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Abstract

We have studied the differences in properties between quark and gluon jets using 3-jet
events in hadronic decays of Z° bosons collected by the SLD experiment at SLAC. Gluon
jets were identified in 3-jet events containing one jet tagged as a heavy quark jet. The tagged
gluon jets were compared with a mixed sample of light quark(u, d and s) and gluon jets, and
also with a mixed sample of heavy quark (c and b) and gluon jets. Our study shows that
the particle multiplicity of gluon jets is higher than that of light quark or heavy quark jets.
The ratios of average charged multiplicities of gluon and quark jets are measured to be

(ngluon)

ligh
(nqlga:k)

=1.29 % 0.06(stat.)*3 oo(syst.) ,

{"‘A'iic‘n‘l\ +0.07
(\:L:'“"”/ = 1.18 £ 0.06(stat.) 5 ou(syst.) .
quark

These results are in quantitative agreement with QCD model expectations. Differences are
also observed in particle energy spectra and jet widths, consistent with naive QCD expecta-
tions. The experimental results are compared to Monte Carlo models of the hadronization

process.
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Chapter 1

Introduction

Quantum Chromodynamics, QCD, is a non-Abelian local gauge invariant field theory
which describes the strong interactions between colored quarks and gluons. It is a fundamen-
tal element in the standard model of the known interactions(except gravity) of elementary
particles. QCD was developed as an analogy of QED{Quantum Electrodynamics). QED
provides accurate theoretical predictions which have been tested by experiments with high
precision. On the contrary, QCD tests are rather less precise due to the complexity of phys-
ical properties involved in QCD: asymptotic freedom and color confinement. Asymptotic
freedom means that the effective strong coupling constant decreases logarithmically at short
distances so that we can apply perturbation theory to QCD in large mémentum transfers.
However, the strong coupling constant is still large enough so that the higher order correc-
tions, which could give significant shifts to current theoretical predictions, are not calculable
with high precision even in the large momentum transfer regime. Color cénfinement means
that the potential energy between color charges increases approximately linearly at large dis-
tances, so that quarks are confined in hadrons. Therefore, we can not observe bare quarks
and gluons, the elementary fields of QCD, but can o.bserve colorless bound states of these
constituents, hadrons.

From these reasons, it is very hard to derive properties of the quark-gluon interactions

1



Introduction Introduction

from the hadronic states. QCD analysis of high energy experiments are done in the frame-
work of the QCD-improvedl parton models. In other words, we have to use some models with
perturbative QCD approximation, QCD-improved parton models, to extract basic features
of QCD from the hadronic final states which we observe. Asa conset{uence of such difficulties
in QCD measurements, not only single experiment but many experiments are required to

test qualitative QCD predictions and QCD models.

A comparison of quark and gluon jet properties is one of the long-standing difficult
problems in QCD. This is due to the difficulty of gluon jet identification on the experimental
side and the difficulty of subasymptotic corrections on the theoretical side. Lowest order
QCD predicts 9/4 for the multiplicity ratio of gluon to quark jets. This value is expected
from the color charge ratio of gluon(C, = 3) to quark(Cr = 4/3). For quark and gluon jets
with equal energy, this multiplicity ratio implies that gluon jets have a softer particle energy
spectrum compared with quark jets. We can also expect that the angular distribution of
particles relative to the jet axis in gluon jets is wider than that in quark jets because the
mean transverse energy of the particles is about the same. However, these naive expectations
are substantially reduced due to higher order corrections. The multiplicity ratio of hadrons
in quark and gluon jets, for instance, is corrected to 1.38 £ 0.02 in a recent QCD calculation

with a hadronization modelf1].

Experimental searches for the differences between quark and gluon jets have been
performed in the experiments of e*e~ and fp collisions, and some indications of quark and
gluon jet differences were reported(2, 3]. However, some of their analyses based on the
comparison of quark jets from one experiment and gluon jets from other experiment, and
relied on Monte Carlo simulations. Thus, their results were indirect, and would be biased by
the different experimental environments and by the choice of the Monte Carlo simulations.
Recently, analyses with high statistics data were performed by the LEP experiment(4, 5, 6].
They performed the direct comparison using symmetric 3-jet events in Z° hadronic decays

and reported significant differences.
In order to search for the differences between quark and gluon jets, we have performed

2
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.

a measurement using Z° hadronic decay data collected by the SLC Large Detector(SLD)
experiment at SLAC'. About 250 members from 34 institutions collaborate on the SLD
experiment?. The SLAC Linear Collider(SLC) is the first e*e™ linear collider successfully
operated at the Z° peak, and produces Z° events with the small and'stable Z° production
point. The SLD with its precise vertex detector has excellent efficiency for separating heavy
hadrons’ secondary vertices from the primary vertex. These SLC/SLD features and our
analysis method allow efficient flavour tagging of jets in Z° hadronic events with high purity,
and make the gluon jet analysis possible even with smaller data sarﬁple than the LEP
experiments. The efficient flavour tagging of jets in this experiment is one of the motivations
for this study. The first engineering run was carried out in 1991, the physics run started in
1992 and data are still being taken. This thesis is based on about 63,000 Z° hadronic decay
data taken in 1992 and 1993 runs.

The content of this thesis is organized as follows. In chapter 2, some foundations of
QCD relevant to this study are reviewed. Experimental apparatus is described in chapter
3. In chapter 4 the details of the event and track selection procedures are presented. The
analysis method and the results are presented in chapter 5. Finally, the conclusion is given
in chapter 6. In appendices, Monte Carlo models of hadronization process are compared to

the experimental results, and the systemtic errors are discussed.

!Stanford Linear Accelerator Center

2The institutions and the members of the SLD collaboration are listed in Appendix A

3
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Chapter 2

Theoretical Backgrounds

In this chapter, we review the decay of Z° gauge bosons produced by ete™ annihila-
tion which provides us an excellent experimental environment to study QCD. Then, some
foundations of QCD relevant to this study are outlined, and the differences between quark
and gluon jets are discussed with the experimental measurements. As described in chapter
1, experimental QCD studies have to employ some phenomenological QCD models for the
parton evolution and the hadronization process. Thus, we give a brief explanation of the

models used in this analysis.

2.1 Production and Decay of Z° Gauge Bosons

The fundamental process of electron-positron annihilation is e*te — ff, where
f=eu v, v v,u,d,s,cb at the Z° mass energy. There are two'basic neutral gauge
bosons which contribute to this process: the photon and the Z° The Feynman diagrams of
the lowest order electron-position annihilation(except for e*e~ — e*e™) are shown in Fig.
2.1. The cross section, o, of efe™ — ff at the center of mass energy, /s, close to the
mass of Z% Mj, is proportional to square of the sum of matrix elements of two diagrams,
M., + Mz[?* a pure electro-magnetic interaction term, a pure weak interaction term and

an interference term of the two interactions. At \/s = M3, the interference term vanishes.

5
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e | f e f

() : ()
Figure 2.1: The fundamental processes of ete™ — ff. 70 mass(Mz) 91.187 4+ 0.007 GeV/C2
o -
Therefore, the weak interaction dominates because the electro-magnetic interaction is small 2" decay full width(T'7) 2490 £ 0007 GeV
" . .
at the Z° pole. (0year/0em ~ 1100). In this case, the lowest order differential cross section 27 decay branching fractions
4 -
at the Z% mass energy is written in a simple form(7] by neglecting the initial and final state ee (3.366 + 0.008 )%
fermion masses as Ho# (3367 + 0013 )%
T (3360 + 0.015 )%
do_ _ o’ s 2 4 2\ (2 1 a2 i
Toosd = TW[(% + ag)(vy + aj)] invisible (2001 £ 016 )%
had . .
X 1+0052€-&-8cost9—-,lvea°2 :fa!2 , (2.1 adrons (6990 & 015 )%
v +ag vy + af (vt + ¢2) /2 (9.7 + 138 Y%
where Mz and [z are the mass and total decay width of Z°, 6 is the angle between the (dd +55 + bb)/3 (168 £ 1.2 1%
initial electron and final fermion, « is the fine structure constant. v, a., vy and ay are the cC (119 + 14 Y%
vector and axial vector couplings to Z° gauge boson for electron and fermion, respectively. bb (1545 £ 021 )%

The Z° mass, width and branching ratio to each fermion pair are listed in Table 2.1{8]. Table 2.1: 20 properties.

2.2 Quantum Chromodynamics

Since the discovery of the m meson in 1947, a large collection of hadron mass spectra and
hadronic interactions in high energy experiments strongly suggested that there exist point-
like structures within hadrons. In 1968, the deep inelastic electron-proton scattering exper-
iment at SLAC observed the first direct evidence for quarks, which carry roughly one third

of the nucleon energy. In 1972, QCD[9, 10, 11} was born in the form of a simple and elegant
6 7



2.2 Quantum Chromodynamics Theoretical Backgrounds

Flavour I 3 8 C BT Qfe mass
d 1/2 -1/2 0 0 0 0 -1/3 5 to 15 MeV/c2
u 1/2 1/2 0 0 0 0 +2/3 2 to 8 MeV/c2
s 0 0 -1 0 0 0 —1/3 100 to 300 MeV/&
c 6 0 0 1 0 0 +2/3 1.0 to 1.6 GeV/c?
b 0 0 0 0 -1 0 -1/3  4.1tod5GeV/S
t 0 0" 0 0 0 1 42/3 17410413 Gev/e?

Table 2.2: Quark summary. Top quark mass is from a CDF observation of top candidate

events. B indicates quantum numbers of bottomness, not baryon numbers.

Lagrangian based on the gauge group SU(3)c0r. In 1974, a new particle, the J/y, was
discovered at SLAC and Brookhaven simultaneously, and was interpreted as a bound state
of ¢Z. Subsequently, the T was discovered at FNAL in 1977, which is a bound state of bb, a
bottom quark and an anti-bottom quark. After the discovery of charm and bottom quarks,

our quark table(Table 2.2) has enlarged.

Five quark flavours out of six flavours have been found experimentally. The top quark
(sixth quark) has been suggested to exist at 150~180 GeV by the radiative corrections of
higher order weak interactions[8]. Recently, the CDF collaboration has observed a possible
signal of the top quark[12). Quarks are spin 1/2 fermions with fractional charges of +§e for
up type quark(u,c,t) and —%e for down type quarks(d, s,b). Quarks can carry one of three
strong charges, called color charges, say Red, Blue or Green conventionally. Anti-quarks
can carry the corresponding anti-color. The color symmetry is supposed to be exact, thus
the strong interaction is independent of colors. The boson intermediating strong interaction
between quarks is named the gluon. The gluon is a spin 1 massless boson and carrys a color
and an anti-color or their combinations(RB, RG, BG,BR,GR,GB, 715(121-%— BB), %(Rf?«#
BB — 2GG)). The color charge in strong interactions is analogous to the electric charge in

electromagnetic interactions. In both interactions, a massless spin 1 boson(a photon or a

8

Theoretical Backgrounds 2.3 Quark and Gluon Jet Differences

gluon) mediates the force. The important difference between them is that phjoton.s have no
charge, while gluons have. Therefore, gluons can interact with other gluons, whereas photons
can not interact with each other. The existence of this direct coupling of gluons differentiates
the charge screening of QCD from that of QED. The resulting “anti-screening” of.the color
is referred to as “asymptotic freedom”. This means that the strength of the interaction
between quarks decreases as the distance between them decreases, and the state of quarks
approaches to be free asymptotically. This behavior allows us to use perturbative QCD
calculation for short distances. On the contrary, at long distances, quarks interact strongly
and so can never escape. This is, called “confinement of quarks(and gluons)”, corresponding
to the hadronic states. Perturbation theory is not applicable for the hadronization process of
quark and gluons because the coupling is so strong. Thus, we have to use phenomenological

models to describe such states.

2.3 Quark and Gluon Jet Differences

In QCD, gluons are massless, spin 1 bosons with color charge which should be 9/4 times as
large as that of quarks. In this section, we briefly review the quark and gluon} jet differences

in terms of particle multiplicities in jets.

The color charge of the quark, CF, is 4/3 and that of the gluon, Cg, is 3. This means
that the three-gluon coupling, which determines the properties of gluon jets, is stronger
than the gqg coupling relevant to quark jets. Therefore, we can naively expect that the
multiplicity in gluon jets is higher than that in quark jets. Correspordingly, the energy
spectrum of particles in gluon jets is expected to be softer than that ih quark jets. The
distribution of the angle between the particle and the jet axis in gluon jets i5 also expected
to be wider than that in quark jets because the mean transverse energy of gluon radiation

in both jets is expected to be about the same.
The multiplicity ratio, R, of gluon jets to quark jets is given as the ratio of color charges

9



2.3 Quark and Gluon Jet Differences Theoretical Backgrounds

in the lowest order QCD prediction,

! R=Cg/Cp =9/a. 2.2)

This lowest order R value is not too small to be observed experimenthlly. When higher order

corrections are taken into account[13], however, this ratio is reduced to
9
R= Z[l ~0.27y/a, — 0.07¢,). (2.3}

Recently, R was calculated by using the exact solution of QCD equations for generating func-
tions with fixed coupling[1]. The ratio of parton(see Chapter 2.4) multiplicities is predicted
to be

Riarton = 1.84 4 0.02. (2.4)

By the use of the HERWIG Monte Carlo simulation{14], Rpaon is related to the hadronic
ratio Ryadron Which can be measured by experiments

MC

. EM

parton o MC
Rpanon

1.38 4 0.02, (2.5)

Risgron = R

it

where R:;g?mn and RMS, . are the ratios for partons and hadrons in the Monte Carlo, respec-
tively. Thus, R is significantly reduced by the hadronization process in the prediction.
Experimentally the HRS collaboration has measured the ratio of charged multiplicities
R, with symmetric 3-jlet events in e*e™ annihilation at PEP[3]. In the analysis, the sym-
metric 3-jet events were collected in which all jets were produced with a relative angle of 120
degrees in the event plane and had the same jet energies Ej.; = 1/s/3. Thus, the probability
of a jet originating from a gluon is the same for each jet in the event. From Monte Carlo
simulations, they estimated that the charged multiplicity of quark jets at /s = 2E;., is
5.2. To obtain the charged multiplicity of gluon jets, a model with Poissonian multiplicity
distribution is assumed‘. The model reproduces the measurement with the charged multi-
plicity of gluon jets equal to 6.7711 + 1.0. Therefore, the charged multiplicity ratio Res is

1.2975:214+0.20, indicating no significant difference in the charged multiplicity between quark

and gluon jets within the quoted error.

10
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The OPAL, DELPHI, and SLD collaborations have measured the ratios of multiplic-
ities, energy spectra and jet widths using different type of symmetric 3-jet events in Z°
hadronic decays[5, 6, 15]. They select the symmetric 3-jet events, in which the angles from
the highest energy jet to other two jets are the same. In such an event conﬁguration,' the
highest energy jet is a quark jet with high probability. Thus the two lower energy jets are
a quark and a gluon jets. If one of the fwo jets is tagged as a heavy quark jet, then the

remaining jet is anti-tagged as a gluon jet. The multiplicity ratios measured by OPAL are

R =1.26730.043£0.055 :FEj.; = 24GeV,
R,; =1.326+0.05440.073 : Ej,, = 24GeV. (2.6)

where Ry, is the ratio of the charged multiplicities. The DELPHI collaboration has measured

R =12240.04 :E;, =30GeV,
R =11724+0.032 :15< Ej. < 39GeV. ' (2.7)

All the values are significantly larger than unity, indicating that the multiplicity of giuon
jets is larger than that of quark jets. However, the ratios R are somewhat smaller than the

prediction given by eq. 2.5. The preliminary result measured by the SLD collaboration is
Rojuorflishtauark 136+ 0.24 : Ejor = 24GeV. (2.8)

This is the charged multiplicity ratio of gluon to light quark jets. Thus, we can not compare
this value with the OPAL and the DELPHI results directly.

2.4 QCD Models in e*e~ Annihilation 1

The evolution of hadron jet in e*e™ annihilation takes place in four phases by means of
the interactions and models, as shown in Fig. 2.2. In the first phase, the initial e*e™ pair
annihilates into a gauge boson, a photon or a Z% which in turn decays into a quasi free pair

of quark and anti-quark. This process is well described by electro-weak theory, as explained

11
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Figure 2.2: Schematic illustration of e*e~ — hadrons.

in section 2.1. In the second phase, QCD plays an important role, and thus the differences
between quark and gluon jets are caused. Gluons are radiated from initial quarks, and in
turn gluons may radiate gluons, or create quark antiquark pairs. The quarks and gluons
in this phase are called “partons”. In principle, there are two approaches for calculating
parton conﬁgurations{llﬁ, 17): Matrix Element(ME} and Parton Shower{PS) methods. The
ME is the exact QCD-matrix elements that has been calculated up to second order(O(a?),
up to 4-parton production). The PS is the leading logarithmic approximation of QCD,
and is formulated as a branching process of virtual partons according to the Altarelli-Parisi
equations{18]. In the third phase, hadrons are generated from partons. This phase can not yet
be calculated in QCD, as described in chapter 1. Thus, phenomenological parameterization
of hadron production ‘must be used to describe this phase in Monte Carlo simulations. In
the last phase, hadrons decay into stable hadrons and leptons, which can be observed by
experiments. In the following sections, we review the QCD models used in the second and

third phase.
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2.4.1 The Matrix Element Method |
The standard approach of calculating the hadronic cross section is the Matrix Element
method in which we calculate the amplitude of Feynman diagrams up to a fixed order of
as. To get the rate of N-parton production, the matrix elements are added and squared,
then integrated over the phase space. According to the N-parton fraction determined by the
matrix elements, the multiplicity of partons and 4-momentum of partons are determined in
a Monte Carlo simulation. ‘

The first order QCD correction to e*e™ — ¢§ is the gluon radiation from' the q or 4.
The differential cross section for this configuration(e*e™ — ¢gg, 3-parton) is calculated[19)
for massless quarks as

do a2 13 +z3

dz,dz, = 0075(1 —z)(1 —x2)° (29)

where gy is the cross section for e*e™ — ¢g, z), 2 and z3 are the scaled energy variables in

the CM frame of the event

r, = 2Eq /\/E)
T2 = 2E¢7 /\/57
13 =2E, |5 (2.10)

|
The kinematically allowed region is 0 < z; < 1(¢=1,2,3). For z, or 9 = 1, the cross section

for 3-parton(eq. 2.9) diverges. However, the divergence is canceled when the first order
propagator and vertex corrections are taken into account. This canceliation corresponds to
a difficulty to distinguish a gluon from a quark which is soft or collinlear to the quark. In
a Monte Carlo, the divergence is solved by a cut-off mass of two partons(a quark and a
gluon):a gluon is radiated if the virtual mass of the gluon and quark is larger than a certain

cut-off mass. In other words, events with a hard gluon are generated according to the cross

section in eq. 2.9, but events with a soft or collinear gluon are combined to 2-parton events.

13



2.4 QCD Models in e*e~ Annihilation Theoretical Backgrounds

Figure 2.3: Schematic illustration of a parton shower. Lines and spirals represent quarks(or

anti-quarks) and gluons, respectively.

In second order QCD, two new parton configurations are added to the first order
configurations:e*e™ — ¢ggg and e*e™ — ¢d¢’q. The cross section of 4-parton events has
been calculated by several groups(20]. The same rules as 3-parton calculations can be applied
to 4-parton configuration. As in the 3-parton case, divergences appear, but are removed by

the cut-off mass. '

2.4.2 The Parton Shower Method

The Parton Shower method(PS) is based on the leading-log approximation of perturbative
QCD. The initial quarks are produced with off-shell mass, and decay(or branch) into virtual
partons which in turn decay(Fig. 2.3). Progressive branchings continue until they reach a
certain cut-off mass Qg. In this method, only the leading logarithmic terms in the pertur-
bative QCD expansion of the two body decay cross section are used. The basic branchings

are

14
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g 2 q+yg,
g & g+g,
g = q+73 (2.11)

where ¢(§) and g represent a quark(anti-quark) and a gluon, respectively. The Altarelli-Parisi

splitting kernels for the parton branchings[18] are

1+27°
FPosgg = CF( )v

1-2
2Ce(1 — z + zz)
Fosgtg = i<
Pg—»q.).q = Tn(22 + (l - 2)2), (212)

where Cr and Cg are the color charges of quark(4/3) and gluon(3) respectively, and Ty =
Ny/2, where Ny is the available number of quark flavours for quark pair creation. The

probability distribution for this branching is given by

dP,_ptc o, (Q? 1
Sebie o / dz%g_,m(z) _ (2.13)

where ¢t is the evolution parameter(t = In(Q2/A?)) and z specifies the fraction of four-
momentum for daughter . In this model, no interference between branchings is taken into
account. The PS Monte Carlo has only two parameters:the leading‘lolg QCD scale A and
the cut-off mass Qy. An advantage of the PS compared to the ME is that we can generate
more than 4 partons, which is the current limit of number of partons gen’erated by the ME.

The maximum number of partons in the PS is determined by the cut-off mass Q.

2.4.3 Color Dipole Model

In the case of e*e™ annihilation, perturbative QCD can be formulated in an alternative in

terms of quarks and gluons or in terms of color dipoles. The Color Dipole Model{CDM)|[24,
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o4

Figure 2.4: Schematic illustration of the color dipole model.

25] is based on the fact that an emission of a gluon from a ¢ pair can be treated as a radiation
from the color dipole between quark and anti-quark(Fig. 2.4(a) and (b)). The emission of a
second gluon is treated as radiation from two independent dipoles: one stretched from the
quark to the gluon and the other from the gluon to the anti-quark(Fig. 2.4(b)). This process
is generalized so that one more gluon is given by three independent dipoles, etc(Fig. 2.4(c)).

There are three different types of dipole:the dipoles between a quark and an antiquark,
between a quark and a gluon, and between two gluons. The cross section for gluon emission

from the dipoles are calculated[23] as

o D age - 9T 20 z? + 2}
W 29, T3 -1 —-23)
5 . do 0301, z}+ 23
9 99 - dridzy 47 (1—1){1 — 13)’
d 3 3. .3
99 — 999 7 O e 7 (2.14)

e—— = ——
dzidzs 47 (1 —z1)(1 — x3)
where z; are the final state energy fractions, 2E;/, /3aip, of the emitting partons in the center

of mass system of the dipoles.
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Figure 2.5: Schematic illustration of the string fragmentation model.
2.5 Hadronization Models

In this section, two conventional hadronization models relevant to this study will be re-
viewed:the String Fragmentation(SF) and Cluster Fragmentation(CF) models. In the SF,
the color confinement is a basic concep-t: hadrons are produced from colorless string systems,
not from isolated colored quarks. In the CF, hadronization process is described by massive
colorless objects like the SF. But important difference between the CF and the SF is that
no assumptions of fragmentation functions of partons are needed in the CF as a result of

colorless clusters.

2.5.1 String Fragmentation Model !

The String Fragmentation(SF) model is implemented in the JETSET Monte Carlo program[21].
The string model for ¢g system is basically a simple color confinement picture for hadroniza-
tion. The main assumption of the SF model is that the fragmentation of outgoing partons

are not independent. In the SF, a virtual string is considered to be a color flux tube be-
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Figure 2.6: Gluon radiation in the string model:(a)a kink of a string. (b)virtual strings in
the CMS.

tween partons(Fig. 2.5). The transverse dimension of the tube is roughly 1 fm. As the
partons move apart, the string is stretched. Thus, the potential energy stored in the string
is increased and the string may break by a new ¢’¢ pair creation. In this manner the initial
state ¢ system splits into two color singlet systems, ¢’ and ¢'§. This string stretching and
breaking process may o¢cur until invariant masses of ¢q are small enough. After this process,
hadrons are formed by the quark from one break and the anti-quark from adjacent break.
When the ¢'§ pair is created by the breaking of the string, transverse momenta are

give to ¢’ and §. The production probability is proportional to

exp(—mm2 /) = exp(—mm?/k) exp(—nP%/k), (2.15)

where mr is called transverse mass, m, is the virtual mass of the newly created quark, and
Pr is the transverse momentum. The default value of Pr in JETSET is 0.40 GeV. Eq. 2.15
also gives relative rates for the production of quark flavour on the basis of quark mass(u:d:s:c

~ 1:1:0.3:10711),
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Figure 2.7: Schematic illustration of cluster model. Dotted lines represent color flows.

The longitudinal fragmentation is formulated in terms of a probability distribution
f(z). z is the fraction of the energy given by the initial ¢g pair to the newly created hadron.

LI S e et s b
InJelowkl,

2
—bm%.

£(2) ~ (1= 2)* exp( =T AT

is used with the parameter value a =1 and b= 0.7,
In the SF model, gluons correspond to kinks on the string spanned between a quark

and an antiquark. Thus, a gluon has two string pieces attached to it, while a quark or an

antiquark has one string(Fig. 2.6).

2.5.2 Cluster Fragmentation Model !

The first Cluster Fragmentation(CF) model was presented by Field and Wolfram[22). In
the CF model, hard color separations are neutralized before hadrons are actually formed.
This color screening process is interpreted as the initial state is evolved into a collection

of low mass colorless clusters. So the role of the QCD dynarn.ics is limited to describing
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the production of this final cluster states. In this model, no assumptions of fragmentation
functions of partons are uskd. This is the important difference between the CF and the SF
model described in previous section.

After the parton shower is generated from initial quarks, ﬁnal—sltate partons are put on

mass shell. Then final-state gluons are split into ¢g pairs

glp) = qlzp} + 3l(1 — 2)p), (2.17)
where g and ¢ represent a gluon and a quark with 4-momentum p and zp. Several choice
were tried for the probability function of z. In this process, color flows between partons are
formed(dotted lines in Fig. 2.7), and the color charge is assigned to quark(Fig. 2.7). Then
final state quarks are linked to a unique parton partner, anti-quark, by the color charge
information, and form clusters. The clusters have a mass M and quark flavours of ¢ and §.

These clusters are then simply decayed into two hadrons

Ci(M, g0, ) = Hy+ Hy, (2.18)

where C; and H represent a cluster and a hadron. The probability of the decay is given by

P(Ci » Hy+ Hp) = Pp- Ps- Pg (2.19)

where Ps is the number of spin state of final hadrons, Pk is a 2-body phase space suppression
factor and Pr is an available flavour factor of final hadrons. The decay mode is chosen from
all possible decays at random with the individual flavor factor weight. Unstable hadrons

produced in clusters are decayed subsequently until stable hadrons are produced.
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Chapter 3

Experimental Apparatus

The data used in this analysis were collected by the SLC/SLD facility at the Stanford
Linear Accelerator Center(SLAC). The SLAC Linear Collider(SLC) is the unique e*e™ linear
accelerator designed to produce the Z° boson and the first linear collider successfully operated
in the world. The SLC Large Detector(SLD), replaced the Mark Il detector in 1991, is a .
multi-purpose detector with full 47 coverage placed at the SLC's interaction point(IP). In

the following sections, we describe the SLC/SLD that made our measurement possible.

3.1 SLC

The SLAC Linear Collider(SLC) is the first electron-positron line:ar collider(50 GeV x50
GeV) operated in the world. Electrons and positrons are accelerated in the 3 km-long
linear accelerator{linac) simultaneously and collide at the interaction point(IP} to produce
Z° bosons after being guided by arcs. The construction of SLC began in 1983 and was
completed in 1987. The first Z° event was observed with the Mark II detector in April,
1989. Some of the great features of SLC are (1) longitudinally polarized electron beam and
(2) the small beam size. Some basic SLC parameters are listed in Table 3.1.

’
A schematic of the SLC is shown in Fig. 3.1. At first, two bunches of electrons are
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Figure 3.1: Schematic view of the SLC.
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Year 1992 1993
E., 91.55 GeV 91.26 GeV
Electron polarization 22.4% 63.0%.
Number of electrons/bunch 3.0 x 10'° 3.5 x 10%°

Number of positrons/bunch 3.0 x 10'° 3.5 x 10'°
Beam size 2um x 2um  2.3um x 0.8um

Bunch length 1.2mm 0.6mm

Table 3.1: The SLC beam parameters.

created by photoemission from a GaAs photocathode at the polarized electron source. Those
bunches are accelerated to 0.2 GeV by the energy booster and to 1.0 GeV by a linac and
are transported to the North Damping Ring. In the South Damping Ring, two bunches of
positrons are accumulated(we describe positron creation later). In the damping rings, the
emittance of each bunch is reduced. One bunch of positrons is extracted from the South
Damping Ring and then injected into the linac. The pulse compressor reduces the bunch
length from 1 ¢cm to 1 mm. After the pbsitron bunch, two bunch of electrons are also injected
into the linac. The distance of those bunches are 17.6 m. First two bunches(positrons and
electrons) are accelerated to 46.7 GeV before entering the South and North Arc, respectively.
The last bunch of electrons is accelerated to 33 GeV, extracted from thellinac and guided to
a Tantalum-Tungsten target to produce positrons. In the target, positrons are produced by
pair-creation from the bremsstrahlung of electrons, and are collected by a focusing solenoid.
Positrons are transported back to the beginning of the linac b}; the Return Line, and then
accelerated to 1.0 GeV to transported to the South Damping Ring. In the meantime, the
first two bunches of positrons and electrons accelerated up to 46.7 GeV are split by a dipole
magnet at the end of the linac and transported through the SLC arcs toward the interaction
point. The bunches are focused in Final Focus System(FFS) to order of 1 um of transverse

size at the interaction point. The beams are crossed at the IP, and then the beams are kicked
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into the extraction lines and led to the north and south beam damps.

3.1.1 Beam Energy Measurement
i

The beam energy spectrometers are located at the end of the beaﬁi transport system, 150
m past the IP, on the south arc for electrons and on the north arc for positrons. The beam
energies of positrons and electrons are measured by bending the beams through three dipole
magnets shown in Fig. 3.2. The deflection angle § is related to the beam energy by the

expression,

c
Epeam = §/|dl x B (3.1)

where B is the magnetic filed of the analyzing magnets and dl is the path length in the
analyzing magnet along the beam. The deflection angle is measured by the Wire Imaging
Synchrotron Radiation Detector(WISRD){26]. The first and third small magnets in Fig.
3.2 sweep the beam horizontally, creating parallel stripes of synchrotron radiation. The
second magnet bends the beam down by 18.286 mrad. The distance between two stripes is
measured by the WISRD 15 m away. The WISRD has two screens of copper wires which
detect compton scattering of the electrons in the screens. During the 1992 and 1993 run, the

average beam energies' were 91.55 + 0.04 GeV[27] and 91.26 + 0.04 GeV|[28], respectively.

3.2 SLD

The SLAC Large Detector(SLD)[29] is a general purpose detector optimized to measure Z°
gauge boson produced by the SLC. The SLD was designed to provide 4w coverage detector
for Z° physics. The SLD was designed iﬁ 1984 and the detector was completed in 1991.
[ts size is about 10 mx10 mx 10 m. The SLD consists of several different purpose subsys-
tems(refer to Fig. 3.3); tracking devices, calorimeters, particle identification devices and a

magnet. The SLD subsystems are summarized in Table 3.2. To provide precision tracking
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Figure 3.2: Schematic of the SLC beam-energy spectrometer.

of charged particles with 4w coverage, the SLD has a CCD vertex detector(VXD), a bar-
rel drift chamber(Central Drift Chamber, CDC) and four Endcap Drift Chambers(EDC),
located in 0.6 T magnetic field. The VXD and the CDC cover the barrel region, and the
EDC(four endcap drift chambers) cover both the forward and backward endcap regions.
The energy of particles is measured by three different sampling calorimeters, the silicon-
tungsten calorimeter(LUM), the lead-liquid argon calorimeter(LAC) and the iron-streamer
tube calorimeter{called the warm iron calorimeter, WIC). The LUM measures the luminos-
ity of the SLC at the IP. The LAC measures electromagnetic and hadronic showers in both
barre! and endcap regions. The WIC is used for additional measuremen£ of hadronic shower,
muon tracking and flux return of the magnetic field. Charged particle identification is made

with the Cherenkov Ring Imaging Detector(CRID) for wide range of m(;mentum.

The SLD uses spherical coordinates shown in Fig. 3.4. The polar zlmgle 8 is measured
relative to the beam axis. The azimuthal angle ¢ describes rotations around the beam axis.
The radial direction R describes a distance from the beam axis. In the right-handed cartesian
coordinate system, z is defined to be along the positron beam axis. z coincides with ¢ = 0

and y is perpendicular to z and z.
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Figure 3.3: A quadrant schematic view of the SLD.
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Figure 3.4: SLD coordinate system.

Tracking devices

CCD Vertex Detector barrel
Central Drift Chamber barrel
Endcap Drift Chambers endcap

Particle identification devices

Cherenkov Ring Imaging Detector barrel and endcap

Calorimeters

Liquid Argon Calorimeter barrel anc'i endcap
Warm Iron Calorimeter barrel and endcap
Luminosity Monitor and Small Angle Tagger endcap S

Medium Angle Silicon Calorimeter endcap

Magnet barrel

Table 3.2: SLD subsystems.
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Figure 3.5: The CCD vertex detector.

3.2.1 CCD Vertex Detector

The Vertex Detector(VXD)[29, 30] is placed at the center of the SLD surrounding the IP.
Th.e VXD uses Charge Coupled Devices(CCDs) to measure the three dimensional positions
of charged particles near the IP. The precise measurement near the IP improves the tracking
resolution of the drift chamber and one can distinguish secondary vertices from the primary
vertex(IP) in the decay of heavy particles with a relatively long lifetime .

The VXD uses semi-conductor device CCDs which provide three dimensional informa-
tion of charged tracks. The CCD has 8.47 mm x 12.72 mm active area which is a matrix
of 22 um x 22 pm pixels, yielding an effective position resolution of o,y ~ 5um. Each
pixel stores ionization information from charged particles that passed through it. The VXD
contains 60 ladders, each ladder has 8 CCDs. The ladders are arranged in an overlapping
fashion into four concentric layers of radii 29.5, 33.5, 37.5 and 41.5 mm around the 25.5 mm
radius beampipe. The total thickness of the VXD, including the beampipe, is 5.82 x 1072
radiation lengths. The VXD is cooled to —80° C with nitrogen gas to reduce dark current

and loss of CCD charged-transfer efficiency from radiation damage. The total readout time
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o

Individual CCDs
Pixel size
Active area
Total number of pixels
Min-1 signal
Efficiency for min-I particles

Cluster size

22 pm x 22pm

385 x 578 pixels(8.5 x 12.7 mm?)

222,530 l .
1300 electrons(Landau peak)

> 98% '

80% of charge deposited in 1 to 2 pixels

Complete Detector
Number of ladders
Total number of pixels
Radii of four layers
Readout time
Spatial resolution(zy)

Spatial resolution(rz)

60

107 Mpixels

29.5, 33.5, 37.5, 41.5 cm
152 ms(19 beam crossings)
5.5 pm

5.5 um

Table 3.3: The CCD vertex detector parameters.

for the VXD is 152 ms, or 19 beam crossings at 120 Hz. Some basic VXD 'parameters are

listed in Table 3.3.

3.2.2 Central Drift Chamber

The Central Drift Chamber(CDC) is a tracking device for charged particles covering

the barrel region. Its shape is a cylindrical annulus, 2 m long with an inner radius of 0.2 m
and an outer radius of 1.0 m. This volume is filled with a gaseous mixtdre of CO2 92% and
Isobutane 8%. The CDC contains 60 cells grouped in 10 concentric supper layers(Fig. 3.6.
In order to measure z positions of charged tracks in the CDC, four of ten super layers are
paralleled to the beam axis and six super layers are angled at £41 mrad with respect to the

beam axis. Fig. 3.7 shows the configuration of a cell. Each cell has 27 field wires, 8 sense wires
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Figure 3.7: Detail of a CDC cell. o represents a sense wire. + and x represent a guard wire

and a field wire, respectively.
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Inner/outer radius

Length

Innermost /outermost wire layer radius

Wire length

Number of superlayers

Number of axial/stereo superlayers

Number of cells

Number of sense wires per cell
Stereo angle

Sense wire diameter (tungsten)
Field wire diameter (Cu-Be)
Guard wire diameter (Cu-Be)
Average drift field

Gas

200/1000 mm .
2000 mm

238/961 mm

1800 mm

10

4/6

640

8

+ 41 mrad

25 pm

152 pym

152 pym

0.13 kV/mm

C0O, 92%-Isobutane 8%

Average drift velocity 9 um/ns
Amount of material:
Inner wall 0.009 Xq
Wires 0.020 Xg
Gas 0.006 Xo
Quter wall 0.018 X4 '
End plates and electronics 0.20 X
Table 3.4: The CDC parameters. ’
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and 24 guard wires. The sense wires are made of tungsten, 25 pm radius and the resistance
is 300 2. The field and guprd wires are made of Cu-Be with 152 um radius. The guard wires
are surrounding the sense wires to shape electric fields. High voltages are applied to the ﬁe;ld
and guard wires to make electric fields. The charged particle passihg through a cell creates
electrons liberated by ionizing the gas. The liberated electrons drift in the electric field(0.13
kV/mm) towards sense wires at a constant velocity of 9 ym/ns. Near the sense wires, they
are accelerated by the fields and make avalanches of ~ 10° electrons which are detected by
the sense wires. The zy position is calculated from the drift time under the assumption
of constant drift velocity. The spatial resolution(in zy) for each wire is approximately 100
pm. The signal is read out at both ends to measure the z position by charge division. The
measurement error of z position is approximately +1 mm in reconstruction of tracks. The
momentum of the charged particle is determined by the hit information along the particle

trajectory. In the barrel region, momentum resolution is formulated by

% = 1/0.012 + (0.0025p)2. (3.2)

Using the CCD hit constraint, momentum resolution is improved to

f’% = 1/0.012 + (0.0015p)2. (3.3)

The basic CDC parameters are summarized in Table 3.4.

3.2.3 Endcap Drift Chambers

At angles of less than 30° with respect to the beam axis, the tracking resolution and efficiency
of the CDC degrades drastically since the tracks only pass through a fraction of CDC layers.
The endcap drift chambers track charged particles in the forward and backward regions
between 12° and 40°. The EDC consists of two sets of drift chambers, inner and outer,
in both endcaps, placed at 2 = +1.2 m and = +£2.0 m. Each of four drift chambers has

three superlayers with a relative rotation 60°. The inner- and outer-chamber superlayers
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Figure 3.8: Cherenkov angle.

comprise 22 cells and 24 cells, respectively, with six sense wires per cell in both chambers.

The maximum drift distance in a cell is 50 mm, and the average local resolution is ~ 140u

m. The momentum resolution(31] is o(p)/p = 1/0.0152 + (0.003p)>.

3.2.4 Cherenkov Ring Imaging Detector

Particle identification in the SLD is performed by the Cherenkov Ring Imaging Detec-
tor(CRID). The CRID provides m, K and p separation over a wide range of momenta by
measuring Cherenkov angles, not a simple yes/no decision between two particle species over
a limited momentum range. The particle identification from the CRID with ;/ertex informa-
tion obtained by the VXD is expected to allows extremely clean charm and bottom signals
to be obtained with high efficiency.

A charged particle at velocity above the speed of light in a mediiim emits Cherenkov
photons coherently at a constant angle(d,) relative to the direction of motion(See Fig. 3.8).
The speed of light in the medium is ¢/n where n is the index of refraction of the medium
and c is the speed of light. The emission angle, 4., is given by the partidle velocity, ¢, and
the speed of light in the medium: .

g 1
e = B = —, 3.4
cos 6, Bt~ np (3.4)
where t is the time of flight of the particle.
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passes through the CRID and produces Cherenkov lights in both liquid and gas radiator.
The Cherenkov light emitted in the liquid radiator enters the drift box directly while the
light produced in the gas radiator is focused back onto the drift box by spherical mirrors
and forms a sharp image. The number of transmitted photons is 10~20 for both radiators.
The drift box is filled with a gaseous mixture of CoHg and 0.1% TMAE(Tetrakis Dimethy!
Amino Ethylene). The photons from the both radiators pass through quartz windows on
the front and back of the detector box and are converted to electrons by photo-ionization
gaseous TMAE, which has a very high quantum efficiency in the wavelength range from 170
nm to 220 nm. The drift box is surrounded by a field cage, shown in Fig. 3.9. which provides
a uniform electric field along z direction. The electrons are drifted by the electric field at
constant velocity towards anode sense wires. Near the sense wires, they are accelerated, make
avalanches of electrons before reaching anode. Three coordinates of the point of origin of

photoelectron are measured as the drift time of the electron, the wire address and conversion
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Figure 3.10: Schematic of the CRID drift box.

depth, which is determined by charge division(see Fig. 3.10). The basic parameters of the
CRID are summarized in Table 3.5.

3.2.5 Liquid Argon Calorimeter

The measurement of energies of particles is done by the Liquid Argon Calori.meter(LAC).
The LAC was designed to have excellent energy resolution both for electro-magnetic and
hadronic particles and to be fully hermetic. For this purpose, the LAC was placed inside the
magnet coil to avoid degrading the performance of the calorimeter due t;> energy absorption
in the material of the coil. The LAC consists of barrel and endcap, each section has two
electro-magnetic layers(EM1,EM2) and two hadronic Iayers(HADl,HAQ?). The shape of
the barrel LAC is 6 m-long cylinder annulus with an inner radius of 2 m and an outer radius
of 3 m.

The LAC is made of stacks of lead tiles interspersed by gaps filled with liquid ar-
gon(cell). Each cell is composed of a liquid argon ionization chamber, located between

parallel lead electrodes, held apart by plastic spacers(Fig. 3.11, 3.12). The tiles are alter-
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! Liquid Gas

Radiator Material CgF4 CsF12
Index of refraction 1.277 “1.001725
Thickness of radiator 1cm ~ 45 cm
Cherenkov angle (8 = 1) 672 mrad 59 mrad
Radius of cherenkov ring (8 =1) 17 cm 29 cm
Number of photoelectrons (§ =1) 14 14
Momentum threshold

e 1 MeV/c 9.5 MeV/c

™ 023 GeV/c 2.6 GeV/c

K 0.80 GeV/c 9.1 GeV/c

P 1.50 GeV/e 17.3 GeV/c

Table 3.5: The barrel CRID parameters.

Tower signal wire,
insulated over plates,
soldered to tiles.

Load bearing spacer columns,
location of stainless steel bands.

(]
[ 7X1Y

Figure 3.11: Schematic of LAC segment.
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Figure 3.12: Schematic of LAC.
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Figure 3.13: Schematic of the WIC layers.

nately at ground potential and at negative high voltage. Lead is used as absorber as well as
electrodes. The LAC measures ionization in the liquid argon which is proportional to the
energy loss of the incident particle. Therefore the energy of the particle is calculated from

the collected charge. The resolution of energy measurement of the EM section is

o(E) 0.8 ‘
= (3.5)
That of HAD section is
g(E) _ 055
E = U5 (3.6)

3.2.6 Warm Iron Calorimeter

The Warm Iron Caloriméter(WIC) is the outer structure of the SLD, consisting of a barrel
part and two endcap parts. The barrel part is divided into eight sections, which are 6.75 m
long and 1.18 m thick. The WIC has three purposes : The first use is to absorb and measure
the leakage of the hadronic showers from the LAC. The second is to identify muons. Finally,
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Figure 3.14: Schematic of the LUM.

the WIC serves as a flux return for the 0.6 T solenoidal magnetic field. The structure of
the WIC is segmented into 14 layers, 50 mm thick iron with 32 mm gaps instrumented with
streamer tubes as shown in Fig. 3.13. The tubes are made of the graphite coated plastic 9
mm X 9 mm tubes(l mm thick) with 100 sm diameter Be-Cu wires. The tubes are filled
with a gas mixture of 88% carbon dioxide, 9.5% isobutane and 2.5% argon and 4.75 kV high
voltage is applied to the wirés. On the top and bottom of the tubes, there are stripes of G10
plated with copper patterns in shapes of strips and pads. Charged particles create streamer
discharges in the tubes, which induce signals on the strips and pads. "I‘heE strips run parallel
to the tubes to track muons. The pads are segmented so that they continue the projective
tower geometry of the LAC to measure the shower energies. Fourteen l;Lyers of iron and
streamer tubes are divided into two radial layers. The seventh and fomjteenth layers are

double layer chambers to give two-dimensional position information for muon tracking.

3.2.7 Luminosity Monitor
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The Luminosity Monitor and Small Angle Tagger(LMSAT) and the Medium Angle Silicon
Calorimeter(MASiC) medsure electromagnetic showers in the 23-190 mrad region of 4. This
measurement determines the integrated luminosity of the SLD by detecting Bhabha (ete™ —
e*e™) events. The cross section for this process, dominated by the p’hoton exchange t-channel
process, has been calculated with high precision. The LMSAT and MASIC are located
on both sides of the IP. They are cones of silicon detector centered around the beampipe
with a projective tower structure like the LAC. The LMSAT, a silicon-tungsten sampling
calorimeter, covers the angles from 23 to 68 mrad at a distance of 1 m from the IP. It consists
of 23 tungsten plates of 3.5 mm thickness, spaced 4.5 mm apart, for a total of 21 radiation
lengths. Like the electromagnetic part of the LAC, the LMSAT is split up in EM1(first 6
layers) and EM2(remaining 17 layers). The MASC, lying at 31 cm from the IP and covering
from 68 to 190 mrad, consists of ten 6.6 mm thick tungsten and is split up in EM1 and EM2.
The energy resolution of the LMSAT is 23%/VE and the angular resolution is 86 = 0.3

mrad and d¢ = 6.5 mrad, which are adequate to measure Bhabha events.

3.2.8 Magnetic Coil

The magnet, located between the LAC and the WIC, is a 5.9 m diameter and 6.4 m long
normal coil made of aluminum cooled by water. A magnetic field of 0.60 T in the center
of the coil is provideci by a current of 6600 A through 508 turns. The steel in the barrel
and endcap WIC provides the return flux path for the magnetic field. The radial and z

components of the magnetic field are given by

B, = Bﬂi
" " Tp20
2___2 2
B, = B'+05B° . — 22 (3.7)
z r ToZo .

where BY = 0.0214T, B? = 0.601T, ro = 1.2m and 2z, = 1.5m agrees with measured field to
with 0.05% inside the CDC and to within 0.4% for the EDC. The uniformity of the field is

more than adequate for the momentum measurements.
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|

Parameter Name Default Optimized
value

Agcp  PARE(21) 0.25GeV  0.26 GeV
Qo PARE(22) 2.0GeV 1.0 GeV.

o, PAR(12) 04GeV  0.39 GeV
a PAR(31)  0.50 0.18

b PAR(32) 0.90 GeV—? 0.34 GeV~?

Table 3.6: Main parameters of JETSET 6.3.

3.3 SLD Monte Carlo

The Monte Carlo simulation has a very important role in this study, to determine the
accurate detector efficiency and acceptance, and to estimate the performance of jet flavour
tagging. The Z° hadronic decays are simulated by the JETSET 6.3[21] event generator with
a hybrid heavy hadron decay model. The SLD detector response simulation is performed by
using GEANT 3.15[32].

The parton shower option for the parton configuration and the string fragmentation
option for the hadronization process are chosen for JETSET. Many ‘parameters exist in
JETSET to control the QCD and hadronization processes of the Z° decay products. We
use the parameters determined by the TASSO collaboration{33], which have been found to
be in good agreement with data at Z° resonance[34]. The major pai'ameters used for the
SLD simulation are listed in Table 3.6. The parameter Agcp is the QQD scale parameter,
described in chapter 2.4.2, used to determine parton branchiné. Qo is the cut-off mass of the
parton shower evolution. o, is the width of the Gaussian transverse momentum distribution
for the hadronization process in eq. 2.15. a and b are the parameters of the symmetric
LUND fragmentation function in eq. 2.16.

For the heavy quark fragmentation function, the Peterson function[35] is chosen with

€ = 0.006 and ¢, = 0.06 for b quark and c quark, respectively. The LEP experiments

41



3.3 SLD Monte Carlo Experimental Apparatus Experimental Apparatus 3.3 SLD Monte Carlo

have found that the M.C. simulation with those parameters reproduces the experimental
data[36] well including the average total charged multiplicity of Z® hadronic events[37]. To
be consistent with recent measurements of B meson decays, the M.C. parameters are tuned

as follows[38):

¢ Semileptonic decay

Particles from B decay (N) (V) The ISGW([39] form factor model is used for the semileptonic B meson decays. The
Monte Carlo Measurements '
. 0.110 0.104 £ 0.004[8] branching fractions to e, # and 7 are set to 0.11, 0.11 and 0.03, respectively. D,
0.110 0.103 + 0.005[3] D* and D** production fractions in the semileptonic decays are S(?t to 0.33, 0.58 and
0.030 0.041 4 0.010[51 0.09, respectively. A total semileptonic decay branching fraction is 25%. The lepton
D0 0.629 0.621 + 0.026[47] momentum spectra from B, and By with these parameters give good agreement with
the recent CLEO data[40).
D+ 0.259 0.239 + 0.037[42]
D, 0.099 0.100 + 0.02542] o Hadronic two body decay
D 0.236 0230 + 0.040[8] A total of 12.5% of the B meson branching fraction is set to the hadronic two body
Charmed baryon 0.060 0.064 * 0.011[g] decays tabulated by the Particle Data Group[8].
J/y 0.014 0.013 + 0.002[8]
D™D 0.065 0.050 = 0.009[g] ¢ Baryon production ‘
t(direct) 3.564 3.59 & 0.11[43] A total of 6% is set to the charm baryon productions based on the CLEO measurement[41].
K* 0.765 0.78 + 0.04[43] . . e _
The remaining 56.5% of the branching fraction is attributed to the inclusive particle
K° 0.692 0.64 £ 0.04[43) . . . . ‘
production fractions by using the modified JETSET heavy hadron decay package. Table 3.7
P 0.092 0.080 + 0.005[8] . .
shows the comparison of the average number of particles produced by B, and By decays
A 0.023 0.040 £ 0.005(8]

between the data and the Monte Carlo simulation, and is indicating good agreement with
Table 3.7: Average numbers of particles from B, and By mesons’ decay. data. i

The detector simulation of the SLD is performed by GEANT 3.15, which provides
the detector response to charged and neutral particles produced by the event generator.
GEANT swims particles inside the SLD from the IP, according to particle momentum and
the magnetic field with a geometric description of the SLD. During the swimming, multiple

1]
scattering, energy loss of the charged particle, nuclear interaction with the detector material,
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gotren: hun Data fol: 0 \
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Crossing’ 1920161150 N !

S

Figure 3.15: CDC vector hits with fitted tracks. Two vector hits per one cell are displayed.
The circle in the center is the inner wall of the CDC. The tracks found in the CDC are
extrapolated to the CDC and to the CRID.

delta ray and pai

0
3
£

hen the detector response
is calculated with appropriate errors. To simulate the electronic readout noise and the
beam backgrounds, the raw data produced by GEANT are overlaid with the experimental
background data, taken by the random trigger as described in chapter 4.3. The random
trigger data also provide information on the dead detector channels and the high voltage
status of the CDC. Then, the overlaid raw data are processed by the same standard event

reconstruction program as the real raw data are processed.

3.4 SLD Event Reconstru‘ction

The event reconstruction of the SLD data is processed by the standard SLD event recon-
struction package which is a collection of subsystem programs. The raw data are processed

by each subsystem program first, and then all information is combined to a simple data struc-
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Figure 3.16: CDC hits linked to the CDC tracks. The circle is the CDC inner wall. Only
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the CCDs linked to the tracks are displayed. Tracks are extrapolated to the IP. Some vector
hits in the CDC are also displayed.

ture. In the following, the reconstruction procedure for charged tracks is outlined, which are

used in this analysis.

The main tracking device for charged particles is the CDC. The raw data of the CDC
essentially contains hit information on sense wire number, charges measured at both ends of
the sense wire and the time between the beam crossing and the ar;ival of the signal. The time
information of the hit is converted to the drift distance using an appropriate drift velocity
in the CDC cell. The drift velocity is a function of the gas pressure, gas temperature, gas
mixture rate and electric filed in the cell. To obtain the drift velocity precisely, a drift speed
monitor is installed in the CDC. After converting the drift time to the drift distance, we can
calculate the ionization point, on which the charged particle passes, with information of the
drift path calculated by the electric field in the CDC cell. Using all of the ionization points
in the cell, two track segment vectors, called “vector hits”, are determined by a fit which

L
minimizes the x2 of residual distance of the ionization points to the track segment vector.
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We have two vector hits because it is not possible to determine on which side electrons are
drifted to the sense wires. Th‘is left-right ambiguity is solved by the pattern recognition with -
vector hits in superlayers. The CDC pattern recognition program{44} i? also used to combine
vector hits into the track(Fig. 3.15). Then, the track found in the CDC is tried to link to the
CCD vertex detector hits to form a complete track(Fig. 3.16). Finally, the track is fitted to
a helix trajectory, which gives the information of the charge and momentum of the charged
particle associated with the track. The information of charge and momentum of the tracks

is written to the Data Summary Tape(DST).
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Chapter 4

Event Selection

In this chapter, we describe the Z° hadronic event selection procedure. The hadronic
event selection is made in three stages. The first is an online event trigger. The second is
an offline filter designed to select Z® hadronic and leptonic decay events. In the final stage,
we select hadronic events in offline analysis.

We obtain ~ 45,000 hadronic events through those stages from the data collected by
the SLD in 1992 and 1993 rurs. 1

Before describing the hadronic event selection, we will review the proi'.»erties of the data

taking and summarize event topologies of Z° decays and physics background event.

4.1 Data Taking

In 1991, SLD data taking started with the engineering run. Tile electroh beams were not
polarized at that time. During three months, about 400 Z° decays were collected. The 1992
run began in June and ended in December with +22% polarized electron beams. About
10,000 Z% were collected. In 1993, the run was started in March and ended in August. Dur-
ing those five months, about 50,000 Z° decays were collected with +63% polarized electron

beams. The electron polarization was improved by a newly-developed strained-lattice GaAs
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mn 1536, EVDNT 3126

Pol: 0
1423078

Figure 4.1: A hadronic event candidate with 4-jet event shape. From the center, CDC,
CRID, LAC, Magnet and WIC are displayed. Charged tracks reconstructed by the CDC
are, shown as white curves, extrapolated to outside of the CDC. Towers in the LAC and

WIC represent amounts of energy deposits.

photocathode.
In this analysis, we use the data of 1992 and 1993. The data of 1991 was taken by

different detector configuration and was not used for this analysis.

4.2 Event Topologies

The following are the event topologies considered for this study:

1. Z° hadronic decays(Z° — ff — hadrons)
70% of Z° decays are into hadrons.b The charged multiplicity of a hadronic decay is
large(~ 20 average), and a large amount of energy is deposited in the calorimeters.
The total momentum of the event is well balanced. A hadronic event candidate with

4-jet event shape is shown in Fig. 4.1.
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Figure 4.2: A wide angle Bhabha event candidate. Two back-to-back charged tracks, shown
as white lines, are detected by the CDC{central black circle). They deposit all of their
energies in the EM section of the LAC. Other energy deposits in the LAC are considered as

beam related backgrounds.
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Figure 4.3: A p pair event candidate. Two back-to-back charged tracks are detected by the Figure 4.4: A 7 pair event candidate. There are one track in right side and three tracks in
CDC and the WIC. These tracks penetrate all calorimeters. There are small amounts of left side.

energy deposit in the LAC and WIC on their trajectories.

2. Z°% -5 e*e~, Bhabha events

Bhabha events are detected by the LUM because they have small angle from beam
axis. Bhabha electrons deposit all of their energy in just one or two electromagnetic
calorimeter towers. The energies and momenta of the two tracks are balanced. A

Bhabha event candidate is shown in Fig. 4.2.

AT
These events have two back-to-back tracks, like Bhabha events. Because most of those
tracks penetrate all calorimeter layers, p*u~ events are easily identified. A g pair

event candidate is shown in Fig. 4.3.

VAR Ak
The 7 decays into single charged track(~85%) or three charged tracks(~15%). There-

fore about 25% of 7 pair events have one track in a hemisphere and three tracks in the
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other hemisphere. Their decay has at least one neutrino which is not detected by the
SLD. So these events can be unbalanced in energy. A 7 pair event candidate is shown

in Fig. 4.4.

. Two-photon processes '

The two-photon process is defined as e*e™ — e*e”ff , where f is a quark or a
lepton(Fig. 4.5 (a)). The e* and e in the final state travel along the beam axis and
are not detected. If f is a quark, ff make two low energy hadron:jets. The lepton
pair or hadron jet pair are balanced in transverse momentum and are imbalanced in

longitudinal momentum.

. 7Y~y process

This is a pure QED process to exchange a virtual electron in t-channel. The Feynman
diagram of this process is shown in Fig. 4.5 (b). The signature for the y-vy process is

two back-to-back 45 GeV photons.
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Figure 4.5: Feynman diagram of a two-photon process and a -y process.
4.3 Event Trigger

The SLD trigger{45, 46] is designed to record Z° events efficiently, while vetoing beam related
béckground as much as possible. In order to decide whether to accept or veto an event, either
tracking devices(the CDC and the WIC) or calorimetry(the LUM and the LAC) are used.
The trigger decision time is ~4 msec and typical readout time for the entire detector is about
200 msec. Typical trigger rates were 0.5 ~ 2 Hz, depending on the beam conditions. There

are seven different triggers to record several kind of physics events on tape.

1. Energy
The sum of energy deposits in the barrel and endcap LAC above thresholds is greater
than 4 GeV, where the thresholds for the EM and HAD section are 154 MeV and 811

MeV, respectively. Only calorimetry information is read out by this trigger.

2. LUM
The sum of energy deposits for each LUM EM2 section above threshold is greater than
12.5 GeV, where the threshold is 1.25 GeV. Calorimetry information is read out.
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4.}1 Offline Filter
L

Event Selection

3. WAB
The sum of energy deposits in the LAC EM section above threshold is 15 GeV, where
threshold is 154 MeV. All subsystems are read out by this trigger.

4. Tracking

Followings are required for this trigger:
(2) at least two CDC tracks,

{(b) opening angle of two tracks > 30°,

(c) trigger rate < 0.1 Hz.
All subsystems are read out.

5. Hadronic
There is at least one CDC tracks, and the energy trigger is satisfied. All subsystems

are read out.

6. Muon

There are two back-to-back barrel WIC tracks. All subsystems are read out.

7. Random 1
This is triggered every 2,400 beam crossings(20 sec.). All subsystems are read out.
The energy thresholds shown above were changed several times. The actual readout
thresholds for the data analysis are much lower(5/8/41/41 MeV for EM1/EM2/HAD1/HAD2).
A CDC track is defined to have at least nine superlayer hits in the CDC, \:Jvhere the superlayer
hit is defined to have at least 6 sense wire hits in a superlayer. A WIC'track is defined to

have at least 4 hits. The data taken by the Random trigger is used for background studies.
|

4.4 Offline Filter

This stage is needed to select good candidates of Z° hadronic decays and charged lepton

pairs(ete™,u*tu~,7t77) from the triggered events. To select hadronic decays, the following
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criteria are required to be satisfied:

|
1. The total energy deposit in the barrel and endcap LAC is greater than 14 GeV. 0.7

-
8 P cut cut
@ o Bl
2. The energy deposit in the endcap WIC < 11 GeV. This cut rémoves SLC muon back- 2 06 v e = .
Q ol e’
grounds produced at up stream of the beams. % 05 3
S04 F
3. Eims. < 0.9 and (Eims. + S) < 1, where S is the sphericity[47] and E;ns. is the energy % 03 3
imbalance defined as 02 E —— Data
o1 _ JL MonteCarlo
E,-mb,zé’—'"—l—:——EM. (4.1) 05‘..'...|..,|...|x..1.;.|...|“.t...,..
Ehemt + Epema -1 08 06 04 02 0 02 04 06 08 1
cos6

Ehemi and Ehg.ma are the energy deposits in the two hemispheres divided by the plane
perpendicular to the sphericity axis. The sphericity S is defined by .
‘ Figure 4.6: cos# distribution of charged tracks. Data and M.C. are normalized in the range

ZP?T | o8 Brae| < 0.8.
i

S = —min (4.2)

2 >op?

where subscript T denotes transverse momentum to the axis, called sphericity axis,

which minimizes the sum in the numerator. The sphericity lies in the range 0 < 5§ < 1. % 16 + —+ Data
Events with S & 1 are rather spherical and events with S = 0 look like a back-to-back E i; ; __ MonteCarlo
2-jet. ‘ = F
1 =
To identify pf1, a pair of WIC strip tracks are required to be roughly back-to-back. A 0.8 E_
7T event is required to have at least one CDC good track with momentum greater than 1 06 2
04
GeV. 02 £ cut ,
0 E SIS AT INITAT T I AU E SR T o I
0 0.1 0.2 0.3 04 0.5 0.6 0.7 08 .9 1
4.5 Hadronic Event Selection Pt (GeV/c)

The events passing the offline filter are fully reconstructed and written to data summary . o .
Figure 4.7: P, distribution of charged tracks. Data and M.C. are normalized in the range

tapes. To select the events suitable for this analysis, we define good tracks first. Then good P> 015
, > 0.15.

hadronic events are selected using the good tracks. The good tracks are selected by requiring
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Figure 4.8: Charged multiplicity(ne) distribution of Z® hadronic decay candidates. Data Figure 4.10: cosBerus: distribution of Z° hadronic decay candidates. Data and M.C. are

and M.C. are normalized in the range n., > 5. normalized in the range | cos finrus| < 0.7.

1. jcosbqek| < 0.8,

2. A transverse momentum(F;) greater than 0.15 GeV/c,

o
[l
v

2 [ cut
A C <
%J 004 & 3. R<5cm,
Zo — Data
o F
Zoo03 . MonteCarlo 4. |2] <10 cm.
0.02 F Due to limited CDC coverage in polar angle, cut 1 is required. In Fig. 4.6, cos8;rgex dis-
E tributions of the data and the M.C. are shown. In the central region, the M.C. reproduces
001 - the distribution of data well. Outside the coverage of the CDC(| cos8| > 0.8), the track re-
0 S N T DU TR T T T L construction efficiency drops off, and the M.C. simulation slightly overestimates the tracking
0 10 20 30 40 50 60 70 80 90 100

Evis (GeV) efficiency. Thus cos§ = +0.8 is chosen to remove tracks which are poorly measured and are
not simulated by the M.C. well. The P; distributions of charged tracks is shown in Fig. 4.7.

In th ion, the M.C. simulation is different from the dat ich has slightly soft:
Figure 4.9: Visible energy(E,;,) distribution of Z° hadronic decay candidates. Data and n the low P region, the simulation is different from the data which has slightly softer
. 1s i to the di Ity of si ti i i t
M.C. are normalized in the range By, > 0.2Ecn. P, spectrum. This is due to the difficulty of simulating multiple scattering of low momentum
tracks. P, > 0.15 GeV/c is chosen to ensure consistency between data and M.C. These low
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momentum tracks are considered to be mostly originating from -y conversions. Cuts 3 and 4
using the track position dlosest to the IP, R and z, exclude the tracks which do not originate
from the IP.

After the good track selection, the charged multiplicity(nch);‘ the sum of charged track
energy(called visible energy, E,;,) and the thrust axis[47] of the event is calculated with

selected charged tracks. We apply following cuts to select hadronic events.
1. ng 25,
2. E,is > 20% of E.,, where E,;;, is the sum of energy of charged tracks assumed as pions,
3. | cosBmpuse| < 0.71,

4. Maximum momentum of charged tracks in an event < 50 GeV/c.

In Fig. 4.8, the charged multiplicity distributions are shown. We observe an excess of
low multiplicity events of the data for n., < 5. Those are expected to be lepton pairs and
the beam related backgrounds which are not simulated in the M.C of hadronic events. Cut
1 ié required to remove those lepton pairs and beam-related backgrounds. In Fig. 4.9, the
E,;s distributions for the data and the M.C. are shown. We observe many low E,;; events
in the data and these are not simulated in the M.C. Most of these events are considered to
be beam related backgrounds. These backgrounds are eliminated by cut 2.

The thrust T, used in the cut 3, is defined as,

where i runs over all tracks, p; is the momentum of track i and t is the thrust axis chosen to
maximize the value of T. The distributions of cos 6;hrust are shown in Fig. 4.10. Events with
the thrust axis close to the beam direction(0.8 < | cos §jpeuse| < 1) are not well reconstructed
and not simulated well in the M.C. Thus those events are excluded in the analysis.

In Table 4.1, the track and event selections are summarized. The total number of

selected hadronic events is 36,767 for both 92 and ’93 runs.
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Year 1992 1993

Before selection

# of events after offfine filter 39,673 107,268

# of tracks 270,573 1,033,781
Track selection

# of good tracks 155,094 676,823 -
Event selection

# of good tracks > 5 9,304 41,865

Eyis/Eem > 0.2 7,185 33,745

max(P) < 50 GeV/c 7,098 33,436

| S Bypruee| < 0.71 6,446 30,321

Table 4.1: Summary of track selection and hadronic event selection. E,; is the sum of

energies of charged tracks. E, is the center of mass energy.
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4.6 Background Estimation

The major sources of ba’ckgrounds in the hadronic events selected in previous section are
77~ pairs, two photon processes and beam-related events. In this section, we estimate
those background contaminations in our hadronic event samples."The total contamination
of backgrounds in the hadronic event sample is estimated to be less than 0.4%. This value
is considered to be negligible in this study because we apply more tight cuts for selecting
good 3-jet events in this analysis. Thus, the background contaminations is not taken into

account in further analysis.

4.6.1 7+t7~ Events

The main 7 decay mode is charged 1-prong decay! and its branching ratio is 85.5%(8]. The
branching ratio into charged 3-prongs is 14.4%. Table 4.2 summarizes expected charged
multiplicity of 717~ events. In the hadronic event selection, we require at least 5 charged
tracks in an event. This cuts out 97.7% of 7+ 7~ events naively. A more precise estimation of
777 event contamination can be done using a Monte Carlo simulation. The same selection
criteria as the hadronic Z° events are applied to a large number of generated M.C. 7+7~
events. We have 4.20% % 0.13%[48] of the 7~ pairs which pass the cuts. This number
is larger than the naive expected value 2.3% due to additional charged tracks in a 7+7~
event created by radiative photon conversions or interactions in the detector material. The
contamination of 7H7~ pairs is estimated to be 0.20% £ 0.07% by multiplying by the ratio
BR(Z° = 7+7-)/BR(Z°® - hadrons)= 4.7 %.

4.6.2 Two-Photon Processes

The cross section for this process is estimated to be 6.5 nb[49] at /s = Mz, about one fifth
of the hadronic cross section. However, these events are not energetic enough to trigger the

detector. Most of events are very forward peaked and do not deposit a significant amount of

one charged and multiple neutral particles
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1

7~ decay mode 7+7~ decay charged multiplicity = Ratio

1-prong & 1-prong 2 731%
1-prong & 3-prong 4 246%
3-prong or more & 3-prong or more 6ormore 23%

Table 4.2: Summary of 7+7~ event multiplicity.

energy in the detector. As 7+7~ background estimation, two photon processes are simulated
by the M.C. It turns out that 0.5% = 0.1%[48] of two photon processes pass the hadronic
event selection cuts. The rate of two photon processes in hadronic event sample is therefore

estimated to be 0.10% < 0.03%.

4.6.3 Beam Related Events

The events caused by the interactions of the beam with the beam pipe wall or a nucleon
of a residual gas atom inside the beam pipe are called beam-related events. It is very hard
to calculate the cross sections for these events because they strongly depend on the beam
conditions which can vary over a short period of time. The contamination of these events

was estimated to be less than 0.1%[48].

f
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Chapter 5

Analysis

In this chapter, we make three samples of quark and gluon jets by jet flavour tagging
and compare them. First of all, using the Durham jet finding algorithm, we find 3-jet events
containing two quark jets(q and ¢) and one gluon jet. Then, we make three statistically
independent samples called the “gluon tagged” sample, the “light mixture” sample, and the
“heavy mixture” sample by jet flavour tagging of light quarks(u,d,s) and heavy quarks(c,b).
The gluon tagged sample is enriched with gluon jets. The light(heavy) mixture i\s the mixture
sample containing light(heavy) quark jets and gluon jets. These three sa,mplles have different
compositions of flavour and thus allow us to compare properties of quark and gluon jets.
In particular, we compare three jet properties:charged multiplicity, inclusive energy fraction
and angular width. To unfold the pure state of light quark, heavy quark and gluon jet, we
use the M.C. to estimate the compositions of each jet sample. Only charged tracks are used

in this analysis. i

5.1 Three Jet Event Selection
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Figure 5.1: n-jet rates as a function of y.,s with Durham jet finder. The symbols represent
the data points; 0O:2-jet events, 0:3-jet events, ¢:4 or more jet events. The solid curves

represent the M.C.
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Figure 5.2: Definition of variables for 3-jet event. Three arrows represent jet axes.
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Figure 5.5: ¥ ¢; distribution of jets in 3-jet events.
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5.1 Three Jet Event Selection Analysis

In order to select 3-jet events, we apply the k; (Durham) jet finder{50] to the selected hadronic

events. In each hadronic gvent, the quantity

2 min(E?, E?)(1 — cosé;;)
Yij = E]Q J ) | (01)

vis

is calculated for all pairs of particlesi and j, where E; and Ej are the energies of two particles,
8;; is the opening angle between them, and E.;, is the sum of the energies of all particles in
the event. We assume that all charged particles are pions in this analysis. Two particles(or
jets) 1 and j with the smallest y;; in the event are combined as a jet if y;; is smaller than a
certain threshold value y.,,. The four-momentum of the combined jet is equal to the vector
sum of the constituent particles. This procedure is repeated until allly,-,v exceed Y. Fig.
5.1 shows the n-jet rates as a function of y,; from data(symbols) and M.C. simulation(solid
lines). The number of found jets depends on Yeur. At Yo = 0.003, the fraction of 3-jet events
is maximized. Howeveér, the fractions of 2-jet and 4 or more jet events change very much
around ye.; = 0.003. Therefore, the 3-jet event sample found around 0.003 includes 2-jet
or 4-jet like events which will be removed after the “well measured 3-jet event selection”,
described later. To obtain the maximized fraction of “well measured 3-jet event”, we choose
Yeur value 0.007.

After selecting 3-jet events using the Durham jet-finder, we apply further cuts to obtain
well-measured events. ’Fig. 5.2 shows a schematic of a 3-jet event. The three arrows represent
the axes of the jets determined by the jet-finder. E?** is the sum of particle energies contained
in a jet. ¢; is the angle opposite to the jet i. The jets are ordered by jet energy(FEje::) as
Eietn) > Ejera > Ejer3. Ejer,i is calculated in terms of Ecy and the angles i(Fig. 5.2) by

sin g;
sin @1 + siny, + sin 3’

Ejei = Ecy (5.2)

The following cuts are applied to obtain well-measured 3-jet events.

1. |cosBj.] < 0.7,
where 0}, is the polar angle of a jet. This is required for all 3 jets so that all jets are

contained in the sensitive barrel region of the CDC. In Fig. 5.3, the distributions of
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P
cos 8¢, are shown for the data and the M.C., representing that the jet reconstruction

efficiency drops at cos ;. > 0.7 and cos ;. < —0.7.

2. E¥* > 5.0 GeV,
In Fig. 5.4, the E,;; distributions are shown for the data and the MC A jet with low
visible energy is considered to be a low energy jet or a jet with large missing energy.
The error on the jet axis determination increases as E,;, gets smaller. Thus we require

that E,;, of all jets in an event is greater than 5 GeV.

3. S0 > 358°,
2':‘9" is the sum of the angles between jets, and should be 360° if we measure all
piarticles in an event perfectly because the Z° decays at rest. The deviation of the sum
of the angles from 360° in Fig. 5.5 is due to the effect of undetected neutral particles
and measurement error of charged track momenta. We exclude poorly measured events

which lie in the long tail in Fig. 5.5.

Fig. 5.6 shows a display of a typical 3-jet event which satisfies the 3-jet event selection
criteria. Table 5.1 summarizes the 3-jet events from the data and the M.C. obtained from this
selection. We obtain 5,693 good 3-jet events out of 36,767 hadronic events, corresponding

to 15.4% of the hadronic events.

5.2 Flavour Tagging of Jets

Flavour tagging of jets is based on the long lifetime of heavy quarks(b and c) and their large
boost in Z° decays due to the hard fragmentation functions. The averaga'e momentum of B
mesons produced by the Z9 decay is ~ 38 GeV/c and its average decay ler\lgth is ~ 2.2 mm.
Therefore, tracks from the heavy hadron decay typically have large impact parameters[51]
and large transverse momenta relative to the initial hadron direction due to the large mass
of the heavy hadron. The impact parameter(d) is defined as the closest approach of the
extrapolated track to the IP in the z-y plane, as shown in Fig. 5'7. The IP used to measure
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Run 23!2\,‘: EVENT 1909
Eéﬁ“g:;?’:.ési::m Fodion van + sign tracks
i - sign track B4 Jet axis
-
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-
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Figure 5.7: Definition of the impact parameter.
- wny e T 1 -y
Figure 5.6: A hadronic event candidate with three jets. The charged particles tracked by
the CDC are shown as curves. The inner and outer wall of the CDC are also shown. The
tracks are extrapolated to the CDC vertex detector. 3 E b S significant tracks
e r —— Data
£ _,[ - MonteCarlo
g 0F
E D Tracks from secondary vertices
Cuts Data Monte Carlo 10°L
# of events Ratio to  # of events Ratio to 3
3-jet events 3-jet events A
-3
3-jet events 11,729 1.0 46,864 1.0 10
| cos fel] < 0.7 9,428 0.804 % 0.011 37,384 0.798 - | g
Evs > 5.0 GeV 7,216 0.615 4 0.009 29,660 0.633
Z @; > 358 5,693 0.485 + 0.008 23,872 0.509

Figure 5.8: Weighted impact parameter(c*™) distribution. The tracks with ¢'™? > 3 are

Table 5.1: Summary of 3-jet event selection.

68

defined as the significant tracks, which is used for the jet flavour tagging.
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the impact parameter is determined by fits to events close in time to the event under study?.

Heavy quark jet tagging s made by a precise measurement of the impact parameter and

independent determination of the IP position for each event.
The weighted impact parameter(ci™P) is defined as

i b
mp — 5
T a— 3 (5.3)

where b is the impact parameter and 6b is its measurement error. The sign of the impact
parameter is determined by the position of the crossing point of the jet axis and the track(Fig.
5.7). If the crossing point is in front(back) of the IP, plus(minus) sign is assigned.

The distribution of the weighted impact parameter of the data is shown as crosses
in Fig. 5.8. The histogram shows the M.C. simulation, in which the contributions of the
tracks originated from the IP(primary vertex; shaded) and originated from the secondary
vertices(non-shaded) are shown separately. The M.C. simulation reproduces the distribution
of the data well. The distribution is seen to be asymmetric with more entries at positive
values of the weighted impact parameter than at negative values. The M.C. shows that
such an asymmetry is caused by the tracks from secondary vertices. On the other hand,
the tracks from the IP have a normal distribution with mean value zero. Such asymmetry
enables us to tag jet flavour as heavy or light quark. We define a significant track to have

imp

a weighted impact parameter greater than a certain value, o;,”, with high tracking quality.

The following criteria are required to select the significant tracks:

im, imp
1. o™ >o0gq,

where a;;';’f = 3 in this analysis,
2. radius of track starting point < 40 c¢m,

3. more than 40 hits in the CDC,

4. |z| at the closest approach to the IP < 1.5 cm,

!The SLC beam size is very small and stable in the transverse dimensions[51]. Its size was 2.2 ® 2.2 um?

in 1992 and was reduced to 2.4 ® 0.8 um? in 1993.
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5. CDC track fit quality x2/df < 5,
where df is the number of degree of freedom in the CDC track fit,

6. at least one good VXD hit,

7. CDC and VXD combined fit quality x?/df < 10,
where df is the degree of freedom in the CCD and CDC combined fit,

8. impact parameter b < 3 mm,
9. the error of impact parameter §b < 250um.

We assume that such significant tracks originate from the secondary vertices of heavy
hadrons. The significant tracks are used to tag heavy- and light-quark jets. Heavy-quark
jets are tagged by requiring two or more significant tracks in a jet. Light-quark jets are
tagged by no significant tracks in a jet.

Using this jet flavour tagging method, we classify the following three samples of jets.

(a) Gluon Tagged sample:

We first assume that the highest energy jet in a 3-jet event is a quark jet?. In the
3-jet configuration, it is most probable to be a quark(or anti-quark) jet i)ecause of the
bremsstrahlung nature of gluon radiation from the initial quarks. The probability that
the highest energy jet is a quark jet is estimated to be 93.5% by the M.C. Thus, the
two lower energy jets are quark and gluon jets. If one of two lower ehg:rgy jets is tagged
as a heavy quark jet, then we can anti-tag the remaining jet as a gluon jet. We refer to
the anti-tagged gluon jets hereafter as “gluon tagged”(Fig. 5.9 (a)). Fig. 5.10 shows
an event display around the IP, which has a gluon tagged jet. i

(b) Light Mixture sample:
The jet flavour tagging method is applied to the highest energy jet in an event. If this

jet is tagged as a light quark jet, then the remaining two lower energy jets are taken

2See Appendix D
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Gluon Light Quark Heavy Quark

Sample | Number of jets Compositions
Gluon tagged 739 86.5% 4.5%
Light mixture 8,096 49.7% 38.7%
Heavy mixture 1,654 51.7% 28 %

9.0 %
11.6 %
455 %

Table 5.2: Summary of three jet samples.

Analysis

to be a “light mixture” sample, which include quark and gluon jets(Fig. 5.9 (b)). In

this sample, light quark jets are enriched. In this selection procedure, it is probable

that there are some events which have a jet also tagged as a gluon jet. Such events are

removed from this sample.

(c) Heavy Mixture sample:

This sample is the same as the light mixture sample, however the highest energy jet

is tagged as a heavy quark jet. In this sample, heavy quark jets are enriched(Fig. 5.9

().

These three samples are statistically independent of each other. It is known that the
heavy flavour tagging efficiency is high for the high multiplicity jets and is relatively low for
the low multiplicity jets because we count the significant tracks in the flavour tagging. To

remove such a tagging bias, the jets which are used for the jet flavour tagging are not included

in the above samples. This is automatically required in the above selection procedure.

The numbers of jets in each sample are listed in Table 5.2 and are shown in Fig. 5.11

as a function of jet energy. The compositions of flavours for the three samples, obtained
from the M.C., are also shown in Fig. 5.11. In the gluon tagged sample, we have a peak

around 15 GeV due to the.phase space of gluon emission from a quark. The contamination

of quark jets in the gluon tagged sample is only 13.5 % in total.
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(a) Gluon Tagged Sample

J20r3 Tagged as
Heavy quark jet

I
Assumed as .
; J Anti-Tagged as
Quark jet 3or Gluon jet

(b) Light Mixture Sample

quark jet

Tagged as

Light quark jet Gluon jet

Tagged as
Heavy quark jet

Figure 5.9: Three samples of tagged jets.
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Figure 5.10: A 3-jet event with a gluon tagged jet. Charged tracks, shown as lines, are
extrapolated into the' IP, the center of this display. Polygons represent the CCD vertex
detector with hits. Hit points are shown as diamond symbols. Two displaced vertices are
formed in the right side and the lower left wide jets. These jets are tagged as a heavy quark

jet. The remaining jet, upper left side, is anti-tagged as a gluon jet.
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Figure 5.11: Ej,, distribution of three samples.
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5.3 Comparison of Jet Properties for Raw Samples

|
We choose three fundamental jet properties to compare quark and gluon jets: charged mul-

tiplicity, inclusive energy fraction and jet width. In the following| we make comparisons of

these properties between the three jet samples.

5.3.1 Charged Multiplicity

Charged multiplicity is a simple count of charged tracks assigned to a jet by the Durham
jet finder. In Fig. 5.12, the average charged multiplicities, {n.) , of the three samples
are shown as a function of jet energy(Ej,;). The error bars shown in Fig. 5.12 represent
statistical errors only. As the jet energy gets larger, the errors on the gluon tagged sample
increase, while the errors on the two other samples decrease. This is due to the statistics of
the samples as shown in Fig. 5.11. The gluon tagged and the heavy mixture have almost
the same (n.) in all energy regions. In all energy regions, the average charged multiplicities
of the gluon tagged sample have a tendency to be larger than those of the light mixture
sample. At E;.. = 36 GeV, the charged multiplicity ratio of the gluon tagged to the light
mixture is 1.21 + 0.06, which exceeds unity by 3.5 standard deviations. ’fhus it is indicated
that gluon jets yield a larger multiplicity than light quarks in this energy region. (n.) of
all samples drop at last bin(Ej.: = 41 GeV). This can be considered that most of those jets
are from 2-jet like events and the reconstruction of jets is imperfect. Therefore, we exclude
those marginal jets from further analysis. We also exclude first bin(0 < Ej., < 8 GeV) for
the same reason. In Table 5.3, the average jet energy (E7*') , average visible energy, and

{ne) for three samples are listed.

5.3.2 Inclusive Energy Fraction

Inclusive energy fraction X is defined as

E articie
Xgp = —”E—‘L (5.4)

jet
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Figure 5.12: Average charged multiplicities.
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SLD

Gluon Tagged Jets

== Light Mixture Jets

- Heavy Mixture Jets

Ejpi(Gev)

Figure 5.13: Inclusive energy fraction(XEg).

where Eporticle is the energy of charged particle assumed as a pion and E}’e‘f is the visible
energy of a jet to which the charged particle is assigned. In Fig. 5.13, the average inclusive
energy fractions, (Xg) , are shown as a function of jet energy. In this plot, the particles
between the axes of tv(ro lower energy jets are removed. This is due to an overlap of the jets
and an ambiguity of track assignment to the jet. In Fig. 5.13, the gluon tagged sample has
a softer energy fraction compared to the light mixture. This is consistent with the results
of (n.) , since we compare {Xg) at the same jet energy. In Table 5.3, (Xg) for the three

samples are listed.

5.3.3 Jet Width

In this analysis, the jet width is defined as the average angle, 8, between the particle momen-

tum vector and the jet axis. In Fig. 5.14, the average jet width, (8) , is shown as a function
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Figure 5.14: Average jet width.

of jet energy, indicating the jet width decreases with the jet energy. The distributions for
the light mixture and the heavy mixture are the same within statistical errors. However, the
gluon tagged sample has larger () in all energy regions except in the last bin. We exclude
tracks between two lower energy jets for the same reason as the inclusive energy fraction. In

Table 5.3, (6) for the three samples is listed.

5.4 Unfolding Distributions for Pure States

f
The measured distributions, shown in the previous section, are the results of mixed samples

of light quark, heavy quark and gluon states with three different fractions. Furthermore,
they are affected by the finite detector resolution, acceptance, and efficiency. To obtain
the distributions for pure states of light quark, heavy quark and gluon jets, we unfold the

distributions presented in the previous section, and correct for the detector effects.
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Bin Sample (Ejet) {Evi) (ren) (XE) (8)
1 Gluon Tagged  6.0240.19 7.3640.26 5.32+0.21 0.187+£0.009 23.87+0.86

Light Mixture 5594009 7.74+0.14 5124010 0.195+£0.004 22214035
Heavy Mixture 5.52+022 8.24+0.51 5.09+0.18 0.194£0.008 23.23+0.85
2 Gluon Tagged 12.34%+0.14 8.73+£0.17 571+0.15 0.175+£0.004 23254 046
Light Mixture 12.2930.06 941+0.09 5.84+0.06 0.171+0.002 21.7940.18
Heavy Mixture 12.20+0.13 9.03+0.18 5.79+0.13 0.173+0.004 22.63 £ 0.42
3 Gluon Tagged 19.95+0.17 11.55+0.27 6.79+£0.19 0.1474£0.004 20.20 4 0.44
Light Mixture 19.98+0.05 12.63+0.10 6.47+0.06 0.154£0.001 19.74+£0.15
Heavy Mixture 20.26+0.11 1268+0.20 6.78+0.12 0.147+0.003 19.6140.31
4 Gluon Tagged 27.41+0.18 14974044 7274022 0.131+0.004 19.83+0.51
Light Mixture 27.98+0.05 15.90+0.13 6.82+0.06 0.146+0.001 18.59+0.15
Heavy Mixture 27.78+0.11 1581£0.27 7.3140.15 0.136+0.003 18.72+0.31
5 Gluon Tagged 35.23+0.31 18.25+0.89 8464042 0.118:+0.005 18.52+0.70
Light Mixture 35.74+£0.05 19.40+£0.18 6.99+0.06 0.1424+0.001 16.73+0.15
Heavy Mixture 35.714+0.12 18.75+£0.37 7.95+£0.17 0.124 £0.003 16.9140.31
6 Gluon Tagged 41.58+0.44 16.19+2.30 6.93+0.84 0.108+0.013 10.64+1.03
Light Mixture 41.73+0.07 20.66+0.45 7.14+0.16 0.139+0.003 16.31+0.32
Heavy Mixture 41.7530.17 16.56+0.78 7.124+0.34 0.140+0.007 16.78 +0.64

Table 5.3: Jet properties of three samples.
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The relation between the measured and the pure states may be written

Mgluonlag.(ei) G(ei)
Mlightmiz.(ei) = U" L(C;) ’ (55)
Mheavymiz.(ei) H(ei)

where Mruontag.(€i), Miight miz.(€:), and Mheavymiz.(€;) Tepresent the measured quantities for
a given jet energy bin e;. G(e;), L(e;} and H{e;) are the values for the pure states of gluon,
light quark and heavy quark jets, respectively. U;, “unfolding matrix”, is the 3 x 3 matrix
for bin i, and contains all information on flavour compositions and detector effects for the
three measured samples. Therefore, U; can be written in terms of a “composition matrix”,

C;, and a “detector effect matrix”, D;,

Ui=Ci- D (5.6)
The composition matrix is explicitly written
C_qlucm tag. luon tag. C_qlua-n tag.
gluon light quark heavy quark
o light mix. light miz. light miz.
C‘ - gluon light quark heavy quark ’ (57)
heavy miz. heavymiz. heavymiz.
‘gluon light quark heavy quark

where cgﬁzzz *99- is the fraction of true gluon jets in the gluon tagged sample, and so on. The

detector effect matrix is a diagonal matrix

d; 0 0
Di=}|o dyy 0 , (58)
0 0 di

|
The pure states of gluon, light quark, and heavy quark can be obtained by inverting

eq. 5.5 .
G(C,‘) Mgluontag.(ei)
Le) | = UT'| Mightmiz.(e:)
H(C{) Mheauy miz.(ei)
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Mgluonlag.(ei)
= Di'- ¢t Miightmiz.(€i) | (5:9)

thavymi:. (6.‘)

To obtain the composition matrices and the detector effect matrices, two sets of M.C.

are used: the hadron level Monte Carlo and the detector level Monte Carlo:

1. Hadron level Monte Carlo
200,000 events are generated by the JETSET 6.3 without any detector simulation.
Only charged particles with generated momenta are used for the analysis. Jets are
determined by the Durham jet finder with y.,, value 0.007, as the same value as used

in the data analysis. Their flavour are tagged using generator information.

2. Detector level Monte Carlo
This is the M.C. described in chapter 3.3. About 360,000 events are generated by the
JETSET 6.3, and are processed by the SLD simulation program. The output data of
M.C., which is the same format as the data, is analyzed by exactly the same procedure

as the real data.-

The compositior; matrices are determined by the detector level M.C. which has in-
formation on generated jet flavour and flavour tagged by the analysis. The composition
matrices for each jet energy bin are listed in Table 5.4. From the table, the gluon jet fraction
in the gluon tagged sample amounts to a high value of 93.5% at the jet energy 8 ~ 16 GeV.
However, the gluon jet fraction in both the light and the heavy mixtures are also high. This
is the reason why we ‘do not expect to observe significant differences in the distributions
presented in previous section. At high energy(32 ~ 40 GeV) region, the gluon, light, and
heavy quark fractions are dominant in the gluon tagged, light, and heavy mixture samples,
respectively. We observe differences among the three samples at the high energy.

The diagonal elements of the detector effect matrices are obtained by the bin-by-bin
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correction method using the above two sets of M.C.

d Glei)
VT M)
L(e:)
dyy = R :
22 Ml’ight quark (B,‘) .
H(e;)
dss =, 55—, 5.10
Mllleauy quark (6,‘) ( )

where M;luon (ei ) 3 Mllight quark (ei) and Mllxeavy quark (ei) are calculated by

;Iuon (ei) Mgluon tag. (8,‘)
Mllightqunrk(ei) = Ci_l Mlighl miz.(ei) . (511)
i’zeaquuark(ei) Mheavy miz.(ei)

In Table 5.4, the diagonal elements of the correction matrix are listed. At the high energy,

the correction factors deviate from unity largely.

5.5 Comparison for Pure State Samples

5.5.1 Average Charged Multiplicity

In Fig. 5.15(a), the unfolded (n.) and their statistical errors for gluon, ]igilt quark and
heavy quark jets are shown as a function of jet energy. While the statistical errors in the
lower energy bins are larger than the differences between gluon and qualrk jets, it is obvious
that gluon jets have the largest value in all energies and light quark jeﬁs have the smallest
value in most energy regions except the lowest energy bin. '

A function (ns) = aln(Ej.) + b is used to fit those distributions.| The fitted curves
are also shown in Fig. 5.15 for these distributions. Fitted values of a, b and reduced x? are
listed in Table 5.5. (nx) of heavy quark jets is well described by the function with reduced
x2 0.2. Except for the last bin, gluon jets also well described by the function. The fitted

function of light quark jets is almost flat due to a drop of the last bin which has a small

error.
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Jet energy bin(GeV) \ Composition matrices Correction matrices

() (Xe) (B

hean'™" Chyntguers Cheony auork th dn iy

Cotaon™ " Clithtmuark  Cheseypuark dao das dy

sy peomis, - geammi || 4 i

0.935 0.017 0.048 0.98 1.02 0.90

8~ 16 0.776 0.180 0.044 1.18 0.75 0.91

0.792 0.018 0.190 1.20 0.80 0.89

0.880 0.034 0.086 \ 1.00 1.03 0.93

16 ~ 24 0.609 0.297 0.094 1.02 0.97 0.92

0.648 0.020 0.332 0.98 0.94 LO.83

0.805 0.090 0.105 ) ( 1.00 106 | [ 098

24 ~ 32 0.406 0.451 0.143 0.95 0.93 0.76

0.416 0.030 0.554 1.06 0.90 0.85

0.659 0.148 0.193 0.88 1.22 1.06

32~ 40 0.220 0.608 0.172 1.05 0.71 0.63

0.238 0.043 0.719 1.10 Z 0.89 0.8i)

Table 5.4: Summary of the composition and the correction matrices. Only the diagonal

elements are listed for the correction matrices. The off-diagonal elements of the correction

matrices are zero.

Jet flavour a b reduced x?
Gluon jet 26£05 -07+£13 2.7
Light quark jet 02+£06 51421 0.7
Heavy quark jet 1.5+09 17430 0.2

Table 5.5: Fitted values and reduced x2.
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ratio statistical systematic
error error

{nen) ‘
gluon to light quark  1.294 +0.064 iy
gluon to heavy quark 1.183 +0.063  +9958

(Xe)
gluon to light quark  0.707 +0.033 +oom
gluon to heavy quark 0.793 +£0.043 e

(6)
gluon to light quark  1.120 +0.048 By
gluon to heavy quark 1.172 +£0.055 ~0.056

Table 5.6: The final ratios of gluon to quark jets.

In Fig. 5.15(b) and (c), the ratios of gluon to light quark, and gluon to heavy quark
jets are shown respectively. The solid lines in these plots are weighted averages over all
four bins and the dotted lines indicate £1¢ errors. The ratios seem to increase with the
jet energy. However, the errors on the ratios are not small enough to conclude the energy
dependence of the ratios from our result. The weighted average ratio of gluon to light quark
jets is 1.29+ 0.06 for E;.; = 8 ~ 40 GeV. This is a 4.8 standard deviation excess from unity.
The data point in the last bin shows an exceptional value but its error is large. So the effect
of the last bin on the fitting is small. The ratio of gluon to heavy quark jets is 1.18 + 0.06.
Again, the data point in last bin scatter from the average ratio with a large error. However,
the weighted average of the charged multiplicity ratio of gluon to heavy quark jets is larger
than unity by three standard deviations. Tﬁese results indicate that gluon jets have a larger
charged multiplicity than light quark and heavy quark jets. The ratios are summarized
in Table 5.6 with statistical and systematic errors. In the next section(chapter 5.6), the

systematic errors will be discussed.
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5.5.2 Average Inclusive Energy Fraction .

The corrected distributions of (Xg) and their ratios are shown in Fig. 5.16, in the same
manner as (n.) plots. These plots should be correlated with the corresponding plots of
(nen) because (ne) -(Xg) = EZ3 and EJis are almost the same for the three jets. Certainly,
we can see such correlations between (nq) and (Xg) . Gluon jets have smaller energy
fraction and light quark jets have larger energy fraction, as contrasted with (n4) . The
weighted average ratios of gluon to light quark and gluon to heavy quark jets are 0.70 +0.03
and 0.79 £ 0.04, respectively. These values are less than unity by 10 standard deviations and
53 standard deviations, respectively. These values and their errors are displayed in the ratio
plots as a solid line and dotted lines respectively. From these results, we can conclude that
gluon jets have softer energy spectrum than quark jets. The ratios decrease as jet energy
increases within the energy region shown in the plots. The ratios are summarized in Table

5.6.

5.5.3 Average Jet Width

Fig. 5.17(a) shows the corre'cted distributions of (f) and their ratios. In Fig. 5.17, () of
light and heavy quarks are roughly flat, while that of gluon jets decrease with the jet energy.
In the energy region shown in the plot, we observe that gluon jets are :wider than quark
jets. Since the differences of () among jets decrease with the jet energy, (9) is not a good
observable for the comparison of jet widths in the higher energy regions. In Fig. 5.17(b) and
(c), the ratios of gluon to light quark and gluon to heavy quark jets are sho‘wn, respectively.
In both plots, the ratios are roughly flat except for the lowest energy bin. The weighted
ratio of (6) for gluon to light quark is 1.12 4= 0.05, an.d that of gluon to heavy quark is
1.17 £ 0.06. Thus we conclude that the jet width of gluon jets are wider than quark jets

within the present region of jet energy. The ratios are summarized in Table 5.6.
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Figure 5.16: Average inclusive energy fractions (Xg) and their ratios. Figure 5.17: Average jet widths (f) and their ratios.
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5.6 Systematic Errors
|

In this section, we discuss the systematic errors for the ratios given in the previous secti;m.
The systematical error is the uncertainty other than the statistical error, and comes from,
for instance, the selection criteria applied for the data. In general, if a M.C. simulation
describes the data perfectly, the biases introduced from the event selection would be exactly
corrected by using the M.C. simulation, and we would have no systematic error due to
the selection. However, we have no information how exactly the M.C. simulation describes
our data. Consequently, we need to examine the systematic errors introduced from several
selection criteria used in the analysis.

To examine the systematic errors, we consider the following five possible sources:

1. track and event selection,
2. detector modeliné,

3. 3-jet event selection,

4. jet tagging, and

5. Monte Carlo modeling.

To estimate the systematic error from the track and event selection, we shift the | cos 6]
cut criteria by 0.1 from the standard cut, for instance, and calculate the differences of the
ratios for {n.) , (Xg) and (€) between the standard and the shifted cuts. The shift value
of 0.1 is chosen somewhat arbitrarily. However, we choose the shift within the possible
maximum shift considering the reproducibility of the M.C. simulation to the data. Similarly,
we calculate the differences for the rest of the cuts. In Appendix B, the detailed estimates of
the systematic errors are described. The total shift from the standard selection is calculated
by adding each of the Aiﬁ‘erences in quadrature. In Table 5.7, the systematic errors coming
from each source are listed. ARE';/:_ and ARg{/s’,’r represent the systematic errors of the ratio
of gluon to light quark jets and that of gluon to heavy quark jets, respectively. The amounts

of the systematic errors are the same level as those of the statistical errors.
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(neh) (Xk) (6)

Categories AR%’,’_ ARng/sf. ARfy/sf-

ARS/H ARG ARG

+0.047 +0.072 +0.024

Track and event selection +0.035 +0.060 ~0

~0 ~0 +0.032

Detector modeling +0.027 ~0 ~0
~0 —-0.029 ~0

3-jet event selection +0.051 _0.049 —0.032
~0.043 +0.015 ~0

Jet tagging ~0 +0.009 70.046
~0 ~0 . ~0

Monte Carlo model ~0 ~0 ~0Q
itk 097 M

Total e i ~0.056

Table 5.7: Summary of systematic errors. ARSG!,/:, and ARsGy/,f represent the systematic errors

of the ratio of gluon to light quark jets and that of gluon to heavy quark *'ets, respectively.
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Chapter 6

Summary

In this thesis, we have studied quark and gluon jet differences in 3-jet events of Z°¢
hadronic decays with charged tracks. The use of weighted impact parameters allows us
to identify the flavour of jets, as light or heavy quark jets. Gluon jets are collected by
anti-tagging of heavy quark jets with a purity of 86.6% estimated from the Monte Carlo
simulation. For comparison, we considered the light mixture and the heavy mixture of
quark and gluon jets. The light and the heavy mixture samples consist of two lower energy
jets of 3-jet events in which the highest jet is tagged as a light quark jet or a heavy quark
jet, respectively. These three samples are statistically independent. The jets used for jet
flavour tagging are not included in the three samples so that the bias introduced by the jet
flavour tagging was minimized.

Three observables are chosen to compare the jet properties:thel charged multiplicity
{nc) , the inclusive energy fraction of particles (Xg) , and the average angle between the
particle momentum and the jet axis () , called the jet width. By the use of the M.C.
simulation, the distributions of jet properties obtained from the three s;mples are unfolded
to obtain the properties for pure states of gluon, light quark, and heavy quark jets. The
observables for pure states include corrections for the detector resolution and acceptance.

Our results show that {n.;) of gluon jets are larger than those of light quark and heavy

quark jets in the jet energy region of 8 GeV to 40 GeV. The ratios of {nes) increases with
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the jet energy. However, the errors of ratios are not small so that we can not conclude the

jet energy dependence of the ratios from our result. The ratios of {n.,) are measured to be

Rp, = 1.294+0.064(stat.)* 3¢ (syst.) |

R, = 1.18340.063(stat.) 3058 (syst.)

for gluon to light quark and gluon to heavy quark, respectively. The statistical errors take
into account the correlations between the numerator and denominator, and the systematic
errors are estimated by varying the criteria for the track, hadronic event and 3-jet event
selection, the parameters of jet flavour tagging, the parameters of heavy quark(b and ¢
quark) Monte Carlo models. Fig. 6.1 shows the comparison of our results with recent
measurements’. All results in Fig. 6.1, except for the QCD calculation, are measured using
Z° hadronic decay 3-jet events, as described in Chapter 2.3. The symbols, R, and R, rep-
resent the multiplicity ratio of charged particles and both charged and neutral particles, re-
spectively. To compare the results from the LEP experiment, we calculate R, (gluon/quark)
from the results of R (gluon/light quark) and R.,(gluon/heavy quark) using the ratios of
Br(Z° — light quarks) and Br(Z® — heavy quarks). We note that the results in Fig. 6.1
are measured with the different range of jet energies. However, our results are averaged in
the jet energy range(8 < E;e; < 40) so that the averaged jet energy is 24 GeV. This average
energy is the same as for the OPAL results in which they used the symmetric 3-jet events
for the analysis. Fig. 6.1 indicates that R, of our result and the LEP measurements are
in good agreement within their errors. The size of our measurement error is comparable to
that of the OPAL measurement even with lower statistical data than the OPAL experiment.
This is because our analysis method is different and the gluon jet tagging efficiency is higher.
All experimental resulté are systematically lower than the ratio from the Monte Carlo based

QCD prediction of 1.38, however R (gluon/light quark) of our results is consistent with the

! The total error is a quadratic sum of the statistical error and the systematic error. No systematic errors

are estimated in the DELPHI results.
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Multiplicity Ratios
sLp* R, (gluonlight quark) —_——. 8<E, <40GeV
stp* R, (gluon/heavy quark) — H——@—— 8<E, <40GeV
SLD * R, (gluon/quark) e = 8<E, <40GeV
OPAL” Rch(gluon/quark) e b I:‘,jﬂ =24 GeV
DELPHI * R(gluon/quark) i » I5<E, <39 GeV
oPAL” R(gluon/quark) bttt E,, =24 GeV
DELPHI * R(gluon/quark) —— Ejel =30 GeV
QCD+M‘Cf5 R(gluon/quark) .-
0.6 0.8 1 1.2 1.4

Ratio

Figure 6.1: Summary of recent measurements of the multiplicity ratio. #1:The re-
sults of this analysis. #2:Obtained by combining our results of Rc,,(gluop/light quark)
and Ren(gluon/heavy quark) with the ratio of Br(Z® — light quarks) and Br(Z° —
heavy quarks). #3:[5]. #4:No systematic error is quoted[6]. #5:[1].

QCD prediction. ‘

(XE) of gluon jets is found to be smaller than those of light and'heavy quark jets.
Thus gluon jets have softer energy spectrum than quark jets as expected in QCD naively.
(8} of gluon jets is also wider than those of light and heavy quark jets. ‘ This is consistent
with qualitative QCD expectation.

In conclusion, we observed differences in global jet properties between quark and gluon

jets using Z° hadronic 3-jet events. These results are in agreement with QCD expectations.
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Appendix B

Systematic Errors

In this appendix, we examine the experimental systematic errors of the ratios obtained in pre-
vious section. The systematic errors are the experimental biases introduced by the detector
acceptance, efficiency and resolution, and by the detector simulation, event reconstruction,
and by the several selection criteria applied to the data for this analysis, and by the bottom
and charm quarks parameters used in M.C. simulation which are used for the jet flavour
tagging, unfolding and corrections. The possible systematic error sources are divided into

five categories as follows.

1. Track and event selection
For the track and event selection category, we apply the tight cuts of the selection
criteria one by one to see the sensitivity on the cut values. Loose cuts are not applied
because the disagreements between the data and the M.C. are observed in the region
of the loose cuts, and may cause imperfect corrections of the deteqtor acceptance and
efficiency. In Table B.1, the variations of the selection criteria are listed. Each set of
variations are applied for both the data and the M.C with the same analysis procedure,

and then compared against the standard cuts

AR = Ryor ~ Rotas (Bl)
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Categories T Cuts [y (Xg) (8) ,
LA A YA
Sources Standard Variations AR:"I,_:'_ a Ri:_ AR:","J
Track and event selection
~0 ~0 ~0
| cos 6} 0.7 0.8 ~0 ~0 ~0
—-0.047 +0.070 -0.023
Py (GeV) 0.15 0.30 -0.035 +0.042 ~0
~0 +0.015 —0.008
_fcosOiaruatl 0.70 0.40 ~0 ~0.042 ~0
~0 ~0 ~0
E,i, (GeV) 18.2 30.0 ~ 0 ~0 ~ 0
~0 ~0 ~0
# of good tracks 5 7 ~0 ~0 ~0
+0.047 +0.072 +0.024
sub-total £0.035 10060 | ~0
Detector modeling
~0 ~ (0 ~0
varying p Ap/p = 0.6% +0.027 ~ 0 ~ 0
~0 ~0 +0.032
removing tracks 3.5% ~0 ~ 0 ~0
~0 ~ 0 +0.032
sub-total +0.027 ~0 ~0
3-jet event selection
~0 ~0 ~0
Yeut 0.007 +0.001 ~0 ~0 ~0
~0 ~0 ~0
3" @i (degree) 358 +1 ~0 ~ 0 o032
~0 i ~0
|cos8;e] 0.7 0.05 T i ~0
~0 ~ 0 ~0
E** (GeV) 5.0 +1.0 ~0 ~0 ~0
~ 0 -0.029 ~ 0
sub-total +40.051 -0.049 -0.032
Jet tagging
~ 0 +g uTg ~ 0
”:mg.' ! 3 +1 ~0 ~0 :8.031
:; :;; Zoon ~0
# of significant tracks 2 +1 ~0 T ~0.03¢
—-0.043 +0.015 ~0
sub-total ~0 +0.009 —0.046
Monte Carlo model
~{ ~0 ~0
B meson lifetime (ps) 1.55 +0.1 ~Q ~Q ~0
~0 ~Q ~ 0
b baryon lifetime (ps) 0.80 +0.3 ~ 0 ~0 ~ 0
~ Q0 ~0Q ~0
varying Be(B = D 4+ X) tlo ~ 0 ~0 ~ 0
~0 ~ 0 ~0
< fragmentation (X g) 0.494 +0.025 <0 <0 ~0
~ 0 ~0 ~ 0
sub-total ~0 ~0 ~0
Aok 1 [ ¥o.010
~0.064 -0.077 ~0.024
Total P ot —0.056

Table B.1: Systematic errors. The total is a quadratic sum of each source.
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Appendix C

Monte Carlo Models

In this appendix, we compare our results with M.C. models, described in 2.4. The
M.C. models, we use in this analysis, are the Jetset 6.3, the Herwig 5.7 and the Ariadne
4.06, which are commonly used in many e*e~ experiments. These generators create the
hard partons(quarks and gluons) in Z® decay, and then partons make parton showers to low
energy, followed by string, cluster and color dipole hadronization models for the Jetset, the
Herwig and the Ariadne, respectively. In the Ariadne, the electro-weak interaction phase
of ete™ and the hadronization model are not implemented. Therefore thé Jetset is used to
simulate those phases. .

The main parameters of these M.C. models are listed in Table 3.6, C.1, C.2 for the
Jetset, the Herwig, and the Ariadne, respectively. In Table C.1 and C.2, the parameter

Agcp control the branching in the parton shower. m, is the effective gluon mass and Mo,

Parameter Name Default Optimizeq
value

Agep QCDLAM  0.18 GeV 0.11 GeV
my RMASS(13) 0.75 GeV  0.65 GeV
M par CLMAX 3.35 GeV  3.00 GeV

Table C.1: Main parameters of the HERWIG 5.7.
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Pajameter Name Default  Optimized
value

Agcp  PARA(1) 0.22 GeV 0.22 Gey
PL PARA(3) 0.60 GeV 0.60 GeV

Table C.2: Main parameters of the ARIADNE 4.06.

is the maximum mass of a cluster. p, is the cut-off in invariant p, for gluon emissions from
color dipoles. In this analysis, the default parameters are used for the Ariadne.

The M.C. data are generated without any detector simulation. Jet's are determined by
the Durham jet finder with y.,, = 0.007, and jets are tagged by the generator information.
The M.C. distributions of {n) , {(Xg) , (8) at the hadron level are shown in Fig. C.1, C.2
and C.3 respectively, where plots (a), (b) and (c) are gluon jets, light quark jets and heavy
quark jets, respectively. Plots (d) and (e) are the ratios of gluon jets to light quark jets and
gluon jets to heavy quark jets, respectively. In these plots, our experimental results are also
shown.

In the {n.) comparison(Fig. C.1), the Jetset describes the data well in all plots({a),
(b) and (c)), except for the last bin. The Ariadne reproduces the gluon jets (n.) , however,
the multiplicities of light quark jets are overestimated in all energy region. (n) of heavy
quark jets of the Ariadne is similar to the Jetset because the Ariadne uses the package of
heavy hadron decay in the Jetset! and (n.) of heavy quark jet is dominated by the decay of
heavy hadrons. The multiplicities of the Herwig is systematically higher than those of data.
In the ratio plots(Fig. C.1 (d) and (e)), the Jetset and the Herwig have good agreements
with the data, while the ratio of the Ariadne are almost unity in all energy regions, these
are differ from the data. In Table C.3, the reduced x? for each generator are listed.

In the {Xg) comparison(Fig. C.2), we can see anti-correlation between (n.) and

{Xg) - The Ariadne and the Herwig have softer energy fractions in light quark and heavy

18ee chapter 3.3
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quark jets, respectively, in comparison with the data. The Jetset well reproduces the energy
fraction distribution. In the ratio plots(Fig. C.2 (d) and (e)), the Jetset and the Herwig
agree with the data. The ratios of both gluon to light and heavy quarks of the Ariadne are
almost unity, as (n.,) , thus ARIADNE does not agree with the data. '

In Fig. C.3, (#) of the data and M.C. are compared. All of three M.C. models describe
(8) of gluon jets well. (#) of light quark and heavy quark are also well reproduced. However,
the Ariadne is relatively wider and HERWIG is narrower than the data.

In conclusion, our data are well reproduced by the Jetset, in comvparison of average
charged multiplicity, inclusive energy distribution, and jet width. The Herwig describes light
quark and gluon jets well, however, disagreement are found in the properties of heavy quark
jet. In the Ariadne, there is no differences between quark jets and gluon jets. Therefore, the

Ariadne is not consistent with our data.
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Observable Jet flavour

Jetset 6.3 Herwig 5.7 Ariadne 4.06

{ner)
Gluon Jets 18 3.5 2.5
Light Quark Jets 5.4 6.0 14.2
Heavy Quark Jets 14 7.1 1.2
Ratio(Gluon/Light Quark) 2.8 2.7 6.8
Ratio{Gluon/Heavy Quark) 1.7 2.8 3.0
(Xe) ‘
Gluon Jets 2.4 39 7.4
Light Quark Jets 6.3 7.0 16.4
Heavy Quark Jets 1.4 5.7 1.1
Ratio(Gluon/Light Quark) 5.6 3.7 25.6
Ratio(Gluon/Heavy Quark) 36 6.6 10.4
(6)
Gluon Jets 2.1 2.2 2.3
Light Quark Jets 24 2.0 4.0
Heavy Quark Jets 0.7 1.8 3.1
Ratio{Gluon/Light Quark) 1.7 1.6 2.1
Ratio(Gluon/Heavy Quark) 0.3 1.1 1.9

Table C.3: XZ/Ndf of M.C. model comparison.
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Appendix D

Quark jet purity of the highest
energy jet

In chapter 5.2, we assume that the highest energy jet in a 3-jet event is a quark jet. This is
due the bremsstrahlung nature of gluon radiation. This natural assumption is used in the
selection of three jet samples: the gluon tagged, the light mixture, and the heavy mixture.
In this appendix, we consider the quark jet purity of the highest energy jet in 3-jet events.

Fig. D.1 shows the energy spectra of jet 1, jet 2, and jet 3 in 3-jet events. The jets
are ordered by a kinetic jet energy(see chapter 5.1). In the jet energy range from 30 GeV
to 45 GeV, the energy spectra of jet 1 and jet 2 overlap. Thus, there is an ambiguity in
the determination of the highest energy jet in the energy rang’e due to a small jet energy
difference and finite jet energy resolution. However, events including such jet 1 and jet 2
are symmetric or nearly symmetric, and have a third jet with small jet energy. Such a jet
with small jet energy may be a gluon jet, and thus two higher energy jets can be quark jets.
Therefore, we consider that the jet energy overlap of jet 1 and jet 2 are not significant for the
assumption. In Fig. D.1, gluon components obtained by the Monte Carlo are also plotted.
The purity of quark jet in the highest energy jet is l93.5%, and the gluon contamination is
6.5%.

In order to estimate quark jet purity of the highest energy jet in data, we use the jet
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flavour tagging. In Table D.1, fractions of heavy tagged jets in jet 1, 2. and 3 are listed.
The fractions of the data and Monte Carlo are in good agreement. In jet 1, the fraction of
heavy tagged.jets is (14.5 % 0.5)% and is equal to sum of the fractions of jet 2 and 3 within
a statistical error. If we assume that the tagging purity and efficiency is independent of the
jet number, this indicates that the number of heavy quark jets in jet 1 is equal to that in jet
2 and 3.

Using the M.C. simulation, purities and efficiencies of heavy flavour tagging are esti-

mated. The fraction of heavy flavour quark(c and b) jets in each jet, Rieqyy. is calculated
by
Rtagged P

; (D.1)

Rheavy =

where Rygggeq is the fraction of the heavy tagged jets, p and € are the purity ind efficiency,
respectively. If we assume that the ratio of heavy flavour quark to all flavour are the same
as the ratio in Z° decay, it is possible to calculate the fraction of all flavour quark(d, u, s, c,
and b) jets in each jet:

Ryuark = Rheauy/ B, (D.2)

where Rgus-« is the fraction of all flavour quark jets, and

B.(Z° 5 &, bb)
B.(Z% - dd, ui, 55, cC, bb)
0.119+ 0.155
0.699
0.392, (D.3)

B =

where the values of Z° branching ratios are listed in Table 2.1.
The estimated fraction of quark jets in jet 1, listed in Table D.2, is 93.6 £ 4.3%. This

value is good agreement with the value 93.5% obtained by the Monte Carlo simulation.
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Jet number Data Monte Carlo
Fraction(%) Fraction(%) Purity(%) Efficiency(%)
jet 1 145405 145+£02 911+21 36.0+0.7
jet 2 9.8+04 9302 848124 288+0.7 -
jet 3 41403 33+0.1 904 +£4.3 263+1.0

Table D.1: Fraction of heavy tagged jets.

Jet number Quark jet fraction

Heavy flavour(%) All flavour(%)

jet 1 36.7+£1.7 93.6+4.3
jet 2 289%15 73.6+4.1
jet 3 141413 36.0+3.4

Table D.2: Fraction of quark jets.
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Figure D.1: Energy spectra of jets in 3-)et events
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