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Abstract

This thesis describes a study of quark and gluon jets produced from decays
of the Z° boson to qgg and qgy final-states. These were obtained from 1.2
million hadronic events produced by the LEP e*e~ collider and recorded in
the ALEPH detector at CERN during 1990-92. A sample of gluon jets was
obtained by identifying b-quark jets in bbg events where the b-quark had decayed
semileptonically. Quark jets were identified in ¢gy events where one of the
jets contained an isolated photon. The mean particle multiplicity, transverse
momentum, rapidity of tracks and fragmentation function of the quark and gluon
jets were compared as a function of the energy of the jets. The angular size of
the jet cores also were analysed to determine the relative particle multiplicity in
the jet cores. The quark and gluon jet differences were found to be greatest in
the jet cores compared to the whole jet. The gluon/quark jet ratio of particle
multiplicities in the jet cores was found to be closer to the perturbative QCD
prediction for gluon radiation from the partons.

The particle flow between the quark jets was measured in qgg, bbg and qgy
events and compared to JETSET Monte Carlo predictions and a QCD calculation
of the soft gluon flow in these event types. The JETSET predictions matched

the particle flow data reasonably well, whereas the soft gluon calculation did not
represent the data.
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Chapter 1

Introduction.

1.1 The fundamental structure of matter.

According to current understanding, two types of elementary particles exist,
those with 1 integer spin called fermions, and those with integer spin called
bosons. Matter is built up from these particles, which are held together by four
fundamental interactions, the strong and weak nuclear forces, electromagnetism
and gravity. Below the scale of the atom the effects of gravity are generally
insignificant, so it will not be discussed in any detail here. The forces can be
described by gauge field theories, in which the responses between fermions are
mediated by bosons. These are summarised in Table 1.1. Incorporated into the
framework of the theories are symmetries, which give rise to the properties of

the interactions. The introduction of the symmetries into the theories gives the
raison d’etre for the gauge bosons.

1.2 Electroweak interactions and the Standard
Model.

Quantum electrodynamics (QED), the field theory describing electromagnetism,
involves the symmetry group U(1) [1]. Transformations under this symmetry
can be considered as rotations in complex phase space, which can be performed
in any order. Symmetry groups whose transformations commute are known as
abelian groups. A consequence of this abelian nature is that charge must be
locally conserved, so that the boson propagator of the U(1) group, the photon,
cannot carry charge and thus cannot form self-interactions. The perturbative
calculation of QED cross-sections involve higher-order internal loop processes
which are divergent. However the theory is renormalisable, such that the
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Interaction Symmetry Gauge bosons Fermion interactions
group
Electromagnetism | U(1l)y photon quarks, charged leptons
Weak SU(2)L w+, w-, z° quarks, leptons
Strong SU(3) | gluon (8 flavours) quarks
Gravity SL(2,C) graviton particles with mass

Table 1.1: Summary of the four forces in nature.

predicted interactions between the fermions are finite. The renormalisation
introduces an effective charge, mass and wave function for the electron, governed
by a coupling constant o which determines the strength of the coupling of the
electron to the photon.

The theory of electromagnetism has been combined with weak theory to form
the theory known as the Standard Model of electroweak interactions [2], where
the couplings of the bosons are unified at energies of ~ 10'® GeV. The Standard
Model is an SU(2)r @ U(1l)y gauge theory, that is, it is symmetric under both
the SU(2)r and U(1)y groups. Compared to the U(1) group, transformations
under SU(2) are more complex, involving a set of 2 x 2 unitary matrices with
determinant 1. These do not commute, so the SU(2) group is non-abelian.
To maintain invariance of the theory under local SU(2) transformations, the
additional gauge bosons, known as the W+, W~ and Z°, carry weak charge and
can undergo self-interactions. The symmetries in the theory are broken by the
Higgs mechanism to give masses to the W+, W~ and Z°. Local non-abelian gauge
theories have been proved to be renormalisable, such that the weak interactions
are finite.

In the Standard Model there exists three generations of fermions organised
in a hierarchy according to mass. Each family consists of a neutrino, a charged
lepton, an up-type quark and a down-type quark, plus the antiparticle of each
fermion. These particles are summarised in Table 1.2. The existence of all these
fermions and the four electroweak gauge bosons have been shown experimentally
in high energy interactions, apart from the top quark and tau neutrino. However
these are required to exist within the framework of the Standard Model and high
precision electroweak measurements are strong evidence for the existence of both
the top quark and tau neutrino. The measurements indicate that the top quark
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will probably be seen by the CDF and DO experiments at Fermilab.

1.3 Quantum chromodynamics.

Leptons are influenced by electromagnetism, the weak nuclear force and grav-
ity. Quarks also feel the strong nuclear force, which is described by quantum
chromodynamics (QCD), a gauge theory with SU(3) symmetry [3]. The bosons
carrying this force are the gluons. There is strong experimental evidence both
for the existence of gluons, and that SU(3) is the correct symmetry group in the
theory [4]. QCD introduces an additional quantum number called colour. The
strong nuclear force is considered to act between particles with colour charge in
the same way that electromagnetism acts between particles with electric charge.
The theory involves three types of colour charge. Each quark is given a red,
green or blue colour charge for example, whilst each antiquark has anti-red, anti-
green or anti-blue colour charge. Transformations under SU(3) involve a set of
3 x 3 unitary matrices with determinant 1. These do not commute, so QCD
is a non-abelian gauge theory. To maintain local invariance of QCD under its
transformations, the gluon propagators must carry colour charge and can form
self-interactions via tree level three-gluon and four-gluon vertices. This has a
large influence on the properties of QCD, in particular at low energies where the
coupling of the gluons, aj,, increases rapidly and “confinement” occurs, such that
the quarks and gluons are bound together to form hadrons. The strength of as
at low energies has consequences for the calculation of the interactions of quarks
and gluons, since perturbation theory cannot be used in this regime. Another
property of QCD is that of asymptotic freedom, where the coupling goes to zero
as the separation becomes small, equivalent to high momentum transfer Q2.

Generation
1 2 3
Quarks Up Charm Top
Down Strange Bottom

Leptons | e-neutrino | py-neutrino | 7-neutrino
Electron Muon Tau

Table 1.2: The three generations of fermions in the Standard Model.
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1.4 Z° boson production at the LEP Collider.

The Large Electron Positron Collider, LEP, at CERN, Geneva has a primary
purpose of investigating electroweak interactions [5]. Electrons and positrons are
accelerated in opposite directions inside a 27 kilometre beam pipe to energies of
45.6 GeV (see Figure 1.1). The e and e~ are collided with a total centre of
mass energy of 91.2 GeV. This energy is very close to the mass of the Z° boson
and at a resonance in the cross-section for the interaction of the et and e~ via
the production and decay of a Z°. The basic process is depicted in the Feynman
diagram in Figure 1.2. The Z° boson produced in the interaction decays to a
fermion and anti-fermion pair (ff), each carrying away half the centre of mass
energy. Excluding the top quark, any of the fermions within the Standard Model
can be produced. The ALEPH experiment has been designed to observe the decays
of the Z° The detector is located around the beam pipe at one of the collision
points of the et and e~ beams, and is described in Chapter 3.

1.5 Radiation of gluons and photons in Z° decays.

The cross-section for ff production is modified by higher order processes such
as initial-state radiation from the e* and e~ (I'igure 1.3a), final-state radiation
from the fermion or anti-fermion (Figure 1.3b), or internal loops. When a qg
pair is produced, either the ¢ or § may radiate a hard photon or gluon. To first
order these processes are similar, but differ in the strength of the coupling of
the quark to each boson. The quark, antiquark and hard gluons may then lose
energy by further radiation of gluons. At some energy scale, the quarks and
gluons present form hadrons, which appear in the detector as jets of particles,
pointing in approximately the same direction as the original hard partons.

1.6 Gluon radiation and hadronic jet formation.

The radiation of photons or gluons from quarks can be calculated in perturbation
theory. However the production of hadrons in ¢gy and qgg events is also partly a
non-perturbative process, which cannot at present be calculated. The hadronic
jet formation process is described in more detail in the following chapter. By
studying the jets and the particle flow in these events, an attempt can be made to
assess the influence of perturbative and non-perturbative mechanisms in hadronic
events.

The analyses presented in Chapters 4 - 6 has made use of over 900,000
hadronic Z° decays recorded in the ALEPH detector in 1990, 1991 and 1992.
These statistics were sufficient to select particular types of event where the jets
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Figure 1.1: Diagram showing the main features of the LEP collider.
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Figure 1.2: The process ete~ — ff at LEP.



6 CHAPTER 1. INTRODUCTION.

€+ e+

(b) Final-state radiation from the f or f

Figure 1.3: The lowest-order processes giving rise to initial-state or final-state
radiation at LEP.

emanating from quarks and from hard gluons could be readily identified. The
capability to pick out photons and leptons in the hadronic data was used to
distinguish ¢gy events and pinpoint jets from b and ¢ quarks in ¢gg events. This
enabled a clear comparison to be performed of quark and gluon jets with a range
of energies (Chapter 5). The particle flow in between the jets was also compared
to a perturbative calculation of the soft gluon flow in the event (Chapter 6). From
these analyses conclusions are drawn in Chapter 7 about the role of perturbative
physics in describing the jet formation process. :



Chapter 2

Hadronic jets from etTe™
collisions.

2.1 The process e™ + e~ — hadrons.

The formation and decay of the Z° boson in et e~ interactions was outlined
in the previous chapter. The most common decay mode of the Z° is to a ¢g
pair, as depicted by the Feynman diagram in Figure 2.1, with the ¢ and g each
carrying half the Z° energy. As the q and § move apart, they “fragment” into
jets of hadrons due to the strength of the strong nuclear force. This Z° decay is
thus seen as a pair of back-to-back jets in the detector. In Figure 2.2 a two-jet
event is depicted on the ALEPH event display. At LEP energies, events commonly
occur with three, four or more hadronic jets. These multi-jet events provide
strong evidence [4] for the existence of gluons as the bosons mediating strong
interactions. In the case of a three-jet event (Figure 2.4), the basic process is the
radiation of a hard gluon by the primary q or g, as shown in Figure 2.3. A four-jet
event (Figure 2.6) can be initiated in several different ways. Both q and § can
radiate a hard gluon (Figure 2.5a), or one primary parton can radiate two hard
gluons (Figure 2.5b). Alternatively, one hard gluon may be radiated, which can
itself radiate a gluon or split into a ¢ pair as depicted in Figures 2.5¢ and 2.5d.

2.2 Multi-jet events.

The number of jets in a hadronic event can be defined using a jet-clustering
algorithm. These involve some measure of the separation between particles and a
method of combining the momentum and energy of the tracks if their separation
is small. The “JADE” algorithm [6] has been used in many analyses to cluster
hadrons into jets. Here an invariant mass M;; is computed for each pair of tracks
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Figure 2.5: Ezxamples of the lowest-order processes which give rise to a 4-parton
final-state at LEP. This list of diagrams is not erhaustive since some terms
involving gluon radiation from the antiquark and terms with the gluons crossed
have not been included.
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Scheme E Eq P

Energy E,’j =F;,+ Ej Eij =FE; + Ej Eij = ‘pijl

Ei
Momentum | pi; = pi+p; | pij = 35(Pi + i) | Pis = pi +

Table 2.1: Combination schemes for the JADE clustering algo-
rithm.
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Figure 2.7: Jet rates measured by ALEPH using the JADE jet clustering algorithm
with E combination scheme.
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The clusters that remain are taken to be the jets. The tracks can be combined
together according to different schemes, which are summarized in Table 2.1.
The E scheme combines the tracks in a Lorentz invariant way that leads to
pseudoparticles with mass. However in QCD calculations jets are generally treated

as massless objects. The other combination schemes combine 4-vectors to form
massless objects.

The jet rates measured by the ALEPH Collaboration [7] are shown in Figure 2.7
for the E scheme. The jet rates for the JADE algorithm have been calculated using
second-order QCD perturbation theory [8]. This calculation has been fitted to the
data to obtain values for a;. Due to the effect of higher-orders, the 3- and 4-
jet rates are incorrect in the calculation. To obtain a better fit to the data, an
optimised QCD scale was used. The coupling constant a,(u?) at a particular
renormalisation scale u? is related to the QCD scale parameter Azrs by

2
In {In | £
127 (153 — 19N [ (AM—)]
o () = 16! ) 2

B (33 —2N¢)In (%)2 (33 — 2Ny)* ln( w )

Asrs

where Ny, the number of active flavours is 5. Azrz and the scale u? are not
determined by perturbation theory and have been obtained by fitting the second-
order jet rates to data [9]. More recently, the jet rates have been determined
using the DURHAM clustering algorithm [10]. This operates in a similar manner
to the JADE algorithm, but the invariant mass squared is replaced by:

M} = 2min (Ef, Ef) (1 — cos b;;)

This is a measure of the transverse momentum kr of each particle with respect
to the other particle. This algorithm clusters softer particles in a more intuitive
manner than JADE, where they can be clustered to form separate jets. Another
advantage of the kr-based DURHAM algorithm is that it allows a good approx-
imation of the QCD jet rates calculation to all-orders. The leading logarithms
and next-to-leading logarithms for each order in the calculation can be summed
leaving only the subleading terms. This calculation gives a good fit to the data [11]
for a large variation in the scale parameter u?, including u? = MZ%. Various
measurements of o, by ALEPH [11, 12] are summarized in Table 2.2. The result
using the all-orders summation predictions gives a lower error than the exact
second-order calculations and is compatible with the other measurements
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Method Measured
as(Mz) value

QcD corrections to Z° line shape. 0.118 + 0.018
Second-order differential 2-jet rate using 0.121 £ 0.008
JADE E, clustering algorithm.

Second-order energy-energy correlations 0.117 4+ 0.005
Hadronic T-decays 0.118 £ 0.005

All-orders resummed predictions for differential | 0.125 + 0.005
2-jet rate, heavy jet mass and thrust variables.

Table 2.2: Summary of a;(Mz) measurements by ALEPH.

2.3 Fragmentation.

The jet formation process is known as “fragmentation”. This is depicted in
Figure 2.8. With the assumption of “local parton-hadron duality”, perturbative
QcD can successfully predict the jet rates, particularly if higher orders are
approximated. This is represented by the perturbative region (i) in the schematic
diagram. After a certain amount of gluon radiation, the virtuality for the
interactions of the partons drops and a, increases. At some point s becomes
sufficiently large that perturbative QCD is no longer valid. In the absence of any
simple QCD description at this scale, a number of phenomenological Monte Carlo
models [13]- [21] have been devised to describe the non-perturbative region (ii).
This stage in the jet formation process is known as “hadronisation”, since it
is here that “colourless” hadrons are formed from the colour-charged partons.
The final stage of fragmentation (iii), involves the decay of unstable hadrons.
The lifetimes and branching ratios for many decays have been measured and the
results incorporated in the Monte Carlo models. A simulation of the effects of
detectors on the hadrons is often added to the Monte Carlo so that the prediction
can be compared directly with experimental measurements.

Perturbative QCD can be used to predict certain inclusive distributions where
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2.3.1 Monte Carlo fragmentation models.

The purpose of Monte Carlo fragmentation models is to attempt to describe
fully the features of hadronic events, and to give further understanding to the
underlying fragmentation mechanisms. The models tend to be subdivided into
the processes depicted in Figure 2.8. The perturbative QCD process (Stage i)
can be treated using an exact second-order matrix element calculation, or more
commonly using leading-logarithm approximations, known as the parton shower
approach, which gives a better description of the shape of events. The nature
of hadronic events is influenced by coherence effects, where the radiation of soft
gluons at wide angles for successive gluon radiation is suppressed. If a parent
parton radiates a gluon and either of these partons then radiates a softer gluon,
where the softer gluon is radiated at an angle greater than the first branching, it
acts as if it were radiated from the initial parton. This is equivalent to ordering
in the emission angles of gluons.

Hadronisation (Stage ii) is treated in several different ways in the models.
Independent fragmentation was first used to describe the fragmentation of a
jet [13]). In this method hadrons are split off from each parton, leaving it
with scaled down energy. An energy-independent fragmentation function is
used to describe the fraction of the remaining energy removed by each hadron.
Independent fragmentation models have fallen into disrepute and are rarely used
in LEP studies, since they do not model the data well, particularly in three-jet
events [23, 24]. This may be due in part to the lack of theoretical study of these
models, however other models now exist with more intuitive features. Collinear
divergences can cause problems with independent fragmentation models and they
can also suffer from non-conservation of flavour, energy and momentum. Instead
of independent fragmentation, two hadronisation schemes are widely used, known
as cluster fragmentation and string fragmentation. These are embodied in the
HERWIG and JETSET models, which are described briefly in the following sections.

Cluster Fragmentation in the Herwig model.

In the HERWIG model [20], a parton shower is used to describe the perturbative
stage of the jet fragmentation. This follows the modified leading-logarithm ap-
proach with coherence effects implicit in the process. At some shower cut-off scale,
specified by a parameter in the model, the gluons present are split into quark-
antiquark pairs. The non-perturbative region is treated using “preconfinement”,
with the quarks and antiquarks combined to form colourless clusters with cluster
mass of a few GeV. The clusters are considered as superpositions of a series of
broad resonances. The cluster decays are treated as two body decays which are
dominated by phase space, with the decays isotropic in the rest frame of the
cluster. Each allowed cluster decay channel is given a weight according to the
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density of states of the decay products. This gives a very simple treatment of
hadronisation, with few free parameters in the model.

String Fragmentation in the Jetset model.

The JETSET model [21] uses either a parton shower or the second-order matrix
element calculation to generate the perturbative stage of fragmentation. In the
non-perturbative region a linear confinement principle is evoked, with the colour
field lines from each colour charge confined between the partons. This colour flux
tube is approximated by a string at its centre, stretched between the partons,
and with constant energy per unit length of ~1 GeV/fm. As the partons move
apart, the string between is stretched such that the potential energy of the string
increases. At some point the string may break by the production of a quark-
antiquark pair, with each joined by a string-piece to one of the original partons.
Further breaks in the string-pieces may occur if their invariant mass is large
enough. During this process, the remaining string pieces form the hadrons. Where
a string break occurs, an energy-independent fragmentation function is used to
describe the fraction of energy taken by each string-piece. This fragmentation
function is symmetric and can be applied to either end of the string, as the string
breaks are causally disconnected.

Where there is only a quark and antiquark present after the perturbative step,
the string is stretched directly between the two partons. If in addition there are
gluons present, these are treated as kinks in the string, with each gluon attached
to two string pieces. This formulation, unlike Independent Fragmentation models,
is safe from collinear divergences. In the limit of vanishing gluon energy, the two
parton string picture is regained, so string fragmentation is infra-red safe. As
a consequence of the gluon having two strings attached, the ratio of the gluon
to quark string force is two. Compared to cluster fragmentation, this allows
more scope for quark and gluon jet differences to arise in the non-perturbative
hadronisation stage. The effect of the string model on gluon jet fragmentation is
discussed further in Section 2.6, where the string is seen to have an influence on
the particle flow in three-jet events generated using JETSET.

2.4 Final-state radiation from quarks.

Photon radiation from leptons is a QED process which can be successfully
calculated using perturbation theory. Quarks carry charge, enabling them to
radiate photons in the same way as leptons, but with a lower coupling to the
photon due to the fractional charge of quarks. Photon radiation from quarks
is complicated by competion with gluon radiation. The lowest-order Feynman
diagram for photon radiation from a final-state quark is shown in Figure 2.9.
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Figure 2.9: Final-state radiation from the primary q or § at LEP.

Comparing this to Figure 2.3, where a gluon is radiated from the final-state quark,
it can be seen that to first-order the two processes are similar. The relative rates
for these two processes to first-order is given by the ratio of the coupling of the
quark to the photon or gluon, that is e2agep/Cras. The higher-order processes

are more complicated in QCD, due to the effects of colour and the triple and
quartic-gluon vertex.

When combining photon and gluon radiation together, the calculation of the
rates of events with multi-jets and photons becomes more involved [25]. After
the first radiation of a photon or gluon, the energy of the quark available for
further radiation is reduced. Furthermore, the quark recoils during emission
to conserve transverse momentum. There is also the problem of time-ordering,
where the photon can be emitted before or after gluon radiation. It was
explained in Section 2.3.1 that when gluons are successively radiated from a quark,
angular-ordering occurs, and the later gluons are emitted with lower transverse
momentum. Using the same idea, if a soft photon is emitted from a quark with
a transverse wavelength which is long compared to the interaction region, then
it cannot resolve the details of the interaction, and must be emitted at a later
time than the gluon. The order of photon and gluon emission thus depends on
the relative energies that each carries. In events with two jets and an isolated
photon, the photon has high transverse momentum with respect to the jet axis,
so it is likely to have been emitted before gluon radiation had occurred. In events
of this type, the initial radiation of the photon is thus kinematically similar to the
radiation of a hard gluon, which initiates a three-jet event. By comparing these
two event types, the effect of the radiation of a hard gluon on the perturbative
and non-perturbative stages of fragmentation can be studied.

The rates of events with an isolated photon and a number of hadronic jets
has been studied by the LEP collaborations and compared with Monte Carlo
results. The analyses involve clustering of hadronic events using a jet algorithm,
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identification of photons from a background of neutral hadrons and some form of
isolation criterion to define a photon from final-state radiation. Contradictory
results have been obtained because the event cuts used in each analysis can
limit the available phase space to measure photon emission in different ways.
The isolation condition for the photon has been defined using an isolation cone
method [26, 27] and using a jet clustering algorithm [28]. However, if either of
these methods is introduced in the theoretical calculations, then problems such
as infrared singularities can occur.

2.5 Gluon jets.

Three-jet events from et e~ collisions were first seen by the TAsso Collab-
oration at the PETRA collider, running at a centre of mass energy /s of
27 GeV [29]. These provided evidence for the existence of gluons. Less was
known about the fragmentation of gluons than about quark fragmentation, since
at 1/s ~ 30 — 35 GeV the jets are often poorly separated for the purpose of jet
comparisons. Furthermore, the difficulty in identifying gluon jets from quark jets
gives rise to some differences in the results between experimental studies.

2.5.1 Theoretical prediction for quark and gluon jet mul-
tiplicities.

The gluon jet fragmentation is initially influenced by the ggg-coupling, instead of
the gqg-coupling in the case of quark jets. To first order and in the limit of infinite
jet energy, this gives a predicted ratio between gluon and quark jet multiplicities

of %: = %. Higher order corrections have been calculated [30] which modify this
ratio to:

<N Spuark 4 o

< N >gluon _ 9 1— as(Q2) 1 n Nf 2Npr

3 3Ca 3C3%
giving a ratio of ~2 at the ete~ collider energies. The fragmentation of heavy
quarks gives softer jets with higher multiplicity, compared to jets from lighter

quarks, so the presence of b-quark jets will further reduce the ratio of multiplicities
of gluon and quark jets.

2.5.2 Experimental quark and gluon jet measurements.

Most of the experimental measurements of quark and gluon jet properties have
been made at ete™ colliders. Some analyses used energy-ordering to separate
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quark and gluon samples. Quark jets have also been taken from two-jet events
for comparison. Some attempts have been made to unfold the quark and gluon
jet properties from the samples, but identification of the quark and gluon jets
remains the greatest challenge in the experimental studies.

The JADE collaboration [31] selected three-jet events from ete™ data at
/s =33 GeV. The lowest energy jet (jet 3) in each event had energies in the
range 6-10 GeV and was assumed to be the gluon jet. These were compared to
the medium energy jet (jet 2) in three-jet events at \/s = 22 GeV, which had
jet energies in the same range, and was assumed to be a quark jet. Another
comparison was made with quark jets from two-jet events (jet 1) at /s = 14
GeV. The ratio of the mean transverse momentum of tracks in the jet:

_ <PpL>

iy =
<pL>;

was determined, comparing the gluon jet sample (jet 3) and the quark jet samples
(jet 2 or jet 1). For the first comparison, < r3; > was measured to be 1.1340.04 for
all particles and 1.10 £ 0.05 for charged! particles only. In the second comparison
< ra; > was 1.16 + 0.02 between jet 3 and jet 1 from the two-jet events. From
the first comparison, the ratio of multiplicities was measured as 1.06 + 0.02 for
all particles and 1.07 £ 0.02 for charged particles only.

The HRS Collaboration [32] studied three-fold-symmetric three-jet events with
Vs = 29 GeV at PEP. The jets in each event were ranked by multiplicity and
the jet with highest multiplicity was “tagged” as the gluon jet. After corrections
the ratio < ny > / < n, > was measured as 1.2975:37 % 0.20.

The MARK 1I Collaboration [33] examined the fractional momentum distri-
bution z, = 1’_,;%] for charged track i im jet j for the three-fold-symmetric three-jet

events at 1/s = 29 GeV. Compared to two jet events at \/s = 19.3 GeV, the gluon-
tagged jets had fewer particles with x, > 0.4. The Tasso Collaboration [34]
carried out a similar measurement for three-jet events at /s ~ 35 GeV compared
to two-jet events at /s ~ 22 GeV amnd reported no significant difference between
quark and gluon jets.

The AMY Collaboration [35] hawe analysed asymmetric three-jet events from
TRISTAN with /s = 50 — 60.8 GeV. A mean core energy fraction was defined as
the fraction of the jet energy withim a. cone of half angle 60° around the jet axis.
The lower energy jets with higher gluon content were found to contain a smaller
mean core energy fraction than the higher energy jets in each event. The former
also had a lower mean rapidity for the leading particle in the jet.

The VENUS Collaboration [36] selected three-fold symmetric qgg and qgy
events at a centre of mass energy of 58 GeV. The z, spectrum was found to be
softer in the jets from the ¢gg compared to the qgy jets.
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Comparing the results from all the pre-LEP ete™ colliders, it is seen that
gluon jets have slightly higher multiplicities than quark jets, and a softer particle
spectrum. Furthermore, gluon jets tend to be broader than quark jets, although
there is conflicting evidence from p, measurements due to the difficulty in
identifying quark and gluon jets. The data has been compared to three-jet events
generated using independent fragmentation, cluster fragmentation and string
fragmentation models. Parton shower Monte Carlo models incorporating cluster
or string fragmentation describe the data significantly better than independent
fragmentation models. This has contributed to the decline in popularity of
independent fragmentation.

At the higher centre of mass energy of the LEP collider, the jets in hadronic
events are better collimated and there is wider separation between the jets in
three-jet events. In addition, running at the Z° resonance gives a vast increase
in statistics, permitting adequate jet samples to be selected with the quark jets
“tagged” from the decays of primary b-quarks. This gives samples of quark and
gluon jets that are well defined and high in purity.

The OPAL Collaboration have made two studies of symmetric “Y” events [37,
38], where the angles between the highest energy jet and the two lower energy
jets in the three-jet events was in the range 150 & 10°. In these events, the two
lower energy jets have a similar range of energies of 16.9-31.7 GeV and the mean
energies of the jet samples are 24.5+0.5 GeV. In the first study, the gluon jet was
“anti-tagged” by requiring a high momentum lepton in one of the lower energy
jets. A second sample was prepared with no tagging of the two lower energy jets
to give a 50% quark jet and 50% gluon jet mixture. The ratio of gluon to quark
multiplicities was found to be 1.03 £ 0.03¥5¢3and the charged multiplicity ratio
1.0240.0413:55. Fitting a gaussian to the momentum distribution versus angle to
each jet axis, a ratio of 1.42 4-0.08133) was measured for the widths of the gluon
and quark jets. The second study by OPAL used vertex tagging to “anti-tag” the
gluon jets. A ratio of 1.267 & 0.043 + 0.055 was measured for the multiplicities
and 1.326 + 0.054 £ 0.073 for the charged multiplicities of the gluon and quark
jets. The quark jets were seen to be narrower, with 31% of the jet energy within
a cone of 5° half angle around the jet axis, compared to 14% for the gluon jets.
In these studies, JETSET and HERWIG describe the data reasonably well, where
as the independent fragmentation model COJETS [19] does not.

2.6 The “String Effect”.

At ete™ colliders the particles flow in the event plane of three-jet events has
been extensively studied [23, 24, 32, 39-44]. In the region between the ¢ and
7 jets, a lower particle flow has been measured compared to the particle flow
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Figure 2.10: Diagram depicting the string topology in a three-parton final-state.
The parton directions are represented by the thick dotted lines, the string by the
solid lines and the string direction by the thin dotted lines.

in the regions between the ¢ and g jets and between the § and ¢ jets. This
phenomenon has been called the “string effect”, since it was first explained using
string fragmentation. However coherent gluon emission in perturbative QCD can
also be shown to describe this behaviour in three-jet events [22], so it has also
been called the “drag effect”, since the radiation of a hard gluon appears to drag
the particle flow in the same direction.

The string explanation arises from the string topology in three-jet events
according to these models. It was mentioned in Section 2.3.1 that if gluons are
present after the parton shower, then these form kinks in the string stretched
from g to g. If a hard gluon is emitted from the ¢ or g (Figure 2.10), then the
string pieces between ¢ and g and between g and § move in a direction given by
the vector sum of the momenta of the partons at either end of the string piece.
Hadronisation occurs by quark-antiquark pairs being produced at string breaks.
This is determined in the rest frame of the string, so the quarks and antiquarks
are boosted along the direction of motion of the string. In a three-jet event this
causes the hadrons to be boosted away from the region between ¢ and g to the
inter-jet regions on either side of the hard gluon.

2.6.1 Analytical QCD derivation of the “string effect”.

A perturbative QCD explanation for the string effect can be achieved by
considering the radiation of soft gluons in qgg and gy events. If the energy
of the gluons is much less than that of the partons from which they are radiated,
then their wavelength is too long to resolve the structure of individual partons.
This gives two distinct advantages in the calculation of the particle low. The
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(a) No soft gluon radia- (b) Soft gluon radiation (c) Soft gluon radiation
tion associated with exter- from external line i. from an internal line.
nal lines 1t or J.

Figure 2.11: Diagrams representing all processes (N) that produce external partons
1 and j.

first benefit is that only the radiation of soft gluons from external partons need
be determined. Consider the Feynman diagram in Figure 2.11a, where the left
hand side represents a summation of the diagrams that produce the two external
partons ¢ and j. The propagator for the internal parton line is:

1 N 1
(pi +pj)*+1 — 2pip;
for massless partons. The denominator here is significantly non-zero, so the
propagator is a small factor. If a soft gluon with 4-momentum k radiates from

external parton ¢, as depicted by Figure 2.11b, then this gives rise to an additional
propagator term given by:

1 1

(p:+ k)2 2pik

2

1
2E;w(1 — cos®)

1

where E; and w are the energies of the parton 7 and soft gluon, and § is the angle
of emission of the soft gluon. Since w is small, this propagator is significant. If
instead the soft gluon is radiated from an internal parton line, represented by
Figure 2.11c, then the additional propagator is:

1 1

~

(pi+p;i+k)? — 2pip; 4+ 2w(E;i + E;)(1 — cos §')
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S

Figure 2.12: Soft gluon radiation from an external quark line.

Here again the denominator is non-zero, giving a propagator term that is negli-
gible compared to the previous propagator for the on-shell parton, so diagrams
for radiation from internal partons can be dropped.

If the radiated gluons are too soft to resolve the structure of the partons, this
suggests that the same description can be used for all the soft gluons in an event,
whether they were emitted from spin 1 quarks or spin 1 gluons. The radiation of
soft gluons from quarks and hard gluons is combined in the calculation by treating
the partons collectively as antennae for the radiation of gluons, and summing

the contributions from each radiating dipole. This formulation is outlined in
Sections 2.6.2 - 2.6.3.

For qgv events, the radiative pattern is similar to that for two jet events, but
boosted into the rest frame of the ¢ and g. If there is a gluon present rather than
a 7, this gives rise to additional gluon radiation in the direction of the gluon.
However the interference between the radiation from the gluon and from the ¢
and ¢ causes less gluon radiation in the opposite direction. The relative difference

in the gluon radiation in the interjet regions is determined in Section 2.6.4 for
symmetric ¢Gy and ¢qg events.

2.6.2 The matrix element for soft gluon radiation.

Consider a soft gluon with 4-momentum k and polarisation €(k), radiated from
a quark ¢ that is nearly on-mass shell. This can be represented by the Feynman
diagram in Figure 2.12, where the left hand side of the diagram, N, represents a

summation of all possible diagrams giving rise to the external quark. The matrix
element for this process M,-(N+g ) can be written:
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(f+ K+ m) M(N)

MP(q) = (q)zgsT,m( praic (a+K)e(k)
— ng (q) (2QM d’)’u ;(ITZ’YM + Yo }é) MJ(N)'(q + k)e*ﬂ(k) (21)

where a light quark mass has been assumed Here T7; is the quark colour factor for

the process and M; (N (q) =1u(q).M Ny (g) is the matrix element for the processes
giving rise to N. Slnce u(q)(g — m) = 0, Equation 2.1 becomes:

2
M-(N+g) — 2gsTa ( )( q#»+7# k)

! s M @+ B k)

The gluon energy w « E;, the energy of the quark. This enables the Eikonal
approximation to be applied, such that the recoil of the quark during the process

can be neglected. Dropping the soft gluon term in the numerator gives the
simplified expression:

M = g1 &) g (22)

Consider now the more complicated case of the soft gluon radiated from a
hard gluon g, represented by Figure 2.13.

The matrix element M,f 9 can be written:

(N+g) _  pp(NY 4" (g + k) abe
Mb Mccr (g + k) (g + k)2 + iﬁ.gSf
(g = B)rnuw — (29 + E)unr + (25 + 9)un74]
€*H(k)e™(g)

where d°"(g + k) in the numerator represents the sum over possible gluon polar-
isations. For a nearly on-mass shell gluon, this is dominated by the transversely
polarised states, so d°"(g + k) = Saor€e(g + k)e5(g + k). The feb° factor
represents the colour factors for this process. With ¢(g).g = 0 and e(k).k = 0,
the matrix element becomes:
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Figure 2.13: Soft gluon radiation from an external gluon line.

d”7 (g + k)
2g.k
(9 = B)enuw — 29,70r + 2k,
€*4(k)e™(g)

Mb(N+9) — gsf“bCMC(Z,V)’(g-i-k)

But g7.d°7(g) ~ 0, so:

. dG'T
M(N+9) — gsfabcM‘S(]’V) (g + k) (g + k)
2g.k
.[—Zk,-nw —2g,Mur + kaw]

(k)™ (g)

Neglecting the recoil of the hard gluon gives:

M = g MO ()5 .~ 2. (R)e o)
)

fabcg -€ ( (N)

This expression for the matrix element for soft gluon emission from a hard gluon is
now in a similar form to Equation 2.2 for soft gluon emission from a hard quark.
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Since the soft gluons cannot resolve the structure of the partons, the matrix
element for soft gluon emission in the event is just the sum of the contributions
from the partons.

M(N+9)  — ZTa i€ )M(N)

where Ti“ represents the colour factors for gluon radiation from each parton i.

O (k) S ke (k). |
T

= (k)" (k) (). M|

where J#(k) = ¢, 3T i"p’:‘:‘k . If the Axial gauge is chosen, then the gluon

propagator is

k,n, +k,n n2k, k
k) = —n,, ulty vy v
Gy (K) Muv + n.k (n.k)?

_ _ noky s Nk
- Muo n.k K& n.k

The matrix element squared is then:

Jmeduu(k) IM(N)I2 _ (J' _ l"'_‘]_’na) (Jla _ ]f_']_ ) ‘M(N)‘

7 nk n.k

Here k.J' = k.g, 3, To 2o = g, 3 Ti“, 0

tpk

e [
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with insertion current defined as:

- pa Pi
J# - gSZTz (sz nk)

1

Equation 2.3 can be further simplified since:

NN o
;T‘ nk n.lczi:TZ

which is zero for a net colour zero source such as a Z° decay. This gives:

MW+[P = g2y e e PePi )y
| | gsg © (k) (p k) |
- —¢% |2 quﬂq_ﬂpf_ﬁ. Te)2 Pi J\IN2 2.4
s [ ; t T (pik)(ps k) zg:( ) (pi.k)? ‘ \ (24)

The first sum in Equation 2.4 represents the interference between the gluon
emission sources. The sum of all possible colour charges is zero,so T;+3;; T; = 0

A

and (T})? = Ti.(— >;#: Tj). Substituting this into Equation 2.4 leads to:

L 1 p2 1 p? 2
M| = g2 T{‘Tf‘[ 4 ¢ M S £ ]MN
l I I ; T L (pi-k)(pik)  2(pik)® 2(p;-k)? ‘ ‘

This can be further simplified by setting p} = p? = 0 in the massless quark limit,
such that only the first term need be considered. From this equation it can be
seen that the soft gluon distribution is independent of the energies of the partons.
The effects of interference of gluons emitted from partons ¢ and j can be shown
by considering the term

Pi-D;
Wy = BB
! (pi-k)(p;-k)

Here

pick = wEi(1 - cosby)
= wk(i
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so Wj; becomes singular at 6;; = 0;x = 0. Splitting W;; into a term corresponding
to each parton gives:

W = S
! CikCik

_ E[L_LJFL] +l[£+L_L]
T2 GGk G Gkl 2 GaGr CGx CGi

L1 (GG — Gk TIL (G =Gk
B 2[6( Gk +1)]+2[Cﬂc( Gk +1>]

Wii(k) + Wii(k)

I

Consider the term:

i _ 11 (G — Gk
Wilk) = 2 Gik ( Cik + 1)
_ l 1 (1 — COS 0,'_.,‘) — (1 — CoSs Gik) 1
T2 (1 — cosby) (1 — cosBjx) +

For the angles 0;;, 0., 0;x and ¢ defined in Figure 2.14, the function inside
the bracket can be written:

cosO,'k — COS 9,‘j
1 — (cos 8;; cos b + sin 6;; sin 0, cos ¢)

+1

This shape of this term is plotted as a function of ¢ in Figure 2.15 for 6 < 0;;
and 0;x > 6;;. Where 0;; < 0;; this term is positive for all values of ¢, with a
mean value of 2.

However if 0;x > 6;; then the function can be negative, having a mean value of
zero. This demonstrates that destructive interference can occur between partons
during soft gluon radiation. For some angles §;; and 6;; the function VV:J(k) is
more sharply peaked at ¢ = 0°, i.e. between partons ¢ and j.

2.6.3 Calculation of the particle flow in 3-jet events.

From Equation 2.3 it is possible to see that the cross-section for soft gluon
radiation is given by ¢ ~ —J.J|MM)|2. Thus the relative particle flow can be
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T

Figure 2.14: Definition of the angles 0;;, 0.k, 0;x and ¢ between two partons: and
7 and a soft gluon k

obtained from the square of the insertion current J2. This can be approximated
by:
- Pi-P;
J: ~ T Tj——Fr—r
(Pi k)(p;-k)

~ 2] T:ﬁw

MM

v
<.

Thus for a qgy event (Figure 2.16a) the square of the insertion current is given
by:

J2 ~ Qqu}an (25)

and for a ¢gg event (Figure 2.16b):

J: o~ 2 [Tq AEWfﬁ + Tngqu + Ag AEWEg] (2.6)
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(a) 6;; = 70°, 6 = 50°. (b) 6;; = 70°, 6: = 150°.

Figure 2.15:  Function C x W{(k) plotted for different values of ¢.

J
C = 2.w? (1 — cos 8;)) is a constant. The function has been plotted for 6 < 6;;

and ;. > 9,']'.

Figure 2.16:
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The following equalities can be used to evaluate Equations 2.5 and 2.6:

A

T,+T;+T, = 0

1,1, = Cr
N2
2N,
7,7, = Ca
= N,
T'q' = _Tq
Thus for the gqgvy event:
J? ~ 2C0rWy5 (2.7)
For the ¢gg event:
J? A oA A A P,
7 = q EWqE + 1 Tqug + Ty'TEWqQ
= Tq EWqE + 1y - (Tq + TE)qu + TE - (Tq + Tq)qu
= 14 TE(WqE - qu - Wﬁy) - CF(qu + qu) (2 8)
T,,.T-q— can be determined from:
~ 2 N 5 \2
Ty (Tq + TE)
CA — 2CF + 2Tq Tq‘
which gives
Ao 1
T,T; =
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)

Figure 2.17:

Substituting this in Equation 2.8:

J? 1 N2 1
-5 = W(an — Wy — W) ~ W(qu + Wg)
N, N, 1
= Tqu + ?Way - Z—N—an (2-9)

The relative particle flow in ¢y and qgg events is thus given by the simple
expressions 2.7 and 2.9 respectively. For the ¢qgy event, there is just one term
which relates to the colour antenna between the ¢ and §. The particle flow in
the gqgg event has three terms, two of these relating to antennae between the ¢
and g and between the g and g. The third term corresponds to a weaker antenna
between the ¢ and §. To evaluate the particle flow in a specific three-jet event
configuration, the three factors Wy, W, and W5, need to be calculated. This is
shown in the following section for a symmetric “Y” event topology.

2.6.4 Ratio of particle flows in symmetric ¢qgy and qqg
events.

Consider symmetric qgy and ¢gg events aligned as in Figure 2.17, where the
g, ¢ and < or g have the following 4-vectors:

g = (1,sin6,0,cos8)
g = (1,—sin#é,0,cosb)
g (130,0"—1)
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where the energy is normalised to unity. For soft gluon radiation gsos: directly
between ¢ and @, the 4-vector is G50 = (1,0,0,1). W5, Wy, and Wy, are given

by:

= W

Qb

q.
(§-Gs0ft)(q-Gsost)
1 — cos? 6 +sin® 4
(1 —cos8)(1 —cosb)
2sin% 4
(1 — cos6)?
q-9
(4-gs0st)(g-Gsort)
1+ cosé
(1 —cosb).2

b

99

The ratio of the particle flows gy to ¢gg is then:

J2(qqy)

CrWas

J*(qqg)

Given the initial parton 4-momenta, the mean relative particle flows can be
predicted in a similar manner for any three-jet event.

N, N, 1
?qu + TCWEQ - mwﬁ

(Nz—l) ( 2sin? 6 )
2N, (1—cos)?
_Ilg(licose) 1 ( 2sin? § )
2 \1l-—cosf 2N: \ (1—cos§)?

NZ -1 2sin® §
N sin® 0 — 7% sin® @
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Ratio 0.3 < §& < 0.7 Data JETSET Hoyer

All particles 1.39 £ 0.04 | 1.33 £ 0.03 | 1.09 £ 0.03
Charged only 1.42 £ 0.06 | 1.27 £ 0.03 | 1.04 £ 0.04
All p7* > 0.3 GeV/c 1.73 £ 0.13 | 1.55 £ 0.07 | 1.12 4 0.07
Charged p3** > 0.3 GeV/c | 1.82 £ 0.16 | 1.52 + 0.08 | 1.14 £ 0.09
Kaons 1.9 £ 0.2 1.7+ 0.15 | 1.14 £ 0.1
Energy flow 1.56 £ 0.04 | 1.50 + 0.03 | 1.20 £ 0.03

Table 2.3: Measurements of the ratio of inter-jet particle flows by
JADE compared to predictions from the JETSET string fragmen-
tation model and Hoyer independent fragmentation model.

2.6.5 Experimental measurements of the “string effect”.

The particle flow in three-jet events has been studied by a number of experiments.
The JADE collaboration [23, 39] took hadronic events at a centre of mass energy
of 30-36 GeV and ranked the jets in three-jet events by energy. The matrix
element for ¢gg is at a maximum for low gluon energy, so the lowest energy
jet is most often the gluon jet. The ratio of the particle flows between jets 1
and 3 and between jets 1 and 2 was measured and is shown in Table 2.3 along
with the predictions from the JETSET string model and the Hoyer independent
fragmentation model [14]. The depletion in the particle flows in between jets 1
and 2 can clearly be seen. The independent fragmentation model clearly fails to
describe this effect. It is shown in a later paper [39] that the HERWIG model also
describes the string effect, whilst independent fragmentation models by Ali [15]
and by Gottschalk [18] do not describe the depletion in particle flow between

jets 1 and 2. Similar results have been obtained by the HRs [32], TPC [40] and
TASSO [41] collaborations.

An alternative method of analysis involved comparing three-jet events with
qqy events. The radiative pattern of a qgy event is similar to a two-jet event, but
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Ratio Data JETSET JETSET COJETS
0.3 < -g—g— < 0.7 (generator level) | (generator level)
All particles 1.62 £ 0.07 | 1.67 £ 0.07 1.54 £ 0.02 1.02 £ 0.01

Charged only | 1.66 & 0.09 | 1.65 + 0.08

Energy flow 1.68 + 0.09 | 1.78 £ 0.09

Table 2.4: Measurements of the ratio of inter-jet particle flows by
OPAL compared to predictions from the JETSET string fragmen-
tation model and the COJETS independent fragmentation model.

with the radiative pattern boosted into the rest frame of the ¢g system. A similar
effect is seen with string fragmentation, where the fragmentation occurs in the
rest frame of the string stretched between the two ¢ and g. Thus the particle
flow between the ¢ and § is enhanced. Comparing the particle flows between
the quark jets in the gqgg and qgy events, the TPC Collaboration [42], MARK II
Collaboration [43] and the JADE Collaboration [44] measured a ratio of 0.6-0.7
halfway between the quark jets.

In the aforementioned analyses, the gluon jet is identified as the lowest energy
jet. This is not particularly satisfactory, since this is only true in up to 65% of
cases, depending on the event selection. This makes it difficult to interpret the
data and remove any additional effects caused by the energy-ordering of the jets.
The higher statistics available at LEP and the ability to tag b-quark jets, gives
some scope for improved analyses. The OPAL Collaboration [24] has made a
study of three-jet events where one or both of the quark jets had been tagged as
a b-quark jet using a lepton-tag. Using this method, the gluon jets were identified
with about 84% purity. Comparing the region between the ¢q and g jets with that
between ¢ and § jets, a ratio of 1.6-1.7 was found for the particles flows (Table
2.4), but this depended on the exact configuration of the three jets in the events
analysed. The predicted ratio for “Mercedes” (three-fold symmetric) events from
the soft gluon calculation outlined in Section 2.6.4 is 2. The JETSET string
model was again found to reproduce the results of the data, where as the COJETS
independent fragmentation model [19] showed no difference in the particle flow
when comparing the inter-jet regions.
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2.7 Summary.

From the late 1970’s to the present, a large number of multi-jet hadronic
events have been recorded at ete~ colliders. This has lead to high-precision
measurements of a;, the strong coupling constant, from the observed three-jet
rate. Analytical QCD and parton shower Monte Carlo models can describe well
the overall properties of hadronic events. The theoretical models make predictions
for the particle flow in three-jet events and the properties of quark and gluon jets.
However the impact of experimental results has been limited by low statistics and
the inability in most analyses to successfully identify quark and gluon jets in three-
jet events. This has lead to some uncertainty in the nature of quark and gluon
jets, so there is a gap between what experimentalists can measure and what theory
predicts. Studies of three-jet events at LEP by the OPAL collaboration, where
quark jets have been successfully identified, have provided a comparison of non-
leading quark and gluon jets at ~24 GeV in a symmetric three-jet event topology.
Further studies of three-jet events using different analysis procedures and a wider
range of event topologies and jet energies are required to fully understand the
nature of quark and gluon jets, and their formation in hadronic events. It is hoped
that the analysis described in Chapters 4- 6 will help to fulfill this requirement.



Chapter 3

The ALEPH detector.

3.1 Introduction.

This chapter provides a brief introduction to the ALEPH detector, followed by a
description of the main sub-detectors that were used in the analyses described
in Chapters 4- 6. The identification of electrons, muons and photons is then
discussed. A more detailed description of the ALEPH detector can be found

in [45, 46]. The identification of leptons in hadronic events is discussed in more
detail in [47].

3.2 Detector overview.

The purpose of the ALEPH detector is to study the electroweak and strong nuclear
forces by measuring the decays of the Z° boson, and to search for new phenomena.
The events produced from Z° decays can be complex, with particles distributed
over 47 solid angle. In the case of hadronic decays, such as Figures 2.2, 2.4 and 2.6,
the events can have high multiplicity. To fully measure the products of Z° decays,
the detector’s tracking system and highly granular calorimeters cover close to 4
in solid angle. A superconducting magnet provides a uniform magnetic field to
measure the momenta and polarity of charged particles. Ionisation measurements
from the tracking system and profiles of energy deposits in the calorimeters allow
identification of leptons, photons and hadrons in the detector.

The detector (Figure 3.1) has a cylindrical main barrel section built around the
superconducting magnet, and two end-caps (Figure 3.2) to cover the remaining
solid angle. The electron-positron interactions take place inside an aluminium
alloy beam pipe running through the axis of the barrel section. The magnet
provides an axial magnetic field of 1.5 T to facilitate the measurement of
charged particle momenta. Around the interaction point is a silicon strip vertex
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actuator actuator

mirror knees mirror knees

Figure 3.8: Schematic diagram of the TPC laser calibration system.

3.4 Electromagnetic calorimeter.

The electromagnetic calorimeter (ECAL) is a sampling calorimeter, each module
consisting of 45 sandwiched lead/proportional wire chamber layers, providing
22 radiation lengths. The wire chambers are made from corrugated aluminium
extrusions with a number of 25um wires running along the length (Figure 3.10).
The open side of the chamber is covered by a thin mylar “window”, behind which
the readout pads are located. The electromagnetic showers developed in the
lead sheets cause ionisation in the wire chambers. The subsequent avalanches
around the wires can be measured from the signal on the cathode pads. The gas
inside the chambers is a mixture of 80% Xe and 20% CO; maintained at 60mbar
above atmospheric pressure. The gas temperature, pressure and Xe content are
monitored to limit fluctuations in gas gain. The position and total energy of
electromagnetic showers can be determined from the 30 x 30 mm? cathode pads,
which are connected internally to form “towers” pointing from the interaction
point. Each tower is split into 3 storeys corresponding to the first stack of 10
layers of lead providing 4 radiation lengths, the second stack of 23 layers giving
9 radiation lengths, and the final stack of 12 layers providing 9 radiation lengths.
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This ionisation causes signals to be induced on cathode pads on the side of the
eight-cell unit. The signals from pads in different layers are summed to form
projective towers pointing from the interaction point, which subtend an azimuthal
angle of 3.7°. Opposite the pads aluminium strips are positioned parallel to the
wires. These give a digital signal each time the cell fires, to give a two-dimensional
picture of the hadronic shower and to assist in muon identification.

Outside the iron of the calorimeter are two layers of streamer tubes, forming
the muon chambers. These do not contribute to the energy measurement, but
provide the coordinates of muons passing out of the calorimeter. These are read

out by means of strip electrodes parallel and perpendicular to the cell wires, which
allow the muon direction to be measured to 10-15mrad.

3.6 Trigger system.

The luminosity of LEP is such as to allow all e*e™ interactions to be recorded. The
trigger system is designed to perform this task, whilst keeping background events
to a reasonable level. The main background comes from beam-gas interactions
and beam particles hitting the collimators on either side of the experiment. The
trigger is divided into three levels, to provide increasing refinement in trigger
decisions. The level 1 is triggered by signals from the ITCc, Tpc, ECAL and
HcAL. The detector is divided into segments, with signals from certain detectors
in each segment causing a trigger. The triggers from individual segments are then
combined to be tested by a number of defined physics triggers. These triggers
then deliver a decision on whether to proceed to the next level. The total decision
time for the level 1 trigger is Sus.

The level 2 trigger looks for tracks in the TPC coming from the interaction
region. This is based on signals from special pads situated between the standard
pads in the TPc. The ECAL clearing time and TPC drift time total 61us. To
ready the experiment to accept the third bunch crossing after a level 1 trigger,
the level 2 decision must be made and transmitted around the detector in a
maximum of 6us after the end of the TPC drift time. This is achieved using
hard-wired processors to search for tracks in a number of zones within the TPcC.
Most events are processed before the end of the drift time, and tracks close to
the middle membrane of the TPC are processed within 2.25us after the end of
the TPC drift time. An affirmative decision from the level 2 trigger causes the
entire detector to be read out.

The level 3 trigger takes place after the data from the detector has been read
out and sent to the on-line computer system. The trigger decision is based on
the complete set of digitisations from events passed by levels 1 and 2. Rather
than achieve high reconstruction precision over the whole detector, the trigger
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concentrates on pattern recognition in those parts of the detector fired by the
level 1 and 2 triggers.

3.7 Electron identification.

Electrons are identified using %£ measurements from the TPC and from the
shape of showers in the ECAL. These are quantified using normally-distributed
estimators, whose mean value and resolution are measured in events with a clean
electron signal. A cut is applied on each estimator to select electron candidates.

3.7.1 ‘fiE estimator.

The expected ionisation (£ o E\ for an electron is given by the parameterised form
described in Section 3.3.2. For each track, the measured %&£ T E is compared to the
expected %£ for an electron using the followmg estimator:

dE/dx — (2E)

OdE/dx

R =

Where O4E/dz 15 the parameterlsed E resolution for the track, given by the number
of ¢E == wire measurements for the track This estimator is nearly gaussian for a
pure sample of electrons, such as gamma conversions in the detector. A cut is
applied to electron candidates such that B; > —2.5

3.7.2 Estimators for electromagnetic shower profiles.

Electrons are identified in ECAL from the transverse size and longitudinal profile
of clusters. TPC tracks with associated ECAL clusters are projected into the
EcAL. To define the transverse size the energy, Ej, in the four central calorimeter
towers surrounding the track projection is summed. This is measured for pure
samples of electrons to determine an expected value (E,/p) for the electron, where
p is the momentum of the track measured in the TpPC. This is compared to the
measured E4/p using the estimator

Ry = E4/p — (E4/p)

OEs/p

where o, /, is the parameterised resolution of the E; measurement.
At a depth ¢ in radiation lengths, the longitudinal energy distribution for an
electromagnetic shower can be described by the following function f(t):
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7(t) = 1 dE b, B°

- — = _ _ = a—1_—ft —pt
E, & (1 ﬂ)f‘(a)t e P+ be

where Ej is the incident energy of the electron, I'() is a function which normalizes
f(t), @ and B are free parameters and b describes the ionisation component of the
shower, which is negligible for incident electrons with energy F, greater than 0.5
GeV. The parameters o and § can be obtained from pure samples of electrons to

determine the mean ratio (#/a) and o(8/a). A normally distributed estimator,
Ry, was defined using the ratio §/a as:

_ Bla—(B/a)
e == 6]a)

The following cuts were made on Rt and Ry, to optimize rejection of hadrons
whilst minimising loss in efficiency for electron identification:

o —18< R <3.0

° RT > —1.6

3.8 Muon identification.

Muons are identified using the muon chambers and the pattern of digital hits from
the digital readout pads in the HCAL. TPC tracks with momentum greater than
1.5 GeV/c are extrapolated through the HCAL. If an extrapolated track intersects
an HCAL plane within an active region then the plane would be expected to fire.
Allowance is made for multiple scattering of muons by up to 3 standard deviations
in the extrapolation uncertainty. Hits are only included if there are no more than
3 adjacent firing tubes. To ensure all muons exit the HCAL, only tracks with

momentum greater than 3 GeV/c are selected. Penetrating tracks are defined
using the following cuts:

o Nfir/Ne:cp Z 0.4
¢ Nep > 10
o Nig>4

where Ny and Negp are the number of HCAL planes that fired and the number
expected to fire within the region of the extrapolated track. Nyg is the number
of planes firing out of the last 10 planes of HCAL. To give further discrimination
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of muons from hadrons which have “punched” through the HCAL, the number of
hits per plane within 30cm of the extrapolated track are determined. A cut is
then applied using X,ui¢, the mean hit multiplicity per fired plane such that:

L4 Xmult S 1.5

Finally, each muon candidate is required to have fired at least one of the two
planes of the muon chambers within four standard deviations of the estimated
multiple scattering from the extrapolated TPC track.

3.9 Photon identification.

Photons are identified in the ECAL from the shape of neutral electromagnetic
clusters, with additional rejection using photon and 7° estimators. Cluster shapes
are measured for photons and 7° in clean events. Neutral clusters are those ECAL
clusters with no associated TPC track. To differentiate between electromagnetic
and hadronic clusters, the photon conversion depth is estimated and the deviation
from the parameterized mean electromagnetic shower shape is determined. The
decay of neutral pions to two gammas can mimic single photons. These m° are
identified from the transverse shape of clusters. In addition the compactness of
clusters from single photons can be characterised by the fraction Fy of the total
cluster energy contained in the leading 2 x 2 adjacent towers. A cut is made on
single photon candidates such that Fy > 0.75.

3.10 Summary.

The ALEPH detector provides excellent measurement of the momentum and
energy of particles originating from Z° decays over nearly 47 solid angle. In
addition the detector has the capability to identify electrons, muons and single
photons from a background of hadrons. The overall detector design, and the
construction of those subdetectors relevant to the analysis in Chapters 4 and 5,
has been discussed. Further details of the design of individual components of the
detector can be found in [45, 46].

Electrons can be identified in hadronic events from 2£ measurements in
the TPC and from the shape of the ECAL energy deposits. Muons can be
identified from the digital patterns in the HCAL and the position of hits in
the muon chambers. These lepton identification procedures are fully discussed
in [45, 46, 47]. The identification of hadronic jets emanating from heavy quarks
using electrons and muons is described in the following chapter. Single photons

in hadronic events are identified from the shape of neutral clusters in the ECAL.
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The selection of events with two hadronic jets and an isolated photon is also
discussed in Chapter 4.



Chapter 4

Selection of ggg and gg+v events.

4.1 Introduction.

The decay of the Z° to form qgg and qgy events, and the fragmentation of the
partons into three jets was discussed in Chapter 2. The experimental definition
of three-jet events used in this analysis and the characteristics of these events
are now outlined. The three “tagging” methods that have been used to identify
quark and gluon jets are discussed and the estimation of the purity of the quark
and gluon jet samples from Monte Carlo events is explained.

4.2 Selection of three-jet hadronic events.

The data used in this study come from a sample of ~1.2 million Z° decays
recorded in the ALEPH detector in 1990, 1991 and 1992, originating from e* e~
collisions at a centre of mass energy of 91.2 GeV. Hadronic events were selected

by requiring at least 5 good charged tracks, where a good charged track has the
following attributes:

e minimum distance in the z — y plane from track projection to beam spot,
dp < 2.0cm;

e minimum distance in z from track projection to beam spot, zo < 10.0cm;
e number of TPC hits > 4;

e polar angle of track such that |cos | < 0.95;

e transverse momentum of track with respect to beam axis > 0.2 GeV/c.

A total of 932,336 events passed these cuts. The charged tracks and neutral
objects in each event were clustered into jets using the DURHAM jet clustering
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algorithm, with the Ey reconstruction scheme (Section 2.2). Here the energy of
the event was taken to be the total visible energy. Three-jet events were selected
at Yzt = 0.01. A sufficiently high three-jet rate of ~31% was obtained using this
value of Yy, whilst selecting well-defined three-jet events with high sphericity
and a good separation between the jets. In Section 4.7.3 it is shown that there is
an acceptable match between jets at parton and hadron level above Y,,; ~ 0.008.
Theoretical calculations of the jet rates diverge from the measured rates [11] below
Yot = 0.01. The tagged jet samples were then taken from the remaining sample
of 3-jet events. This is outlined in the following section. Further event cuts used
to produce an improved three-jet event selection are described in Section 4.6.

4.3 Identification of quark and gluon jets.

4.3.1 Energy-ordering.

The exact O(a;) three-jet cross-section [48] is given by:

Ediqdm;,- T 3r (l—z)(1 - z7)

1 do 20, x4z

where z is the fraction of the beam energy carried by the partons. From this
cross-section it can be seen that the quark and anti-quark are more likely to
carry off high z, and thus the gluon is more likely to carry lower z than the two
other partons. Thus energy-ordering can be used to separate samples of quark
and gluon jets.

In this analysis, the jets were ranked using the energy calculated from the
jet directions (Section 4.5). The highest energy jets formed a high-purity (mean
P, ~95%) sample of quark jets, whilst the second-highest energy jets in each event
formed a sample of quark jets with mean purity of ~70%. The lowest energy jets
formed a sample of gluon jets with mean purity ~65%. For ease of description the
three jet samples are labelled here J ETqalg) , J ETq(;g and J E'Tq(;g) respectively. To
avoid confusion, the energy-ordered events from the normal mixture of hadronic
events are labelled Sample A.

4.3.2 Energy-ordering with lepton-tagging.

Heavy-flavour quark states can decay semileptonically, giving rise to electrons or
muons with high momentum. Due to the hard fragmentation of the b-quark, the
leptons can have high transverse momentum with respect to the direction of the
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parent b-hadron. The presence of these leptons can thus identify jets originating

from b- or c-quarks. This has been used in a number of ALEPH electroweak and
heavy flavour studies [49].

The identification of electrons was described in Section 3.7. Electrons were

selected from electromagnetic energy clusters with an associated charged track,
which satisfied the following cuts:

° % estimator, R; > —2.5;
e For the longitudinal shower profile estimator Ry, —1.8 < Ry, < 3.0;

e Transverse shower profile estimator Rt > —1.6.

Muon identification was outlined in Section 3.8. The following cuts were made
on TPC tracks with associated muon chamber hits:

L4 Nfir/Nexp 2 04)
o Neyp > 10;
o Nio > 4;

o Xopur < 1.5.

For each hadronic event containing leptons, the tracks were clustered into jets
using the JADE algorithm at a Y., of 0.0044. The transverse momentum of each
lepton was determined with respect to its associated jet. This was defined for the
momentum of the jet with the lepton momentum subtracted as follows:

|5t X (et — i)
Iﬁjet - ﬁl|

Pt

From Monte Carlo studies, these JADE clustered jets were found to represent best
the direction of the parent b-hadron. The leptons were assumed to have originated
from the semileptonic decay of a heavy quark if it satisfied the following cuts:

e p>3.0GeV/g
® Py > 1.0 GCV/C.

Identification of both quark jets in a three-jet event using high p, high p.
leptons results in an extremely low efficiency for quark jet identification. Instead
the lepton-tagging method was combined with energy-ordering of jets. For each
event containing one or more high p, high p; leptons, the jets clustered using the
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DURHAM algorithm at Y,,; = 0.01 were ranked by the calculated energy of the jet
in the same manner as Sample A. The highest energy jet was again assumed to be
a quark jet. Events were selected where one of the two lower energy jets contained
a lepton which passed the p and p; cuts. For these events, the highest energy jets
formed a sample of predominantly heavy quark jets, with a mean quark jet purity
of ~96%. The lepton-tagged jets formed a sample of jets with ~85% mean quark
jet purity. The remaining lower-energy jet in each event formed a sample of gluon
jets with ~81% mean gluon jet purity. These three jet samples are labelled here
J ETlfglg), J ETb(gl;p ) and J ETb(ggluon). Events with a high-p; lepton in one of the
lower energy jets are labelled Sample B.

4.3.3 Isolated photons in hadronic events.

A sample of ¢gy events were identified as those events where one of the jets
contained a photon whose energy made up a high proportion of the visible energy
of one jet. The two remaining jets in each event, ranked by energy, formed two
highly pure quark jet samples. Photon identification was discussed in Section 3.9.
Photons were selected from neutral electromagnetic energy clusters using photon
and 7° estimators. Events were chosen from the three-jet sample where one of
the two lower energy jets contained a photon that carried a fraction of the jet
energy Z, > 0.9. For clarity this jet is labelled J ETLJ(%). The remaining two jets
in each event were ranked by energy to form a higher-energy quark jet sample
and a lower energy quark jet sample. These are labelled J ETq(;,l and J ET;;;WH
respectively. Events with a photon comprising one of the lower energy jets are
labelled here Sample C. A study was made of the photon purity and origin using
JETSET Monte Carlo events. These purity values are given in Table 4.1 for each
quark jet sub-sample in the event. With the event cuts used, the background
from initial-state radiation is minimal. However, in the Monte Carlo events there
is ~2% background from 7° mis-identification, which rises to ~15% in the quark
jet samples below 20 GeV. A Monte Carlo study [50] has indicated that these high
energy isolated 70 originate from high energy quarks that have not lost energy
by gluon radiation and have merely converted into a 7°. This would suggest that
the quark jet sample (J ETq(g;‘ ‘"k)) may contain up to 15% background from gluon
jets below 20 GeV energy.

4.4 Definition of the plane of three-jet events.

At parton level in ¢gg and qgy events the particles all lie in the same plane,
because of momentum conservation. Assuming local parton-hadron duality [22],
the same should be true of the three jets at hadron level. A plane was defined
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Energy range Purity Purity Purity
GeV F.S.R. L.S.R. Hadronic
sE1g)
30-35 100.0 0.0 0.0
35-40 9794+141(21+£14 0.0
40-45 95.9 4+ 1.1 0.0 42+ 1.1
JETq(g;mrk)
10-15 85.0 £ 8.0 0.0 15.0 + 8.0
15-20 85.3 + 6.1 0.0 147 £ 6.1
20-25 963 +£26119+18| 1.9+1.8
25-30 9824+ 1.8 0.0 1.9+ 1.8
30-35 98.2+17|109+09]| 09+09
35-40 100.0 0.0 0.0
40-45 100.0 0.0 0.0

Table 4.1: Photon purity in q@y events for different quark jet ener-
gies. The proportions of final-state radiation ( F.S.R. ), initial-state
radiation ( I.S.R. ) and hadronic background come from JETSET
Monte Carlo events.

for each event using the sphericity tensors [51]. The first tensor defines the axis
of greatest activity in the event, and will generally lie close to the direction of
the most energetic jet. The second tensor defines an axis of greatest activity in
the plane perpendicular to the first tensor. The angle of each jet to this event
plane is shown in Figure 4.1 for each of the jet samples described in Section 4.3.
The jets with higher energy tend to have more influence over the definition of
the event plane. Thus the highest energy jet in each tagged sample generally lies
closest to the event plane. The lower energy jets tend to lie within 10 — 15° of
the plane. For the gy events, the jet containing the photon (J ET;;.?) has a well
defined direction, and lies closer to the event plane. The projections of each jet
onto the event plane were determined, and the angles between these projections
(Figure 4.2) were used to calculate the energy of the jets. The jet projections were
also used to define further event selection criteria described in Section 4.6. For the
analysis of the string effect, the projections in the event plane were determined
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4.5 Determination of the energy of jets.
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The visible energies of the jets in each tagged sample are shown in Figure 4.3.
In each event sample the jets have a broad range of visible energies. For some
b-jets, and particularly the lepton-tagged jets (J ET;EI;WO")) in Sample B, there is
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Visible energy of the jet sub-samples.

a significant amount of missing energy that has been carried away by neutrinos
after semi-leptonic decays of heavy hadrons. To avoid this problem and define the

jet energies with greater precision, they were determined from the angles between
the jet projections.

For a three body decay, the energy of each particle can be determined from
the angles between the particles. Consider partons i, j and k, with inter-jet angles
¥ij, Yir and k. For massless partons, the energy of parton i is approximately
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given by:

ESL o = Ecm sin ;g
2 sin @bij -+ sin 1l)ik + sin '@bjk

With the assumption of local parton-hadron duality, the energies of the jets were
calculated from the angles between the jet projections using this formula. These
calculated energies are shown in Figure 4.4 for each tagged sample.

To demonstrate that the calculated energyv represents the jet energy well, the
quantity Ergs was determined, defined by:

Ecarc(JETY) — Byis(JETY)

()

This is shown plotted in Figure 4.5 for each jet sample. Ergs has a symmetric
distribution around zero for Sample A, Sample C and for J ET;{; in Sample B. The

missing energy is clearly evident in the lepton-tagged jets (J ETb(El;pton)), but also
noticeable in the highest energy jets in Sample B (J ET;B};) The jets containing

the photon in Sample C (J ETq(gJ) have a very good match between Eyis and
Ecarc-

4.6 Additional cuts to refine the event samples.
The event samples were further refined with the following criteria:

o w;; +wir +wjr > 358.5°, where the w are the angles between jets i, j and k;
(This removes events where the jet axes are not coplanar.)

e for each pair of jet projections, 1;; < 180°; (This removes a small number
of events with poor jet clustering.)

e 1;; > 45°; (This improves the separation between the two lower energy jets
in each sample.)

e for polar angle 6 between each jet and the beam line, (J ET*) > 30°; (This
removes events where part of the jet may have been lost down the beam
pipe.)
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Figure 4.4: Calculated energy of the jet sub-samples. The jet energies were
determined from the angles between the jet projections.
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Event cut Energy ordered | Lepton-tagged qqy
Events| % | Fvents| % | Events| %
Sum of jet angles > 358.5° 6961 | 2.4 347 | 3.8 11| 0.9
P < 180° 258 | 0.1 21| 0.2 0| -
Ppi; > 45° 68081 | 23.0 1942 | 21.5 182 | 15.5
30° < Oypr < 150° 75357 | 25.5 1991 | 22.0 330 | 28.1
Minimum jet energy > 5 GeV 2517 | 0.9 152 | 1.7 2102
Jet multiplicity > 3 1301 | 04 35| 04 41 0.3
FEvents passing cuts 140907 | 47.7 4561 | 50.4 645 | 54.9

Table 4.2: The number and proportion of events failing each suc-
cesstve cut in each sample of three-jet events.

o for each jet, Ecarc > 5 GeV; (This removes jets with poorly defined, or
badly clustered jets.)

o for jet multiplicity n of each jet, except the photon jet (JET, q(gg) in Sample
C, n(JET?) > 3.

The number of events rejected by each successive cut is given in Table 4.2 for
samples A, B and C. The cuts remove a similar proportion of events in Sample A
and Sample B, compared to the initial number of tagged events in each sample.
Proportionally fewer events are removed by the cuts for the ggy events (Sample
C), since these events have more well-defined jets. For the Monte Carlo events
studied, the above cuts were seen to remove a significant proportion of events
where the number of partons or the direction of the parton jets did not match
the jets at hadron level.

For the quark and gluon jet comparison, the jets in samples A, B and C were
split into sub-samples according to Ecarc in 5 GeV intervals. This enabled a
comparison to be made of jets with similar energy. To analyse the string effect,
a further event cut was made using the polar angle of the normal to the event
plane with respect to the beam line, such that:

o 120° < 4, < 60°

This removes events where part of the event plane is close to the beam line.

Within each energy range, the mean calculated energies of the jets from each
jet sub-sample (Table 4.3) lie approximately in the centre of the range. Some jet
properties, such as multiplicity, are heavily dependent on the energy of the jet. To
allow for any mis-match in the energies of the quark and gluon jet samples, each
jet in the samples was assigned a weight, such that the weighted mean energy
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Energy-ordered events Lepton-tagged events qqy events

Energy No. | Ecarc | Evis No. | Ecarc | Evis No. | Ecarc | Evis

GeV | of jets GeV | GeV | of jets GeV | GeV | of jets GeV | GeV

JETW

30-35 4381 33.5 | 32.9 169 33.5 | 32.2 22 33.7 | 35.7

35-40 27289 38.1 | 37.1 914 38.1 | 35.9 169 38.2 | 38.1

40-45 | 109235 42.5 | 41.0 | 3478 42.5 | 39.8 454 42.4 | 41.8

Quark

5-10 68 8.4 9.4 14 8.9 | 10.5

10-15 165 12.7 ] 12.6 27 12.5 | 13.1

15-20 314 176 | 15.9 50 176 | 17.5

20-25 397 22.6 | 20.0 66 22.8 | 23.7

25-30 27813 27.8 | 27.6 641 27.7 1 23.5 101 27.8 | 28.5

30-35 42873 32.6 | 32.0| 1053 32.7| 27.8 163 32.5 | 32.8

35-40 49973 37.5 | 36.2 | 1363 376 | 31.6 177 37.5 | 37.5

40-45 17846 41.2 | 38.9 561 41.2 | 33.5 47 41.0 | 38.7

Gluon

5-10 28150 8.0 9.6 889 7.9 9.4

10-15 41802 12.5 ] 13.1 1098 124 | 12.8

15-20 35047 174 | 17.7 862 174 | 17.7

20-25 29177 223 | 224 586 22.5 | 223

25-30 488 27.5 | 27.1

30-35 390 32.21 314

35-40 209 37.1 | 35.8

40-45 40 41.1 | 38.1

Table 4.3: The number of jets and the mean calculated and visible
jet energies are shown for each jet sub-sample divided by 5 GeV
energy intervals.

of the sub-sample lay in the middle of each energy range. The same weight was
then applied for each jet distribution used in the quark/gluon comparison. This
did not change the final jet distributions significantly.
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4.7 Study of the purity of the jet sub-samples.

The quark or gluon jet purities of the tagged sub-samples described in the previous
section were estimated using Monte Carlo simulated events. It was necessary first
of all to give a definition of quark and gluon jets in Monte Carlo events. For
convenience in this analysis, jets formed by anti-quarks are labelled also as quark
jets. The various stages in the modelling of a Monte Carlo event were described
in Section 2.3.1. Jets were defined at three levels of the events as follows:

e at parton level, after the development of the perturbative parton shower
from the primary ¢ and g;

e at hadron level, following the non-perturbative hadronisation of the partons
into hadrons, and the decay of unstable hadrons;

o at detector level, with the particles from the hadron level passed through
a simulation of the ALEPH detector. The jets here have been defined by
the event selection cuts, and the DURHAM clustering algorithm, with Ey
reconstruction scheme at a Y, of 0.01, as described in Sections 4.2 and 4.6.

4.7.1 The definition of quark and gluon jets at parton
level.

The concept of jets at hadron level is in a sense artificial, although it is necessary
to categorize hadronic events using some scheme in order to analyse processes
occurring at parton level. It was explained in Section 2.6.1 that at parton level,
the processes giving rise to particle flow can be calculated by considering the
hard partons as antennae for the radiation of soft gluons. Since the hard partons
contribute to the radiation of soft gluons over the whole event, the concept of jets
at parton level is rather meaningless. Nevertheless, for the purpose of this study
it was necessary to define the source of each jet at hadron level. At parton level
there may be one or more partons responsible for each jet at hadron level, and
gluons may split into ¢ and g pairs. Some gluons may also be emitted between the
jets, giving rise to inter-jet particle flow. To cope with this situation the partons
were clustered into jets using the same jet clustering algorithm that was used
at detector level. However, of the JETSET or HERWIG Monte Carlo events that
clustered to three jets at detector level, ~20% of these events did not cluster to
three parton jets at Y.,; = 0.01 [52]. Instead the Y,: was left free, and the events
were clustered until three parton-level jets were obtained. In ~1% of three-jet
events, no gluon radiation occurred during the parton shower, so only the primary
g and g were present after the parton shower. These events could not be clustered
into three jets at parton level and were termed “ambiguous”. Of the remaining
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events which had three parton jets, the two jets containing the primary quark and
anti-quark were labelled as quark jets, and the third jet was labelled the gluon
jet. The primary ¢ and § were clustered into the same jet in a tiny fraction of
events, so these also were labelled “ambiguous”.

4.7.2 The definition of quark and gluon jets at hadron and
detector levels.

With the two quark jets and the gluon jet defined at parton level, it was then
necessary to match the parton jets with jets at hadron level and detector level,
in order also to define quark and gluon jets at those levels. The events all had
been selected with three jets at detector level. The particles at hadron level were
clustered into jets using the same DURHAM algorithm, but Y,,; was again left
free, since a significant number of events did not have three jets at Y., = 0.01.

To match jets between parton level and hadron level, and then between hadron
level and detector level, a number of schemes were tried [52], involving matching
of the jet energies, angles or a combination of the two. The closest angle between
the jets at each level was found to give the best results. Each jet at hadron
level was matched to the parton jet closest in angle. These matching angles are
shown in Figure 4.6 for the jets at parton level compared to hadron level ranked
by energy, in HERWIG Monte Carlo events clustered to y.,; = 0.01. The lowest-
energy jet has the worst angular matching between parton and hadron level, but
in most events the worst matching is less than 40°. In some events, two of the
hadron level jets were closest to the same parton level jet. These events were
termed “ambiguous”. Other events were labelled “ambiguous” where the closest
matching angle of one of the hadron jets was greater than 40°. The successfully
matched hadron jets were labelled as quark or gluon jets from the corresponding
parton jets. The angular matching process was then repeated between hadron
level and detector level. Here there also were a few events labelled as “ambiguous”
where the jets could not be matched. The detector level jets were identified as
quark or gluon jets from the corresponding hadron level jets.

4.7.3 A study of the “ambiguous” events.

In order to define quark and gluon jets at detector level, a number of events were
labelled “ambiguous” for the following reasons:

e no gluon radiation occurred during the parton shower, so only the primary

quark and anti-quark were present at parton level and these could not be
clustered into three jets;
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e an insignificant fraction of events where both primary ¢ and § were clustered
into the same parton-level jet;

e two jets at one level were closest in angle to the same jet at a different
level in the Monte Carlo. This did not allow reliable matching between the
levels. A large number of these ambiguous events appeared to be almost
two-jet-like in topology, with one jet clustered into two jets at one level in
the Monte Carlo, and at the next level the jet from the opposite hemisphere
clustered into two jets;

e when matching between levels, the matching angle of the jets was greater
than a specified 40°. The exact magnitude of this angle was arbitrary.
However the uncertainty in the definition of the quark and gluon jets

becomes greater as this matching angle increases, so a cut-off point was
desirable.

Many of these ambiguities came from Monte Carlo events where the topology at
parton level was “four-jet-like”, or from “two-jet-like” events where the angular
spacing of the jets was not significant. Particularly in the latter cases, two of
the jets in the event are not really initiated by a quark and gluon separately,
but merely appear to arise from a quark jet that is split into two jets. Events of
this type cannot really be corrected for in the data, and complicate the study of
particle flow and the nature of jets in three-jet events. Some of the experimental
cuts outlined in Section 4.6 were made in an effort to remove these events as far
as possible. The proportion of ambiguous events are shown in Figure 4.7 as a
function of Y, for JETSET and HERWIG events. The percentage of ambiguous
events increased rapidly below Y,,; = 0.01, but decreased only marginally above
this value. The proportion of ambiguous events could be reduced by a factor of
~2, for three-jet events clustered at Y,,; = 0.01, by specifying a minimum angle
of 45° between the lowest energy jets. Using all the cuts specified in Section 4.6,
the level of these “ambiguous” events was reduced to ~4.5% of the total tagged-

events. In symmetric “Y” events, where the jets were well spaced apart, this
number dropped to 1-2%.

4.7.4 Estimation of the purity of jet samples.

Using the jet identification method outlined in the previous section, the jets in
each sample of tagged Monte Carlo detector-simulated events were identified as
correctly tagged, wrongly tagged or from events defined as “ambiguous”. The
wrongly tagged jets can be corrected for in the data using two jet samples with
different quark and gluon jet purities. The “ambiguous” jets cannot be corrected
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Figure 4.7: Percentage of ambiguous events at parton and hadron level in JETSET
and HERWIG three-jet events at various Y.,;:. All event cuts from Section 6 have
been applied at detector level, apart from the minimum jet angle cut (¥;; > 45°).

for in the data without using Monte Carlo events, so the purity was determined
ignoring the ambiguous events,

C
C+WwW

The “ambiguities” were considered as an uncertainty in the purity value. Assum-
ing that a minimum of A/2, and a maximum of A events were correctly tagged, a

systematic error in P was determined from the maximum and minimum possible
values of P from

b _ CtAp
min — CrW+A
Pmax = C+A

C+W+A
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The minimum possible fraction of events correctly tagged is strictly given by
ﬁz. However many of the ambiguous events seem to be two-jet event
background, rather than wrongly tagged. For C > W, a minimum of half the
“ambiguous” events were assumed to be correctly tagged. The purities were
determined in JETSET events for each sub-sample of jets used, and are given in
Table 4.4. The purities of the quark jet samples improve as the energy of the jets
increases. The reverse is true for the gluon jet samples. This is to be expected,

since the mean energy of quark jets in three-jet events is higher than the mean
energy of gluon jets.

4.8 Summary of three-jet event samples.

Three samples of three-jet events were obtained containing ¢gg, bbg and qgy
events, with the jets in each sample tagged using energy-ordering, energy-ordering
with lepton-tagging and photon identification respectively. An event plane was
defined for these events, and the jet energies determined from the angles between
the jets. As far as possible the samples were selected using the same criteria
and event cuts, so that the events had a similar range of topologies and jet
configurations. Each sample of events was then split into jet sub-samples with
5 GeV energy ranges. Using JETSET Monte Carlo events, the quark and gluon
jet purity of the sub-samples was estimated with a few percent error.

A comparison of quark and gluon jets is made in Chapter 5 using the jet sub-

samples. In Chapter 6 an analysis is made of the string effect using the complete
event samples.
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Jet Energy Purity Purity
range | Lepton-tagged | Energy-ordered
GeV sample sample
JETW 30-35 | 68.1 +3.6 77.7 £ 0.8
q purily 35-40 88.5 £ 1.2 90.7 £ 0.8
40-45 96.6 £ 2.7 97.3 £ 3.0
JETS™Y, JETS) | 510 | 45.7 +8.3
g
10-15 68.3 + 4.3
q purity 15-20 77.1 £ 2.6
20-25 85.5 £ 1.8
25-30 92.2 £ 1.3 60.8 £ 1.1
30-35 94.9 £ 1.7 75.9 £ 0.9
35-40 98.0 + 3.5 88.0 £ 2.3
40-45 98.6 £ 5.9 94.6 £ 5.5
JETE™™, JETS) | 510 | 972448 | 90.6+49
10-15 944 £ 2.0 83.1 £1.8
g purity 15-20 91.0 £ 1.9 71.6 £ 0.9
20-25 84.9 £ 1.6 57.2 £ 1.1
25-30 75.7 £ 2.0
30-35 63.4 + 2.7
35-40 54.3 £ 5.0
40-45 24.0 £ 6.8

Table 4.4: Estimated quark and gluon jet purities for each jet sub-
sample in the lepton-tagged and energy-ordered three-jet samples.
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Chapter 5

Quark and gluon jet comparison.

5.1 Introduction.

The selection of three samples of three-jet events was described in the previous
chapter. The jets in each sample were tagged as originating from a quark, b-quark,
gluon or photon. These jets were then split into sub-samples according to jet
energy in 5 GeV intervals. The different sub-samples are summarised in the next
section. The particle flow, energy flow and other jet characteristics were measured
in each sub-sample. A comparison of the properties of these jet sub-samples is
given in Section 5.3. The variation in the jet properties with energy is difficult to
observe in these uncorrected measurements, since the quark and gluon purities of
the sub-samples vary with their energy. Each jet distribution was corrected for
the quark and gluon purities. This procedure is described in Section 5.4, followed
by a comparison of the corrected quark and gluon jet properties with energy

(Section 5.5). Finally, systematic effects in the quark/gluon jet comparison are
discussed in Section 5.6.

5.2 Summary of the jet sub-samples.

Four categories of jets were obtained from the samples of three-jet events: a
highest energy quark jet sub-sample, a quark jet sub-sample with lower energy,
a gluon jet sub-sample and finally some other jets not used in the comparison.
Each category of jet sub-sample is summarised below.

5.2.1 Highest-energy quark jets.

The highest-energy jets in the events can be categorised into three sub-samples
of quark jets with very high purity and energies in the range 30-45 GeV. These
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were as follows:

. JETq(Elg from the energy-ordered three-jet sample (Sample A)
The quark purity in this sub-sample was estimated to be ~97% in the 40-
45 GeV energy range and ~78% in the 30-35 GeV energy range. Its quark
flavour composition was the “normal mixture” of quark flavours.

) JET;;J from the energy-ordered sample with lepton-tagging of one
of the two lower energy jets (Sample B)
This sub-sample was estimated ~97% quark purity in the 40-45 GeV energy
range, but only ~68% in the 30-35 GeV energy range. Monte Carlo studies

showed the flavour composition to be ~80% b-quarks, ~10% c-quarks and
~10% wuds-quarks.

o J ETq(al.), from the events with two jets and an isolated photon jet
(Sample C)
The ~4% =° background in the photon jets is unlikely to affect the highest
energy jet, so this jet should be virtually free of gluon jet background. The
photon coupling to the quarks results in this sub-sample being composed
mainly of u and ¢ quarks, with few b-quarks (~11%).

These highest-energy quark jets could not be used in quark and gluon jet
comparisons, because their mean energy was higher than the gluon jet sub-
samples. However J ETq(Elg), J ETb(El; and J ETq(Elz were compared to see differences
arising from the flavour composition of each three-jet sample.

5.2.2 Lower-energy quark jets.

Quark jet sub-samples were obtained from one of the two lower-energy jets in
Sample A, and from the lower-energy hadronic jet in Sample C, as follows:

o J ETq(gg from the energy-ordered three-jet sample (Sample A)
The second-highest energy jet in each three-jet event contributed to quark
jet sub-samples with energy between 25 and 45 GeV. The estimated purity
varied between ~61% and 95% in this energy range. In a study of Monte
Carlo events the flavour composition was seen to remain close to the “normal
mixture” over the whole energy range.

o J ET;;;‘“"C) from the events with two jets and an isolated photon
jet
(Sample C)
The lower-energy hadronic jet contributed to quark jet sub-samples with
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energy in the range 10-45 GeV. Above 20 GeV quark jet energy, the 7° back-
ground in the photon jet was estimated to be less than 2% (Section 4.3.3).
The quark jet sub-samples can be assumed to be highly pure above this
energy. However, where the quark jets have energy below 20 GeV, the
background in the photon jet rises to ~15%. This suggests that there may
be up to 15% gluon jet background in the quark jet sample below 20 GeV.
Even at these lower energies this quark jet sub-sample was assumed to
have high purity. The effect of a possible 15% gluon jet background on the
corrected quark and gluon jet distributions is discussed in Section 5.6. The
flavour composition of these quark jet sub-samples can be assumed to be
dominated by u and ¢ quarks, with a small proportion of b-quarks (11%).

5.2.3 Gluon jets.

The lowest-energy jet in Sample A, and one of the two lower-energy jets in Sample
B, were used to form gluon jet sub-samples as follows:

o JE'Tq(gg) from the energy-ordered three-jet sample (Sample A)
The lowest-energy jets formed gluon jet sub-samples with energy between 5
and 25 GeV. The estimated gluon jet purity varied between ~91% and 57%
over this energy range. The flavour composition of the quark jet background

in Monte Carlo events is approximately the same “normal mixture” in each
sub-sample.

o J ETb(ggg‘“"”) from the energy-ordered sample with lepton-tagging of
one of the two lower-energy jets (Sample B)
The jets remaining untagged in Sample B formed gluon jet sub-samples with
5-40 GeV energy. Over this range the gluon purity varied between ~97%
and ~54%. The flavour composition of the quark jet background in Monte
Carlo events appears to be very different to that in the previous gluon jet
sub-samples, with ~50% b-quark jets. The effects of b-quark jets on the jet
properties were ignored in the quark and gluon jet comparison. This bias,
which is present in all the jet sub-samples, is discussed in Section 5.6.

5.2.4 Other jets.

The lepton-tagged jet in Sample B, and the photon jet in Sample C were not
analysed in great detail. For completeness these jets are described below:

o JET b(é;p ") from the energy-ordered sample with lepton-tagging of one of

the two lower energy jets (Sample B). The lepton-tagged jets formed sub-
samples of b-jets with a semi-leptonic decays, with energies between 10 and
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45 GeV. The quark purity of these jets is between ~68% and 99%. The
flavour composition was estimated to be ~84% b-quarks, ~10% c-quarks
and ~16% wu-, d- and s-quarks. The properties of the lepton-tagged jets

were seen to be significantly altered by the presence of a high p, high p;
lepton (see Section 5.3).

o J ETq(gg from the events with two jets and an isolated photon jet (Sample
C). Since the photon was required to carry at least 90% of the jet energy,
there was little else associated with the photon jets, apart from a few soft
particles in some events.

The jet properties of the sub-samples are compared in the next section.

5.3 Particle and energy flow in the jet samples.

The particle and energy flow properties of each quark and gluon jet sub-sample
were analysed. A description of each distribution is outlined below. The mean
value of the distributions is plotted against the weighted mean energy of each

sub-sample (Section 4.6). Examples of each distribution are given in Appendix A
for some of the jet sub-samples.

5.3.1 Overall mean jet multiplicity.

The particles in each event were associated with the three jets by the DURHAM
Fo clustering algorithm. The multiplicity of charged tracks and neutral energy
flow objects was measured in each sub-sample (Figures A.1 - A.3). The mean
multiplicities are shown in Figure 5.1. The highest-energy jets (JET(") in each

event sample are compared in Figure 5.1a. J ET 1 and J ET(I) have similar
multiplicity in the 40-45 GeV energy range, Where both have hlgh quark Jet
purity. At lower energy J Equg) has higher multiplicity than J ETY). HereJ ET( )

qqv°

has a significant gluon contamination, whilst J ETq(q,Z remains highly pure, so

differences between the samples may be expected. The b-jet sub-sample, J ETb(b1 ),
has significantly higher multiplicity than the other two samples of ~1.5 pa.rt1cles
This is no surprise, since similar differences have been seen in the past for b-jets

compared to light quark jets [53].

The effect of a semi-leptonic decay on the mean multiplicity of a b—Jet is

demonstrated in Figure 5.1b, where JET; Ie”ton) is compared to J E'Tqag The

lepton-tagged jets have a lower mult1phc1ty than the “normal mixture” sample
of ~2 particles, even at 40-45 GeV where both sub-samples have high quark
jet purity. The high momentum lepton (p > 3 GeV/c) appears to be carrying a
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