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Kurzfassung

Ein faszinierendes Problem in der Teilchenphysik ist eine Asymmetrie zwis-
chen Materie und Antimaterie, die sich in der so genannten "CP-Verletzung"
manifestiert. Innerhalb des Standardmodells wird dieser Effekt durch die
Theorie der beiden japanischen Physiker Makoto Kobayashi und Toshihide
Maskawa beschrieben, die unter anderem auf der Vorhersage einer dritten
Generation von Quarks aufbaute. In diesem Modell wird die elektroschwache
Wechselwirkung zwischen up- und down-artigen Quarks mit Hilfe einer 3 x 3
dimensionalen, unitiren Matrix beschrieben, der so genannten "CKM Ma-

trix", welche eine komplexe Phase enthilt.

Im Rahmen dieser Arbeit wurden Hochprézisionsmessungen des Betrages
eines der Matrixelemente der CKM Matrix durchgefiihrt, welches als |V
bezeichnet wird und die Stirke der Kopplung zwischen Charm- und Bottom-
Quark beschreibt. Die experimentellen Daten wurden durch das Belle Experi-
ment in Tsukuba, Japan, aufgezeichnet. Aus den im Detektor nachgewiesenen
Teilchenspuren werden zunéchst Bottom-Zerfille der Art B — D*{v rekon-
struiert, welche als "semileptonische Zerfille" bezeichnet werden. ¢ stellt ein
leichtes geladenes Lepton (Elektron oder Myon) dar und sowohl neutrale
als auch geladene B Mesonen werden untersucht. Der Impuls des Neutri-
nos ist nicht direkt bestimmbar, aufgrund der Hermetizitit des Detektors
kénnen allerdings alle restlichen Teilchenspuren verwendet werden, um den
Impuls des urspriinglichen B Mesons zu bestimmen. Durch diesen neuarti-
gen Rekonstruktionsansatz kénnen hervorragende Auflésungen in den betra-

chteten kinematischen Groflen erzielt werden.

Da innerhalb eines Mesons die Einfliisse aufgrund von Quantenchromody-
namik eine wichtige Rolle spielen, ist es duferst wichtig auch diese Prozesse
zu studieren. Zu diesem Zweck wird eine effektive Feldtheorie verwendet, die
speziell fiir diesen Zweck entwickelt wurde und einen Satz von Formfaktor-
parametern (p?, Ri(1) und Ry(1)) einfiihrt. Um die korrekte Trennung von
QCD-Effekten von jenen des CKM-Matrixelements zu erreichen, werden die

Verteilungen in insgesamt vier Variablen betrachtet. Durch eine numerische
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Anpassungsprozedur kénnen sowohl |V,;| als auch die Formfaktorparameter

mit hervorragender Genauigkeit bestimmt werden.

Die vorlidufigen Resultate der Analyse von Zerfillen von neutralen B Meso-
nen ergeben, basierend auf ungefihr 69000 rekonstruierten B° — D*~(*y,
Zerfillen, p*> = 1.293 4+ 0.045 + 0.029, Ry(1) = 1.495 + 0.050 + 0.062,
Ry(1) = 0.844 +0.034 £ 0.019 und F(1)|Vy| = 344 £ 0.2 £ 1.0 ([1]). Aus
der Analyse von Zerfillen von geladenen Bt Mesonen, basierend auf rund
27000 rekonstruierten B* — D*°/*y, Ereignissen, ergeben sich die vorliu-
figen Resultate p® = 1.376 4= 0.074 £ 0.056, R;(1) = 1.620 4 0.091 = 0.092,
Ry(1) = 0.80540.064 £0.036 und F(1)|V,| = 35.0£0.4£2.2 (|2]). Der erste
der angebenen Fehler stellt die statistische, der zweite die systematische Un-
sicherheit dar. Die Resultate der B® Analyse stellen die momentan priziseste

Messung dieser Parameter dar.



Abstract

One of the fascinating problems in particle physics is an asymmetry be-
tween matter and anti-matter, manifested in the the so-called “CP-violation”.
Within the Standard Model, this effect is being described by a theory de-
veloped by the two japanese physicists Makoto Kobayashi and Toshihide
Maskawa, which was based in part on the prediction of a third generation
of quarks. Within this model the electroweak interaction between up- and
down-type quarks is being described by a 3 x 3-dimensional matrix, the so-

called “CKM matrix”, which contains one complex phase.

This work describes high precision measurements of the magnitude of one of
the CKM matrix elements, which is labeled as |V,,| and describes the strength
of the coupling between charm and bottom quark. The experimental data
has been recorded by the Belle experiment in Tsukuba, Japan. From particle
tracks recorded by the detector, decays of the type B — D*(v are being
reconstructed, which are labeled “semileptonic decays”. ¢ represents a light
charged lepton (electron or muon) and both charged and neutral B mesons
are being investigated. The momentum of the neutrino cannot be determined.
However, due to the hermeticity of the detector we can use all the remaining
particles to determine the momentum of the original B meson. This novel
reconstruction ansatz allows to obtain excellent resolutions in each of the

considered kinematic variables.

Within a meson, the effects of quantum chromodynamics play an important
role. It is therefore essential to investigate these processes as well. An effec-
tive field theory is being used, which is specifically tailored to this purpose
and introduces a set of form factor parameters (p2, R;(1) and Ry(1)). To
ensure the adequate separation of the effects of QCD from those of the CKM
matrix element, the distributions of four variables are being investigated. A
numerical fit allows to determine both |V,,| and the form factor parameters

with excellent precision.

The preliminary results of the analysis of B° decays, based on about 69,000
reconstructed B® — D*~(*y, decays, are p* = 1.2934+0.045+0.029, Ry(1) =

iii
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1.495 £ 0.050 £ 0.062, Ry(1) = 0.844 £0.034 £ 0.019 and F(1)|Vy| =34.4 +
0.24+1.0 ([1]). The analysis of B decays, based on about 27,000 reconstructed
BT — D*f*y, events, yields p* = 1.376 & 0.074 £ 0.056, R;(1) = 1.620 +
0.091 £0.092, Ry(1) = 0.80540.064 +0.036 and F(1)|Vy| = 35.0+0.4 £2.2
(]2]). The first of the errors stated above shows the statistical uncertainty, the
second error gives the systematic one. The results of the B® analysis represent
the most precise measurement of these parameters which is available up to
date.
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Chapter 1
Introduction

True glory consists in doing what deserves to be written,

i writing what deserves to be read.

Pliny the Elder

The study of the decay B — D*{v is an important item on the B physics
agenda for many reasons. First, the total rate is proportional to the
magnitude of the Cabibbo-Kobayashi-Maskawa (CKM) matrix element V,
squared [3]. We can thus determine this quantity from the measurement
of these decays. Second, B — D*fv is a major background for charmless
semileptonic B decays or semileptonic B decays with large missing energy.
A precise knowledge of the form factors of this decay will thus help reducing

systematic uncertainties in these analyses.

This work contains the results of two analyses investigating the decays of
neutral and charged B mesons. The experimental data have been recorded

with the Belle experiment situated in Tsukuba, Japan.

In the framework of Heavy Quark Effective Theory (HQET), these decays
are described by three form factor parameters, p?, R;(1) and Ry(1) [4, 5]
along with the fundmental parameter |V,;| times a form factor normalization
F(1) derived from lattice QCD |[6].
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The analysis of BY — D*~ ("1, decays allows for a very precise determination
of these parameters. Our analysis technique follows closely previous studies
of this decay using ete™ — T (495) data [7, 8, 9], i.e., we initially reconstruct
only the D* meson and the charged lepton, without making any requirement
on the other B meson in the event. The main difference to earlier analy-
ses |7, 8| is that we measure the CKM matrix element and all three HQET
form factors of this decay simultaneously. Also, by using an enhanced re-
construction technique of the B meson four-momentum, we achieve a better
resolution in the kinematic variables describing the B® — D*~(*v, decay,

which translates into an improved determination of the HQET form factors.

The numerous measurements of the B mode which are available are unfor-
tunately barely consistent [10], suggesting a hidden systematic uncertainty.
To shed light on this inconsistency, we also investigate the related decay
Bt — D*9¢*y, which carries different experimental systematics. This is also
interesting because only few measurements of the BT mode are available in
the literature |11, 12, 13].

This work is organized as follows:

In Chapter 2 the main motivation of this work is discussed. Precision mea-
surements like those by the particle physics experiment Belle at the “B fac-
tory” KEKB allow to probe our understanding of the basic underlying physics
of C'P violation. This effect plays a major role in our picture of the evolution
of the universe. The analysis of B — D*{v decays allows to extract one of the

fundamental parameters of the Standard Model related to this phenomenon,
labeled V).

In order to extract these experimental results, the interplay of effects due to
the weak interaction and those due to Quantum chromodynamics (QCD) has
to be probed. Chapter 3 is devoted to introducing the underlying theoretical
framework. The most appropriate approach is to use an effective theory,

which is specifically tailored to the problems at hand.

Chapter 4 is dedicated to the experimental setup of the Belle experiment,
describing both the KEKB particle accelerator and the components of the
Belle detector.
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The reconstruction procedures, including extraction of the required decay
cascade are the topic of Chapter 5. The procedure used to estimate the

expected background is described there as well.

The fitting procedures used to extract both |V| and the parameters of the
QCD effects in terms of form factors is described in Chapter 6. Additionally

we present a direct test of the parametrization which is used in this procedure.

The results of these analyses are presented seperately for charged and neutral

B mesons in Chapter 7.

Finally the conclusions drawn from the results presented in this work are

given in Chapter 8.

The appendix contains some additional information on the main fit procedure

and describes its validation.



Chapter 2
Theoretical motivation

There is a single light of science, and to lighten in any-

where s to lighten it everywhere.

Isaac Asimov

2.1 Symmetries

One of the most powerful concepts in modern particle physics is that of sym-
metries. Assuming a symmetry holds means that if one knows the behavior of
a given system (say the probability that a particle decays in a given way), one
can then transform the system in a particular fashion and the result remains
the same. One example for such a behavior is translation symmetry, which
implies that physical observables are independent of the system’s position
in space. Translation symmetry is an example of a continuous symmetry:
infinitesimal changes of the system are possible. According to Noether’s the-
orem [14, 15|, any continuous symmetry is related to a globally conserved
quantity. E.g translation symmetry implies conservation of momentum and

vice versa.

Not all transformations can be formulated in a continuous way. For example
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the charge conjugation transformation C' requires to change the sign of all
internal quantum numbers, like the electric charge of a system. These are
the so-called “discrete” symmetries. Their most important instances are C,
the parity transformation P (where the entire space coordinate system is
mirrored at the origin), and time reversal 7' (where the time component is
reversed). Naturally, these transformations can also be combined. Applying
both the C' and the P transformation to a particle, one changes the sign of
the charge, the momentum and the helicity of the system and ends up with
a particle carrying the quantum numbers of the anti-particle to the original
system. Therefore, applying the combination of the C' and P transformations

“creates” the corresponding anti-particle.

Symmetry under any of these transformations implies again that observables
do not change. If, however, changes can be observed this is labeled a “violation

of the symmetry”.

One of the most basic relations in quantum field theories, as derived by
Wolfgang Pauli and proved by Gerhart Liiders (|16, 17]), states that any
theory fulfilling the requirements,

e locality,
e causality,

e existence of a stable vacuum state (i.e. a lower bound on the Hamilto-

nian), and

e invariance with respect to orthochronic Poincaré transformations,

will be invariant under the combinated transformation C', P and T

Nonetheless, each of these symmetries might be violated individually. To the
extent of today’s knowledge, each symmetry is conserved by the quantum
field theories of electromagnetic and strong interactions as well as by gravity,
which is being described by the theory of general relativity. The weak inter-
action, on the other hand violates each transformation: C' and P maximally,
and CP by about 1%.
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2.2 CP violation

The simplest interpretation of particles and anti-particles would imply that
aside from the different charges there is no distinction whatsoever. In this
naive picture, the decay rates and other quantities are conserved under a C'P
transformation. However this is not the case, there exists a violation of C'P

symmetry.

The first observation of this violation was based on experimental data of the
decay of neutral kaons. According to the quark model, we can construct two
such particles, K° (which is interpreted as a d3 combination) and K° (ds).
K° and K are eigenstates with respect to the strong interaction. In weak
interaction, e.g. decays, we see linear combinations of these particles. One of
the neutral kaons has a long mean lifetime, 7 = (5.116 4- 0.020) x 10 %s [18];
it is therefore labeled the “K long” (K). The other one, the “K short” or
K, has a much shorter mean lifetime, 7 = (0.8958 4 0.0005) x 10~1%s [18].
The dominant decay modes of these states are K; — nnm and Kg — 7.
These final states carry well-defined C'P eigenvalues of —1 (7m7m) and +1
(rm). Therefore it was originally assumed that K and Kg are identical to
the C'P eigenstates of the system of neutral kaons, labeled with K; and K.
This would mean that with respect to the weak interaction K and Kg define
the most appropriate basis, wheras for the strong interaction it is formed by
Ky and K.

In 1964 Christensen, Cronin, Fitch and Turley showed that the decay K, —
7 exists [19], with a relative branching ratio of B(K, — nm)/B(K, —
nrm) ~ 1073, A “branching ratio”, denoted by B(X — Y), gives the relative
frequency of the decay of the particle X to the final state Y!. Cronin and
Fitch were awarded the Nobel Prize in Phyics in 1980 for this discovery.

Interpreting this result might imply two possibilities. Either K and Kg are
not exactly the C'P eigenstates of the system, but simply “very close” to the

!The branching ratio can be calculated from the decay width of a process by B(X —
Y) =T(X — Y)/Ttot, where T4yt is the total decay width and T'(X — Y) is the partial
decay width related to the process X — Y.
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real eigenstates K; and Ks. In this case relations like

KL %Kl—i—GKQ, (21)
K5%K2+6K1, (22)

would hold, with ¢ ~ 1073, The CP-violating decay K; — 7 could sim-
ply be due to the small admixture of the K5 component and thus be the
result of an inadequate choice of the basis. This is labeled the “indirect C'P
violation”. Alternatively, the second possibility would be that indirect CP-
violation is not enough to explain the experimental data. In this case one
would actually see the C'P-violating decay K; — =, which is labeled as

“direct C' P-violation”.

Models like the superweak theory, which introduced a fifth fundamental force,
tried to explain C'P-violation in the kaon sector as a purely indirect one.
Experimental results by highly specialized precision experiments, like NA48
at CERN and KTeV at Fermilab, did however prove the existence of direct
C P-violation.

2.3 The origin of the universe

The most exciting implication one can draw from C'P violation comes from

investigating a cosmological question.

According to current cosmological models, the initial state of the universe
was a dense hot state, which expanded rapidly. This is usually labeled the
“Big bang”. This initial state had zero net charges, and there is no evidence
which would suggest an excess of either quarks or anti-quarks. Rather, it
consisted purely of energy. In these extreme conditions, pairs of quarks and
anti-quarks as well as pairs of leptons and anti-leptons were produced with
enormous rates and immediately annihilated again into photons. When the
universe cooled during the expansion and the average temperature dropped
below a certain, so-called “critical” temperature 7,, the average energy was

too low for continued spontaneous creation of new particles. The annihilation
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of matter and anti-matter was no longer countered by pair production and

all the hadrons would soon have annihilated completely again?.

Thus, if the assumption that matter and anti-matter decay in exactly the
same way would hold, the universe would only consist of the photons cre-
ated in these annihilations after the big bang. Obviously, this is not the case;
at least some matter still remains. In fact one finds a very small value when
comparing the amount of matter with the amount of photons in the universe,
however, this factor is still finite (for example, the WMAP satellite experi-
ment found that the density of photons in the cosmic microwave background
exceeds the density of baryons by a factor of about 10'°). For the big picture
of the evolution of the universe to be consistent, we therefore have to be able

to explain an excess of baryons over anti-baryons.

In 1966, the russian physicist Andrei Sakharov stated three criteria for the
occurrence of “Baryogensis”, that is the development of some excess of matter
over anti-matter in the course of the expansion of the universe. These criteria
are that

e the universe must not be in a thermal equilibrium,

e the conservation of baryon number must be violated and can at best

be only be an approximate conservation and
e both C' and C'P symmetries must be violated.
Each of these criteria poses a fascinating question and topic in modern

physics. The mechanism of C'P-violation can be directly probed in laboratory

conditions, for example in particle collider experiments.

2The same is true of leptons, where the critical temperature is lower than for hadrons.
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2.4 The Cabibbo-Kobayashi-Maskawa (CKM)

mechanism

The experiment by Christensen, Cronin, Fitch and Turlay showed the ex-
istence of C'P violation in nature. The Sakharov conditions stress the im-
portance of this result in terms of the big picture of the evolution of the
universe itself. However, within the framework of particle physics the ques-
tion is, whether one can understand the existence of C'P violation within
the current theories. If one has to add further theoretical assumptions, there
have to be testable predictions, which can be compared with experimental
data.

The Standard Model of particle physics, as it presented itself during the
1960s when C'P violation was found, did not incorporate any C'P violation.
At this time only 3 quarks were known (the u, d and s quarks). In 1970, the
charm quark (c) was predicted by the GIM-mechanism [20], however even the

Standard model describing four quark kinds did not contain CP violation.

In 1973, Kobayashi Makoto and Toshihide Maskawa developed ideas by
Nicola Cabibbo further, in order to give a formalism to C'P-violation within
a specifically enhanced Standard Model [3]. Cabibbo had introduced the
concept of “weak mixing” in order to explain strange quark decays into up
quarks [21]. The mass eigenstates of the quarks are not identical to the weak
interaction eigenstates, a fact which has already been mentioned above in the
discussion of neutral kaons. Cabibbo theorized that this behavior can be in-

terpreted in terms of a rotation, such that one can write the weak eigenstates

Uy Um,
= . , (2.3)
dy d,, cost,. + s,,sinf,

where z,, and x,, denote the eigenstates of the weak interactions and the

as e.g.

mass eigenstates, respectively. 6. is the so-called Cabibbo angle. This idea
was also the basis of the GIM-mechanism [20], adding

Cw Cm
= ) (2.4)
Sw Sm cos 6. — d,, sinf,
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In their paper [3], Kobayashi and Maskawa discuss various approaches how
to describe C'P-violation in a framework containing four quarks, but finally
conclude that the only solution is to consider the existence of a total of six
quark types, grouped in three generations. In such a framework, the weak
mixing can be interpreted as the rotation related to a three-times-three uni-
tary matrix, which is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix.
The postulated new quarks, called the “bottom” or “beauty” quark b and the
“top” or “truth” quark ¢, have been found experimentally in 1977 and 1995,

respectively.

Starting from the assumption by Kobayashi and Maskawa, one can write the

charge current interaction in the Lagrangian of the theory as,

_9 - +
_ ,Cwi = ﬁ UL ‘/ij de W# -+ h.c. (25)
Up-type quarks u are coupled to down-type quarks d and the VW boson.
However, there is no constraint that such couplings can only occur within
one generation. The CKM matrix elements V;; mix the three generations.

The matrix can be written in the widely used Wolfenstein parametrization
([22]) as

V=| Vi Vi Vo | = -\ -5 AN ,
‘/td ‘/ts ‘/tb A)\?’(l —pP— 277) 14)\2 1

(2.6)
where A, p and n are the Wolfenstein parameters, and A ~ 0.2 corresponds
to sinf.. While this parametrization is only an approximation, it allows to
estimate the size of the CKM matrix elements. The modulus of each of the
diagonal elements is close to 1, so the coupling between quarks of the same
generation will dominate. However, the couplings to the other generations are
not zero, they are simply very small. An exact representation of this complex

matrix is to use three Euler angles, which can describe any rotation, and one
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complex phase: [23]

1 0 0 c, 0 s,e ™ ¢, sy 0
V=10 ¢ s 0 1 0 —sy ¢, 0 | =
0 —sy ¢ —s5,e7 () C, 0 0 1
CyCs S4C 5,67
= | —spc, —cu8y5.€0  cpoy — sp8y5.€7  syc, , (2.7)
SuSy — C2CyS,€'0  —Cups, — 5,045, ¢y,

where ¢, = cosf, and s, = sinf,. The complex phase is the only source of

C P-violation within the Kobayashi-Maskawa theory.

The extension of Eq. 2.3 and 2.4 is the defintion of the weak eigenstates by

an rotation of the mass eigenstates,

dw Vud Vus Vub dm
Sw = ‘/cd ‘/cs ‘/cb Sm ) ( 2.8 )
b Vie Vis Vi b

where x,, denotes a weak eigenstate and x,, a mass eigenstate. With the
cosine terms in Eq. 2.7 being close to unity and the sine terms being O(0.1)
or smaller, Eq. 2.3 and 2.4 are excellent approximations for the first two weak

eigenstates.

Since Vj; describes a rotation, it has to be unitary,

Vx V=l Y VigVik = 0, Vi k (2.9)

where 13,3 is the three-times-three unit matrix, and d;; is the Kronecker
delta. From these relations one can therefore infer equations which have to
be satisfied if the theory of Kobayashi and Maskawa is correct. One of those

1S

VJqud + V;,Vcd + V;Z‘/;gd =0. (2.10)

Interpreted geometrically, as shown in Fig. 2.1, these relations are labeled
the “unitary triangles”, and testing them is the main aim of the precision
experiments Belle at KEK (Tsukuba, Japan), and BaBar at SLAC (Stanford,
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o ViaVig
= po = arg _VdV*
ua ¥ yb

W;@)
ViV,

ViaVig| B=p1=ag <—
VeaV,

= = ar 7Vudv7fb
Y= p3 = arg VoV

L
y

(0,0)| (1,0)

Figure 2.1: The unitary triangle which is related to the equation V)V, +

3 Vea+ ViyVia = 0. The basis of the triangle has been normalized to 1. There
exist two nomenclatures for the angles, both of which are indicated in the
figure.

USA). The sides and angles of this triangle can be measured independently
from each other. If the theory of Kobayashi and Maskawa were wrong, then

these different measurements would report incompatible results.

Fig. 2.2 shows the combination of all currently available measurements of
parts of the unitary triangle [24]. There is one region which is compatible
with all these results and, even more, it is exactly one region, so there is no
ambiguity in the interpretation. The conclusion from these results is that the
theory of Kobayashi and Maskawa describes the phenomena of C' P-violation
which have been found up until now. Possible deviations from the predictions
of the theory are of the order of 10%. Because of this conclusion, Kobayashi

and Maskawa were awarded half the Nobel prize in physics in 2008.

2.5 Semileptonic b decays

Decays of the kind b — ¢cW =, W~ — (~v are excellent probes to determine
the value of the modulus of Vi;, |V|. This value contributes to the length of
the basis of the unitary triangle or, if one normalizes that to 1, to the lengths
of the other two legs of the triangle, as shown in Fig. 2.1. Measuring it with

high precision is therefore of utmost importance.



13 Chapter 2. Theoretical motivation
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Figure 2.2: Comparison of various measurements of the unitary triangle,
compiled by the CKMfitter group [24]. The tip of the shown triangle (solid
black) gives the average of of all the measurements, the red shaded area
depicts the one sigma range of this average. The other colored areas give the
results one can infer from single measurements.
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Tl
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u/d

Figure 2.3: Quark-level Feynman diagram for the decays B — D*~¢*v and
Bt — D*0pty.

These decays are dominated by tree level contributions, which are shown in
Fig. 2.3 for the transitions B — D*(*v and Bt — D*%¢*13. As given in
Eq. 2.5, the Lagrangian of the interaction between b and c is linear in the
CKM matrix elements V. On tree level, the probability of this process to
occur is proportional to |V,|?. Determining the total number of B mesons
produced and the number of B — D*/*v decays observed would in principle
be sufficient to determine a value of |V|. As will be discussed in Chapter 3

the situation is more complicated due to QCD effects.

Two approaches of measurements of |V,,| based on semileptonic decays exist.
Either one does not specifically search for one specific meson containing a
¢ meson created in b — clv decays. Rather, only the lepton is searched for
and investigated. This is the so-called “inclusive” ansatz. In the “exclusive”
approach, the charm meson is also reconstructed and analyzed. The work

presented here concentrated on exclusive analyses.

2.6 Open questions

While the overall success of the CKM-mechanism is stunning, both on the
theoretical and the experimental side, C'P-violation cannot yet be considered

as being completely investigated.

The major question with respect to the evolution of the universe can defi-

3Charge conjugation is implied throughout this work.
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nitely not be answered on basis of the C'P-violation explained by the CKM
mechanism alone. The currently known processes would only allow for a ra-
tio of baryon density to photon density of Z—f ~ 107%°. As mentioned above,
the WMAP exeriment reported J£ = (5.1703) x 1071 which amounts to a

deviation by a factor of 10'°.

Also, while the accuracy of the experimental measurements in the CKM

sector is very high, experimental questions remain.

For example, various measurements of |V| are available, but do not show
perfect agreement with each other. The inclusive and exclusive approaches
to extract |V| yield results which differ by about 2.5 standard deviations,
meaning that this can barely be explained by a statistical fluctuation [10].
Also within the exclusive analyses, the results barely agree with each other.
One possible explanation would be a misrepresentation of some systematic

uncertainty.

These facts imply that an improved measurement, which is even more accu-

rate than the already existing ones, can yield important results.



Chapter 3

Heavy quark effective theory

A designer knows he has achieved perfection not when
there is nothing left to add, but when there is nothing
left to take away.

Antoine de Saint-Exupry

As described above, the investigation of the weak decay of b quarks is a
powerful tool to investigate fundamental parameters of the Standard model,
the CKM matrix elements. This work centers on the analysis of the decay
b — ¢W~, which yields the parameter |V,|. Due to the effect of confinement
present in QCD we cannot investigate free quarks, but only bound states
like baryons or mesons. In the decay of these particles, the weak interaction,
like it is described by the Kobayashi-Maskawa mechanism, is not a priori
separated from the effects of strong interaction between the quarks. It is
therefore imperative to correctly consider the implications of QCD in order
to be able to derive |V,;|. In the system of a B meson, which consists of a b
anti-quark and either an u or a d quark!, the most powerful ansatz to do so is
to use an effective theory, specifically tailored for the needs of this question,
the so-called Heavy Quark Effective Theory (HQET).

! Throughout this work, charge conjugated states are implicitely considered as well.

16
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3.1 General idea

The presentation of the theoretical framework given here will not concentrate
on the intricate technical problems associated with the derivation of the
formalism, but will rather focus on the broad implications. More detailed

information can be found in various reviews of this topic, like Ref. [4, 25].

The main idea is a series of steps as follows: In the system of a B meson, we
find a rather heavy constituent (the b anti-quark) and a light one (the u or
d quark). The situation thus is not entirely unlike the hydrogen atom. There
the first ansatz is to assume an infinite mass of the nucleus and consider
only the degrees of freedom associated with the electron. Similarly, if we let
my, — 00, all dependency on the flavor of the heavy quark vanishes and many
results are invariant under flavor transition. Thus a new symmetry arises in
this approximation, which is called the “Heavy quark symmetry”. The change
of the flavor of the heavy quark is exactly the feature of a weak decay of the
B meson. In order to derive more accurate relations, this naive ansatz can be
enhanced by considering a Taylor expansion of the full theory in 1/my, and

investigating more than just the leading term.

All effects due to QCD are considered in terms of so-called form factors, which
are one-dimensional functions. The shape of these functions is not fixed by
HQET, in principle a huge set of functions might be possible. Therefore this
formulation is not sufficient for use in an experimental procedure, one first
has to limit the number of variables to a finite set. This is done by considering

a set of dispersion relations.

3.2 Heavy quark symmetry

As in all quantum field theories, the coupling constant of QCD depends on
the momentum transfer Q? between the interacting particles. The effective
coupling constant can be parametrized as

- ngf(QZ) 127

ar (33— 2ny) I (Q2/A2p) 3.1)

O‘S(Q2>
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ns gives the number of generations of fundamental fermions (i.e. quarks),
in the theory. According to the theory of Kobayashi and Maskawa as well
as various experimental investigations this number equals 3. The factor of
(33 —2ny) in the denominator is due to the non-Abelian structure of SU(3),
the color gauge group of QCD. Unlike the photon, the gluons carry charge
and therefore couple to themselves in loops. This is also the reason for the
fundamental difference in the behavior of the coupling constants of Quantum
Electrodynamics and QCD. While the former rises with rising momentum

transfer, a; becomes smaller (as long as ny < 33/2).

This unique feature of QCD is called asymptotic freedom [26, 27]. In the
domain of high momentum transfer the strong interaction is perturbative
and can be probed very similar to the electromagnetic interaction. For small
Q? on the other hand the coupling constant becomes large and a perturbative
approach is no longer feasible. This fundamental difference in behavior defines

the scale associated with perturbative QCD, Agep.

The typical size of hadrons is usually given as Ry.a ~ 1/Aqep ~ 1fm, thus
Aqep ~ 0.2GeV2. A quark with mass far above this scale, mg > Aqep,
is labeled a heavy quark. Using this diction, the quarks of the Standard
Model (SM) are divided into two classes, the heavy quarks (¢, b, and ¢) and
the light ones (u, d and s). Between heavy quarks the effective coupling «

is small, since the Compton wavelength

is small as well.

For systems composed of both heavy and light constituents this is not the
case. Since the size of e.g. B mesons is again roughly Rj.q, the momenta ex-
changed within such a system are typically of the order Aqcp and thus large
with respect to the light quarks. The configuration of the light constituents
interacting with the heavy quarks is therefore not trivial, but rather a com-
plicated ensemble of light quarks and gluons which is sometimes labeled as
the “brown muck” [28].

2The use of natural units, ¢ = h = 1, is implied.
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However, with respect to the heavy quark, the picture can be simplified. With
its Compton wavelength being much smaller than Ry.q, a hard probe with
at least Q ~ m2Q would be needed to give rise to a sizable interaction. The
light quarks are therefore predominantly influenced by the color field. In the
rest frame of the heavy quark it is actually only the color-electric field, which
leads to an interaction with the light constituents. In the limit mg — oo,
systems with different flavor of the heavy quark can still be described by the
same system of light degrees of freedom. This is the so-called “heavy quark

symmetry” [28].

3.3 Effective theory for mg — oo

The section above contained some qualitative statements on the behavior of
heavy quarks. In order to be able to derive more general implications the
derivation of an effective Lagrangian is needed. For m¢g — 0o we essentially

find the leading term of a Taylor expansion of the full Feynman rules of QCD.

As written above, within a hadron the momenta exchanged between a heavy
quark ) and light constituents are much smaller than it’s mass mg. Due to
the large difference in mass, it is a good approximation to equal the velocity
of the heavy quark with that of the hadron,

’17Q = 77had-
The momentum can be given as
P = mou! + Kk, (3.3)

where the “residual momentum” k* is of the order Agcp and small compared
to mgu*. v" is the four-velocity of the hadron, satisfying v*v, = v* = 1.
Let us now consider the case of a very heavy quark by considering the limit
mg — oo, with v and £ fixed. This simplifies the Feynman rules of the

system.
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The heavy quark propagator can be written as [4, 28|

7 o P+1
pQ—mQ_v-k 2

+O(1/mg). (3.4)
————

—0

In the limit mg — oo, only one part remains. Similarly, the vertex rule of
the full theory, igT,7", becomes [4, 28|

igToy" — igTov" + O(1/myn ) . (3.5)
—_——

—0

As usual in quantum field theories, these rules have to be obtainable as the

derivative of a Lagrangian. The expression [4, 28|
Less = HyivDH, = H,(iv"0, + gT 0" A%) H,, (3.6)

fulfills this requirement, where D is the covariant derivative and the effective

heavy quark field H,(x) is defined as the approximation [29]
Q(z) ~ e ™MV [ (). (3.7)
The heavy quark field H,(z) is constrained to satisfy

YH,(z) = H,(x). (3.8)

Eq. 3.6 gives the Lagrangian of the HQET under the condition mg — oo [28,
29, 30].

It is an approximation of the full Lagrangian of QCD and does not yet include
any corrections due to finite quark mass. Detailed discussions have been the

topic of several reviews over the last decades [4, 25].
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3.4 Weak decays of infinitely heavy mesons

This mass independent setup can already be used to investigate some of the
properties of the weak decay of heavy mesons [28|. Let {|M(v))} be the set
of meson states, each containing one heavy quark ¢) and one light one ¢. v
denotes the mesons four-velocity and therefore fulfills v,v* = 1. These states

are normalized according to
(M(3)|M(v)) = 20°, (2m)38% (5 — p), (3.9)

which is a mass independent normalization prescription. When considering
the limit mg — oo, the heavy degrees of freedom vanish and the light degrees

of freedom characterize any state |M(v)) completely.

Elastic scattering of a pseudo scalar meson, P(v) — P(?) at a time ¢,
can be described as follows. For t < ¢y, the light degrees of freedom define
the initial state, which is some configuration around a heavy color source
moving with velocity v. The mean velocity of the light constituents will be
equal to this quantity, (v;) = v. The elastic scattering at ¢ = ¢, is induced
by an external vector current coupled to the heavy quark. Effectively, this
scattering instantaneously replaces the color source H(v) with one moving
with a different velocity, H(0). This however means that at t = ¢y + € the
light constituents are traveling in the color field of a source which is boosted
relative to their rest frame. This leads to the exchange of soft gluons, which
rearrange the light degrees of freedom such that a final state meson moving
with velocity v appears. For v = v the frames naturally coincide and there is
no change at all, for all other velocities one finds a form factor suppression.
In the limit mg — oo, this form factor is the so-called “Isgur-Wise function”
and depends only on the Lorentz boost v = v,0”. It also governs the weak

decay of mesons in the limit mg — oo, as can be derived as follows [28].

Let us denote a pseudoscalar meson moving with a velocity v and containing a
heavy quark () with P and one moving with velocity v containing a different
heavy quark @ with P. The heavy quark fields, as defined in Eq. 3.7, are
denoted by H, and H; respectively.
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The heavy meson-heavy meson transition element (P|Hyv,H,|P) is of the

general form [28|
(P(0)|HyyHo|P(v)) = fr(v,0") o+, + f-(00") o =7, (3.10)

The functions fi. depend on the product of the meson four-velocities and are

the form factors associated with the decay.

The light degrees of freedom of the initial quark carry momenta of the or-
der vAgep, those of the final quark momenta of the order vAgep. The
squared invariant momentum transfer experienced by the light degrees of

freedom is therefore of the order
¢ ~ Ao (v, — 1), (3.11)

which is small compared to the heavy quark mass as long as v, 0" is of the

order of unity.

In Eq. 3.8 we constrained the heavy quark field to fulfill pH,(z) = H,(v),
Hp = H,(z), where p = ~,p". If we contract both sides of Eq. 3.10 with

(v —0)" we find

(P(0)|HsH, — HyH,|P(v)) = 0 =
=frlo+0], =0+ f-[v—7], [v-17]",
= fy 1+ 0,0" —v, 0" = 1] +f_ [1 — 90" —v,0" +1], (3.12)

(- J (- J

vV vV
=0 #0

where we used v, 0" = v,0" = 1 and therefore
f-=0. (3.13)

For v = v and thus v, 0" = 1, Eq. 3.10 gives the matrix element of a conserved
current associated with heavy quark symmetry, with the © = 0 component
being related to a generator of the symmetry. From this one obtains the
normalization |31, 32, 33, 34],

f+(1) =1 (3.14)
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The interpretation of this normalization is simply that in case of equal veloc-
ity in the initial and the final state, the light constituents do not experience
any change in the color field and are therefore unchanged. This kinematic
point is labeled as “zero recoil”, since the rest frames of the two mesons co-
incide. As one can see, only one single form factor governs the transition
P — P. Tt is often labeled the Isgur-Wise function and denoted with £ in the

literature.

3.5 Differential decay widths for finite quark

mass

If one is interested in the transition between heavy mesons where also a spin
flip occurs, the picture becomes more complicated. Of particular interest is
the decay of a pseudoscalar meson P into a vector meson V' and a W boson.
Here, the W couples to the difference of vector and axial vector currents,
V' — A. There is currently no theoretical argument which allows to derive
this particular behavior, however no experimental evidence of a deviation
has been found up until now. In this case one has to investigate two matrix
elements here, (V (0, €)|Hyy, H,| P(v)) and (V (0, €)| Hyy, 75 Hy| P(v)), where ¢

is the polarization vector for V' and 5 = v1727374-

Considering the effective three-body decay P — V /v, the hadronic current
has the general form ([4, 25, 35]),

2iet P
1% VHE— A|P e N V(q?
(V(pv, el |P(pp)) - +mvey(pv) (pp)sV(q7)
€ -q
mp + my

6*‘q *'q

€
7 4" As(q*) = 2my 7 7" Ao(q?), (3.15)

— (mp +my)e™ A (¢%) + (pp + pv )" As(q?)

—|— 2mv

where ¢* = ph — pl, As(¢?) = metmy A (¢?) — M= Ay (g2) and Ay(0) =

2my 2my
As3(0). Each term is linear in the polarization vector e. In case of ¢ being a
light charged lepton, either an electron or a muon, terms proportional to ¢

are nearly negligible. For m, — 0, therefore three form factors completely
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describe the process P — V/{v,

et P
. wo_ ~ * 2
Jim (V(py, e)[V* — AlP(p)) - +mvey(pv)a(pp)ﬁv(q )
_ AL () ¢ — b As(g?). (3.1
(mp +my)e™ A (¢°) + T (pp + pv)"A2(q7).(3.16)

Ai(¢*) and Ay(g?) can be associated with the exchange of a particle with

quantum numbers J” = 17 and V(¢?) with J© = 1.

If one additionally considers the consecutive decay of V into two pseudo
scalars, V' — P P,, a set of four independent kinematic variables describes
the kinematics of the decay. One is the momentum transfer ¢?, which equals
the mass of the virtual W meson mediating the semileptonic decay of the
meson P. Often a function of ¢? is used,

_mp4+my—q¢  pp-py dw 1

- - w_ 3.17
v 2mpmy mpmy dg? 2mpmy’ (3:17)

where pp and py are the four-momenta of the P and V' mesons. In the rest
frame of the P meson, this expression simplifies and becomes w = Ey /my =

~yv. This is simply the Lorentz boost between the P and the V' rest frames.

Additionally, a set of three angles as shown in Fig. 3.1 is used, {6, 0y, x}. 6,
is measured in the rest frame of the W boson, it is the polar angle between
the charged lepton ¢ and the direction opposite to the spatial momentum
of the vector meson V. Similarly, 6y is defined in the V' rest frame. It gives
the polar angle between the meson P, and the direction opposite to the W
boson. Whether P; or P, are chosen is arbitrary, as long as one ignores the last
variable, y. As sketched in Fig. 3.1, this parameter gives the angle between
the plane defined by the decay of the W boson and the plane defined by
the decay of the V meson. The orientation of the planes has to be defined
consistently with the choice of whether P, or P, are used to define 8y to

ensure the correct calculation of the sign of y.

In our particular case, the initial meson P is a B meson, V is a D*, P; a D°

and P, a 7. Fig. 3.1 shows this nomenclature.

In order to simplify the physical interpretation of the hadronic current shown



25 Chapter 3. Heavy quark effective theory

Figure 3.1: Definition of the angles 6,, 6y, and x. It is equally valid for both
the decays B® — D*(*v,, D*~ — D% and B~ — D*%*y,, D** — Dx¥.

S
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in Eq. 3.16, it is sometimes advisable to define the so-called helicity ampli-
tudes Hy, H, and H_. In this interpretation, one separates the matrix ele-
ment in components associated with a helicity of 0, +1 or -1 of the V' and
the W, respectively. The equations, which relate the axial-vector and vector

form factors to the helicity amplitudes are [25]

2 .2 9 2.9
Holg?) = Lo e 1) (g TRV gy
2mv\/q7 vaﬂ(mp+mv) (3 18)
and 5
mpm
Hi(QZ) = (mp+my) Al(q2> T TI’LP%W;/VV(QQ). (3.19)

With these definitions, the differential decay rate can be expressed as a func-
tion of the helicity amplitudes (|25], [36], [37]),
d4F(P — VEV, V — P1P2> 3 2 pvq2

= G2 V., 14 P P
dg?d cos Oy d cos 0,dx 8(4m)* r Vel m? B(V — PP

X {(1 —ncos bp)? sin® Oy | H, (¢*)]* +
+ (1 +ncosby)?sin® Oy | H_(¢*)]* +
+ 4 sin? 0, cos® Oy | Ho(¢*)|* —
— 4n'sin0,(1 — nsin 6;) sin Oy cos Oy cos xH (¢*) Ho(q*) +
+ 4m sin 0,(1 + nsin 6;) sin Oy cos Oy cos xH_(¢*) Ho(¢*) —
— 2sin? §; sin? Oy cos 2)(H+(q2)H_(q2)}, (3.20)
where py is the magnitude of the three-momentum of V' in the rest frame of

P and B(V — P, P,) gives the branching ratio of the decay V — P, Ps.

Within the framework of HQET, one usually gives all equations in terms of
one form factor hy, (w) and two form factor ratios Ry(w) and Ry(w), which

are defined as,
Viw) = R2 w+1
Ay(w) = R2 w+1

Ay (w) (3.21)

Ay (w) . (3.22)
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The function ha, (w) is defined as

1 2

hanl) = B

Ay(w) . (3.23)

Using these nomenclatures, the helicity amplitudes become (|1, 2, 9|),

R(1—r?)(w+1)

Hi(w) =mp

where

V1—=2wr+r? <1 + z—HRl(w)>
A = - , (3.25)

(w—1)(1 = Ry(w))

1—7r ’

Hy = 1+ (3.26)

with R* = (2/mpmy)/(my +my) and r = my /mp.

Eq. 3.20 then becomes [25]

dT(P — Vitu) 6mpmi — 2
— _ 1 1 _ 2 G2 ‘/C 2
dwd(cos 6;)d(cos Oy )dx 8(4m)* w ( wr 4 17) G| Va|” X

X {(1 — cos 0)?sin® Oy H? (w) + (1 + cos 0,)* sin® Oy H? (w)
+ 4 sin? 0, cos? Oy HE (w) — 2sin? O sin Oy cos 2x H, (w) H_(w)
— 4sin 0y (1 — cos ) sin Oy cos Oy cos xHy (w)Ho(w)

+ 4sin6,(1 + cos 0y) sin Oy cos Oy cos xH _ (w)Ho(w)}. (3.27)

G is the fermi constant, G = (1.16637 £ 0.00001) x 10~°GeV 2 [18].

The angular distributions are a direct result of the kinematics of the decay
[25]. For example, in case both the V and the W carry helicity +1, the angular
distribution of the charged lepton emitted in the W decay is proportional to
the Wigner d-function,

1 —cos6,

. (3.28)

d}\W,Ag—A, (‘912) = di—l(ef) =
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and the angular distribution of the P, meson in the V rest frame is given by

sin 6y
ol

The two equations 3.28 and 3.29 explain the 6, and 6y dependency of the

Dry apy—ap, (Ov) = dio(0v) = — (3.29)
term proportional to |H(w)|* in Eq. 3.27.

The one-dimensional differential decay rate as a function of w can be obtained

from Eq. 3.27 by integration over the angular variables and is

Al _ Gr s "G (w) F2 (w)| Vg 3.30
O b (ms —mpa) )PVl (330)
where
_ 2
FAw)G(w) = 13, (w)vw — Tw + 12 {2 | L2200
! (1—7)2
x |14 Ry( )Qw—_1 + 1+(1—R())w_12 (3.31)
BT 20T ’ '
and G(w) is a known phase space factor,
Glw) = Va? —1(w+1)? |1 +4—2 1— 2ur+r° (3.32)
B w+1 (1—r)? .

3.6 Parametrization of the form factors

As stated before, the exactly defined form factor in the heavy-quark limit, the
Isgur-Wise function (w), has to be corrected in realistic systems by terms in
order of powers Agcp/my. At minimal w, lattice QCD can be used to obtain
the normalization F(1). Therefore |V,,| can be obtained by extrapolation of

measured differential decay rates to w = 1.

Since extrapolation necessarily leads to large systematic uncertainties, it is
advisable to constrain the shape of the form factors. In this case, the ex-
trapolation is essentially obtained implicitly via determination of a set of

free parameters. A suitable approach can be obtained by dispersion tech-
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niques ([5], [38], [39], [40], [41]). Starting from first principles, the analytical
properties of two-point functions of local currents and the positivity of the

corresponding spectral functions, a parametrization can be obtained.

Given that w can vary in the interval [1, w4, With Wy ~ 1.5, an ex-
pansion in (w — 1) may appear advisable. However, the theoretical uncer-
tainties which enter this particular ansatz render it almost useless. A very
stable parametrization can be obtained if one introduces a conformal map-
ping w — z(w), which transforms the cut w plane onto the interior of the

unit disc, |z| <1 [5].

Using the definition

_Vuii-va
Vw142
and Taylor expansion of the form factor V(w), which governs the decay
B — D/{v, one obtains |[5]

z(w) (3.33)

Vi(w)
Vi(1)

~1—8p%z + (51p* — 10)2* — (252p* — 84)2°. (3.34)

If one limits the expression in Eq. 3.34 to the linear term, the parameter p?
can be interpreted as the slope of the form factor. In any case it governs the

dependency of the form factor on the kinematic variable w.

For the case B — D*{v, Eq. 3.34 can be used to infer relations for the three
form factors governing the decay. The ratio of the form factor A;(w)/V;(w)

can be given as [5]

~ 0.948(1 — 0.2122 — 4.0072% — 1.3422° + . ..). (3.35)

Using equation Eq. 3.34 one therefore obtains,

Ai(w) ~ Ai(1) (1 = 8p*2 + (53 p” — 15)2" — (231p* — 91)2°) . (3.36)

The ratios R;(w) and Ry(w) defined in Eqgs. 3.21, 3.22 can be represented as
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second order polynomials in (w — 1) [5],

Ri(w) = Ry(1) — 0.12(w — 1) + 0.05(w — 1)?
Ro(w) = Ry(1) + 0.11(w — 1) — 0.06(w — 1)*. (3.37)

While this particular choice of expansion is arbitrary and other parametriza-
tions, like a linear ansatz are possible, this approach is a stable and widely

used representation.

The differential decay width with respect to w, dI'/dw, is usually expressed
in terms of one single function F, which can be related to A;(w), R;(w) and
RQ(w)a

4w 1 —2wr +r? 9 1 —2wr +1r? w—1 ?
1 =42 1
R e R { o [+ )

w—1 2
i {1 o - Rz(w))] }Al(wﬂ
again with r = my /mp. As can be seen, at zero recoil F(w) and A;(w) co-
incide. Thus the labeling of the remaining normalization parameter as A;(1)
or F(1) is arbitrary.

In the infinite quark-mass limit, the heavy quark symmetry (HQS) pre-
dicts F(1) = 1. Corrections to this limit have been calculated in lattice
QCD. The most recent result obtained in unquenched lattice QCD reads
F(1) = 0.921 £+ 0.013 £ 0.020 [6]. An older calculation, performed in the
quenched approximation, predicts (including a QED correction of 0.7%)
F(1) = 091973932 [42]. These values are compatible with estimates based on

non-lattice methods [43].

3.7 Experimental implications

Egs. 3.36 and 3.37 reduce the uncertainty due to QCD induced effects from
an a priori unknown function into a single normalization factor, F (1), and

a small set of free parameters. If one uses results given in [5], R(1) = 1.27
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and Ry(1) = 0.8, or fixes these ratios to values determined otherwise, only
the parameter p? and the normalization F(1)|V,| are unknown and are to
be determined from data [44, 45, 46, 47]. A more stable approach can be
obtained by floating the leading term in the expansions of the functions
Ry (w) and Ry(w), Eqgs. 3.37, in a fit to real data and thus to determine these
values experimentally [1, 2, 9, 48|.

This work is based on analyses of Belle data [1, 2|, where F;|V,| and all three

form factor parameters introduced in the sections above are determined.
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The Belle experiment

The whole is greater than the sum of its parts.

Aristotle

The Belle experiment is situated at the Tsukuba Campus of the Japanese na-
tional High Energy Accelerator Research Organization (ko-enerugi kasokuki
kenkytu-kiko, KEK). Tsukuba lies about 50 kilometer northeast of Tokyo in
the Kanto plain. As of Summer 2009, the Belle collaboration operating the
experiment consists of more than 370 scientists from 60 institutions spanning
14 countries of the world. The main goal of Belle is to investigate CP violation
in systems of B mesons and, most notably, to test the Cabibbo-Kobayashi-
Maskawa mechanism of CP violation. In order to achieve this goal, both an
excellent detector system (which is able to identify long-lived particles and
to resolve momenta and decay vertices with high accuracy) and a special
accelerator setup (which is capable to deliver a high rate of B mesons) are

needed.

The Belle experiment has been operational since 1999.

32
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4.1 The KEKB accelerator

The KEKB accelerator consists of two 3 km long beam lines, which are filled
by a linear pre-accelerator. An aerial view of the Tsukuba campus and a

schematic of the accelerator layout are shown in Fig. 4.1.

The energies of the two KEKB beams are not equal; this setup is called an
asymmetric collider. The high energy ring (HER) contains electrons of an
energy of 8 GeV, the low energy ring (LER) contains positrons of 3.5 GeV. If
filled, the two beams consist of about 5000 bunches of about 10'° particles,
which corresponds to a bunch crossing rate of about once every 2 ns. The
maximal currents reached in the beams are about 1.6 A for HER and 1.1
A for LER. Near the interaction region, the LER beam goes along the axis
of the solenoid magnetic field created by the Belle detector, while the HER
beam is tilted horizontally by @yee,, = 22mrad.

Neglecting the electron mass, the components of the four-momenta of the

two beams are!

Ey Er
0 0
= y pr— 5 4 ].
bn Ey sin Opeom, br 0 (41)
Ey cosOpeam — L

and the invariant mass of P = py + py, is

Vs =/P,Pr = \/2E4 E1(1 + 08 Opeam) ~ 2/ EyEy, =~ 10.58GeV. (4.2)
This it the mass of the third radially excited bb state, the so-called T(4S),
which decays almost exclusively into pairs of B mesons [18].

The cross section of ete™ — hadrons as shown in the review [50] can be seen
in Fig. 4.2.

This mass is only marginally higher than the mass of 2 B mesons, therefore

these particles are created nearly at rest in the center of mass frame. Due to

!The coordinate system used below is defined in Fig. 4.4.
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the asymmetry of the colliding beams there is a Lorentz boost between the
laboratory and the center-of-mass frame. Therefore, from the point of view
of the detector, the particles experience time dilation, with a boost factor
By ~ 0.425. This increases the average flight length of the two B mesons
to about 200um and therefore simplifies the separation of the two decay

vertices.

The performance of an accelator is characterized by its peak luminosity, £,

which can be obtained from the rate of eTe™ collisions, R. It is defined by
R = £06+e—, (43)

where o.1.- is the total eTe™ cross section. Due to losses of the beams,
mainly by interactions with rest gas in the vacuum tube, the luminosity of a
so-called “fill” degrades exponentially with time. Therefore, the beams either
have to be dumped and completely refilled after a certain time, or they have
to be continuously refilled. The second approach is currently used at KEK.
While more challenging in terms of accelerator operation, this allows for a
more efficient recording of data by the experiment. KEKB was designed to
reach a peak luminosity of 10**cm=2s~!, however, it exceeded this goal in
2004. The maximum peak luminosity achieved so far by the accelerator was
2.11 x 10**em 2571, on June 17, 20009.

The integrated luminosity, which corresponds to the total number of events
recorded at KEK, reached 950 fb~! in summer 2009. Fig. 4.3 shows the

official snapshot of integrated luminosity versus time.

4.2 The Belle detector

The aim of the Belle experiment is to allow for precise investigations of
the decay of B mesons, with the main objective being the measurement of
CP violation in B systems. For this, high precision in the determination of
decay vertices and the momenta of the particles produced in these decays is

necessary.
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Fig 4.4 and 4.5 show schematics of the Belle detector. Fig. 4.4 also contains
the definition of the commonly used coordinate system: The z axis is set along
the axis of the magnetic field created by the Belle detector, i.e. opposite to
the direction of the LER. The z axis is the horizontal radial axis, and the y
axis is the axis perpendicular to both, such that (z,y, z) form a right-handed
coordinate system. The polar angle 6 is measured with respect to the z axis,

the azimuthal angle ¢ in the (zy) plane with respect to the x axis.

The Belle detector is a magnetic spectrometer covering a large-solid-angle.
It is designed as a nearly 47 detector, the acceptance of the main compo-
nents covering a range 6 € (17°,150°) in the polar angle. The main com-
ponents comprise a Silicon Vertex Detector (SVD), a 50-layer Central Drift
Chamber (CDC), an Aerogel Cerenkov Counter system (ACC), a barrel-like
arrangement of Time-Of-Flight scintillation counters (TOF), and an Electro-
magnetic Calorimeter (ECL).These components are located inside a super-
conducting solenoid coil that provides a 1.5 T magnetic field. The final part
of the detector is an iron flux-return located outside the coil. This compo-
nent is instrumented to operate as a K, and u detection system (KLM). The
detector is described in great detail in Ref. [51].

4.2.1 Interaction region

In order to allow efficient operation of the experiment, the two colliding
beams have to travel in high vacuum which is maintained within the so-
called beam pipes. In the primary interaction region (IP) the two separate
pipes of the HER and the LER merge into one.

For many analyses, the precise determination of decay vertices is critical.
The dominating limiting factor in the resolution in z-direction is multiple
Coulomb scattering. In order to reduce it, the material budget in the im-
mediate vicinity of the interaction has to be minimized. This is achieved by
constructing the central part of the beam pipe as a double-wall beryllium
cylinder (with a thickness of 0.5 mm for each wall) which is mounted on alu-
minium pipes extending to the outside of the interaction region. The inner

diameter was 40 mm at the startup of the Belle experiment, during a detec-
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Figure 4.4: Schematic of the Belle Detector. ([49], high lights and coordinate
system by the author)
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Figure 4.5: Sideview of the Belle Detector. [51]
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tor upgrade in 2003 this was reduced to 30 mm. A 2.5 mm gap between the
two walls is constantly flushed with helium gas for cooling. This is necessary
since on the one hand placing the vertex detectors as close as possible to
the interaction point improves the vertex resolution, while on the other hand
the beam-induced heating of the beam pipe reaches levels of a few hundred
watts. This heat level might damage the detectors if not compensated by

active cooling.

To shield the interaction region from beam induced background several hor-
izontal masks have been installed. For example, synchrotron radiation is
shielded such that it is either blocked by a mask or passes the IP without

interacting with the beam pipe.

4.2.2 Silicon vertex detector (SVD)

The main objective of Belle is to investigate time-dependent CP violation
in B meson decays. To achieve this, the distance in z direction between the
decay vertex positions of B meson pairs has to be measured with a precision
of about 100 gm. This is the main task of the SVD. However, the information
of this subdetector is also important for identification and measurement of

D and 7 particles as well as for tracking generic charged tracks.

Silicon detectors are extremely fast detectors, with response times of a few
nanoseconds. The typical width of the silicon wafers is of the order of a few
100 pm.

The basic idea of a silicon detector is as follows: A voltage is applied to a
volume of doted silicon, with highly doted silicon being used as cathodes and
anodes. In particle detectors, the voltage is usually chosen sufficiently high to
completely deplete the silicon bulk. If an ionizing particle passes the detector
volume, electrons of the valence band are excited into the conduction band
and electron-hole pairs are created. Due to the electric field, these pairs drift
to the electrodes and induce an electrical signal, which can then be amplified

and interpreted.

In case of a so-called “micro strip detector”, the cathode is not simply a plate,
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SVD sideview
SVD endview CDC

Figure 4.6: Schematic view of the three-layer SVD1 detector. [51]

but is segmented. In case of a “double sided silicon detector”, both the cathode
and the anode are segmented into strips, with their relative orientation being
rotated by 90°. In this configuration two-dimensional information on the
location of the incident particle is available, by analyzing the current induced

in various strips.

As already stated above, Coulomb scattering is a dominating factor in ver-
tex resolution, especially since most of the particles of interest in Belle carry
momenta of less than 1 GeV/c. In order to reduce the material budget, the
mechanical support structure has to be as light as possible while still pre-
serving the necessary stability. Additionally, the readout electronics is placed

outside of the tracking volume.

The first silicon detector consisted of three layers of double sided silicon
detectors, the polar coverage was 6 € (23°,139°). During an upgrade in 2003
a fourth layer was installed. The polar coverage of the upgraded SVD was
increased to match the coverage of the CDC, 6 € (17°,150°). To distinguish
the two configurations, the newer one is called the SVD2, Fig. 4.7, while
the older is now labeled the SVD1, Fig. 4.6. The read-out electronics of the
SVDZ2 has been constructed with strong participation by the Institute for
High Energy Physics in Vienna.
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Figure 4.7: Schematic view of the four-layer SVD2 detector. [52]
4.2.3 Central drift chamber (CDC)

Virtually all measurements at the Belle experiment depend on the precise
determination of the momenta of charged tracks. For this purpose the Belle

detector was equipped with a drift chamber.

Drift chambers operate on the principle of gas ionization, that is, a particle
transversing the detector volume excites outer shell electrons of gas molecules

or atoms sufficiently to create an electron-ion pair.

The electric field in the inner part chamber is extremely homogeneous. The
ionized particles are accelerated until they reach a saturation velocity where
the energy gained from the electrical field equals the average energy lost due
to interactions with the surrounding gas. Once this velocity is reached there
is a simple linear correlation between the time the particles take to reach the
cathodes and the velocity. Exact determination of the incident time therefore

allows accurate determination of the position of the incident particle.

The momentum of the particle is not directly determined via time measure-
ments. Multiple measurements of the position of the incident particle allow
to determine an accurate estimate of the particle path. In the very homoge-

neous field of a solenoid magnet an excellent approximation of the track will
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be a helix, with the curvature being inversely proportional to the particle

momentum. At Belle, this is realized in a 1.5 T solenoid magnetic field.

Fig. 4.8 shows the configuration of the CDC. Since due to the asymmetric
beam energies the center of mass carries a non-zero momentum in z direc-
tion, the CDC has been constructed asymmetrically as well. This ensures an
angular coverage of § € (17°,150°). It consists of 50 cylindrical layers, with
radii between 103.5 mm and 874 mm. In total, 8400 drift cells make up the

detector.

A low-Z gas is used in the CDC to minimize multiple Coulomb scattering.
Additionally this also reduces background from synchrotron radiation, since
low-7Z gases feature a smaller photo-electric cross section than e.g. argon-
based gas mixtures. The Belle CDC is filled with a 50% helium-50% ethane
gas mixture. The radiation length of this mixture is about 640 m, the drift
velocity saturates as 4 cm/us. The large ethane component increases the

dE/dx resolution, which improves particle identification of charged particles.

4.2.4 Particle identification - Time-Of-Flight scintilla-
tion counters (TOF), Aerogel Cerenkov Counter
system (ACC)

The combination of SVD and CDC allows for an accurate determination of
the spatial momentum of charged tracks. The forth momentum component
can either be determined directly, by measuring the energy of the particle,
or via particle identification, which allows to determine the particle mass. In
the energy range probed by the Belle experiment the latter approach is very
efficient. The identification of electrons and muons relies to a large extent on
the shower shape in the ECL respectively the signal in the muon chambers
and is extremely accurate. The separation of charged hadrons is more dif-
ficult. Therefore, the Belle detector features two dedicated components for
this purpose, the TOF and ACC. The information of these two components
are combined with d¥/dz information from the CDC to obtain a good sep-

aration of different types of charged particles, with special emphasis being
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placed on the separation of 7& from K* mesons.

Time-of-Flight counters (TOF)

Time-of-flight measurements rely on extremely precise time measurements of
an incident particle. Two time stamps are needed to calculate the particle
velocity. Combined with a separate measurement of the particle momentum,
e.g. via the curvature of the track in a magnetic field, this allows the deter-

mination of the particle mass and thus to identify the particle.

A TOF system with 100 ps time resolution is effective to provide particle
identification for momenta below about 1.2 GeV. About 90% of the tracks
produced in Y(45) decays fall into this momentum range. Additionally, the
TOF subdetector also provides fast timing signals for the trigger. To keep
the TOF trigger rate below a critical value of about 70 kHz, additional thin
trigger scintillation counters (TSC) are used to complement the TOF coun-
ters. In each event, the signal from two ends of a TOF counter is averaged
and put into coincidence with the signal of a TSC counter to create a fast
trigger signal. If the TSC did not give a signal, the information from the
TOF modules is discarded.

Fine-mesh-dynode photomultiplier tubes are placed directly on the TOF and
TSC scintillation counters, which consist of fast scintillators with an atten-
uation length longer than 2m. 64 TOF /TSC modules make up the detector.
They are placed at a radius of 1.2 m from the interaction point and cover a

polar angle range 6 € (34°,120°).

Fig. 4.9 shows the 7% /K¥ separation power based on information obtained

exclusively from TOF measurements.

Aerogel Cerenkov counter system (ACC)

TOF and dE/dz measurements in the CDC distinguish 7% from K* mesons
in a low-momentum region. To extend the range of particle identification an

array of silica aerogel threshold Cerenkov counters is used.
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Figure 4.9: 7%/K* separation by the TOF subdetector. ox and o, are
the time resolutions for Kaons and Pions, respectively. These quantities are
momentum dependent. T5°¢ is defined by the empirical formula T4 = T, —
%ff + % + F(z), where T,,, is the signal time, z is the particle hit position
on a TOF counter and () is the charge of the signal. V,;, S and F(z) are
obtained from optimizing T4¢ against the time-of-flight predictions using the

track length calculated from the fit to hits in CDC. [51]
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Cerenkov radiation is emitted when a charged particle’s velocity exceeds the

speed of light in a medium, i.e. if the relation

0] = (4.4)

Slo

holds, where n is the index of refraction of the medium. If set up correctly, two
particles with the same momentum, but different mass and therefore different
velocity, will not both emit Cerenkov radiation, which allows to distinguish
them. Only about 1% of the particle energy is emitted as Cerenkov radiation,
therefore this method does not seriously hamper the determination of the

particle energy with subsequent detectors.

The ACC barrel part consists of 960 counter modules segmented into 60 cells
in ¢ direction, the forward end-cap part is made up by 228 modules arranged
in 5 concentric layers. The typical ACC module is made of 5 aerogel tiles,
stacked inside a thin aluminium box. One or two fine mesh-type photomul-
tiplier tubes are attached directly to the aerogels, in order to allow efficient

detection of Cerenkov light.

For each charged track one can calculate a probability of the track being
a kaon, Pk, and the probability of having found a pion, P,, based on the
information of the ACC. The discriminating variable is usually the so-called
likelihood ratio,

P

,PID(m)=1—- PID(K), (4.5)
which takes values in the range (0,1). Fig. 4.10 shows the likelihood ra-
tio PID(K) as a function of particle momentum. As mentioned above, the
identification of electrons and muons relies on other detector components.
Therefore, the two probabilities defined in Eq. 4.5 are the most important
output derived from the ACC.
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Figure 4.10: Two dimensional plot of the 7/ K likelihood ratio based on infor-
mation of the ACC subdetector versus the particle momentum. Blue crosses:
charged pions, red circles: charged kaons. A performance test using tagged
DY — K~r% events in real data is shown. Due to very efficient tagging of
either a D° or D°, and with D° — K~ being the only D° decay emitting
exactly two charged particles, the charge of the particles is directly correlated
to the flavor. This allows to cross check the information obtained from the

ACC ([51)).
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4.2.5 Electromagnetic calorimeter (ECL)

The aim of a calorimeter is to absorb the total energy of an incident particle,
in order to allow an energy measurement. Both neutral and charged particles

can be detected and measured.

Detection of photons emitted in B-meson decays is the prime objective of
the Belle ECL sub detector. Most of these photons are end-products of decay
cascades and therefore carry momenta below 500 MeV. But certain decays
like BY — 7979 70 — ~~ can emit high energy photons, with energies up to
4 GeV in the laboratory rest frame. Therefore high resolution is required in
a wide energy range. Detection of high momentum 7° additionally requires
good separation of two nearby photons and determination of their small
opening angle. Therefore a fine-grained segmentation in the calorimeter is

required.

Additionally, electron identification relies primarily on the comparison of
measured charged track momentum and the energy deposition in the ECL.
Due to bremsstrahlung, electrons experience a strong electromagnetic inter-
action when passing the rather dense material of the ECL and are unable to
traverse the subdetector. The energy deposited by an electron has to match
the kinetic energy of the charged track plus the nearly negligible electron
mass. Good resolution in this detector part therefore increases fake electron

rejection.

A highly segmented array of 8736 Thallium doped Caesium Iodide (“CsI(77)”)
scintillator crystals with silicon photodiode readout is used as the ECL at
Belle. These crystals feature large photon yield, weak hygroscopicity and high
mechanical stability. The configuration of the ECL can be seen in Fig. 4.11.
The barrel region is made up of a section of 3.0 m length with an inner radius
of 1.25 m. Two end-caps are placed at z = 42.0 m and z = —1.0 m from
the interaction point. The ECL has a polar coverage of 6 € (17°,150°). Gaps
due to cable pathways and other construction components lead to a small

reduction of about 3% of the total acceptance.

In scintillation crystals, atoms or molecules are easily excited by photons or
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charged particles. In the dexcitation to the ground state photons are emitted,
typically in the wave length range from visible to X-rays. This light signal
is then conducted via a light waveguide to a photo multiplier, where it is

converted into an electrical signal.

In a calorimeter such a scintillation process does not occur only once per inci-
dent particle, rather a so-called “shower” is created. For high energetic parti-
cles the ionization and excitation processes which lead to scintillation process
do not dominate the inelastic cross section. For electrons and positrons with
momenta above ~ 10MeV bremsstrahlungs effects dominate and photons

+ — e*y. For photons with simi-

are radiated into the detector volume, e
lar momenta pair production dominates, v — eTe~. These processes create
an electromagnetic cascade. In each step additional photons, electrons and
positrons are created, until the average energy of the shower particles drops
below the critical energy of about 10MeV. Once this threshold has been
reached, ionization and excitation processes start to dominate, which in turn

result in a scintillation signal.

The effective shielding of materials is usually given in units of the so-called
“radiation length”. After having passed one radiation length xq the energy of
a traversing particle has been reduced by a factor 1/e part of the incident

energy,
E(x)=Eye ™. (4.6)

The size of the ECL corresponds to 16 radiation lengths for photons. There-
fore only a minimal part of the photon energy is not deposited within the
ECL.

Extreme forward calorimeter (EFC)

In addition to the central ECL detector, the Belle experiment is also equipped
with an Extreme Forward Calorimeter (EFC), which is placed in the very
high-radiation area around the beam pipe near the interaction point. It covers
the polar angle intervals 6 € (6.4°,11.5°) and 0 € (163.3°,171.2°) and consists

of radiation hard Bismuth Germanate crystals.
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Figure 4.11: Overall configuration of the main electromagnetic calorimeter.
[51]

The main purpose of the EFC is the usage as a beam monitor for the KEKB
control and as a luminosity monitor. Additionally it also functions as a ra-
diation shield for the more sensitive CDC sub detector. The information

acquired by the EFC is usually not included in physics analyses.

4.2.6 K| and p detection system (KLM)

The only particles capable of traversing the calorimeter are charged and
neutral hadrons, most notably the K? meson, and muons. These particles
are stable enough so that most of them decay outside the detector, and they
do not interact strongly enough with the crystals of the ECL to deposit all
of their energy there.

The purpose of the so-called KLM is to identify K; and muons with a
momentum greater than 600 MeV /c. The barrel covers the angular re-
gion 0 € (45°,125°) and two end caps the regions 6 € (20°,45°) and
0 € (125°,150°).

The active detector components consist of glass resistive plate counters [53,

54, 55|, which consist of two parallel plate electrodes separated by a gas-filled
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gap. An ionizing particle traversing the gap induces a streamer in the gas,
which results in a local discharge of the plates. This discharge then results

in a signal on external pickup strips.

The detector consists of alternating layers of charged-particle detectors and
4.7 cm thick iron plates. 15 detector and 14 iron layers make up the barrel,
the end caps consist of 14 layers of each component. The main purpose of
the iron components is to serve as a flux return yoke for the magnetic field
of 1.5 T created by the Belle solenoid. It also serves as an absorber material
for K which interact with the iron and produce a shower of ionizing par-
ticles, providing a total of 3.9 radiation lengths of material (in addition to
the about 0.8 radiation lengths provided by the ECL). However, the size of
the total shower produced by K mesons fluctuates. Therefore an accurate
measurement of the K energy is not possible and only the direction of the

K, can be determined.

Separation of muons from charged hadrons is achived by comparing the en-
ergy deposition of the charged track along its path. In contrast to strongly
interacting particles, muons deposit only a marginal fraction of their energy
prior to entering the KLM system. Muons with momenta below 500 MeV /c
do not reach the KLM and have to be discarded.

4.2.7 Solenoid magnet

A superconducting solenoid provides a 1.5 T magnetic field [56, 57, 58]. The
nearly homogeneous part of the field covers a cylindrical volume of 3.4 m in

diameter and 4.4 m in length.

The solenoid is positioned between the particle identification detectors (ACC,
TOF) and the ECL.
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Figure 4.12: The Belle Collaboration. Graphics created by the author on
behalf of the collaboration.

4.3 The Belle collaboration

The Belle collaboration is an international consortium of scientists, who built
and operate the Belle detector and analyse the data recorded by it. It cur-
rently consists of more than 370 members from 60 institutions in 14 countries
of the world (see Fig. 4.12 for illustration).
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Figure 4.13: Illustration of all analysis steps which have been taken to ob-
tain the results presented in this work from data recorded by the Belle Ex-
periment. The individual steps will be explained in detail in the following
chapters.



Chapter 5
Reconstruction of events

The man who moves a mountain begins by carrying away

small stones.

Confucius

5.1 Data sample

The two analyses presented here use the Belle data taken until summer 2003.
This data set consists of 140 fb~! taken at the Y(4.5) resonance. Considering
the production cross section of eTe~™ — bb this corresponds to about 152
million BB events. Another 15 fb~! taken 60 MeV below the resonance are
used to investigate and subtract the non-BB background, which is often

labeled as “continuum background”.

For determination of several background sources from B meson decays,
Monte Carlo (MC) samples equivalent to about three times the integrated
luminosity are used. Monte Carlo simulated events are generated with
the EVTGEN program [59], followed by full detector simulation based on
GEANT [60]. Effects due to QED bremsstrahlung in B — X /(v decays are
added using the PHOTOS package [61].

35
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Figure 5.1: Schematic representation of the reconstructed B decay cascades.
The left schematic shows the D° — K~7+ mode, the right one the D° —
K~nt7~ 7" mode. The labels in the bottom line indicate the particles which
traverse the detector and can either be reconstructed (black) or are invisible
to the experiment (the neutrino, gray), while the particles drawn above them
decay within the detector volume and cannot be detected directly. The tracks
of charged particles are curved to indicate the deflection in a magnetic field.
Neither the curvature nor the length of the drawn lines are indicative of
particle properties (like the mean lifetime or the momentum).

efut v © K Y Y e'fuy" v r KY Y

Figure 5.2: Same as Fig. 5.1 for the reconstructed Bt decay cascades.
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5.2 Event reconstruction

Let B represent either a neutral B° or a charged B~ meson. The decay
cascade B — D*(~v;, D* — D1y, and D° — K—7t or D — K- ntn—n™t
is reconstructed!, with ¢ being a light charged lepton, ¢ € {e,u}. Thus, a
total of four decays channels is investigated in each of the analyses (“K, €”;
“Km, 1’ “K3m, e’ “K3m, 1i”). A graphic representation of the decay cascades
can be seen in Fig. 5.1 and 5.2.

The K and 7 mesons, as well as the muon p, are unstable particles and
proceed to decay further. However, their mean lifetime is long enough for
them to traverse the Belle detector and produce signals in the various detector
components. Any possible decays occurring at a later point are irrelevant for

analyses of Belle data.

In case of BY decays, a D*T meson is produced and the low momentum pion
emitted in the D* decay, which is often labeled “slow” or “soft” pion, will be
charged, 7. In B~ decays, the D*® meson will emit a neutral pion, which

decays predominantly into two photons, 70 — 7.

The final states which are detected by the Belle detector therefore amount
to one charged high momentum kaon, one (three) charged high momentum
pions and one light lepton in case of the D' — Kr (D° — K37) mode. In
B° decays we find one additional low momentum charged pion, in B* decays

the two photons emitted by a low momentum neutral pion.

Hadronic events are selected based on the charged track multiplicity and
the visible energy in the calorimeter. The selection is described in detail in
Ref. [62]. We also apply a moderate cut on the ratio of the second to the
zeroth Fox-Wolfram moment [63], Ry < 0.4, to reject non-BB events.

! As mentioned before, throughout this entire work charge conjugation is implied, i.e. we
differentiate neither between_the decays BY — D*t¢~ 1, and B® — D* ¢, nor between
B~ — D*%¢~p, and BT — D*%¢ty,.
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5.2.1 DY selection

As stated above, neutral D meson candidates are searched for in the decays
channels D* — K~7" (“K7”) and D° — K~ntn~ 7" (“K37"). Depending on
the selected D channel, one kaon and either one or three pions are searched
for in any event passing the soft constraints mentioned above. These tracks
are then combined to form a D° candidate, i.e. the four-momenta of the
selected charged tracks are added to form the four-momentum of the D°

candidate.

These particles are required to originate from the interaction point. To ensure
this, the impact parameters in R¢ and z have to satisfy dr < 2 cm and |dz| <
4 cm, respectively. This ensures that the helices contain points within the
beam pipe. Additionally, we demand at least one associated hit in the SVD
detector. The Cerenkov light yield from ACC, the time-of-flight information
from TOF and dE/dz from CDC are required to be consistent with the
respective mass hypothesis. As mentioned in section 4.2, a likelihood function
can be formed using these informations. Kaon candidates are required to have
a kaon likelihood with respect to the pion hypothesis greater than 0.6, pion

candidates must have a kaon likelihood less than 0.9.

We fit the charged tracks to a common vertex and reject the D° candidate if
the x? probability is below 1073. The momenta of the charged tracks are re-
evaluated at the vertex and the D° 4-momentum is calculated as their sum.
The reconstructed D° mass is required to lie within +3 standard deviations
from the nominal mass of about 1.865 GeV /c? [18]. The standard deviation o
is measured from real data and is found to be about 4.5 MeV/c? (4 MeV /c?)

for the one (three) pion mode.

5.2.2 D*" selection

In case of D** reconstruction, the D candidate is combined with a slow
pion 7}. The sign of the m charge is chosen appropriately with respect to
the kaon candidate. Due to the low momentum of this m, candidate, recon-

struction efficiency is much lower than in case of the faster tracks emitted
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by the D°. No impact parameter and SVD hit requirements are applied for
the 7. However, we again perform a vertex fit and apply the same vertex
requirement, P> > 107%. The invariant mass difference between the D* and
the D candidates, Am = mp+ — mpo, is required to lie within 0.144 and
0.147 GeV /% Additional suppression of eTe™ — ¢ processes is achieved by

requiring a D* momentum below 2.45 GeV/c in the c.m. frame.

5.2.3 D*0 selection

To form a D*° candidate, the DY candidate is combined with a slow neutral
pion 70. The 7 is obtained by combining two photons with E, > 100 MeV
for 0 < 32°, E, > 150 MeV for ¢ > 130°, and E, > 50 MeV for photons
detected in the barrel region. The invariant vy mass has to lie within 3
standard deviations of the nominal 7 mass of about 135 MeV /c? [18], with
o ~ 5 MeV/c?. Additionally, a mass constraint fit is performed and the fit
probability has to exceed 1072. Suppression of non-B 5 background is again
achieved by requiring a D** momentum less than 2.45 GeV/c in the c.m.

frame.

For the final fit, only events with an invariant mass difference Am within
0.140 and 0.1445 GeV/c? are considered. However all events in the region
Am € (0.1355,0.158) GeV /c? are investigated to estimate the background.

5.2.4 B candidate selection

Finally, the D** candidate is combined with a lepton (electron or muon),
appropriately charged with respect to the kaon. Both electron and muon
candidates have to satisfy the same impact parameter requirement applied

to fast kaons and pions, dr < 2 cm and |dz| < 4 cm.

Additionally, electron candidates are identified using the ratio of the energy
detected in the ECL to the track momentum, the ECL shower shape, position
matching between track and ECL cluster, the energy loss in the CDC and the

response of the ACC counters. The polar angle with respect to the beam has
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to lie within 17° and 150°. No SVD hit is required. Muons are identified based
on their penetration range and transverse scattering in the KLM detector.
The polar angle lies within 25° and 145°. Again, no SVD hit requirement is
applied. In the momentum region relevant to this analysis and with the set
of standard cuts discussed in Ref. |64, 65|, charged leptons are identified with
an efficiency of about 90% and the probability to misidentify a pion as an
electron (muon) is 0.25% (1.4%).

To supress background, the momenta of the lepton candidates are required
to exceed certain thresholds. In the lab frame, the (transverse) momentum of
the lepton is required to exceed 0.80 GeV /c (0.65 GeV/c) in case of electrons
and 0.85 GeV /¢ (0.75 GeV/c) in case of muons. We also apply an upper lepton
momentum cut at 2.4 GeV/c in the c.m. frame to reject non-BB events. In
case of the B° candidates, a vertex fit is performed and D*t¢~ candidates

are rejected if the vertex probability is less than 1073,

In case of BT events containing electrons, we attempt bremsstrahlung re-
covery by searching for photons in a cone of 3° around the electron track.
If such a photon is found it is merged with the electron and the sum of
the momenta is assumed to be the lepton momentum. For B° candidates no
bremsstrahlung recovery has been attempted in the preliminary Belle result
([1]), but it is planned to add it at a later stage. For correct calculation of the
efficiency, on the generator level B — D*(~ v~ events are accepted as good

signal candidates.

5.3 Determination of the B meson rest frame

With the neutrino emitted in the B being invisible to the Belle detector,
the B momentum is a priori unknown. However, the accurate determina-
tion of B rest frame is essential to calculate the kinematic angles defined in
Fig. 3.1 with high precision. One solution to this would be to reconstruct
both B mesons. This technique is labeled “full reconstruction”. However, this
approach massively reduces the available statistics, since not only all the

tracks emitted in the signal decay but also those emitted by the second B
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meson have to be found and measured accurately. Therefore this method was

not used here, instead a novel reconstruction approach is used.

5.3.1 Variable cosfp p+

Due to momentum conservation, the direction of the spatial B momentum in
the c.m. frame?, p5, has to lie on a cone around the (D*()-axis. The opening
angle cosfp p-¢ can be calculated from reconstructable data. This quantity
is widely used in analyses (e.g. [9]) and allows to obtain a one-dimensional

space of possible directions of the B momentum. We find

PB = Pp* + P+ Do, (5'1)
Pv = PB — PD*¢, (5'2)
po ~ 0=m} +mb, — 2EpEp« + 205 - Po, (5.3)

and therefore . ) )
2EBED*£ - mB - mD*K

2[p5 17D
In case of a B emitted from an Y (4S5) event, the energy and the magnitude

cosOp prr = (5.4)

of the spatial momentum of in the c.m. frame, E} and |p|, are known from
the beam energies. Ej is half of the c.m. energy and |pg| is \/E — m%.
The quantities E7,.,, pp+, and mp+, are calculated from the reconstructed

D*{ system.

This cosine is being used to constraint the spatial momentum of the B meson.
It is also a powerful discriminator between signal and background. Signal
events should strictly lie in the interval (—1,1), the interpretation of g p«,
as an actual angle is valid here. Due to finite detector resolution about 5%
of the signal is reconstructed outside this interval. The background on the
other hand does not have this restriction at all and is distributed over a larger

domain.

2Quantities evaluated in the c.m. frame are denoted by an asterisk.
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5.3.2 Inclusive information from the remaining event

The novel part of our reconstruction ansatz is now the following. For the best
guess of the B direction, we combine the hard kinematic constraint mentioned
above with an additional estimate of the c.m. frame B momentum vector.
This is achieved by summing the momenta of the remaining particles in the

event, which yields the quantity p.7. cive-

To obtain p, . ., We first apply the following track and cluster selection
requirements to particles which have not been associated with the (D*/) sys-
tem: neutral clusters are required to satisfy F, > 100 MeV for polar angles
with respect to the beam direction 6 < 32°, £, > 150 MeV for ¢ > 130° and
E, > 50 MeV in the barrel region in between; the impact parameter cuts
for charged tracks are Ar < 20 cm and Az < 100 em for pr < 0.25 GeV /¢,
Ar < 15 ¢cm and Az < 50 cm for pr < 0.5 GeV/e, and Ar < 10 c¢m
and Az < 20 c¢m for pr > 0.5 GeV/c. We exclude duplicated tracks by
selecting pairs of charged tracks with pr < 275 MeV /¢, momentum differ-
ence Ap < 100 MeV /¢ and relative angle smaller than 15° or larger than
165°. If such a pair is found, we remove the track with smaller value of
(BAr)? + (Az)2

Then, we compute Piyciusive in the lab. frame by summing the 3-momenta of all
the particles passing the criteria discussed above (denoted by the summation

index 1),

Pinclusive = PHER + PLER — Zﬁz ) (5.5)

i
where the indices HER and LER correspond to the colliding beams. The
energy component of the inclusive four-momentum is chosen such that when
transforming this vector into the c.m. frame we obtain the nominal B energy,
which is E% = /s/2. Note that we do not make any mass assumption for

the charged particles.
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Figure 5.3: Illustration of the reconstruction of the direction of the spatial
B momentum. Refer to the text for details.

5.3.3 Best B selection

Finally, we choose the direction on the cone that minimizes the difference to
Dinelusive: @8 illustrated in Fig. 5.3. This procedure is equivalent to a simple

rotation of the spatial D*/ momentum in the plane formed by pj., and

= %
Pinclusive-

5.4 Background estimation

The accurate estimation of background underlying the reconstructed signal
events is crucial to obtain accurate values for Fi|V.| as well as the form
factors of the investigated decays. These backgrounds can be investigated by

either real data or Monte Carlo simulation.

One possible source for background comes from e*e™ — ¢q events, where ¢
is one of u, d, s or ¢ quarks. To investigate this component real data which
has been recorded about 60 MeV below the Y(4S) resonance can be used.
This sample cannot contain any B mesons and is therefore ideally suited to

investigate the decay of mesons containing only the lighter quarks.

Backgrounds due to B meson decays have to be investigated using simula-
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tions. The numbers of simulated events are based on a fixed set of numerical
values used for branching ratios of various decays, some of which are no
longer in agreement with the current world averages reported by the Particle
Data Group [18]. Recreating the entire sample of simulated events is out of

the question due to time and computing power constraints.

One efficient way to counter this kind of inaccuracy is to determine the nor-
malization of various background components in a fit to real data. For this
purpose, statistical fluctuations have to considered in both the real data
and the simulated data sample. Within the ROOT frame work [66] the
TFractionFitter class, which is based on the HMCMLL algorithm reported
in Ref. [67], is excellently suited for this purpose.

Additionally, several corrections based on dedicated studies performed by
the Belle collaboration are applied. For muon events, the shape of the fake
lepton background is corrected by the ratio of the pion fake rate in the exper-
imental data over the same quantity in the Monte Carlo. Additionally, the
lepton identification efficiency is reweighted to cope with deviations between

simulated and observed lepton abundancies.

In all fits, the continuum normalization is fixed to the on-to-off-resonance
luminosity ratio, corrected for the 1/s dependence of the ete™ — ¢g cross-
section. From Bhaba (ee™ — eTe™) events, the accuracy of this ratio can be
determined to be 1.5%. The normalization of the fake lepton component has
also been fixed to the MC expectations, since the fit failed to determine this
small background contribution reliably. For the uncertainty in this component

a conservative value of 30% is assumed.

5.4.1 B background estimation

The background contained in the selected B events can be attributed to the

following six sources:

e continuum: any candidate reconstructed in a non-Y(4S5) event

e fake D*: the D* candidate is misreconstructed; the lepton candidate is
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an actual electron or muon

e fake lepton: the charged lepton candidate is fake; the D* candidate
might be fake or not

e uncorrelated background: the D* and the lepton stem from different B

mesons.

e D**: background from B — D**{*v decays with D** — D*1 or B —

D*m¢*tv non-resonant

e correlated background: background from other processes in which the
D* and the lepton stem from the same B meson, e.g, B® — D* 7tv,

Tt

2%

The fit is performed in the one dimensional cos 05 p+¢ distribution (Eq. 5.4).
As stated above, this distribution is a powerful discriminator between signal
and background, since the shapes differ between these various contributions.
Fig. 5.4-5.5 show plots of the results of the fit using the TFractionFitter
class, which is executed separately for each subsample (K, e; K, u; K3m,e;
K3m, p). Agreement between data and the recalibrated Monte Carlo dis-

tributions is excellent. After this fit is performed, the final analysis cut

| cos0p p+s| < 11is applied. Table 5.1 shows the signal purity and the fractions
of the background components of the events passing all reconstruction and

analysis cuts for each channel.
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Figure 5.4: Result of the fit to the cos 6 p+¢ distributions (Eq. 5.4) in the B°
analysis, Km,e and K7, p sub-samples. The dashed line indicates the final
analysis cut, |cosfOp p| < 1.
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Figure 5.5: Same as Fig. 5.4 for the BY analysis, K3m,e and K3, u sub-
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Table 5.1: The signal and background fractions for selected B — D*~{*v events within the signal window | cos 0p.D*0
1.

sample

Km e

Raw yield
Signal events

23938
19380 + 276

20278 + 285 14405 £+ 614

15281 £ 559

B signal

Signal correlated
D
Uncorrelated
Fake ¢

Fake D*

Continuum

(80.96 & 1.15)%
(1.69 + 0.27)%
(4.73 £ 0.87)%
(5.36 &+ 0.28)%
0.68 % (fixed)
2.96% (fixed)
3.62% (fixed)

(73.03 £ 3.11)%
(2.04 £ 0.70)%
(5.21 +1.18)%
(5.42 + 0.58)%
0.72% (fixed)
(8.78 + 2.64)%
4.81% (fixed)

(80.93 + 1.14)%
(2.42 £ 0.29)%
(1.24 + 0.85)%
(4.38 + 0.30)%
3.62% (fixed
2.91% (fixed
4.51% (fixed

(72.23 £ 2.64)%
(2.25 %+ 0.60)%
(2.85 +1.10)%
(4.17 £ 0.55
4.04%(fixed
(9.63 £ 2.15)%
4.87% (fixed)

)
)%
)
)

<
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5.4.2 B™ background estimation

In case of B* candidates, background contributions due to D* misidentifi-
cation are significantly higher than in the BY case. We therefore add one
additional background component compared to the set defined above and

consider backgrounds from the following seven sources:

e continuum: any candidate reconstructed in a non-Y(4S5) event,
o fake D: the DY candidate has been misreconstructed,

e combinatoric D*°: the D* candidate is misreconstructed, however the

DP candidate is identified correctly,

e fake lepton: the lepton has been misidentified but the D** is recon-

structed properly,

e uncorrelated background: the D* and the lepton stem from different

B mesons,

e D**: background from B — D**{*v decays with D** — D1 or B —

D*97¢*v non-resonant, and

e correlated background: background from other processes in which the
D** and the lepton stem from the same B meson, e.g, BT — D*0rty,

Tt

— uhov.

We perform the fit in the two-dimensional distribution cosfp p+¢ vs. Am.
The variable cos 0p p+¢ defined in Section 5.3.1 again proves to be a good dis-
criminator between signal and background. Additionally, the invariant mass
difference between the D* and the D° candidate, Am = mp- — mpo, allows
to precisely calibrate background components containing a misidentified D*
candidate. Components containing correctly reconstructed D* mesons show
a pronounced peak in the Am distribution, while the other components also

contribute to Am side bands.

Fig. 5.6-5.9 show plots of the results of the fit using the TFractionFitter

class. Again, the fit is executed separately for each subsample (K, e; K, ju;
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K3m,e; K3m, ). The determination of the D** and signal correlated back-
grounds works reliably in the two D° — K~z modes, but fails in the three
pion channels. In these cases we fix the data to MC ratio to the value found
in the former channels. We assume the relative uncertainty found in the

K7 modes.

The final analysis requirement applied after this background calibration
< 1 and 0.140 GeV/c* < Am < 0.1445 GeV /% Table 5.2

shows the signal purity and the fractions of the background components of

reads: | cosfp pr

the events passing all reconstruction and analysis cuts for each channel.
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Km e K, K3m,e K3m,
Raw yield 13035 12262 16989 16350
Signal events 8133 £ 205 7447 £+ 201 5987 + 229 5539 + 222
BT signal (62.39 + 1.57)%  (60.73 £ 1.64)%  (35.24 £ 1.35)%  (33.88 £ 1.36)%
Signal correlated (1.27 + 0.31)% (1.46 + 0.32)% (1.16 + 0.26)% (1.34 + 0.31)%
D** (0.77 + 0.98)% (0.73 + 0.98)% (0.39 + 0.50)% (0.36 + 0.47)%
Uncorrelated (4.97 + 0.54)% (4.25 + 0.45)% (3.48 + 0.41)% (3.30 + 0.38)%
Fake ¢ (0.31 + 0.10)% (1.94 + 0.59)% (0.18 4+ 0.06)% (0.95 + 0.29)%
Combinatoric D* | (24.76 + 0.51)%  (24.30 4+ 0.48)%  (16.35 + 0.69)%  (15.19 &+ 0.67)%
Fake D° (2.91 + 0.25)% (3.12 + 0.23)% (38.53 £ 0.50)%  (39.45 + 0.51)%
Continuum (2.63 + 0.43)% (3.46 + 0.51)% (4.68 + 0.50)% (6.14 + 0.56)%

Table 5.2: The signal and background fractions for selected B* — D**/*v events within the signal window | cos B,D*0¢

1 and 0.140 MeV < Am < 0.1445 GeV /2.

<
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5.5 Kinematic variables

As stated in section 3.5, the investigation of the distributions in the four
kinematic variables w, cos 6y, cos 8y and x allows to separate the effects due
to QCD from the properties of the electro-weak decay b — c¢W. The definition
of the three kinematic angles is shown again in Fig. 5.10. Having calculated
the B meson momentum and thus the B rest frame, obtaining the required
variables is possible by boosting the momenta of the reconstructed particles

into the respective rest frames.

Since the neutrino cannot be detected in a typical collider experiment, the
spatial momentum of the W boson, py, cannot be determined directly.
Therefore the W rest frame is a priori unknown. However, the energy of
the W boson is given by Ey = Eg — Ep« and in the B meson rest frame,
the W and the D* meson are emitted back to back. Measurement of the D*
four-momentum and knowledge of the energy of the B meson is therefore

sufficient for calculation of all four kinematic variables.

5.5.1 Calculation of the kinematic variables

The easiest way to calculate the variable w = (pg),(pp~)*/mpmp., which is
a linear function of the momentum transfer ¢2, is to transform the momentum
of the D* candidate into the B rest frame and to evaluate?,
E/ *
w=—2" (5.6)

™ p*

As defined in section 3.5 and Fig. 5.10, 6, is measured in the rest frame of
the W boson and gives the polar angle between the charged lepton ¢ and
the direction opposite to the spatial momentum of the vector meson D*.
Similarly, 6y is defined in the D* rest frame and defines the polar angle

between the meson D° and the direction opposite to the W boson. Therefore

3Properties denoted with a prime are given in the B meson rest frame
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Figure 5.10: Definition of the angles 6, 6y, and x. It is equally valid for both
the decays B® — D* (T, D*~ — D% and B~ — D*%(*y,, D** — Dx¥.

S
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Figure 5.11: Schematic for the calculation of the dihedral angle y.

we find W) (W) (D7) | = (D7)
— Pp- -1y _ Pw - Ppo
COS 0[ = w COS HV = —w (57)
|Pp- H ’ ’pw Ppo

where ") and z(P") denote quantities boosted into the W and D* rest

frame, respectively.

The variable y measures the angle between the two planes formed by the
decays of the W boson and the D* meson, as shown in Fig. 5.10. This variable
varies in the interval [—7, 7[. It is therefore important to not only calculate

the modulus of this angle, but the sign as well.

As can be seen in Figs. 5.10 and 5.11, the normal vectors of the two planes
P; (formed by the spatial momentum of the D* and the ¢ candidates) and
P, (D* and D°) are labeled!

_,/* » 7
’pD* pﬁ‘
. X Py

7l = P X Ppn (5.9)
‘pD* pD0’

The product 727 - 75 measures the component of 775 perpendicular to the plane
Py, while the product between 775 and any vector in the plane, e.g. ﬁgl “Tlo, gives
the size of the normal projection of 7i; into the plane P;. These quantities

are proportional to the cosine and the sine of the angle y, respectively.

4As mentioned above, properties denoted with a prime are given in the B meson rest
frame.
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We therefore find,

(Bp- * B¢) - (Fp- X Do)

COS X = s N 7 ) (5]‘0)
[Pl 177 [ 1P| 17pol
T N . _,/* % N
COS <_ - X> = SinX = pz_,/ (p_l?/ _piPO)a (511)
2 |9 | 1P| [Ppol
and thus obtain,
_,/* Ny . _,/* X 7
X = arctan f),D pf, (pjz, p’i°,) : (5.12)
(Pp+ X Py ) - (Pp- X Ppo)
This equation maps to the entire domain y € [—m, 7[, as required.
5.5.2 Resolutions in the kinematic variables
In general, the reconstructed value of any kinematic variable, v"*, will not

be identical to the true value, v*"%¢. Rather we will find a distribution with
a central value which should be close to the true value and a width which is
called the resolution 0 = v"*° — v, The resolutions which can be obtained
by the procedures described above have been estimated using about 20 fb=1
of Monte Carlo simulated data. We find symmetric distributions centered
on the true value and obtain excellent values in the resolutions, which are
nearly identical in the case of B® and BT reconstruction. For B we find
gaussian resolutions of about d,, = 0.021, dcosp, = 0.049, dcosg, = 0.057 and
d, = 6.46°, while for Bt the numbers are about d,, = 0.025, d¢os9, = 0.052,
dcos 0y, = 0.047 and 6, = 6.47°.



Chapter 6

Fit procedures

You cannot direct the wind, but you can adjust your

sails.

Unknown

6.1 Parametrized fit

In order to extract F(1)|V| and the three form factor parameters p?, R;(1)
and Ry(1), we perform a binned x? fit of the w, cosy, cosfy and y distri-
butions over almost the entire phase. Instead of fitting in four dimensions,
where we would be massively limited by the available statistics, we fit the
four one-dimensional projections of w, cos#,, cosfy and y. This ensures a
sufficiently high abundance of events in each bin, but it also introduces bin-

to-bin correlations which have to be accounted for.

6.1.1 Predicted number of events

The distributions in w, cos 6, cos #y, and x are divided into ten bins of equal

width. The kinematically allowed values of w are between 1 and ~ 1.504

80
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(=~ 1.505) in case of B® (B™) decays, but we restrict the w range to values
between 1 and 1.5. In each sub-sample, there are thus 40 bins to be used
in the fit. In the following, we label these bins with a common index i, i =
1,...,40. The bins ¢ = 1,...,10 correspond to the bins of the w distribution,
1 =11,...,20 to costy, © = 21,...,30 to cosfy and i = 31,...,40 to the x

distribution.

The predicted number of events N in the bin i is given by
N™ = NgB(D* — D’z )B(D° — K~ n*, K~ n"n "7 )rpl (6.1)

where Np is the number of B® or BT mesons in the data sample. B(D* —
D’y stands for the branching ratio of either the D** or D** meson. These
values are taken from Ref. [18|. In the (K, e) and (K, pu) sub-samples
B(D%) is B(D® — K~7T) [18]. In (K3m,e) and (K3, 1) we define B(D°) =
Risn/knB(D® — K~ "), with Rgsq ke, a fifth free parameter of the fit.
Finally, 75+ is the BT lifetime [18].

['; is the width obtained by integrating Eq. 3.27 in the kinematic variable
corresponding to the bin ¢ from the lower to the upper bin boundary, while the
other kinematic variables are integrated over their full range. This integration

is numerical in the case of w and analytic for the other variables.
The expected number of events NP is related to N as follows

40
NP =D (R )+ N 02

j=1

Here, the efficiency ¢; is the probability that an event generated in the bin j
is reconstructed and passes all analysis cuts, and R;; is the detector response
matrix, which gives the probability that an event generated in the bin j is
observed in the bin ¢. Both quantities are calculated using MC simulation.
N}’kgrd is the number of expected background events, estimated as described

in Sect. 5.4.
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6.1.2 Calculation of the covariance matrix

Next, we calculate the variances o? of N, which represent the diagonal
elements of the covariance matrix C'. We consider the following contributions:
the uncertainty in N (poissonian); fluctuations related to N repetitions of
the yes/no experiment with known success probability ¢; (binomial); a similar
contribution to the variance related to R;; (multinomial); and the uncertainty
Pkerd

in the background contribution . This yields the following expression

2 _
for o7 = Cy,

40
(1—¢ Ry(1— Ry
0'2.2 = Z |:R12j632N;h + RZQJ GJ(JV 6]) (thh)Q + J(]v/ J)G?(N;h)Q—f-
= data data
€i(1—¢) R;;(1 — Ryj)
R2 J J Nth 2 1) 1)) 2 Nth 2
+ ij NMC ( j ) + Nl(/[C _]( j ) +

+ (NP (6.3)

The first term is the poissonian uncertainty in Nf. The second and third
terms are the binomial and multinomial uncertainties, respectively, related
to the finite real data size, where Ngata (NV),.,) is the total number of decays
(the number of reconstructed decays) into the final state under consideration
(K or K3m, e or p1) in the real data. The quantities ¢; and R;; are calculated
from MC samples (Nyc and Nyo); the uncertainties corresponding to the
finite site of the sample are estimated by the fourth and fifth terms. Finally,
the last term is the background contribution UQ(NZ-b kgrd), calculated as the
sum of the different background component variances. For each background
component defined in Sect. 5.4 we estimate its contribution by linear error
propagation of the scale factor and the error determined by the procedure

described above.

In each sub-sample we calculate the off-diagonal elements of the covariance
matrix C;; as
Cij = Npij — Npip;, Vi # j (6.4)

where p;; is the relative abundance of the bin (7, j) in the two-dimensional

histogram obtained by plotting the kinematic variables against each other,



83 Chapter 6. Fit procedures

pi, pj are the relative numbers of entries in the 1-dimensional distribution,
and N is the size of the sample. Covariances are calculated for the signal and
the different background components, and added with appropriate normal-

izations. The derivation of this ansatz can be found in Chapter A.

6.1.3 \? ansatz

The covariance matrix is calculated individually for each channel, labelling
the four sub-samples (K7 or K3m, e or pu) with the index k, and inverted

numerically within ROOT [66]. The sub-sample x? functions are calculated,

X = YN - NEPIC LN = Vo) (65

]

where NP is the number of events observed in bin i in the data. We sum the
four functions k € {Km,e; Km,u; K3m, e; K37, 1} and minimize the global
x? numerically using MINUIT [68].

Due to the off-diagonal elements in the covariance matrix C, this double sum
will in general not reduce to the single sum of a simple y? ansatz. This is only
the case when considering statistically independent variables, where Eq. 6.5
becomes the sum of a total of four primitive y? functions. The procedure is
then identical to executing four separate x? fits to each of the one-dimensional

distributions.

As stated above, the reconstructed events are divided into the four recon-
structed channels and into 10 bins in each of the four distributions. If we
consider only one single sub-channel we determine 4 free parameters. If we
fit the total sample, we have again 40 bins per channel and try to determine a
total of 5 free parameters. Therefore, we expect the values calculated accord-
ing to Eq. 6.5 to be distributed according to a y? distribution with 36 (155)
degrees of freedom if we fit one of the sub-samples (the total sample). This
also implies that, if the model assumptions are accurate, and we would be
able to reproduce the experiment an infinite number of times, the x? prob-
abilities should be distributed according to a uniform distribution. Since we

are only able to investigate a limited number of samples, this test cannot be
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realized. Instead we can test that none of the samples show an inprobably
high x? value (corresponding, e.g. to a x? probability below 107%), which
might imply an inaccurate definition of the central values or errors used in
Eq. 6.5.

6.2 Direct test of the parametrization

The fit approach discussed in the previous section relies on the form factor
parameterization by Caprini et al. [5] and it is worthwhile to check this
assumption. We therefore extract the form factor shape through a fit to the
w vs. cos By distribution of B events. For the former quantity, we consider
six bins in the range from 1 to 1.5. For the latter, we have also six bins
between —1 and 1. The contribution from events with w > 1.5 is fixed to the

very small values predicted by the results of the parametrized fit.

6.2.1 Fit parameters

From Eq. 3.27 we can obtain the double differential decay width
d?T"/dw d cos Oy by integration over cosf, and x.
If we define

3G% (mp — mp+)?m3.
B 4574

Fr (6.6)

and

Lo o1 = 2wr —r? w—1 ’
g (w)_c(w)mb\w{lq: w—JrlRl(w)}’ (6.7)

w— 1

P (w) = clwlval {1+ 52 0 ) | (65)

—r
where c¢(w) = vVw? — 1(w+1)?h%, (w), the double differential width becomes

d’I'(B* — D*%¢*y, 167 _ _
(dwdcos 5 ) =3 Fr (81112 Oy (’y++ + ) + 2 cos? Oy 700) .
(6.9)
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The quantities v** correspond to the w-dependence of the different helicity

combinations, times kinematic factors. The one-dimensional distribution, as

given in Eq. 3.30, depends only on the sum of these three combinations,
dl(B* — D*%*v,)  64n

= Fr (vt - 00y 6.10
" 5 (v %) (6.10)

The bin contents of the two-dimensional histogram in w vs. cos#y can be
obtained by integration of Eq. 6.9 over the corresponding bin area and con-
sidering the reconstruction efficiencies and detector response as described in
Eq. 6.2. Each bin content can be given as the linear combination of two lin-
early independent parts, proportional to I' and '+ +I'~~. The integration
of the angular distributions is executed analytically, as described above, the

integration with respect to w defines a set of free parameters,

Wi 1
It = /dw 7, (6.11)

Wi

where w; = {wy,ws, ..., wr} = {1,13/12,...,1.5} are the bin boundaries of
the 6 bins in w. Additionally we define 47 = y** + 4= T7T =TF" 4+ T,
v =4% and Tt = 1'%,

We define the x* function X7 , = SO Z?:1 %, which depends only
on the parameters I'7 and T'X. Here N°* gives the number of events observed
in on-resonance data, NP the number of expected events, as defined in
Eq. 6.2, and opye» the uncertainty in the expected number of events, as
given in Eq. 6.3. This expression is minimized numerically using MINUIT to

determine the partial integrals.

Investigation of dedicated sets of toy Monte Carlo showed the reliability of
the procedure described above. The results show no indication of a significant

bias in either the mean or the errors.
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Results and investigation of

systematic uncertainties

There is no wealth like knowledge, no poverty like igno-

rance.

Alz ibn Ali- Talib

The numerical fit described in the previous chapter allows to determine both
the central value and the statistical uncertainty for each fit parameter. How-
ever, in order to arrive at a presentable result, both the stability of the
used method and the dependency of the result on external parameters (like,
e.g. the B mean lifetime) have to be investigated. From this a systematic
uncertainty can be obtained for each parameter. The determination of the

systematic error is similar in both analyses, however not entirely identical.

7.1 B analysis

As can be seen in Tab. 5.1, after applying all selection requirements and
subtracting backgrounds, 69, 345 4= 377 signal events are found in the recon-
structed B data. Table 7.1 shows the results of the fit to each sub-channel

86
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as well as to the total sample.

The x? values obtained in these fits show good agreement with the statistical
expectation. In the two K 37 channels, the error of the background component
containing misidentified D* mesons is very large, as can be seen in Tab. 5.1.
Compared to the procedure described in section 5.4.2, the older method
defined in section 5.4.1 is less powerful in discriminating this background
from the other components. This results in an overestimation of the error

and thus a smaller value of y? in these to fits.

To estimate the systematic uncertainties in the results quoted above, we
consider contributions from the following sources: uncertainties in the back-
ground component normalizations, uncertainty in the MC tracking efficiency,
errors in B(D*" — D°%) and B(D" — K~ x") [69], and uncertainties in the

B lifetime [69] and the total number of B® mesons in the data sample.

To estimate the uncertainty related to a given background component, we
vary the normalization by +1 standard deviation of the fit described in
Sect. 5.4. The uncertainty in the D**/rv component is inflated by a factor
of two to make the amount of D**/v in each sub-sample consistent. The er-

ror in the continuum normalization is taken to be 1.5% as explained earlier.

For the tracking uncertainty, we calculate the track finding error consid-
ering only the D° decay into K~7*, as the branching fraction for D —
K-ntr~nt is fitted from data and therefore a possible mismodeling of the
tracking efficiency for this mode would be absorbed in Rgsy k.. We thus
have four charged tracks. Assuming 1% uncertainty for each track, except
for the slow pion from D** for which we use 2%, and adding these uncer-
tainties linearly. This is the most conservative ansatz and reflects that this
systematic error aims to hedge against a possible imperfection in the simula-
tion of the detector. If such an effect would exist, it would impact all charged
tracks in a similar fashion, therefore the uncertainties related to each single

tracks cannot be independent.

The breakdown of the systematic error quoted in Table 7.1 is given in Ta-
ble 7.3.
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Figure 7.1: Result of the fit of the four kinematic variables in the total sample
of B® — D*~(*v events. (The different sub-samples are added in this plot.)
The points with error bars are continuum subtracted on-resonance data. The
histograms are the signal and the different background components. The
color scheme is explained below.
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Figure 7.2: Same as Fig. 7.1 for the B® analysis, K, e sub-sample.
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Figure 7.3: Same as Fig. 7.1 for the B? analysis, K, u sub-sample.
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Figure 7.4: Same as Fig. 7.1 for the B? analysis, K3, e sub-sample.
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Figure 7.5: Same as Fig. 7.1 for the BY analysis, K3, i sub-sample.



sample D' — Krnl=e¢ D' — Kr. l=p D' — K3r. l=e¢
0 1.329 £ 0.072 £ 0.017 1.221 £0.075 £ 0.046 1.238 £0.233 4+ 0.053
Ryi(1) 1.455 +0.077£0.046  1.608 £ 0.087 £ 0.099  1.085 4+ 0.125 + 0.044
Ry (1) 0.782 £0.055+0.014  0.853 £ 0.055 4+ 0.027  0.980 + 0.087 4+ 0.027
Risn/kn 2.153 (fixed) 2.153 (fixed) 2.153 (fixed)
B(BO — D*l*w) (%) 4.43 +0.03+0.25 4.41 £0.03 +0.26 4.42 +0.04 4+ 0.25
F(1)|Vi| (1073) 343+£04+1.1 33.5+ 0.4+ 1.0 35.6 4+ 0.8+ 1.3
2 /n.d.f. 29.2/36 37.4/36 19.2/36

P(x?) 78.2% 40.4% 99.0%

sample DY — K3r. (= p Fit to total sample
0 1.436 £0.121 4+ 0.062 1.293 £+ 0.045 4+ 0.029
Ryi(1) 1.643 +£0.163 £0.112 1.495 £+ 0.050 £ 0.062
Ry (1) 0.842 £+ 0.105 + 0.038 0.844 +0.034 +0.019
Ricsn /i 2.153 (fixed) 2.153 +0.011
B(B® — D*~(*v,) (%) | 4.47+0.04+0.26 4.42 4 0.03 £ 0.25
F(1)|Va| (1073) 35.6+0.7+1.3 34.44+02+1.0
2 /n.d.f. 17.9/36 138.8/155
P(x?) 99.5% 82.0%

16

Table 7.1: The results of the fits to the sub-samples and the fit result on the total sample of B® — D*~¢*v events. The
first error is statistical, the second is the estimated systematic uncertainty. The breakdown of the systematic uncertainty
is given in Table 7.3. All numbers are preliminary.
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FOVal By(1)  Ry(1)
1

F()[Vy) 000 0.635  —0285  —0.220
0’ 1.000  0.388  —0.870
Ry(1) 1.000  —0.511
Ry(1) 1.000

Table 7.2: The statiscal correlation coefficients of F;|V,| and the three form factor parameters in the fit to the full sample
of B® — D*~{"v events.
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P’ By(1)  Bp(1)  B(Dw)  F(1)|Va)
Reconstruction and tracking — — — -0.221 -0.86
LeptonID +0.011  +0.022 -0.011 -0.38 -0.097
Norm - Signal Corr. -0.003 -0.003 +0.007 +0.028 +0.14
Norm - D** -0.015 -0.038 +0.011 -0.051 -0.25
Norm - Uncorr +0.009  +0.028 -0.002 -0.003 -0.04
Norm - Fake /¢ +0.020  +0.037 -0.009 -0.002 -0.04
Norm - Fake D* -0.012 -0.011 +0.009 -0.034 -0.33
Norm - Continuum +0.003  +0.008  +0.000 -0.001 0.00
B(D° — K—nt) [18] — — — -0.081 -0.31
B(D* — D) [69) — — — -0.033 -0.13
B life time [69] — — — -0.026 -0.10
N(Y(4S)) — — — -0.036 -0.14
fi—/ foo [69] -0.003 -0.011 +0.005 -+0.001 +0.04
total 0.029 0.062 0.019 0.251 1.04

Table 7.3: The breakdown of the systematic uncertainty in the result of the fit to the full sample of B — D*~¢*v events.
The “4” (“-”) sign indicates that the fit parameter tends to higher (lower) values if the corresponding systematic parameter
(e.g. the B life time) is increased. This information is important when averaging the results of different analyses.
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7.2 BT analysis

As can be seen in Tab. 5.2, after applying all selection requirements and
subtracting backgrounds, 27,106 4= 367 signal events are found in the recon-
structed BT data. Table 7.4 shows the results of the fit to each sub-channel

as well as to the total sample.

Again, the x? values of the fits shown no indication of any problem in the

statistical ansatz.

To estimate the systematic uncertainties in the results quoted above, we
consider contributions from the following sources: uncertainties in the back-
ground component normalizations and shapes, uncertainty in the MC track-
ing efficiency, PDG errors in B(D*® — D7%) and B(D° — K~7") [18], and
uncertainties in the BT lifetime [18] and the total number of B* mesons in

the data sample.

B(D* — D%, B(D® — K~x"), N(T(4S)) and the BT lifetime give an
uncertainty on the normalization, but not on the form factors. They are con-
sidered analytically, all other uncertainties are investigated numerically. To
calculate these systematic uncertainties, we consider 300 pseudo-experiments
in which one of 13 quantities (corresponding to the above-mentioned contri-
butions) are randomly varied, taking into account possible correlations be-
tween these quantities. The entire analysis chain is repeated for every pseudo-
experiment and new values for the fit parameters are obtained. One standard
deviation of the pseudo-experiment fit results for a given parameter is used
as the systematic uncertainty in this fit parameter. This toy MC approach
also allows to derive the systematic correlation coefficients in Table 7.5 in a

straightforward way.

In the following, we describe the parameters varied in the pseudoexperiments:

e The tracking efficiencies in five bins of slow pion momentum are var-
ied within their respective uncertainties. These uncertainties are de-
termined from real data by studying the decay B* — D*zt in the

same 140 fb~! sample as used for the main analysis. The tracking un-
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certainties in different momentum bins are considered fully correlated.
Therefore, tracking corresponds only to a single parameter in the toy
MC,

e The lepton identification uncertainties are varied within their respective

uncertainties [64, 65],

e The normalizations of the 7 background components are varied within
the uncertainties determined by the background fit in Sect. 5.4. For
Continuum, the on- to off-resonance luminosity ratio is varied by its
uncertainty of 1.5 %. Correlations between different background com-

ponent normalizations are taken into account,

e Additionally, we vary the shape in w of the uncorrelated, combinatoric
D*% and fake D° components. We fit each of these distributions by a
Lorentz distribution and vary each of the parameters within the errors
obtained in the fit,

e The number of BTB~ events is obtained as N(Y(4S)) x B(T(4S) —
BTB7). We vary the fraction

fi-/foo = B(Y(4S) — B*B)/B(T(4S) — B"B")

within the error reported by the Particle Data group [18]. This changes
both the number of BT B~ events and the background.

The breakdown of the systematic error quoted in Table 7.4 is given in Ta-
ble 7.6.
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Figure 7.6: Result of the fit of the four kinematic variables in the total sample
of Bt — D*%/*v events. (The different sub-samples are added in this plot.)
The points with error bars are continuum subtracted on-resonance data. The
histograms are the signal and the different background components. The
color scheme is explained below.
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7.7: Same as Fig. 7.6 for the BT analysis, K, e sub-sample.
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Figure 7.8: Same as Fig. 7.6 for the B* analysis, K, 1 sub-sample.
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Figure 7.9: Same as Fig. 7.6 for the BT analysis, K37, e sub-sample.
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Figure 7.10: Same as Fig. 7.6 for the B™ analysis, K3, ;1 sub-sample.



D> Krnl=e¢

DY — Kr. {=p

D’ - K3r. l=e¢

Pz

Ry(1)

Ry(1)

RK37T/K7T 3
B(B* — D¢+ 1)
F(1)|V| x 103

1.199 £ 0.125 £ 0.048
1.507 £ 0.135 £ 0.090
0.868 £ 0.093 £ 0.034
2.072
4.91 £ 0.05 £ 0.57
343 £ 0.6 £ 2.2

1.370 £ 0.129 £+ 0.057
1.568 = 0.158 £ 0.088
0.839 £ 0.110 £ 0.031
2.072
4.77 £ 0.05 £ 0.56
35.0 £ 0.6 £ 2.3

1.723 £ 0.162 + 0.061
1.840 £ 0.271 £+ 0.109
0.585 £ 0.198 £ 0.047
2.072
4.83 £ 0.07 £ 0.56
36.5 +£ 1.0 £ 2.3

2/ndt. 483 / 36 40.6 / 36 39.6 / 36
P 8.3 % 27.5 % 31.3 %

D — K3r. 0 =pu Fit to total sample
0 1.434 £+ 0.209 £ 0.086 1.376 £+ 0.074 £+ 0.056
Ryi(1) 1.813 + 0.273 + 0.106 1.620 £+ 0.091 + 0.092
Ry (1) 0.764 £+ 0.191 £ 0.051 0.805 £ 0.064 + 0.036
Ricsn i 2.072 2.072 + 0.023

B(B* — D*t*y,)
F(1)|Vay| x 103
x?2/ndf.

P,

4.83 4+ 0.07 + 0.57
34.8 + 1.0 & 2.3
44.2 / 36
16.3 %

4.84 + 0.04 £ 0.56
35.0 & 0.4 £ 2.2
187.8 / 155
3.7 %

66

Table 7.4: The results of the fits to the sub-samples and the fit result on the total sample of Bt — D*%/*v events. The
first error is statistical, the second is the estimated systematic uncertainty. The breakdown of the systematic uncertainty
is given in Table 7.6. All numbers are preliminary.
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F ()| Vel P’ Ii(1) Ry (1)
F(D|Vs| | 1.000  0.455/0.399/0.295 -0.222 /-0.219/-0.179  -0.054/-0.024,/-0.019
p? 1.000 0.648/ 0.413/ 0.540  -0.889/-0.751/-0.841
Ry(1) 1.000 -0.749/-0.873/-0.763
Ry(1) 1.000

Table 7.5: The statistical /systematic/total correlation coefficients of F;|V,| and the three form factore parameters in the
fit to the full sample of BT — D*°/*v events.
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p2 Rl(l) Rz(l) f(1)|‘/;b| X 103 B(B+ — D*OEJrVg)

Value 1.376 1.620 0.805 34.98 4.841
Statistical Error 0.074 0.091 0.064 0.37 0.044
Tracking -0.027  40.025  +0.012 -1.97 -0.491
LeptonID +0.012  4+0.024  -0.011 -0.39 -0.096
Norm - Signal Corr. | -0.007  +0.002  +0.007 +0.13 +0.038
Norm - D** +0.005  -0.023  +0.002 -0.04 -0.041
Norm - Uncorr +0.014  +0.074  -0.025 -0.28 -0.023
Norm - Fake ¢ +0.017  +0.028  -0.010 -0.05 -0.024
Norm - Comb D*° +0.008  +0.014  -0.008 -0.11 -0.028
Norm - Fake DY -0.009 -0.014  +0.007 +0.06 +0.020
Norm - Continuum | +0.004  +0.005  -0.001 0.00 -0.003
Shape - Uncorr +0.014  +0.003  -0.005 +0.10

Shape - Comb D** | +0.027  -0.005 -0.008 +0.21

Shape - Fake D +0.024  +0.003  +0.008 +0.17

B(D° — Kr) -0.32 -0.089
B(D* — D°x?%) -0.82 -0.227
BT lifetime -0.12 -0.033
N(Y(49)) -0.14 -0.040
f—/ Joo +0.003  +0.006  -0.003 -0.15 -0.043

Table 7.6: The breakdown of the systematic uncertainty in the result of the fit to the full sample of Bt — D*%/*v events.
The “+” (“-”) sign indicates that the fit parameter tends to higher (lower) values if the corresponding systematic parameter
(e.g. the B life time) is increased. This information is important when averaging the results of different analyses.
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Chapter 8
Conclusions

Do not believe in anything simply because you have heard
it. Do not believe in anything simply because it is spo-
ken and rumored by many. Do not believe in anything
merely on the authority of your teachers and elders. But
after observation and analysis, when you find that any-
thing agrees with reason and is conducive to the good
and benefit of one and all, then accept it and live up to
it.

Siddhartha Gautama

The Cabbibo-Kobayashi-Maskawa (CKM) matrix describes the weak inter-
action between quarks within the standard model. This thesis presents high
precision measurements of the CKM matrix element |V|, which gives the
strength of the coupling between the charm and the bottom quark, based on
experimental data recorded by the Belle experiment in Tsukuba, Japan. The
data sample consists of about 140 fb~' recorded on the Y(4S) resonance,

corresponding to roughly 152x10° pairs of B and B mesons.

The exclusive decay channels B® — D*~¢v and BT — D**/v are investigated

in two separate analyses using similar techniques, which allows to cross check
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the results obtained from two statistically independent samples with each
other. In order to determine the spatial momentum of the decaying B meson,
a novel reconstruction technique is used, which utilizes the reconstruction of
the D* meson and the light lepton ¢ as well as information obtained by

investigating the entire event recorded by the detector.

In order to be able to separate the effects due to quantum chromodynam-
ics (QCD) from those due to the weak interaction, both of which play an
important role within the B® and the B* meson, an effective field theory is
used, the so-called “Heavy Quark Effective Theory” (HQET). Additionally,
a parametrization scheme based on dispersion relations is utilized. In this
approach, a set of three form factor parameters, labeled p?, R;(1) and Ry(1),
describe the distribution of the decays in phase space. |V| times a form
factor normalization F (1), which is obtained from lattice QCD calculations,
defines the overall normalization of the distribution, and thus the number
of decays which can be reconstructed. All free parameters are determined
simultaneously from a numerical fit to the distributions in four kinematic

variables.

The preliminary results of the analysis of B° decays, based on about 69,000
reconstructed BY — D*~(*Ty, decays, are p* = 1.293+0.045+0.029, R;(1) =
1.495 £ 0.050 £ 0.062, Ry(1) = 0.844 £0.034 £ 0.019 and F(1)|V,| =34.4 +
0.2 4 1.0. The analysis of BT decays, based on about 27,000 reconstructed
BT — D*f*y, events, yields p* = 1.376 & 0.074 £ 0.056, R;(1) = 1.620 +
0.091£0.092, Ry(1) = 0.805+0.064 +0.036 and F(1)|Vy| = 35.04+0.4+2.2.
The first of the errors stated above shows the statistical uncertainty, the

second error gives the systematic one.

The results presented here have not yet been fully incorporated into the world
average for |V,|, which is being calculated by the “Heavy Flavor Averaging
Group” (HFAG, [10]). However, preliminary updates to the world average, as
presented in Fig. 8.1, show that the discrepancies between the various mea-
surements, which are currently available, cannot be solved by the preliminary
results shown above. Even more detailed investigations are currently being
prepared using the entire data sample of T (45) events collected by the Belle

experiment, corresponding to about 710 fb~1.
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F(1) X IV, | [10°]

45

35

30

ALEPH

CLEO

OPAL
(excl.)

DELPHI
(part. reco.)

BABAR (excl.)
BELLE

HFAG

x*/dof = 39/21

Figure 8.1: Comparison of all available results of exclusive measurements of
the form factor parameter p? and F(1)|V,], created by the Heavy Flavor Av-
eraging Group (HFAG, [10]). The ellipses indicate the 1o uncertainty regions
in the parameters and the correlation between them (in the tilt of the ellipse
compared to the coordinate axes). The status shown here corresponds to the
preliminary update published by HFAG in summer 2008. The preliminary
Belle result based on the analysis of the decays of B° mesons, which has
been discussed in this work ([1]), is included and indicated as the dark blue
rectangle (central value) and ellipse (region of uncertainty).



Appendix A

Supplement - Fit procedure

. the world formula allows to derive the entirety of
physics from it. All that is missing are some technical

details.

Werner Heisenberg (1958).

This empty square shall show the world that I am able to
draw like Tizian. All that is missing are some technical

details.

Wolfgang Pauli, in reply to above claim.

A.1 Correlation between fit distributions

As mentioned in Section 6.1, the covariance matrix used in the fit to deter-
mine the value of V,, and form factors is not diagonal. Rather, the fact that
we simultaneously fit four one-dimensional marginal distributions introduces
correlations between the histograms of the kinematic variables. The ansatz

to estimate these correlations can be derived as follows |70].
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Let us divide the distrubutions in w, cos 6y, cosfy and y into n bins each
and let N; be the content of the bin 7. Furthermore, let us build a two-
dimensional histogram by plotting the kinematic variables against each other.
The contents of these 6 histograms (w vs. cos 8y, w vs. cos Oy, w vs. x, cos b,
vs. cos By, cosy vs. x, cosfy vs. ), containing n x n bins each!, are labeled
with NN;;. Naturally, the one-dimensional distributions can be obtained by
integrating the two-dimensional distribution. Similarly, the bin content of
the one-dimensional histogram can be written as the sum of the bin contents

of the two-dimensional histogram,

N; = ZNijv N; = ZNij' (A.1)
i 7

Let us now consider the expectation value of the product of the bin con-
tents of two different bins of the one-dimensional histogram, E(NN;N;). The

expectation value is a linear function, therefore we can write this expression

E(N,N,)=E <Z NmZij> => ) E(NiNpj). (A.2)

For the two-dimensional histogram, the expectation value E(N;,N,,;) can be

as

easily calculated. Depending on whether or not the bin (i,n) is identical to

(m, 7) or not, we find according to the multinomial distribution

Npin, V(z,n) = (mh?)

E(NipNp;) = { : (A.3)

where N is the total number of events and p,, is the relative abundance of
the bin (z,y) in the two-dimensional histogram. Similarly p, shall be the

relative abundance of the bin (z) in the one-dimensional distribution.

By definition, the relations

mej = Dy, me = Pi, (A4)

LAll the formulae in this section are equally valid for cases, where the number of bins
is not identical in each of the kinematic variables.
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have to hold. Separating the double sum in Eq. A.2 in order to cope with the

case differentiaion in Eq. A.3, we can therefore derive
E(N;N;) => ) " E(NinNpnj) =
= E(N;;Nyj) + Z (Npij Npmj — Npijpm;) +
mti
+ > > (Npin Npwj = Npinpinj) =

m n#j

= Npij + Npiy N (Zij) — Npij <mej> +

(5] o ()

—y -y
= Npij + Npij N (p; — pis) — Npij (pj — pij) +
+ N (pi — pij) Npj — N (pi — pij) pj =
= Npij + Npij Np;j — Npij Npij — Npijp; + Npijpij +
+ Np; Np; — Npij Np; — Np;p; + Npijp; =
= Np; Npj + Npi; — Np;pj, (A.5)

which can finally be written as

On the other hand, from the definition of the covariance we find
which leads to

Cz‘j = COU(NZ'NJ') = szj — Npipj; (AS)
as stated in Eq. 6.4.

There are three special cases of covariances one can consider. In case of sta-
tistically independent variables, the relation p;; = p;p; has to hold, therefore

all diagonal elements vanish. The covariance matrix becomes diagonal and
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the fits to the individual kinematic variables decouple completely, as they
should.

In case of perfect anti-correlation between two bins, the bin of the two dimen-
sional distribution corresponding to the pair has to be empty. The covariance
as given by Eq. 6.4 becomes negative. In case of positive correlation the op-

posite holds and the covariance matrix element will be positive.

A.2 Proof of principle using toy Monte Carlo

In order to test the statistical viability of the approach described above,
we created 900 sets of histograms according to the theoretical distributions
in Eq. 3.27 and applied the fit procedure to each of them. The parameters
which have been used to generate the histograms are naturally known and it
is therefore possible to compare the estimated parameters as determined by
the fit to the true values. One variable of particular interest is the so-called

standartized residual r, which is defined for any variable v by,

estimated __ , true

[ (Y

, (A.9)

Ty = -
estimated
Ty

where pestimated (yirue) g the fitted (true) value of the variable and g¢stimated
is the standard deviation obtained from the fit procedure. If the ansatz of
the statistical estimate is sound, the distribution of the standartized resid-
uals will be normal distributed, since there is no bias in the central value
and the estimated uncertainty equals the actual spread of the results due to
statistical fluctuations. As can be seen in Fig A.2, A.3 and A.4, this is the
case for each of the parameters p?, R, and R,. For V, shown in Fig. A.1,
there is no perfect, but still acceptable agreement between the distribution

of standartized residuals and a normal distribution.

The number of events as estimated by the fit deviates from the actual gen-
erated number by a factor of about 3 x 107° and is therefore in excellent

agreement.

These results show that the method is stable and works as intended.
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Entries 900
3180 L —}— Histogram of residuals Mean 0.1765 £ 0.03729
s Ho. Median,F = 0185 il RMS 1.119+ 0.02637
E1601 ¢ prediction - Constant 159.8+ 6.7
D sl Mean  0.1684+ 0.0375
E Sigma 1.112+ 0.028
120 —
100
80—
60—
40—
20—
0:\\\“‘ \\\\‘\\\\‘\\\\ \\\‘\\\\‘\\\\\ V-
5 -4 -3 -2 - 0 1 2 3 4 5
FIV ola PV cole
it

Figure A.1: The histogram of residuals of the fit parameter corresponding to
F1|Vep|. The green line indicates where perfect agreement with the original
inputs can be obtained, the red dotted line gives the median of the 900
investigated fits. Ideally the distribution, fitted here with a gaussian function,
should be distributed like a normal distribution (central value of 0 and width
equal 1).
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Entries 900
@200~ Mean  0.02141+ 0.03502
B [ [~ Histogram of RMS 1.051 % 0.02476
51 80 Eo [ Median, 7 = 0.045 Constant 170.7+ 7.0
D160 | —— MC prediction Mean  0.01301< 0.03504
140 } Sigma 1.027 + 0.024
120
100
80—
60—
40
20—
0:“““‘ \\\\‘\\\\‘\\\\\\\\‘\\\\‘\\ “‘\\\\
-5 -4 -3 -2 -1 0 1 2 3 5
pf|t p
Gfit

Figure A.2: Same as Fig. A.1 for the parameter p>.

Entries 900
0200 Mean -0.00332+ 0.03378
%.1 E —}— Histogram of residuals RMS 1.014 + 0.02389
g 80; """" Media"'ff""’z Constant 1755+7.3
160 || ___MC prediction Mean  -0.006429 + 0.034024
140 i Sigma 1.015+ 0.025
120—
100—
80—
60—
40—
20—
07\\\\““ \\\‘\\\\‘\\\\\\\\‘\\\\‘\\\ “‘\“‘
- -4 -3 -2 -1 0 1 2 3 4 5
R(1),-R{1),,.
Ofit

Figure A.3: Same as Fig. A.1 for the parameter R;(1).
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Entries 900
0200 Mean  0.02666 + 0.03336
%_1 80 [C | —— Histogram of residuals RMS 1.001 + 0.02359
g Eo{ o Median, = -0.005 Constant 1786+ 7.5
U160 [— | —— MC prediction Mean  0.02623 + 0.03374
140 = Sigma 0.9987 + 0.0254
120
100
80—
60—
40—
20—
0:“““‘ \\\‘\\\\‘\\\\\\\\‘\\\\‘\\\ “““‘
-5 -4 -3 -2 -1 0 1 2 3 4 5

R,(1), -Ry(1), _
Gt

Figure A.4: Same as Fig. A.1 for the parameter Ry(1).

A.3 Monte Carlo samples created with the
EVTGEN program

As mentioned above, the EVTGEN program [59] is used by the Belle collab-
oration to generate simulated events, which can be used e.g. to study back-
grounds in analyses of Belle data. Semileptonic decays like B — D*{v are
generated by the parametrization described in Section 3.6. However, when
comparing the generated distributions in w to the theoretical prediction,

small discrepancies appear.

Tab. A.1 and A.2 show the ratio between the central value expected due
to the theoretical prediction and the the generated distribution containing
4 x 107 events. The ratio is shown in 10 bins of the variable w. Due to the
large number of generated events, the statistical error is negligible. As can
be seen, the deviation is minimal over the largest part of the w distribution
and becomes significant only in the region of large values of w, where only a

small portion of the events resides since the available phase space vanishes.
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New? [NMC Phasespace in this region

we (1.00.1.05) | 0.99 0.061
we (1.05,1.10) | 0.995 0.101
we (1.10.1.15) | 0.995 0.116
we (1.15,1.20) | 0.996 0.121
we (1.20.1.25) | 0.996 0.120
we (1.25,1.30) | 0.996 0.114
we (1.30.1.35) | 0.997 0.106
we (1.35,1.40) | 0.999 0.097
we (1.40.1.45) | 1.002 0.085
we (1.45,1.50) | 1.022 0.074

w > 1.50 1.387 0.005

Table A.1: Ratio between the theoretical prediction and the Monte Carlo
simulated distributions for B°. Additionally, the fraction of events in the
corresponding region of phase space is shown.

These discrepancies are not due to some problem in coding the formulae given
in Section 3.6. Rather, when comparing the underlying distributions, we find

a match within the numerical accuracy, which can be seen in Fig. A.5.

In any case this deviation does not impact the calculation of |V,| from real
data. The fit as described in Chapter 6 does not depend on signal events sim-
ulated by Monte Carlo, but rather directly utilizes the theoretical predictions
specified in Chapter 3.

A.4 Fit of simulated events after full detector

simulation

As a final test of the fit procedure, we investigated simulated events, which
have passed a full detector simulation based on GEANT [60|. These sam-
ples, corresponding in size to the sample reconstructed in real data, allow
to test the fit procedure in a realistic setup. Due to the large computer re-
source consumption of the full detector simulation, only three samples were

available. Therefore, no full statistical analysis similar to the one shown in
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New? [NMCE Phasespace in this region

w € (1.00.1.05)
w € (1.05,1.10)
w € (1.10.1.15)
w € (1.15,1.20)
w € (1.20.1.25)
w e (1.25,1.30)
w € (1.30.1.35)
w € (1.35,1.40)
w € (1.40.1.45)
w € (1.45,1.50)
w > 1.50

0.993
0.999
0.994
1.000
0.997
0.999
0.996
1.000
1.001
1.011
1.223

0.061
0.101
0.115
0.121
0.119
0.114
0.106
0.097
0.086
0.074
0.007

Table A.2: Same as Tab. A.1 for generated BT events.

1.2 1.3 1.4

w, [11j5

Figure A.5: Comparison between the w distribution as used by the EVTGEN
Monte Carlo event generator (red solid line) and the code used in the fitting
procedure described above (blue dashed line). The two distributions agree

within the numerical accuracy.
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stream 0 stream 1 stream 2 MC truth

0> 1.437+£0.030  1.426 + 0.030 1.471 £+ 0.030 1.44
Ryi(1) 1.146 £0.032  1.148 +£0.031 1.180 + 0.031 1.18
Ry(1) 0.700 £0.024  0.753 +£0.024  0.699 £ 0.026 0.71
Risn/k | 1.861£0.005  1.854 4 0.005 1.839 + 0.005 ~ 1.85
B(B*) 5170 +£0.032  5.1754+0.032  5.223 £0.032 5.20
X*/n.d.f. | 147.4 / 155 146.0 / 155 177.8 / 155
P, 65.6 % 68.6 % 10.1 %

X

Table A.3: Results of the tests of the fit procedure on Monte Carlo data after
full detector simulation for B°.

stream 0 stream 1 stream 2 MC truth
0 1.353 £ 0.049  1.468 4+ 0.048  1.479 + 0.048 1.44
Ry(1) 1.105 £ 0.047 1.178 &+ 0.052 1.189 + 0.051 1.18
Ry(1) 0.783 £ 0.039 0.701 & 0.045 0.676 £ 0.045 0.71
Risr/k | 1.799 £ 0.013  1.912 £ 0.014  1.873 £ 0.014 ~1.855
B(B°) 5.765 £ 0.047 5.618 & 0.046  5.662 £ 0.046 5.65
Z/ndf | 199.1 /155 173.6 / 155 150.0 / 155
P 2 1.0 % 14.6 % 59.9 %

X

Table A.4: Results of the tests of the fit procedure on Monte Carlo data after
full detector simulation for BT.

Section A.2 is available, but a qualtiative investigation is possible. The results
are shown in Tab. A.3 and A.4. Agreement between the results of the fits

and the Monte Carlo parameters is good, which implies that the procedure

works dependably under realistic conditions.



Appendix B

Acronyms

“What does AFTEOA stand for?”

“Association For The Elimination Of Acronyms.”

QCD Quantum chromodynamics
HQET Heavy Quark Effective Theory
SM Standard Model

HER high energy ring

LER low energy ring

SVD Silicon Vertex Detector

CDC Central Drift Chamber

ACC Aerogel Cerenkov Counter system
TOF Time-Of-Flight scintillation counters
ECL Electromagnetic Calorimeter
KLM K} and p detection system

EFC Extreme Forward Calorimeter
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