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Abstract
This thesis describes three analyses related to heavy quarks.
The analysis with the largest impact is the extraction of parameters of heavy
quark decays using the lepton energy spectrum and the hadronic mass spectrum in semileptonic B decays. The extraction of the parameters allows to test
the framework used to theoretically describe the decay of heavy mesons, and
more accurate knowledge of the parameter values results in greater accuracy
in the determination of the element |Vcb| of the Cabibbo-Kobayashi-Maskawa
(CKM) quark mixing matrix. The determination described in this thesis is
important, since it is so far the only one where the full lepton energy spectrum has been used. The other determinations are based on using only a part
of the spectrum. The first extraction of the parameters in the kinetic mass
scheme was based on the statistical moments of the lepton energy spectrum
and hadronic mass spectrum measured using the data collected at delphi.
In the second analysis, the angular distribution of fragmentation particles in
Z → bb̄ and Z → cc̄ events was studied using the delphi data. The analysis
gave the first direct experimental evidence of the dead cone effect, or the
depletion of fragmentation particles at small emission angles, predicted by
perturbative quantum chromodynamics.
The third analysis is a simulation study of top quark pair production at a
possible future e+ e− linear collider with a 3 TeV center-of-mass energy. The
study allowed to estimate the accuracies with which the cross-section and
forward-backward asymmetry could be measured.
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Chapter 1
Introduction
The physics of heavy quarks, the charm (c), bottom (b) and top (t) quarks,
is currently one of the key areas of interest in high energy physics. At the
moment, the heaviest quarks, the top quarks, are only produced at the tevatron facility in fermilab, USA, but in a few years they will also be studied
at LHC at cern. The bottom quarks are the main topic of study at the B
factories babar at slac, USA and belle at kek in Japan. The physics of
the charm quarks and hadrons, although studied since 1973, is experiencing a
new revival due to the start of a new experiment, cleo-c, at Cornell, Usa. In
addition, an important amount of b and c decays were collected in the 1990s by
the four lep experiments at cern, known as aleph, delphi, L3 and opal.
The lep data provide a complementary environment from the B factories for
B physics studies, and many pioneering measurements have been performed
based on the lep data.
The main interest in heavy quark physics is measuring the parameters of the
quark mixing matrix, the so-called Cabibbo-Kobayashi-Maskawa (CKM) matrix. The matrix is a powerful test of the Standard Model in the flavour
sector, and huge effort is put into measuring the elements at an accuracy of
a few percent. Reaching such an accuracy demands improvement both on
the experimental and theoretical sides. The advances in heavy quark physics
since 1990 have been tremendous. Experimentalists have benefited from the
introduction of high resolution silicon vertex detectors that allow precise decay
reconstruction. The B factories that started operation in 1999 have already
collected and analysed over 150 million B decays each, with more to come.
The Heavy Quark Expansion (HQE) approach uses the quark mass as an
expansion parameter. Important progress has been made by experimentally
measuring the values of parameters needed to theoretically describe the decays
of B hadrons. This reduces the theoretical uncertainty related to the extraction
1

of certain CKM matrix elements. The consistency of several measurements in
different environments supports the theoretical description and assumptions
therein. Of specific importance in the extraction of the parameters are the
quark masses mb and mc , both of which are fundamental parameters of the
Standard Model, and are highly correlated with the CKM matrix elements.
Voloshin [1] first suggested that the mass difference, mb − mc , could be extracted by measuring the first moments of the lepton energy spectrum. The
proposal has been since expanded by a variety of authors to include the use
of the moments of hadronic mass spectrum and photon energy in B → Xs γ
decays in order to extract also other parameters of the expansion.
Publications I, II, III, and IV describe the progress of the delphi measurement
of the lepton energy and hadronic mass moments and the extraction of the
heavy quark parameters and |Vcb|. Publication IV describes the first results of
the lepton energy spectrum measurement. It also contains the first extraction
of the parameters by delphi. At the time, only other collaboration to have
results on the lepton energy spectrum was cleo. These preliminary results
were then used in publication II, where the parameters were extracted using
the kinetic mass scheme. This was the first time the kinetic mass scheme was
used to interpret the moments in terms of the heavy quark parameters. Today,
most collaborations interpret their results using the kinetic mass scheme. The
results of publication IV were also used by other authors [2] in their extraction
of heavy quark parameters in several mass schemes. Publication III describes
the measurement in its nearly final form, and the final results, together with
a description of the details of the measurement, are given in publication I.
Publication V summarises several CKM matrix related analyses performed
by the delphi collaboration, including the determination of the heavy quark
parameters using moments of the lepton energy spectrum and hadronic mass
spectrum.
In addition to the CKM mixing matrix studies, the physics of heavy quarks is
also a good testing ground for Quantum Chromo Dynamics. In the theoretical
calculation, the large quark mass gives a natural cut-off scale, keeping the
relevant phenomena away from the domain of strong coupling.
Publication VI describes the study of the angular distribution of fragmentation
particles in b, c and light quark jets at delphi. The observed distributions are
compared with the perturbative QCD prediction of the depletion of particles
at small angles in heavy quark jets, known as the dead cone effect. This
measurement provides the first direct experimental evidence of the effect.
The next generation of colliders after the hadron colliders tevatron and LHC
will be linear colliders. At cern, a concept for a 3 TeV linear collider, clic, has
2

been developed. Precision measurements of top quark pair production crosssection and forward-backward asymmetry will allow probing for new physics
beyond the center-of-mass energy of the collider. Performance studies carried
out at the early stage of the collider design help fully exploit the potential of
the collider and to build optimal detectors.
Publication VII describes a simulation study of reconstruction of top quark
decays at the clic collider in order to estimate the accuracy with which the
top production cross-section and the forward-backward asymmetry could be
measured, taking into account the expected main backgrounds.
The publications presented in this thesis represent three rather different topics:
an extraction of parameters of the electroweak theory, a study of a phenomenon
predicted by perturbative QCD, and a study of the possibility of observing
physics beyond the Standard Model. In practise, the analyses themselves contain several common features. Most important are the two steps common to all
of them: the reconstruction of the decay of the heavy quark and the selection
of signal events. These two steps are crucial to the success of the analysis and
for each of the analyses, a dedicated algorithm was developed. For practical
reasons, they are described very concisely in the publications. Therefore, the
decay reconstruction and the signal selection are discussed in detail in this
thesis. For other details of the analyses, the reader is referred to the respective
publications.
This thesis is organised as follows.
The first chapters give the background of the analyses, starting with an introduction to the Standard Model of particle physics, with emphasis on the
CKM matrix and QCD (Chapter 2). It is followed by a description of the
lep accelerator and the delphi experiment (Chapter 3). Then, the evolution
of Z → bb̄ events at lep (Chapter 4) is described and models of B meson
decays (Chapter 5) are discussed, including the Heavy Quark Expansion and
its parameters. This is followed by a description of the top quark production at clic (Chapter 6) together with motivation for the cross-section and
asymmetry measurements.
Then the methods developed for the decay reconstruction and the background
reduction are described in Chapters 7 and 8, respectively.
The comparison of the results with those from other collaborations and the
conclusions are given in Chapter 9. A brief summary is in Chapter 10.
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Chapter 2
The Standard Model
The Standard Model is a quantum field theory that contains all the known
fundamental particles and three of the four known interactions. It consists of
the Glashow-Weinberg-Salam model of electromagnetic and weak interactions
and of the Quantum Chromo Dynamics (QCD), which describes the strong
interactions. Only gravity is not included in the Standard Model.
In this chapter, a brief introduction to the particles and interactions of the
Standard Model is given, followed by a more detailed discussion on the quark
mixing matrix and QCD. Comprehensive reviews of the Standard Model can
be found in particle physics textbooks, such as [3].

2.1

Particles and interactions

There are two kinds of fundamental particles, quarks and leptons. They come
in three families, each consisting of two quarks and two leptons. All stable
matter is made of particles from the first family, the up and down quarks and
the electrons. The other two families are copies of the first family, except that
the particles are more massive and unstable. The quarks and leptons, with
their charges and masses, are shown in Table 2.1.
The quarks come in three different colours. The strong force binds the quarks
into colour-neutral hadrons, and no free quarks have been experimentally observed.
The interactions are mediated by gauge bosons. The electromagnetic interaction between charged particles is mediated by massless and neutral photons, γ. The weak interaction is carried by neutral Z 0 bosons with a mass
mZ ≈ 91.2 GeV/c2 , and charged W + and W − bosons, with a mass mW ≈
4

Table 2.1: The fundamental fermions, their electric charges and masses as
evaluated in Ref. [4]. The quark masses are given in the MS scheme, except
for the t quark mass, for which the pole mass is given.
quark
up (u)
down (d)
charm (c)
strange (s)
top (t)
bottom (b)

charge
(e)
2/3
-1/3
2/3
-1/3
2/3
-1/3

mass
(MeV/c2 )
1.5 to 4
4 to 8
1150 to 1350
80 to 130
172700 ± 2900
4100 to 4400

lepton
electron (e)
e neutrino (νe )
muon (µ)
µ neutrino (νµ )
tau (τ )
τ neutrino (ντ )

charge
(e)
-1
0
-1
0
-1
0

mass
(MeV/c2 )
0.511
< 3 · 10−6
106
< 0.19
1777
< 18.2

80.4 GeV/c2 . The gluons that carry the strong force between quarks are massless, but carry a colour-anticolour charge. Due to this, also gluons interact
strongly (self-interaction). The Higgs boson that would generate the masses
of the weak gauge bosons is yet to be discovered.
The Standard Model has been remarkably successful and its predictions have
been proved correct with remarkable precision. For example, electroweak observables were used to estimate the top quark mass mt before the top quark
was found. A determination by the delphi Collaboration in 1994 suggested
2
mt = 157+36+19
−48−20 GeV/c [5], consistent with the current average of direct measurements, mt = 172.7 ± 2.9 GeV/c2 [6]. Current determination of the top
quark mass through electroweak observables results in a top quark mass of
2
mt = 178.1+10.4
−8.3 GeV/c [4]. Today, using the top quark mass, the most probable range for the mass of the Higgs boson can be inferred.
The Standard Model contains 18 free parameters. They are
• the six quark masses and the three charged lepton masses,
• the two electroweak coupling constants g and g ′ and the strong coupling
constant αs ,
• the three mixing angles and one complex phase in the quark flavour
mixing matrix and
• the vacuum expectation value of the Higgs field and the Higgs boson
mass (or the Higgs field self-coupling).

5

In the Standard Model the neutrinos are assumed to be massless. In the
recent years observations of neutrino flavour change have provided compelling
evidence that their mass is in fact non-zero. This increases the number of free
parameters by seven: the three neutrino masses, and the three mixing angles
and one complex phase of the lepton flavour mixing matrix.

2.2

The CKM matrix

The quark mass eigenstates are not eigenstates of the weak interaction. The
weak eigenstates d′ , s′ , b′ are connected to the mass eigenstates d, s, b via
transformation matrix V CKM ,
  
 
 ′
d
Vud Vus Vub
d
d
s′  = V CKM s =  Vcd Vcs Vcb  s .
(2.1)
′
b
b
Vtd Vts Vtb
b
The matrix is known as the CKM matrix, after Cabibbo [7], Kobayashi and
Maskawa [8]. The matrix contains three mixing angles, θ12 , θ13 and θ23 , and
one complex phase δ13 . Because of the mixing angles, interactions between
the quark families are possible, and the complex phase is responsible for all
processes that violate combined charge conjugation and parity conservation
(CP-violation) in the flavour sector.


c12 c13
s12 c13
s13 e−iδ13
s23 c13  ,
V CKM = −s12 c23 − c12 s23 s13 eiδ13 c12 c23 − s12 s23 s13 eiδ13
iδ13
iδ13
s12 s23 − c12 s23 s13 e
−c12 s23 − s12 c23 s13 e
c23 c13
(2.2)
where the shorthand notations sij = sin θij and cij = cos θij have been used.
The widely used Wolfenstein parametrisation, valid to order λ6 , brings out the
hierarchical structure of the matrix,


λ
Aλ3 (ρ − iη + 21 ηλ2 )
1 − 21 λ2
−λ
1 − 21 λ2 − iηA2 λ4
Aλ2 (1 + iηλ2 )  , (2.3)
V CKM ≈ 
Aλ3 (1 − ρ − iη)
−Aλ2
1
where λ = sin θC = 0.2235 ± 0.0033 [4] is the so-called Cabibbo angle. The
parameter A ≈ 0.82 with an accuracy of about 5%, while ρ and the phase η
are less well known. From Eq. (2.3) one can see that all diagonal elements are
close to unity, while the off-diagonal elements are much smaller. The current
6

measured absolute values of the elements are, at a

0.9739 to 0.9751 0.221 to 0.227
CKM

0.221 to 0.227 0.9730 to 0.9744
|V
|=
0.0048 to 0.014
0.037 to 0.43

90% confidence level, [4]

0.0029 to 0.0045
0.039 to 0.044  , (2.4)
0.9990 to 0.9992

where unitarity has been applied as a constraint.
The matrix has to be unitary, if weak interactions are described by a single
SU(2) gauge theory, as in the Standard Model. The unitarity implies that
3
X

(Vil )∗ Vlj = δij .

(2.5)

l=1

The cases i 6= j can be expressed as triangles in the complex plane. The
six triangles have very different shapes, but they all have the same area [9],
which reflects the fact that there is a single irreducible complex phase for
the three families. The most interesting of these triangles is known as the
unitarity triangle (Figure 2.1), obtained from the third row and the third
column. The sides of the triangle are of the same order of magnitude, which
makes it especially sensitive to physics beyond the Standard Model. New
physics would result in different measurements giving inconsistent values for
the location of the apex of the triangle.

η

(ρ,η)
Vub
λ Vcb

α

Vtd
λ Vcb

γ
(0,0)

β
ρ

(1,0)

Figure 2.1: The unitarity triangle.
The triangle is scaled such that its base extends from (0, 0) to (1, 0) and its apex
is at (ρ, η). The other two sides are proportional to |Vub|/|Vcb| and |Vtd |/|Vcb|.
The three angles are known as α, β and γ, or φ1 , φ2 and φ3 .
The CKM matrix and the unitarity triangle are over-constrained. The sides of
the triangles can be inferred from measurements of rates that are insensitive
7

to CP-violation. The angles are related to each other and they all depend on
the phase δ13 .
Current knowledge on the location of the apex of the triangle is based on
several very different measurements: Vcb , Vub , ǫ from kaon decays, and B 0 −
B̄ 0 oscillation for both Bd0 and Bs0 . The angles are measured directly using
exclusive decay modes. The angle β is obtained, for example, from decays
B 0 → J/ψKS , the angle α using decays B 0 → π + π − , π ± ρ∓ , ρ+ ρ− and the
angle γ from B + → D̄ 0 K + and B + → D 0 K + . The measurements of α and γ
require reconstruction and identification of rare B decays that are dominated
by several orders of magnitude larger backgrounds.
Two complementary methods are used to measure Vcb. The inclusive method
is based on the measurement of the semileptonic decay width of the b [10–18],
which is related to Vcb through
 

 
4
G2F m5b
µ2π − µ2G
m2c µ2G 2αS (1)
2
Γsl =
|Vcb | z0 1−
z +. . . , (2.6)
−2 1− 2
−
192π 3
2m2b
mb m2b 3π 0
where GF is the Fermi constant, mb (mc ) is the mass of the b (c) quark, z0
(1)
and z0 are known parton phase space factors that depend on m2c /m2b , and µ2G
and µ2π are Operator Product Expansion (OPE) parameters (for definition, see
Chapter 5). An accurate determination of Vcb requires knowledge of the values
of mb , mc , and OPE parameters µπ , µG , and also ρD and ρLS that appear in
the higher order terms (see Chapter 5). Alternatively, Vcb can be determined
by using the exclusive reconstruction of B → D ∗ ℓν decays [19–24]. In this
exclusive method the dominating uncertainty comes from the extrapolation of
the form factor to zero recoil.
In a similar manner to the inclusive measurement of Vcb , the element Vub can be
obtained from inclusive measurement of B → Xu ℓν decays. The measurement
is complicated by the dominating B → Xc ℓν decays that easily contaminate
the sample. This can be overcome by either using only events where the lepton
energy exceeds the largest kinematically allowed lepton energy in b decays to
charm [25, 26], in which case the result depends on the modelling of the rate
below the endpoint, or by detailed control over the background, as in [27–29].
The B 0 − B̄ 0 oscillation frequencies are related to the CKM elements via the
mass difference between the eigenstates
∆mBd,s

G2F
= 2 ηB mBd,s m2W S0 (xt )fB2 d,s BBd,s |Vtd,ts Vtb∗ |2 ,
6π

(2.7)

0
where ηB is a QCD parameter, mBd,s is the mass of Bs,d
, mW is the W mass,
fBd,s is the Bs,d decay constant, and BBd,s is the so called bag parameter of
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the Bd,s B̄d,s system. S0 are the Inami-Lim functions [30] that depend on
the squared mass ratio of the top (mt ) and charm (mc ) quark to W boson,
xt,c = m2t,c /m2W 1 . In the ratio
mBs 2 |Vts Vtb∗ |2
∆mBs
=
ξ
∆mBd
mBd |Vtd Vtb∗ |2

(2.8)

some uncertainties common to both measurements cancel each other out. The
remaining constants are collected into the term ξ 2 . While ∆mBd has been
measured [31–37], for the time being there exist only limits on ∆mBs [38–42].
The parameters of the unitarity triangle can also be accessed in K decays.
Mixing-induced CP violation in the K 0 K̄ 0 system can be expressed by the
parameter
A(KL → (ππ)I=0 )
ǫK =
,
(2.9)
A(KS → (ππ)I=0 )
which is related to the unitarity triangle via [43]
|ǫK | = CBK η̄|Vcb|2 λ2 {[η1 S0 (xc ) − η3 S0 (xc , xt )] − |Vcb |2 (1 − ρ̄)η2 S0 (xt )}, (2.10)

where shorthand notations ρ̄ = ρ(1 − λ2 /2) and η̄ = η(1 − λ2 /2) have been
used. C is a constant and BK denotes the bag factor of the K 0 K̄ 0 system. η1 ,
η2 and η3 are QCD parameters.

The angle β (φ1 ) can be measured by studying the asymmetry of time-dependent
0
rates for B 0 and B decays to a common CP eigenstate fCP ,
0

A(t) =

Γ(B (t) → fCP ) − Γ(B 0 (t) → fCP )
0

Γ(B (t) → fCP ) + Γ(B 0 (t) → fCP )

= −ηf sin 2β sin ∆mBd t,

(2.11)

where ηf is the CP eigenvalue of fCP . The following final states fCP are usually
studied: J/ψKL0 , ψ(2S)KS0 , χc1 KS0 , ηc KS0 and J/ψKS0 [44, 45].
The angle α (φ2 ) can be extracted from B 0 → ππ, B 0 → ρρ or B 0 → πρ.
The theoretical uncertainty in the extraction using B 0 → ρ+ ρ− is relatively
small, which is why it allows the most accurate determination of the angle.
The asymmetry of decay rates R
A=

R(∆t) − R(∆t)
= S sin ∆mBd ∆t − C cos ∆mBd ∆t
R(∆t) + R(∆t)

(2.12)

contains parameters S and C that depend on the angle α. The B 0 → ρ+ ρ−
decays are rare and the asymmetry analysis is not very straightforward; therefore the accuracy of some of the recent measurements is remarkable [46, 47].
Determinations of the angle α using the other decays also exist.
1

S0 (xt ) =

4xt −11x2t +x3t
4(1−xt )2 ,

S0 (xc ) = xc , So (xc , xt ) = xc ln xxct −

9

3xt
4(1−xt )

−

3x2t ln xt 
4(1−xt )2

The angle γ (φ3 ) is considered to be the most difficult to measure, due to the
smallness of the interference terms that provide the sensitivity to γ combined
with experimental challenges.

2.3

Quantum Chromo Dynamics

QCD is the theory describing the strong force that binds the quarks and gluons
into hadrons, such as the proton. The gauge bosons of QCD are the gluons.
Both quarks and gluons carry colour quantum numbers. Since the gluons are
coloured, they interact strongly with each other, which makes the behaviour
of the strong force radically different from the other three fundamental forces
of nature. The quarks are always bound into colour-neutral objects, hadrons,
made either of three quarks, or of a quark and an anti-quark.
In high energy reactions, the quark and gluon constituents of hadrons act
as quasi-free particles, partons. Such reactions can therefore be factorised
into two parts, the process-independent structure functions that describe the
distribution of partons in the hadron, and process-dependent cross-sections
calculated as a perturbative expansion in terms of the strong coupling constant
αS .
Interesting descriptions of the developement of QCD are presented in Refs. [48]
and [49].
The QCD Lagrangian for n quarks with masses mi and four-component Dirac
spinors qi is
n

LQCD

1 A µν X a
1
2
= − Fµν
FA +
q̄i (iD
/ − mi )ab qib − (∂ µ AA
µ) ,
4
2λ
i

(2.13)

A
where AA
µ are coloured vector fields and Fµν is the non-Abelian field-strength
tensor,
√
ABC B C
A
A
Aµ Aν
(2.14)
Fµν
= ∂µ AA
ν − ∂ν Aµ − 2 αS πf

and

X λA
√
a,b A
D
/ = γ µ (Dµ )ab = γ µ (δab ∂µ + 2i αS π
A ).
2 µ
A

(2.15)

f ABC are the structure constants and λ the generators of the SU(3) algebra.
The Lagrangian contains seven parameters: the six quark masses and the
strong coupling constant αS . The third term in Eq. (2.14) will lead to the
gluon self-interactions through three and four-point vertices.
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Two important features of QCD, asymptotic freedom and confinement, are
explained by the anti-screening by the gluons. A red quark, for example, is
surrounded by polarised vacuum oriented such that the anti-red colour charge
is closest to the quark, just like an electric charge is surrounded by electrically
polarised vacuum. In contrast to the case of the electric charge, the quark can
emit gluons, which change the colour charge of the quark. After the emission
of a red-anti-green gluon, for example, the colour of the quark is green.
The quark is therefore surrounded by a cloud of emitted gluons. When the
colour charge of the quark is measured with a long distance (or low-energy)
probe, the full charge is measured. With a short-distance, high-energy probe, a
smaller colour charge is observed. Therefore, at high energies, the coupling αS
is small, and perturbative calculations are well-behaved, leading to asymptotic
freedom. At low energies αS is close to unity, and perturbative treatment is no
longer justified. The coupling constant αS is said to run, and the expression
for the running can be obtained by renormalisation, giving [50, 51], to first
order,
αS (µ2 )
2
αS (Q ) =
,
(2.16)
(µ2 )
1 + αS12π
(33 − 2Nf ) log(Q2 /µ2 )
where µ is the renormalisation scale and Q the scale where the value of αS is
needed.

Similarly, the colour cloud restricts the measurement of the quark mass. While
the mass of a lepton can be unambiguously defined, the same cannot be done
with quarks. The colour cloud leads to a running (i.e. scale-dependent) quark
masses. Again, renormalisation can be used to find an expression for the quark
masses, at leading order
1

m(µ2 ) = M[αS (µ2 )] πβ0 ,

(2.17)

where M is a constant independent of the renormalisation method, and
β0 =

11CA − 4TR Nf
33 − 2Nf
=
,
12π
12π

(2.18)

where Nf is the number of flavours with masses below the scale µ, and CA = 3
and TR = 1/2. According to Eq. (2.18), the quarks appear to be lighter when
they are probed at scales larger than their mass.
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Chapter 3
Lep and delphi
The Large Electron Positron collider (lep) was a circular accelerator with a
27 km circumference that collided electrons and positrons. It was situated
near the border of France and Switzerland, in the vicinity of Geneva, and was
operated by the European Organization for Nuclear Research, cern. The electrons and positrons had equal but opposite momenta, and the collisions took
place at zero angle. During the first phase of lep operation, from the start-up
in 1989 until 1995, the center-of-mass energy of the collisions was chosen to be
close to the Z boson mass 91.2 GeV. The second phase, known as lep2, saw
the energy increase up to 209 GeV. First the energy was increased above the
W boson pair production threshold of 161 GeV in order to study the properties
of the W boson. Further energy increases were motivated by the search for
new particles, such as the Higgs boson and possible supersymmetric particles.
Despite pushing the collider to its limits and beyond, no new particles were
found. In 2000 the accelerator was shut down and dismantling was started to
prepare for the next large accelerator at cern, LHC.
The electron and positron beams were made to collide at four interaction
points around the accelerator. Each of these collision points was surrounded
by a massive general-purpose experiment, known as delphi, aleph, L3 and
opal.
The data used in the analyses described in this thesis was collected by the
delphi experiment, mainly in 1994 and 1995. The data consist of approximately two million Z 0 boson decays. Data from 1992 and 1993 is used only
to obtain large enough sample of c quark jets in the dead cone analysis. The
data from these two years include about 1.5 million Z 0 events.
The delphi detector (Figure 3.1) consisted of several layers nearly covering the
full solid angle. It was made of a cylindrical barrel-part and two end-caps. In
12
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DELPHI

Time Projection Chamber

Figure 3.1: Schematic layout of the delphi detector.

the barrel part, the innermost detectors, the Vertex Detector (VD), the Inner
Detector (ID), the Time Projection Chamber (TPC) and the Outer Detector
(OD) were mainly used for the reconstruction of the particle trajectories. The
Ring Imaging Cherenkov detector (rich) was used for hadron identification
and the High Density Projection Chamber (HPC) for electron and photon
identification as well as for energy measurement. Both tracking and particle
identification were aided by the 1.2 T magnetic field provided by the superconducting solenoid magnet. Outside the magnet were the Hadron Calorimeter
(hcal) and the Muon Chambers (muc). The structure was similar in the
end-caps. The coordinate system of delphi was chosen such that the z axis
was along the electron direction, the x axis pointed towards the centre of lep
and the y axis upwards. The azimuthal angle, φ, and the radial coordinate,
R, were defined in the x − y plane, and the polar angle, θ, in R − z plane.

The detector and its performance are described in detail elsewhere [52, 53].
Only the aspects most crucial to the analyses described in this thesis, the
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Vertex Detector and lepton identification, will be discussed here.
VD is essential for the reconstruction of the decay vertices of heavy particles,
such as the B and D mesons, that fly in average a few millimetres before decaying. A detector with a high spatial resolution, placed as close to the interaction
point as possible enables the extrapolation of the particle trajectories back to
the region close to the interaction point. This allows the determination as to
whether a particle originated from the interaction point or from a secondary
decay point displaced from the interaction point.
VD underwent several upgrades during the operation of lep. The first version
in 1990 had only two layers, then in 1991 another layer was added closest to
the interaction point when the beam pipe radius was reduced. In 1994, the
innermost and outermost layers were equipped with double-sided detectors to
allow a measurement in both the Rφ and Rz planes. The VD configuration
in 1994 and 1995 is illustrated in Figure 3.2. In 1996, the length of VD was
extended to increase the coverage in the forward direction. The addition of
the double-sided layers improved the performance of the detector significantly,
and explains the different quality of the data taken in 1994 and 1995 compared
to 1992 and 1993.

Figure 3.2: The layout of the delphi Vertex Detector in 1994-1995, viewed
from the side (left) and from the beam direction (right), from [54].

The VD consisted of three cylindrical layers of silicon strip detectors that
surrounded the beam pipe centred on the interaction point. The layers had
radii of 6.3, 9.0 and 10.9 cm. Particles with polar angles in the range 44◦ < θ <
14

136◦ traversed all three layers. The first and third layer had strips orthogonal to
each other on the opposite sides of the detector wafer, allowing measurements
to be obtained both in the φ and z directions. In the φ direction, the position
precision is 7 µm. In the z direction, the accuracy depends on the incidence
angle of the particle. At best, when the track is perpendicular to the detector,
the precision is 9 µm. The impact parameter resolutions in the Rφ and Rz
planes are in average of the order of 70 µm and 80 µm respectively, of which
the latter depends more strongly on the momentum of the particle [55].
Lepton identification in this case refers to the identification of muons and
electrons. The neutral leptons, neutrinos, are observed only indirectly through
missing energy and momentum, and the tau leptons are too short-lived and
only their decay products are seen. Only particles with sufficient energy are
considered. Typically a momentum greater than 3 GeV/c is required.
The muon identification is based on the muon chambers (muc). The majority of hadrons are stopped by hcal, and only muons with momenta above
2 GeV/c penetrate muc. There remains some residual activity from hadronic
tracks in muc, which requires further discrimination. The particle trajectories
reconstructed in the central detector are extrapolated through the solenoid
and hcal, taking into account the magnetic return field in the region. The
extrapolated tracks are compared with the hits in muc, and the track is identified as a muon if the χ2 value of the fit of the hits with the extrapolated
track is good. Regions with poor geometrical acceptance are excluded by requiring that the polar angle, θµ , of the muon satisfies 0.03 < | cos θµ | < 0.62
or 0.68 < | cos θµ | < 0.95. This way, the muon identification efficiency is
estimated to be 0.82 ± 0.01, with a hadron mis-identification probability of
(0.52 ± 0.03)% in the barrel and (0.36 ± 0.06)% in the forward region.
The electron identification is based on a neural network [56] that uses information from HPC, TPC and the rich detectors. Particle trajectories in
the region of HPC with high acceptance (0.03 < | cos θe | < 0.72) are first
extrapolated to HPC and then associated to detected showers. In order to
maintain a constant selection efficiency (65%) over the full momentum range,
a momentum-dependent cut is applied. The cut was defined using a sample of
simulated electrons from b and c decays. The mis-identification probability of
hadrons has been evaluated to be (0.40 ± 0.02)%. This electron identification
procedure was designed specifically for studies of semileptonic B decays [10].
An alternative identification is available for cases when the identification efficiency may depend on the electron momentum [53].
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Chapter 4
B hadrons at lep
The bottom quark (b) is the heaviest quark produced at lep. The lowestorder Feynman diagram for the production process is shown in Figure 4.1. The
electron and positron annihilate to produce a Z 0 boson, which subsequently
decays into a b anti-b (b̄) pair. The branching fraction for this decay is about
15% [57–61].
b

e−

Z 0 /γ
b̄
e+

Figure 4.1: The lowest-order Feynman diagram for bb̄ production at lep.
The evolution of an event is depicted in Figure 4.2. The two energetic quarks
fly in opposite directions. As the distance between the quarks increases, the
strength of the colour field between them also increases. Due to the force exerted by the colour field, the quarks emit bremsstrahlung, soft gluons. The
gluons then split into quark anti-quark pairs. This phase is governed by perturbative QCD.
The next phase is known as hadronisation. The quarks form colour-neutral
hadrons, either mesons made of one quark and one anti-quark, or baryons,
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Fragmentation

Decays
Hadronization

Figure 4.2: A schematic drawing of the different phases of a hadronic event.
made of three quarks or three anti-quarks. In the majority of cases, a meson
is produced. At lep, in about 10% of the cases the b quark ends up bound
into a baryon [4].
At the last stage of the evolution, the short-lived hadrons decay into photons,
leptons and longer-lived hadrons.
The perturbative phase, the hadronisation process and the decays of hadrons
are described in more detail in the following sections.

4.1

Gluon emission off energetic quarks

The energy spectrum of the quarks after gluon radiation has been studied
both experimentally and theoretically. The experimental studies concentrate
on trying to extract the shape of the quark energy spectrum just before hadronisation [62]. On the theoretical side, phenomenological models describing
the quark energy spectrum have been introduced [63–67] and detailed calculations of the gluon emission spectrum have been performed [68]. In the case
of energetic heavy quarks, the gluon emission results in a so-called dead cone
effect.
The gluon energy distribution with respect to the quark energy can be derived from the improved first order gluon emission probability [68], including
the finite quark mass and the running coupling effects. The calculation yields
17

two characteristics momentum scales related to the maximum and minimum
momentum loss of the quark. The gluon energy distribution contains an integration over the variable t, which is related to the transverse momentum of
2
the radiation, t = x · k⊥
. Here, x is the scaled quark energy x = 2EQ /W ,
where W denotes the center-of-mass energy of the heavy quark pair and EQ
the energy of the heavy quark, and the transverse gluon momentum k⊥ ≈ ωg θ,
where ωg is the gluon energy. Lower limit for t can be obtained from the requirement that it must be larger than the minimim momentum loss, t ≥ κ2 ,
with κ2 ≈ m2Q (1 − x)2 /x [68]. The inequality becomes
2

W
2ωg
2EQ
2
2
2
2
2
(ωg θ) ≥ κ = mQ (1 − x) /x = mQ
,
t=
W
W
2EQ

(4.1)

and after simplification,
θ ≥ mQ /EQ ≡ Θ0 .

(4.2)

The angle Θ0 is the minimum angle of gluon emission.
The radiation pattern of the primary soft gluon with energy ω from a massive
relativistic quark with energy EQ ≫ mQ and small emission angle Θ ≪ 1, is
thus given by [69]
dσQ→Q+g

αS
Θ2 dΘ2 dω
=
CF 2
.
π
(Θ + Θ20 )2 ω

(4.3)

The minimum angle for gluon emission, Θ0 , creates a cone around the energetic
heavy quark where no gluons are expected. This cone is known as the dead
cone.
This phenomenon is characteristic for bremsstrahlung off a massive particle. It
reflects the conservation of the projection of the total angular momentum on
the heavy quark momentum. Soft radiation cannot change the quark helicity
and forward emission is forbidden.
At larger emission angles, Θ ≈ 1, the emission becomes insensitive to the quark
mass mQ and appears to be identical to the gluon emission off a light quark,
dσq→q+g =

dΘ2 dω
αs
CF 2
.
π
Θ ω

(4.4)

The dead cone will not be filled by gluons from further branchings of the
emitted gluon. The colour coherence inside jets gives rise to a phenomenon
known as angular ordering [70]. The permitted decaying angle between two
quarks produced in gluon conversion, or the angle between the parent gluon
and a secondary gluon emitted by it, is restricted to be smaller than the original
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Θ2
Θ2

Θ1

Θ1

Figure 4.3: Illustration of angular ordering in case of gluon conversion to a
quark-antiquark pair (left) or gluon emitting secondary gluons (right). In
both cases Θ1 > Θ2 .
gluon emission angle Θ (Figure 4.3). After a few successive branchings, the
permitted emission angle has shrunk to very small values.
According to the hypothesis of local parton-hadron duality, the hadrons from
the emitted gluons will follow the angular distribution of the gluons; consequently, the particles observed in the final state will exhibit a depletion of
particles in the direction of the original heavy quark.
In addition to the relatively depopulated cone around the heavy quark, the
minimum angle of gluon emission has other important consequences [71].
First of all, the minimum angle restricts the emission of energetic gluons with
relatively small transverse momenta, which is normally where the radiation is
most intense. Due to this, a heavy quark is expected to retain a larger fraction
of its energy than lighter quarks do. This can be seen in the distributions of
fractional energy, or fragmentation functions, of heavy and light quarks: the
most probable energy of the hadron formed by the b quark is about 75% of
the beam energy, while for the lighter c quarks, it is about 45% and for the
light quarks (u, d, s), the mean energy of the corresponding hadron is only
about 35% of the beam energy. This is illustrated in Figure 4.4, where the
distributions of fractional energy are shown.
A second consequence is that the multiplicity of light hadrons from the gluon
radiation accompanying the heavy quark is less than in a light quark jet. The
multiplicity difference between heavy and light quark jets depends solely on
the heavy quark mass and does not, for example, depend on the quark energy.
This has been experimentally confirmed by delphi, where the multiplicity
difference was measured at a number of different energies. It was observed
to be constant and independent of the energy, while naive models predict the
difference to decrease with increasing quark energy [72, 73].
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Figure 4.4: The distributions of fractional energy for b, c and u, d, s quarks.
The heavier the quark is, the larger fraction of the available energy it retains. The distributions are obtained from simulation adjusted to reproduce
the delphi data.
As a third consequence, the energy spectrum of the accompanying light hadrons
is affected, showing a depletion at comparatively large momentum fractions
compared to light quark jets.
The parton shower phase terminates when the partons have lost energy to the
extent that their dynamics are no longer described by perturbative QCD, and
non-perturbative effects become important.

4.2

Hadronisation

Hadronisation is the process where the partons are converted into the observed
hadrons. Non-perturbative effects dominate hadronisation and at present only
models for hadronisation exist.
The models are based on the hypothesis of local parton-hadron duality, where
one supposes that the flow of momentum and quantum numbers at the hadron
level tend to follow the flow at the parton level [74]. Therefore, for example, the
depletion of gluons at small angles with respect to the primary heavy quark
is expected to be reproduced as a depletion of hadrons with respect to the
hadron containing the primary heavy quark.
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The two most widely used models are string fragmentation and cluster fragmentation.
1. String fragmentation
The string fragmentation scheme considers the colour field between the
quarks and gluons to be the fragmenting entity rather than the partons
themselves. The string can be viewed as a colour flux tube formed by
gluon self-interaction as two coloured partons move apart. This idea
was first introduced by X. Artru and G. Mennessier [75], and the most
popular string fragmentation model is the so-called Lund model [76].
Emitted energetic gluons are regarded as kinks on the string that carries
energy and momentum. When the stored energy in the string is sufficient,
a q q̄ pair may be created from the vacuum. Thus, the string breaks up
repeatedly into colour singlet systems as long as the invariant mass of the
pieces of string exceeds the mass of a hadron. Due to the dependence on
the parton mass and hadron mass, the production of strange and heavy
quark hadrons is suppressed. The pythia event generator [77, 78] uses
the string fragmentation model.
2. Cluster fragmentation
The cluster fragmentation model is based on the idea of preconfinement [79]. The gluons remaining at the end of the parton shower evolution are split into quark-antiquark pairs. Then, colour singlet clusters
with masses of the order of a couple of GeV are formed. These clusters
are made to decay directly into hadrons, except if they are too heavy or
too light. Overly heavy clusters are forced to decay into two clusters,
and too light clusters decay into a single hadron. The decay of a cluster
into two hadrons is assumed to be isotropic in the rest frame of the cluster. A decay channel is chosen based on the phase-space probability, the
density of states, and the spin degeneracy of the hadrons. Cluster fragmentation has a compact description with only a few parameters, due to
the phase-space dominance in the formation of hadrons. The herwig
event generator [80] is the most widely used event generator based on
cluster fragmentation.
Both models give a good overall description of data.
The production fractions of different b hadron species can only be studied at
lep or at tevatron at fermilab. The so-called B-factories that have the
largest samples of B decays produce only the lightest states, B 0 (Bd ) and B +
(Bu ), because they are operated at a center-of-mass energy that is not sufficient
for the production of heavier states.
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In Figure 4.5, a schematic picture of the B hadron production process is shown.
The estimated production rates are indicated both for the primary mesons and
for the weakly decaying mesons. The rates have been taken from pythia simulation tuned to best reproduce the event shape and charged particle inclusive
distributions as well as identified particle data recorded by delphi [81]. The
decay processes of the primary mesons into the weakly decaying mesons are
discussed in Section 4.3.

Figure 4.5: Schematic picture of the production of B mesons, adapted from
Ref. [82]. The rates are given in percentage terms and are taken from the
simulation. The electromagnetic decays (γ emission) are denoted by dotted
arrows and strong decays (π, K emission) by solid arrows. The dashed lines
indicate cases where no decays take place. Bu+ , Bd0 and Bs0 decay weakly.
In about 91% of cases a B meson, formed of a (anti-)b quark and a lighter
quark, is produced, while in the remaining 9% of cases, a b-baryon consisting
of a b quark and two lighter quarks is produced. The probability of having a bu
or bd meson is equal, while heavier bs mesons are produced with a probability
that is smaller by nearly a factor of four. Recently production of heavy and
rare Bc (bc) state has been confirmed by the CDF collaboration [83].
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B baryons are produced in only about 9% of cases, and 90% of the baryons
produced consist of a b quark and u or d quarks, while the remaining baryons
contain a b quark, s quark and either a u or a d quark.
The fraction of b̄-quarks fragmenting into positively charged weakly decaying
B hadrons has been measured by delphi to be f + = 0.4209 ± 0.0082 ± 0.0098,
and the production rate of bu mesons, obtained by removing the contribution
due to positively charged B baryons, was measured to be fbu = 0.4099 ±
0.0082 ± 0.0111 [82]. Fragmentation fractions have also been measured by
other collaborations [84–88].
A large proportion of the hadrons produced are in an excited state. The first
excited meson states are usually denoted by B ∗ and the heavier states by B ∗∗ .
The production of the exited states has been studied in detail by the delphi
collaboration [89, 90] and other collaborations [91–96].

4.3

B decays

None of the B hadrons are stable. The exited states are very short-lived and
they decay instantly. The lightest states, Bu+ , Bd0 , Bs0 and the baryon Λb , can
only decay through the weak interaction and therefore have longer lifetimes.
The B ∗ states decay through the electromagnetic interaction by photon emission. This decay does not change the quark content of the meson.
The B ∗∗ states decay through strong interaction. The Bu∗∗ and Bd∗∗ can decay
by emitting either a charged or a neutral pion, for example Bd∗∗ → π − Bu+ .
Emission of a neutral pion does not change the quark content of the meson,
but charged pion emission changes the flavour of the quark accompanying the
heavy quark from u to d or vice versa. The Bs∗∗ decay by emitting a charged
(Bs∗∗ → K − Bu+ ) or neutral (Bs∗∗ → K 0 Bd0 ) kaon.

The B 0 and B + mesons decay by flavour-changing weak interactions. Since the
b quark is much heavier than its partner quark, the B decay can be described
as the decay of the b quark (spectator model). The dominant decay mode of
a b quark is b → cW ∗ , where the virtual W ∗ decays either to a pair of leptons
(semileptonic decay) or a pair of quarks that subsequently hadronise (hadronic
decay). The heavy c quark produced in the decay will then take the place of
the b quark in the heavy meson, producing a D meson, often in an excited D ∗
or D ∗∗ state. The D meson will then further decay to lighter mesons.
An alternative to the b → cW ∗ is the Cabibbo-suppressed decay b → uW ∗.
There are also other decay modes, such as b → sγ, which occur even more
rarely, since they only take place through higher order diagrams.
23

Many data analyses use samples consisting of only semileptonic B decays,
where the lepton is either an electron or a muon, for several reasons. First of
all, the semileptonic decays are easier to treat theoretically than the hadronic
ones. In the final state of a semileptonic decay there are strong interactions
only between the spectator quark and the c or u quark produced in the b quark
decay, while in hadronic decays, the quarks from the W ∗ decay also need to be
taken into account. Secondly, the decays are easy to identify experimentally
due to the energetic lepton produced in the decay. In addition, reasonable
statistics are available due to the large value of the semileptonic branching ratio, Γsl /Γtot = 0.21 [4,10,12–18], where Γsl is the semileptonic decay width and
Γtot is the total decay width of the B. The fourth advantage is that the inclusive or exclusive reconstruction of the charm hadron decay vertex is facilitated
by the absence of hadrons from the B decay. On the other hand, hadronic
decays allow the study of several effects related to strong interactions.
In the study of semileptonic decays, there is a sizable contamination from
events where the lepton is produced by some other process than the weak
B meson decay, and these events appear as background in the study of the
semileptonic decays.
The most important background source are semileptonic decays of D mesons.
The semileptonic decay width of the D meson is 0.20 [4], therefore often the
hadronic decay of a B meson will be followed by a semileptonic decay of the
D meson. This background is known as cascade background. In addition,
in about 9.3% [97–99] of the hadronic events, the virtual W ∗ decays into a
charmed meson (b → cW ∗ , W ∗ → c̄s). The sign of this charm quark is opposite to the charm quark produced directly in the b decay, which is why this
background is known as wrong sign charm.
Due to the lower mass of the D mesons compared with the B mesons, there is
less phase space available in the decay; hence the lepton cannot have as much
energy in the rest frame of the decaying D meson as in the case of B meson
decays. This is often used to reduce the background originating from charm
decays in the semileptonic B decay sample. The selection removes a whole
kinematical region from the analysis, however, which in some cases can be a
significant drawback. If the event sample is very large, one can also choose to
use only events with two leptons, with minimum energy requirement for one
of the leptons, which gives very good control of the cascade background.
Leptons can also be produced in other decays. Sometimes hadrons are misidentified as leptons.
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Chapter 5
Heavy Meson Decay Models
Heavy mesons are comparable to hydrogen atoms: they can be thought to
consist of a heavy quark, around which the lighter quark circulates. The first
approximation to a theoretical description of the meson decay is naturally to
view it as a weak decay of a free heavy quark. The strong interaction effects
between the heavy quark and the spectator quark are significant, and therefore
this approximation is not accurate enough for most purposes.
Better descriptions of heavy meson decay are needed, since the favoured methods for measuring the CKM matrix elements |Vcb | and |Vub | use inclusive distributions in semileptonic heavy flavour decays. In order to extract the matrix
elements from data, the strong interaction effects need to be disentangled from
the weak decay.
The first approach to describe the meson decay was the ACCMM model [100]
that treats the decay as a free-quark decay, to which the effect of the motion
of the heavy quark inside the heavy meson is included. The ISGW model
takes into account the mass spectrum of the charmed hadrons produced in
the B meson decay and is based on the summation of different exclusive channels [101]. The most recent approaches are based on Operator Product Expansion (OPE) [102] applied to effective heavy quark theory and heavy quark
expansion.

5.1

The ACCMM model

The ACCMM model, named after Altarelli, Cabibbo, Corbò, Maiani and Martinelli [100], was one of the first models to describe decays of B hadrons and
to attempt to predict the shape of the lepton energy spectrum in semileptonic
B meson decays. The idea was to describe the meson decay as a semileptonic
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b-quark decay with corrections due to QCD and from the bound-state structure of the B meson. This had already been applied to charm mesons [103]
resulting in a good description of the data.
An important concept first introduced in Ref. [103], and further developed in
Ref. [100], is to treat the effects due to the bound-state structure of the hadron
by attributing Fermi motion to the heavy quark within the heavy meson with
mass MB . The spectator antiquark is treated as a particle of definite mass,
msp and momentum, p, while the heavy quark is treated as a virtual particle
of invariant mass W ,
q
W 2 = MB2 + m2sp − 2MB p2 + m2sp .
(5.1)
The spectator momentum is assumed to have a Gaussian distribution with an
adjustable parameter PF ,


|p|2
4
(5.2)
φ(|p|) = √ 3 exp − 2 .
PF
πPF
The spectrum of the lepton energy, E, is then obtained from folding φ(|p|)
with the decay of a quark of effective mass, W , as
Z pmax
dΓB
dΓq
φ(|p|)p2dp
=
(W, p, E).
(5.3)
dE
dE
0
The limit of integration, pmax , is the maximum allowed value of |p|, and dΓq /dE
is the energy spectrum of the leptons from the decay of a quark of mass W .
The distribution dΓq /dE can be found in Ref. [100].
Denoting ǫ = m/mQ , where mQ is the heavy quark mass and m is the mass of
the quark produced in the decay, and defining the shorthand notation
x=

2Eℓ
≤ 1 − ǫ2 ≡ xM ,
MQ

the lepton energy distribution is given by


2 αs
dΓ(0)
dΓ
1−
=
G(x, ǫ) .
dx
dx
3π

(5.4)

(5.5)

For the decay b → c,
G2 MQ5 2 (xM − x)2
dΓ(0)
=
x
[(1 − x)(3 − 2x) + (1 − xM )(3 − x)],
dx
96π 3
(1 − x)3
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(5.6)

and
G(x, ǫ) ∼

x→xM

1
2 ln (xM − x)[2xM + (2 − xM ) ln (1 − xM )].
xM

(5.7)

The model was able to predict the branching ratios and absolute rates of
semileptonic B decays with reasonable accuracy, considering the experimental data available at the time of the construction of the model. Attempts to
measure the value of PF , however, gave inconsistent and even unphysical results [104]. The ad hoc nature of the parameters has also been criticised [105].
When the results of the ACCMM model are compared with the lepton spectrum obtained using operator product expansion in terms of the mass of the
heavy quark, the results are remarkably similar to the ACCMM results, after
the latter have been scaled with a normalisation factor.

5.2

ISGW model

The ISGW model [101], after its authors Isgur, Scora, Grinstein and Wise,
concentrates on the end-point region of the lepton energy spectrum. The ACCMM model did not predict the shape and normalisation of the lepton energy
spectrum correctly near the upper edge of the kinematically allowed region.
This is due to the almost discrete masses of the low-mass hadronic states
whose production populates the end-point region. The ISGW model takes
this into account by summation over the spectra generated by the exclusive
decay channels.
In the ISGW model, the differential decay rate for the decay B̄ 0 → Xq+ eν̄e ,
with mX being the mass of the hadronic system Xq , is
d2 Γ
G2 m5
= |Vqb |2 F 3B ×
dx dy
32π

 (5.8)


α
m2X
m2X
2
y + 2β++ 2x(1 − 2 + y) − 4x − y − γy(1 − 2 − 4x + y) ,
m2B
mB
mB
where x = Eℓ /mB and y = (pB − pX )2 /m2B . The expressions for α, β++ and γ
are given in Ref. [101].
The model gives rather accurate predictions for the end-point region that is
populated by the production of only the two lightest charm meson states, D
and D ∗ . In order to extract the full spectrum, the contributions from the
broader D ∗∗ are needed, which complicates the calculation.
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5.3

Heavy Quark Expansion

The most developed theoretical description of heavy meson decays combines
Operator Product Expansion [102] with Heavy Quark Effective Theory [106,
107].
The strong interactions affect the free-quark decay model in two ways: Firstly,
corrections related to gluon radiation and exchange, calculated in terms of αS ,
can be treated using perturbative QCD. The one-loop corrections, of order
αS , to some differential distributions were calculated already 20 years ago [100,
108–112], and to the total width in 1989 [113]. The O(αS2 β0 ) corrections (the
BLM [114] corrections) to the total width have been known for ten years [115,
116].The BLM corrections to order O(αSn β0n−1 ) have also been calculated [117].
Secondly, non-perturbative corrections related to the bound state dynamics of
the meson and hadronisation after the decay require performing an expansion
in terms of inverse powers of the heavy quark mass, mQ . The OPE is used
to describe these corrections. The corrections are not as well known as the
radiative corrections and they contain parameters whose values need to be
determined experimentally.
The QCD Lagrangian has the form
LQCD = −

X
1
a 2
(G
)
+
q̄(iD
/ − mq )q,
4gs2 µν
q

(5.9)

where Gaµν is the gluon field strength tensor and Gµν = ta Gaµν is its matrix
representation, and the gauge-fixing term has been left out. The sum extends
over all the quarks q. All the operators are defined at a specified normalisation
point, µ, and all couplings are functions of µ. In an effective theory describing
the low-energy properties of heavy hadrons, the normalisation point µ must
be below the mass of the heavy quark mQ . This changes the generic form of
the Lagrangian and a series of operators of higher dimension appear, whose
coefficients contain inverse powers of mQ . These effective operators need to be
Lorentz scalars. To order 1/m2Q the Lagrangian becomes [118]
L=−

X
cG
1
a 2
(G
)
+
Q̄(i
D
/
−
m
)Q
+
q̄(iD
/ − mq )q +
Q̄iσµν Gµν Q
Q
µν
2
4gs
4m
Q
q

X fq
X d(Γ)
X d(Γ)
qq ′
Qq
+
mq q̄iσµν Gµν q +
Q̄ΓQq̄Γq +
q̄Γq q̄ ′Γq ′
2
2
2
mQ
mQ
mQ
q
Γ,q
Γ,q,q ′
+

h
Tr(Gµν Gνρ Gρµ ) + O(1/m3Q ),
m2Q
(5.10)
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where Γ are four-fermion operators and Q is the heavy quark field. All masses,
couplings and the coefficients of higher dimension operators depend on the
renormalisation scale.
The leading contribution to the meson decay width, corresponding to the freequark decay, is obtained from the term Q̄mQ Q of the Lagrangian, given by an
effective operator of the form
Γ̂0 =

G2F
Nc |V CKM |2 m5Q Q̄Q,
192π 3

(5.11)

where Nc is the number of colours and V CKM the CKM matrix element related
to the decay.
There cannot be terms that are of the order of 1/mQ , since they can only arise
from dimension four operators. Such an operator is either a total derivative,
which has to vanish due to equations of motion, or a scalar that can be absorbed
in an overall constant of Eq. (5.11).
The first non-leading operators in the expansion are therefore of dimension
five. One of them is the chromomagnetic dipole operator for the heavy quark
Q:
DG = Q̄iσµν Ĝµν Q,
(5.12)
where the gluonic field strength tensor Ĝµν = 12 gGaµν λa , and σ µν = 21 (γ µ γ ν −
γ ν γ µ ). The expectation value


1
i
µν
HQ |Q̄ σµν G Q|HQ ≡ µ2G
(5.13)
2MHQ
2
defines the parameter µ2G , when HQ denotes the heavy hadron. In an alternative parametrisation, where the expansion is performed in terms of the heavy
quark pole mass instead of the running mass utilised here, the corresponding
parameter is denoted by λ2 , with approximately µ2G = 3λ2 . The value of µ2G
can be determined from the mass difference of B and B ∗ mesons.
The other dimension five operator is related to the kinetic energy of the heavy
quark inside the heavy hadron. The operator is
~ 2 Q = Q̄~π 2 Q,
Oπ = −Q̄D

(5.14)

~ is the covariant momentum operator for the heavy quark, with
where ~π = −iD
the expectation value
1
HQ |Q̄~π 2 Q|HQ ≡ µ2π .
2MHQ
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(5.15)

Physically µ2π corresponds to the average squared spacial momentum of the
heavy quark inside the heavy hadron. In the pole mass scheme µ2π is known as
−λ1 .
The relevant dimension six operators are the Darwin term ρ3D and the spinorbit term ρ3LS [119],
ρ3D ≡

1
1~ ~ 
· E) Q|HQ
HQ |Q̄ − D
2MHQ
2

(5.16)

ρ3LS ≡

1
~ × iD)Q|H
~
HQ |Q̄(~σ · E
Q ,
2MHQ

(5.17)

and

~ denotes the background chromoelectric field.
where E
To summarise, there are no corrections to the free quark decay model that
are of order 1/mb . The non-perturbative corrections of order 1/m2b are flavour
independent and affect the heavy meson decays in a uniform way independent
of the flavour of the light antiquark. The 1/m3b corrections do also depend on
the flavour, and generate differences in the lifetimes and semileptonic branching
ratios between heavy hadrons. The semileptonic width is given by [119]


Γ3
Γ2
4
pert
Γsl (b → c) = Γ̂0 (1 + Aew )A (r, µ) z0 (r) + 2 + 3 + O(1/mb ) , (5.18)
mb
mb
with

z0 (r) 2
(µπ − µ2G ) − 4(1 − r)4 µ2G
2


z0 (r)
4
+ 2(1 − r) (ρ3D + ρ3LS ) + d(r)ρ3D .
Γ3 =
2
Γ2 =

and

(5.19)

(5.20)

All the parameters mb , µ2π , µ2G , ρ3D and ρ3LS depend on the normalisation scale
µ. The mass ration √
is given by r = m2c /m2b . The electroweak correction 1 +
Aew ≈ 1.014 and for r = 0.25 and µ = 1 GeV the perturbative contributions
Apert ≈ 0.908. The phase space factor zo (r) is given by
z0 (r) = 1 − 8r + 8r 3 − r 4 − 12r 2 ln r
and
d(r) = 8 ln r +

32
10
34 32
− r − 8r 2 + r 3 − r 4 .
3
3
3
3

(5.21)

(5.22)

The lepton energy spectrum calculated using this approach contains singular
terms at the end-point of the spectrum. The chromomagnetic interaction
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effectively shifts the spectrum by changing the energy of either the initial
or the final state, and the motion of the b quark inside the heavy hadron
Doppler shifts the spectrum [120]. The expression contains a δ function and
its derivatives. The observable spectrum and the expression obtained from
heavy quark expansion can only be compared outside a finite neighbourhood
of the end-point region or by integrating over the spectrum. This is why
experimental studies of the lepton spectrum measure the statistical moments
of the spectrum rather that just the shape of it.
The first three statistical moments of the lepton energy spectrum in b → c
transitions are defined as
M1ℓ =< Eℓ∗ >
M2′ℓ =< (Eℓ∗ − < Eℓ∗ >)2 >

(5.23)

M3′ℓ =< (Eℓ∗ − < Eℓ∗ >)3 >,

where < Eℓ∗ > denotes the mean value of the lepton energy distribution in
the rest frame of theB. The moments of the hadron mass distribution can be
defined either with respect to the spin-averaged D meson mass mspin = 1.97375
GeV/c2 ,
MnH =< (m2H − m2spin )n >
(5.24)
or with respect to the mean value of hadronic mass squared,
Mn′ℓ =< (m2H − < m2H >)n > .

(5.25)

The moments can be expressed in terms of the parameters µ2G , µ2π , ρ3D and
ρ3LS and the quark masses mb and mc . The values of these parameters can
then be determined by measuring several of these moments. They also provide
a useful testing ground for OPE [121]. At lowest order in OPE (the free
quark model) the final hadronic state has fixed invariant mass sH = m2q , and
therefore moments of (sH − m2q ) directly probe the physics beyond the free
quark model. Similarly, the maximum hadron energy is (m2b + m2q )/2mb , and
the region above this endpoint is populated only by gluon bremsstrahlung and
non-perturbative effects.
The lep experiments, like delphi, are well-suited for the measurement of these
moments. The amount of data does not match that available at B-factories,
but the high energy of the B mesons produced allows the performance of the
measurement using the full spectrum of the lepton energy in the rest frame of
the decaying B. The high energy does, of course, introduce other complications
to the event reconstruction, but they are more straightforward to solve than
accounting for the degradation of the reliability of the theoretical descriptions,
and even biases, brought about by not being able to use a significant part of
the lepton energy spectrum [122, 123].
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Chapter 6
Top quark production at clic
In electron-positron colliders the colliding particles are basic constituents of
matter and therefore the full center-of-mass energy is available for the physics
process. In hadron colliders the constituents of the hadrons collide. The quarks
and gluons have only a fraction of the total energy, and therefore the centerof-mass energy of the interaction is lower than the center-of-mass energy of the
hadrons and it varies from one interaction to the other. In circular accelerators,
the energy losses of electron and positron beams due to synchrotron radiation
become intolerable at energies larger than those reached at lep, and future
electron-positron colliders are therefore foreseen to be linear.
At the moment, the technology exists to build a 500-1000 GeV linear electronpositron collider, known as the International Linear Collider, or ILC, to complement the existing proton-antiproton collider tevatron and the protonproton collider LHC that is being prepared for operation. It is expected that
new particles will be found at LHC. If their masses are above 1 TeV, they cannot be studied in detail at ILC, but instead a higher-energy electron-positron
collider will be needed.
The clic collider is a linear collider concept for center-of-mass energies of
3 TeV [124] and beyond being developed at cern. Despite its higher centerof-mass energy, the length of the accelerator would be about the same as that of
ILC. In addition to allowing the study of high-mass particles found elsewhere, it
would open a new frontier for even higher energies and the possible unforeseen
physics phenomena.
The clic accelerator design contains several new concepts. One of the most
interesting features is that the acceleration will be provided by a secondary
particle beam travelling parallel to the primary beam. When the primary beam
has absorbed most of the energy of the secondary beam, the secondary beam is
32

replaced with a new one. This enables much larger acceleration gradients than
achieved with more conventional methods, and despite the much larger centerof-mass energy, the length of the clic accelerator would be approximately
the same as that of the ILC, about 35 km. The other dimensions of clic
would also be very compact, the radius of the beam pipe would be just a few
centimetres and the dimensions of the magnets of the order of 20 cm. The
small size gave clic its full name, Compact Linear Collider.
It is important to perform physics studies already at an early stage of the
design of the accelerator. The studies help define the optimal center-of-mass
energy for the collider and possibly add insight into the merits of different
scenarios for the accelerator performance1 . The studies also help in understanding the requirements for the detectors to be used in the experiments.
Most importantly, the studies help illustrate the physics possibilities offered
by the collider. The study of the top quark production cross-section and
forward-backward asymmetry serves these purposes.
Currently, the top quarks are produced and studied only at the tevatron
collider at fermilab, and after the 2007 start-up of LHC at cern even more
of them will be produced. By the time clic could start operation, around
2020, the properties of the top quark, such as its mass and decay fractions,
will be known to a high accuracy. There may also be additional information
about physics beyond the Standard Model. The Higgs boson should have been
found by then, and perhaps also supersymmetric particles have been found at
LHC.
There are extensions to the Standard Model, such as the E6 inspired models
[125–130] and the left-right symmetric models [131, 132] that contain extra
gauge bosons Z ′ . For a review of these models, see Ref. [133].
The masses of Z ′ bosons may be in the energy region reachable with clic, but
they may just as well be considerably heavier. In the latter case, they can still
be observed indirectly. There would be mixing between the Z 0 and the Z ′ ,
which affects the cross-sections and production asymmetries of fermions. The
expressions for cross-sections and asymmetries depend on which model is being
studied. By precision measurements of the cross-section and asymmetries of
the fermion production, Z ′ bosons with masses above 10 TeV could be observed
with a 3 TeV collider through observing values that deviate from the expected
Standard Model values.
1

In the case of clic, there are two different luminosity scenarios, one with a higher
luminosity (L = 10 · 1034 cm−2 s−1 ) but with a larger spread of the center-of-mass energy,
and another with a lower luminosity (L = 8·1034 cm−2 s−1 ) but with a center-of-mass energy
with a smaller spread [124].
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The Standard Model production process of quark-antiquark pairs is the same
as in lower energies, e+ e− → Z/γ → q q̄. The extensions with additional gauge
bosons would also add e+ e− → Z ′ → q q̄, changing the cross-section, and the
interference would affect the forward-backward asymmetry.
Simulation studies with the pythia event generator were performed to estimate the accuracy with which the top quark pair production cross-section
and the forward-backward asymmetry could be measured, taking into account
the γγ → hadrons events accompanying the electron-positron collisions and
the realistic beam energy distributions, as described in [124]. Only the dominating background, W + W − production, was considered. The accuracy of the
cross-section measurement was estimated based on the efficiency of tt̄ event
identification. To estimate the accuracy of the forward-backward measurement, the charge of the top quark was determined based on the charge of the
charged lepton produced in the top decay. Combining these results with similar studies for bottom quarks and muons, it has been shown that after four
years of clic running at the design luminosity the existence of a 30 TeV Z ′
boson could be established [134].
The lifetime of the top quark is short, 10−24 s [4], and it decays as a free quark,
not having time to form a hadron. The dominant decay mode of the top quark
is t → W + b. The W can then decay either to leptons, e+ ν̄e , µ+ ν̄µ or τ + ν̄τ ,
or to quarks, ud¯ or cs̄. Thus the signature of an event with tt̄ pair is two
b-tagged jets accompanied by either four non-b jets, or two jets, a lepton and
missing energy, or two leptons and missing energy. The invariant mass of a b
jet combined with the appropriate non-b jets should be close to the top quark
mass.

34

Chapter 7
Decay reconstruction
Depending on the purpose, the decay vertex of a heavy quark can be reconstructed with varying accuracy and complexity.
The simplest reconstruction is used in the study of top quark production at
clic (publication VII). In this case, the main purpose is to identify events in
which a top quark has been created, and thus only the mass of the decaying
object is of interest. The most accurate decay reconstruction is required in
the study of the lepton energy spectrum (publications I-IV), where the energy
and momentum of the decaying B meson need to be reconstructed with a very
high accuracy, since any uncertainty on the decay vertex will directly affect the
accuracy of the determination of the lepton energy in the rest frame of the B.
The reconstruction algorithm described here corresponds to the final version
of publication I, and the one used in, for example, publication IV is somewhat
simpler, even though the approach is the same.
In this chapter, the three reconstruction methods are described, starting with
the simplest one used in the top quark analysis for clic, followed by the B
decay vertex reconstruction used to separate B decay products from fragmentation particles in the delphi dead cone analysis (publication VI) and finally
the detailed reconstruction needed to measure the lepton energy spectrum at
delphi.

7.1

Top identification

In order to measure the tt̄ production cross-section at 3 TeV center-of-mass
energy at clic (publication VII), the events need to be identified. This can
be done by reconstruction of the two top quark decays in the event.
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According to the Standard Model, the top quark decays in nearly all cases to
a b quark and a W boson. The W can then decay either to leptons (a charged
lepton and the corresponding anti-neutrino) or to hadrons (a quark and an
anti-quark). Since the top quarks are produced in pairs in e+ e− collisions, the
events can be either fully leptonic (10%), fully hadronic (46%), or semileptonic
(44%), where one of the W bosons decays into leptons and the other into
hadrons.
The reconstruction starts by counting the number of energetic leptons (Eℓ >
50 GeV) identified in the event. If none are found, the event is assumed to be
fully hadronic. If there is one lepton, the event is assumed to be semileptonic,
and if there are two or more leptons, the event is presumed to be a fully leptonic
event. The lepton is required to be energetic, since leptons with lower energies
are also produced in semileptonic decays of the b and c quarks.
If the event is classified as fully leptonic, no further analysis is performed. The
fully leptonic events consist of two energetic charged leptons and two b jets,
while the neutrinos remain undetected. The top decays cannot be satisfactorily
reconstructed in this case due to the large amount of missing energy.

1/N dN/dEb, 1/(100 GeV)

If the event is fully hadronic, the particles in the event are clustered into
exactly six jets using the jade algorithm [135]. These six jets correspond to
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Figure 7.1:√The energy distribution of the b quarks produced from top quark
decays at s = 3 TeV in e+ e− → tt̄ events according to pythia Monte Carlo.
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the two b jets from the two top quark decays and two non-b jets from the decay
of each of the W bosons. If the event is semileptonic, four jets are required,
corresponding to the two b jets and two non-b jets from the hadronic decay of
one of the W bosons.
The b jets are identified using b-tagging. Based on a previous study [136], it
is assumed that b jets are correctly identified with a 85% efficiency and the
rates to falsely identify c jets and light quark jets as b jets are 30% and 10%,
respectively.

1/N dN/dΘ, 1/(0.02 rad)

Optimally, the reconstruction would combine two non-b-tagged jets with one
b-tagged jet. In practice, the jet reconstruction does not always resolve the
jets correctly. The b jets can have very low energies despite the large centerof-mass energy (Figure 7.1) and can therefore be combined with one of the
more energetic jets from the W , while the other jet from W decay is split in
two or a gluon-initiated jet forming the sixth jet in the event. In addition, the
angle between the two jets from the W decay is typically small (Figure 7.2)
and these jets are easily merged together.
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Figure 7.2: The angle between the two quarks from
√ decays of a W boson
+ −
produced in top quark decay in e e → tt̄ events at s = 3 TeV.
The possible problems in the jet reconstruction are accounted for by considering any combination of one b-tagged jet and between one and three nonb-tagged jets, and looking for the combination that gives an invariant mass
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closest to the nominal top quark mass. Among the non-b-tagged jets, a combination giving an invariant mass close to the W boson mass is searched for.
The combination that minimises the mass difference with respect to the nominal top and W masses mt and mW
rec
D = |mrec
t − mt | + |mW − mW |

(7.1)

2

1/N dN/dmW, 1/(2 GeV/c )

2

1/N dN/dmt, 1/(4 GeV/c )

is selected as the top candidate of the event. In fully hadronic events, the
masses of the two top candidates are considered simultaneously. Each jet is
allowed to be included only in one of the reconstructed top quarks.
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Figure 7.3: The reconstructed mass for the top quark candidates that minimise
the mass difference D (left). The reconstructed mass of the W candidates
(right). The shaded area represents events that do not contain top quarks,
mainly from the process e+ e− → W + W − .
The mass distributions of the top candidates and of the W candidates are
shown in Figure 7.3.

7.2

Simple B decay reconstruction

In the dead cone analysis (publication VI) studying the angular distribution of
fragmentation particles in events at delphi containing heavy quarks, the vertex reconstruction is performed in order to separate the fragmentation particles
from those originating from the heavy meson decay.
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First the event is divided into two hemispheres with a plane perpendicular to
the thrus axis1 . One of the hemispheres is randomly seleced to be used in the
analysis, and only particles in that hemisphere are considered.
Only charged particles that were detected in the silicon vertex detector are
used. The momentum is required to be greater than 0.5 GeV/c. For each
particle, impact parameter significance (ips) is defined. The impact parameter
is the distance of closest approach between the particle trajectory and the
primary vertex, and ips is obtained by dividing the absolute value of the
impact parameter with the uncertainty on the measured value. For particles
with impact parameter defined both in the R − φ and the R − z plane, the one
with larger ips is used.
An iterative procedure starts with the particle with the largest momentum and
the particle with the largest IPS. If the particle with the largest IPS is also the
most energetic particle, the particle with the second largest IPS is used. First,
a common vertex of the two particle trajectories is calculated. The common
vertex of the two particles is required to satisfy
1. The invariant mass of the particles in vertex mvtx < 5.5 GeV/c2 ≈ mB .
2. The distance of the vertex from the main vertex of the event L < 2 cm
and L/∆L > 2.9.
3. The vertex fit χ2 < 3.0, or, when adding further particles to the vertex,
the change in the fit χ2 satisfies ∆χ2 < 3.0.
All the selected particles are iteratively tested for inclusion in the vertex in
the order determined by IPS. The particles are included in the vertex if after
their addition the vertex satisfies the above criteria. When a new particle is
included in the vertex, the vertex parameters are updated. When no further
particles can be added to the vertex without violating the criteria listed above
the first stage of the iteration is ended.
If the vertex of the two particles does not satisfy the above criteria, the particle
with the largest ips is replaced with the particle with the second largest ips.
1

The thrust, T , of the event is defined as
P
pi · ~n|
i |~
,
T = max P
pi |
i |~

in which ~
pi are the particle momenta and ~n is an arbitrary unit vector. The ~n that maximises
the expression defines the thrust axis.
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If no two-particle vertex containing the most energetic particle is found, a
vertex using the particles with the largest and second largest ips are used to
start the reconstruction.
After the first stage, the reconstruction is continued by considering all charged
particles in the hemisphere with a momentum above 0.5 GeV/c. For each
remaining particle, the χ2 values of fits to the main vertex of the event and to
the reconstructed secondary vertex are evaluated. Of the particles that have a
smaller χ2 with respect to the secondary vertex than to the main vertex, the
one with the lowest χ2 is included in the secondary vertex, if this new vertex
satisfies the criteria above. Then, the χ2 values for all the remaining charged
particles are re-evaluated, and again the one with the lowest χ2 is included in
the secondary vertex. This is continued until all the remaining particles either
are more compatible with the main vertex of the event or do not satisfy the
criteria to be included in the vertex.

2
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The mass distribution of the reconstructed B decay vertices is shown in Figure 7.4. The most probable value of the vertex mass is close to the D meson
mass, 1.8 GeV/c2 . The typical reconstructed mass is significantly lower than
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Figure 7.4: The reconstructed mass of B vertices using the simple B reconstruction algorithm. The points corresponds to the data and the histogram
to simulated events. The shaded region represents background events that do
not contain a B decay.
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Nvtx

the B mass, 5.2 GeV/c2 , since only charged particles are used in the reconstruction. Inclusion of energetic neutral particles would increase the reconstructed
mass closer to the nominal mass. The neutral particles are not included, since
the aim of the analysis is to compare the angular distributions of particles
in heavy and light jets, and the trajectories of neutral particles cannot be
accurately reconstructed.
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Figure 7.5: The charged multiplicity of B vertices using the simple B reconstruction algorithm. The data is shown as points with error bars and histograms represent the simulation. The shaded region corresponds to background.
The multiplicities of the vertices are shown in Figure 7.5. The average charged
multiplicity in B decays is 4.97±0.07 [137]. The most probable multiplicity of
the reconstructed vertices is three, with average value of 3.7, suggesting that
in average one charged B decay product is not included in the vertex.
The fraction of true B decay products in the reconstructed vertices is shown
in Figure 7.6. Since the fraction is calculated for each event as the ratio the
number of the B decay products out of total number of particles in the vertex
it takes such values as 2/3, 4/5 or 2/2. Over 60% of the reconstructed vertices
contain only true B decay products. There is also a small fraction of events
with no true B decay products in the vertex.
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Figure 7.6: The fraction of true B decay products in the reconstructed secondary vertex using the simple B reconstruction algorithm according to simulated events. The fraction is defined only for signal events.

7.3

Elaborate B decay reconstruction

Accurate reconstruction of the B system is crucial in the measurement of the
lepton energy spectrum at delphi (publication I). The lepton is Lorentzboosted to the rest frame of the B meson; hence, any inaccuracies in the
reconstruction of the energy or the momentum of the B directly affect the
measured lepton energy.
The B decays studied are semileptonic decays B → Xc ℓν ℓ , where the charm
hadron, Xc , subsequently decays into lighter hadrons. The reconstruction of
the B decay requires the identification of the charged lepton, the reconstruction of the neutrino from the missing energy, the missing momentum and the
missing mass in both hemispheres of the event, and the reconstruction of the
charm decay vertex. From these, it is then possible to estimate the energy and
momentum of the B meson.
The reconstruction of the charm decay vertex is based on the simple B reconstruction algorithm described in the previous subsection. It has been developed
further to achieve the accuracy needed.
First, the charged lepton is identified as described in Chapter 3.
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Then, all charged particles belonging to the same jet as the lepton are considered. The jets are reconstructed using the luclus algorithm [138]. For each
particle in the jet, the point where the particle trajectory crosses the jet axis
is calculated. The distance between the main event vertex and this crossing
point is called the crossing distance. The sign of the crossing distance is negative, if the crossing point is in the hemisphere opposite to the one in which
the particle and the jet are.
Ideally the crossing distance is compatible with zero for particles originating
from the main event vertex, when the uncertainty on the distance is considered.
The crossing of the lepton with the jet axis is at a significantly larger distance
in a semileptonic B decay. The particles produced in the subsequent decay of
the D meson have the largest crossing distances (see Figure 7.7).
lepton

neutrino

B vertex

Jet axis

Primary
vertex

Primary
particles

D vertex

Lepton

Crossing
distance
Charm decay products

Figure 7.7: Schematic illustration of a semileptonic B decay showing the jet
direction and the crossing distances of the charged particles projected on the
jet axis. The solid lines represent the particle trajectories and the dashed lines
lead to the projection of each crossing point to the distance from the main
vertex. The crossing distances are related to the origin of the particles.
An attempt was made to use these crossing distances as a basis of the vertex
reconstruction. The D decay vertex was formed by those charged particles
whose crossing distances with the jet axis were compatible with each other.
Several different ways of identifying and combining these particles were tested,
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but the required vertex reconstruction performance level was not achieved. An
important advantage of this approach is that it is very sensitive to those D
decays where only one energetic charged particle is produced, accompanied by
one or more neutral particles.
The evaluated crossing distances are used in the vertex reconstruction to help
identify the particles with which to start the iterative reconstruction process.
The particles are ordered according to their impact parameter significance, as
in the simple reconstruction. If there is a charged particle with a crossing at
least 1σ distance away from the main event vertex and further away than the
lepton crossing, it is used to start the iteration process. The crossing distance
must not exceed 15 cm, which would indicate that the particle is probably
not produced in a D meson decay. If there is no particle with a large crossing
distance, the iteration starts with the most energetic charged particle in the
hemisphere.
The target mass of the vertex is set to 1.8 GeV/c2 , the nominal mass of the D 0
and D + mesons. New particles are added to the vertex only if their addition
brings the invariant mass of the vertex closer to this value.
Apart from the target mass, the reconstruction in the first stages proceeds as
in the case of the simple reconstruction. If, after the full iteration process,
the vertex mass exceeds the target mass or the χ2 /n.d.f of the vertex is larger
than 2.0, each particle is removed from the vertex one by one. If the removal of
one of the particles results in a mass closer to the target mass or significantly
improves the χ2 value of the vertex, the particle is permanently removed.
At the last stage of the reconstruction of the charm system, neutral particles are
considered. The trajectories of the neutral particles cannot be reconstructed
as accurately as those of the charged particles, and thus a complete vertex fit
that would give the χ2 value of the vertex as well as its position, cannot be
performed. The invariant mass of the vertex can be evaluated, and it is used
to estimate the compatibility of the neutral particle with the reconstructed
vertex. If the addition of a neutral particle brings the invariant mass of the
vertex closer to the target value, the neutral particle is included. Among
neutral particles, combinations of either two neutral pions that are compatible
with originating from a neutral kaon or two photons compatible with a neutral
pion are also considered, even if the momenta of the single pions or photons
are below the required 0.5 GeV/c.
If no vertex is found using the particles in the same jet as the lepton, the
process is repeated using all charged particles in the hemisphere of the lepton.
In the event of no vertex of at least two particles being found, a single charged
particle is accepted to represent the decay vertex. In this case, the particle
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with the largest crossing distance is used, or the most energetic particle, or the
particle with the largest impact parameter significance, in decreasing order of
preference.
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Figure 7.8: The reconstructed mass of the D vertices when the elaborate reconstruction is used. The points with error bars are delphi data and the
simulation is shown as a histogram. The shaded histogram represents the
background, which also contains events with genuine D mesons.
The mass distribution of the reconstructed vertices peaks at the target mass
1.8 GeV/c2 (see Figure 7.8). The background is also peaked at the D mass, due
to the fact that it contains also events with genuine D mesons, such as events
with Z 0 decays to charm and anti-charm or hadronic B decays to charmed
mesons. The peaks at 0.14 GeV/c2 and 0.49 GeV/c2 correspond to vertices of
a single π or K meson, respectively.
The neutrino is reconstructed using the visible energy, momentum and mass
in both hemispheres. The neutrino energy is obtained from the missing energy
Ebeam −E
in the hemisphere
pvis in the hemisphere, corrected by the missing mass
2
2
2
Mmis = Evis − pvis . For missing mass less than 4 GeV/c , the correction has
essentially the same effect as adding the missing mass to the missing energy.
If the missing mass is larger than 4 GeV/c2 , the estimated missing energy is
increased by about 5 GeV/c2 . The energy of the neutrino can be reconstructed
with a resolution of 2.9 GeV (Figure 7.9).
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Figure 7.9: The resolution of missing energy reconstruction according to simulated events.
The total energy and the mass of the B meson is then obtained by summing
the lepton, the missing energy and the charm decay vertex. Events to be
used are required to have the reconstructed B mass between 4 GeV/c2 and
9 GeV/c2 . The lower limit significantly reduces events without a semileptonic
B decay and the upper limit rejects badly reconstructed signal events. The
energy resolution of the B meson for the selected events is about 10%.
The momentum of the B is obtained by combining the momenta given by two
separate estimators.
One estimator is the momentum sum of the lepton, the neutrino, and the
D vertex. The estimator is available for all selected events, but its accuracy
varies with the reconstructed mass of the B. When the reconstructed mass
differs significantly from the nominal B mass of 5.28 GeV/c2 , the direction of
the reconstructed momentum is deteriorated. Typically, in these cases, the
direction of the missing momentum is incorrectly reconstructed due to some
particles having escaped detection.
The second estimator is independent of the neutrino reconstruction. A vertex
fit is performed using the charged particles in the D vertex and the lepton, and
the flight direction is obtained from the vector connecting the reconstructed
D-ℓ vertex with the main vertex of the event. The uncertainty is obtained
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from the covariance matrix of the main vertex and the reconstructed vertex,
and the accuracy of the direction estimation depends on sd = d/σd , where d
is the distance between the two vertices and σd its estimated uncertainty. If
sd < 10, the accuracy is not good enough to be useful.
The accuracies of these two estimators are estimated based on the mass of the
reconstructed B for the first and sd for the second, and the final momentum
direction is their weighted sum. The weights are defined event-by event based
on the relative estimated accuracies of the two estimators in that event. The
combined estimator resolves the B direction with a 14 mrad precision in φ and
with a 15 mrad precision in θ for the majority of the events.

dN/dEl, 1/(0.1 GeV)

When the lepton energy in the rest frame of the reconstructed B is calculated,
the reconstructed energy has a 170 MeV resolution. The reconstructed lepton
energy spectrum in semileptonic B decays is shown in Figure 7.10.
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Figure 7.10: The reconstructed lepton energy spectrum in the rest frame of the
B meson in semileptonic B decays. The points with errors are data and the
histograms represent simulated events. The background components shown
are, from top: hadrons identified as leptons; Z 0 → cc̄ events; leptons from
decays of particles other than B or D mesons; cascade b → cW ∗ , c → sℓν and
wrong sign b → cc̄s, c̄ → s̄ℓν.
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Chapter 8
Background reduction
After the reconstruction of the decay, a large amount of background still remains in the event sample. Often the background is reduced by using a separating variable. The selected events are required to lie within a certain, optimised
interval of that variable. As an example, the b-jet sample for the study of the
dead cone effect in publication VI is selected by requiring that the probability
of all the particles in the hemisphere originating from the event main vertex
is less than 0.01. The sample obtained consists of 81% of b jets and 19% of
jets of other flavours. Requiring a reconstructed secondary vertex improves
the purity of the sample even further.
Such a simple selection is not always possible. A distinct variable may not exist
that would give clear enough separation, or the variable achieving it would also
introduce a bias in the quantity being measured. Instead, several variables
with some separating power and unrelated to the quantity being measured
may be found. Placing strict requirements on all of these variables would
yield too low a selection efficiency for signal events considering the available
data. The information contained in these variables, however, can be combined
into one single variable, which is then used to select the events to be used
for the analysis. This approach was used to select simulated clic e+ e− → tt̄
events out of a sample that contained 20 times more e+ e− → W + W − events
(publication VII), to separate Z → cc̄ events from other events containing a
reconstructed D meson at delphi (publication IV), and to select events that
contained a semileptonic B decay for the lepton spectra analysis at delphi
(publications I, III and IV). In all of the cases, the basic idea was the same
and it was adapted for each specific case.
From simulated events, a probability density distribution is obtained for each
of the variables used for separation. The probability P s of the event being a
signal event based on a variable i can be determined from a binned probability
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density distribution. Using N variables, the total probability of the event being
a signal event before normalisation is
P

s′

=

N
Y

Pis ,

(8.1)

i=1

and, correspondingly, the probability of the event being a background event is
b′

P =

N
Y

Pib.

(8.2)

i=1

The normalised variable is then
′

Ps =

Ps
,
P s′ + P b′

(8.3)

which takes values between 0 and 1.

Probability

As an example, let us look at a simplified case with just one variable with
probablity distributions for signal and background as in Figure 8.1. In this
case, the background has a flat distribution, while the distribution for signal
shows linear growth. Suppose that a value of 0.25 has been measured. Then,
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Figure 8.1: Sample binned probability density distributions in ten bins for
signal (solid line) and background (dashed) .
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reading from the probability density distributions, P1s = 0.044 and P1b = 0.100,
0.044
and P s = 0.144
= 0.306, or the event is signal at a probability of 31% and
background with 69% probability.
If the individual probabilities are small and the number of separating variables,
N, is large, the multiplication of the probabilities may lead to a numerical
underflow in the calculation. For example, sharp changes in the probability
density distribution of a continuous variable require using a large number of
narrow bins. The average probability is 1/Nbin , and when the number of bins
is large, it may be beneficial to normalise Pis and Pib to Pis +Pib = 1 before performing the multiplication. An additional benefit is that all the probabilities
to be multiplied are approximately of the same order of magnitude, regardless
of into how many bins the probability density distributions were initially divided. The final variable P s has the same value with or without the additional
normalisation and the calculation becomes numerically more stable when such
a normalisation is introduced.
In this chapter, the separating variables selected for each of the three analysis
are reviewed. First the selection of semileptonic top events at clic is discussed. Then the selection of charm jets for the delphi dead cone analysis is
described, and the chapter concludes with the selection of semileptonic B decays for the lepton spectrum measurement. The selection variables presented
in this chapter for the semileptonic B decay selection correspond to the set
used for the final version of the analysis, described in publication I. Since the
earliest version of the analysis, publication IV, some of the variables have been
changed.

8.1

Semileptonic t decay selection at clic

W + W − pair production is the most significant
√ source of background in the
measurement of tt production cross-section at s = 3 TeV (publication VII).
The cross-section of W + W − production, 500 fb [139], is about a factor of 25
larger than the Standard Model cross-section for tt̄ production, 20 fb [139].
The W + W − events do not contain the two b jets present in the tt̄ events, but
there may be extra jets in the event. These extra jets, combined with the jets
produced in the W decay, may give an invariant mass close to the top mass.
Light quark jets can also be mis-identified as b jets [136].
There are also other background processes that produce bW bW final states, but
their combined cross-section is 2.6 fb [139] and they are therefore insignificant
compared to the W + W − background.
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The following requirements significantly reduce the number of W + W − events
in the sample, while keeping the tt̄ events:
1. Between one and three of the jets in the event are identified as b jets.
2. The reconstructed top mass is between 100 and 1300 GeV/c2 .
3. The reconstructed W mass is between 20 and 160 GeV/c2 .
These requirements reduce the background to a tolerable level for the crosssection measurement, yielding a sample of tt̄ events in which only 20% are
W + W − events.
If the event contains an energetic, isolated lepton, only one reconstructed top
decay filling the above criteria is required, while in events without a lepton
both top candidates are required to satisfy the criteria. In the measurement
of the forward-backward asymmetry only events with leptons are used.

2
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In Figure 8.2 the mass distribution of hadronically decaying top quark candidates is shown in events that have been pre-selected for the measurement of
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Figure 8.2: The mass distribution of the hadronic top candidates in the selected
semileptonic tt̄ event sample. The backgrounds shown are W + W − events, fully
hadronic tt̄ events, fully leptonic tt̄ events, and semileptonic tt̄ events, where
the selected lepton was produced in a semileptonic b decay.
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the forward-backward asymmetry. The contribution from background sources
is significant. Since the measurement only uses semileptonic top events, the
background in this case also includes the fully hadronic and fully leptonic top
events.
The strategy of the measurement is to use the charge of the lepton from the
leptonic decay to identify the charge of the top (t or t̄). The reconstructed
hadronically decaying top provides the angle of the top with respect to the
electron beam direction.
When only one fully reconstructed top quark is expected in the event, the
mass selection criteria are not as efficient in reducing the W + W − background
as they are when two reconstructed top quarks are required. There are also
energetic leptons in W + W − events from leptonic decays of the W boson.
The different backgrounds can also bias the measured asymmetry. Fully hadronic
top decays, where the lepton is most probably produced in the decay of the b
quark, t → bW, b → cℓ+ ν, contain a lepton with the opposite charge from the
expected in t → bW → bℓ− ν decay and therefore tend to diminish the asymmetry. The leptons from b decays have, in average, less energy than those from
t decays. The requirement of lepton energy larger than 50 GeV helps reduce
the b background, but does not remove it completely.
In fully leptonic top decays, the lepton gives a correct charge, but the direction
of either of the top quarks is not reconstructed. In principle, these events could
be used to count the number of top quarks (as opposed to anti-top quarks) in
the forward and backward directions.
The third kind of background tt̄ events are semileptonic top decays accompanied by a semileptonic b decay, where the lepton from the b decay has been
selected instead of the proper lepton. The false lepton charge results in an
opposite bias.
The important difference between signal and background events is that the
signal events are supposed to contain four jets and an isolated, energetic lepton.
Two of the four jets are expected to be b jets, and the other two should be light
quark jets. The jet reconstruction in the background events may have failed,
and produced four jets and a lepton, but this failure in the reconstruction will
lead to different distribution for jet energies and multiplicities.
The jet energy distributions are shown in Figure 8.3.
In signal events, all the jets are reasonably energetic. The W + W − events differ
from the others in that they contain one very energetic jet and the average
energy of the other jets is lower than in other event types. In fully hadronic tt̄
events, the jets tend to have roughly equal energies. In fully leptonic events,
the jets are soft, since the two b jets and two charged leptons are forced to
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Figure 8.3: The energy distributions of jets in semileptonic tt̄ events, W + W −
events, fully hadronic, fully leptonic, and semileptonic tt̄ events with b → ℓ
decay. The W + W − contribution has been scaled down by a factor of 5.
make up altogether four jets. The semileptonic top events with the lepton
from a b decay behave similarly to the signal semileptonic events.
The numbers of particles in each jet are shown in Figure 8.4. The signal events
tend to have jet multiplicities of the order of 20 in all the jets. In the W + W −
events and fully leptonic tt̄ events, the jets have low multiplicities, while fully
hadronic and semileptonic background events behave similarly to the signal
events.
The probabilities for the event to be fully hadronic, semileptonic, or fully
leptonic are evaluated. The distributions of the probability for an event to be
a semileptonic top event are shown in Figure 8.5 for both signal and all the
background sources.
The most part of the W + W − background can be discarded by requiring sep53
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Figure 8.4: The multiplicity distributions of jets ranked according to their
energy, for semileptonic tt̄ events, as well as W + W − events, fully hadronic tt̄
events, fully leptonic tt̄ events, and semileptonic tt̄ events where the lepton
was produced in b decay. The W + W − contribution has been scaled down by
a factor of 5.
arating variable values higher than 0.15. A significant reduction of the background from tt̄ events will affect the selection efficiency of the signal events.
The final selection was performed with a combination of the hadronic, leptonic
and semileptonic probabilities. The sample obtained consisted of 68% semileptonic signal events, with W + W − events as the largest background component
with 10%.
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Figure 8.5: The distribution of the probability for an event to be semileptonic tt̄
events for events that contain an energetic, isolated lepton and a top candidate
and a W candidate with their masses within the mass limits.

8.2

Charm jet selection

The selection of charm jets for the study of the angular distribution of fragmentation particles in jets of different flavours at lep also requires the construction of a separating variable (publication VI). The b jets can be selected
using the standard delphi b-tagging combined with a requirement of a reconstructed secondary vertex, and light quark (u, d, s) jets can be selected by
anti-b-tagging and requiring that no decay vertices were reconstructed in the
event.
The starting point for the charm jet selection is a set of exclusively reconstructed charm decay vertices in a number of different decay channels. The reconstruction method is described in Ref. [140]. The first selection is performed
by requiring the mass of the reconstructed vertex to be within a predefined
region of the nominal D meson mass, which reduces the combinatorial background to a large extent. The background also contains genuine D mesons,
for example in b jets, where the b quark has decayed into a c quark, and this
background cannot be reduced using the mass selection.
Information on the topology and the kinematics of the event can be used to
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distinguish between D mesons originating from c jets and b jets. A small
contribution from light quark (u, d, s) jets also remains, where no genuine D
mesons are expected. The topologies of the b, c and light quark events are
illustrated in Figure 8.6.
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Figure 8.6: Typical topologies of events with a reconstructed D decay vertex
candidate in charm (left), beauty (center) and light quark (right) jets.
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In b jets, the D mesons produced typically have lower energies than in c jets,
due to the fact that the D mesons are secondary decay products of the B
mesons and the other decay products take part of the energy. The energy
distribution of the reconstructed D mesons are shown in Figure 8.7 for charm,
beauty, and light quark jets.
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Figure 8.7: The distribution of energy normalised to the beam energy (left)
and the decay distance distribution (right) for b, c and light quark (u, d, s)
jets.
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The distances, L, between the primary vertex of the event and the reconstructed D decay vertex, or decay distances, differ for the three flavours. In
light quark jets, the D meson is reconstructed from particles that truly originate from the primary vertex of the event, resulting in a short decay distance.
In b jets, where the D is produced in the decay of the B, the meson is already
displaced from the primary vertex when it is produced. Therefore, the decay
distance L is the sum of the typical flight distance of a B meson and that of
a D meson. The decay distance distributions for the three event flavours are
shown in Figure 8.7.
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The topology of the event can be considered by calculating the probability of
all the particles in the hemisphere of the reconstructed D meson originating
from the main event vertex. For light quark jets, this probability should be
rather large, while in the jets with b or c quarks the decay products of the
heavy quark decrease this probability.
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Figure 8.8: The probability of all the particles in the hemisphere (left) and all
particles except those associated with the D decay (right) originating from the
main vertex of the event for b, c and u, d, s jet.
Further separation is obtained by excluding the particles associated with the
D decay and recalculating the probability of all the remaining particles in the
hemisphere originating from the main vertex of the event. The probability
should be large for u, d, s and c jets, while it should remain small for the b
jets due to the B decay vertex contained in the hemisphere.
The probability distributions including and excluding the D decay vertex are
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shown in Figure 8.8.
The distributions are considered separately for each decay mode. It is assumed
that the fraction of background contained in the simulated event sample is
accurate, which is a reasonable assumption based on how well the simulations
are known to describe the delphi data. Therefore, the probability of the event
being a c event, for example, is not estimated based on the fraction of c events
contained in the same bin of the distribution, but on the fraction of c events
in that bin out of all events in the bin. The probability of the event being a
b, c or light quark event are considered separately, and in the end the three
probabilities are normalised to sum to unity.
The distribution of the separating variable related to the probability of the
event being a c event is shown in Figure 8.9.
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Figure 8.9: The separating variable related to the probability of the event
being a c event for Z → cc̄, Z → bb̄ and Z → uū, Z → dd¯ or Z → ss̄ events.
The selection value is defined individually for each decay mode to give final
samples of approximately equal purities. The decay modes with higher statistics are required to have higher purities than the rest. The selection values are
tabulated in publication VI.
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8.3

Selection of semileptonic B decays

The reconstructed lepton energy spectrum for semileptonic B decays before
background subtraction is shown in Figure 7.10. The spectrum contains large
contributions from various background sources. The most significant, and
easiest to control, are the events where the lepton comes from the decay of a D
meson that was produced in the B decay. The lepton energy in these events is
lower than in signal events, which affects the shape of the measured spectrum.
Typical methods used to select semileptonic B decays utilise the lower energy
and require the leptons to have at least a certain amount of energy in the
rest frame of the decaying B. This removes the lower end of the spectrum, the
sensitivity to which is the main strength of the analysis (publication I).
In the majority of D decays, the decaying c quark was produced in b → cW −
decays, (”cascade decays”, labelled “b → c → ℓ” in Figure 7.10) and in the
consequent decay of the c, the sign of the lepton is opposite to the sign of the
lepton that would have been produced, had the b quark decayed semileptonically. In some cases, the virtual W from the b quark decay decays into sc and
the observed lepton is a decay product of the c (”wrong sign charm”, labelled
“b → c̄ → ℓ” in Figure 7.10). In this case, the lepton charge is the same as in
the b decay. Topologically, the event differs from semileptonic b decays. The
different topologies are illustrated in Figure 8.10.
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Figure 8.10: Typical topologies of semileptonic b decays, cascade decays b →
c → ℓ, and wrong sign decays b → c → ℓ.
In semileptonic B decays, the lepton production vertex, the B decay vertex, is
located between the main vertex of the event and the reconstructed hadronic
system. In semileptonic D decays, the lepton is mostly produced further away
from the main vertex than the reconstructed secondary system.
The other backgrounds are either less significant, like Z → cc̄ events that
are only 3% of the sample, or do not offer a practical handle to discriminate
from the signal events. Examples of the latter case are the fake lepton events,
where the particle identified as a lepton is in fact a hadron, and the events
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that contain leptons produced in other decays. The cascade and wrong sign
backgrounds are the only background components that seriously distort the
measured lepton spectrum, if not treated properly.
Two sets of variables were identified to be used to select signal events: topological variables and charge variables. A separating variable was constructed
separately for each of these two variable sets and only in the end the two
variables were combined. The charge variables are not quite as efficient in separating the background from the signal as the topological ones; nevertheless
they add important information on the event.
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The topological variables are the lepton impact parameters with respect to
the reconstructed secondary vertex, the number of particles in the secondary
vertex, the number of particles in the hemisphere not associated with the
secondary vertex, the χ2 value of the vertex, and the topology of particles other
than the lepton in the hemisphere. The charge variables are the correlation of
the lepton charge with the charge of the secondary vertex, the charge of the
alternative secondary vertices in both the hemisphere of the lepton and the
opposite hemisphere, the jet charge in the opposite hemisphere, and charge of
the leading kaon candidate. Some of the variables have been changed since the
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Figure 8.11: The lepton impact parameter with respect to the reconstructed
secondary vertex in R − φ and R − z planes. The background includes the
cascade background b → c → ℓ− , the wrong sign background b → c̄ → ℓ+ ,
Z → cc̄ events, leptons from other decays and hadrons that have been identified
as leptons.
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first report on the measurement of the moments of the lepton energy spectrum,
in publication IV.
The lepton impact parameter with respect to the reconstructed secondary
vertex is the distance of closest approach between the lepton trajectory and
the vertex. The impact parameter has a negative sign, if the point in the lepton
trajectory closest to the secondary vertex is on the same side of the secondary
vertex as the main vertex, and a positive sign, if the point is on the opposite
side. The signal leptons are expected to have a negative sign and background
leptons to have a positive sign. In reality, the distributions are smeared by the
reconstruction resolution (Figure 8.11).
The average charged multiplicity of D decays is lower than that of B decays.
The most common D decay modes produce two or three charged particles,
while the average charged multiplicity of B decays has been measured to be
4.97±0.07 [137]. Therefore, events where the reconstructed vertex contains
more than four charged particles (Figure 8.12) are typically either background
events, where a B decay has been reconstructed, or signal events where a
fragmentation particle has been included in the vertex.
In addition to the vertex multiplicity, the number of particles in the hemisphere
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Figure 8.12: The number of particles in the secondary vertex (left). The number of particles in the hemisphere that are not associated with the secondary
vertex (right). The background includes the cascade background b → c → ℓ− ,
the wrong sign background b → c̄ → ℓ+ , Z → cc̄ events, leptons from other
decays and hadrons that have been identified as leptons.
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that are not associated with the secondary vertex, NP , also proved to be useful.
In signal events, only particles originating from the main event vertex are not
associated with the secondary decay, if the event was properly reconstructed.
In cascade decays, in addition to the particles originating from the primary
vertex, more unassociated particles are expected from the decay of the B. The
distribution of NP for signal and background events is shown in Figure 8.12.
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The χ2 value of the vertex tests the quality of the vertex fit. A well-reconstructed
D meson decay vertex will have a relatively low χ2 value, while background
events tend to have higher χ2 values (Figure 8.13).

8000

DELPHI

7000

data
signal
background

6000

8000

DELPHI

7000

data
signal
background

6000

5000

5000

4000

4000

3000

3000

2000

2000

1000

1000

0

0

1

2

3

4

5

6

7

8

9

0

10

Vertex χ

2

0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

1

Topology of tracks not in vertex

Figure 8.13: The χ2 distribution of the reconstructed secondary vertices (left).
The likelihood of the event containing a semileptonic B decay based on the
the distances at which the charged particles of the event, excluding the lepton,
cross the jet axis (right). The background includes the cascade background
b → c → ℓ− , the wrong sign background b → c̄ → ℓ+ , Z → cc̄ events, leptons
from other decays and hadrons that have been identified as leptons.
The last topological variable describes the topology of all the particles other
than the lepton in the hemisphere. Based on the crossing distances of the
particles with the jet axis (see Section 7.3), a likelihood that the event contains
a semileptonic B decay is estimated. The distribution of this variable for signal
and background events is shown in Figure 8.13.
The charge correlation variables are constructed by multiplying the charge of a
vertex, a jet or a single particle in the event by the lepton charge. The majority
of the variables by themselves do not provide much separation between the
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signal and the background, but all of them combined a separation is achieved.

dN/d(Ql*Qvtx)

The most obvious charge product to consider is the correlation of the lepton
charge and the charge of the reconstructed hadronic vertex (Figure 8.14). Correctly reconstructed charm decay vertices should have charge ±1 or 1. The
reconstructed vertices with larger charges are either missing a charged particle
or two that would bring the total charge closer to zero, or they contain charged
particles that were not produced in the D decay. The fraction of background
events is larger in these bins than in the bins with the expected charge. The
0
dominance of the zero-charge bin is due to it containing both B + → D ℓ+ ν
and B − → D 0 ℓ− ν̄.
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Figure 8.14: The product of the lepton charge and the charge of the reconstructed D decay vertex. The background includes the cascade background
b → c → ℓ− , the wrong sign background b → c̄ → ℓ+ , Z → cc̄ events, leptons
from other decays and hadrons that have been identified as leptons.
The delphi bsaurus [141] neural network package reconstructs an alternative decay vertex in the hemisphere. One should note that this vertex is the B
meson decay vertex, and not the charm decay vertex as in the previous variable. The neural network assigns to each charged particle a probability, pB ,
to originate from the B decay vertex rather than from the primary vertex and
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based on that a weighted vertex charge is formed
Nparticles

X

Qv =

piB · Qi .

i

(8.4)

dN/d(Ql*QB)

dN/d(Ql*QB)

Since the charge definition contains all the particles, the lepton charge is also
included in the charge determination of the vertex in the hemisphere of the
lepton. The vertex charges in both the hemisphere of the lepton and in the
opposite hemisphere are considered (Figure 8.15). Because of the weighting,
the vertex charge is not restricted to integer values. The vertex charge distribution before multiplication with the lepton charge has three distinct peaks:
the highest for zero-charge vertex and the lower ones around charge ±1.

9000

DELPHI

10000

8000

DELPHI
data
signal
background

8000

data
signal
background

7000
6000

6000

5000
4000

4000
3000
2000

2000

1000
0

-4

-3

-2

-1

0

1

2

3

0

4

Ql*QB, Bsaurus, same

-4

-3

-2

-1

0

1

2

3

4

Ql*QB, Bsaurus, opp

Figure 8.15: The product of the lepton charge and the charge of B decay vertex
reconstructed by the bsaurus package in the hemisphere of the lepton (left)
and in the opposite hemisphere (right). The background includes the cascade
background b → c → ℓ− , the wrong sign background b → c̄ → ℓ+ , Z → cc̄
events, leptons from other decays and hadrons that have been identified as
leptons.
In the hemisphere of the lepton, the multiplication by the lepton charge retains
the peak at zero and enhances the peak at +1 for signal, as expected for
0
B + → D ℓ+ ν (Qvtx = +1, Qℓ = +1) and B − → D 0 ℓ− ν̄ (Qvtx = −1, Qℓ = −1).
In the case of cascade background, the lepton charge is the opposite and the
product of the two charges tends to take negative values. The wrong sign
background behaves similarly to the signal.
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In the opposite hemisphere, the correlation is not as direct. If the charge of
the lepton in a signal event is negative, the opposite hemisphere must contain
0
an anti-b quark, if the B 0 − B mixing is not taken into account. The meson
in the opposite hemisphere can then be either B 0 or B + . Hence, the product
of the lepton and the meson charges is either 0 or -1. In practice, the charge
peaks are not as distinct in the opposite hemisphere as they are in the same
hemisphere. Nevertheless, the signal events tend to take negative values for
the product of the two charges, while the background seems more symmetrical
around zero.
The jet charge QJ is defined by
P
|pL|κ Qi
QJ = P i κ .
|pL |i

(8.5)

The sum extends over all charged particles and pL is the momentum component
longitudinal to the thrust axis of the event. The value κ = 0.6 is used. The
most weight is given to the most energetic particles. The product of the jet
charge and the lepton charge is shown in Figure 8.16 for the jet in the opposite
hemisphere. Since the weighting is based on particle momentum, using the jet
charge of the jet in the hemisphere of the lepton would introduce a bias on the
lepton energy spectrum, as energetic leptons would have a large weight. The
jet charge is related to the charge of the B meson in the hemisphere and is
expected to behave similarly to the B vertex charge in the opposite hemisphere.
In fact, the product of the lepton charge and the jet charge is typically negative
for signal events, while for background events it is more likely to be positive
than negative.
The last charge correlation variable is the correlation of the lepton charge and
the charge of the leading kaon candidate, if there is one. The leading kaon is
typically the kaon that has the largest rapidity with respect to the B hadron
direction. The leading kaon has most likely been produced in the decay of a
D meson. The connection between the kaon charge and the lepton charge is
not very straightforward.
0

In the decay of a D + meson a K − is produced in about 24% of cases, K 0 or K
in about 60% of cases, and K + in about 6% [4]. Since the D + is accompanied
at production by ℓ− , the majority of the signal events would have the product
zero. The identification of the neutral kaons is more difficult than that of
charged ones and their trajectories are usually not reconstructed.
0

Out of five charged kaons in B → D + ℓ− ν̄, one is expected to have a charge
product of -1, while the rest have a product +1.
In the case of B − → D 0 ℓ− ν̄, the large majority of kaons from the D 0 decay
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Figure 8.16: The product of the lepton charge and the jet charge of the jet in
the other hemisphere (left) and the product of the lepton charge and the charge
of the leading kaon in the hemisphere of the lepton (right). The Qℓ · QK = 0
case correspond to neutral leading kaon candidates. The background includes
the cascade background b → c → ℓ− , the wrong sign background b → c̄ → ℓ+ ,
Z → cc̄ events, leptons from other decays and hadrons that have been identified
as leptons.
have a charge -1, and about 5% have a charge +1, resulting in the charge
product of +1 for the most of the cases.
In background events, if the charged lepton and the kaon are produced in the
same D 0 meson decay, they generally have the opposite charges and thus a
charge product of -1. In D ± decays the kaon is often neutral.
It is also possible that the selected leading kaon is in fact a fragmentation
particle, in which case the correlation between the kaon charge and lepton
charge is quite random.
The distribution of the charge product of the lepton and the kaon (Figure 8.16)
generally behaves as expected: in the case of background, the product is somewhat more likely to be negative and in the case of signal a positive product is
more likely. Also some neutral kaon candidates have been observed, but they
offer little aid in the separation of the signal and the background.
The two-dimensional distributions of the signal and background in terms of
the two separating variables are shown in Figure 8.17. The signal events tend
to have high values in terms of both variables and the background events low
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Figure 8.17: The two-dimensional distribution of signal (left) and background
(right) events of the topological and charge separating variables. The background includes the cascade background b → c → ℓ− and the wrong sign
background b → c̄ → ℓ+ .
values, but the separation is not perfect and signal events can be found in the
region mainly populated by background and vice versa. The final separating
variable was obtained as the fraction of signal events out of all events in each
bin of the two-dimensional distribution. This relies on the assumption that
the relative amounts of signal and background are properly reproduced in
the simulation. The assumption was checked by comparing the lepton energy
distributions in data and simulation for different intervals of the separating
variable. The data and simulation were found to be compatible in all the
cases.
The advantage of defining the separating variable as the fraction of signal
events has the advantage that the value of the separating variable corresponds
directly to the purity.
The signal events were selected by requiring the selection variable value higher
than 0.58, which resulted in a sample of 14364 events with 81% purity. The
lepton energy spectrum in the rest frame of the B meson for the selected
events is shown in Figure 8.18. The event selection efficiency as a function of
the lepton energy is reasonably independent of the energy, as desired.
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Figure 8.18: The lepton energy spectrum after background reduction (top)
and the selection efficiency as a function of the lepton energy (bottom) in the
rest frame of the B hadron.
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Chapter 9
Conclusions
Measurements of the statistical moments of the lepton energy spectrum and
hadronic mass spectrum in semileptonic B decays have attained a significant
amount of attention recently. Several experimental collaborations, in addition
to delphi, have measured the moments and some of them have also used the
measurements to extract the OPE parameters. The theoretical expressions
that connect the moments with the OPE parameters and the CKM-matrix
element Vcb have been improved by calculations of higher order corrections.
Extractions of the OPE parameters using measured values from several collaborations have also been published [142, 143].
The pioneering work toward the measurement of the moments was done by
the cleo collaboration. In 1996, they published the first extraction of Λ̄ and
λ1 based on the lepton energy spectrum in semileptonic B decays [144,145]. In
2003, extractions of several of the parameters with over-constrained fits with
more systematical approach to the estimation of uncertainties due to higher
order corrections were published, publication II and Ref. [2]. Both of these
used the preliminary results of publication IV and Ref. [146], Ref. [2] also used
other results available at the time. The more systematical approach started a
flurry of new measurements.
cleo reported new preliminary numbers [147] and currently they have an
another analysis in preparation [148] that uses both the lepton [149] and
hadron [150] spectra, as well as the photon spectrum [151] in the B → Xs γ process. The babar collaboration has extracted the OPE parameter values and
the value of Vcb [152] using measurements of the hadron mass spectrum [153]
and lepton energy spectrum [154]. They have also measured the related photon
energy spectrum [155]. The CDF collaboration has measured the first two moments of the hadron mass spectrum and used it to extract the values of Λ̄ and
λ1 [156]. The belle collaboration has reported preliminary results regarding
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the hadron moments [157] and the lepton moments [158] as well as a measurement of the photon energy spectrum [159]. The most important difference
between the delphi measurement and the other measurements is that only at
delphi the full lepton energy spectrum can be used for the analysis. In the
other experiments, a minimum requirement on the lepton energy (Ecut ) needs
to be placed in order to obtain a sample of accurately reconstructed leptons.
In this chapter, the different measurements are compared, starting with the
lepton energy moment results. Subsequently, the results for the OPE parameters are compared, and finally the values obtained for Vcb are compared. The
delphi results used in the comparison are the final values from publication I.
Another interesting result from the delphi analysis of the moments is the
measurement of mb (mb ), which can be compared with the delphi measurement of mb (mZ ) [160]. These measurements make delphi the first experiment
to measure the mass of the b quark, mb , at two distinct energy scales. In the
last sections, the conclusions of the study of the angular distribution of fragmentation particles in jets with heavy quarks and of the top reconstruction at
clic are presented.

9.1

Moments of lepton energy spectrum

Measurements of the statistical moments of the lepton energy spectrum are
available from four collaborations. The delphi measurement, described in
this thesis, provides the first three moments with no requirement for the lepton energy in the B rest frame (publication I). The babar collaboration has
measured the first three moments with two different requirements for the energy of the leptons, Ecut = 0.6 GeV and Ecut = 1.5 GeV, resulting in a total of
six values [154]. The cleo collaboration has reported the first two moments
for ten different values of Ecut , from 0.6 GeV to 1.5 GeV [149]. The preliminary belle results give the first three moments for six values of Ecut in the
range between 0.4 and 1.5 GeV [158].
The measured values cannot be compared as such due to the different requirements for the minimum energy of the leptons used in the analyses. Using
expressions from Ref. [117], obtained as a fortran code from the authors, the
values of the moments can be computed for arbitrary Ecut for certain values of
the OPE parameters. The parameter values have been taken from the delphi
determination, where the central values give the solid line in the Figures 9.19.3 and an approximate 1σ contour is obtained by varying all the parameters
by ±1σ. This approach does not properly take into account the correlations
between the parameters, and the true 1σ contours will in reality be slightly
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Figure 9.1: Comparison of measurements of the first statistical moment of the
lepton energy spectrum in semileptonic B decays, the mean energy of the leptons. The solid line gives the expected behaviour based on the OPE parameter
values set by the combined delphi measurement, and the dashed lines, the
approximate 1σ contours obtained by varying the parameters simultaneously
by ±1σ
narrower than those shown in the Figures 9.1-9.3.
The measurements of the first moment are depicted in Figure 9.1. All the
measurements appear consistent with the parameter values obtained from the
delphi measurement. The delphi measurement is not situated right on top
of the central value curve defined by the delphi measurements since the OPE
parameter determination also includes the delphi measurement of the moments of the hadronic mass spectrum. The 1σ band gets narrower at high
values of Ecut . This means that the first moment is less sensitive to the OPE
parameters when a high value of Ecut is used. On the other hand, the combined statistical and systematic errors of the measurements with high Ecut are
smaller than in the delphi measurement.
The measurements of the second moment of the lepton energy spectrum are
summarised in Figure 9.2. Again most of the points are compatible with the
1σ limits.
Measurements of the third moment of the lepton energy spectrum (Figure 9.3)
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Figure 9.2: Comparison of the measurements of the second leptonic moment,
the variance of the energy spectrum of the leptons. The solid line gives the
expected behaviour based on the OPE parameter values set by the delphi
measurement, and the dashed lines, the approximate 1σ contours obtained by
varying the parameters by ±1σ
have been reported by the delphi, babar and belle collaborations. The
decrease in the third moment after Ecut = 1 GeV reduces the reliability of the
1σ band above that point; nevertheless the babar measurement at 1.5 GeV
seems to be located right on the curve defined by the delphi parameters. The
belle measurements are also consistent with the 1σ band.
To summarise, based on the Figures 9.1, 9.2 and 9.3 all the other measurements
of the lepton energy moments are compatible with the delphi measurements
given in publication I.

9.2

OPE parameters

The OPE parameter values are determined by finding a set of parameter values
that best correspond to the measured values of the statistical moments of
the lepton spectrum and hadron mass spectrum in semileptonic B decays, as
described in publication II. Additional constraints are needed to ensure that
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Figure 9.3: Comparison of measurements of the third leptonic moment, the
skewness of the lepton energy distribution. The solid line gives the expected
behaviour based on OPE parameter values set by the delphi measurement,
and the dashed lines, the approximate 1σ contours obtained by varying the
parameters by ±1σ
the fit converges to a physically meaningful region in the parameter space.
The results of the OPE parameters can in principle be compared only when
they are evaluated to the same order in the 1/mb and αS expansions. The
majority of the determinations include corrections up to the order of 1/m3b
and αS2 β0 . The theoretical uncertainty quoted with the measurement usually
contains an estimate of the effect of the higher order terms.
There are several possible schemes for defining the OPE parameters. A summary of the schemes, although a subjective one, is presented in Ref. [142]. The
parameters of the two schemes used in the delphi analysis (publication I), the
kinetic mass scheme and the pole mass scheme, are presented in Section 5.3 of
this thesis.
In this section, the delphi results are compared with results from the other
collaborations that have presented the results in the same schemes as delphi.
Results in the kinetic mass scheme are available from babar, as well as preliminary results from cleo. An extraction using all the experimental measurements [143] also exists, denoted in the following by B&F after its authors. In
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the pole mass scheme, preliminary results from cleo are available, as well as
Λ̄ and λ1 based on the hadronic moments at CDF. A fit using all the available
moment measurements [142] (BLLMT) yields a value of λ1 .

9.2.1

Kinetic mass scheme

The parameters determined by delphi in the kinetic mass scheme are the
quark masses mb and mc , the b quark kinetic energy squared µ2π and the Darwin
term ρ3D . The following constraints are applied: µ2G = 0.35 ± 0.07 GeV2 and
ρ3LS = −0.15 ± 0.10 GeV3 , based on the B ∗ − B mass difference and sum rules,
respectively. In addition, it is required that mb (1 GeV) = 4.61 ± 0.17 GeV/c2
and mc (1 GeV) = 1.14 ± 0.10 GeV/c2 , converted from the current values
of mb (mb ) and mc (mc ) [4]. The requirement on mb has the same effect as
including a measurement of the mean energy of photons in B → Xs γ decays.

The values can be compared with the babar results [152], the preliminary results from cleo [148] and a global fit to all available measurements (B&F) [143].
The cleo results contain only the evaluation of the experimental uncertainties. The total error for the cleo measurement for the purpose of comparison
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Figure 9.4: Comparison of the delphi, babar and preliminary cleo measurements of the quark masses mb (left) and mc (right), as well as results
from a fit to all available moment measurements (B&F). The error bars shown
correspond to experimental and total uncertainties.
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is estimated by assuming that the theory uncertainty is of the same magnitude
as the experimental uncertainty, as is the case for both the delphi and the
babar determinations. The global fit result is reported with just the total
uncertainty.
The four determinations of mb and mc are compared in Figure 9.4. All the
values are compatible with the delphi value already at the level of the experimental accuracy. The theoretical uncertainties between the measurements
are partly correlated.The combination of all the measurements (B&F) has the
smallest overall uncertainty.
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Figure 9.5: Comparison of the delphi, babar and preliminary cleo measurements of the mean energy squared of the b quark µ2π and the Darwin operator
ρ̃3D (right) together with the result of a global fit (B&F). The error bars shown
correspond to experimental and total uncertainties.
The values of µ2π and ρ̃3D are compared in Figure 9.5. Even though all the
four values of µ2π are compatible, the delphi value is slightly lower than the
babar and cleo determinations. The global value (B&F) is very close to the
delphi determination. All the determinations satisfy the lower bound µ2π ≥ µ2g
~ is not
obtained from the requirement that the operator (~σ · ~π )2 = ~π 2 − σ · B
negative [1, 161].
The other experiments obtain higher values of ρ̃3D than delphi. The results
are within the estimated accuracy of each other. The global fit value falls
between the delphi value and the other two. One should note that babar
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and B&F report the value of ρ3D , while delphi and cleo give the value of ρ̃3D .
The two parameters are related through ρ̃3D ⋍ ρ3D − 0.1 GeV3 [162]. All the
results have been converted to ρ̃3D for Figure 9.5.

9.2.2

Pole mass scheme

In the pole mass scheme, delphi has extracted parameters Λ̄, λ1 , λ2 , ρ1 and
ρ2 . In this case, the constraints needed were the restriction of MB∗ − MB and
MD∗ − MD to the measured values and fixing the parameters Ti appearing
at 1/m3b Ti = 0.0 GeV3 . The obtained parameter values can be compared
with Λ̄ and λ1 from hadronic moments at CDF [156] and the preliminary
values from cleo in 2003 [147], and λ1 from the extraction using all available
moment measurements in two different schemes [142]. In addition, the results
of the B&F determination performed in the kinetic mass scheme have been
converted to the pole mass scheme. The cleo numbers are given separately
for two determinations, one using the first two moments of the lepton energy
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Figure 9.6: Comparison of the delphi, CDF and preliminary cleo measurements separately for lepton moments and the first hadron mass and photon
energy moment, of the parameter Λ̄ and the B&F result obtained in the kinetic mass scheme converted to the pole mass scheme (left). Comparison of
the values of parameter λ1 also including two determinations using all available
measured moments (BLLMT1 and BLLMT2) in two schemes (right).
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spectrum and the other using the mean mass of the hadron system and the
mean energy of a photon in B → Xs γ decays.

The measured values are depicted in Figure 9.6. While the three other measurements of Λ̄ yield values very close to each other, the delphi value is higher,
as is the B&F value. One should note, however, that the cleo extraction does
not contain the 1/m3b corrections. The CDF extraction includes the correction.
They use fixed values for the parameters appearing at that order and include
the variation in the systematical uncertainty. The delphi determination also
extracts the higher order parameters ρ1 and ρ2 form the measured moments.
The determinations of λ1 by the experimental collaborations are compatible
with each other.The two extractions using all the available moments (BLLMT1
and BLLMT2) are consistent with the values obtained by experiments.

9.3

The CKM-matrix element |Vcb|

The values of the CKM-matrix element |Vcb| offer the best comparison of the
moment measurements for those cases where it is available. All the dependence
of the particular scheme, the corrections included in terms of 1/mb and αS , and
the minimum lepton energy requirements should not affect the measured value
of |Vcb |, as long as they are treated consistently within each measurement. In
addition, there are complementary methods for the measurement of |Vcb| with
which to compare.
The |Vcb | values obtained in different moment analyses are summarised in Figure 9.7. The current world average of inclusive determinations [4] is shown
as a shaded band with a vertical line representing the central value. The
cleo results are all preliminary and the most recent one, labelled “cleo04”,
still lacks evaluation of theoretical uncertainty. Only the experimental uncertainty is shown in that case. The belle result [17] is an old inclusive
measurement. The difference between the theory uncertainty in the belle
measurement and the other measurements reflects the improvement in the accuracy brought about by the moment measurements leading to more accurate
knowledge on the values of the OPE parameters. For the sake of comparison,
the world average of the complementary exclusive |Vcb| determination is also
shown.
All the measured values of |Vcb | included in the Figure are compatible. The
most recent measurements (delphi, babar, cleo04) tend to yield higher values than the average inclusive |Vcb |. The recent values are close to the central
value of the exclusive world average. A similar development can be observed
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Figure 9.7: Comparison of the inclusive determinations of |Vcb|. The vertical
line corresponds to the world average [4], and its 1σ limits are shown as the
shaded band. The world average of the exclusive measurement [4] is also shown.
The points included have been obtained through analysis of the moments, with
the exception of the belle result, which is an older inclusive determination.
The new preliminary cleo04 value is obtained in the kinetic mass scheme,
while the older, also preliminary, cleo03 values use the pole mass scheme.

in the result using moments from all the collaborations. The recent values
from 2004 (BLLMT04) and 2005 (B&F) are higher than the value obtained
in 2002 (BLLM02) [2]. The uncertainty has also decreased, due both to improvements in the theoretical treatment as well as more experimental moment
measurements available.
The improvement in the accuracy of |Vcb| attributable to the OPE parameter
determination using the statistical moments of the lepton energy spectrum
and the hadronic mass spectrum is significant. In the belle measurement
that does not utilise the new information, the theoretical uncertainty is about
6%, while in the new delphi determination (publication I) the theoretical
uncertainty is about 2%.
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9.4

The running b-quark mass

The extraction of the parameters in the kinetic mass scheme (publication I)
was also performed without constraints on the quark masses mb and mc . This
gave mb (1 GeV) = 4.67 ± 0.22 GeV/c2 , which is fully consistent with the
value obtained with the constraints, but with a larger uncertainty. The value
corresponds to the MS mass of mb (mb ) = 4.31 ± 0.20 GeV/c2 .

mb(Q), GeV/c

2

The delphi collaboration has also performed another measurement of mb , at
the Z 0 pole mass mZ [160]. The rate of b events with three jets is related to the
value of mb (mZ ) and by comparing the three-jet rate in Z → bb̄ and Z → q q̄,
q = u, d, s events, mb (mZ ) was determined.
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Figure 9.8: The measurement of mb at two energy scales with delphi, from
moment analysis at mb and at mZ using the three-jet rate. The solid lines give
the expected behaviour for b quark pole mass between 4.7 and 5.0 GeV/c2 .
These two measurements make delphi the first experiment to measure mb at
two different energy scales. The results (Figure 9.8) are consistent with the
running of the b quark mass expected using renormalisation group equations
in the MS renormalisation scheme, shown as the band defined by the two solid
lines in the Figure. The value of mb (mb ) from the measurement of the moments
in B decays (publication I) is also compatible with the current world average
of mb (mb ) = 4.24 ± 0.11 GeV/c2 [4].
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9.5

The dead cone effect

(dNb/dθ)/(dNc/dθ)

The objective of the measurement of the angular distributions of fragmentation
particles in jets with heavy and light flavours (publication VI) was to study the
dead cone effect, i.e. the absence of fragmentation particles at small emission
angles. The results are summarised in Figure 9.9.
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jet
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0.2
0.1
0

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
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Figure 9.9: The ratio of the angular distribution of fragmentation particles in
b and c jets, with the angle with respect to the event thrust axis (circle), the
jet direction (triangle) and the flight direction of the vertex (square) direction. The solid line represents the theoretical expectation convoluted with the
expected experimental accuracy.
The direction of the b quark has been estimated in three different ways: the
direction of the thrust axis, the direction of the jet and the flight direction of
the vertex were used as the estimator. The differences between the different
estimators give an estimate of the systematic uncertainty of the measurement.
The error bars shown only correspond to the statistical uncertainty.
The theoretically preferred estimator [163], the vertex direction, shows the
most significant depletion. One should note that the normalisation is based
on the last bin, where the statistical uncertainty is large, especially in the case
of the vertex direction as the estimator. From the experimental point of view
the vertex direction is the estimator that has the largest expected bias. The
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distributions using the thrust or jet direction show depletion of fragmentation
particles at small angles in b jets, but not to the expected extent.

9.6

Top quark pair production at clic

dN/d(cosΘ)

The simulation studies performed to understand the accuracy at which the
cross-section and forward-backward asymmetry of tt̄ could be performed at
clic (publication VII) had two purposes. On the one hand, the resulting
numbers were needed to asses the possibility of observing Z ′ bosons beyond
the center-of-mass energy of the collider. On the other hand, it was a test to see
whether the foreseen detector accuracies and running conditions would allow
the reconstruction and identification of events with top quarks. An additional
benefit was a reconstruction method for top quarks that could be applied in
other analyses, such as the one looking for supersymmetric top quarks, or
stops [164].
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Figure 9.10: The reconstructed cos Θ distribution of the top quark direction
with respect to the beam electron direction.
The asymmetry distribution is shown in Figure 9.10. The study shows that
it is feasible to measure the production cross-section of top quarks at clic
at an accuracy of ∆σtt̄ /σtt̄ = 0.014 and the forward-backward asymmetry at
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tt̄
tt̄
accuracy ∆AFB
/AFB
= 0.042 for 1 ab−1 of data. The data corresponds to one
year of accelerator running. Combining the top quark results with results for
b quarks and muons indicates that, for example, the existence of a 30 TeV/c2
Z ′ boson could be established after four years of clic running [124].

82

Chapter 10
Summary
In this thesis, analyses on three distinct topics are presented. The three analyses have two significant steps in common: the reconstruction of the heavy
quark decay and the separation of the signal from the background. Each of
the analyses had different requirements for the performance of these, while the
basic principles were the same.
The most important analysis is the study of the lepton spectrum in semileptonic B decays at delphi (publications I-IV). Using the statistical moments
of the energy spectrum, together with the moments of the hadronic mass spectrum, OPE parameters can be extracted. These parameters are an important
part of the current theoretical description of the decays of heavy mesons and
are crucial in the extraction of the CKM-matrix element Vcb , a parameter of
the Standard Model. The delphi measurement is important as it is the only
one performed using the full electron energy spectrum.
The OPE parameter values obtained are in the region expected based on theoretical considerations, and they are also compatible with the other determinations. The uncertainty on the value of Vcb has been reduced.
In the second analysis (publication VI), the angular distribution of fragmentation particles in b, c and light quark jets was studied using the delphi data.
The ratio of the distributions show a depletion of particles at small angles, as
expected for the dead cone effect predicted by perturbative QCD.
The simulation studies regarding the reconstruction of top quark decays at
center-of-mass energy of 3 TeV (publication VII) showed that the reconstruction and signal event selection is feasible even under these demanding conditions. The results were used to estimate the possibility of indirectly observing
heavy gauge bosons beyond the center-of-mass energy of the collider.
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