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1. Introduction

The Standard Model of particle physics is very successful in describing the known matter
and its interactions. But we also know that it is not sufficient to explain all observed
effects like dark matter, neutrino oscillation, or our sheer existence. There is currently no
experimentally supported explanation why the visible universe exists in form of matter
and there is no balance between matter and anti-matter. So, a tension exists in the current
state of particle physics: there is a very successful model which delivered a large number
of predictions and all of them which have been tested at accelerator experiments could
not be falsified. But we know that it is not sufficient to describe everything we observe.
Therefore, great effort has been put into finding physics beyond the Standard Model and
still will be.

The Belle experiment is part of this effort and able to measure a large number of observ-
ables. Instead of reaching for high energies like the LHC experiments Atlas and CMS,
it concentrates on measuring physical quantities with a very high precision, especially
observables connected to the decays of B mesons. One of the primary goals of the Belle
experiment was the validation of the CKM mechanism and the resulting time-dependent
CP violation; another prediction of the Standard Model which was confirmed. The experi-
mental setup of the KEKB accelerator and the Belle detector, located at the KEK research
facility in Tsukuba, Japan, is not only particularly suitable for such time-dependent mea-
surements. It also allows to test the Standard Model in various ways, including a lot of
measurements which are only possible at experiments like Belle. The challenge is to test
the Standard Model in the right places. A search for new physics is only promising if its
potential influence is sizable enough to be measurable and the Standard Model contribu-
tion is not so large that a simple fluctuation overshadows the new physics contribution.

The decay B* — ©* v_ is a very good opportunity for such a search. Its branching fraction
is often referred to as one of the current “golden modes” of particle physics. It can be
calculated with very low uncertainties and the potential influence of commonly considered
models of physics beyond the Standard Model can become large. It is an input to global
fits of the CKM triangle as it has a direct relation to the CKM matrix element V,;. And
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it is experimentally accessible, although not easily. It requires the special experimental
environment provided by an experiment like Belle and sophisticated methods.

The predicament lies within the fact that the presence of at least two neutrinos in the
final state of the decay does not allow for a complete reconstruction of the B meson.
Moreover, the decay products of the 7 lepton do not deliver enough information to select
the decay with a good signal to background ratio. Therefore the production mechanism
of the B mesons at the Belle experiment, which are only produced in pairs of B mesons, is
exploited. To be able to select the desired decay, the second B meson is reconstructed in a
semileptonic decay channel. This method is often referred to as semileptonic tagging.
In this thesis, I describe the latest measurement of the branching fraction of B¥ — 7 v_
decays. I performed it with the full Belle data set of 770 million BB pairs and it will be
the last measurement of that kind until the start of the successor experiment Belle II. The
previous Belle result using semileptonic tagging was performed with a data sample of
660 million BB pairs. As I not only wanted to profit from the slightly larger data set, I
developed a completely distinct analysis. I employed new methods, carefully optimized
the selection, and performed a thorough validation to reach a maximal sensitivity.

The thesis contains a discussion of the decay B* — ©*v_ in Chapter|2, a brief description of
the Belle experiment in Chapter 3, the introduction of the measurement-specific methods
in Chapter 4, and the description of the measurement in the following chapters. The
analysis consists of the reconstruction and selection of B* — ¥ v_ decays (Chapter|5)),
the validation of certain aspects of the measurement (Chapter |6), and the extraction of
the number of reconstructed B* — 7% v_ events (Chapter|7).

Unrelated to this measurement, a track-finding algorithm for the central drift chamber of
the Belle II experiment is described. This algorithm deduces tracks of charged particles
from the information provided by the drift chamber which consists of drift circles around
the activated wires. A track is a circular arc tangential to all contributing drift circles
and the task is to group the drift circles together to form a track candidate. As strong
computational time constraints were imposed by the Belle II collaboration, the main
challenge was the efficient implementation of such a method without sacrificing efficiency
in finding tracks. I developed a track finder based on known formalisms, but was able to
do this is an efficient manner and give a first, promising estimation of its performance.
The development, consisting of the formalism, the employed methods, and the resulting
performance are described in Chapter 8|



2. The decay BT — © 1y,

The decays B* — £*v,, where {* can be e*,u*, or t*, give a very good opportunity to
test the Standard Model (SM), since the theoretical predictions only suffer from low
uncertainties and the influence from commonly considered models of physics beyond the
Standard Model can become relatively large.

2.1 Branching fraction

The tree-level Feynman graph of this decay is given in Figure

EJr
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U k Vy

Figure 2.1: Feynman graph of the decay B* — {* v, in the Standard Model.

The Feynman graph can be used to calculate the branching fraction of these decays. The
matrix element is given by

M = V26 Fly u(p)y, (1 —7%)v(k), (2.1)

where y* are the Dirac matrices and @(p) and v(k) are the spinors of the particles indicated
by the according momenta in Figure

The term F, (’;)u) represents the weak quark current, indicated by the ellipse in Figure It
cannot be represented by terms describing the scattering of two free quarks, since they
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are in a bound state. The calculation would result in a factor [¥(0)|?, where ¥ is the wave
function of the quarks in the B meson. Thus, the finite annihilation probability of the two
quarks in the B meson needs to be taken into account. As the mediating interaction is the
strong interaction at low energies, the wave function of the quarks in the B meson is not
known. Therefore the factor |[¥(0)|?> cannot be determined analytically and is absorbed in
a constant, denoted as decay constant f. Also the Cabibbo—Kobayashi-Maskawa (CKM)
matrix element V,; must be part of F, (‘gu) and therefore it is written as

1
Fgau) = Eq'ufB Vub:

with g being the overall momentum transfer in the decay.

The expression y,(1— y°) is related to the parity violation of the weak interaction. The
term y* alone would yield a vector coupling, whereas y*y° gives an axial-vector coupling.
The combination of both acts as a projection operator on the left-handed component and
thus violates the conservation of parity maximally.

The Fermi coupling constant Gy is the effective coupling strength of the charged weak
interaction. It is given by

Gy 82
V2 8M2’

where g is the actual coupling constant of the weak interaction, which is larger than the
electromagnetic one. This description is only sufficient for values of q being significantly
smaller than the mass of the W boson. Then the coupling can be reduced to a point-like
four-fermion interaction. So Equation can be illustrated by the effective Feynman

graph shown in Figure
£+

B+((q

Y

Figure 2.2: Effective Feynman graph of the decay B* — {* v, in the Standard Model.

Using Equation to calculate the branching fraction results in

G2mym? m2\?
AB(B* _’K+W)SM = FS—TCBZ(l_m_E) fB2|Vub|2TB) (2.2)
B

where my and m, are the masses of the B meson and the lepton respectively, and 7 the
lifetime of the B meson.



2.1. Branching fraction

The branching fraction depends on the mass of the lepton weakly by the phase space
factor (1 —m?/m?)* and strongly by the factor m? because of the helicity suppression.
The helicity suppression denotes the influence of the parity violating coupling of the W
boson. The configuration of momentum and spin in the decay is illustrated in Figure
The neutrino is, in very good approximation, mass-less and therefore has left-handed
helicity. Only the finite mass of the anti-lepton allows for the shown spin-momentum
configuration as it has not a purely left-handed helicity and higher masses lead to a
weaker suppression of the decay. However, it is not necessary to assume parity violation
to explain the suppression of small lepton masses. Every combination of vector and
axial-vector coupling leads to this, as shown in Reference [[1, p. 208]. As a consequence
of this suppression, the decay B* — ©* v_ is expected to be the highest purely leptonic
branching fraction of the B* meson.

Qr >
Q) : :

Figure 2.3: Illustration of the momentum and spin configuration in the decay B™ — £*v,
in the center-of-mass system of the B* meson.

All inputs to Equation can be measured directly, extracted from measurements, or,
in case of fj, calculated. Measuring the masses of the B meson and the leptons is an
ongoing task and the relative error of all of them is already on the order of 1073, Also,
the lifetime of the B meson has been measured with great precision. The Fermi decay
constant is determined by measuring the lifetime of muons and is very well known. The
B-meson decay constant can, up to now, only be calculated using the methods of lattice
quantum-chromodynamics. The largest relative uncertainty comes from the CKM matrix
element V. It can be determined both by examining inclusive or exclusive semileptonic
decay processes. The inclusive measurements reconstruct the decays B — X, { v, where
X, denotes final states of b — u transitions. The exclusive measurements reconstruct this
X, system in specific decays like B® — 7 ¢* v, or B° - p~£*v,. The results of the two
methods show only marginal agreement.

The input parameters and their current best known values are given in Table Using
these values, Equation gives

BB —1tv ). =(1.20£0.13) x 107*
BB > 1 )y = (0.66£0.12) x 1074,

where the error is dominated by the uncertainty on V,;. The strong discrepancy illustrates
the dependency of the calculated branching fraction on V,; as input.

The CKMfitter group [2]] performs a global unitarity-triangle fit and uses an average of
the different V,, measurements which is V,;, = (3.70 £0.12+ 0.26) x 1072 as input. The
fit gives

BB — 17v.)=(0.75370192) x 107,
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To illustrate the impact of the helicity suppression also the expected branching fractions
of other leptonic B* decays are given. It leads to significantly smaller branching fractions
for the decays with lighter leptons:

B(B* - utv,)=(0.3671292¢) x 107

—0.034
B(B* - e*r,)=(0.85970%2) x 107
Parameter Value Relative uncertainty
Gr 1.17 x 107> GeV 2 5x 1077
mg 5.28 GeV 3x107°
m, 1.78 GeV 9x107°
fz 186 MeV 2x 1072
Ty 1.64 x 10712 5 2x1073
Vi line 4.41x1073 5x 1072
Vil exe 3.28x1073 9 x 1072

Table 2.1: Input values to the calculation of 8(B* — 7+ v_).

2.1.1 The influence of new physics

The presence of additional charged particles, which can replace the W Boson as propagator
in the decay process, could interfere with the Standard Model weak decay process. A
possible type of additional particles, which are not part of the Standard Model, are charged
Higgs particles. The most general form of the two-Higgs-doublet model, known as type-III
two-Higgs-doublet model, adds scalar terms to the branching fraction:

2 2

m
BB -1 )= BB - v )y X |1+ —2—(Sx—S,)| ,
m.my

where m,, is the mass of the b quark and Sy and S; are complex Wilson coefficients, that
describe the contributions from new physics models [[5]. The Standard Model corresponds
to Sg and S; being zero.

A more restrictive type of model is the type-II two-Higgs-doublet model. This has been stud-
ied extensively in the past, since it is the Higgs sector of the minimalistic supersymmetric
Standard Model. The branching fraction becomes

2
tan?
BB >t )=BB" >tV )y X [1— m—zﬂm;‘; ,
H:t

where my,.: is the mass of the charged Higgs particle and tan 3 a parameter related to the
vacuum expectation values of the Higgs doublets. This relation can be used to constrain
the parameters of this new-physics model. Figure shows the excluded regions for the
latest measurements of the Belle collaboration. The allowed band within the excluded
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Figure 2.4: Constraint on tan 8 and m?, in the type-II of two-Higgs-doublet model. The
green regions indicate the excluded regions at a confidence level of 95%.
Taken from Reference [@].

region is where the new-physics contribution is twice as large as the SM and therefore

2
the term ‘1 — @ p
m
Hj:

becomes one.

2
mB

However, a recent measurement in the decay channel B — D*t*v_ [[7] is not compatible
with a charged Higgs boson in this type of model. Asuming that this measurement is not the
result of a statistical fluctuation or an underestimated theoretical or systematic uncertainty,
the type-II two-Higgs-doublet model is falsified. Therefore only the more generic type-III
two-Higgs-doublet model can be studied. Excluding regions in the parameter space in
such a model is more complicated and their study is an active field of research [/5]].

2.2 History of the measurement

Several experiments have tried to measure the branching fraction of the decay B* — v v_,
beginning with ALEPH[8]] and CLEO[[9] in 1995. But only the B factories succeeded in
finding evidence for this decay.

There are two methods used to search for the decay: semileptonic and hadronic tagging.
Both the Belle and the BaBar collaboration used both methods in their measurements. In
their latest measurements the BaBar collaboration used data samples containing ~ 460 x
10° and ~ 470x 10° BB pairs [ and the Belle collaboration data samples containing
~ 660 x 10° [12] and ~ 770 x 10° BB pairs [[13]. The results of the measurements are
shown in Figure and compared to expectation from the CKM fit.

Before the latest measurement at the Belle experiment, there was a sizable discrep-
ancy between the theoretically determined value and the world average of the measure-
ments, as all of them were above the expectation. But the result of B(B* — t*v_ ) =
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BaBar semileptonic (459 x 10 BB pairs)

) ¢ : " (1.7£0.8+02)x 1071
‘ BaBar hadronic (468 x 10 BB pairs)
DR S— s M
(1.83 1000 £0.24) x 107"
Belle semileptonic (657 x 10 BB pairs)
| r— | s
(1544552 1050) x 107

World average
e | 4
CRM fit (1.1% +0.27) x 10‘

1 2 3 4
B(B — 1v) (107

(<3l
ol

Figure 2.5: Comparison of the latest measurements of 8(B* — 7 v_) of the B factories

and the predicted values of the CKM fit of B(B* — v ) = (0'7393:8%) X
1074

(0.72i8:§; +0.11) x 10~* moved the world average to a value consistent with the expec-

tation within two standard deviations. This discrepancy and the according shift when
including the latest Belle measurement is illustrated in Figure

A [ CKM fitw/o BR(B—> 1t V) . [ CKM fit w/o BR(B -t V)
Winter 12 e Measurements (WA) Summer 12 e Measurements (WA)

1.0 e 1.0

08 [ 4 08 [ 4
g 06 4 g 06 8
s s
z z
e 04 — e 04— —

—— ——
02 [ . 02 [ .
oo Ll b N e e b e ] oo Ld i S e e b e L
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 24 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 24

BR(B — tv) x 10 BR(B — tv) x 10°

Figure 2.6: Comparison of the indirect fit prediction of B(B* — t*v_) with the
average of the measurements. The left and right plots show the status before
and after the latest Belle measurement ], respectively.
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The Belle experiment is part of the long-lasting and world-wide effort to measure and
understand the system of particle physics. The Belle detector was the only detector located
at the KEKB particle accelerator, which is often referred to as a B factory. This is motivated
by the fact that the accelerator runs at a center-of-mass energy which corresponds to
the invariant mass of the T(4S) resonance. This resonance decays with a probability
of nearly 1 to a pair of B mesons. So operating at this center-of-mass energy leads to
two characteristics: The cross-section for the production of B mesons is relatively large.
Only at hadron accelerators larger samples of B mesons are produced. But at a B factory
nothing is produced in addition to the B mesons, which is not true at higher energies.
So the Belle experiment combines two advantages: A large data sample of B mesons is
produced in a very clean environment with few particles in the final state of an event.
Both of them are essential for the following measurement.

3.1 The T(4S) resonance

The T resonances are bb mesons with an angular momentum of one. The Y(4S) is the
lightest resonance of that kind with a mass high enough to decay into two B mesons.
Lighter bottomonium mesons are not heavy enough to form mesons out of the b quarks.
It therefore has a much larger width than the lower T resonances as it decays strongly
without the necessity to mediate the color current by three gluons (denoted as OZI
suppression). The first four T resonances can be seen in a measurement of the CUSB
experiment in Figure The production of other hadrons have a nearly flat cross section
in the shown energy range. Therefore e*e” — gg processes, where q can be a u,d, s,
or ¢ quark, are often referred to as “continuum” processes. The cross section for the
production of an T(4S) is 1.2 nb and for hadron production from continuum processes
2.8 nb. Other processes, e.g. Bhabha scattering, can have larger cross sections but are
strongly suppressed in the course of the data taking and the reconstruction.

The fraction of the mass of the Y(4S) and its decay products is very near to one:
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2mp/mys) = 0.998. This has an important consequence for the following measure-
ment. The remaining energy in the decay is not enough to produce additional particles in
the hadronization. Thus only two B mesons and nothing else is produced in an T(4S)
event.
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Figure 3.1: The cross section of e*e™ — hadrons in the T(1S) — Y(4S) region. The width
of the first three resonances is dominated by the measurement resolution.
The green region indicates the production of u,d,s, and ¢ quarks. Taken from

Reference .

3.2 The Belle detector

The Belle detector was built with the special requirements of a B factory in mind. It follows
the typical structure of general-purpose detectors and consists of several sub-detectors,
but a strong emphasis was put on the identification of particles, especially the separation
of charged kaons and pions and the detection of neutral particles like photons.

In the following, a brief description of the most important components of the detector
will be given. A more detailed description can be found in References 16].

The purpose of certain sub-detectors can roughly be separated in two categories: the
detection and measurement of particles and their identification. The measurement of
neutral particles is achieved solely by the electromagnetic calorimeter (ECL), while the
measurement of charged particles is performed by the silicon vertex detector (SVD) and the
central drift chamber (CDC). The identification of particles is performed with information
from the CDC, the ECL, and other detector components which are built especially for
that purpose. These are the time-of-flight detector (TOF), the Aerogel Cherenkov counter
system (ACC) and the K; and muon system (KLM). Rarely, the KLM is also used for the
detection of neutral, long-living kaons.

10
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The sub-detectors mostly cover an angular region of 17° to 150° relative to the beam-axis,
where the most forward and backward region often are referred to as end-cap regions
and the innermost, cylindrical section as barrel region. An annotated side view of the
Belle detector is shown in Figure

CcDC '/ Ert A pa 1 L€ L
\Nl = _H\UNHH\meww e
e o
8.0 GeV 3.5 GeV

Figure 3.2: Side view of the Belle detector. Taken from Reference ||

3.2.1 Silicon vertex detector

The SVD consisted of several layers of semi-conductor detectors. It measured the charge
carriers which are freed when a charged particle passes through a depleted pn junction.
The purpose of the SVD was the measurement of tracks of charged particles with a very
good spatial resolution. This is important for the measurement of time-dependent CP
violation, which requires the exact determination of the decay vertices of the B mesons.
The SVD was the detector component nearest to the interaction region and therefore
suffered from high radiation damage. This required a replacement of the whole SVD system
in 2003 which was used to also upgrade it. The number of layers was increased from three
to four and the inner radius was decreased from 30 to 20 mm. The upgrade significantly
improved the detection capabilities of low-momentum tracks and the resolution of the
spatial measurement of charged tracks.

3.2.2 The central drift chamber

In the drift chamber mainly the trajectories of the charged tracks were measured. But
it also provided information for the particle identification via the measurement of the

11
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energy loss of the particles. The trajectories of charged particles were determined by
measuring the time and position of the ionization of the gas in CDC which occurred when
a charged particle passed through the CDC.

The CDC consisted of 8400 drift cells in 50 cylindrical layers. The layers were organized
in thirteen super-layers with some of them, called stereo-layers, having a small angle of
40 to 70 mrad to the beam-axis.

The charged tracks were reconstructed from the individual hits in the CDC using a pattern-
recognition algorithm and the momentum was measured by determining the radius of the
trajectories. This radius is directly related to the transverse momentum of the tracks by
the nearly constant magnetic field which was produced by a solenoid magnet surrounding
the CDC. The angle of the stereo layers allowed for a determination of the momentum
component parallel to the beam-axis.

3.2.3 Electromagnetic calorimeter

The ECL was a key component in detecting and measuring electromagnetically interacting
final state particles. It consisted of 8736 crystals pointing to the interaction region
with a length of 30 cm, which corresponds to 16 radiation lengths. Electromagnetically
interacting particles like photons or electrons caused multiple interaction within in the
crystals, like pair production and bremsstrahlung. This lead to a clear signature in form of
a shower spanning over multiple crystals. The ECL enabled the Belle detector to measure
photons to very low energies and with good resolution. It also provided information
which was crucial for the separation of electrons and hadrons.

3.2.4 Time-of-flight detector

The time-of-flight detector consisted of scintillator counters and measured the time be-
tween the collision and the arrival at the sub-detector. The time of the collision was given
by a precisely synchronized reference clock. In combination with the momentum of the
according particle this allowed for the determination of the mass. With a resolution of
about 100 ps pion and kaon tracks with momenta up to 1.2 GeV/c could be separated.

3.2.5 Aerogel Cherenkov counter system

The Cherenkov counter was a detector component solely built for particle identification,
especially for the separation of kaons and pions. This was done via detection of Cherenkov
light, which is emitted when the charged particles propagate faster than the speed of light
in the medium. As the detectable particles have a speed very near to the speed of light in
vacuum, the used materials had refractive indices between 1.01 and 1.03. The separation
between kaons and pions was achieved due to the choice of these parameters, as kaons
have a higher mass, i.e. they are slower than pions of the same momentum. Therefore
they emit no Cherenkov light in a range of about 1.2 to 3.5 GeV/c, while pions do.

12
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3.2.6 Particle signatures

The above-mentioned sub-detectors all had a special purpose and only the combination
of their output allowed for a meaningful interpretation. Since the particles of interest
partially have very different properties, also their signature can differ. In Table a list
of the final state particles of interest for the following analysis is given together with their
detectable traces in the detectors.

Track in CDC and SVD Shower in ECL  Cluster in KLM

n*/K* g NG
et Ng Ng
u* N Ng
Y N

Table 3.1: List of final state particles together with their detectable signature.

3.2.7 The trigger system

The trigger was a multi-level system. The lowest level, denoted as Level 1 trigger, worked
with the direct output of the detector components and started the process of reconstructing
an event. In the very beginning of the Belle project it was the only trigger system, but it
soon turned out to be not sufficient to reach an applicable data amount. So other trigger
levels (Level 3 and Level 4) were implemented to further reduce the amount of data.
These higher levels were software components and used more sophisticated methods to
separate the desired events from background processes.

The design frequency of beam collisions was 508 MHz, but in most of the cases, no
interaction was taking place, or if e*e™ scattering occurred, only Bhabha scattering, yy or
beam-background processes took place. These kind of events mostly were not of interest
and were reduced to keep the data rate processable.

The rate of events which passed the highest level of the trigger was around 200 Hz or
below in the beginning of the operation at Belle, but rose to 400 Hz and more. The trigger
efficiency, hence the fraction of desired events which passed the trigger selection was near
to 100 %. About half of the events passing the trigger were still beam-related processes,
like interaction with the beam gas, but the obvious background was not treated further.

13
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3.2.8 Event processing

To illustrate the process of the event reconstruction, the steps which are performed for
each event independent of the following measurement are listed below:

e The processing of the event is started by a low-level trigger.

e The raw data is read out from each of the sub-detectors and processed so that it can
be used by later steps of the event reconstruction.

e The detector calibration is applied. This step is necessary to compensate for the
small misalignment of certain detector components and the pedestrial voltages
of the readout electronics. There is a large number of constants required for this
(> 10.000) which are determined beforehand.

e The event time is obtained, i.e., information from the TOF and CDC is used to
determine the actual bunch crossing which was recorded.

e Tracks originating from charged particles are reconstructed from hits in the CDC
using a pattern recognition algorithm.

e The tracks are fitted to a helix to extract the physical information of the particle.

e The charged tracks are extrapolated to the inner part of the detector and hits in the
SVD are matched to it.

e The charged tracks are extrapolated to the outer part of the detector to be matched
with hits in the ECL, KLM, and the particle identification systems.

e Clusters in the ECL are formed from hits in single calorimeter crystals. Each cluster
is tested if it can be matched to a charged track.

e The particle identification is applied for charged tracks.

e Pairs of charged particles which do not pass through the interaction region are
formed to reconstruct long-living, neutral particles like K; mesons or converted
photons.

e The information is stored in form of a list of particles and their measured properties.

3.2.8.1 Illustration

The information delivered by the detector and the reconstruction algorithms can be
vizualized with an event display. An exemplary event is shown in Figures and In
this event, four charged particles were reconstructed. Some of them can easily identified
by eye. Track 1 is an electron, depositing a significant amount of energy in the calorimeter.
The trail in the KLM related to Track 2 identifies it as a muon. Track 3 and 4 do not show
any strong signature in the ECL or KLM and are therefore identified as pions or kaons.
Track 4 is a low momentum particle and therefore multiple curles of its helix-shaped
track can been seen. Cluster 5 in the ECL which only can be seen in the side-view of the
detector cannot be matched to a charged track and is therefore reconstructed as a photon.
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Figure 3.3: Event display in the view perpendicular to the beam direction.
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Figure 3.4: Event display in the side-view of the detector.
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3.3 Data sample

The Belle experiment recorded over 1 ab™" of data, as shown in Figure until the stop
of data taking in 2010. Most of the data were taken at the T(4S) resonance, but there are
substantial data samples recorded at other energies. The integrated luminosity and the
corresponding number of produced resonances is given in Table The off-resonance
sample was recorded 60 MeV below the T(4S) resonance and allows for the investigation
of continuum background without a contribution from B mesons. Over its whole lifetime
the Belle experiment recorded a data sample containing (722 + 11) x 10° BB pairs from
T (4S) decays, where equal numbers of BB~ and B°B° pairs were produced.
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Belle logged luminosity
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Tota%jJ
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400 I/

Off-resonance
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Figure 3.5: Integrated luminosity recorded by Belle. Taken from Reference .

Resonance Luminosity (fb™')  Produced resonances
T(1S) 6 102 x 10°
T(2S) 25 158 x 10°
T(3S) 3 11 x 10°
T(4S) 711 772 x 10°
T(5S) 121 7 x 10° (B,B,)
T(4S) off-resonance 89

Scan 28

Table 3.2: Integrated luminosity recorded by Belle, broken down by center-of-mass energy.
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3.4 Tool set

The following tools and procedures have been developed by the Belle collaboration and
are frequently employed in measurements.

3.4.1 Particle identification

The measurement of charged tracks in the CDC and SVD only delivers information about
the three-momentum of a particle. The mass or energy cannot be deduced from the
trajectory. Therefore additional information needs to be used to identify charged particles.
The number of potential particles leaving a measurable signature in the tracking detectors
is limited. Only charged pions, kaons, muons, electrons, and protons are long-lived enough
to reach the tracking detectors, so the particle identification algorithm concentrates on
separating these particles.

The following information is combined with likelihood ratios where the identification of
different particles uses different sub-sets of information:

e The relative energy loss per distance in the CDC, denoted as dE/dx.
e The time-of-flight, measured in the TOE

e The number of photons which are produced in a Cherenkov shower and measured
in the ACC.

¢ Information about the shower in the ECL which could be matched to the charged
track.

e Information about the hits in the KLM which could be matched to the charged track.

The likelihood ratios are formed depending on the particle types to be distinguished. The
likelihood ratios are formed with

I
avs.f l—[iL:.x_l_l—LL;j:

where fo is the likelihood for the particle a from the sub-detector i. The likelihood curves
are extracted from simulated data and corrected according to control-sample studies.

PID

The following three separations are required in the course of the following measurement:

Pions vs. kaons : Because of their different masses, these two particles show different
behavior in certain sub-detectors for the same value of momentum. For the separation,
the information from the CDC, TOE and ACC are combined. Each of the sub-detectors
is especially powerful in separating the particles in a certain range of momentum. The
lower momentum range of 0 to 1.2 GeV/c is covered by the CDC and TOE, as the relative
resolution of the time-of-flight measurement is small enough and the energy loss differs
significantly at this momentum. The configuration of the ACC was chosen so that it
separated pions and kaons with a momentum of 1.2 to 3.5GeV/c.
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Electrons vs. rest : The electron identification includes information from the ECL, CDC,
and ACC. To include the information from the calorimeter, the charged track it is matched
to a shower in the ECL. To parametrize the characteristics of a shower it is described by
three variables: the spatial consistency of the shower and the track, the energy of the
shower and the shower shape. The shape of an electromagnetic shower induced by an
electron differs significantly from a hadronic shower induced by pions or other hadrons.
It is described with the ratio of the energy measured in the 3 x 3 and 5 x 5 crystals
surrounding the peak of the energy deposition. The ratio of energy and the momentum
is directly related to its rest mass. Although the resolution of the energy measurement
is not good enough to measure the mass directly, it adds important information to the
particle identification.

Muons vs. rest : The muon identification solely is based on information from the KLM.
The only charged particles reaching the KLM are muons. Therefore it is only tested if the
extrapolated trajectory of the charged track is near a hit in the KLM. The likelihood curve
is formed from the distance to the nearest hit.

A detailed description of the particle identification can be found in Reference [[17].

3.4.2 Simulation

The following analysis was developed while extensively employing simulated data. Multi-
ple software packages are used in the course of the simulation. The decays of all particles
were simulated using EvtGen [[18]]. In this step, the momenta and decay vertices of the
primary particles are determined. This includes all intermediate particles in the decay
chains and the final state particles, but not particles arising from the interaction with the
detector. This interaction and the response of the detector is simulated using the software
package GEANTS3 [[19].

The simulation only covers the interaction originating from the primary particle and its
decay products. Other effects are not simulated. Therefore the so-called beam background
is added to the simulated events. This denotes background originating from interaction of
the electron and positron beam with itself or the beam gas. As this cannot be simulated
accurately, a special data set is recorded at random points of time, where most probably
no e*e” interaction is taking place and only beam background is occurring. One event
from this randomly triggered data set is added to each simulated event.

Multiple samples of simulated data were prepared by the Belle collaboration. They often
are referred to as Monte Carlo (MC) data.

Generic MC: For background studies, samples of b — ¢ processes were prepared. They
contain all known b — c¢ transitions which are produced according to their branching
fractions. Depending on the charge of the decaying B mesons, the Monte Carlo samples
either are denoted as charged (B*B™) or mixed (B°B°) generic MC. There are ten data
samples available, each of them corresponding to the total integrated luminosity of the
Belle data set.
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Continuum MC: The background contribution from e*e™ — qq (¢ = u,d,s,c) is also
simulated. The simulation needs to describe the hadronization of the quarks. This is
performed by the software packages PYTHIA and JETSET [20].

b — ulvy, MC: The b — ufv, MC contains B — X, {v, decays, where the X, system is
the product of a b — u transition, e.g. a pion or a p meson. The available data sample
corresponds to 20 times the total integrated luminosity of the Belle data set.

Rare MC: The rare MC contains all B decays not covered by the two types of MC above.
This includes semileptonic decays like B — K*1"7~ but also hadronic decays like
B* — K*n° or decays with a photon in the final state as B* — K**y. These decays
typically have a very small branching fraction lower than 10~*. The available data sample
corresponds to 50 times the total integrated luminosity of the Belle data set. In principle,
also the signal decay B* — 1% v_ is part of this sample, but it is removed as the signal
contribution is treated separately.

Signal MC: The signal decay B* — t%v_ was simulated 10 million times. This large
number is necessary as different samples are required for different steps of the analysis
and a signal sample must not be used twice to avoid the influence of fluctuations in a
single data sample.
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Many of the methods used in this measurement have been used before. Generic techniques
like the identification of charged particles, the determination of decay vertices, or the
simulation of production and decay of particles, are the product of collaboration-wide
efforts and are used frequently in different kinds of measurements. The following methods,
though not developped especially for this measurement, have been studied and modified
to take into account the peculiarities of the studied process. The fact that this is the
analysis of a rare decay with a very specific detectable signature makes it necessary to
adjust the following techniques. Or the first usage and the resulting validation is an
integral part of the improvement of this measurement over previous ones.

4.1 Semileptonic B reconstruction

The detectable signature of a B — 17 v_ decay is often only one charged track. To
reconstruct a single charged track from a certain decay and distinguish it from tracks
originating from other processes is experimentally challenging, especially if this track is
the product of a multi-body decay with no particular momentum or other properties. So to
be able to identify the desired decay additional information is necessary. This information
can be gained by reconstructing the other B meson in the event, often refered to as tag B
meson or B,,,, which is produced accompanying to the signal B meson in the decay of the
T(4S) resonance.

The combination of both B mesons in an event is identical to the reconstruction of
the T(4S). That’s why this technique is often called full reconstruction or full event
interpretation.

In this thesis, a B,,, reconstruction algorithm is used, which is similar to the already
existing hadronic full reconstruction algorithm [21]]. This was used in a variety of analysis
(e.g. References 23]). The newly developped tagging algorithm reconstructs the
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semileptonic decay channels

B — D®~¢*y, and

BT — D(*)O€+Ve,

where £ can be either an electron or a muon and D™ is either a D meson or the excited D*
meson. These decay channels have a very large branching fraction 0.16 in sum, but the
fact that the neutrino cannot be reconstructed reduces the number of possible kinematic
constraints. For this analysis, only the reconstruction of charged B mesons is used.

The semileptonic B reconstruction follows some basic principles: A high number of decay
channels are reconstructed; the selection is performed as loose as possible taking into
account the limited computing resources; the selection is performed using the multi-
variate selection package NeuroBayes, following the same hierarchical structure as the
reconstruction, illustrated in Figure

Figure 4.1: Illustration of the hierarchical structure of the semileptonic B meson recon-
struction. Taken from Reference [[24].

The whole algorithm, including a description of the reconstructed decay channels and the
variables used for the training of the multivariate selection is described in great detail in
Reference [24].

4.1.1 Selection and decay channels

The primary way of selecting intermediate particles and B-meson candidates is a cut on
the product of the output of the multivariate discriminator (4") of the daughter particles.
It is applied to reduce the amount of reconstructed candidates to a degree, where the
required computing time is reasonable. It is chosen in such a way that a maximum of 10
% of the signal is lost, but the signal to background ratio is increased by at least a factor
of ~ 20.

Other selection is also applied as listed below. Only cuts which have a signal efficiency of
nearly one are applied in addition to the multivariate selection.
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4.1. Semileptonic B reconstruction

4.1.1.1 Final state particles

The following particles have a relatively long lifetime and are thus considered stable in
the frame of experimental particle physics. They can be directly detected by the Belle
detector and are often refered to as final state particles.

Photons: Photons which are used to form n° and D* candidates are required to have an
energy larger than and 30 MeV and 50 MeV, respectively.

Charged particles: Tracks which are measured in the CDC are produced by long-living
charged particles. They are required to have a distance to the interaction point along and
perpendicular to the beam direction smaller than 2 cm and 4 cm, respectively. Tracks
which are asumed to be kaons must be identified as such by the particle identification.
This is only required for kaons since they suffer from the large background from charged
pions.

4.1.1.2 Intermediate particles

70 Neutral pions are reconstructed as ° — yy. The spatial resolution of photons is very
bad compared to charged tracks due to the limited spacial measurement capabilities of the
ECL. To compensate for this, the tracks of the two photons are fitted to originate from a
common vertex under the constraint of the known invariant mass of the °. The invariant
mass of the two-photon system before this fit, M,.., must satisfy |M,, —m .| < 19 MeV/ c?,
where m_, is the invariant mass of the 7° [3]].

K?: K candidates are reconstructed as K{ — n* 7. The K candidates must lie within
30MeV of the nominal Kg mass [3]].

4.1.1.3 D mesons

The D° and D% mesons are reconstructed in different decay channels, which are listed in
Table[4.1and respectively.

The selection criteria again are very soft to maximize the potential reconstruction efficiency.
The momentum of the D° meson in the T(4S) center-of-mass system (CMS) is required
to be smaller than 2.6 GeV/c. This suppresses background from e*e™ — cc events, where
the D mesons tend to have larger momenta. Further, the invariant mass of the D°-meson
candidate must lie within 40 or 60 GeV/c? of the mass of the D meson, depending on the
decay channel.

To increase the resolution of the D**-mass measurement, not the mass itself but the
difference of the mass of the D*° and the D° candidate is considered. This mass difference
is denoted as AM. It is required to satisfy 132MeV/c? < AM < 152MeV/c2.

4.1.1.4 B mesons

Finally, B mesons are reconstructed in the decay channels listed in Table No further
selection is applied to the B mesons.
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Decay channel Branching fraction (%)
D’ - K ntn® 13.9 £ 0.5
D°>K ntrntn 8.1+0.2
D° - K mtn n° 52+0.6
D’ K m" 3.9+0.1
D° - K mtm~ 2.8+0.2
D°— ntn O 1.4+0.1
D° —» K n° 1.2+0.1
D° - K K'K~ 0.5+ 0.03
D° > KK~ 0.4+ 0.01
D° —» mtm~ 0.1 £0.003
Sum 37.5 +£0.85

Table 4.1: List of reconstructed D°-decay channels and their branching fractions.

Decay channel Branching fraction (%)

D — DO 61.9+ 2.9
D*° — D% 38.1+£29
Sum 1000

Table 4.2: List of reconstructed D*°-decay channels and their branching fractions.

Decay channel Branching fraction (%)

B* = Duty, 5.70 £ 0.19
Bt — D %"y, 5.70 £ 0.19
B* - D°u*v, 2.26 £0.11
B* — D%, 2.26 £0.11
Sum 15.92 £ 0.44

Table 4.3: List of reconstructed B*-decay channels and their branching fractions.
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4.1. Semileptonic B reconstruction

4.1.2 Training of multivariate discriminator

The training of the multivariate discriminators (MVD) is performed using a simulated
data sample of 150 x 10° BB pairs, which decay generically, thus in all known b — ¢
decay channels.

The variables used as input are chosen to be uncorrelated to the angle between the
reconstructed B-meson candidate and the D{ system, cos 05 ;. In this way, it can be
used for additional selection or for the extraction of the number of correctly reconstructed
B mesons at a later stage.

The trainings of the MVDs related to final state particles, D mesons, and D* mesons are
the same as in the existing hadronic tagging algorithm. Nearly all available information is
used in the training. Commonly used variables are: the reconstructed energy, mass, and
momentum of the particle candidates; the masses and ouputs of the MVDs of daughter
particles; and spacial information like the distance to the interaction point. Additionally,
particle-type specific information like particle identification information and the output of
certain sub-detectors is used.

The variables used in the training of the MVDs related to the tag B mesons are as follows:
N ehildren: The output of the MVDs of the daughter particles.
Mp: The reconstructed mass of the D* meson.
D-meson decay channel: A discrete identifier for the decay channel of the D meson.

cos 05: The angle of the reconstructed B-meson candidate with respect to the beam in
the CMS.

Pseudo helicity angle of the D® meson: The cosine of the angle between the D™
meson boosted in the direction of the B meson and the B meson in the CMS.

D/{ distance: The spatial distance between the reconstructed D-meson vertex and the
helix of the lepton.

D¢ angle: The angle between the D™ meson and the lepton in the CMS.

In the case where the B meson decays to an excited D meson, the following variables are
used also:

D*-meson decay channel: A discrete identifier for the decay channel of the D* meson.

AM: The difference between the reconstructed masses of the D*- and the D-meson
candidate.

4.1.3 Reconstructed B mesons

To illustrate the performance of the tagging algorithm, an exemplary sample of recon-
structed events is shown. Throughout the following analysis, the B,,, is never reconstructed
alone, rather the event is reconstructed as a whole. Therefore the output of the tagging
algorithm is shown for a sample with a preselection motivated by the analysis. Namely, the
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presence of no additional charged tracks in the event, no additional 7° candidates, and a
maximal amount of additional energy deposited in the calorimeter. For such a sample of
simulated data, which consists of a B,,, and charged track, consistent with the hypothesis
to be a muon, the distribution of cos 6 p, is shown in Figure The variable cos 0 ),
is the angle between the momentum of the B meson and the D*¢ system, calculated
under the assumption, that only one massless particle is not reconstructed. It is given by

2EpeqmEpeg — Mg —M?
2DPpPry

where E,,, is the energy of the beam in the CMS, Epu),, M ;m , and py,, are the energy,
mass and momentum of the D®{ system in the CMS, respectively, M is the nominal
B-meson mass , and py is the nominal B-meson momentum in the CMS, calculated
from the beam energy and the nominal mass.

For correctly reconstructed B mesons, cos 05 ), has values between —1 and 1, as is the
case for the majority of the green component in Figure Signal B mesons, which are
partially correctly reconstructed (e.g. B mesons where the y or ° from the D*° decay is
not reconstructed) still peak around zero but are more wide distributed. The background
is distributed over a much wider region, especially towards high values of cos 6 pc,-
The peaking structure in the background comes from the selection on p;gmd , which is
correlated to cos 6 pe,-

()¢

cos O peyy = , (4.1)
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Figure 4.2: Distribution of cos 6; j), for a sample with a preselection motivated by the
following analysis. The red component shows the background, the green
component the signal, and the orange component the partially correct recon-
structed B mesons.

The output of the MVD algorithm is shown in Figure To illustrate the composition
of the distribution, it is also plotted separately for B* — D% v, and B* — D*°{ v, decays.
The loss of signal efficiency (including partially correctly reconstructed signal) and the
background suppression is shown in Figure It is clearly vieable, that a selection on
Nrag T€duces the background stronger than the signal. Choosing the optimal requirement
in the context of this measurement will be described later.
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Figure 4.3: Distribution of the output of the MVD for different samples. The red compo-
nent shows the background and the green component the signal including
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Figure 4.4: Signal and background efficiency for a wide range of cuts on A,,.
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4.2 Continuum suppression

The background arising from e*e™ — qG(q = u,d,s,c) events is often refered to as
continuum. Its characteristics, like the spatial distribution of the final state particles,
differ significantly from events containing B mesons. On the other hand, its theoretical
description and therefore also the simulation of such events suffer from high theoretical
uncertainties related to the fragmentation processes. They are difficult to describe in
the frame of quantum chromo-dynamics. So the suppression of such background is both
possible and necessary.

Therefore, an algorithm, which suppresses continuum background based on a hierarchical
system of multivariate selection algorithms, is implemented. This kind of algorithm was
already used in similar form in other analysis 26]].

In events, where two B mesons are produced, they are nearly at rest in the CMS. As the
decays of B mesons have no preferred spacial distribution, they decay nearly isotropically
in the CMS. In contrast to this, lighter quarks have a significant momentum in the CMS and
therefore the hadronization products fly back-to-back and tend to form jet-like structures.
So several variables, describing the shape of the event, are calculated and combined with
multivariate selection methods, based on the NeuroBayes algorithm [27]]. For some of
the variables, the information originating from one reconstructed B meson is used. Since
more information is available from the B,,, meson, this is used. In contrast to the case,
where one B meson is fully reconstructed, here some kinematic information is missing,
due to the presence of the neutrinos. Therefore some of the variables have less separation
power than in other analysis, which use a similar approach.

The following variables are used:

cos 0z: The angle 6; is the angle between the z axis (given by the beam direction) and
the flight direction of the B meson. The spin 1 — 0 0 decay Y(4S) — B*B™ leads to a
sin® @, distribution, where this is flat for background, which just consists of randomly
combined tracks.

Az: The decay vertex position difference in z direction is determined, using kinematic
fits to extract the individual decay vertices of the two B mesons. All tracks, originating
from the B,,, meson are fitted to a common vertex, taking into account the fact that a B
meson most likely decays in a tube around the interaction region.

All remaining tracks again are fitted to a common vertex, where most of the time only the
signal tracks contribute to the fit, so again the constraint related to the tube around the
interaction region is used. The value of Az then is given by z, — 2,

Since the distribution of correctly reconstructed B mesons follows the exponential decay
curve with the significant B-meson lifetime, it is different from the background distribution,
which tends to peak at zero.

Second Fox-Wolfram moment R,: The Fox-Wolfram moments are variables, which take

into account all charged tracks in the event and describe the shape of the event using Leg-
endre polynomials. So in principle, there is an infinite number of Fox-Wolfram moments,
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but in the past, the second moment proved to be especially good in separating B from
continuum events. It is calculated with

AT
Pi||Pj|Pk(C05 Qij)
Hk = Z EZ
i,j vis

H
Rk == _k,

H0
where N is the number of charged tracks in the event, p; is the three-momentum of the ith
charged particle, P, is the kth Legendre polynomial, 6;; the angle between the momenta

of the ith and jth particle, and E,; the sum of all measured energy in the event.

Thrust Axis Angle: The thrust axis T is the axis, which maximizes the expression
> IB T
S
> 1B
i

The index i runs over one of the following sets of particles: those used in the reconstruction
of the B,,, meson; the particles which are not used; or all particles in the event.

For qg continuum events, this axis more likely points into the direction of the beam, due
to the jet-like structure of such events. In contrast, B mesons decay nearly isotropically, so
the thrust axis is distributed more uniformly. To separate BB events from G continuum
events, both the angle between the thrust axes of the reconstructed B meson and the rest
of the event and angle between the B-meson thrust axis and the z axis are calculated.

T

Super Fox-Wolfram moments K;: The Super Fox-Wolfram moments are a modification
of the normal Fox-Wolfram moments. Instead of summing over all detected particles, a
combination of final-state particles of the reconstructed B meson (s) and the remaining
particles in event (o) is formed. Three possible combinations exist: R}’, R}, and Ry’.
Several of the theoretically infinite number of moments are picked to deliver the best signal
and background separation and not to influence other variables, which are important in
later stages of the analysis.

CLEO Cones: The CLEO Collaboration introduced the CLEO cones variables to suppress
background from e*e™ — qg events in charmless hadronic B decays [28]], very similar
to this analysis. The thrust axis of the B,,, meson is calculated and the space around is
divided in nine polar angle intervals of 10° each. For each of them, the scalar momentum
flow through the cone of all particles is calculated.
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4.2.1 Combination

The CLEO cones, the thrust axis angle, and the modified Fox-Wolfram moments are sepa-
rately combined with a multivariate selection algorithm. Afterwards they are combined
together with R,, cos 05, and Az to a single separation variable, further denoted with .A,,.
The training of the selection algorithm is performed using a sample of simulated B* —
7+, decays and a randomly decaying second B meson as signal and continuum events as
background. Both these data samples were processed according to the following analysis.
The comparison of the resulting performance on a sample with arbitrary signal to back-
ground ratio can be seen in Figure The combination of the CLEO cones and the
modified Fox-Wolfram moments gives a better separation than the individual methods,
and adding cos 65 and R, also improves the result. However, adding Az only results in a
negligible improvement. This is not that unexpected, since both on the tag and the signal
side substantial information is missing due to the presence of neutrinos in the decay.
The combination without the Az information is chosen as the selection variable to avoid
possible additional systematic uncertainties.

In Figure the distribution both of the signal and the background contribution is shown,
which illustrates the achieved separation.
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Figure 4.5: Comparison of different combination of continuum suppression variables on
a sample with arbitrary signal to background ratio.
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Figure 4.6: Distribution of the continuum suppression variable on a sample with arbitrary
signal to background ratio. The red marker show the background and the
blue ones the signal distribution.
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5.1 Full event reconstruction

The reconstructed decay channel B* — t*v_ leads to very few detectable particles in the
final state. Depending on the decay channel of the 7 lepton, this is often only a single
charged track or a charged track and an additional 7°. Since exclusively reconstructing
these particles would lead to an immense amount of background, the full reconstruction
technique is used. Here, the semileptonic tagging algorithm described in Chapter
is used to reconstruct the event as a whole. Since the initial state of the event is very
well known, additional constraints can be applied. In essence, the T(4S) is reconstructed
and selected. In the following, the B meson reconstructed in the the decay B* — v v_ is
called By, and the one reconstructed by the tagging algorithm B,,,.

The 7 from the signal-side decay is reconstructed in the decay channels listed in Table
The charged particles in the final states of these decays are reconstructed from tracks in the
CDC and the SVD and the n° is reconstructed as m° — yy. The photons are reconstructed
from clusters in the ECL which could not be matched to charged tracks. The B* — t*v,_
candidates are combined with the B,,, candidates to ensure that no track or cluster is
used twice in the reconstruction of the full event.

Decay channel Branching fraction (%)
Tt > ety 7, 17.4 £ 0.4
- utry, 17.8 £ 0.4
Tt >ty 10.8 £ 0.6
t > pt (- ntn®) v, 25.5+0.9
Sum 725+ 1.2

Table 5.1: List of reconstructed 7-decay channels and their branching fractions.

33



5. Reconstruction

5.1.1 Background composition

After this reconstruction is performed, the data sample consists of both the desired
B* — t*y_ decays and incorrectly reconstructed background events originating from
different kinds of processes:

Generic b — ¢ events: Semileptonic decays like B¥ — D%* vy, lead to a significant
amount of background. Their branching fraction is high, as already discussed in the
explanation of the semileptonic tagging, and a lepton with a similar signature as in the
signal decay is produced. There are decay modes of the D meson with final state particles
which are hard to detect; additionally long living, neutral kaons are hardly detectable
with the Belle detector and also neutral pions are missed regularly in the reconstruction,
especially low energetic ones.

Rare B decays: Rare decays denote all kinds of B-meson decays without a b — ¢ transition.
Their branching fractions typically are very small, but they can produce final states, which
are easily reconstructed as a signal event. For instance the neutral pion from the decay
B* — %" v, can be missed in the reconstruction of the event. Other similar decays also
contribute to this kind of background.

Continuum events: Continuum events contain background from e*e™ — qq (g = u, d, s, ¢)
and two-photon events. The fact that no B meson is produced requires the coincidental
combination of tracks to a By, B,,, combination. Pairs of leptons are often produced by
the conversion of photons, which then can be taken as candidates for the signal-side
particle and the lepton on the tag side. Additionally, other tracks in the event can be
combined to a D-meson candidate by chance.

5.2 Selection

Since the presence of more than one neutrino in the decay of the T lepton does not allow
for strong kinematic constraints, the selection is performed mainly by vetoes and other
kinds of selection variables. Only weak kinematic constraints are applied. The actual
values for the selection requirements are optimized using Monte Carlo simulated data,
which will be described later on.

The following variables are used for selection:

Nag: The output of the multivariate selection algorithm of the B,,,. Since the network
output is related to the probability of the B-meson candidate to be reconstructed correctly,
all candidates are treated equally, independent of their decay channel.

cos 0 e : The angle between B meson and the D{ system on the tag side under the
assumption, that only one massless particle is missing in the reconstruction of the decay,
defined in Equation
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5.2. Selection

Egq: All depositions in the electromagnetic calorimeter are tested if they fulfill the fol-
lowing conditions:

e They do not originate from a photon used in the reconstruction of the T(4S).

e They are either not matched to a charged track at all or if they lie near to another
cluster matched to a charged track, the ratio of the energy in the nine calorimeter
cells to the 25 cells around the center of mass is greater than 0.94.

e Their energy is greater than 50, 100, or 150 MeV if they lie in the barrel, forward
end cap, or backward end cap region, respectively.

The energy of all photons fulfilling these criteria is summed up.

Impact parameters dr and dz: The transverse (longitudinal) distance of the interaction
point and of the point of closest approach of the according track in the plane orthogonal
to the beam direction.

p;(*): The absolute value of the momentum of the D, or D* meson if present, in the CMS.

tag

p:ig: The absolute value of the momentum of the signal-side particle in the CMS.
p, : The absolute value of the momentum of the tag-side lepton in the CMS.

tag
PID, ;,7vs. K+ The particle identification variables described in Sectionw

M+ o For the decay channel T+ — p*v_, the invariant mass of the " n° combination.
Nest The output of the continuum suppression MVD, described in Chapter 4.2]

fagax - 111 the decay channel T+ — e*v_v,, a significant background arises from events
containing converted photons. To suppress this, the electron used in the reconstruction
of either B, or B,,, is combined with every other oppositely charged track in the event,
where the unspecific tracks are assumed to be electrons. The minimal invariant mass of
all two-track combinations in the event is taken as selection variable.

5.2.1 Signal-side separation

The three reconstructed signal-side decay channels with only one charged track in the
final state may contain a different amount of background candidates. Therefore they
are separated using the particle identification variables. This is done in a way, that a
candidate is never reconstructed in two signal-side decay channels simultaneously. The
selection is applied for the charged track in the final state of the T decay. The separation
is done with

" —u*v.v,: PID,>0.9

vt —>e"v.¥,: PID, <0.9andPID, > 0.9

Tttty PID, < 0.9 and PID, < 0.9.
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5. Reconstruction

5.2.1.1 Vetoes

The strongest constraints, which only are possible due to the semileptonic tagging, are
the vetoes. One of them is the 7° veto and the other one the charged track veto.

The criterion for an event to be rejected by the ©° veto is the presence of a good m°
candidate, which is neither used in the signal or the tag side reconstruction. A good 7°
candidate is the combination of two photons with an invariant mass of |[M,, —m_| <
16 MeV/c2.

Since there are a significant amount of incorrectly reconstructed charged tracks, excluding
all candidates with an additional charged track might not be the optimal choice. A way to
distinguish between correctly and falsely reconstructed tracks is their impact parameter,
since fake tracks tend to have, more so than real tracks, a tendency to high impact
parameters.

So the impact parameter cut is varied in dr and dz. For each set of cuts, the number of
events passing the veto is evaluated and the figure-of-merit Ny /+/Ng + Nj is calculated,
where N is the number of signal events and N the number of background events after
the according selection is applied. The veto rejects all candidates with at least one charged
track passing the impact parameter cuts. So a wider impact parameter cut leads to a more
restrictive veto, since more tracks are taken into account.

The efficiency reduction for signal and background events is shown in Figure and the
resulting figure-of-merit in Figure This gives an optimal set of cuts of dr < 20 cm
and dz < 100 cm.

> >
g 1.0 . g 1.0 ey
[ MR SRR . [} ¢ . .
S o4 ¢ S o8 ¢
E =E
i w
L .
0.6 0.6/
L
L
L . ° L]
0.4 * * . 0.4 * .
0.2 0.2
0% 20 40 0% 50 100 150 200
dr cut (cm) dz cut (cm)

Figure 5.1: Efficiency reduction for signal and background, dependent on the impact
parameter cut. The blue (red) dots show signal (background). The left (right)
plots shows dr (dz).
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Figure 5.2: The figure-of-merit, dependent on the impact parameter cut. The left (right)
plots shows dr (dz), where the selection on dz (dr) is fixed to the optimal
value.

5.2.2 Selection optimization

The selection on A, €086 pegs PID g ksigr Mo, and Ag is optimized. The other
selection criteria are motivated by standard procedures in the Belle collaboration or
constraints from later stages of the measurement. The optimization is performed by
simultaneously varying the selection requirements and thereby maximizing the figure-
of-merit. Both numbers are extracted from Monte Carlo simulated data samples in the
region of Exy < 0.2GeV. As background sample, generic b — ¢ decays and e*e”™ —
qq (@ =u,d,s,c) continuum events are used. As signal, a sample of 2.5 x 10° simulated
signal events is used and weighted according to the world average of 8(B* —» t*v_) =
(1.05 +£0.25) x 107* []. The optimization is illustrated in Figure for two of the
variables. The optimization leads to the selection criteria listed in Table

- utvy, ttoety v, Tt oty Tt pty,
Egcr, Egcr, > 1.2GeV
p;g 0.5GeV/c < p:‘ig <2.4GeV/c
pzag pzmg > 0.3GeV/c
p¥.. P, <2.5GeV/c
o o
drgig dr <2 cm
dzgig dz <4 cm
Niag Niag > 0.0066 Niag > 0.0075 Niag > 0.02 Niag > 0.009
€0s 6 pg —1.7<cosOp pyy <1  —1.9<cosbppeyy <1 —1.3 <cosbppeyp <1 —2.6 < c0s 0 g <1
PID,;ys i sig PID ;s i5ig > 0.2 PID,;ys isig > 0.6
M+ 0 |Mp+ 70 —mp+| < 0.195GeV/c?
Nes Nes > —0.5 Nes >—0.5 Nes > 0.75 Nes >0
My, x My, x > 0.2GeV/c?
My, x My, x> 0.2 GeV/c?

Table 5.2: Applied selection criteria.
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Figure 5.3: Illustration of the optimization of the selection criteria. The selection criteria

not shown are fixed to their optimal value. The lines indicate the chosen value
for the selection.

5.2.3 Best candidate selection

After all selection, there still are multiple candidates in 7% of all signal events. Most of
them only differ in the particle hypothesis of the lepton on the tag side. Different ways
of selecting the best candidate are tested and compared. They are listed in Table
together with the fraction of correctly picked candidates. The compared methods are:

e Picking the candidate by random.

e Picking the candidate with the highest output of the tag-side MVD.

e Picking the candidate with the value of cos 03 pw, closest to zero.

e Picking the candidate with D candidate on the tag-side closest to the nominal
D-meson mass.

Since A{,, contains the full information of the tag-side lepton, it delivers the best result
and is taken as best candidate criterion.

Variable Correct Ratio
Random 0.50
Nag 0.70
€os O peg 0.57
M D 0.51

Table 5.3: Different ways of best candidate selection and the corresponding rate of cor-
rectly picked candidates.
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5.3 Efficiency

The signal reconstruction efficiency is determined using a sample of 2.5 x 10° simulated
B" — 77y, decays. In the simulation, the B,,, meson always decays in one of the
reconstructed B-decay channels. The resulting reconstruction efficiencies (including the
corresponding branching fractions) are given in Table The errors are determined
with

Nrec(Ngen - Nrec)

o, = 3 , (5.1)
gen

where Ny, is the number of generated and N, the number reconstructed signal events.
These errors are later on treated as systematic errors.

The contribution from incorrectly reconstructed signal is given by T(4S) candidates, which
are reconstructed in the correct signal decay channel, but at least one of the contributing
particles is reconstructed falsely. In the predominant part of these cases, the y or ©° from
the D*° decay on the tag side is either incorrectly reconstructed, or not reconstructed at
all. This is reflected in the low fraction of this component in the tag-side decays without
a D* meson. This component is treated as signal, since the difference in Eg and other
distributions is very small and it cannot be separated.

The cross-feed component denotes candidates which are reconstructed in the wrong signal
decay channel. For the signal decays ©* — e*¥,v, and 7% — u*¥_v,, this fraction is low.
But for the other two decay channels, there is a considerable amount of cross feed. The
dominant contribution in t+ — p*¥_ comes from v+ — af(— n*n°7°) v, decays, where
in 7% — 77 %_ more channels contribute. The efficiencies, by simulated and reconstructed
decay channel are listed in Table
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Signal Decay Tag Decay correct (inc BR) incorrect (inc BR) cross feed (inc BR) overall (inc BR)

Tt —>et VeV, Bt — DOt v, 1.12+0.03 0.17+0.01 0.05+0.01 1.34+0.03
Tt —>et VeV, BT — Do,u+ Vu 0.95+0.02 0.08+0.01 0.01+0.00 1.04+0.03
tt—etv. ¥, BY—>DOety, 0.64£0.02 1.93+0.03 0.09+0.01 2.67+0.04
Tt —>et VeV, Bt — D*O,uJ' Vu 0.63£0.02 1.71+0.03 0.03£0.00 2.37£0.04
Tt —>et VeV, -sum - 3.34%+0.05 3.90+0.05 0.18+0.01 7.42+0.07
Tt —>ut vf_u BT — DOt v, 0.87£0.02 0.10+0.01 0.06+0.01 1.03+0.03
tt>ut Ve _u BT — D0u+ Vu 0.59+0.02 0.06+0.01 0.08+0.01 0.73£0.02
Tt >ut vf_u BT — D*0e* v, 0.55£0.02 1.47+0.03 0.10£0.01 2.12+0.04
Tt ut Ve _u Bt — D*Ou+ Vu 0.39+0.02 1.07+0.03 0.17£0.01 1.62+0.03
Tt >ut Ve _u -sum- 2.41+0.04 2.70+0.04 0.40+£0.02 5.51+0.06
> nty,  B*— D%y, 0.31£0.01 0.04+0.01 0.53+0.02 0.89+0.02
> nty,  B*—>D%utv, 0.27+0.01 0.02+0.00 0.43+0.02 0.71+0.02
Tt >t Ve Bt — D*0e* v, 0.19£0.01 0.43+0.02 1.02+0.03 1.65+0.03
Tt >t Ve Bt — D*Ou+ Yy 0.21+0.01 0.41+0.02 0.85+0.02 1.48+0.03
Tt >t Ve -sum - 0.98+0.02 0.91+0.02 2.84+0.04 4.73+£0.05
= ptv,  B*—D%*tv, 0.58+0.02 0.16+0.01 0.2940.01 1.03+0.03
ttopty,  BY—>D%utv, 0.55+0.02 0.13+0.01 0.28+0.01 0.96+0.02
tt > p*ty, Bt - D®Pety, 0.35+0.01 1.48+0.03 0.9240.02 2.75+0.04
> pty, BT —>D%uty, 0.37£0.02 1.44+0.03 0.79£0.02 2.60£0.04
" p*vr -sum- 1.85+0.03 3.21%+0.05 2.27+0.04 7.33£0.07

- sum - -sum - 8.58+0.07 10.72+0.08 5.69+0.06 24.98+0.12

Table 5.4: Reconstruction efficiencies

(1079, including the relevant branching fractions.

Final State  e*v, v,  utv, v, T, ntnfy,
et v, v, 7.2+0.1 0.1£0.0 0.2+0.0 0.1+0.0
v, v, 0.1+£0.0 51+0.1 0.7+£0.0 0.2+0.0
AR 0 0.1£0.0 1.9+0.0 0.5+0.0
ntnfy, 0 0.1£0.0 1.6+0.0 51+0.1
ntnfn®y, 0 0 0.2+0.0 1.3+0.0
Other 0 0 0.1£0.0 0.2+0.0
All 74+0.1 55+0.1 47+0.1 7.3+0.1
Total 25.0+0.1

Table 5.5: Reconstruction efficiency (10™*) for each 7 decay mode, determined from MC.
The row denotes the generated decay mode, and the columns represent the
reconstructed final state. The off-diagonal entries reflect the cross-feed between
channels.
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6. Validation

In this chapter, the different validations and tests, which are performed in the course of the
measurement, are described. This analysis requires an thourough study of certain aspects,
since it relies, more than other measurements, on the correct reproduction of physical
processes in their simulation. The individual sections in the chapter are independent of
each other as each of them describes the investigation of a different aspect of the analysis.

6.1 Tag-side efficiency correction

The semileptonic tagging method heavily relies on the correctness of the simulation of the
physics processes and the detector response. Mismodeling of variables, which are used in
the trainings of the according MVDs may lead to differences in the output distributions
between data and MC.

A good understanding of potential differences between data and MC is crucial for the
following analysis for multiple reasons: The efficiency in reconstructing B* — 7%v_
decays is obtained using simulated data and directly enters the determination of the final
result of this analysis. Also discrepancies in the distribution of certain observables need
to be understood to be able to use simulated data for the determination of the number of
reconstructed signal decays.

To be able to study the signal component of any decay which is reconstructed using the
semileptonic tagging, a sizeable data sample of correctly reconstructed decays is required.
So other decay channels, in addition to B¥ — 7*v_, with higher branching fractions
are reconstructed. Since the chosen decay channels are similar to the ones used in the
semileptonic tagging algorithm, this is often referred to as double-tagging.

These double-tagged samples are used to estimate a potential correction of the recon-
struction efficiencies of the tagging algorithm. To do this, the branching fraction of the
signal-side decay is measured and compared with the world average of the corresponding
independent measurements. Under the assumption, that the efficiency of the signal-side
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reconstruction is correctly modeled by the MC simulation, this comparison can be used to
obtain the efficiency correction.

6.1.1 Double-tagged reconstruction

For the signal-side reconstruction, the following decays, denoted as control channels,
were chosen:

° B+ — D*O(—) DOTCO)€+V€
° B+ — D*O(—> DO')/)£+V[
e Bt - Dn*,

The D° meson is always reconstructed in the decay channel D° — K~ r™.
These decay channels were chosen because of their high branching fraction (B* —
D*°0*v,) or because they allow for a very good background suppression (B* — D°z*).

6.1.1.1 Selection

The following selection criteria are applied to the particles on the signal side:

e Bt - D%ty

€os 6 pergge:  —5 < €08 O peagg, < 1.5
MKn,sig: |MKn,sig - mD0| <35 MeV/C2
AM: |AM — AMpp| < 8 MeV/c?
PID,(u): PID,>0.9

PID,(e): PID,<0.9 and PID, > 0.9

e B > Dn™:
MKrr,sig: |MKn,sig - mD0| <35 NIeV/C2
AE: |AE| < 40 MeV
M, M,. > 5.2GeV/c?,
where AE is the difference between the energy of the By, candidate and the beam
energy. The beam-constrained mass M, is the reconstructed mass of the B, can-
didate with the energy substituted by the beam energy (E;_. ) and is defined as

M,. = \/ (E{;eam)z — (ﬁ;)z with p} beeing the momentum of the B, candidate.

sig
Tighter selection criteria have been tested, but there are significant discrepancies in the
signal distributions between simulated and real data, as can be seen in Figure These
differences potentially introduce additional inconsistencies which counteract the aim to
be as independent as possible from the reconstructed signal side. So the tighter selection
criteria are discarded.

The further selection is related to the nominal selection, listed in Table All selection
related to the B,,, and the event-wide vetoes are applied in addition to the signal-side
selection. The selection related to cos 63 p), and the two MVDs depends on the T-decay
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6.1. Tag-side efficiency correction

channel in the nominal reconstruction. A set of selection criteria is applied for each of
the T7-decay channels to each of the double-tagged samples, resulting in four samples for
each B-decay channel which only differ in the tag-side related selection.
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Figure 6.1: Comparison of real and simulated data in the mass of D-meson candidate
(left) and the mass difference of the D*- and the D-meson candidates (right)
on the signal side in B* — D*°(— D°r°)¢* v, decays.

6.1.2 Determination of number of reconstructed signal events

B* — D**£*y, decays: The sample of reconstructed B* — D*°£* v, decays still contains a
significant amount of background events. To extract the amount of correctly reconstructed
D*{ combinations, the cos OB,D(*)eSig distribution is fitted. The shape of both the signal and
the background component is determined using simulated data.
A binned maximum likelihood fit is performed for each of the B* — D*°¢* v, double-tagged
samples. An exemplary fitted distribution is given in Figure

B* — D°xnt decays: This decay channel is background free. There is a clear peak in
M, at the mass of the B meson without any background contribution and studies of the
simulated data samples show no peaking background component. The M, distributions
of the samples related to the 7% — u™¥.v, and ©™ — " ¥, decay channels are shown
in Figure Due to the much tighter 7+ — 7" ¥_ selection, there are considerably less
signal events.

Since there is no background, the number of reconstructed signal events can be determined
simply by counting.

6.1.3 Branching fractions

The extracted number of signal events N,
fraction with

%:&’

is used to calculate the corresponding branching
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Figure 6.2: Fitted cos 0 pey;, distribution of B — D*°(— D°n®)* v, decays with the
selection related to the 7% — u* ¥, v, decay channel. The data distribution is
given by the black markers, the total fitted distribution by the blue line, and
the fitted background distribution by the dashed, red line.
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Figure 6.3: M, distribution for the B* — D°n* double-tagged sample. The plots show
the sample with the selection related to the ©* — u*v_ v, (left) and the
T* — 1" ¥_ (right) decay channels.

where Ny; is the number of B-meson pairs in the data sample and e is the reconstruction
efficiency, taking into account the corresponding branching fractions of the intermediate
particles. The reconstruction efficiency is determined using a sample of 5 x 10° simulated
signal events.

The ratios of the measured branching fractions and their world averages are shown in
Table The factor for the same selection but different decay channels on the signal side
are in relatively good agreement. The small differences can be explained by statistical

fluctuations and the discrepancies in the AMj,. g, distribution which is used for the
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selection. Although the applied selection in this variable is very loose, it still might lead to
deviations. Therefore the selection will be varied and the differences taken as a systematic
error.

Comparing the different sets of selection, a clear trend is visible: The tighter the selection,
the larger the deviation from one. The deviation is significantly larger for decays containing
an excited D* meson on the tag side.

This can be explained by the distributions of variables which are used in the trainings of
the MVDs for the tagging algorithm, especially variables related to photons and the slow
70 originating from the D* decay. If these distributions differ in simulated and in real
data, as was already observed on the signal side in Figure this can lead to a wrong
efficiency estimation on real data.

Weighted averages are formed from these factors and shown in Table The errors
are statistical only. These averages will be used later on to correct the reconstruction
efficiencies which were obtained from MC.

Selection Tag side Decay B — D*(— D°n%)¢*v, B*— D*(—D%)*v, B*—-Dn*
- utvoy, -all- 1.02+0.02 0.90+0.04 0.92+0.05
Bt — D%y, 1.08+0.03 0.90£0.05 0.91£0.05
B* — D*0tty, 0.79+0.05 0.90+0.12 0.94+0.11
tt ety y, -all- 1.01+0.02 0.89+0.04 0.91+0.05
Bt — D%y, 1.07+0.03 0.90+0.05 0.90+0.05
Bt — D*0*y, 0.78+0.05 0.87+0.12 0.95+0.11
tt >ty -all- 0.85+0.06 0.9440.11 0.88+0.27
Bt — D% "y, 0.90+0.07 0.93+£0.12 0.69+0.27
Bt — Dty 0.69+0.10 0.99+0.26 1.38+0.68
- pty, -all- 0.98+0.03 0.89+0.05 0.94%0.10
B* — D% "y, 1.04+0.03 0.88+0.05 0.92+0.11
Bt — D*0¢ Ty, 0.75+0.05 0.94+0.12 1.03+0.24

Table 6.1: Ratio of measured branching fraction and the according world average for the
three control channels, determined in different tag-side decay channels and
with different selections, related to the reconstructed t-decay channels.

6.2 Egc. composition

The variable Eg, is crucial for the separation of signal and background. In contrast to
the naive expectation, the signal component is distributed over a wide range of E; and
can take values of up to a GeV. To understand the distribution, it is plotted for a sample
of simulated signal decays shown in Figure The distributions are separated by the
source of photons which enter the calculation of Eg . The signal-side and tag-side split
off contains photons which are the products of physics processes related to the By, or By,
respectively. The beam background consists of photons which are emitted by beam-related
processes as beam-beam scattering or synchroton radiation.

The dominant contribution in all signal decay channels is the tag-side split off. The B,,,
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Selection Tag side Decay Correction factor
> utv, v, BT—=D%, 1.01+0.02
> utv, v, BYf =Dy, 0.83+0.04
tt—>ety, v, BY—> D%y, 1.00+£0.02
tt>ety.v, B'—> D%y, 0.82+0.04
Tt sty B* — D%y, 0.90+0.06
>ty B* — D*%ty, 0.74+0.09
Tt - ptY, B* —» D%y, 0.9940.02

Tt ptY, Bt — D**y, 0.79+0.05

Table 6.2: Weighted average of the different control channels of the ratio of measured
branching fraction and the according world average, shown in Table The
errors are statistical only.

candidate often decays into a D*® meson, which further decays to a D° meson and a n° or
y. The following can happen: The n° is not reconstructed; or the D* meson candidate
is discarded due to the high background level in the D* decays and the decay of the B,,,
directly to a D° meson is taken as candidate.

This component and the beam-background related contribution are constant in the signal
decay channel, where the contribution from the signal side differs between the 7 decay
channel. The electron has a higher probability of synchroton radiation and therefore
additional photons are accounted for in Epy . Also the amount of cross-feed differs
between the signal decay channels. For t% — n*v_and " — p*¥_, there is a significant
amount of signal events, which contain an additional, undetected n°. For instance, in
the ¥ — p*¥_ channel, the real decay could be 7~ — 7~ 7°n°%_ and one of the neutral
pions was not reconstructed. One or both of the photons from the ©° decays then are
accounted for in the calculation of Eg;.

None of these observations stands in contradiction to the expectations based on previous
studies, for instance the investigation of the reconstruction efficiency in Section|5.3|
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6. Validation

6.3 Off-resonance data

A frequently used method to describe background originating from continuum processes,
t*1~, and two-photon events is to model its distributions using samples of simulated
events. It is tested, if this is possible for this analysis. Therefore the simulation of these
processes is investigated and validated. For this validation, a dedicated data sample is
available. This was recorded at an energy below the T(4S) resonance at 10.52 GeV. It is
reconstructed in the same way as the nominal data sample and contains all background
processes without a B meson, where the corresponding cross sections differ only slightly
due to the small relative difference in the center-of-mass energy. The total integrated
luminosity of this so called off-resonance data sample is 79.37fb™", which corresponds to
11.3% of the total on-resonance data.

To get a more statistically significant comparison, the selection criteria for A7, and
cos Oy pe, are released a little bit. Also the selection related to My ex and the continuum
suppression is not applied for this study.

The reconstructed data sample is compared with a Monte Carlo sample, which contains
e"e” - qq(q = u,d,s,c) events. The comparison in Eg is shown in Figure The
normalization disagrees in all signal decay channels, but only in the T+ — e*%_v, channel
also the shape is significantly different. There however, the shape of the Monte Carlo data
does not nearly describe the actual data, it even peaks at low values of Eg; like the signal
component.

6.3.1 Min M,

sig/ tagX

Several variables are investigated to find the origin of this disagreement. In one quantity,
the disagreement is especially prominent: The minimal invariant mass of the combination
of the lepton on either the signal or the tag side and any other particle. To extract this
information, the lepton is combined with all other oppositely charged tracks in the event
and the minimal invariant mass of all possible combinations is recorded. Often the combi-
nation of the signal- and the tag-side lepton yields the minimal mass, but not always. The
data and MC comparison is shown in Figure

6.3.2 Event investigation

The presence of a large number of events with low invariant masses hints at the presence
of converted photons. To further investigate this hypothesis, some of the events with a low
invariant mass are examined, using the Belle event display. Some of the corresponding
figures can be seen in Figures and They both show two charged particles, which
have an opening angle of nearly zero. This also is a hint for converted photons.

The possible corresponding processes like two-photon events or e*e™ — yy events are not
part of the investigated MC sample, so it is not surprising that there is a discrepancy.

48



6.3. Off-resonance data
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6. Validation

Zem

Figure 6.8: Event display of Experiment 41, Run 1130, Event 1021393.
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6.3. Off-resonance data

6.3.3 Conclusion

The background originating from converted photons is suppressed by introducing the
selection M x > 0.2 GeV/c? and My, x > 0.2 GeV/c? in the signal decay channel T+ —
e*v_v,. The loss in signal efficiency is about five percent in this channel. Additionally the
continuum suppression is applied.

The resulting comparison of real and simulated off-resonance data, again with a wider
selection in A;,, and cos 6 p),, are shown in Figure

The data and Monte Carlo distributions agree better than before the additional selection
was introduced but there still is a significant discrepancy. It is concluded, that the
corresponding background component cannot be described by the sample of simulated
data and it is necessary to use the off-resonance data for that purpose.
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Figure 6.9: Comparison of data and Monte Carlo simulation in Epy, using the off-
resonance region after the adjustment of the selection. The data distribution
is represented by the blue markers and the Monte Carlo expectation by the
orange boxes.
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6. Validation

6.4 Comparison of data and simulation in control samples

Another way of validating the simulation of the relevant processes is the comparison of
simulated and real data in sidebands or control samples. Three samples are chosen for
that:

e The nominal reconstruction with a cut Ep; > 0.2 GeV.

e The combination of a B,,, which is reconstructed in B® — D®)~¢* v, with a normally

tag
recontructed B,.

e One of the double-tagged sample, where the signal side is reconstructed in B* —
D°nt.

In the case of the first two samples, event-by-event weights are applied to account for
known discrepancies between MC and data, for instance the efficiency correction de-
termined in Section The double-tagged sample is not weighted since the tagging
efficiency correction is extracted from it.

The comparison in the Ey¢; sideband is shown in Figures[6.10/and|6.11} the comparison for
the B°-tagged sample in Figures and and the comparison for the double-tagged
sample in Figures and More comparisons are shown in Appendix Al
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6.4. Comparison of data and simulation in control samples

6.4.1 Eg sideband
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Figure 6.10: Comparison of the Eg; distribution of simulated and real data in the Egg
sideband, separated by the 7 decay channels.
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sideband, separated by the T decay channels.
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6. Validation

6.4.2 B°-tagged sample
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6.4.3 Double-tagged sample
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6. Validation

6.5 Charged track veto

To better understand the charged track veto, described in Section the additional
tracks are investigated. Therefore the selection is changed to veto only events with
additional charged tracks with impact parameters of dr < 2 cm and dz < 5 cm. The tracks
which could cause the event to be vetoed for the nominal selection are collected and
divided by their type and their origin. This is done for samples of simulated signal and
background events.

The tracks stem in almost all of the cases from charged pions or kaons, while the origin
of these particles widely differ. The particle types of the mother particles, scaled to the
overall number of events, are shown in Figure Since there is often more than one
charged track in an event, the sum of the shown numbers needs not to be smaller than
one. Most of the tracks are decay products of short living particles like D or p mesons.
They should have smaller impact parameters, so these tracks are either mismeasured or
they are found twice by the track finding algorithm. This happens frequently for particles
with a momentum small enough that they do not leave the CDC but their trajectory forms
a helix with multiple curls. The other source of additional tracks are long living hadrons,
like K, which are expected to produce tracks with large impact parameters. Charged
pions or kaons can produce additional tracks by hadronic interaction with the detector
material. A breakdown to the source of the track is shown in Figure

Overall, there are two dominant reasons for the larger number of charged tracks with
large impact parameters in background events: Background events most often contain
more particles which are not reconstructed or are incorrectly reconstructed. The overall
higher number of particles and mismeasured particles leads to a higher number of tracks
with high impact parameters. And background events often contain neutral kaons. They
decay in about two thirds of all cases to charged tracks which can have very high impact
parameters.

To take into account possible differences in the signal efficiency between real and simulated
data, a systematic error will be applied later on.
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Figure 6.16: Particle type of the mother particle of additional tracks. The left plot shows
the distribution for signal and the right one for background events.
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7. Branching fraction extraction

7.1 Description of the fit procedure

To determine the branching fraction of B* — 7% v_ an extended, unbinned, simultaneous
maximum-likelihood fit in two dimensions is performed. Additional to Eg the momen-
tum of the signal-side particle, p:ig, is used as observable in the fit. The shapes of all
contributions are determined using simulated or real data. To do this, known discrepancies
between simulated and real data are accounted for by weighting the Monte Carlo sample
event-by-event.

Since the individual background components cannot be separated based on the available
information, their relative normalization is fixed before the fit. For generic b — ¢ or rare
processes containing b quarks the available sample is scaled to the luminosity of the real
data sample. The background from non-b processes, like continuum or two-photon events
is described using the off-resonance data sample and scaled as described in Section |6.3.3]
The branching fraction is calculated in each of the signal decay channels d with

N, sig,d

BBt -1y )= ———,
( ) N xe,

where Nj is the number of B-meson pairs and €, the overall reconstruction efficiency
in the signal decay channel d. The number of signal events, N, 4, is constrained by the
known relative reconstruction efficiencies of the different signal decay channels to fit the
branching fraction simultaneously. So there are five free parameters in the fit: The signal
branching fraction and the normalizations of the overall background components in the
four signal decay channels.
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7. Branching fraction extraction

Summarizing, the fit procedure works as following:
e All simulated events are weighted to account for data / MC differences.

e The shapes of the individual components are determined, the off-resonance com-
ponent in Ep by a fit, the others using histogram probability density functions
(PDFs).

e The relative fractions of the background components are fixed.

e The signal decay channels are fitted individually to get a first estimate of the
background normalizations.

e The final, simultaneous fit is performed and the branching fraction is determined.

7.2 Component description

The overall PDF is defined as

P(EECL: p:ig) = Z [Nsig,dpsig,d (EECL’ p:ig) + kag,d Z Cd,ipbkg,d,i(EEcL: P:ig)],

d=e,u,m,p i

where d denotes the reconstructed signal decay channel, Ny, and Ny, the number of
signal and background events, respectively, ¢ the relative fraction of the background
components which are constrained by Y. ¢; =1, and P, and Py, the individual PDFs of
the signal and background components, respectively. For all components, except the signal
int" — n*v_and " — p*¥_ the PDFs are the product of two one-dimensional PDFs.
This assumes that the distributions in the two fitting dimensions are independent. This
assumption has been tested using large samples of simulated data. For small (< 0.5 GeV/c)
and large (> 2.4 GeV/c) values of p, & there is a sizeable correlation between Eg and
p:ig in some of the components. Therefore the requirement 0.5 GeV/c < p;"ig < 2.4GeV/c
has been introduced. The signal component in T+ — n*»_and 7" — p*¥_ contains a
significant amount of cross-feed from decay channels with additional, undetected neutral
pions. Their contribution to E; and the missing momentum in p:ig leads to a correlation.
This is taken into account by using two-dimensional histogram PDFs to describe these
two signal components.

The relative values of Ny, are constrained by the relative reconstruction efficiencies, so
that effectively the branching fraction of B¥ — t*v_ is fitted instead of four independent
numbers of signal events.

7.2.1 Shapes described by simulated data

All shapes, which are extracted from simulated data, including the signal component and
various background components, are described by histogram PDFs. The simulated data
is reweighted to account for known discrepancies between MC and data. The following
weights are applied on an event-by-event basis:
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7.2. Component description

e The tagging efficiency correction, shown in Table

e A significant background arises from events containing semileptonic B decays,
where the D meson further decays into hard-to-detect particles and only the lepton
is reconstructed (see Sec.[5.1.1). The values of the important D-meson branching
fraction in the simulation are reweighted to the best known values [[3]], given in

Table

Decay Process Simulation World average

(1072) (1072)
D° > KK, 0.09 0.09+0.01
D° - K;K,K, 0.04 0.02£0.00
D° - K, m° 1.13 1.00 £ 0.07
D* > K e, 3.4 4.4240.11
D* - K utv, 3.4 4.70+£0.34
D° > K etw, 3.41 3.55+0.05
D°—>K u'v, 3.31 3.41+0.13

Table 7.1: Dominant background processes and their corresponding branching fractions
in the simulation and the world average. The decays with only K, in the final
state have not been measured. There, the branching fractions of the decays to
multiple K are shown.

The simulated distribution is smoothed with an algorithm described in Reference [[29]]. The
shapes of all components before and after the smoothing for the signal decay 1" — e*v_v,
are shown in Figure for Epq, and in Figure|7.2/for py; . The other decay channels are
shown in Appendix B,

7.2.2 Continuum component shape

The continuum component shape in Eg; is extracted from the off-resonance data. Since
the available amount of off-resonance data is limited, it is described with a linear function.
The choice of the shape is motivated both by the shape of the distribution itself and the
large relative uncertainty of the data points which does not allow a more complicated
description. The linear fit is shown in Figure The uncertainty on the slope and the
normalization of the component will be treated as systematic error. Also an alternative
description will then be tested.
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Figure 7.1: Individual PDFs for different components for the signal decay t* — e*v_v,
in Epq; . The black markers show the simulated data distribution and the solid
shape the PDF after the smoothing. The number of events is scaled to the
corresponding luminosity.
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7.2. Component description
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7. Branching fraction extraction
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7.3. Fit on simulated data

7.3 Fit on simulated data

The fit procedure is first tested and validated on MC data. To generate data samples,
which represent all relevant processes, the existing samples of generic b — ¢ MC, rare
MC, and the signal component are combined with a sample generated following the fitted
distribution of the continuum component. These contributions are added up according
to their cross section. The limiting factor in the available amount of simulated data is
the generic b — ¢ MC. There are ten data samples available with each of them having
an integrated luminosity corresponding to the real data sample. One of them has been
used for the optimization of the selection so there are nine samples left to test the fitting
procedure. Each of them is used to form one data sample, which is then used to fit, taking
the place of the real data sample. The remaining eight generic MC data samples are used
to determine the shape of the corresponding background component. The results of the
fits are shown in Figure The fit reproduces the input value within the uncertainties.
An exemplary fit on Sample 4 is shown in Figures|7.5/and
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Figure 7.4: Fitted branching fractions in comparison to the input value represented by
the green bar. The error bars only show the statistical uncertainty.
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Figure 7.5: Result of the fit on sample 4 in Eg;.
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7.3. Fit on simulated data
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7. Branching fraction extraction

7.4 Stability test

In addition to the test using fully simulated events which only deliver a limited amount of
data, a test using pseudo experiments is performed. Therefore data samples are generated
following the same probability distributions, which are used in the fit. The branching
fraction can be set to any desired value. These data samples then are fitted with same PDF
which has been used for their generation. So this test cannot verify if the PDFs properly
describe the real data distributions, but it can reveal numerical instabilities or biases
originating from the fit procedure itself.

The branching fraction is set to multiple values between 0 and 3 x 10™*, and 500 pseudo-
experiments are performed for each value. The distribution of the resulting branching
fractions is fitted with a Gaussian distribution and the mean and its uncertainty compared
to the true value. The results are illustrated in Figure and show that the fit procedure
shows no inherent bias over the full range of examined branching fractions.

2.5[
2.0} .
1.5

1.0p *

Fitted branching fraction (107%)

©

Pull
W N = O = N WO
—————
e
o
——
e
e

Generated branching fraction (107*)

Figure 7.7: Fitted vs. generated branching fraction, determined using pseudo-experiments.
The yellow line corresponds to identical generated and fitted values. The
lower plot shows the pulls ((%m — Bie) /O 5 m)'
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7.5 Results on data
The fit was performed on the real data set, resulting in a branching fraction of
B(BT — tTv.)=(1.25£0.28) x 107*.

The log file of the fit can be found in Appendix|Cl The resulting plots are given in Figures|7.8|
to The correlation matrix is given in Table The signal yields and branching
fractions, obtained from fits for each of the T decay modes separately are given in Table|7.3|
The y? value of the hypotheses that the four branching fractions are consistent is 4.75 for
3 degrees of freedom, which results in a probabilty of 19% to get this or a larger y? value
by chance.

Npxge Nokgy  Nokgr  Nokgp
%(B+—>T+VT) -0.22 -0.17 -0.26 -0.23

Niige 0.04 0.06 0.05
Nikg 0.04 0.04
Nikg.r 0.06

Table 7.2: Correlation matrix of the fit on the real data sample.

Decay Mode Ngg 2B(107)

Tt —>utv. v, 13+21 0.34%0.55
Tt —etv. v,  47£25 0.90+0.47
oty 57421 1.82+0.68
- pty, 119433 2.16+0.60
Combined 222450 1.25+0.28

Table 7.3: Signal yields and branching fractions, obtained from fits for the T decay modes
separately and combined.
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7.6 Systematic uncertainties

Potential differences between simulation and real data or insufficient knowledge about
certain aspects of the data description are possible sources of systematic errors. Below, all
individual points, which could introduce a systematic deviation of the nominal fit result,
are listed.

All uncertainties related to the efficiency of the semileptonic tagging, including the tracking
efficiency, the unknown intermediate branching fractions, and the selection efficiency are
incorporated in the uncertainty of tag-side reconstruction efficiency correction. Therefore,
the remaining individual uncertainties only are considered for the signal-side reconstruc-
tion.

Efficiency of tracking: The efficiency of the reconstruction of charged tracks has been
studied internally by the Belle collaboration using partially reconstructed D** decays [30].
For this study the decay chain D** — D°n*, D® — K;ntn™, and Kg — ©¥ 7~ has been
reconstructed, where one pion from the Ky decay was explicitely allowed to not be
reconstructed. This provided a very clean data sample which was used to compare the
efficiency of the reconstruction of charged tracks in MC and data. It has been found to be
consistent within 0.35%. Therefore, for the one charged track in all signal decay modes,
0.35% is taken as systematic error.

Efficiency of n° reconstruction: Similar to the reconstruction of charged tracks, the
7° reconstruction efficiency might also be different in simulated and real data. This
uncertainty has been determined in an internal study of the Belle collaboration examining
the decays of 1 mesons to multiple neutral pions . The decays ) — 37° and n —
ntn~n® have been reconstructed. The reconstruction efficiency of neutral pions then
can be compared by forming the double-ration of these two decay channels and the
reconstructed number of events in data and MC. The systematic error has been found to
be 4%. Since the p™* signal decay makes up 26% of the total signal, 1.05% is assigned as
systematic error.

Efficiency of particle identification: The systematic uncertainty of the efficiency of the
particle identification of pions was evaluated according to internal studies of the Belle
collaboration . They were performed by reconstructing a clean sample of D** — Dx*,
D° — K~ 7t decays, where the pion and kaon can be identified from their charge. The
uncertainty on the selection efficiency of the particle identification was found to be 0.5%.
Also the uncertainty on the selection based on the lepton identification is investigated.
Therefore the uncertainty on the probability that a lepton is identified as pion is estimated
according to the studies by the Belle collaboration [33]]. Then also the uncertainty on the
probability, that such a lepton is discarded is determined but found to be negligible.

Number of BB pairs: The number of produced BB pairs is known with an uncertainty of
1.37%.

73



7. Branching fraction extraction

Histogram PDF shapes: Both the signal component and many of the background com-
ponents in the fit are described by histogram PDFs. Their shape is affected by statistical
fluctuations in the underlying data sample. To take this into account, the histogram
content (before the smoothing) is varied in each bin, following a Poisson distribution with
the initial value as mean. Then the nominal fit is performed. This procedure is repeated
1000 times and the resulting distribution of fitted branching fractions is fitted with a
Gaussian distribution. The width of the distribution is taken as systematic error. This
results in a systematic error of 8.5%.

Branching fractions of the 7: The branching fractions of the 7 lepton itself have uncer-
tainties, which also may have an impact on the result. To evaluate this, the branching
fractions of the dominant T decay channels in the simulated signal, including the cross
feed from 7~ — nn°n° are varied by weighting the events and repeating the fits. The
resulting individual uncertainties are summed in quadrature which leads to a total error
of 0.2%.

Signal reconstruction efficiency: Due to the limited MC statistics, the reconstruction
efficiency of signal is known only with an uncertainty. The efficiencies and the errors are
shown in Table These errors are propagated to the result and lead to an uncertainty
of 0.6%.

Continuum description: The shape and the normalization of the continuum background
is extracted using the limited dataset of off-resonance data. Therefore the uncertainty in
this description is taken into account by varying its parameters by one standard deviation
and repeating the fit. The deviations from the nominal fit are given in Table The
quadratic sum of them is 14.1%.

Also an alternative description for the continuum background is tested. It is fitted with
a quadratic instead of a linear function. The deviation from the nominal fit result is
negligible compared to the other uncertainty related to the continuum description.

Signal Decay Slope Normalization
Negative (107%) Positive (107%) Negative (107®) Positive (107°)

Tt utv.y, 6.8 7.2 1.7 1.7

Tt —>etv Y, 7.1 7.3 3.2 3.1

Tt >ty 6.7 7.9 0.4 0.5

Tt > pty, 10.2 11.2 0.4 0.4

Table 7.4: Deviations from the nominal fit results for variations of the continuum descrip-
tion.

Charged track veto: To estimate the uncertainty of the impact of the charged track veto
on the signal efficiency, the double-tagged sample of Bt — D%zt decays which only
contains signal events is used. It is selected using a charged track veto with a much
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7.6. Systematic uncertainties

narrower cut of dr < 2 cm and dz < 5 cm. Then the fraction of events with additional
charged tracks is compared between data and Monte Carlo. This fraction is directly related
to relative efficiency of the nominal charged track veto. The fractions in data and MC are
compatible within the uncertainty, so the uncertainty of 1.9% is taken as systematic error.

Background branching fractions: The error arising from the uncertainties of some
branching fractions of processes contributing to the background are estimated by vary-
ing the branching fractions by the uncertainties and repeating the fit. For the decays
D° — K;K; and D° — K, K;K;, where the branching fraction has not been measured, the
branching fractions of the decays to Ky have been taken but half of the actual value is
taken as uncertainty to account for possible differences.

The variation is done by weighting the background events accordingly. The list of decay
processes and the resulting differences of the nominal fit result are shown in Table
The quadratic sum is an uncertainty of 3.1%.

Process Negative deviation (107®) Positive deviation (107°)
D° - KK, 2.03 2.07
D° - K, KK, 3.00 3.13
D° - K, n° 0.24 0.23
D° - K-etv, 0.21 0.21
D° =K u*v, 0.53 0.49
D* > K,e*, 0.13 0.13
D" - K u*v, 0.33 0.34

Table 7.5: List of dominant background processes and the errors arising from the uncer-
tainties on their branching fraction.

Tag-side reconstruction efficiency correction: The tag-side reconstruction efficiency is
only known with some uncertainty and investigated in Section Both the statistical
and the systematic uncertainty are taken into account. The systematic error consists of the
uncertainty on the B* — D" and B* — D**¢* v, branching fractions and the influence
of the AM selection on the correction factor for the B* — D*°{* v, double-tagged samples.
The selection is varied in the range where the results are consistent with the B — D%r™*
double-tagged sample.

The efficiency corrections are varied and the deviations from the nominal fit result taken
as systematic errors. Since these errors are correlated for different signal decay channels,
the deviations are added linearly and taken as systematic error. The total uncertainty is
12.6%.

Best candidate selection: To estimate the influence of the best candidate selecion, a
sample is prepared where the best candidate selection is not applied. This sample is fitted
asuming the nominal efficiencies and PDF shapes. The result is divided by the mean
multiplicity of 1.07 and compared to the nominal fit result. The difference of 0.4% is
taken as systematic error.
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7. Branching fraction extraction

Total error: The full list of systematic errors can be found in Table

Source Relative uncertainty (%)
Histogram PDF shapes 8.5
Continuum description 14.1
Signal reconstruction efficiency 0.6
Background branching fractions 3.1
Tag-side reconstruction efficiency correction 12.6
Branching fractions of the T 0.2
Best candidate selection 0.4
Efficiency of tracking 0.4
Efficiency of 7° reconstruction 1.1
Efficiency of particle identification 0.5
Charged track veto 1.9
Number of BB pairs 1.4
Total 21.2

Table 7.6: Full list of systematic errors.

The final result is given by
BB —>1tTv.)=(1.25+£0.28+0.27) x 1074,

where the first error is statistical and the second systematic.
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7.7 Significance of the result

The significance of the result denotes the confidence to exclude the hypotheses of no
B* — t*v_ decays. To evaluate this significance, a likelihood ratio test is performed.
According to Wilk’s Theorem [34], the ratio of the logarithmic likelihood values of two
hypotheses asymptotically follows a y? distribution. The difference in free parameters
of the two hypothesis is the number of degrees of freedom in the y? distribution. By
calculating the quantile of the y? distribution the probability to measure the present
values or some value further away from the null hypotheses if the null hypothesis is true
can be determined. This probability can be converted to units of standard deviations of
the corresponding normal distribution, covering the same probability (o).

In the case, where the difference of free parameters of the two hypotheses is one, the
according calculation simplifies to

2= Y2y /o)

where L., and L, are the values of the likelihood functions when the signal yield is
allowed to vary or set to zero, respectively.

To take into account the systematic error, the likelihood curve of the fit is numerically
convoluted with a Gaussian distribution with a width corresponding to the systematic
error. The branching fraction depends on the efficiency, the number of BB pairs, and the
signal yield. To get the significance in falsifying the hypothesis of (B* — 7% v_) being
zero, the total systematic uncertainty needs to be taken into account. But to falsify the
hypotheses of no B¥ — 7% v_ decays, only the systematic uncertainty related to the signal
yield is of interest, while the components related to the efficiency and N3 do not impact
the confidence. Therefore, the convolution is done for the total uncertainty and only for
the components related to the signal yield. These components are the the histogram PDF
shapes, the continuum description, and the background branching fractions.

The likelihood curve is obtained by fixing the branching fraction to 1600 values between
—10"* and 3.5 x 10~* and maximizing the likelihood at each of them. The difference of
the logarithmic likelihood curves and the corresponding minima (A.¢) before and after
the convolution are shown in Figure The obtained significance is 3.8c0. Additional
numbers, including the corresponding probability, are given in Table

Error —2In (LLL;") Probability in o
Statistical 22.6 2.0-10° 4.8
Statistical and systematic (signal yield) 16.7 44-10° 4.1
Statistical and systematic 14.2 1.6-107* 3.8

Table 7.7: Probabilities and statistical significances of the result.
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Figure 7.11: Curves of A% before (orange) and after the convolution with the systematic
uncertainty (blue) and only the systematic uncertainty related to the signal
yield (green).
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8. A track-finding algorithm for the
Belle II central drift chamber

In this chapter, the development of a track-finding algorithm for the Belle II central drift
chamber (CDC) is described. It is inspired by an algorithm for the ATLAS detector de-
scribed in Reference but does not rely on any previously established implementation
of a track-finding technique. It works in the context of the Belle II software framework
and is part of the overall tracking effort within the Belle II collaboration.

The aim of the development was the implementation of a working version of the track
finding, given the computational time constraints, and the estimation of its potential
capabilities.

Section gives a very brief introduction to the Belle II experiment and its CDC, Sec-
tion explains the developed algorithm, and Section shows an estimation of its
performance. Within Section 8.2} the underlying formalism is explained in Sections|8.2.1|
and while the original works of this thesis, their application and implementation in
an efficient way, is described in Sections 8.2.3|t0[8.2.5!

8.1 The Belle II experiment

Belle II is the successor to the Belle experiment. It is currently being constructed at
the SuperKEKB accelerator which is the replacement for the KEKB accelerator, and it is
planned to start collecting data in 2017. The goals of the upgrade from Belle to Belle II are
a significantly higher luminosity and considerably better measurement capabilities. This
will be achieved by a new detector concept which includes new and redesigned detector
components and a completely newly developed software for the detector and analysis
of the data. A detailed description of the detector can be found in Reference ]. The
intended measurements and the underlying physics are described in Reference [37]].

Part of the detector concept is the new CDC. Its main purpose is the measurement of
charged particles. The ionization of the gas in the CDC is measured by so-called sense
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8. A track-finding algorithm for the Belle II central drift chamber

wires. Therefore, an electric field is induced by a large number of field wires which
accelerate and multiply the free charge carriers, whose charge is measured in the sense
wires. The time between the collision and its measurement is directly related to the
distance between track and wire.

The design of the Belle II CDC is similar to the CDC in the Belle detector, but the parameters
are different. The main parameters are given in Table A section of the CDC is
illustrated in Figure

The wires in the CDC are organized in concentric layers around the interaction region.
Each layer consists of 160 to 384 wires. The layers are combined in superlayers. There are
two different kinds of superlayers depending on their angle to the beam line. A superlayer
with wires parallel to the beam is called axial layer. The other kind of superlayers, stereo
layers, consist of wires with a small angle of about 70 mrad to the beam direction.

A magnetic field of 1.5 T is induced by a solenoid magnet surrounding the CDC. Its field
lines are parallel to the beam axis and therefore the trajectories of charged particles are
changed to circles or circular arcs in the plane orthogonal to the beam. This allows for
the determination of the transverse component of their momentum from the curvature of
the track.

The actual information delivered by the CDC which is related to the detection of charged
particles consists of the activated wires and the corresponding time difference between
the collision and the measurement. By assuming a relation between the time and the
covered distance this information can be translated to circles around wires, denoted as
drift circles or as hits. This information is illustrated in Figure

Belle Belle II

Inner radius (mm) 77 160
Outer radius (mm) 880 1130
Number of layers 50 56

Number of sense wires 8400 14336

Table 8.1: Main parameters of the Belle and Belle IT CDC.

1200 mm

+— 250 mm —

--------
-------
----------------------

Figure 8.1: Section of the CDC. Taken from Reference [.
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8.2. Track finding

Figure 8.2: Illustration of the information delivered by the CDC. The enlarged area shows
drift circles from axial (stereo) layers in solid, blue (red) circles and the
tangential trajectory of the corresponding particle in a dashed, blue line.

8.2 Track finding

The data delivered by the CDC does not include information on which drift circle is
induced by which particle. Therefore, the combination of drift circles to a track needs
to be performed by an algorithm. Such a method is called pattern recognition since it
exploits the fact that a track in the CDC follows a certain pattern: because of the magnetic
field, it forms a circle tangential to the drift circles. This is illustrated in the enlarged area
in Figure

The task must be fulfilled under computational time constraints. The considerations and
assessments of the Belle II collaboration lead to the condition that the processing of a
single event, thus the recognition of about 10 tracks from some hundred drift circles, must
not exceed 50 milliseconds using a current CPU. While staying within this constraint, the
algorithm shall maximize the efficiency in finding tracks.

A coordinate system is established: the direction of the beam is taken as z-axis, the
horizontal direction as x-axis, and the vertical direction as y-axis. Only the xy-plane
is considered for the track finding and in a first step only the axial wires are taken into
account since the position of the stereo wires in the xy-plane is ambiguous due to their
angle with respect to the beam direction. The hits originating from stereo wires are
afterwards assigned to the track candidates.

The track-finding algorithm consists of these steps:

1. The drift circles are transformed to the inverted plane.

2. The drift circles are further transformed into curves in the Legendre space.

3. A voting procedure in the Legendre space is performed and clusters are identified.
4. The stereo hits are assigned to the track candidate.

5. The properties of the particle are estimated.

Each of these steps is described in the following.

81



8. A track-finding algorithm for the Belle II central drift chamber

8.2.1 Inversion transformation

Before the actual track finding, a coordinate transformation, denoted as inversion, is
performed. It is more feasible to search for tracks in the inverted plane as they are
transformed to straight lines. The inversion is defined as

o = 2x
T x2+y2

s 2y
Y =73 2"
x<+y

This non-linear transformation translates circles with the center (x,, y,) and radius R
fulfilling

(X_Xo)2 +(J’_)’0)2 =R§

to circles with

2 2 2
(x’ . 2x, ) " (y/ . 2y, ) _ ( 2R, )
x5+ Y5 —Rg x5 +y5—Rg xg+ Y5 —Rg

Consequently, the parameters of the circle in the inverted plane are given by

X/ _ 2XO
=0
xe+y:—R2
2Yo
/
Yo = (8.1)
xe+y:—R2
2R
R/ — 0
0

2 2 2°
xg+ Yy —Rg

This translation is not valid for a circle passing through the origin at (x, y) = (0,0), as
x2 + yZ —RZ = 0. With this constraint, a circle is translated to

X'xo+Y'yo=1,

which is the equation for a straight line.
The transformation is illustrated in Figure Consequently, the search for straight lines
implicitly assumes that all tracks are circular and pass through the origin.

8.2.2 Legendre transformation

Furthermore, each drift circle in the inverted plane is translated to the Legendre space.
The defining property of this space in the context of this work is the fact that it allows to
parametrize all possible tangents to a circle as a set of two functions. Thus, a curve in
the Legendre space corresponds to a collection of lines in the original coordinate system.
The information in this section is taken from Reference [[35]], where a more detailed
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Figure 8.3: Illustration of the inversion transformation. The left and right plots show the
drift circles of four tracks before and after the inversion, respectively.

description of the Legendre transformation and its application in track finding can be
found. The parameters of the Legendre space are denoted as r and 6, where r is the
distance of the line to the point (0,0) and 6 the angle between the line and the x’-axis.
All possible tangents to a drift circle are given by the two curves

/ /! 2 /
reqy =Xx,cos0 + y sinf +R
1) 0 0 0

o (8.2)
'@ = Xo

cos + y,sin @ — Ry,
where x, y;, and R} are the parameters of the circle in inverted space given by Equa-
tion The relation between a point in the Legendre space and the corresponding
tangent to a circle is illustrated in Figure Furthermore, the left plot in Figure
shows the two curves representing all possible tangents to a single drift circle. Since a
track candidate needs to be a tangent to all contributing drift circles there is one point in
the Legendre space in which the curves from all contributing drift circles intersect. The
right plot of Figure shows such a collection of curves for four tracks where the four
intersections can be seen clearly.

A given point in the Legendre space represents a straight line in the inverted plane and
therefore a circle through the origin in normal space. The relation to the parameters of
the circle is given by

R=1/|r|

¢ =sign(r) x 0, (8.3)

where R is the radius of the circle and ¢ the angle between the circle and x-axis at the
origin.
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Figure 8.4: Illustration of the relation between a tangent to a circle (upper plots) and the
corresponding point in the Legendre space (lower plots) ||
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Figure 8.5: Illustration of the translation of circles to the Legendre space for a single drift
circle (left) and for four tracks (right).
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8.2.3 Voting and peak finding

The problem of finding the intersection of a large number of sinusoidal curves cannot be
solved analytically within the given computational constraints. Therefore the Or-plane is
divided into bins and taken as a two-dimensional histogram. The ranges of 6 and r are
given by the potential properties of the measured particles. The values of 6 between 0
and 7 and values of r between —0.15 and 0.15 cm™! are considered. This corresponds to
a full coverage in ¢ and a minimal transverse momentum of 30 MeV/c. Particles with a
smaller transverse momentum do not reach the CDC but curl within the inner parts of the
detector.

The curves given in Equation are used to perform a voting procedure. For each drift
circle each value of 6 is taken, the equation is used to calculate the according values of
r, and the corresponding entries in the histogram are increased by one. This results in
a two-dimensional distribution of integer values with the highest values corresponding
to the most likely tangents to the drift circles. Therefore this process is often denoted as
voting.

The next step is to find the correct values of r and 6. Each track candidate is related to
a peak in the two-dimensional histogram. The identification of peaks and clusters is a
non-trivial task as the requirement to find as many tracks as possible stands in tension to
the danger of finding a single track multiple times. A very good solution for that problem
was found in an iterative ansatz. The voting is performed, the track candidate with the
highest number of contributing hits in the CDC is searched for, the corresponding hits are
removed, and it is started over. Since this involves repeated voting and peak-finding, a
very fast implementation of both of them is required.

For the voting, this is achieved by using a lookup table for the calculation of sin 8 and
cos 0. By binning the 6-dimension beforehand all occurring values are known and the
results of the sin and cos calculation can be determined once and repeatedly for each
voting procedure.

To identify the entry with the highest content in a two-dimensional histogram might seem
like a trivial task, but the trivial approach, just testing all bins, is far too slow. Therefore, an
algorithm similar to a Fast Hough finder is applied. For this algorithm, the Or-plane is
divided in only 2 x 2 bins. The voting is performed and bins with a number of contributing
hits lower than a certain threshold are not treated further. This is repeated for each of the
kept bins, which are further divided in 2 x 2 bins, until the binning is fine enough. By
neglecting a significant part of the parameter space, much computation time is saved. It
can safely be neglected as only the bin with the highest number of entries is of interest.
The algorithm is illustrated in Figure The consecutive character of the computation
makes it possible to further optimize the procedure. As soon as an appropriate track
candidate is found, the number of contributing hits can be used as new threshold for the
ongoing voting procedure.
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03 04 05 06 07 08 g

Figure 8.6: Step 1, 5, and 10 of a single instance of the peak finder .

The overall procedure for the track finding in an event is organized as follows:
1. An initial threshold for the voting procedure is taken.
2. The track candidate is searched for.

3. If a track candidate is found, the contributing hits are removed from the overall list
of hits.

4. If no candidate is found for the given threshold it is tested if it is too low to continue.
If yes, the peak-finding is finished.

5. The threshold is scaled by a certain factor < 1 and Step 2| is repeated.

This iterative procedure is illustrated in Figure The initial threshold for the peak
finding is chosen to be 30. In steps 2 to 7 a track candidate is found and the new threshold
is given by the number of hits contributing to the new track candidate multiplied by the
scaling factor of 0.75. Then, in steps 8 and 9 no track candidate is found and the threshold
is scaled down by 0.75. The peak finding and the adjustment of the threshold is continued
until no new track candidate with at least 10 contributing hits is found.
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Figure 8.7: Illustration of the track-finding procedure.
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8.2.4 Stereo-hit assignment

The contributing axial hits to a track candidate are given by the track-finding procedure
itself, but the stereo hits need to be assigned afterwards. Their xy-position is not unam-
biguous as it depends on the z-component of the momentum of the particle. The position
is given by

Xhit = Xwirebegin + t(xwireend - xwirebegin)> (8.4)

where t is a number between 0 and 1 and ’?wirebegin Jena AT€ the xy-positions of the corre-
sponding wire at its minimal and maximal z-position. A stereo hit can be assigned to a
track candidate if its xy-position can be varied, by altering t in Equation so that the
distance of its drift circle and the track candidate can become compatible with 0 within
the measurement resolution.

The distance of two circles is given by

d= ) \/(xtrack - xhit)2 + (ytrack - ‘yhit)2 - (rtrack + rhit) . (8-5)

Inserting Equation in Equation the equation d = 0 can be solved analytically and
can have 0, 1, or 2 solutions for t. Solutions with values of t < 0 or t > 1 are discarded.
This is done for each combination of track candidates and stereo hits near enough to
potentially intersect with each other. If at least one suitable solution is found, the hit is
assigned to the track candidate. If a hit could be matched to multiple track candidates it
is assigned to the one with the highest number of contributing axial hits.

8.2.5 Parameter estimation

Besides the contributing hits, more information about the track candidates is required
as starting value for the following parameter estimation of the tracks which uses a more
elaborate model for their shape.

The x- and y-components of the momentum are given by Equation where the
transverse momentum of the particle and the radius of its track are directly related by the
strength of the magnetic field.

The z-component of the momentum can only be deduced from the assigned stereo hits.
With the assumption that the tracks originate from the point (0,0), in principle one stereo
hit would be enough to give the z-component of the momentum as its z-position is known
after the assignment to the track candidate. It can be calculated with

p. = tan(p)p,
p = atan2(z,R),

where R and g are the radial and z-component of the position of the stereo hit. But there is
limited experimental resolution and there are wrongly assigned hits and thus a single hit
is not enough. Therefore the median of all assigned hits is taken. The median is chosen
over the mean as it is faster to calculate and most of all robust against outliers which
often occur for randomly assigned hits.
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The charge can be determined from the curvature of the track, but only if the track does
not form a full circle in CDC. So the charge of curling tracks cannot be determined easily
within the context of this track finder. If the shape of the track is a circular arc, as it is the
case for particles with a momentum high enough, the curvature can be determined from
the individual hits. This is done by comparing the yp-angle of the center of track circle and
the center of the drift circle. This is illustrated in Figure The difference ¢, — Phic 15
constrained to be in the range [0, 27] and if it is larger than 7 the curvature is related to
a positively charged particle and vice versa. This is performed for each axial hit of a track
candidate and the majority of the charge assumptions determines the charge of the track
candidate.
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Figure 8.8: Illustration of the p-angles used to determine the curvature of a track candi-
date.

8.3 Performance

This algorithm has some free parameters which can be varied to optimize the performance:
e The minimal number of hits required to form a track candidate.

e The maximal depth of the peak-finding algorithm, i.e., the number of bins in the
Or-plane.

e The initial threshold for the voting procedure.
e The scaling of the threshold after each voting procedure.

As benchmark observables for an optimization the computing time per event and the
efficiency in reconstructing tracks from simulated B* — D°(— K*n~)n" decays were
chosen. This decay was taken as the momentum of the resulting particles is considerably
higher than the average particle at Belle II and no long-lived particles occur which
could produce tracks not passing through the origin. Therefore their tracks are easier
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to reconstruct, which limits the general validity but is a very good starting point for the
development. To count a Bt — D°n* decay as reconstructed all of its tracks need to be
found. As there was no appropriate simulation available at the time of the tests, they
were performed without the contribution of background hits from sources like interaction
between the electron/positron beams and the gas in the beam pipe.

The maximal depth of the peak-finding algorithm has only a minimal effect on the two
benchmark variables. It was found that a depth of 10, thus 2!° x 21° bins in 8 and r,
is sufficient to distinguish individual tracks and give a good enough estimation of the
parameters of the track.

The optimization was performed on a single core of a Intel Xeon X5650 CPU and the time
per event was measured using the statistics tool of the Belle II software framework. In
the following, the CPU time denotes the time required per event without the initialization
of the lookup table and the memory allocation which are only performed once at the start
of the software.

The computing time can be optimized by varying all parameters. As the initial threshold
and its scaling after each voting procedure cannot have an impact on the efficiency,
they are two-dimensionally optimized with respect to the computing time per event. As
minimal number of hits 10 was chosen. The result can be seen in Figure It also shows
the impact on the efficiency as a cross-check which confirms that the efficiency is flat. An
initial threshold of 48 and a scaling factor of 0.75 were found as parameters to achieve a
minimal computing time of 48 ms per event. Of course, these values may change with
another number of minimal required hits or further performance optimization.

>
60 &

Figure 8.9: Impact of the initial threshold and its scaling on the consumed CPU time (left)
and the efficiency (right).

The relation between the minimal number of hits and the efficiency and the computing
time is shown in Figure The benchmarks for the efficiency are the track-finding
algorithm developed for the Belle experiment called Trasan and an algorithm which uses
Monte Carlo (MC) information. The MC based method also requires the track candidates
to consist of a minimal number of hits in the CDC and therefore cannot reach an efficiency
of 1 but represents the maximally achievable efficiency for a track-finding algorithm.
The Legendre track finder is considerably faster than Trasan for the full range of minimal
hits. For the lower values of minimal hits also the efficiency is better.
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Figure 8.10: Relation between the minimal number of hits and the CPU time per event
(left) and the efficiency in completely finding B* — D°(— K*n~)n* decays
(right).

8.4 Result

The presented status of the track-finding algorithm represents the first phase of a con-
tinuous development. The achieved performance is very promising as it was possible to
surpass the previously employed method in the reconstruction of the benchmark events
both in speed and efficiency with the newly developed track finder. Consequently, the
work on it has been picked up and is still ongoing. The current development concentrates
on improving certain aspects of the algorithm, adding mechanisms to it like the merging
of track candidates, and a wider range of tests taking into account background hits and
more general decay topologies.

The restriction on tracks originating from the interaction point (0, 0) prevents the track
finder from being the sole algorithm of this kind at Belle II, but it is especially fast and
efficient for high-momentum tracks and therefore an excellent choice to be applied before
a second, slower track-finding algorithm.
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9. Conclusion

In summary, the branching fraction of B* — 7*v_ decays has been measured to be
BB —1tTv.)=(1.25+£0.28£0.27) x 1074,

where the first error is statistical and the second systematic. The number of reconstructed
B* — t*v_ decays was found to be 222 + 50. The measurement was performed with
the semileptonic tagging method and used the full Belle data sample of 770 x 10° BB
pairs which was recorded by the Belle detector at the Y(4S) resonance at the asymmetric-
energy KEKB-e*e™ collider. The result supersedes the previous Belle measurement with
semileptonic tagging of B(B* — % v,) = (1.54*03570-2%) x 107*, which was performed
with an only slightly smaller data set containing 660 x 10° BB pairs. The large increase
in statistical sensitivity could be achieved by performing a completely new analysis and
implementing several improvements. An improved semileptonic tagging method was
employed which reconstructs a large number of decay channels and uses multivariate
selection to achieve a high reconstruction efficiency. An additional 7 decay channel,
T+ — p*¥_, was reconstructed which contributes with 0.25 to the total branching fraction
of the 7 lepton. The selection was optimized and includes a dedicated suppression of
background containing converted photons and a multivariate suppression of continuum
ete” — qq (g =u,d,s,c) background. Furthermore, a second variable, the momentum of
the decay product of the 7, was included in the final fit.

A large part of the analysis consists of the validation of different aspects of the mea-
surements. The efficiency of the tagging algorithm was calibrated with double-tagged
events. This requires independent measurements of branching fractions including the
necessary reconstruction and selection. The decay B* — D%z turned out to be especially
suitable for such a calibration since it is fully reconstructible and suffers from only low
uncertainties related to its reconstruction efficiency. But the low number of reconstructed
signal events required the calibration using other, semileptonic decay channels. In the
study of the background simulation the non-b background was found to be problematic
and the off-resonance data sample was taken to describe this background component
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in the final fit. Also other tests, like the comparison of various variable distributions in
different sideband samples or the investigation of the Ep; composition, were performed.
A comparison of the result with other measurements and the expectation is shown in
Figure It displays that the result is compatible both with the previous measurements
and the expectation from the fit on the CKM triangle. It is closer to the Standard Model
expectation than the previous result. Therefore the difference between the Standard
Model expectation and the measurements which used to be a prominent issue in flavor
particle physics was even reduced further.

. ° . BaBar semileptonic (459 x 10 BB pairs)
i 3 " (1.7£0840.2)x 107*
BaBar hadronic (468 x 10 BB pairs)
D |—— L qa 405 . .
: : (1.83 1035 £0.24) x 10
3 3 Belle semileptonic (657 x 10° BB pairs)
: |—*—| - ‘ 4
i | (154705 103 x 107
This result (772 x 10° BB pairs)
| e a—— : , 4
CKM fit | (1.2‘oi0.28i0.2‘7) x 10 |

1 2 3 4 5 6
B(B — 1v) (107%)

Figure 9.1: Comparison of the result of this thesis with previous measurements of
BB - 1trv,).

The systematic uncertainty of the result mainly consists of components which are extracted
from MC data, control samples, or sidebands. So future measurements at the upcoming
Belle II experiment will be able to further reduce the systematic error just using the
larger data samples. The Belle II collaboration plans to record a data sample of 50 ab™*
and wants to achieve a total relative uncertainty of 3% on the branching fraction of
B* — 17 v_ decays. To reach this goal, also the non-scaling systematic uncertainties need
to be reduced. This is only possible with a better knowledge of the dominant background
components, a very good understanding of the tagging efficiency, and a good background
reduction. When this is achieved, the decay B* — 7% v_ can be used to drastically reduce
the parameter space of various models of physics beyond the Standard Model.

This result was first publicly shown at the International Workshop on the CKM Unitarity
Triangle (CKM 2014) in the presentation “New physics searches in leptonic decays of B
mesons” and multiple times afterwards.

Additionally, a track-finding algorithm for the Belle II central drift chamber is described.
The track finder needs to fulfill strong computational time constraints while reaching a
maximal efficiency. Therefore, it was developed using various optimization mechanisms,
e.g. the employment of a peak-finding algorithm similar to a fast Hough transform and the
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iterative search for peaks in a 2D-plane instead of a clustering algorithm. Its performance
was determined with simulated B* — D°(— K*n~)n* decays and was found to be very
promising. For this special decay, the newly developed track finder was able to exceed
the method employed at the Belle experiment both in speed and efficiency. This led to
the continuation of the development. In this way, the described work represents the
foundation of what will most likely be a significant part of the Belle II tracking software.
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9. Appendix

A Data / MC comparisons

A.1 Egq sideband
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Figure A.1: Comparison of the cos g ), distribution of simulated and real data in the
Eg¢ sideband, separated by the T decay channels.
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Figure A.2: Comparison of the .A{,, distribution of simulated and real data in the Epq
sideband, separated by the T decay channels.
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Figure A.3: Comparison of the 4, distribution of simulated and real data in the Eg
sideband, separated by the T decay channels.
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Figure A.4: Comparison of the missing energy distribution of simulated and real data in
the E, sideband, separated by the T decay channels.
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Figure A.5: Comparison of the missing momentum distribution of simulated and real data
in the Eg sideband, separated by the v decay channels.
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Figure A.6: Comparison of the missing mass distribution of simulated and real data in the
Eg¢ sideband, separated by the T decay channels.
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A.2 B° tagged sample
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Figure A.7: Comparison of the cos 0y j, distribution of simulated and real data in the B°
tagged sample, separated by the 7 decay channels.
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Figure A.8: Comparison of the A;,, distribution of simulated and real data in the B tagged
sample, separated by the T decay channels.
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Figure A.9: Comparison of the  distribution of simulated and real data in the B° tagged
sample, separated by the T decay channels.
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Figure A.10: Comparison of the missing energy distribution of simulated and real data in
the B® tagged sample, separated by the 7 decay channels.
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Figure A.11: Comparison of the missing momentum distribution of simulated and real
data in the B° tagged sample, separated by the 7 decay channels.
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Figure A.12: Comparison of the missing mass distribution of simulated and real data in
the B® tagged sample, separated by the 7 decay channels.
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B PDF shapes
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Figure B.14: Individual PDFs for different components for the signal decay t* — u*v.v,
in p;‘ig. The black markers show the simulated data distribution and the solid
shape the PDF after the smoothing. The number of events is scaled by the
available amount of simulated data.
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shape the PDF after the smoothing. The number of events is scaled by the
available amount of simulated data.

116



B. PDF shapes

> °
o 2
- 0]
o -
g =
) g
S 2
& s J(
1]
1.5 2* . 1.5 " 2
p sig (GeV) p sig (GeV/c)
(1) Signal. (2) Continuum.
—_ = —_ 90
L 300[ L
> C >
Q L Q
8ty :
; 200; + + ++ ; +
[7] C []
£ T
g - &
100—
50;
B:’) — 4 — 1i5 — ‘* 2‘ — . 1.5 " 2
p sig (GeV/c) p sig (GeV/c)
(3) Charged b — c decays. (4) Neutral b — c decays.
L 10 L
> >
Q Q
S 120 (6]
Swll T4 s
; 80 ;
T T
Q o
> 60 >
w 1]
40
20
8.5 1 1.5 " 2 1.5 " 2
p sig (GeV/c) p sig (GeV/c)
(5) Charged b — u decays. (6) Neutral b — u decays.
—_ —_ 10
L d
> >
Q Q
1] G 8
3 3 {
P P
T T
Q o
> >
w 1]

1 15 8.5 1 1.5

p*:g (GeVic) p*:g (GeVic)
(7) Charged b — uf v, decays. (8) Neutral b — uf v, decays.

Figure B.16: Individual PDFs for different components for the signal decay ©+ — n*»_ in
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Figure B.17: Individual PDFs for different components for the signal decay T+ — p*»_in
Egc; - The black markers show the simulated data distribution and the solid
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p;‘ig. The black markers show the simulated data distribution and the solid
shape the PDF after the smoothing. The number of events is scaled by the
available amount of simulated data.

119



9. Appendix

C Log of the data fit

[#1] INFO:Minization
[#1] INFO:Minization
[#1] INFO:Minization
RooAbsTestStatistic:
RooAbsTestStatisti
RooAbsTestStatistic
RooAbsTestStatistic:
[#1] INFO:Fitting --
[#1] INFO:Minization
[#1] INFO:Minization
[#1] INFO:Minization
[#1] INFO:Minization
% ok 3k ok %k %k %k 5k *k k

*% 13 **MIGRAD

% 3k %k ok %k %k %k 5k *k k

-- RooMinuit::optimizeConst: deactivating const optimization
-- p.d.f. provides expected number of events, including extended term in likelihood.
-- RooMinuit::optimizeConst: activating const optimization
creating slave calculator #0 for state Mu (3015 dataset entries)

creating slave calculator #1 for state E (3212 dataset entries)

creating slave calculator #2 for state Pi (977 dataset entries)

creating slave calculator #3 for state Rho (4186 dataset entries)
RooAbsTestStatistic::initSimMode: created 4 slave calculators.
-- The following expressions have been identified as constant
-- The following expressions have been identified as constant
-- The following expressions have been identified as constant
-- The following expressions have been identified as constant

:initSimMode:

initSimMode:
initSimMode:

:initSimMode:

2500

1

FIRST CALL TO USER FUNCTION AT NEW START POINT, WITH IFLAG=4.

START MIGRAD MINIMIZATION.

STRATEGY 1. CONVERGENCE WHEN EDM .LT. 1.00e-03

FCN=-57110.6 FROM MIGRAD STATUS=INITIATE 12 CALLS 13 TOTAL
EDM= unknown STRATEGY= 1 NO ERROR MATRIX
EXT PARAMETER CURRENT GUESS STEP FIRST
NO. NAME VALUE ERROR SIZE DERIVATIVE
1 BR_B2taunu 2.16439e-04 5.96203e-05 1.34389e-01 5.27991e+01
2 nBkg E 3.16499e+03 6.10001e+01 8.35710e-03 1.25702e+02
3 nBkg_Mu 3.00181e+03 5.87443e+01 8.22416e-03 1.43331e+02
4 nBkg Pi 9.20315e+02 3.63284e+01 8.67111e-03 3.93497e+01
5 nBkg_Rho 4.06656e+03  7.09687e+01 8.81684e-03 3.21606e-02
ERR DEF= 0.5

MIGRAD MINIMIZATION

HAS CONVERGED.
MIGRAD WILL VERIFY CONVERGENCE AND ERROR MATRIX.
COVARIANCE MATRIX CALCULATED SUCCESSFULLY

FCN=-57116.7 FROM MIGRAD STATUS=CONVERGED 89 CALLS 90 TOTAL
EDM=4.4519e-06 STRATEGY= 1 ERROR MATRIX ACCURATE
EXT PARAMETER STEP FIRST
NO. NAME VALUE ERROR SIZE DERIVATIVE
1 BR_B2taunu 1.24772e-04 2.80358e-05 9.41217e-03 -2.97736e-02
2 nBkg E 3.14844e+03  5.80429e+01 1.28206e-03 -7.57857e-02
3 nBkg_Mu 2.96927e+03  5.56599e+01 1.27241e-03 -2.58724e-02
4 nBkg Pi 9.36481e+02  3.22472e+01 1.21892e-03 -1.57809e-01
5 nBkg_Rho 4.11358e+03  6.63704e+01 1.32051e-03  7.62799e-02
ERR DEF= 0.5
EXTERNAL ERROR MATRIX. NDIM= 86 NPAR= 5 ERR DEF=0.5

7.870e-10 -3.587e-04 -2.618e-04

-2.293e-04 -4.204e-04

-3.587e-04 3.369e+03 1.193e+02 1.045e+02 1.916e+02
-2.618e-04 1.193e+02 3.098e+03 7.630e+01 1.399e+02
-2.293e-04 1.045e+02 7.630e+01 1.040e+03 1.225e+02
-4.204e-04 1.916e+02 1.399e+02 1.225e+02 4.405e+03
PARAMETER CORRELATION COEFFICIENTS
NO. GLOBAL 1 2 3 4 5
1 0.41021 1.000 -0.220 -0.168 -0.253 -0.226
2 0.22027 -0.220 1.000 0.037 0.056 0.050
3 0.16769 -0.168 0.037 1.000 0.043 0.038
4 0.25349 -0.253 0.056 0.043 1.000 0.057
5 0.22579 -0.226 0.050 0.038 0.057 1.000
3Kk ok ok ok 3k ok ok ok %k
*% 18 *+HESSE 2500
ko ok kK ok ok ok
COVARIANCE MATRIX CALCULATED SUCCESSFULLY
FCN=-57116.7 FROM HESSE STATUS=0K 31 CALLS 121 TOTAL
EDM=4.44817e-06  STRATEGY= 1 ERROR MATRIX ACCURATE
EXT PARAMETER INTERNAL INTERNAL
NO.  NAME VALUE ERROR STEP SIZE VALUE
1 BR_B2taunu  1.24772e-04 2.80669e-05 3.76487e-04 -5.60923e-02
2 nBkg E 3.14844e+03  5.80606e+01 5.12825e-05 -7.54818e-01
3 nBkg_Mu 2.96927e+03  5.56692e+01  5.08964e-05 -7.79710e-01
4 nBkg Pi 9.36481e+02  3.22641e+01  4.87569e-05 -1.13457e+00
5 nBkg_Rho 4.11358e+03  6.63886e+01  5.28203e-05 -6.29378e-01
ERR DEF= 0.5
EXTERNAL ERROR MATRIX.  NDIM= 86  NPAR= 5  ERR DEF=0.5

7.888e-10 -3.613e-04 -2.637e-04
-3.613e-04 3.371e+03 1.208e+02
-2.637e-04 1.208e+02 3.099e+03
-2.314e-04 1.060e+02 7.737e+01
-4.231e-04 1.938e+02 1.415e+02
PARAMETER CORRELATION COEFFICIENTS

NO. GLOBAL
0.41245

= wN -

1 2

-2.314e-04 -4.231e-04
.060e+02 1.938e+02
.737e+01 1.415e+02
.041e+03 1.242e+02
.242e+02 4.408e+03

R NR

3 4 5

1.000 -0.222 -0.169 -0.255 -0.227

0.22158 -0.222 1.000
0.16865 -0.169 0.037
0.25541 -0.255 0.057

5 0.22694 -0.227 0.050
-- RooMinuit:

[#1] INFO:Minization

.037 0.057 0.050
.000 0.043 0.038
.043 1.000 0.058
.038 0.058 1.000
:optimizeConst: deactivating const optimization

o OO

120

will be
will be
will be
will be

precalculated
precalculated
precalculated
precalculated

and
and
and
and

cached:
cached:
cached:
cached:

(Pdf_signal_Mu,Pdf_backgroun
(Pdf_signal_E,Pdf_background
(Pdf_signal_Pi,Pdf_backgroun
(Pdf_signal_Rho,Pdf_backgrou
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