions for the QCD-like and QED-like events therefore provides a test of the gluon
self-coupling. Such studies have been performed at PETRA [21,22] but the number of
events containing four distinct jets is so low that no conclusion can be drawn from the
limited statistics.

The question as to whether the coupling strength decreases as InQ? has not yet

been answered conclusively, but will be addressed in Chapter 5.

In summary therefore, QCD is a theory which is in good agreement with experiment
wherever it has been tested, though to date the strength of the tests has not been

sufficient to put it on as firm a footing as the other components of the Standard Model.

1.2 QCD CALCULATIONS OF THE HADRONIC CROSS SECTION

QCD calculations of the total hadronic cross section involve amplitudes corresponding
to parton-level Feynman diagrams. This cross section, derived by squaring the sum of
the amplitudes, may be expanded in terms of powers of a; /7, where a; is the strong
coupling constant: a,= g?/4r (h = ¢ = 1). The Feynman diagrams which give rise to
the first three terms in the series are shown in Figs. 1.3-1.5 [23]. Fig. 1.3a shows the
‘zeroth’ order process in which just a qq pair is produced. This process can be calculated
from electroweak theory alone, where the quarks couple to the virtual boson through
their electric charge. However there are also virtual corrections to qg pair production,
the O(g?) and O(g*) diagrams being shown in Figs. 1.3b, 1.3c respectively. Fig. 1.4a

shows the O(g) diagrams giving a qq pair + one gluon in the final state, the O(g?)

13



Figure 1.3:

+- -
Diagrams for e e =+ qq: (a) lowest order; (b) radiative correction to order

Gy and (c¢) radiative correction to order ai.



Figure 1.4:

+* - -
Diagrams for e e =+ qgg: (a) lowest order; and (b) radiative correction due
to the gluon to order Q.-



O(q?)

(a) e"e™ qg gg
e q e q e q
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+ - - -
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e q e q q
Figure 1.5:

Feynman-diagrams for four-jet events.



virtual corrections to the 3-parton state being shown in Fig. 1.4b. Finally, Fig. 1.5
shows the O(g?) diagrams giving 4 partons. It is clear that with each successive increase
in the power of g, the number of contributing diagrams greatly increases.

Following the parametrisation of [11]:

R = 3%: (R‘}+ (%2+A(97§)2+ (B—Z—; (11—?—?>2) (%3)3+ ) F;w)
(1.2)

where Ny is the number of quark flavours f and R(} and F'7* represent the electroweak

interaction terms (see [11] for details).

It is hoped that this series converges otherwise perturbation theory breaks down.
Convergence requires both that <+ < 1 and that the coefficients of (—C—V;)n do not become

very large as the power n increases. The coefficient of (%1)2 has been calculated [24,25]:
A = 198 — 0.115N; =~ 141
and the constant B has been calculated very recently [26]:
B = 95865 — 4216 N; + 0.086 N} =~ 76.94
which gives the large value 64.85 for the coefficient of (%j)3 Taking as;= 0.2 as a

reasonable value:

2 3
s 141 (9—) . 64.85 (a—) ~ 1:0.09: 026

T s T
The third order term is hence larger than the second and not small relative to the first,
which is rather unfortunate as it raises doubts as to whether the series converges and

hence whether perturbation theory is applicable.

1.3 O(as) MATRIX ELEMENTS

The Feynman diagrams which contribute terms to the hadronic cross section up to

and including O(a;) are those in Figs. 1.3a,b and 1.4a. The amplitudes for all these
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diagrams are added and squared; O(a;) contributions arise from the squared amplitudes
for Fig. 1.4a and the product of the amplitudes for Figs. 1.3a and 1.3b.

Each of the diagrams in Fig. 1.3b is ultra-violet divergent, viz the integrals over
the virtual gluon momenta k diverge for £ — oo. Adding the contributions of all
three diagrams the divergences cancel. These diagrams also give infra-red divergences,
corresponding to k& = 0, which cancel if one adds the contributions from the process
eTe”™— qgg which are also infra-ted divergent (Fig. 1.4a). If the quarks are assumed
massless a further divergence arises for these diagrams, the so-called collinear divergence,
where the virtual gluon is collinear with the outgoing quark. These divergences are
controlled by the process of dimensional regularisation, in which the Feynman diagram
amplitudes are calculated for arbitrary dimension n > 4. (See [27] for details.)

The differential cross section for production of massless 3-parton final states has

been calculated [28]:

1 d’o 2a; 2% + 73

;d.’lfldl‘g B 3T (1——1?1)(1—332)

(1.3)

where z; = 2F;/W is the parton energy fraction in the hadronic centre of mass frame.
The cross section for m # 0 has also been derived [29] and must be applied near
threshold for ete™— ccg or bbg where quark masses cannot be neglected. Similarly the
qdg cross section for e* beams of arbitrary polarisation has been calculated [30] and is a
rather complicated expression [2]. Cross sections for observables such as thrust [31] and
the energy-energy correlation [32] have been calculated in O(ca;) [33,34] respectively.

The expression (1.3) is singular for z;y — 1 and/or z; — 1. =z, — 1, T2 # 1
corresponds to the radiation of a gluon which is collinear with the q or q (the collinear
divergence), whilst the other case z; — 1, £3 — 1 corresponds to the radiation of a
vanishingly soft gluon (the infra-red divergence). In both cases the gluon is irresolvable
from the q or . One can therefore define a region of the qqg phase space around the
singularities where the gluon is irresolvable and one has a two-parton configuration,
whilst outside this region all three partons are considered to be resolved. The integral
over the singular region actually cancels with the virtual one-loop corrections to ete™ —
qq (Fig 1.3b) and both the qq and qqg cross sections hence remain finite.

This singular region of phase space is defined by parton resolution criteria. One
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such approach is due to Sterman and Weinberg [35] who impose restrictions on the
relative angles and energies of parton pairs. Another commonly used method (see eg.

[36]) is to form the scaled invariant mass-squared:

2
m;;

yi; = —2
7 S

for each pair of partons i, j, and to require that all y;; > yymin for the event to be counted
as a 3-parton event, otherwise it is counted as a 2-parton event. Note, however, that

both integrated 2- and 3-parton cross sections now depend on ymin [2]:

2 2
02-parton(ymin) = 0'(2) [1 + ____aség )CF (—2ln2ymm - 31nymin + 4yminlnymin -1+ zr—):l

—parton Qs 2 9 7('2
03 part (ymin) = 0(2)——%3——)'01:‘ (21n2ym,‘n + 3Inymin — 4yminlnymin + .2. — ..3_>

where o(?) is the O(a,°) contribution.

From a theoretical point of view, ¥,,;n cannot be chosen too small otherwise

O.S—parton t

can exceed o'°' and o®~P3°" can be negative, which is unphysical. On the
other hand y,; i, should not be too large otherwise the 3-parton cross section will be
very small, in contradiction to the experimental observation of 3-jet events. ymin ~ 0.02
is often used in the PETRA c.m. energy range 12 < W < 47 GeV and gives a rate of
resolved 3-parton events of about 70% at W ~ 35 GeV [22]. The relationship between
the resolved 3-parton events and the experimentally resolved 3-jet events is discussed
in Chapter 5.

From above it can be seen that the inclusive 3-parton cross section is directly

proportional to a,, which, to first order, is given by [37]:

(1)1 2 _ 127
o, (Q°) = 33— 2N (%) (1.4)

where N; is the number of active flavours. The fundamental constant of QCD is hence
not the coupling as( ~ gz) but the scale parameter A. Here Q? is usually taken to be

s, the hadronic c.m. energy-squared.
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1.4 O(a,?) MATRIX ELEMENTS

Second order perturbative QCD calculations are very involved:; the amplitudes corre-
sponding to all the diagrams in Figs. 1.3 - 1.5 must be summed and squared, including
the gluon self-coupling diagrams (Fig. 1.5b) which appear for the first time. The
collinear and infra-red divergences are handled in the way described in Section 1.3, by
dimensional regularisation and by isolating the singular regions of phase space using
the same parton resolution criteria. The diagrams in Fig. 1.5 thus contribute to the
2,3 and 4-parton cross sections, the first (second) case being when two (one) parton
pairs are collinear or two (one) partons are vanishingly soft; those in Fig. 1.4 contribute
to the 2 and 3-parton cross sections and those in Fig. 1.3 only to the 2-parton cross
section. Again, the singularities arising from the integrals over the degenerate regions
of phase space cancel, yielding finite integrated 2,3 and 4-parton cross sections which
are functions of Y., (see [2] for details). For y,,;, = 0.02 the rate of events containing
four resolved partons is roughly 10% at W = 35 GeV (see Chapter 5).

The coupling e, is not uniquely defined, but depends on technical details such as
the renormalisation scheme used (see eg. [2,38]) and the definition of the Q7 scale. In
calculating a physical quantity up to O(«,™) at the parton level, one attempts to choose
a scheme which minimises the values of the (uncalculated) higher order corrections
O(as"t!) ete. Clearly this can only be done at O(a;*) (or higher), where the second
order terms can be compared with the first order ones so that the Q2 scale which
optimises the perturbation theory can be chosen. The most commonly used prescription

is the modified minimal subtraction (MS) scheme, in which [24]:

127
(33 — 2N;)In(Q? /A2 ) + 6(153 — 19N;)/(33 — 2N f)In(In(Q? /A2 )

(1.5)

Q%) =

and Q? = s.

Within this scheme the O(a,?) corrections to observables such as the total hadronic
cross section are typically of the order of a few per cent, so that it was hoped that the
O(as®) + higher terms would be by comparison very small, viz that the perturbative
series (equation 1.2) converges fast, although the recent calculations to O(a,?) (Section

1.2) have cast some doubt on this.
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Parton-level calculations complete to O(a,?) are thus complex and difficult. There
have been several independent calculations for massless partons within the MS scheme
[36,39,40,41,42]. Historically there is some controversy concerning these calculations
(see eg. [42,43]), though the differences between the results of the various groups
are now understood. Probably the most widely used matrix elements are due to
Gutbrod, Kramer and Schierholz [41] where certain approximations were made. It
has subsequently been shown [42] that the difference between the approximate and an

exact calculation produces a decrease in the 3-parton cross section by roughly 10%. The

consequences of this will be mentioned in Chapter 5.

1.5 PARTON CASCADE QCD CALCULATIONS

The calculation of third, let alone higher, order QCD contributions in perturbation
theory is even more complex due to the large number of Feynman diagrams contributing.
The third order term in the perturbative expansion for R has recently been calculated,
but presently the second order calculation is the best ‘exact’ matrix element calculation
of parton cross sections available. An alternative perturbative treatment is provided by
the Leading Logarithm Approximation (LLA). In this approach the quarks produced in
ete~™— qq may be very much off mass-shell and are allowed to radiate gluons, which
may themselves branch into parton pairs. A parton shower or cascade thereby develops
(Fig. 1.6).

The probability for each branching is given by the Altarelli-Parisi equations [44]*,
derived for an ‘infinite momentum frame’ where all parton energies are much larger than

their masses:

s 2 dm2
P hanetmt ) = 2@

which lead to the Sudakov form factor. That is, the probability that a parton with a
maximum (virtual) mass m does not branch between m and a minimum mass m,;,

18:

* These equations are only strictly valid in the collinear limit.
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m? z24(m)
S.(m?) = exp (—/ dm / aS(Q dz a_.bc(z)> (1.6)
mi, M Je(m) 2T

where P,_,;.(z) is the Altarelli-Parisi splitting kernel [44) for the branching a — bc in

which the daughter takes some fraction z of the parent’s momentum, eg.

14 22
1-1=2

Po-mqg(2) =

ol b

and My, is a small cutoff scale which prevents divergences in P(z2).

Figure 1.6: Schematic representation of a parton cascade.

The total cross section for the shower is assumed to be proportional to the product
of independent probabilities, one for each branching, viz no interference between dia-
grams for all possible branchings in the shower is taken into account. The LLA model
thus incorporates many orders of a;. Such an iterative Markov process is suitable for
Monte Carlo simulation, and several models have been developed in recent years [45].
The latter assumption is a good approximation in the case in which the Q? at each
branching is much less than that at the preceeding branching in the cascade. This

approximation is poor when a hard parton is emitted at large angle relative to the
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parent’s trajectory. A decreasing ? at successive parton branchings is built into the
formalism, so that the most energetic wide-angle parton radiated by the q or q is usually
the first gluon emitted. The LLA may therefore be expected to estimate poorly, relative
to an exact calculation, the cross section for partonic states containing a hard gluon,
namely ‘hard 3-jet events’. Note that this may be either an underestimate or an

overestimate depending on the details of the calculation.

There are in principle only two parameters which affect the cascade evolution:
the QCD scale Ary, and Qo defining the virtuality beneath which partons are not
allowed to radiate; both of these regulate the amount of parton bremsstrahlung. It
must be noted that Az is not the same as Ag;z; Ag7g is extracted from a finite order
calculation within a certain renormalisation scheme, whereas Ay, is not well defined but
is supposed to approximate the A used in an infinite order calculation. In experimentally
determining A by comparing QCD model calculations with data one might therefore

expect Agrz > Apr; the lack of multiple parton emission in the finite order calculation

being made up by boosting the amount of emission to O(a?2).

1.6 THE PROBLEM OF HADRONISATION

The QCD calculations discussed so far concern the properties of the final state par-
tons produced by the ete~annihilation. Experimentally one observes composite colour
singlet states, namely hadrons. No free coloured state has ever been seen, although
one experiment claims to find fractional charge [46]. In order to compare the predic-
tions of the QCD calculations with experimental data one therefore needs a model of
hadronisation.

As it is believed that QCD provides the correct description of the interaction of
coloured partons via the strong force, there being no experimental evidence to the
contrary, in principle it should also provide a description of soft processes in which
quarks become confined in colour singlet hadrons. This confinement property can
be understood in terms of the ? dependence of a;. From equations 1.4 and 1.5 it
can be seen that as Q% — A2, a,— oo, viz at low Q2 (i.e. large separations) in

parton interactions the strong force becomes very large, so that individual ‘free’ partons

20



cannot exist. However, from equation 1.2, if as/m ~ 1 the perturbative series does not
converge and the calculation breaks down. The QCD scale A is not well determined

experimentally, but seems to lie between about 0.1 and 0.7 GeV [38], so that a,/7

becomes >> 1 for Q? < ~ 1 GeV?Z.

Because of this inapplicability of perturbative QCD at a scale ~ 1 GeV, the hadroni-
sation schemes imposed after the parton production are by necessity phenomenological.
The phenomenology, however, must itself be a manifestation of QCD from which we
may eventually deduce a sound theory of hadronisation.

Theoretical models of the process et e~ —hadrons therefore comprise a perturbative
QCD calculation of the final parton state together with a phenomenological scheme to
describe the fragmentation of the parton system into observable hadrons. There are
arbitrary parameters associated with both of these processes. Such models are usually
incorporated into Monte Carlo event generator programs. The bulk of this thesis is
concerned with the predictions of the three most successful of these ‘perturbative QCD
+ fragmentation’ models, described below. For a comprehensive review of this field see

[47]; see also [48] for a discussion of some underlying physics matters.

1.7 THE LUND O(a,?) MODEL

The Lund O(a,?) model generates up to 4-parton states according to the GKS matrix
element (ME) calculations [41] and is included as a parton level generator option in
JETSET version 6.3 [49]. The parameters for the ME calculation are the QCD scale
A3z and the parton pair resolution cutoff ymin (see Section 1.3).

Hadronisation is imposed after the parton production according to the Lund string
model [50]. A colour triplet string is stretched between the final quarks, the gluons
being kinks on the string, with the correct colour ordering; this may be interpreted
physically as representing the colour flux tube arising from the non-Abelian QCD field
between the partons [51]. The string is then fragmented according to the Lund recipe
to obtain the final state hadrons: the probability that a hadron h produced directly

from the string break-up will carry a momentum fraction z = (E + pu)h/(E + p“)q is*

* This should not be confused with the variable ‘2’ used in the parton cascade
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2
f2) = Ta-aren (-1 (17)

Z

where ¢ refers to the initial quark, m% = p% + m? is the hadron transverse mass-
squared and a, b are parameters. This fragmentation function is used for all flavours
of the initial qq@ and is said to be symmetric; this means that on average the same
results are obtained independent of whether the iterative fragmentation is started from
the q or q end of the string, a result which is only true for a very limited class of
functions [52]. The quarks from the string are given a transverse momentum according
to a Gaussian distribution ~ e~P7/27" whose width, o, is another free parameter of the
model. There are other string fragmentation parameters, such as the strange quark- and
various diquark- suppression factors, which are of secondary importance to the inclusive
global properties of hadronic final states.

After the string break-up, hadrons containing heavy quarks (b,c), and hadron
resonances, are then decayed [53] to give ‘stable’ particles: pions, kaons, electrons,

muons, neutrinos and the corresponding antiparticles.

1.8 THE WEBBER LLA MODEL

Version 4.2 of the program BIGWIG is considered, implementing the physics in [54]. In
the primary process ete™ — v/Z — qq the initial quark and antiquark are assigned
maximum allowed virtualities according to a particular distribution and are boosted
to a frame in which their directions are perpendicular, one consequence being that the
model does not preserve strict Lorentz invariance; it has been shown [55] that the final
hadronic system is sensitive to the virtuality assignment and the boost factor v, though
these issues are not considered here. The off-mass-shell quarks then emit gluons, which
may themselves radiate other gluons or split to qq pairs, producing a parton cascade
as described in Section 1.5. Parton virtualities thereby decrease by bremsstrahlung as
the cascade evolves, the process being stopped when the virtuality of each parton falls

below a cutoff value g, whence it is put on mass shell.

calculations (Section 1.5).
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Soft gluon interference terms [56] are included by the imposition of ‘angular or-
dering’ of the parton branchings, i.e. the angle 6; between two daughter partons in a
branching ¢ is less than the angle at the previous branching (eg. 03 < 6; < 67 < 6y in
Fig. 1.6), the very first branching angle being set at 90° by the boost. This requirement
restricts the phase space for soft gluon emission, which corresponds physically to gluons
of long wavelength being unable to resolve the individual colour charges of the partons
in the cascade, which therefore acts coherently for soft gluon production. It has been
shown [57] that such a ‘coherent’ cascade model with cluster hadronisation is able to
reproduce the ‘string effect’ [58], the depletion of particles in the region opposite the
gluon-assigned jet in planar 3-jet events in ete~, whilst a cascade + cluster model
without the interference [59] (a ‘conventional’ or ‘incoherent’ cascade) shows no such
depletion. The interference effects are small at PETRA energies, even at the parton
level [60], and are diminished by hadronisation [61], though they may be large at very
high energies [62,63].

as is allowed to ‘run’ throughout the cascade, the first-order formula (equation
1.4) being used at each branching, with Q? decreasing at successive branchings. There
is some degree of theoretical arbitrariness as to the choice of Q% scale; in this model
@Q? ~ p% is used, as it is suggested [64] that this choice may effectively take into account
higher order corrections to the interference effects.

At the termination of the cascade, when all partons have been put on mass shell, all
gluons are split into qq pairs, each parton then joining with a neighbour of the correct
colour index to form a colourless cluster. Heavy quarks (b,c) are then decayed. Clusters
whose mass exceeds a certain value M, are split into two and all clusters are allowed to
decay by phase space, via resonances, to stable final state particles. This hadronisation
mechanism is not infra-red stable, in that the radiation of additional very soft gluons can
considerably alter the arrangement of colourless clusters and hence change the resulting

hadronic final state.

The three most important arbitrary parameters in the Webber model are hence
the cascade virtuality cutoff (o, the LLA scale parameter Ay and the cluster mass
parameter M.. Alternative prescriptions for setting up the cascade within the basic

framework of the Webber model involve other parameters [55,65], but these will not be
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considered here.

(A new program [66] incorporating a revised model [67] with additional QCD
features [68] has been made available only very recently, and hence no results are shown

in this thesis.)

1.9 THE LUND LLA + O(as;) MODEL

The latest Lund cascade model [69] is also included as a parton-level generator option
in JETSET version 6.3; the inclusion of the O(a;) matrix element in the calculation in
a theoretically satisfying way is an important development and will hence be described
in some detail here.

The cascade evolves according to the Altarelli-Parisi equations with evolution vari-
ables m and z (Section 1.5), eg. referring to Fig. 1.4a(i), m = my- and z = 2;:

Po * P _ Ey

21 =
Do - Py* E x

where the latter equality is valid in the rest frame of the virtual boson. From equation

1.6, branches are generated by solving for m:

2
Sa(mZ) — Sa(mmax

R

where R is a random number between 0 and 1 and M4 ~ +/S. z is chosen according
to P(z) (Section 1.5). Note that the mass of the decaying parton is only fixed by the
branching.

There is no boosting of the initial qg pair to a frame in which they are at 90°.
Instead the first parton branching is defined by matching the cascade onto the exact
O(a,) matrix element by using a rejection technique: summing the LLA probabilities
for diagrams 1.4a(i) and (ii) leads to the following 3-parton cross section:

l d20' . 2a3 Ashower(x17x2)
odzidzy 31 (1—=z1)(1 - 22)

where [69):

2
1- 21 1 — 2 2\
Asowﬂ‘x’x :1+ < ) + 2
hower(T1,T2) (1—z1)+ (1—22) \2 -2 (1—:1:1)+(1—:c2)<2—:c1
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A form is thus reached which is very similar to the exact O(a,) 3-parton matrix element
(equation 1.3), having an identical singularity structure. This provides an opportunity
to correct for the neglect of the interference terms between 1.4a(i) and (ii) in the leading
logarithm result: All branches in the parton cascade are generated according to the

Sudakov form factor, but the first is accepted with a probability:

2
D _ d Omatriz _ Amatrix
d2 Oshower Ashower

where Apatriz = 22 + 22 and Apatriz < Ashower foT all 1,22, i.e. the LLA calculation
overestimates the 3-parton cross section relative to the exact O(a;) result. p is simply
a well-behaved function of 1 and zo which approaches unity in the limit z; or 9 — 1
and 9/20 in the region z1 = z2 = 1/2. By thus combining the LLA cross section with
a probability determined from the 3-parton matrix element one should reproduce the
correct rate of hard 3-jet events and compensate for the phase space region in which
the LLA is known to be a poor approximation.

Coherence is imposed, in a manner analogous to the angular ordering described
in the previous section, by an ordering of successive branchings in terms of m, z; eg.

referring to Fig. 1.4a(i):

21(1—2’1) > (1—21*)

2 2
ml Zl* ml*

All quantities in this inequality are Lorentz invariants, so that the whole branching
process is formally Lorentz invariant, though the gauge changes from one vertex to the
next.

The cascade model has two arbitrary parameters: the virtuality cutoff ¢Jo and the
LLA scale parameter Aypr, though there are certain theoretical degrees of freedom in
the treatment of the kinematics of the cascade evolution, as well as in the choice of Q?
scale for a, (see [70] for a more complete discussion). For all results presented here
the prescriptions chosen in the default version of JETSET [61] have been used, where
eg. Q% ~ p%. Hadronisation after the parton production is imposed according to the
Lund string model as briefly discussed in Section 1.7. The same string fragmentation
parameters are involved, though they are not necessarily expected to have similar values
as for the O(a,?) model because the parton configurations are very different in the two

cases (see Chapter 3). This fragmentation scheme is infra-red stable, viz the hadronic
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final state is insensitive to the addition of very soft gluons to the parton configuration,

which simply appear as vanishingly small kinks on the string.

1.10 THE GOTTSCHALK MODEL

The Caltech-II model [71] is a rather complicated mixture of QCD calculations and
phenomenology. The multiparton system produced by a coherent parton cascade is
broken up into smaller mass colourless subsystems, i.e. clusters, by a string mechanism.
The clusters are then decayed according to a parametrisation of low energy data, a
scheme much more complicated than the phase space description used by Webber. A
large number of parameters is involved, though it is claimed that many of these are
either redundant or well-constrained by the low energy data. A detailed study of this
model has shown [72] that it does not provide a particularly good description of most
global features of ete™ annihilation data at W = 29 GeV, and compares unfavourably

with the three models mentioned in Sections 1.7 - 1.9. The Caltech-II model will hence

not be further discussed here.
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CHAPTER 2

EXPERIMENTAL APPARATUS AND DATA SELECTION

2.1 INTRODUCTION

The analysis described in this thesis uses data collected by the TASSO (Two Arm Spec-
trometer SOlenoid) detector, located in the south east interaction region of the ete~
storagering PETRA (Positron-Elektron Tandem Ring Anlage) at the DESY (Deutsches
Elektronen-SYnchrotron) laboratory in Hamburg, Federal Republic of Germany. The
main features of PETRA are outlined in Section 2.2 and details of the components of
TASSO relevant to this analysis are given in Section 2.3. The experimental trigger
for hadronic events is mentioned in Section 2.4, whilst the data reduction scheme and
event selection criteria are presented in Section 2.5. Section 2.6 describes the computer

program used to simulate the detector effects. All of these details have been extensively

described previously [55,73,74].

2.2 PRODUCTION OF HIGH ENERGY ELECTRONS AND POSITRONS

2.2.1 The Accelerator System

The system of accelerators at the DESY laboratory is shown in Fig. 2.1. Electrons
are initially accelerated to an energy of 50 MeV in the linear accelerator LINAC I
and then injected into the synchrotron ring DESY, where they are further accelerated
to 7 GeV, before finally being injected into the PETRA storage ring. Positrons are
produced by bombarding a heavy metal target (copper, tungsten or lead) with a 150
MeV electron beam. The electrons shower in the target and produce positrons via
et e~ pair production from bremsstrahlung photons. The positrons are then accelerated

to 400 MeV in LINAC II, accumulated in the PIA (Positron Intensitits Akkumulator)
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and injected into DESY for acceleration up to 7 GeV. Both electrons and positrons at 7
GeV are transferred to PETRA until a sufficiently high beam current, typically several
mA, is obtained, at which point the beams are accelerated to the required energy.

The PETRA ‘ring’ has a perimeter of 2.3 km and consists of four long straight
sections (Fig. 2.1) housing the radiofrequency cavities for accelerating the beams,
joined by circular arcs containing bending and focusing magnets. The electron and
positron beams circulate in opposité directions within the same vacuum pipe, which is
maintained at 10~ torr. At the centre of each of the four arcs is a short straight section
where the beams intersect, at which points experimental halls house the detectors. Each
beam consists of two ‘bunches’ of particles circulating 180° apart, with a bunch crossing
occuring at each experiment every 3.84 us. Typical bunch widths are ~ lmm in z
(horizontally in the plane of PETRA), ~ 0.lmm in y (vertically) and ~ 10mm in z
(along the beam direction). After many bunch crossings the beam currents become
degraded as a result of ete~interactions: a typical run during 1986 would start with
currents of ~ 10 mA, which reduced to ~ 3 mA after about three hours, at which point
the beams were dumped and PETRA was refilled. A fill typically required between
30 and 60 minutes. Apart from brief shutdown periods for maintenance, PETRA was
run continuously between March and November 1986, when it ceased to operate as an
ete~storage ring, and is now being used as part of the pre-accelerator system for the

HERA (Hadron-Elektron Ring Anlage) electron-proton collider project.

2.2.2 The Luminosity

The performance of a colliding beam machine is expressed in terms of the luminosity
L delivered. For a process ete™— X with cross section o, the event rate dN/dt for

luminosity L is given by:

dN/dt = Lo (2.1)

and L can be expressed in terms of the collider parameters, eg. for Gaussian bunches:

nyn_ f ny
AT o, 0y
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where:

n4 is the number of positrons per bunch

n_ is the number of electrons per bunch

f is the frequency of rotation

np is the number of bunches per beam

0. is the r.m.s. width of the bunch along the z axis

0y is the r.m.s. width of the bunch along the y axis

Since some of these quantities eg. o, 0y cannot be measured very accurately, each
detector monitors L independently by counting the rate d/N/dt of events whose cross
section o is known. This method has the additional advantages that fluctuations in the
beam conditions at each intersection point are automatically taken into account, and
that periods of ‘dead time’, when a detector was not operating even though there were
colliding beams, do not contribute to the luminosity measurement. The process used

is Bhabha scattering: ete”— ete™, monitored at both small and wide angles to the

beam pipe:
e+ e+

et ot /

(a) (b)

Figure 2.2: Lowest order diagrams for the Bhabha scattering process.

The forward Bhabha events involve low four-momentum transfers, i.e. small Q?,
where the t-channel photon exchange diagram (Fig. 2.2a) dominates and gives a
high cross section. QED has been tested thoroughly in the low @? region by many
experiments, so that the QED calculation of the forward Bhabha cross section may be
assumed to be accurate and used to determine the luminosity. Because of the high event
rate the statistical errors are small, but the systematic uncertainty on the measurement

using the small angle Bhabha events was typically +(3.5 - 4.5)% [75]. The rate of
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wide angle Bhabha events, where there is also a small contribution from the s-channel
annihilation diagram (Fig. 2.2b), is much lower, so that the statistical error is larger.
The luminosity determined independently from these events was in good agreement with

that from the small angle events and had a total uncertainty of similar magnitude [75].

From equation 2.1 it can be seen that the dimensions of I are area™! time™!,
normally expressed in cm™2s~! or nb~1s~1, where 1 nb = 10737 m?2. Integrated over a
period of time the luminosity is given in nb~!. The luminosity measured by TASSO is
shown as a function of the c.m. energy and time in Fig. 2.3. The machine luminosity
was improved towards the end of 1980 by the installation of so-called mini-3 quadrupole
magnets near each interaction point to give better focusing of the beams. Between 1983
and 1985 PETRA ran at high beam energies around 22 GeV with the r.f. cavities being
run at the limit of their power, causing a much lower luminosity, typically ~150 nb~1
per day in 1985. During the 1985 winter shutdown half of these cavities were removed,
and in the 1986 running at Epeqm = 17.5 GeV the luminosity was considerably higher

at around 500 nb~! per day.

The last run was on 3"¢ November 1986. Throughout its long life PETRA remained
the world’s highest energy ete~collider; the peak c.m. energy of 46.8 GeV was achieved
in 1984. To date this has been exceeded only by the TRISTAN collider at the KEK

laboratory in Japan, which has produced ete~annihilation events at c.m. energies up

to 57 GeV [13].

2.3 THE TASSO DETECTOR
2.3.1 Introduction

TASSO was designed, built and run by an international collaboration of 13 institutes.
Between 1979 and the end of 1986 at least 226 physicists worked on the experiment [76]
and most are listed in Appendix A; in addition a large number of technical and support
staff contributed to the construction and maintenance of the detector.

TASSO was designed to be a multi-purpose detector with particular emphasis on

the detection and identification of charged particles. Sectional views of TASSO in the
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vertical plane containing the beam axis (y— z plane), the vertical plane transverse to the
beam axis (z — y plane) and the horizontal plane containing the beam axis (z — z plane)
are shown in Figs. 2.4 a-c respectively. (The TASSO coordinate system is explained in
Appendix B).

The central detector [77] comprises a set of tracking chambers used to measure the
positions and momenta of charged particles. In order of increasing radius are a compact
high precision drift chamber (vertex detector or VXD [78]), a central proportional
chamber (CPC) [79], the main drift chamber (DC) [80] and the inner time of flight
counters (ITOF) [81]. These lie within the aluminium solenoid coil of inner radius 135
cm and length 440 cm which produces a uniform magnetic field of 0.5 T parallel to the
beam axis.

The external detector consists of the hadron arms, the barrel, yoke and the endcaps;
these provide particle identification and calorimetry information.

The hadron arms [82] are situated along the z-axis on either side of the coil.
Working away from the interaction point each contains a planar tube chamber (PTC)
[83], a series of three threshold Cerenkov counters (aerogel, freon and carbon dioxide)
[84], a time of flight system (HTOF) [85], a shower counter system (HASH) [86], iron
shielding which acts as a muon filter and finally muon chambers [87].

Above and below the coil, forming the barrel, are the lead-liquid argon shower
counters [88] used for electron and photon identification. Outside these the iron yoke
acts both as a path for the return flux of the magnet and as a muon filter; the muon
chambers themselves lie outside the yoke.

In each of the endcap regions are a time of flight system (ECTOF), liquid argon
calorimeters (LAEC) [89], iron shielding and a pair of muon chambers. There is also
a forward detector system [90] close to the beam pipe to measure particles at small
forward and backward angles and a luminosity monitor for the small angle Bhabha
events [90,91].

Those components of the central detector used extensively in this analysis are

described in more detail below.
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2.3.2 The Central Proportional Chamber

The CPC [79] is a cylindrical multiwire proportional chamber used to provide a fast
trigger for the experiment and for charged track reconstruction in the central detector.
The chamber has an active length of 140 cm and inner and outer radii of 18.0 and 28.6
cm respectively, which corresponds to full coverage for polar angles # with respect to
the beam of |cosf| < 0.92. It is filled with a gas mixture of roughly 75% argon, 25%
isobutane and 0.25% freon. It has four cylindrical layers of active radial width 14 mm
spaced 30 mm apart, each consisting of 480 anode wires parallel to the beam. Each
anode layer lies between two sets of 120 helical cathode strips of average width 8 mm
at a pitch angle of 36.5°, but in opposite senses of rotation. The anodes can measure

track reconstruction with a resolution of ~ 0.7 mm in the r — ¢ plane and the cathodes

have a resolution along the 2z axis of ~ 3 mm.
2.3.3 The Central Drift Chamber

The DC [80] is a high precision wire chamber filled with a gas mixture of 50% argon and
50% ethane from which most of the charged particle tracking information is obtained.
It has 15 cylindrical coaxial layers of drift cells, each containing a 30 um tungsten sense
wire and two sets of 120 um molybdenum potential wires. Nine of the 15 layers are
parallel to the beam (the 0° wires) and the other six (the a wires) are inclined at angles
of £4.5° to provide a measurement of the z coordinate along a track, enabling a full
three-dimensional reconstruction to be made.

The chamber active length is 323 cm with inner and outer layer radii of 36.7 cm

and 122.2 cm respectively, giving full coverage for |cosf| < 0.80. The spatial resolution

averaged over a drift cell is ~ 250 ym.
2.3.4 The Inner Time of Flight Counters

The ITOF counters [81] consist of 48 identical plastic scintillators arranged cylindrically
around the DC at a radius of 132 cm, giving a polar angle coverage of |cosf| < 0.83.
Passage through the scintillator by a charged particle induces ionisation and hence the

emission of light which is detected by photomultiplier tubes at each end of the counter.
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The timing of this signal relative to the bunch crossing allows the particle velocity to
be inferred. Combined with knowledge of the momentum, the particle mass and hence
species can be derived. The timing resolution of the counters varies from roughly 0.35
ns at the ends to 0.5 ns at the centre. No such particle identification is used in this

analysis, though the ITOF's form an important part of the experimental trigger and are

used for rejecting cosmic ray events.

2.4 THE HADRONIC EVENT TRIGGERS

There are bunch crossings at PETRA every 3.84 us, i.e. a rate of 2.6 x 10° Hz; in
most of these crossings no measurable interactions occur. The purpose of a trigger is
hence to recognise a particle event as it occurs so that the information from the detector
can be read out and recorded. Here, a bona fide event means one of the type ete™—
ete™, utu=, 777, hadrons, ete™+ hadrons. In addition a trigger also serves as the

first stage of the process of rejection of non-bona fide events arising from the following

background sources:

(i) synchrotron radiation

(ii) beam gas events in which an electron or positron collides with a gas molecule in the

beam pipe

(iii) beam pipe events involving collisions of an off-momentum particle with the wall of

the vacuum pipe
(iv) cosmic ray events

(v) electronic noise in the detector

Such events do not necessarily originate from the interaction region (z ~ 0) but can
occur anywhere in z; their rate is very large relative to that for the genuine events, so
that the trigger rate is still dominated by the background. For example, in 1986 the
trigger rate was typically between 1 and 10 Hz depending on the beam currents and
PETRA operating conditions, though only about 100 hadronic events were collected
per day, during which time the experiment was active for around 18 hours.

In practice there are different triggers for the different bona fide event processes.
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Each individual trigger consists of logical combinations of several decisions based on
signals from different parts of the detector. Interesting events are characterised by the
multiplicity and topology of their charged tracks, energy deposits in the calorimeters
and shower counters and by hits in the muon chambers. There are two triggers which
are responsible for the detection and recording of hadronic events; both involve crude
track-finding using information from the CPC, DC and ITOF to give so-called prepro
tracks'. The first hadronic event trigger requires at least four or five prepro tracks
to have been found, the latter number being used during the period of highest energy
running, to suppress the backgrounds recorded in the central detector. The second
trigger requires at least one pair of prepro tracks back-to-back to within about + 27°.
This is principally designed to detect Bhabha and utpu~ events, but can also pick up
some low multiplicity hadronic events which are missed by the first trigger.

When an event satisfies a trigger condition the detector is read out and the data are
buffered locally on disk® before being written to a so-called dump tape. The readout
process takes about 40 ms, during which time the detector is insensitive and ~ 10*
further beam crossings occur. In order to minimise such ‘dead time’ it is very important
to choose the experimental trigger requirements to reject as many background events

as possible, though without discarding genuine events.

2.5 DATA REDUCTION AND PROCESSING: SELECTION OF
HADRONIC EVENTS

In selecting events of the type e?e~— hadrons from the many events which triggered
the detector there are two classes of non-hadronic events which need to be removed by
appropriate cuts: (a) the backgrounds described in Section 2.4 which do not involve

interactions between an electron and a positron; (b) genuine ete~events of the types:

(1) ete”— ete™ (Bhabha scattering)

1 For further details see [74].

2 Until the end of 1984 the online computer was a Norsk Data NORD 10S, thereafter

it was a Digital Equipment Corporation VAX 730.
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(2) ete™ — ,u+#‘
(3) etem— rtr-
(4) ete — ete qy | vy — hadrons

The trigger requirements were designed to suppress the type (a) events, though a large

number inevitably gets through, whilst allowing through the vast majority of the type

(b) events.

et
”~
Ebeam
w77
e;

Figure 2.5: Representation of a two-photon interaction.

The normal hadronic events typically contain many charged tracks occupying a
large fraction of the total solid angle, whereas the backgrounds have distinctively dif-
ferent topologies which make them easy to isolate in principle. As mentioned in Section
2.4, the type (a) events are z-independent; in addition, those events due to synchrotron
radiation, beam gas and beam pipe interactions generally result in a single cone of
many tracks, often originating close to or within the beam pipe wall. For type (b),
Bhabha scattering (1) and muon pair (2) events generally have just two back-to-back
tracks, each with roughly the beam momentum. However, photons radiated by either
or both of the final state leptons in interactions with the detector material, which
convert to et e pairs, give extra tracks which can fake low multiplicity hadronic events.
Similarly 7t7~ events (3) in which both particles decay into one charged track are
easily distinguished from hadronic events. However, a sizeable fraction (13% [92]) of

taus decay into three charged particles, so that many events have a distinctive 1-against-
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3 or 3-against-3 track topology. Finally, in event type (4), virtual photons radiated by
the incoming leptons (Fig. 2.5) interact to give hadrons and an e*e~pair in the final
state. Because of the low four-momentum-transfer-squared, Q?, involved, the electron
and positron are usually deflected at small angles to the beam and are not measured
in the central detector, whilst the hadronic system has low multiplicity and a small

momentum sum.

There are four stages to the process of isolating the hadronic events from both

types of background, known as PASS-1 to PASS-4.

2.5.1 PASS-1

The first stage of the data processing consists of running a preliminary fast track
reconstruction program FOREST [93] on all events passing one of the triggers; this is
done either online using the IBM emulators! or offline using the DESY IBM computer to
analyse the dump tapes. FOREST uses a tree algorithm to reconstruct initially tracks
in r — ¢ using hits in the DC 0° wires, assuming that the space-drift time relations are
linear across the drift cells. If a track is found, hits from the o wires are used to fit in z.
All detected events are thus processed and written onto the PASS-1 tapes. For the 110

pb~! of data collected in 1986, 40 million triggers were written to 1650 PASS-1 tapes.

2.5.2 PASS-2

PASS-2 tapes are produced from PASS-1 tapes by applying sets of loose cuts to the
events based on the topologies of the FOREST tracks and the energy deposits in the
calorimeters. Each set of cuts is designed to remove a large fraction of the background
to the events of interest, thereby reducing the number of events to be processed subse-
quently by the full track-finding program, and hence the computer time needed. The

most important cuts for selecting hadronic events are:

(1) > 2 tracks reconstructed in r — ¢

(2) > 1 track reconstructed in three dimensions with? |do| < 2.5c¢m and |29 < 15.0

1 These were initially 168E and later 370E emulators [94].
2 These track parameters are explained in Appendix B.
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cm.
2.5.3 PASS-3

At this stage there is a pre-selection of events satisfying:

(1) > 3 tracks reconstructed in r — ¢ with |dy| < 2.5 cm

(2) > 2 tracks reconstructed in three dimensions with |dp| < 2.5 cm and |20| < 15.0

cm

These events are then run through the MILL track-finding program, which uses a road
algorithm taking the FOREST tracks as a first iteration, and then attempts to find new
tracks using the remaining unassociated DC hits. Again, tracks are first reconstructed
in the r — ¢ plane and then if successful in the z direction also. Corrections for non-
linearity of the space-drift time relations and the entrance angles of tracks to drift cells
are applied, and CPC anode hits are also included in the fit. The r.m.s. transverse

momentum resolution, including multiple scattering, for the MILL tracks was [16]:

9p
Pt

The angular two-track resolution was typically 04 = 4 mrad in azimuth and oy = 6

= 0.016 (1 + p*)'/? (p: in GeV/c)

mrad in polar angle. MILL is a more eflicient and precise track-finder than FOREST,
but requires a factor of roughly 10 times more computer processing time per hadronic
event. The MILLed events are written to the PASS-3 tapes and the FOREST tracks

are not used further.
2.5.4 PASS-4

This stage comprises the final hadronic selection. Firstly, every track in a PASS-3 event

is required to satisfy the TRKSEL (TRacK SELection) cuts:

(1) Reconstruction in three dimensions

(2) x24 per d.o.f. < 10.0 for the r — ¢ track fit
(3) |d0| < 5.0cm

(4) transverse momentum pg, > 0.1 GeV/c
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(5) |cosf| < 0.87

(6) |20— 20| < 20.0 cm, where Z is the average zq of all the tracks in the event passing

cuts (1)-(5).

The HADSEL (HADronic SELection) cuts are then applied considering only those tracks
passing TRKSEL:

(1) >4 tracks for W < 26.0 GeV.
> 5 tracks for W > 26.0 GeV.

(2) The event is divided into two hemispheres by the plane perpendicular to the
sphericity axis (see Section 3.2). For events containing just 1 against 3 tracks and W <
26.0 GeV, the invariant mass m3 of the 3-track system must satisfy ms > m,, the tau
mass, where each track is assumed to have the charged pion mass.

For events containing just 3 against 3 tracks and W > 16.0 GeV, m3 > m, for both
3-track systems.

(3) |Z0| < 6.0 cm

(4) 1% Qi < 4for W < 16.0 GeV, where (); is the charge of track <.

(5) At least one track in both the forward and backward hemispheres for W < 16.0
GeV.

(6) Yilpi] > 0.265W/c

These cuts discriminate against beam gas scattering (3 to 6), 7¥7~ production (1,2),
Bhabha scattering and muon pair production (1) and v+ scattering (1,6).

Until 1985 all events satisfying the above criteria were visually scanned to remove
any remaining backgrounds. From 1985 onwards a computer program was used to make
a pre-selection of ‘dubious’ events, and only these were subsequently scanned. Events
assigned as type (a) ‘fakes’ were discarded, as were type (b) Bhabha and muon pair
events; however, no attempt was made to discard tau pair or 7y events*. Roughly
3% of all events were rejected [16], most of them being Bhabha events producing
electromagnetic showers in the material before the tracking chambers.

All events surviving the HADSEL and scanning procedures were written to the

* These are considered in Section 3.4.
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PASS-4 tapes and comprise the final hadronic sample; for the 1986 running roughly one

hadronic event was found for every 103 triggers. The numbers of PASS-4 events are

shown as a function of beam energy in Table 2.1.

Table 2.1: Number of events as a function of beam energy

Beam energy [ 1978-84 [ 1985 | 1986
6-7 258
7-8 2704
8-9 37
9-10
10-11 1584
11-12 330
12-13 231
13-14 139
14-15 146
15-16 726
16-17 3896
17-18 17252 | 172 | 31175
18-19 336 1 1
19-20 155 {2084
20-21 646
21-22 779 (1934
22-23 2434
23-24 415

2.6 SIMULATION OF THE DETECTOR

The end-product of the TASSO data reduction scheme is a set of events, each containing
a number of reconstructed tracks representing the passage of charged particles through
the detector. For any given event, the tracks which are measured usually represent
closely the actual particles, but not exactly so. First, neutral particles do not produce

any tracks at all. In addition, because of inefliciencies in the wires and electronics of the
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tracking chambers and in the track-finding, it is possible that a charged particle may not
be measured as a track. Conversely, if there are noise hits in the chambers, completely
spurious tracks may be reconstructed from these and unassigned genuine hits, which do
not correspond to any real particles. Even when a particle does produce a measured
track, the momentum determined from the curvature will be smeared from the ‘true’
value because of the finite resolution of the tracking chambers and bias introduced by
the track-finding algorithm. Furthermore, the ‘true’ particles can interact with the

detector material and be scattered or produce new particles, or can decay within the

detector.

Hence, in order to reconstruct the ‘true’ particle events from the measured tracks,
careful unfolding is necessary, taking all of the previous effects into account. Clearly such
unfolding cannot be done for individual events, but only on a statistically averaged basis
for samples of many events. For this purpose it is useful to have a computer program
which simulates all of these detector effects: Monte Carlo generated events using, for
example, one of the models described in Chapter 1, can be fed into the simulation
program to produce hits corresponding to those in the real chambers. The same track-
finding programs and selection cuts as for the real data can then be applied, and the
final processed events compared with the initially generated sample to study how the
detector has distorted the ‘true’ events. From these Monte Carlo datasets, correction
factors for all the simulated detector effects can be determined and applied to the real

data.

In this analysis the computer program used was SIMPLE (SIMulation Program for
Large ete™ Experiments [95], which allows simulation of many events in reasonable
computer time. SIMPLE takes events generated by a supplied perturbative QCD +
fragmentation model, allowing for photon radiation by an electron or positron in the
initial state [96] and electroweak effects, and traces the particles through a simulation
of the TASSO inner detector, including scattering, interactions, decays and photon
conversions. These effects are parametrised from observed events in TASSO. Charged
particles give hits in the CPC and DC which are then smeared by the measured
resolution and efficiency. The smeared hits associated with each charged particle are

fitted in three dimensions to give the measured track. A hit-dependent track-finding
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efficiency, determined from real MILLed events, is used, so that not all charged particles
produce a track. Noise and crosstalk hits can be generated, but are not used to give
spurious tracks as there is no routine associating combinations of hits into tracks; only
genuine hits produced by a particle are used for that track fit.

The various parametrisations and approximations mean that SIMPLE is fast in
terms of computer processing time per event. The simulation, however, remains an
approximate one, so that for detailed studies it is necessary to MILL the SIMPLE

events so that they can be properly compared with the real data. This is discussed

further in Chapter 3.
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CHAPTER 3

INCLUSIVE STUDIES OF THE HADRONIC
FINAL STATE AT W = 35 GeV

3.1 INTRODUCTION

In the last 10 years a wealth of information has been collected at PETRA and PEP on
hadron production in high energy ete~ annihilation. Many studies of the properties of
hadronic final states have been performed [16,43,97,98,99,100] and comparisons made
with perturbative QCD + fragmentation models [55,57,72,101]. In this chapter the
distributions of physical quantities obtained from the 1986 TASSO hadronic data at W =
35 GeV are compared with the predictions of the latest generation of QCD fragmentation
models described in Chapter 1. The 35 GeV data sample was used because it comprises
the largest number of events collected by TASSO at a single energy, under the excellent
low noise conditions of the 1986 PETRA running.

The most important of the arbitrary parameters of the models were first optimised
to provide a good description of a few relevant quantities, and then the models were
tested more globally in terms of many observables. The important observables in global
studies of hadronic final states are defined in Section 3.2. The event selection cuts,
background to the data sample, parameter tuning and data correction procedures are
described in Sections 3.3-3.7. The results of the comparison between models and data at
W = 35 GeV are given in Sections 3.8 and 3.9; the energy evolution across the PETRA
range and the model predictions up to W = 200 GeV are shown in the next chapter

and the study of multijet rates is presented in Chapter 5.
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3.2 DEFINITION OF OBSERVABLES

Both global event shape observables and single track inclusive distributions are studied,

using charged particles only. Event shapes may be characterised by using the sphericity

tensor [102]:

N

> i=1PjaPip
N

Zj:l | pj |?

Top =

where the sums are over the N particles in the event. The eigenvalues of this tensor,
@1, @2, @3, are ordered such that Q3 > Q2 > Q1 and satisfy @, + Q2 + @3 = 1. The
event axis is taken to be the sphericity axis, the eigenvector corresponding to ()3, and

the event plane is that defined by the eigenvectors corresponding to @J3 and ;. The

variables aplanarity

A =3/2Q, 0<A<1/2

and sphericity

S =3/2(Q1 + Q2) 0<S<1

are commonly used to characterise events. Extreme two-jet events have § = 0, whilst
S — 1 for spherical events. Extreme planar events have A = 0. Closely related event

observables are:

<ph. > = <pP>Q and  <pj > = <p'>Q
where pr,. and pr,,, are the particle momentum components transverse to the sphericity
axis in and out of the event plane respectively, and the average is over all particles in
the event.
The particle momenta enter quadratically into the sphericity tensor, so that the
sphericity axis is more sensitive to high momentum tracks than, for example, the thrust
axis, where the thrust T is defined [31]:

Max N_ ;
T = L= | Pis | 1/2<T <1

N
Ej:l | p; |

43



which is linear in particle momenta, and hence infra-red safe, the axis being chosen to

maximise Y | py; |. Extreme two-jet events have T = 1. Particle rapidity is defined

y = 1IH(E_+&)
2 E—p”

with respect to the thrust axis. A commonly used fragmentation variable is the scaled
track momentum z, = 2| p | /+/s, useful because no knowledge of particle species and
hence masses is required.

The scaled invariant mass-squared of the two hemispheres in the event, M}?/s,
M} /s [103], are well-behaved quantities in perturbative calculations. Here the event
is divided into hemispheres by the plane perpendicular to the sphericity axis and ‘h’
denotes the hemisphere with the greater mass, ‘I’ that with the lower mass. Because
only charged particles are used in this analysis we divide the mass-squared by the visible

2

energy-squared, EZ, | rather than by s, where E,;; is the energy sum of the particles

measured in the tracking chambers assuming they all have the pion mass.

3.3 EVENT SELECTION CUTS

For the comparison between models and data described in Sections 3.8 and 3.9 additional
cuts were applied to the data. To ensure a large acceptance for the particles in jets,
only events with | cosf;.: |< 0.7 were considered, where 8;.; is the angle between the
sphericity axis and the beam axis. Events with a hard photon in the initial state were
suppressed by requiring | cosf, |> 0.2, where 8, is the angle between the normal to
the event plane and the beam direction. From the initial sample of 31176 events, 18849

survived these cuts and were used in the subsequent analysis.

3.4 BACKGROUNDS TO THE DATA SAMPLE

It is necessary to estimate the contamination to the PASS-4 data sample arising from
background events which pass the cuts described in Section 2.5. Bhabha events can

enter the hadronic sample only if they generate extra tracks, eg. through the conversion
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of radiated photons or interactions in the detector material. The residual contamination
from this source was estimated to be negligible [104] as such events are generally easily
identified in the visual scan. z-independent and fake events (Section 2.4) are similarly

easily identified and removed in the scan and any remaining contribution was negligible

[16,55,104,105].

3.4.1 The Two-photon Background

At W = 35 GeV the total cross section, 0., for events of the type ete vy — ete™+
hadrons is enormous (see eg. [106]) compared to the cross section 04,4 for annihilation
events: ete™ — hadrons. In the vast majority of such events the particles in the hadronic
system have such low momentum transverse to the beam direction that they remain
undetected in the beam pipe, viz the invariant mass of the hadronic system, W, is
small. The event invariant mass distribution of the 1986 PASS-4 data showed that
virtually no events have masses less than 5 GeV [107]. Hence only those two-photon
events with W.,, > 5 GeV are likely to be confused with annihilation events, provided
they pass the HADSEL cuts, the most relevant being that the events contain > 5 charged
tracks and have momentum sums > 0.265 ppeqm. Even though such high W, events are
suppressed by a factor 1/W,,, in the cross section, it is shown below that o.,,(W,, > 5)
is comparable to op.q at W = 35 GeV.

Because of their light masses, open production of particles containing u,d,s quarks
in two-photon events is expected and has been observed [106]. Charmed particle
production should be strongly suppressed as W.., > 3.1 GeV is required, but has also
been seen [106,108]; as yet there is no evidence for two-photon production of particles
containing b quarks at eTe~energies studied to date. Neglecting threshold factors and

assuming the quark flavours are produced according to the fourth power of their charges

[106]:

Oy(Wyy) = 00(Woyy) Z q;

i=u,d,s,c

For production of u quarks only, 0.y (Wyy > 5) = 0.152 nb [109]. Hence for production
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of all four flavours, o.,(W,y > 5) = 323 pb.

By comparison, the annihilation hadronic cross section is given by (Section 1.1):

86.9
Ohad = —— X 1000x R pb

S
At s = W? = (35 GeV)?, taking R = 3.90 & 0.05 from a recent determination [10],
Ohad = 276 pb. Hence the cross section for detectable two-photon hadronic events is
comparable to that for annihilation hadronic events.

The contamination of yy events in the PASS-4 sample was then estimated using
a Monte Carlo simulation with the event generator of [109], requiring W.,, > 5 GeV,
incorporating hadronisation according to a Field-Feynman scheme [110]. A large sample
of ngen events was generated with initial state radiative effects [96] and full SIMPLE
detector simulation. After MILLing and applying TRKSEL and HADSEL cuts, ngc.
accepted events remained. The acceptance for the yy events was hence ngcc/ngen and
is given in Table 3.1. From this acceptance and the ratio of vy and annihilation cross
sections, the fraction of expected events in the PASS-4 sample was calculated (Table

3.1) to be about 0.9%, in good agreement with previous estimates [16,55]*.

3.4.2 The Tau Pair Background

Events of the type ete™— 7%7~ — hadrons can pass the HADSEL cut mz > m,
through momentum smearing. In addition, extra tracks can be generated through
radiated photon conversions or interactions such that the event is no longer of the
3-3 or 1-3 topology and the mass cut is not applied.

The background of 7 events in the PASS-4 sample was estimated in the same way
as for the two-photon events, using the event generator of [111], with the branching

ratios for the 7 decay modes in agreement [92] with the most up to date values [112].

* Note that the background to the 1986 data is not a prior: expected to be the same
as to the old TASSO data at < W >~ 34 GeV, as the material between the interaction
point and the Drift Chamber changed due to the installation of the new beryllium beam

pipe and VXD at the end of 1982.
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Roughly 87% of the decays were in the 1-prong mode, with about 13% giving 3-prongs.
Taking o,+,- = 91.4 pb [92] gives the results shown in Table 3.1, with a percentage

contamination of about 0.7%, again in good agreement with previous estimates [16,55].

Table 3.1: Estimate of background to the PASS-4 data

Vs = 35 GeV 7t7~ — hadrons | vy — hadrons
o(pb) 91.4 323
Acceptance (%) 2240.1 0.78 £ 0.07
NO of events in PASS-4 224 £ 8 284 £ 30
Background (%) 0.72 £+ 0.03 0.91+0.10
Background after event cuts 3.3 (%)| 0.35%+ 0.02 0.35 £ 0.05

The errors are statistical only. Systematic errors are difficult to estimate because of
the visual scanning of roughly 10% of the events; it is possible that some yy or 7+7~
events were mistakenly discarded as Bhabha events. The above numbers can therefore

be regarded as realistic upper limits on the background.

Whilst the overall percentage contamination is small, some bins in certain distri-
butions are particularly sensitive to background. For example, the first few bins of the
charged multiplicity distribution are estimated to contain a large proportion of vy and
7 events which are typically of low multiplicity, whilst the latter, having in general a few
very energetic tracks, also populate bins of high z,. The n., and z, distributions for
the 1986 PASS-4 data are shown in Fig. 3.1, together with the estimated background
from 717~ and 77 events. Around 25% of the content of the n., = 5 bin, and ~ 5%
of the 0.7 < z, < 1.0 bin, is due to such contamination. To take this into account, the
properly normalised background was statistically subtracted from each data distribution

on a bin-by-bin basis.

3.5 CORRECTIONS FOR MILL TRACK-FINDING

The tuning procedure to be described in Section 3.6 involves generating large numbers

of hadronic events with full SIMPLE detector simulation. The real data, however, at the
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PASS-4 stage have had the MILL track-finder applied. The SIMPLE track simulation
involves the generation of spurious hits due to crosstalk and noise in the central tracking
chamber, though the hits associated with a given generated track remain uniquely
assigned to that track. In applying the MILL track-finder to the real data, there is the
chance that hits in the chamber can be misassociated to the (a priori unknown) ‘real’
tracks, or that spurious tracks can be reconstructed from the many ‘real’ (i.e. genuine
track-associated) and noise hits in the chamber. In particular, MILL occasionally finds
[565] spurious, very straight tracks of high momentum (sometimes larger than the beam
energy) from a set of hits with no apparent connection but which together have satisfied
the necessary track formation criteria. Events containing such tracks will clearly be
heavily biased, the sphericity and thrust axes being shifted towards the very energetic
track.

In order to make a valid comparison between the real data and MC events with
SIMPLE detector simulation one should therefore apply the MILL track-finder to the
SIMPLE events. The only difficulty is a practical one in that MILL, like most compli-
cated track-finders, requires a great deal of computer processing time, typically around
4.5s (DESY IBM cpu units) per event, compared with 0.5s per event for the full SIMPLE
simulation, for hadronic events at W = 35 GeV *. Event generation, detector simulation
and track-finding hence require about 5s total cpu per MC event so that it is impractical
to MILL all of the MC datasets to be discussed below. In order to avoid introducing
biases, the real data were hence corrected for the MILL effects so that they could be
compared with the MC events at the SIMPLE stage.

A large sample of events was generated using a tuned version [113] of the O(a,?)
generator in JETSET 6.2, with initial state radiative effects included [96], and passed
through the SIMPLE detector simulation program. After the events were MILLed and
TRKSEL and HADSEL cuts were applied, distributions of physical quantities were
produced from the sample of accepted events. Table 3.2 shows the numbers of accepted
tracks per event, before and after MILLing, in bins of z,. (The errors are statistical

only). MILLing accepted SIMPLE events picks up an extra ~30% of tracks in the range

* The precise time depends upon the event generator used and the c.m. energy, but

the ratio of times is roughly 10:1 for MILLing:SIMPLE detector simulation.
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0.7 < z, < 1.0 and about 0.02 tracks per event with momentum larger than the

beam momentum.

Table 3.2: Numbers of MC tracks per event

Ty SIMPLE | MILLed SIMPLE
0.0-0.1]| 8.08+0.03 8.16 £0.03
0.1-0.2] 1.90+0.01 1.974+0.01
0.2-0.3[0.675+0.008 0.679 4+ 0.008
0.3-0.410.291 £ 0.006 0.287 + 0.006
0.4-0.5]0.129 £ 0.004 0.128 £+ 0.004
0.5-0.7{0.092 £ 0.003 0.096 &+ 0.003
0.7-1.0]0.027 £ 0.002 0.034 £ 0.002
1.0 - oo {0.003 £ 0.003 0.023 + 0.003
0.0-1.0{ 11.20 £ 0.03 11.38 £ 0.03

For each distribution of a quantity z, a correction factor was determined for every

bin z:

where nf', denotes the contents of the bin for the SIMPLE tracks and nfv‘{s for the
MILLed SIMPLE tracks. The (background subtracted) data distributions were then

multiplied by these factors:

data - - data
nx; - f-’E.' X na:.'

The majority of the correction factors were close to unity, though for a few bins they
may have been as low as 0.7 or as high as 1.4. For these purposes it was assumed that
the correction factors were roughly independent of the event generator; this is certainly
not true but is a good approximation to first order (see Section 3.7). Systematic errors
on the MILL-corrected data were thus not considered at this stage, as any such errors

were likely to be smaller than the statistical fluctuations arising from the samples of

roughly 5000 MC events considered in the next section.
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3.6 MODEL PARAMETER TUNING

3.6.1 The Tuning Approach

As mentioned in Chapter 1, the perturbative QCD + fragmentation models each include
several arbitrary parameters which are loosely constrained to lie within certain ranges
by theoretical considerations, but whose value may be varied within these bounds with
considerable effect upon the resulting hadronic final state. In looking at the predictions
of the models it is therefore necessary to choose somehow a particular set of parameters.
The method of approach here is to consider for each model those few parameters whose
variation has the greatest impact upon the hadronic final state and then to vary their
values simultaneously within reasonable ranges to find that combination of values which

optimises the description of some chosen observables.

One option is to optimise each model to give a good global description of many or all
of the observables mentioned in Section 3.2. There are, however, several disadvantages
to this procedure. Many of the observables are strongly correlated with one another;
indeed almost every quantity is correlated with every other to a greater or lesser extent,
so that tuning a few parameters to describe all observables is not really necessary.
Furthermore, the more quantities which are tuned to, the less likely it is that each
individual one will be very well described, each observable exerting its own influence on
the tuning. For example, quantity X may choose an optimum value px of parameter p,
whilst Y prefers a different value py; optimising to X and Y simultaneously will give
some value of p intermediate between px and py; a reasonable description of both X
and Y is thus obtained, at the expense of a very good description of either alone. Having
optimised the model to many things it is then also difficult, because of correlations, to

find other independent quantities against which to test it.

Instead the scheme adopted here is to choose a small set of relatively uncorrelated
distributions of both event and single track observables, which are especially sensitive

to the parameters to be optimised, namely:

(1) Sphericity, 5

(2) Particle momentum transverse to the event plane, pr,_,
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(3) Particle momentum fraction, z,

(4) Particle multiplicity per event n

where only charged particles are used. This set contains two event and two track
variables. S is dominated by properties in the event plane (Q; >> ;) and is hence
roughly orthogonal to pp ,. The former is sensitive to hard gluon radiation in the
event plane whilst the latter is sensitive to softer gluons and pr arising from the
hadronisation process. z, is sensitive to the longitudinal fragmentation of jets, as is the
event multiplicity n.,. These distributions are hence suitable for determining optimum

values of the parameters for both the perturbative QCD processes (A, Qo) and the

hadronisation (M., a, b, o).

3.6.2 The Tuning Method

The tuning method is similar to that described in a previous TASSO publication [43].
For each model, n, values of each of the n, parameters were used to define a grid
in a parameter space of dimension n,. For each of the ny” points in the grid, 7000
Monte Carlo events were generated with QED radiative corrections and put through the
SIMPLE detector simulation program and hadronic event selection procedures, giving
roughly 5000 events remaining. Distributions of the observables, normalised per event,
were produced for each MC dataset and also for the background-subtracted, MILL-
corrected TASSO data. For each bin of each distribution to be fitted, for every MC
dataset the x? was calculated between the MC and the same bin for the data. A second
order polynomial in the n, tuning parameters was then fitted to the ng® x*’s for that
bin. The sum of the polynomials, over all bins in all distributions, was then minimised
using the program MINUIT [114] to obtain the tuned values of the parameters.

The topography of the x? space was examined by looking at the variation of x?
with the value of each parameter across its tuning range to ensure that a true global
minimum, and not some local fluctuation, had been found by MINUIT.

An important point to note is that by this procedure the models (after detector
simulation etc.) were compared with the essentially ‘raw’ TASSO data (after background

subtraction). An alternative approach would have been to tune the models directly to
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the fully-corrected data, where the correction factors (see Section 3.7) were themselves
determined from MC studies using the models. The former procedure is clearly less

prone to possible biasing of the model tuning results than the latter.

3.6.3 Tuned Parameter Values

The tuned parameters are shown in Table 3.3, together with the default values and the
values obtained by Mark II [72] for comparison. Any one parameter may be varied by
~ +10% from the optimum value with minimal effect on the description of the data.
However, for the Lund cascade model (Table 3.3c) it was found that a,b could be varied
simultaneously across a wide range so as to preserve the agreement with the data in
terms of the n., distribution and were only strongly constrained by the fit to z, (see
Section 3.8). This degree of freedom in a,b was much less evident for the Lund 0(a?)
model (Table 3.3a), a reflection of the greater influence of the string fragmentation on

the hadronic final state for the matrix element generator as compared with the cascade.

Table 3.3a: Parameters for the Lund O(a?) model

Parameter Default | Tuning Range | Tuned Value [ Mark II
QCD scale in O(a2) Agzz (GeV) 0.50 0.2-1.1 0.62 0.50
Parton pair resolution parameter ymin 0.02 Fixed 0.02 0.015
Fragmentation function parameter a 1.0 0.1-1.0 0.58 0.9
Fragmentation function parameter b 0.7 0.2-1.1 0.41 0.7
Gaussian py parameter /20 (GeV/c) | 0.40 Fixed* 0.40 0.33

* in previous analyses [55,113] this parameter was found to be well-constrained by the

data
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Table 3.3b: Parameters for the Webber cascade model

Parameter Default | Tuning Range | Tuned Value | Mark II
QCD LLA scale Ay (GeV) 0.35 0.1-0.5 0.25 0.20
Cascade virtuality cutoff Qo (GeV) 0.75 0.6 - 2.0 0.61 0.75
Cluster-mass parameter M, (GeV/c?)| 3.75 2.0 - 4.0 2.3 3.0

Table 3.3c: Parameters for the Lund cascade model

Parameter Default | Tuning Range | Tuned Value | Mark II
QCD LLA scale Ary (GeV) 0.40 0.15- 1.2 0.26 0.40
Cascade virtuality cutoff Q¢ (GeV)* 1.0 0.5-2.0 1.0 1.0
Fragmentation function parameter a | 0.50 0.1-1.0 0.18 0.45
Fragmentation function parameter 6 | 0.90 0.1-1.0 0.34 0.90
Gaussian pr parameter v/20 (GeV/c)| 0.35 | 0.33 - 0.42 0.39 0.33

* this parameter was not tuned simultaneously with the others, but was varied in the

range shown after the optimum values of Arr, a, b and o had been found.

Probably because of this a — b correlation, the Mark II optimum values for the Lund
models are somewhat different than those obtained here, and they also obtain a good
description of their data at 29 GeV. This allows a thorough and rigorous testing of the
QCD models, in that they can only be fairly judged and compared after exploration

of the range of their predictions arising from reasonable variations of their arbitrary

parameters.

3.6.4 Comparison with the D** Fragmentation Function

One important feature of the Lund string model is that the same fragmentation function
(equation 1.7) is used for all primary quark flavours*. In practice many of the final state

hadrons do not come directly from the fragmentation of the colour string, but rather

* Within this model the parameter b should be universal, though this is not the case

for a, which in principle could take different values for different flavours but is assumed

to be universal.
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from the decay of resonances or heavy particles which were themselves produced in the
string break up. One therefore does not expect the function in equation 1.7 to describe
directly the final state particle momentum spectrum. However, a direct test of this
function is available in the form of the momentum spectrum of primary D** mesons
produced in ete~annihilation; for Tp > 0.5 such mesons must contain the primary c or
¢ produced in ete™— ct, and as charm production accounts for almost half of all events
this is an important feature to reproduce correctly.

It was shown [115,116] from global tuning of the Lund O(a,?) model that TASSO
data at W = 35, 44 GeV respectively preferred very small values of a, b around 0.1-0.2,
with a ~ b. Unfortunately these same values gave a fragmentation spectrum of primary
D** mesons which was much softer than the data [115,116]. It is clear from equation 1.7
that fixing b at a higher value will give a harder spectrum and in the previous analyses
b was thus fixed at 0.7 and a retuned, giving a value of about 1.1 - 1.3. The resulting
D** momentum spectrum using the large (a,b) combination was found to be in much
better agreement with the data, but at the expense of a worse description of the global
features such as the z, and n.p, distributions [115,116].

The (a,b) values from the global tuning of the Lund O(a;*) model (Table 3.3a) are
intermediate between these low and high (a,b) sets; (a,b) for the Lund cascade model
(Table 3.3c) need not be the same as for the O(a,?) model and the former has yet to
be compared with the D** data. It is therefore interesting to see if these tuned models
give a good description of the D** fragmentation function.

The primary D** fragmentation spectrum from high energy e*e~annihilation ex-
periments [117] is shown in Fig. 3.2 [118] in terms of the variable z = Ep~ /Eveam!. The

data are corrected for initial state radiation and detector effects?. Also shown in Fig.

1 Note that great care must be taken with the experimental results as a large number

of differently defined z’s are sometimes used by the various experiments; see eg. [119].

2 Similarly, caution must be exercised in trying to compare the high energy PE-
TRA/PEP data with the lower energy CESR/DORIS data as effects such as initial

state radiation and gluon softening alter the shape of the spectrum.
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3.2 are the Lund O(a,?) and LLA + O(as) model predictions generated using the tuned
values of (a,b) given in Table 3.3. In both cases the Monte Carlo spectra are in good
agreement with the data beyond z ~ 0.4; however, it is clear that they overestimate the
D* population for z < 0.4. Both models give < £ > = 0.54, which is just within the

range 0.53 - 0.64 spanned by the data [118].

3.7 CORRECTIONS TO THE DATA

In order that results from different experiments can be compared it is usual to correct
the distributions for detector acceptance and efficiency, particle interactions with the
detector material, particle decays within the detector and the analysis cuts applied. As
only charged particles were used here it is also necessary to correct for the undetected
neutral particles. Finally, radiation of photons by the electron or positron in the initial
state reduces the available energy in the ete centre of mass frame; eg. the actual
mean hadronic c.m. energy is about 31.5 GeV for a nominal beam energy of 17.5 GeV;
the amount of bremsstrahlung depends on the beam energies and it is conventional to
correct for the effect so that data at different c.m. energies can be compared.

The correction factors can only be determined from a Monte Carlo simulation.
The Lund cascade event generator with the tuned parameters of Table 3.3c was used
together with SIMPLE simulation of all the detector effects. Initially, NVg.,* events were
generated at W = 35 GeV, with no QED radiative corrections, yielding the distributions
Ngen() of charged particles produced either in the fragmentation process or coming from
the decay of particles with lifetimes less than 3x1071%. A second set of events was then
generated, including QED radiative effects [96], and traced through the simulation of the
TASSO detector, thereby producing hits in the tracking chambers. Energy loss, multiple
scattering, photon conversions and nuclear interactions in the material of the detector
as well as decays were taken into account. The events were then passed through the
MILL track reconstruction, acceptance and selection programs used for the real data,
yielding Ng.: accepted events corresponding to the distributions of observables ngq:().

A correction factor C¥(z) for every bin i of every distribution z was then defined:

% Nyen ~ 50000
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C(:B) B Ngen / Ndet

The corrected distribution n',..(z) is then derived from the measured distribution

Mineas(®):

niOTT(x) = C”’(;L') ni?leas(x)

These correction factors C*(z) lie mainly in the range 0.6 < C(z) < 2.0, though they
are typically close to unity.

To estimate the systematic error in the correction process, this procedure was re-
peated using a totally different event generator incorporating an O(a,?) ME calculation
with independent jet fragmentation [39,43], yielding a second set of correction factors.
The systematic error was taken to be the difference between the two sets of correction
factors, which was generally small.

The ‘true’ sphericity and thrust axes as well as the correction factors for the S,
T, A and M?/s distributions were determined using all (charged and neutral) particles
which were either prompt or produced by the decay of particles with lifetimes less than
3x10710s.

Using a Lund Monte Carlo simulation, the charged multiplicity distribution was
unfolded [120] as described in [16]. n., = 2,4 were taken from the Monte Carlo
calculations. The systematic uncertainty in the unfolding procedure was estimated by

using a Webber Monte Carlo simulation, the error being taken as the difference between

the Lund and Webber unfolded values.

3.8 QUALITATIVE COMPARISON OF THE MODELS WITH THE DATA

For each model, the tuned parameter sets given above were used to generate 50000 MC
events at W = 35 GeV, with no QED radiative corrections, no decays of particles with
lifetimes greater than 3x107!%s and no simulation of the detector. Distributions of the

observables were then produced for each of these MC datasets and are shown in Figs.

36



3.3 - 3.16 compared with the fully-corrected 1986 TASSO data at ¥ = 35 GeV*. The
lines shown in the figures connect the Monte Carlo calculated points. Unless otherwise
stated, the errors on the data are the sum in quadrature of the statistical errors. the
uncertainty in the background subtraction and the errors from the correction procedure
described in Section 3.7. For most distributions any additional systematic errors are
estimated [16] to be of similar magnitude to the given errors. For the z, distribution
the total systematic errors are estimated to be 5% for z, < 0.05; 4% for 0.05 < z, < 0.7

and 10% for z, > 0.7 [16,55].

3.8.1 The Webber Model

The Webber model gives too many spherical events (Fig. 3.3), though it describes the
aplanarity distribution (Fig. 3.4) quite well. The thrust (Fig. 3.5) is poorly described;
the distribution is smeared about the peak at T ~ 0.94 giving both an excess of events
at high T and also in the low-T tail. There are too many high < p?[__n > events (Fig. 3.6)
whilst the high tail of < p%*ou‘ > is well-represented (Fig. 3.7), though there is an excess
in the first few bins at low < p%«ou‘ >. The charged particle multiplicity distribution
is shown in Fig. 3.8; the model produces too many high multiplicity events, the mean
being < n., >= 14.2 compared to 13.6 £ 0.5 (total error) in the data. Turning to single
particle distributions, pr,, , pr,.. Pr and z, (Figs. 3.9 - 3.12) are well-described, though
there is a slight excess of pr,, and pr in the tails. Rapidity (Fig. 3.13) is not so well
described, the MC giving too many particles for y > 3. M?/s, M}? /s (Figs. 3.14, 3.15)
are poorly represented with a large excess of events of low mass, though the description
of (M} — M})/s (Fig. 3.16) is much better.

The general conclusion is that quantities related to pr out of the event plane are
well-described, whilst those related to pr in the plane are overestimated at high pr.
The latter is probably partly influenced by the low value of the mass above which
clusters are split into two, M. = 2.3 GeV/c?, determined from the tuning. These
results are in general agreement with those of Mark II [72], with minor differences in

some distributions.

* These results appear in [121] where the data are also tabulated.
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3.8.2 The Lund O(«,?) Model

The Lund O(a?) model reproduces the sphericity distribution very accurately (Fig.
3.3), though gives far too few events of high aplanarity (Fig. 3.4). Thrust is much
better described than by the Webber model (¥ig. 3.5), though the peak is shifted to
slightly lower T" values than the data. There are slightly too many high < p%«m > events
(Fig. 3.6) and too few high < p% > events (Fig. 3.7). pr, and pr are very well
described (Figs. 3.9,3.11) though there is a deficiency of high pr, , tracks (Fig. 3.10).
The charged multiplicity distribution (Fig. 3.8), z, (Fig. 3.12) and rapidity (Fig. 3.13)
are well described, though there are too few tracks in the range 1.4 < y < 2.4; < n¢p >

= 13.8. The M?/s distributions (Figs. 3.14 - 3.16) are reproduced satisfactorily.

Overall, the pr, -related quantities are accurately reproduced, whilst pr , quan-
tities are seriously underestimated at high pr ,; there are slightly too few high thrust

ut)?

events. These results are in good agreement with Mark II.

3.8.3 The Lund LLA + O(a;) Model

The best description of the data is provided by the Lund cascade model, which gives a
generally good description of all observables, though inevitably with some discrepancies
in some bins of certain distributions. The most serious examples are the underesti-
mations of the high pr,, and pr tails (Figs. 3.9,3.11). All other quantities are well
reproduced. Of particular note is the excellent description of the thrust distribution
(Fig. 3.5), which many models have had difficulty with in the past. In these observations
we agree with the Mark II results, with only one major exception: we do not observe
the serious shortfall of tracks at z, > 0.7 seen in [72]. This is because of the different
values of the fragmentation parameters (a,b) used in the comparisons. We have found
that the combination (0.18,0.34) actually gives a very similar 2, spectrum to the default
combination (0.5,0.9), except in the region z, > 0.6, where the latter falls well below
the former. The Mark II tuned values, (0.45,0.9) are clearly very close to the default
and it is therefore no surprise that they find a much lower MC result in this region of

Tp-
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3.8.4 Summary

The O(a?) model seems to do well with the observables related to hard gluon radiation
in the event plane, namely 5, < p?n,n >, pr,., but is poorer for properties out of the
event plane, which result from softer gluon radiation and hadronisation fluctuations:
it does not give enough events of high A4, < p?Fm > or tracks of high pr,.,, even
though the transverse momentum parameter o has a reasonable value. By contrast
the LLA model (Webber cascade) is good for pr, ,-like observables, but overestimates
pr.,-like quantities. The LLA + O(a,) ME model (Lund cascade) reproduces the pr, _,-
like distributions very well but gives too few events/tracks of high pz, , though it is
generally better for these than the LLA model, which overestimates.

Given that Mark II finds the same effects using rather different values of the frag-
mentation parameters, we feel justified in concluding that it is likely that many of these
effects arise chiefly from the QCD parts of the models rather than the hadronisation,
though of course these two processes cannot be isolated completely in interpreting the
model results. Indeed, it was found in [72] that the combination of Webber LLA cascade
+ Lund string fragmentation gave somewhat better agreement with the data than the

Webber cascade with cluster hadronisation.

3.9 A QUANTITATIVE COMPARISON

The best apparatus for comparing how well different models describe data is undoubt-
edly the human eye. Nevertheless, it is sometimes advantageous to have a more quan-
titative measure. For this purpose the x? was invented and is often quoted, although

great care must be exercised in the interpretation of its value and meaning.
3.9.1 What is x?7?

Here, x2 will be defined as:

data MC\2
et — 2"

X2 — Z (:Ez

2 2
= (o 4 e
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where: the index 7 runs over all bins of some distribution in a quantity z, the distri-

butions for data and MC have been normalized to the same quantity, eg. per event.

and

22 (M) is the entry in bin i for the data (MC),

) ‘ . .
ggata (UZMC) is the error on the entry in bin ¢ for the data (MC).

Suppose that the distributions have been normalized per event. Assume that the errors

on z are statistical only for both data and MC and that they are Gaussian:

oi(zi) = ni

where n; is the number of entries in bin ;. Now let the total number of events in the

sample be N9 for the data and N™€ for the MC. The expression for x? becomes:

dat MC 2
X2 — Ndata2 Z (‘Tia i Z; )
i (n;jata + f2 nf\/IC)
where f = N9t/ NMC  For N9ate copstant, there is an explicit dependence in

the denominator on the number of MC events, NMC generated for the comparison.
Furthermore, there is also an implicit dependence in the numerator, for the scatter in
the values of ™€ decreases as NMC increases.

To illustrate the dependence of x? on f, Monte Carlo data samples were produced
using the Lund LLA + O(a;) event generator (with default parameters) with SIMPLE
detector simulation and TRKSEL and HADSEL cuts (Section 2.5). Distributions of
physical quantities were generated using independent samples of 5000, 30000, 50000
and 100000 accepted events, and compared with the corresponding distributions for the
31176 PASS-4 events of 1986. The resulting x2/dof’s (see below) are shown as a function
of NMC in Fig. 3.17; there is a clear and strong dependence: the larger the number of
MC events used, the greater is the x? between data and MC, though as NM¢ — oo (i.e.
f — 0) x? tends to a constant value. Furthermore, the increase in x? for a particular
quantity as N MC grows is much greater where there is a poor correspondence between
data and MC than where the agreement is good: bad Monte Carlo’s appear even worse

when more events are generated, or alternatively, a good x* can be obtained from a
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poor Monte Carlo by only using a small number of events in the comparison with the
data.

One can conclude that it is meaningless to give a value of x? for a comparison of
any two event-normalized distributions without also giving the numbers of events used
to produce each distribution. It is very difficult to compare the quality with which two
or more models describe a data distribution unless the numbers of events in the data
samples are the same and the numbers of events in the MC samples are the same: x?
is strongly dependent on N%2% and NMC,

For comparing the quality with which a model describes distributions of different
physical quantities A, B, C,... it is conventional to divide x? by the number of degrees
of freedom and deal with x?/dof, where dof is usually the total number of bins, for
each distribution A, B, C,... provided there are no correlations between the contents
of different bins, which is not always the case, eg. for the energy-energy correlation
distribution.

See [70] for a more complete discussion of x?.
3.9.2 Comparison of QCD Models with the Data in Terms of x*

18849 data events surviving the cuts described in Section 3.3 were corrected as described
in Section 3.7 and compared with the samples of 50000 MC events mentioned in Section
3.8. The errors on the data were the sum in quadrature of the statistical errors and
the errors on the background subtraction and data correction procedures; the errors
on the MC were statistical only. The x?/dof’s between MC and data corresponding to
the distributions shown in Figs. 3.3 - 3.16 are given in Table 3.4, where the number of
degrees of freedom was simply taken to be the number of bins.

For the Webber LLA model the total x? is 942 for all 245 data points; for the
Lund O(a,?) model it is 658 and for the Lund LLA + O(e,) model it is 367. Note
that correlations between the quantities compared make it impossible to interpret this
number in absolute terms; one cannot say that the Lund LLA 4+ O(a,) model is
three times better than the Webber LLA model. It is clear, however, that by far
the best description of the data is provided by the Lund LLA + O(a,) model and

that the Lund O(as%) model in turn gives a better description than the Webber LLA
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model, in agreement with the results of the visual comparison in the previous section.

Table 3.4: x?/dof between MC’s and data

Distribution | N° of bins | Lund LLA + O(as) [ Lund O(a,?) | Webber LLA
S * 18 0.42 0.61 3.31
A 11 0.69 3.56 2.26
T 14 0.37 2.77 7.56
< pr. > 14 1.89 1.23 5.32
< pr.. > 16 0.88 3.40 6.08
pT, 21 2.74 2.31 3.76
pT,.. ¥ 18 3.22 9.16 2.55
pr 21 4.56 3.37 6.24
nep * 18 1.34 2.81 3.78
z, * 25 1.23 1.80 0.81
y 25 0.63 1.63 3.97
M}/s 16 0.55 2.21 4.88
M} /s 13 0.77 1.40 3.01
(M? — M})/s 15 0.35 1.54 1.29

* indicates a quantity used in the tuning

3.10 CONCLUSION

The best description of the data at W = 35 GeV is provided by a model incorporating
both LLA and O(a,) ME QCD, thereby taking into account both hard and multiple soft
gluon emission, rather than either LLA or O(a?) QCD alone. (This O(a,) ME feature

could be implemented [122] in the new version of the Webber model [67].)
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CHAPTER 4

ENERGY EVOLUTION OF OBSERVABLES
AND MODEL PREDICTIONS AT HIGHER ENERGIES

4.1 INTRODUCTION

In the last chapter it was shown that all three tuned perturbative QCD + fragmentation
models gave a generally good description of the data at W = 35 GeV. A further, more
stringent test is to see if the models describe the data at energies other than that at
which they were tuned. Unfortunately, there are only a few thousand events at each
of the other main c.m. energies explored at PETRA (Table 2.1), namely < W > ~
14, 22 and > 40 GeV, so that statistical errors are often large relative to differences
between the models, especially in the tails of distributions of observables where there
are relatively few events. Of the order of 60000 hadronic events have been collected by
each of the detectors at the PEP storage ring at SLAC which operated at W = 29 GeV;
large data samples hence exist at 29 and 35 GeV, though the energy difference is not
great enough to provide a strong test of the energy evolution of the model calculations.
In Section 4.2 the models are thus compared with the data across the energy range
12 < <« W > < 41.5 GeV in terms of the mean values of the physical observables,
thereby making use of the full statistics at each energy.

Shortly after PETRA ceased operating as an ete~collider in November 1986 the
TRISTAN storage ring at KEK in Japan took on the role of the highest energy ete™
accelerator in the world. To date, the detectors at TRISTAN have obtained only a few
hundred hadronic events above 50 GeV [12,13], though further results are expected as
the data are accumulated. Meanwhile, the construction of the next generation of ete™
colliders is nearing completion; within the next few years SLC and LEP should provide

data at the Z° pole, W ~ 93 GeV, and towards the mid 1990’s LEP-2 could be supplying
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annihilation events up to W = 200 GeV. There will hence be ete™ data spanning an
energy range of roughly 200 GeV, providing an opportunity for more stringent testing
of the QCD + fragmentation models. Therefore the model predictions in terms of
the mean values of observables are extended up to W = 200 GeV in Section 4.3, and
differential distributions are presented at W = 93 and 200 GeV in Section 4.4. For the
latter case results are shown with and without top quark production, where a top mass

of 60 GeV/c? was taken to illustrate the general effects on the hadronic final state.

4.2 EVOLUTION BETWEEN < W > = 12 AND 41.5 GeV

4.2.1 The Data

Between 1979 and 1983 the PETRA storage ring was operated at c.m. energies between
12.0 and 43.1 GeV. The numbers of hadronic events collected by the TASSO detector
within each energy range are shown in Table 2.1 and a comprehensive study on jet
fragmentation using these data was published in 1984 [16]. The data were conveniently
divided into groups at mean c.m. energies of 12, 14, 22, 25, 30.5, 34.5 and 41.5 GeV.
During 1984 and 1985 further data were collected in the range 35 < W < 46.8 GeV, to
bring the total number of events with W > 40 GeV to about 8600, the mean W being
about 44 GeV. It has since been conventional to divide the data into groups at < W >
= 14, 22, 35 and 44 GeV, a situation which sometimes causes confusion as the latter
energy includes all of the W > 40 GeV data, whilst the jet fragmentation publication
contains only a subset of this data with < W > = 41.5 GeV. Analyses of the full
W > 40 GeV data sample in terms of jet fragmentation properties have been performed
[115,116] but not published. Finally, during the stable low noise high luminosity runs

of 1986, 31176 hadronic events were measured.

The mean values of some of the observables shown in Figs. 3.3 - 3.16 are presented
in Figs. 4.1 - 4.7 as a function of the c.m. energy W. The data points at 35 GeV are
from the present analysis using the 1986 data (labelled ‘TASSO 1988’); the other data
(labelled ‘TASSO 1984’) are taken from the previous TASSO publication [16], where the

data were corrected using an O(a;) QCD generator with independent jet fragmentation
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[123]. Also shown are the MARK II [72] and HRS [99] results at W = 29 GeV. Unless
otherwise stated, the errors on the TASSO measurements from this analysis at W =
35 GeV are the sum in quadrature of the statistical errors and the errors from the
background subtraction and data correction; the errors on the previous TASSO data
and the HRS data are statistical only; the Mark II errors are the sum in quadrature of

the statistical errors and the uncertainty in the correction procedure.

4.2.2 Comparison between Models and Data

For the models, the event shape observables sphericity, thrust and aplanarity were
determined using both charged and neutral particles which were either prompt or
produced by the decay of particles with lifetimes less than 3 x 1071%. The TASSO
measurements of these quantities used charged particles only, and were corrected for
neutral particle effects (Section 3.7). All single track quantities are shown for charged
particles only. The lines in the figures join the MC calculated points at W = 12, 14, 22,
35, 60, 93, 150 and 200 GeV.

The mean sphericity, < S >, is shown as a function of W in Fig. 4.1. The ‘TASSO
1988’ measurement is < S > (W = 35) = 0.113 £ 0.006, which compares well with the
1984 value < 5§ > (W = 34.5) = 0.108 £ 0.001 (statistical error only). The apparently
large error on the 1988 measurement reflects the systematic difference arising from using
two different event generators to calculate the correction factors (Section 3.7). All three
models describe the trend of the data quite well, though their overall normalisation
appears to be too high: because of the tuning to the 35 GeV data point they overshoot
most of the data below about 30 GeV. Mark II also found that the models tuned to
their 29 GeV data point overshot the bulk of the “TASSO 1984’ data at lower energies
[72].

However, a reanalysis of all of the pre-1986 TASSO data has recently been per-
formed [115] which gave systematically higher values of < S > than in the 1984
publication; for example, the recalculated < § > (W = 34.5) = 0.11740.001 (statistical
only) [115]. (Note that this is in excellent agreement with the 1988 value). Some of this

systematic discrepancy between the two analyses of the old data may be understood in
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terms of the details of the computer calculation of the sphericity tensor [124], and implies
that the < S > data in the 1984 publication in fact all lie too low. The recalculated
values [115]' are shown in Fig. 4.2 together with the Mark II and HRS data, the 1988
35 GeV value from this analysis and the Monte Carlo results. It can be seen that the
models describe the data much better: the Lund cascade is in excellent agreement; the
Webber cascade still appears to be normalised too high whilst the O(asz) model gives
too large < 5 > below 30 GeV.

The mean thrust (Fig. 4.3) is reasonably described by all the models; the Lund
cascade is probably the best. Webber is systematically lower than most of the data
and the Lund O(a?) seriously underestimates < 7' > below 30 GeV. The apparently
large error bars on the ‘TASSO 1988’ W = 35 GeV measurement reflect the uncertainty
arising from using different Monte Carlo generators to determine the correction factors.

For << p% >>? (Fig. 4.4), both Webber and Lund O(a?) are better than the
Lund cascade, which lies systematically lower than most of the data. The HRS point at
29 GeV appears to be somewhat lower than the general trend of the TASSO data. The
<< p%  >> data (Fig. 4.4) are well described by all models, though again the HRS
point lies below the TASSO data (the errors are rather smaller than the symbols used
in the figures). << p2Tm >> increases more rapidly with energy than << psz >>,
reflecting the growth of hard gluon emission in the event plane.

The < pr > evolution (Fig. 4.5) is well described by Webber; the Lund cascade
is systematically low in the higher energy domain. The behaviour of the Lund O(a?)
model below 35 GeV seems to reflect that seen in sphericity and thrust: the generated
events are basically too spherical at low energy. This appears to be a consequence
of the value of Ag;s = 0.62 GeV used; the default value Az = 0.50 GeV used in
conjunction with either the tuned values or the default values of a,b and o gives much
better agreement with the < pr > data below 35 GeV. The value of o used seems to

be sufficient to generate < pr > in agreement with the data for the lower Ag;= value,

1 The errors shown are statistical only.

2 The inner <> denotes averaging over all particles in an event and the outer <>

denotes averaging over all events.
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but the extra gluon emission resulting from the higher value causes an overestimation

of < pr > at low energy.

Both the Lund models are in good agreement with the data for < n., > (Fig.
4.6). Webber is systematically around ~ 0.5 - 1 unit above most of the data, though in
excellent agreement with the “TASSO 1988’ and HRS measurements. For < T, > (Fig.

4.7), all models are in good agreement with the data.

4.2.3 Summary

The evolution of the mean values of the observables as a function of c.m. energy over
the range 12.0 < < W > < 41.5 GeV is generally well described by all the models using
the parameters optimised at 35 GeV. The Lund LLA + O(a;) model gives the best
description of the < § >, < T >, << pg_pom >> < nep > and < z, > evolution. For
<< p%  >> the O(a,;?) model is most accurate; the Webber LLA model reproduces
the < pr > evolution most accurately.

The general conclusion drawn from the study of the differential distributions at 35
GeV in Chapter 3 hence also applies to the evolution of the mean values across the whole
PETRA energy range, namely: the LLA + O(a;) model, including perturbative QCD
calculations of both hard and multiple soft gluon emission processes, describes the data
best overall. Note, however, that for any particular quantity the situation is usually
quite complicated, in that one model may be better than another in some energy range
but worse in a different range; careful study of Figs. 4.2 - 4.7 is necessary to discern the

fine details discussed in the previous section.

4.3 PREDICTIONS OF THE MODELS UP TO W = 200 GeV

4.3.1 Motivation

There are several purposes to the high energy extrapolations presented here*.

i) To give an idea of event characteristics at higher energies and the general physics
g g g phy

* See also [125].
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environment within which detectors will operate. Good estimates of quantities such
as particle multiplicity and momentum spectra are clearly of relevance to the design
of detectors, online data processing and analysis programs. For this purpose, the
differences between the model predictions in the high energy extrapolation may be
taken to represent the theoretical uncertainty.

(ii) Most of the events described here involve continuum production of the five known
quark flavours, and hence represent backgrounds to any new physics processes. Signifi-
cant deviations from the event properties shown will be evidence for new physics.

(iii) The differences between the model results are interesting in their own right and
reflect the underlying physics. In some cases the differences are so large that the data

should have no difficulty in showing a preference, in contrast to the energies so far

explored where all three models considered are quite successful.

4.3.2 The Model Results

The model calculations of the mean values of the observables are shown as extensions
of the lower energy curves in Figs. 4.1 - 4.7. Interestingly the Webber cascade gives
systematically more spherical events (Fig. 4.2) than the Lund cascade, which generates
hard gluon emission according to the exact O(a;) matrix element. This may well be
a consequence of the cluster hadronisation mechanism employed by Webber, in which
colourless clusters of mass larger than M, are split into two before they are allowed to
decay by phase space. From the tuning to TASSO data at 35 GeV c.m. energy, a low
value M, = 2.3 GeV/c? was obtained, which would have less effect at low W, where
few clusters with mass above M. are produced anyway, and also at high W, where the
hadronic final state is dominated by the parton cascading rather than by hadronisation
effects. The convergence of the Lund and Webber cascades around 12 and 200 GeV is
consistent with this hypothesis, though other differences in the way the cascades are
initialised and evolved [55,70] may also contribute. Generally closer agreement between
these two cascade models was obtained by Mark II in their extrapolation up to W =
93 GeV [72], using M. = 3.0 GeV, though the values of other parameters were different

from those used here (see Section 3.6.3). Above 60 GeV the Lund O(a?) model gives
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fewer spherical events (Fig. 4.2), also reflected in higher mean thrust values (Fig. 4.3).
Again in Fig. 4.3 the Lund and Webber cascades agree at low and high W, though
Webber gives fewer high thrust events in between. < § > at W = 200 GeV is predicted

to be about half of the 35 GeV value, whilst < T > rises gradually from 0.9 (35 GeV)
to 0.95 (200 GeV).

Though the << p%r..n >> and << pQToM >> data are reasonably well described by
all three models (Fig. 4.4), large differences between them emerge in the high energy
extrapolation: the Lund O(a?) model gives significantly higher << py. >> than the
two cascades, whilst the multiple soft gluon emission in the LLA formalism shows itself
as greater << p%wom >> relative to the O(a?) calculation. The high energy results for
single particle < pr > (relative to the sphericity axis) are similar (Fig. 4.5) for all three

models. < pr > ~ 0.6, 0.8 GeV/c at W = 100, 200 GeV respectively, compared to ~
0.4 GeV/c around W = 30 GeV.

The good agreement between the two cascade models in terms of < n., > (Fig. 4.6),
for W > 40 GeV, is remarkable. The data are described quite well by all models, but
above 50 GeV c.m. energy the LLA cascades give a higher multiplicity which increases
faster with W: they predict about 21 charged particles per event at W = 93 GeV, 3
units above O(a?), and about 28 charged particles at 200 GeV, 7 units higher than
O(a?). This discrepancy becomes even larger as TeV energies are approached [63]. Tt is
interesting that the average n., from the cascade Monte Carlos agrees well, to within
roughly 10%, with the expected multiplicity evolution formula derived analytically from
leading and next-to-leading order QCD [126] and normalised at low energies to take the

incalculable non-perturbative effects into account.

Differences between the cascade models and the O(a?) model are further evident in
the behaviour of mean particle z, = 2p/W (Fig. 4.7), where the hard tail at high W
for the latter is a consequence of the fragmentation of a small number of hard partons,
whereas the emission of many soft partons in the LLA cascades has an overall softening
effect on the particle momentum spectrum of the hadronic final state. At W = 93 GeV

the typical charged particle momentum is ~ 2.7, 3.1 GeV/c for the LLA cascades and

O(a?) models respectively.

69



4.4 DIFFERENTIAL DISTRIBUTIONS AT HIGHER ENERGIES

From Figs. 4.2 - 4.7 it can be seen that although the energy evolution of the mean
values of the observables in the data is reasonably well described by all the models,
differences between them subsequently appear at higher energies. The predicted differ-
ential distributions are shown in Figs. 4.8 - 4.18 at the Z° energy, W = 93 GeV, for
u,d,s,c,b events generated with all three models, as well as for comparison the ‘TASSO
1988’ 35 GeV data to illustrate how the distributions change with energy. For the sake
of clarity, only the Lund cascade prediction is shown at 200 GeV as an additional curve;
this model was found (Chapter 3) to give the best overall description of the 35 GeV
data, as well as a good representation of the energy evolution of the mean values in
the range 12.0 < < W > < 41.5 GeV (Section 4.3). The effect of top quark production
on the global properties of the hadronic final state at W = 200 GeV is illustrated for
several quantities for the case my,, = 60 GeV/c?, where u,d,s,c,b+t production was
simulated using the Lund cascade*. For the models the lines in the figures join the MC
calculated points.

Similar sphericity distributions at 93 GeV (Fig. 4.8) are given by all models; the
decrease in the number of spherical events as W increases is apparent. Including top
quark production does give more spherical events, though for the sake of clarity this is
not shown in the figure. The difference in aplanarity between the Lund O(a?) and the
Lund cascade is huge at 93 GeV (Fig. 4.9), though the Lund cascade itself gives fewer
events than Webber at high A. Because of the inherent high transverse momentum of
top hadron decay products, top quark production gives rise to many aplanar events,
illustrated dramatically in Fig. 4.9. Similar differences in thrust are observed at 93

GeV (Fig. 4.10) as at 35 GeV; low thrust events are somewhat suppressed in the Lund

* After string fragmentation of the parton state, weak decays of top hadrons are
treated according to the spectator model. The decay products are distributed according
to the standard V-A matrix elements. In most cases the spectator quark system and
the qq system from the W are each fragmented separately by connecting a Lund string
beween the two quarks, although the other possibility of a rearrangement of the colour

singlet systems via a soft gluon exchange is also taken into account [53].
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O(a?) model whilst Webber gives more of these events than the Lund cascade and
correspondingly fewer in the peak around T = 0.96. Top quark production gives rise to
an excess of events around T' ~ 0.8 and a suppressed rate of collimated events (T ~ 1)
compared to u,d,s,c,b only (Fig. 4.10).

At W = 93 GeV the Lund O(a?) model gives more very low < p7. > events than
the cascades (Fig. 4.11), though fewer around 0.2 - 0.6 (GeV/c)?. The main differences
are hence in the low < p% > region rather than the high < p%.. > tail. The large
discrepancies between models seen in aplanarity are reflected in < pg‘row > (Fig. 4.12)
where the O(a?) distribution is shifted towards low < p%... >, and pr,,, (Fig. 4.14);
the differences between Lund and Webber cascades are large at 93 GeV. Both < P%r,-,, >
and < p%«om > are not as sensitive to top production (not shown) as the aplanarity. The
pT;, and pr distributions (Figs. 4.13,4.15 respectively) are rather similar for all models
at 93 GeV; a significant high momentum tail develops at 200 GeV, further emphasised
by the higher particle multiplicity. Greater numbers of tracks of high pr.. and pr,_, are
evident for top production in Figs. 4.13,4.14.

Bearing in mind that at 93 GeV the Lund O(e?) model has a lower charged
multiplicity by three units, its very hard z, spectrum (Fig. 4.16) relative to the cascades
is a striking consequence of the absence of multiple gluon bremsstrahlung. This smaller
multiplicity is reflected in a lower rapidity plateau (Fig. 4.18), though this model gives
more particles at high y, in comparison to the rather similar distributions for the two
cascades. Inclusion of top production is illustrated in Fig. 4.18, where a ~ 20% excess of
tracks around y ~ 1 reflects the intrinsic high pr of top hadron decay products. There
is no appreciable change in particle multiplicity or momentum (z,) distributions at W

= 200 GeV with the top quark included (not shown).
4.4.1 MULTIPLICITY DISTRIBUTIONS AND KNO SCALING

In 1972 it was predicted [127] that under certain general assumptions the function
< n > P,(z,5), where P, is the probability of obtaining n particles when the mean

is < m >, is independent of s or < n >; this is the so-called KNO scaling law. An

equivalent statement is that the dispersion, D = +<n?> — <n >2, is directly

proportional to < m >. It is currently fashionable to discuss multiplicity distributions
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within this context.

Charged particle multiplicity distributions are shown in Fig. 4.17, where in addition
to higher mean values the cascade models also have larger dispersions at 93 GeV than
the O(a?) model. The Lund cascade distribution at 200 GeV is very broad, with a long

tail extending beyond 50 charged particles per event.

It has already been shown [16] that the ete~annihilation data between ~ 5 and
45 GeV exhibit approximate KNO scaling to within about 20%. Taking the Lund
cascade model as an example, the predicted multiplicity distributions at W = 35 GeV
(Fig. 3.8) and 93, 200 GeV (Fig. 4.17) obey this law to about the same degree of
accuracy. However, to the extent that the scaling law does hold, the origin is likely to

be a complicated coincidence, arising from effects which violate the initial assumptions,

and is of no fundamental significance [128].

4.5 SUMMARY

The three most successful perturbative QCD + fragmentation models have been anal-
ysed at c.m. energies between 12 and 200 GeV using parameters optimised at 35 GeV.
All the models reproduce reasonably well the evolution of the mean values of observables
in the data as a function of c.m. energy in the range 12 < < W > < 41.5 GeV, though
differences between model predictions subsequently appear at higher energies. For some
quantities, eg. << p%n >>, << p%«out >>, < ngp, > and < z, >, the differences are
extremely large above about 60 GeV, so that the data to be collected at the forthcoming
ete~ colliders in the 100 GeV energy range should easily be able to discriminate between
models.

Large differences between models at W = 93 GeV are also seen in the differential
distributions of quantities such as aplanarity, thrust, << psz >> and pr,,,, though
for other variables, such as sphericity and pr,,, the differences are smaller, providing a
less sensitive test of the models. The Lund cascade was generally the most successful at
representing the PETRA/PEP data (see Chapter 3 and [72]) so that results were also
shown for this model at W = 200 GeV in order to get some idea of the hadronic final

state properties, though clearly an extrapolation to 200 GeV using model parameters
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extracted at 35 GeV should not be regarded as anything other than a reasonable
estimate.

The inclusion of top quark production at W = 200 GeV was simulated using the
Lund cascade for my,, = 60 GeV/c?. Of the event shape observables, the aplanarity
and thrust distributions appear to be particularly sensitive to the presence of the top
quark events. Kinematic effects in top hadron decay appear as an excess of particles at
high pr,. and pr,,, and around a rapidity of 1.

From experience of comparing the models with data at PETRA and PEP, where no
one model accurately describes every quantity presented here at a single centre of mass
energy, eg. 29 GeV [72] or 35 GeV (Chapter 3), let alone across the full energy range
already explored (Section 4.2), it is clear that to describe additionally data around 100
GeV or higher, with parameters which are fixed for all energies, will prove a challenging

test of the QCD 4 fragmentation models.

73



0.30

AN Q TASS0 1984
0.25 AN ¢ TASSO 1988
i . & Markll
- Q \
0.20 - N &  HRS 2
I NN —=-= LundO(al)
i \ N e Webber cascade
~ - ..
Lo Jk.., — Lund cascade
: 0
r-
010 -
0.05
0 [ 1 i | 1 1 1 1 1 1
10 20 L0 60 80 100 200
W (GeV)
Figure 4.1: The mean sphericity as a function of W including the original 1984 calcu-
lations for the TASSO data.
030
_ Recalculated
N 2 TASSO 1984
025 N ¢ TASSO 1988
- AN 0 Mark []
- &\ $ HRS
— %\
0.20 : QL ~——  LundO(a?)
- G e Webber cascade
@ 015 —— Lund cascade
0.10 [
0.05 |
0 - | 1 ] 1 1 1 4 1 J
10 20 40 60 80 100 200
W (GeV)

Figure 4.2: The mean sphericity as a function of W including the recalculated values

for the 1984 TASSO data.




1.00

%= ___===
< 050 - 5 A §  TASSO 1984
- -' 3 TASSO0 1988
i 2  Mark]l
L § HRS
085 ——= Lund O (a2)
: °°°°° Webber cascade
- g — Lund cascade
] 4 | I N B 1 |
0'8010 20 40 60 80 100 200
W (GeV)
Figure 4.3: The mean thrust as a function of W.
18
[ & TASsO8 oS
| ¢ TASS01988 «pe: D
14 & HRS ,’I
— - LundO(a?) /)
12 Webber cascade ,/
| —— Lund cascade /

o
s~
T

o
N

«p2Y) (GeV/c)?
S s

N
o~

Figure 4.4: The mean < p%m > and < p%m > as a function of W.




{p;) (GeV/c)

0.80

/
0.65—
0.50 L ¥ ¢ TASSO 1984
_ § TASSO 1988
I o 3 Markll
e ¢ HRS
035 o7 = ~—- Lund O (a?)
C e Webber cascade
n — Lund cascade
020 i 4 1 1 1 ]| [ | 1
10 20 40 60 80 100 200
W (GeV)
Figure 4.5: The mean charged particle pr as a function of W.
28 §&  TASSO 1984
R | TASSO 1988
2 i $  HRS
L ——= Lund 0 (a?)
- Webber cascade
A2 — Lund cascade
cu -
v b
16 [
12 +
8 i B 9 1 9 | 1 1 4 1 |
10 20 L0 60 80 100 200
W (GeV)

Figure 4.6: The mean charged particle multiplicity as a function of W.



(Xp)

1/NevdN/dS

0.15

0.12 -
.
009
3 TASSO1984 o=
B $ TASSO 1988 “ ******
0.06 &  Markll
i g HRS
-—= LundO(a?)
0.03
------- Webber cascade
— Lund cascade
0 1 1 1 1 | T B | |
10 20 L0 60 80 100 200
W (GeV)
Figure 4.7: The mean charged particle z, as a function of W.
102 :
- 5  TASSO 35 GeV (1988)
\ ——— LundO(a?)
10 Webber cascade ) 93 GeV
F R o
E W © —— Lundcascade
® N\ 0o == Lund cascade 200 GeV
109 —
:
10’1 =3
i :
-2 1 LR | 1 1 1
10 0 0.8 0.9

Figure 4.8: The sphericity distribution



1/Nev dN/dA

: 3 TASS035GeV 1988
o —== LundO(a?)
10! L o Webber cascade ) 93 GeV
- ——  Lund cascade
! === Lundcascade
777> Lund cascade 200 GeV
10° =\ with top
e N\
L T
10 -2 TR BN VU N S
0 0.1 0.2 0.3 0.4
A
Figure 4.9: The aplanarity distribution
20
- ¢ TASSO035GeV 1988
6 L~~~ LundO(al) /
" * Webber cascade 93 GeV /
- — Lund cascade
= 1 :_ ----- Lund cascade
>} 77777 Lundcascade 200 GeV 5 ‘
Tt with top 3 B
é i
S 8
L -
-
o I I I B R
0.5

Figure 4.10: The thrust distribution



101

o § TASS035GeV (1988)
o ~——- Lund O (a?)

------- Webber cascade 93 GeV
100 Lund cascade
~E —.—.—~ Lund cascade 200 GeV
<
-
N
Zz
-
>
Q
=z
D 10 -1

T 1 1 llIl-r.—._r.

]

10-2 JJJJ]JJJJJJJJJJJJ£JJJJJJJJJJJJJJJJJJJJIJJJJJl

0 0.5 1.0 15 2.0 25 3.0 3.5 4.0
Pi)

Figure 4.11: The < p}, > distribution

4.5

102

& TASSO 35GeV (1988)
~——Lund 0 (a?)
.-.-... Webber cascade
Lund cascade

LR R A

1/NevdN/d (p} )
3

—.—— Lund cascade 200 GeV

93 GeV

10 - ~
k s
!
-2 A 1 1 A 1 1 4 | 1 d a A 1 i A i |
10 0 1 2 3 5 6 7 8

L
CEW,

Tout

Figure 4.12: The < p%. > distribution



1/Nev dN/dpr,,

1/Nev dN/dpy_,
S

¢ TASSO35GeV 1988
~—== Lund 0 (a2)
0'EF &N e Webber cascade 93 GeV
E Lund cascade
LA N Lund cascade
10° 7777> Lund cascade 200 GeV
: with top
L o]
10 -1 3
-2 -
10 5
10 -3 n 1 4 1 1 1 1 1 1 1 1 i
0 1 2 3 L 5 6
pTin
Figure 4.13: The charged particle pz,, distribution
102
© TASSO 35 GeV 1988
: — Lund O (a2)
- NS Webber cascade 93 GeV
0 & . Lund cascade
: \ -~=-= Lund cascade
[ Lund cascade 200 GeV
L with top

LN B J TIUV'

v

-

L= ]
'
e

L Iflll'
/

L

10-2JJJJJJJJJJJjgiJJJJJJJJlJJJJiJJJJ

)

1

0 0.5 1.0 15 2.0 2.5 3.0

l:’Touf

Figure 4.14: The charged particle Pt,,, distribution

35



1/Nev dN/dp+

1/Nev dN/dXp

10 2

- § TASSO35GeV (1988)
\ --—-LundO(uz)
10 1 E_ ------- Webber cascade 93 GeV
- Lund cascade
i -.—.- Lund cascade 200 GeV
5
100 3
10 -1 E- o~ '\,‘
- TN
- ;
10 -2 1 1 1 4 i | 34 1 1 1 1 1 1 1
0 1 2 3 IR 5 6 7
P,
Figure 4.15: The charged particle pr distribution
103 ¢
F
A\ ¢ TASSO 35 GeV (1988)
- 2
EoR. eeeeee Webber cascade 93 GeV
E Lund cascade
0 g, —me Lund cascade 200 GeV
i
100

——t
o
]
-

—
o
'
~

o
o
<.

a 1 a1 ]

Figure 4.16: The charged particle z, distribution

1.0



0.20 5 3 TASSO 35 GeV (1988)
| —— - Lund O (a?)
0.16 _ ------- Webber cascade 93 GeV
L o} 5 Lund cascade
‘;S : ;s ——= Lund cascade 200 GeV
©
> 0.12
©
o
Z
= 0.08
0.04
o JJ.TJ.TJ.T'J'TJJ 2 4.1
50 60
Figure 4.17: The charged particle multiplicity distribution
10° ———
tt;:——‘é‘%-a-;::é:é;o_ow__: s
: o T N
I o ] NN
0 o N \'\.
100 | NN\
_ : a \\ \
AY - o N\
Z I AN\
= 0 NERA\S
s | N\
z - §  TASSO035GeV 0 %\ ‘.\
- T Lund O (a?) ] NN
SR Webber cascade 93 GeV 5 \ N
- Lund cascade \
" \
| —— Lund cascade 2 \
L > Lundcascade 200 GeV
with top }
10-2 T EY S WS NN [N U S U S I Tl S S S NN SR N SN SR SN SR S U 5 SN S SR S N
0 1 2 3 A 5 6
y

Figure 4.18: The rapidity distribution




CHAPTER 5

MULTIJET FINAL STATES IN ete- ANNIHILATION

5.1 INTRODUCTION

Hadronic final states comprising two, three and four jets have been observed at PETRA
(Fig. 1.2) and interpreted in terms of the production and fragmentation of up to
four partons as discussed in Chapter 1, the parton-level processes being described by
perturbative QCD calculations. Unfortunately there is no clear boundary between these

different classes of multijet events, both from a theoretical and an experimental point

of view.

Theoretically the spectrum of gluon bremsstrahlung is a continuous one ranging
from hard gluons emitted at wide angles to the parent quark (or antiquark) to van-
ishingly soft gluons emitted collinearly with the parent quark. However, as described
in Chapter 1, divergences in the finite order QCD parton-level calculations of cross
sections are removed by cutoffs (eg. y.) which affect the number of partons counted in
the final state; the parton multiplicity in an event is therefore well-defined, but depends
on the cutoff value chosen. In practice this does not matter too much, provided the
cutoff is chosen to be reasonably small; the addition of one or two very soft and/or
collinear partons to the final state will not affect the number of observed hadron
jets, for such partons will not be resolved experimentally as separate jets because of
the smearing introduced by fluctuations in the hadronisation process. Even in the
language of exact finite order QCD calculations, therefore, the relationship between
parton multiplicity and hadron jet multiplicity is not straightforward, as an observed
hadron jet may actually correspond to a ‘cluster’ of a few partons which are near

neighbours in phase space, and there is certainly no one-to-one correspondence between
y

the two multiplicities.
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The situation is even more confused when considering the infinite order approximate
QCD calculations in the LLA, where in each event a few hard partons are accompanied
by several softer ones; eg. at W = 35 GeV the mean number of partons per event
is about six for the Webber LLA and Lund LLA + O(a;) models' though ten is not
uncommon. Furthermore, the number of such soft radiated partons in an event increases
with W. Each hadron jet will therefore typically comprise the fragmentation products
of several near-neighbour partons. It is apparent that the only meaningful way to relate
the hadron jet properties to the underlying parton structure of an event is to choose
some jet-defining algorithm which can be applied to both phases and then to compare
the resulting parton jets and hadron jets.

It had been reported some time ago [129] that QCD calculations to O(as?) were
unable to account for the rate of 4-jet events observed in the data, the theoretical
predictions being much too low. In the only detailed study of multijet events published
to date [130], it was confirmed that an O(a?) QCD model? produces too few > 4-
jet-like events, whereas a LLA model® gives a satisfactory description of these rates.
This suggests that 37¢ (and higher) order terms in perturbative QCD already make a
significant contribution to the 4-jet cross-section at PETRA energies!. However, the
LLA model was not able to account for the observed rate of hard 3-jet events, presumably
because of the inherent approximations in the LLA formalism discussed in Section 1.5.

These issues are further investigated here®. The data are analysed in terms of

1 This number is for the parameter values given in Tables 3.3b and 3.3c; the exact

number clearly depends on the values of A and .

2 The GKS parton-level calculations with Lund string fragmentation included in

JETSET version 5.2 [131].
3 The Webber LLA model with cluster hadronisation, BIGWIG version 4.2 [54].

* The recent calculation of the total hadronic cross section to O(a,”) [26] suggests

that the O(a,”) terms themselves are larger than the terms of O(a,?) (Section 1.2).

5 See also [132].
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explicit multijet states rather than the global event characteristics discussed earlier.

and compared with the predictions of the three latest and most successful perturbative

QCD + fragmentation models described in Chapter 1:

(1) The 2™ order perturbative QCD calculations of Gutbrod, Kramer and Schierholz
(GKS) [41] incorporated into the Lund Monte Carlo, version 6.3 [49]. This is referred
to as the ‘O(a?) model’.
(ii) The LLA cascade model [54], which includes soft gluon interference effects, incor-
porated into the Monte Carlo program BIGWIG version 4.2. This is referred to as the
‘LLA model’.
(iii) The LLA cascade model (with soft gluon interference) containing the O(a,) matrix
element factor [69], also incorporated into version 6.3 of the Lund Monte Carlo. This is
referred to as the ‘LLA + O(«;) model’.
In cases (i),(iii) hadronisation according to the Lund string model [50] is employed,
whereas in (ii) hadronisation is via the formation and decay of colourless clusters [54].
The event selection criteria are given in Section 5.2 and the choice of jet algorithm
is discussed in Section 5.3. The jet rates in the data are compared with the model
calculations at W = 35 GeV in Sections 5.4 and 5.5, with the relationship between the
jets and the underlying parton structure being discussed in Section 5.6. The energy
evolution of the jet rates is given in section 5.7 and the Q? dependence of a, is
investigated in Section 5.8. Section 5.9 forms a summary and conclusions of the results

presented in this chapter.

5.2 EVENT SELECTION

In addition to the usual hadronic selection criteria (Section 2.5) for ete~annihilation
events based upon the information on charged particle momenta measured in the central
detector, for the multijet analysis three further cuts [97] were made: (a) events were
removed for which the sum of the particle momenta ) |p| exceeded 2W; this excluded
events containing spurious high momentum tracks (see Section 3.5); (b) in order to
ensure that events were well-contained within the acceptance of the detector the angle 6,

between the sphericity axis and the beam direction was required to satisfy |cos,| < 0.85;
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(c) the angle 5 between the normal to the event plane and the beam direction had
to satisfy [cosfn| > 0.1 in order to reject badly reconstructed events and events with a

hard photon radiated from the et or e~. The numbers of hadronic events before and

after these cuts are shown in Table 5.1.

Table 5.1: Number of hadronic events used in jet analysis

< W > (GeV) | N of hadronic events | N° used in jet analysis
14.0 2999 2757
22.0 1914 1730
35.0 31176 27178
43.8 6380 5261

All the QCD model Monte Carlo events, generated with the tuned parameter sets of
Section 3.6 and with initial state radiative effects included, were put through the TASSO

detector simulation program and underwent the same hadronic selection and analysis

cuts as applied to the data.

5.3 THE JET ALGORITHM

There are various procedures and algorithms available for reconstructing jets from
hadronic events (see [23] for a comprehensive discussion). In many cases the number of
jets required must first be specified, then the event division proceeds by optimising a
chosen event variable, eg. minimising transverse, or maximising longitudinal, momen-

tum (or various powers thereof) relative to jet axes to be determined.
5.3.1 The Lund Algorithm ‘LUCLUS’

A popular algorithm is the routine LUCLUS [131] available in the Lund JETSET

program. The ‘distance’ d;;:

1 4p’p'
df-- = =(pip; - p;i - p;)————1—
J 2 J J)(pi+pj)2

7



4p? p? sin®(0;5/2)

i.e. dz.
7 (pi + p;)?

is formed for every pair of particles in an event, the pair with the smallest d;; being
combined into a ‘pseudoparticle’ by adding their momentum 4-vectors. The procedure
is repeated, the pair with the lowest d;; being combined each time, until all remaining

pairs of particles/pseudoparticles have distances which satisfy:

di; > djoin

where dj,in is a jet resolution parameter. The resulting number of particles or pseu-
doparticles is called the jet multiplicity of the event. Note that there is no a prior:
specification of the number of jets to be found*, and that every charged particle belongs
to a single jet.

This algorithm was applied to the 1986 W = 35 GeV data and to samples of 70000
Monte Carlo events. The resulting rates of n-jet events are shown in Fig. 5.1 as a
function of the jet resolution parameter djsin,. None of the models describes the 2,3
or 4-jet rates, but they seem to do very well with the 1-jet rate! Note however that
at the Lund recommended value of dj,;, = 2.50, the 1-jet rate is roughly 3%. This
value is astonishingly high, given that 1-jet events should not occur at all, except where
there has been a hard photon radiated by the et or e~, or there have been substantial
particle losses in 2-jet events due to undetected neutral particles, the limited detector
acceptance or inefficiency in detecting charged particles. The only possible source of
bona fide 1-jet hadronic events is the background from two-photon events, which has not
been subtracted here. At most such events should account for 0.9% of the total (Table
3.1), though the cuts described in Section 5.2 reduce the percentage contamination. It
is inconceivable, therefore, that two-photon events could account for a 3% rate of 1-jet
events, and the model calculations, which agree with the data, do not include this source

anyway.

One relevant factor to bear in mind is that the event visible energy F,;s for the

* The munimum number of jets to be found can be specified, though this option is

not used here.
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Monte Carlo calculations seems to be underestimated compared with that for the real

data (Table 5.2).

Table 5.2: Mean event visible energy for data and Monte carlo

< Evis > (GGV)

Data 19.1£0.1
O(a,2) MC 17.5 4 0.1
LLA MC 17.4 £ 0.1

LLA + O(a,) MC|  17.740.1

In principle this could be due to the event generators themselves, though the fact that
all three generators agree with one another suggests that the problem lies with the
simulation of the detector effects. One obvious possibility to account for the discrepancy
is that the data have been MILLed, whereas the model calculations are for SIMPLE
simulation of charged tracks, the amount of computer processing time needed to MILL
the events generated for all three models being prohibitive. It is known (Section 3.5) that
MILL tends to increase artificially the population of high z, tracks, thereby increasing
the visible energy. This effect was investigated using the sample of MILLed LLA +
O(a,) model events generated for the data correction (Section 3.7) and the results are

shown in Table 5.3 for the ‘middle of the range’ value d;q;n, = 1.5.

Table 5.3: Rate of n-jet events (%): LUCLUS, djoin, = 1.5

< Eyis > (GeV) 1 2 3 4 >5

SIMPLE 17.7+£0.1 1.03+0.05 | 67.0+04 | 29.0£0.3 | 2.88+0.08 | 0.10+ 0.02
MILLed

SIMPLE 18.8 0.95 64.4 31.0 3.66 0.18

Note that the generated events are the same for both cases. The visible energy is clearly
increased by MILLing to be in agreement with that for the data; the normalisation of

all the jet rates is also brought into much closer agreement with the data.
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It is clear that the LUCLUS algorithm is rather sensitive to the fine details of the
tracking simulation. This is perhaps not surprising, as it works directly with particle
momenta, measured by the track curvature. Furthermore, the resolution criterion djoin
1s not scaled to take into account the large event-by-event fluctuations in the visible
energy due to initial state bremsstrahlung and undetected particles, which therefore

affect the reconstructed jet multiplicity on an event-by-event basis. Because of these

problems a second algorithm was investigated.
5.3.2 The JADE Algorithm ‘JCLUST’

An appealing jet-finding algorithm has been used by the JADE collaboration in a similar
analysis of their hadronic data [22,130]. We used an algorithm which operates under

the same principles:

The invariant mass-squared m?j is calculated for all pairs of charged particles ¢, 7

in an event according to the formula:
m}; = 2E;E;(1- cosb;;)

where in calculating the energy all particles are assumed to have the charged pion
mass. The pair with the lowest m? are combined into a ‘pseudoparticle’ by adding
their momentum 4-vectors. The procedure is repeated, the pair with the lowest m?
being combined each time, until all remaining pairs of particles/pseudoparticles have

invariant masses which satisfy:

2 cut? _ 2
m;; > myg; = ykF

where y. is a jet resolution parameter. For our analysis using only charged particles £
= FE,;s was used, F,;, being the visible energy of the event. The resulting number of
particles/pseudoparticles is called the cluster or jet multiplicity of the event.

This algorithm is clearly very similar to LUCLUS in its basic idea of forming
clusters of particles, except that the ‘distance’ between particle pairs, d;;, is replaced
by the invariant mass of particle pairs, m;;, but scaled so as to take into account the
event-by-event fluctuations in the visible energy; the parameter y. therefore corresponds

to djoin- Again, there is no a priori specification of the number of clusters to be found,

and every charged particle belongs to a single cluster.

80



The ‘correct’ definition of mfj, taking explicit particle mass terms into account.
is impossible to use here because of the limited particle identification capability of the
TASSO detector. One can use this definition by assigning all particles the pion mass,
but this tends to increase the value of m?j relative to the massless case, so that more
low energy jets are separately resolved, which are essentially spurious and arise from
hadronisation fluctuations. In Monte Carlo studies using the O(a?2) model, the above

?j neglecting all particle masses was found to provide the best agreement

expression for m
between the cluster multiplicity reconstructed from final state charged particles and the
initial parton multiplicity for the same values of y. and y,in, the experimental jet-
resolution parameter and the QCD (massless) parton resolution parameter used in the
matrix element calculations*, respectively.

The jet rates were produced for y, = 0.04 using both SIMPLE and MILLed SIMPLE
tracks and are shown in Table 5.4. (y. = 0.04 is the ‘middle of the range’ value and

gives roughly similar jet rates to djo, = 1.5).

Table 5.4: Rate of n-jet events (%): JCLUST, y. = 0.04

< Eyis > (GeV) 1 2 3 4 >5

SIMPLE 177+ 0.1 0.16£0.02 { 55.6+£0.4 | 40.6 £0.3 | 3.64 +£0.09 | 0.025 £ 0.008
MILLed

SIMPLE 18.8 0.17 55.4 40.6 3.77 0.030

There is essentially no change in the jet rates for the two cases; any differences are well
within the statistical errors for the sample of events used. Furthermore, the rate of
1-jet events is much more in line with what is expected. JCLUST is hence relatively
robust with respect to the details of the tracking simulation, and is therefore a much

safer algorithm to use.

* Unless stated otherwise, the value of y,,;, used throughout this analysis was 0.02.
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5.4 JET RATES AT /s = 35 GeV

Shown in Figure 5.2 are the rates of 2, 3, 4, >5 * -jet events for the data and QCD
models, as reproduced by JCLUST, at 35 GeV c.m. energy as a function of the jet

resolution parameter y.; the data are also given in Table 5.5; the errors are statistical

only. SIMPLE tracks were used for the model calculations.

Table 5.5: Rates of n-jet events (%) for the data at W = 35 GeV

Ye 2 3 4 >5

0.02 29.7+£0.3 51.2+04 17.3+£0.3 1.65 + 0.09
0.03 44.0£ 04 4744+04 | 8.14+£0.17 | 0.27+£0.03
0.04 54.7+ 0.5 41.1+£04 | 396+0.12 | 0.04+£0.01
0.05 62.8 £ 0.5 35.0+04 | 1.86+0.08 | 0.011 % 0.006
0.06 69.4 £ 0.5 294+£0.3 | 0.91%0.06 -

0.07 74.6 £ 0.5 245+ 0.3 | 0.46+0.04 -

0.08 78.8+ 0.5 20.5+£0.3 | 0.24£0.03 -

Taking £ = 35 GeV, the cluster-pair-mass cutoff range spanned by 0.02 < y. < 0.08 is
4.9 < mfP < 9.9 GeV/c?.

The O(a?) model gives a satisfactory description of the 2- and 3-jet rates, though
at low y, it slightly underestimates the rate of 2-, and overestimates the rate of 3-, jets
seen in the data. The LLA model gives too many 2-, and too few 3-, jets for all y.. The
LLA + O(a;) model matches the 2- and 3-jet rates of the data extremely well; it gives
a comparable or better description than the O(a%) model across the whole y. range.
This model also describes the rates of 4- and 5-jets well, as does the LLA model, whilst
the O(a?) model shows a serious deficiency.

Such is the large number of events in the data sample that for many of the data
points the statistical errors are smaller than the size of the symbols used in Figure 5.2;
together with the logarithmic scale this masks discrepancies between the data and MC

at the level of a few per cent for the 2- and 3-jet cases. As an illustration, we show in

* The largest rate of > 5-jets in the data, at y.=0.02, is about 5% of that of 5-jets;

hence the > 5- is always added to the 5-jet rate
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Table 5.6 the jet rates at ¥.=0.04, which corresponds to a cluster-pair-mass cutoff value

of 7 GeV/¢? taking E = 35 GeV.

Table 5.6: The jet rates (%) observed in the data and for the three QCD models at W
= 35 GeV and y, = 0.04

Data LLA + O(a,) model | LLA model |O(a?) model
2-jet 54.7+ 0.5 55.6 £ 0.4 58.6 £ 0.4 53.1£0.4
3-jet 41.1+£04 40.6 £ 0.3 36.9+£0.3 43.6 £ 0.3

> 4-jet | 4.00 £ 0.12 3.67 £ 0.09 4.34+£0.10 | 3.11+£0.08
234_——13% 0.097 + 0.003 0.090 £ 0.002 0.118 £ 0.003 | 0.071 & 0.002

The good numerical agreement between the LLA + O(c,) model and the data for all

jet rates is remarkable.

5.5 SYSTEMATIC CHECKS

5.5.1 Different Jet Algorithms

These results have been checked using different jet-finding algorithms [133]. As an
example, the jet rates are shown in Fig. 5.3 for an algorithm which finds jets by
minimising particle transverse momenta with respect to a specified number of axes. As
this algorithm contains no variable jet resolution parameter the following procedure was
adopted: The number of axes was set to five, and when the five jets had been found all
jet pairs were required to satisfy the JCLUST criterion mzz-j >  y. E2,, otherwise
the pair with the smallest invariant mass were combined by adding four-vectors, until
all pairs were resolvable. The jet rates are thus shown in Fig. 5.3 as a function of y,;
for a given y. they do not correspond exactly with those shown in Fig. 5.2, because the
actual jet reconstruction criteria were different. It is clear that the model calculations
show exactly the same trends as those seen in Fig. 5.2 and discussed in Section 5.4 for
the JCLUST algorithm.

Thus, whilst the absolute jet rates differ between different algorithms, so that it is

impossible to compare results numerically, it is found that the O(a?%) model is always
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seriously deficient in the rates of 4- and 5-jets, whilst the LLA and LLA + O(as)
models are in good agreement with the data. Furthermore, the LLA + O(a;) model
gives comparable or better agreement with the 2- and 3-jet rates than does the O(a?)
model, which tends to underestimate and overestimate respectively these rates, whereas

the LLA model overestimates and underestimates respectively.

5.5.2 Change of Model Parameters

The results were also found to be insensitive to reasonable changes of the model parame-
ters from the values given in Section 3.6.3. The parameters were varied so as to preserve
a reasonable overall description of the global features of the data: one parameter was
fixed to a value different from the tuned one and a new fit was performed allowing the
remaining parameters to vary as described in Section 3.6.2. In particular for the LLA
model decreasing the QCD scale parameter A ;, gave lower rates of >4 clusters, in better
agreement with the data, but also a reduced 3-jet rate falling even further beneath the
data than previously. Similarly for the O(a%) model increasing Agzz from 0.62 to 1.1
GeV, a change in a; from 0.17 to 0.20, gave 4, >5-jet rates in much better agreement
with the data, at the expense of a seriously underestimated 2-jet rate and overestimated
3-jet rate across the whole range of y.. We note that the O(a?) model employs the 2%
order perturbative calculations of Gutbrod, Kramer and Schierholz [41], where certain
2™¢ order correction terms are known to have been neglected [36,134]. It was found
in [130] that the effect of including the more detailed 2"¢ order matrix elements of
Gottschalk and Shatz (see references in [130]) resulted in an even greater discrepancy
in the 4-jet rate between the O(a?) model and the data. This detail does not affect our

conclusion and will not be considered further here.

5.6 RELATIONSHIP BETWEEN HADRON JETS AND PARTONS

By definition, the O(a?) model can produce only 2, 3 or 4 partons, whereas around
6 partons are typically produced by the two cascade models, though as many as 10 is
not uncommon. For the latter it is hence difficult to relate partons to the hadronic jets

directly, and also to compare parton-level results with the O(a?) model. Therefore, in
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order to check that the differences between the models shown in Figs. 5.2 and 5.3 arise
from the different perturbative QCD treatments, and not from fragmentation effects.
the cluster algorithm was applied directly to the partons before hadronization. The

resulting ‘parton-cluster’ rates are shown as a function of y., for W = 35 GeV, in

Figure 5.4. Note that the cluster-pair mass criterion used was

2 2
mi; > Yeligad

where E.,4 is the hadronic c.m. energy after initial state photon radiation from the e*

or e

The differences between the models already exist at the parton level, though are
considerably reduced by hadronisation, and we conclude that the observed hadronic

cluster rates essentially reflect the underlying QCD processes.

5.7 ENERGY EVOLUTION OF THE JET RATES

We present the jet rates for data and models at c.m. energies in the PETRA range
and also show the model predictions for W up to 200 GeV. The data were therefore
corrected for acceptance, neutral particles, detector effects, initial state radiation and
the cuts described in Section 5.3 using a LLA + O(as) model Monte Carlo simulation
as described in Section 3.7. The model calculations are for both charged and neutral
particles with no initial state radiation, cuts or detector simulation.

To make a comparison at different c.m. energies there are two possibilities: one can
fix either m{}! or y.. For the latter case the jet resolution decreases as the c.m. energy
increases, which is unphysical from an experimental point of view in that the ability
to resolve jets is determined by the detector configuration and is more or less energy
independent. The more physical choice is therefore to keep the mass-cutoff constant.

¥t was fixed at 7 GeV/c?, a reasonable value which corresponds to y. = 0.04 at

m
E = W = 35 GeV; the corresponding values of y. at £ = 14, 22 and 43.8 GeV are
0.25, 0.10 and 0.025 respectively. The energy dependence of the cluster rates is shown

in Fig. 5.5 and Table 5.7. In the figure the lines join the model calculations at the same

energies as the data.

85



600

°f

*2fi 19yourered uorjnjosal jaf 9y jo uorpduny ® se

‘wryyrio3re 1,SNTOL 243 utsn pauyep ‘(%) sejel juaas jof-u (oas[-uojred ayJ, :H°G 3In31 g

800 L00 900 S0°0 100 e00 200
1 | { | |

! |
L 1Bpouw (*0)Qg+y1] ——  §=U - :
ﬂ |spouw V11 e ..... “
~ S ) .
: J3pow (;0) 0 ---- :
i ..w.l._.._ -
ﬂ :
F ]
- E
[ .
™ .
i =
= =
- M.l.._.._ -
 z=u :

o
-
-

-
-«

(%) S3{eJ Juaas yaysn)ppu



Table 5.7: The cluster rates observed in the data, corrected for acceptance, neutral
particles, detector and radiative effects, at the four mean c.m. energy values used in

the study, for fixed cluster-pair-mass cutoff métt =7 GeV/c?.

< W > (GeV)| 2-cluster | 3-cluster | 4-cluster | >5-cluster
14.0 97.1+2.1]2.94+0.5 - -
22.0 80.3+£2.3(19.7+1.2 - -
35.0 99.2+0.7141.1 4+ 0.6 [3.60 £0.16 | 0.04 £ 0.02
43.8 41.0+£1.2{496+1.1| 87+0.5 |0.38+0.11

It is notable that using parameters extracted from a fit to data at W = 35 GeV,
where jet rates were not considered in the tuning, all models reproduce the trend of
the jet rates data across the whole energy range spanned. The LLA + O(as) model
is in good numerical agreement with the data for all jet rates, whilst the O(a?) model
shows a similar deficiency of > 4 jets at 44 GeV as at 35 GeV and the LLA model
underestimates the 3-jet rate at all energies.

In addition, the jet rates are shown in Fig. 5.6, where the model calculations are
also shown at W = 60,93 and 200 GeV. For the O(a,?) model (Fig. 5.6a), above 60 GeV
the 2,3-jet rates decrease only very slowly with energy, implying both that the parton
jet structure is fully resolved after hadronisation and that hadronisation fluctuations do
not give rise to many spurious jets. The 5-jet events in Fig. 5.6a must be due to such
fluctuations and represent about 2% (5%) of all events at W = 93 (200) GeV. The two
cascade model calculations should be taken more seriously at higher W (Fig. 5.6b),
where an O(a;?) calculation of up to four-parton states is expected to be unrealistic;
the difference between the Webber and Lund predictions provides an estimate of the
theoretical uncertainty in the extrapolation. From Fig. 5.6b, the total jet cross section
at W = 200 GeV is dominated by > 4-jet final states, which will form a background to
events containing heavy states which decay into hadron jets. In particular events of the
type ete™ — WT W~ where each W decays to two quarks, may be difficult to isolate
as gluon bremsstrahlung from the quarks disrupts the simple four jet event topology. It
is estimated [135] that 43% (40%) of W+ W™ events will give rise to 5 (> 6) resolvable

partons, and hence in principle up to 5 or 6 hadron jets.
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5.8 THE Q> DEPENDENCE OF o,

In the language of exact matrix elements the 3-jet cross section in eTe” annihilation
is proportional to a,. One way to investigate the Q® dependence of a; is hence to
measure the 3-jet rate, Ry, as a function of Q2. We have followed the procedure of [22]
and used the JCLUST cluster algorithm to define the jet multiplicity in events. This is
only meaningful provided the reconstructed jets reflect the underlying parton structure
and are not strongly influenced by fluctuations due to hadronisation.

In general Ry = R3(W,y.). If the ratio Ra(W;,y.)/R3(Wa,v.) is independent of
Yc then hadronisation fluctuations are small at c.m. energies Wy, W;. We show in Figure
5.7 the ratios R3(14)/R3(35), R3(22)/R3(35), R3(43.8)/R3(35) as functions of y.. At
W = 14 GeV the ratio depends strongly on y., implying that the fluctuations are large.
This is unfortunate, for it means that the 14 GeV data cannot be safely used for these
purposes. At W = 22 GeV the ratio becomes independent of y. above y. ~0.06, whilst
there is virtually no dependence at all on y. at W = 43.8 GeV. Therefore, provided y.
is chosen sufficiently large R3 is insensitive to hadronisation fluctuations for W > 22
GeV.

We show in Figure 5.8 and Table 5.8 R3 for the data, corrected for acceptance,
detector and radiative effects, for fixed y. = 0.08. Also shown in the figure are curves
for the LLA + O(a,) model for the two cases: (i) running as; with Ap;, = 0.26 GeV,
determined from the parameter optimisation at W = 35 GeV (Section 3.6.3); and (ii)

fixed a; = 0.265; this value being chosen to be in good agreement with Rz for the data
at W = 35 GeV.

Table 5.8: The corrected rate of 3-jet events, defined with y. = 0.08, for the data.

<W > (GeV)| Rs; (%)
14.0 414+ 1.7
22.0 26.5 4 1.8
35.0 22.0 £ 0.5
43.8 19.5 £ 0.8

For the data R3 clearly decreases as W increases: R3(22)/R3(43.8) = 1.36 £ 0.11. Note
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however that a slight decrease is also shown by the LLA + O(a,) model with fixed as.
though the data prefer the model with running a,. The model results are also shown
at W = 60 and 93 GeV. In addition, error bars are shown at these higher energies
corresponding to the statistical errors on a measurement of R3 using only 5000 events.

Such measurements would demonstrate conclusively whether a, runs with Q.

5.9 SUMMARY AND CONCLUSIONS

This analysis of multijet rates has shown that O(a?) QCD cannot reproduce the rates
of spherical and 4-jet like events observed in the data. A high value of As7z is required
to give sufficient rates of > 4-jets, but such a value causes a severe underestimation of
the 2-, and an overestimation of the 3-, jet rates. For a Azrs determined from a best
fit to a few global properties of hadronic final states, which are dominated by 2- and
3- jet-like events, this QCD model shows a serious deficiency of > 4-jets. Conversely
LLA QCD gives a more satisfactory description of >4- jet rates at the expense of 2,3-jet
rates which are overestimated and underestimated respectively. These results are in
agreement with previous studies [22,130).

We find that the LLA + O(a;) QCD model is in very good agreement with the
data for all cluster rates and conclude the following:
(i) Contributions from higher order, eg O(a?), QCD are observable at the highest ete™
c.m. energies analysed to date, and can be expected to be considerable at colliders
operating in the 100 GeV range. QCD models accurate only to O(a?) are already
inadequate to describe multijet rates, and the discrepancy will increase as the amount
of gluon bremsstrahlung increases with energy.
(i) LLA QCD models incorporating many orders in perturbation theory are, because of
the approximations used in the formalism, unable to account for both the 3- and > 4-jet
rates simultaneously. When the > 4-jets are well-described there is a poor estimation of
hard 3-jet events. Whilst both LLA and O(«?) models may give comparable descriptions
of many hadronic final state properties at PETRA energies, their predictions will diverge

considerably as the c.m. energy rises [63,125].

(iii) The most satisfactory account of the observed Jet rates at c.m. energies up to 44
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GeV is provided by the LLA + O(a,) model. In the absence of 3" (and higher order)
matrix element calculations, this model provides a sensible basis for future theoretical
developments and is a good tool for extrapolation to higher energy scales.

We have also found that the rate of 3-jet events in the data decreases with increasing
c.m. energy, consistent with a running coupling strength a, as predicted by QCD. The
data are in agreement with a Q2 dependence of the form a; ~ 1/1n%; though other
possibilities, such as a; fixed or decreasing linearly with W, cannot be ruled out by the

limited statistics and relatively narrow energy range of the PETRA data. Measurements

of R3 at higher energies, in combination with the data presented here and elsewhere

[22], should clarify these issues.
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CHAPTER 6

SUMMARY, CONCLUSIONS AND OUTLOOK

The three most successful perturbative QCD + fragmentation models were compared
with the high statistics data sample collected by TASSO at 35 GeV. Having optimised
the important parameters of each model by comparison with the data for a few relevant
observables, it was found that all the models gave a reasonable overall description of
the global features of hadronic events at this energy, though the quality of description
of different observables varied for each model.

The differences between the model results were interpreted in terms of the under-
lying QCD calculations and fragmentation schemes used. The Lund O(a?) model de-
scribed properties in the event plane, mainly determined by hard gluon bremsstrahlung,
very well, but was deficient in the properties transverse to this plane, which are more
sensitive to soft gluon and hadronisation effects. The Webber LLA model gave a good
description of the transverse observables, but overestimated those quantities in the
plane. The Lund LLA + O(as) model provided a good representation of the transverse
properties but underestimated some quantities in the plane, though here the discrepancy
between MC and data was much smaller than for the LLA model. This suggests that
the amount of hard gluon radiation is somewhat underestimated, despite matching the
O(as) matrix element onto the cascade to try and get this feature correct. It is tempting
to suggest that the slight lack of gluon emission in the event plane could be made up by
O(a?) corrections to the O(a;) matrix element, though this cannot of course be proved,
and hadronisation effects are probably just as large as such corrections.

The best overall description of the data was given by the Lund LLA + O(a;)
model, and it was concluded that this model was successful in reproducing accurately

most features of the data because it includes QCD calculations of both hard and multiple

soft gluon emission processes.
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The models were then compared with most of the available data collected across
a wide range of energies explored at PETRA and PEP: 12.0 < < W > < 41.5 GeV,
keeping the parameters fixed at the values optimised for 35 GeV. The evolution of the
mean values of the observables as a function of c.m. energy within this range was
generally well described, and though there was relatively little to choose between them,
the Lund LLA + O(a;) model was again the most successful.

The energy domain around 60 GeV is presently being explored by the TRISTAN
collider, whilst SLC and LEP will soon have ete~collisions at ~ 93 GeV, and LEP-2
could be operating at 200 GeV by the mid-1990’s. Within the next decade there should
hence be abundant data spanning a 200 GeV energy range, providing an opportunity
to test rigorously the perturbative QCD calculations and fragmentation models which
this analysis has shown to be very successful. With this in mind, the model predictions
were extended up to W = 200 GeV in terms of both mean values and differential
distributions of the observables. These calculations provide both an estimate of the
properties of hadronic events at higher energies and an illustration of the differences
between the model predictions. Interestingly the two parton cascade models gave similar
predictions of the event properties around W = 200 GeV, which differed significantly
from the O(a,?) model predictions. One important factor to bear in mind is that the
influence of the hadronisation process, which sets in around Q2 ~ 1 GeV?, upon the
final state should decrease as W increases. In other words, the properties of the final
state should be predominantly determined by the parton-level processes which are in
principle calculable by QCD. The convergence of the two LLA cascade models at high

energies may be a reflection of this.

Top quark production was simulated at W = 200 GeV for a top mass of 60 GeV/c?

and the distributions of thrust, aplanarity, pr._, pr

out

and rapidity were found to be
most sensitive to its presence.

The data at 35 GeV were also analysed in terms of explicit multijet final states,
using a cluster algorithm for jet definition, and compared with the QCD model calcula-
tions. The results were checked with different jet-finding algorithms and were also found
to be stable with respect to reasonable changes of the model parameter values. The

differences between the model results were found to derive from the perturbative QCD
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parton-level calculations: The deficiency of > 4-jet events given by the Lund O(a,?)
model was interpreted as evidence for the need for higher order contributions from QCD
perturbation theory. Similarly the poor description of the 3-jet rate by the Webber LLA
model, even though > 4-jets were well described, was taken to result from the inherent
approximations in the LLA formalism, which are most serious for hard gluon emission.
Only the Lund LLA + O(ea;) model was able to reproduce all the jet rates accurately,
a remarkable achievement given that there was no tuning to these rates.

Fixing the jet-jet resolution scale at a sensible value in the cluster algorithm, the jet
rates were then studied as a function of c.m. energy in the range 14.0 < < W > < 43.8
GeV. All the models, with the parameters optimised for 35 GeV, reproduced the trend
of the data, the Lund LLA + O(e;) model being in addition in excellent numerical
agreement for all jet rates. Jet rates were also calculated for the models up to W = 200
GeV, where it was found that for the two parton cascades over half of all events contain
>4 jets. Such ‘normal’ hadronic events will hence form a background to multijet final
states arising from the decay of new heavy particles, eg. ete™— Wt W~ events where
each W decays to two quarks.

The results on multijet final states reinforce the conclusions from the study of the
global event characteristics: in the absence of exact perturbative QCD calculations to
many orders in «, the best description of the data is provided by a QCD matrix element
calculation of low multiplicity hard parton states combined with an approximate many
order calculation using the LLA to represent multiple soft gluon emission. If such an
approach is to be anything more fundamental than a complicated parametrisation of
the data, the blending of the matrix element with the parton cascade must naturally
be done in a theoretically respectable fashion, as has been achieved by the Lund group.

Such ideas mark the way ahead for perturbative QCD + fragmentation models*, for

* There have already been exciting developments since this analysis was completed.
A new parton shower model including the full next-to-leading order logarithmic contri-
butions, in addition to the leading ones, and the O(«;) matrix element, has recently
been announced [136] and appears to be very successful compared with present data

[137]. Such developments are very timely and welcome at the beginning of the 100 GeV

collider era.
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one expects the agreement of the O(a;?) calculations with the data to become poorer
at higher energies where there is generally more resolvable gluon bremsstrahlung and
the neglected higher orders in @, become more noticeable in the hadronic final state.

It remains to be seen whether the LLA-only calculations will survive the test of SLC

and LEP data.

The dependence of the strong coupling constant a; on Q2 was investigated by
studying the energy dependence of the 3-jet rate Rs, which is roughly proportional
to as;. By comparing the data with the Lund LLA + O(as) model calculations with
and without a running a;, R3 was found to decrease in a manner consistent with a
dependence of the form aj~ 1/111(%;) as predicted by QCD, though the case a;~
constant could not be ruled out with the limited statistics and energy span of the
present data. This conclusion is in agreement with other studies by the Mark II and
JADE collaborations [138,139] and with a very recent analysis by the AMY collaboration
using their data in the range 50 < W < 56 GeV [140]. It was also shown from Monte
Carlo studies that a measurement of R3 using a sample of only a few thousand hadronic
events at W ~ 60 or 93 GeV would have sufficient statistical precision to confirm (or
otherwise) that as~ 1/111(—0&;) with a significance of many standard deviations. More
data are hence eagerly awaited from the TRISTAN experiments as are the first data
from the SLC and LEP colliders in the next few years.

In summary, we have a very thorough understanding of jet fragmentation in terms
of models which combine perturbative QCD calculations with phenomenological hadro-
nisation schemes. Ideally one would wish to have respectable theoretical calculations
of hadronisation rather than phenomenological schemes. However, in the absence of
such calculations, this study has shown that it is possible to gain great insight into
the underlying QCD processes by careful comparison of the models with the data and

interpretation of the results within the context of the models.
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Appendix B

The TASSO Coordinate System

TASSO uses a right-handed cartesian coordinate system which defines the z axis to be
along the positron beam direction, the y axis to be vertically upwards and the z axis to
point horizontally towards the centre of the PETRA ring (Fig. B1). The r — ¢ plane is

perpendicular to the z axis. The following symbols and parameters are used to describe

a track [73] (Fig. B2):

@ is the charge of the track
R is the radius of curvature of the track in the r — ¢ projection

dy is the distance of the track from the origin in the 7 — ¢ projection at its point of

closest approach, defined to be positive or negative according to whether the origin is

inside or outside the circle of the track.

zo is the value of z at the point on the track from which dg is measured.

p is the momentum of the track at the point on the track from which dy is measured
Pt OT pyy is the component of p perpendicular to the z axis

9 (0° < 6 < 180°) is the polar angle between the track and the z axis

é is the angle in the r — ¢ projection between the track and the z axis at the point on
the track from which dy is measured, defined such that the +y axis is at ¢ = 90° and

the —y axis is at ¢ = 270°.
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Fig. B.1 The TASSO coordinate system
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Fig. B.2 A track in the r-¢ projection. The value of do is positive for this track.
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