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Abstract

The magnitude of of the CKM matrix element |V.3| is determined based on the
exclusive semileptonic B® — D* ¢*y, decay with data from the Belle experiment
at KEKB. Two different parameterisations of the hadronic transition form factors
are used in the extraction of the form factor parameters and F(1)|Vy|new. We
find that the commonly used model dependent Caprini-Lellouch-Neubert form fac-
tor parameterisation yielded |V| results 10% lower than the model independent
Boyd-Grinstein-Lebed approach. The latter are in good agreement with the inclu-
sive approach for the determination of V|, suggesting the long standing inclusive-
exclusive tension may be solved. The branching fraction of B® — D*~¢*v, decays
and the lepton universality ratio B(B® — D*"e*v,)/B(B* — D* puty,) are also
measured. Results compatible with the world average for the former, and with the
SM for the latter are found. This thesis presents the most precise measurements of

B® — D*~{*v, and exclusive |V| ever performed.
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Preface

In recent years, accomplishments in experimental particle physics have been the
result of increasingly large international scientific collaborative efforts as in Belle
experiment. As a result of these collaborative undertakings, it is incredibly rare that
any substantial body of work is done in isolation. The standard procedure is to work
in groups, each carrying out a specific purpose within the wider collaboration such
as data acquisition, detector monitoring and development, particle reconstruction
and event simulation. All these activities represent essential inputs to any scientific
measurement in Belle. The results presented in this thesis are detailed here.

Chapters 1 and 2 and 4 are original reviews of CKM flavour theory.

Chapter 3 is an original investigation of theoretical form factor parameterisations
for semileptonic B decays, forming the basis for the personal work of the author.

Chapter 4 is an original review of new physics contributions to tree level semilep-
tonic B decays.

Chapter 5 is a summary of the Belle experiment, with extracts from a number
of public results about the Belle detector design and performance.

The author’s original work is described in Chapters 6 to 10 which illustrate the
work of the author conducted within the Belle collaboration under the supervision
of Dr. Phillip Urquijo. Unless specifically stated, all the information provided these

chapters and the scientific results represent original work of the author.
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1. Introduction

The Standard Model of particle physics is a theory that describes the properties
and the interactions of fundamental particles. Although it is very successful, it is
incomplete. It fails to account for most of the mass in the universe called the dark
matter, which is inferred from observations in astrophysics. It also fails to account
for non-zero neutrino masses, which are implied by neutrino oscillation experiments.
Even within the domains of its applicability, it has about two dozen free parameters
to be determined by experiment. Quantitative tests of the Standard Model, as well
as the searches for physics beyond the standard model, require precise knowledge of
these parameters. This thesis address the determination of one of these parameters.
In the Standard Model, there are three families of fundamental matter particles.
The second and the third families are more massive partners of the first. The
families are differentiated by a quantity called "flavour". Among the fundamental
interactions described by the Standard Model, only the charged weak interaction can
change flavour. The flavour changing interaction produces many phenomena like for
example Charge-Parity symmetry violation. In the quark sector these phenomena
are described by a complex 3 x 3 CKM matrix in the Standard Model. This matrix
mixes the different flavours of quarks and can accommodate the violation of CP
symmetry with a complex phase.

In this thesis we will study the transition of a b-quark to a c-quark, in B meson
decay. There are experimental facilities which are built to investigate the properties
of the B mesons. Two prominent examples are the Belle experiment at KEK (High
Energy Accelerator Research Organization, Tsukuba, Japan) and LHCb at CERN,
Geneva. KEKB is called a B-factory because as it produce B mesons with high rate

near the kinematic threshold for production with no additional particles in the event.



2 CHAPTER 1. INTRODUCTION

The primary targets of B-factories are to quantitatively determine the mechanism
of CP-violation in B meson decay and mixing, and to measure the fundamental
parameters of the Standard Model related to B physics with high precision. In this
thesis, we are interested in semileptonic B decays of the type B — X.fv, where /¢
is an electron or a muon, v is a neutrino and X, is a hadronic system including a
charm quark. Details of these particles and semileptonic decays are explained in

chapter [3] The main features of these decays are
o They are experimentally accessible and theoretically clean;

o They can be used to extract one of the fundamental parameters of the Standard

MOdel)l‘/cb| )

o They can be used to study deviation from the Standard Model expectation,

due to new types of weak interactions.



2. Theory

The Standard Model (SM) of particle physics is a coherent theory of nature at
the fundamental level and it is the best human effort that explains all the fun-
damental constituents of matter and their interactions. The SM describes the in-
teractions between elementary quarks and leptons (matter particles) and three of
the fundamental forces (weak, strong and electromagnetic) using a gauge group
SU(3)c x SU(2), x U(1)y. The SU(3) part describes the strong interaction while
the SU(2), x U(1)y part corresponds to the electroweak interaction. The matter
particles (quarks and leptons) are spin 1/2 fermions, while the force carriers (photon,
gluons, Z° and W*) are spin 1 bosons. Every particle has an associated anti-particle
which has the same mass but opposite quantum number such as charge. The Higgs

is responsible for particles’” mass and is a scalar, hence it has spin 0. The known

matter particles described by the SM are listed in Table

Table 2.1: Leptons and Quarks in the Standard Model.

Name Symbol Chargze (e) Mass (MeV/c?)
Up u +3 1.5—-3.3
First Quark Down d 1 3.5 - 6.0
generation Lebtorn Electron e —1 0.511
PY " Electron neutrino v, 0 < 0.0000022
2 _
Quark Charm c +?1) 1160 — 1340
Second Strange S —3 70 — 130
generation Muon 1 -1 105.7
Lepton Muon neutrino vy, 0 < 0.17
Top t +2 169100 — 173300
Third Quark Bottom b 1 4130 — 4370
generation Lebton Tau T —1 1777
P Tau neutrino Uy 0 < 15.5




4 CHAPTER 2. THEORY

2.1 Strong Interactions

Quantum Chromodynamics (QCD) is the quantum theory of the strong interaction
between quarks. Strong interactions are mediated by massless gluons, which couple
to the ’strong’ charge. Since quarks are the only fundamental particles with nonzero
‘strong’ charge, these are the only particles to feel the strong interaction — leptons
do not interact via the strong interaction. The strong interaction charge is called the
colour charge. Colour is a conserved quantum number with three values, labeled red,
green and blue. Quarks are said to carry a colour (r, g or b), while anti-quarks are
said to carry an anti-colour (anti-r, anti-g and anti-b). As mentioned earlier, strong
interactions have the group structure, SU(3). in which ¢ denotes the colour of the
quarks and gluons. Experimentally, we have never observed a free quark or gluon,
they are always confined within hadrons. Confinement is an important feature in
QCD. The confinement of gluons and quarks is a consequence of the very nature of
the strong interaction, but there is no direct and straightforward explanation. The
effect of confinement is to make all coloured particles bound into states that have
no net colour. They are either colourless (a combination of a colour and an anti-
colour) or white (a combination of red, green and blue). B mesons are an example
of the colourless states, being mesons (composed of a quark-antiquark pair) and
protons and neutrons are examples of white states, being baryons (composed of
three quarks). Quarkonia are flavourless mesons consisting of a quark and anti-
quark of the same flavour, for example the T(4S) is bound states of bottom and
anti-bottom quarks. A B° meson consists of d and b (anti-b) quarks, and a B meson
is made of w and b quarks. A proton is a baryon and is made of two u quarks and
one d quark. Baryons and mesons are both called hadrons. As quarks are confined
in hadrons, all fundamental particles we can isolate are divided into two categories:

leptons and hadrons.



2.2. ELECTROWEAK INTERACTION )

2.2 Electroweak Interaction

Every fundamental particle of the Standard Model feels the weak interaction. Elec-
tromagnetic and weak interactions are unified into electroweak interactions, whose
group structure is SU(2) x U(1)y . The Y represents the weak hypercharge, and
the charge of SU(2) is the weak isospin. Weak hypercharge and weak isospin are
not conserved because the SU(2) x U(1)y symmetry is broken. The only conserved
charge is the electric charge. There are two types of weak interactions: neutral weak
interactions, which are mediated by Z° and charged weak interactions, which are
mediated by W#. The mass of the W* bosons are 80.40GeV/c?, and the mass of
the Z° is 91.2GeV/c?, the photon is massless. The processes in which a W* boson
is emitted or absorbed are the only ones in which a quark’s flavour may be changed.
In fact the appearance of a W= boson is always related to the creation or loss of
a quark and differently charged anti-quark, or of a lepton and neutrino (or their
anti-particle counterparts). The charged weak interaction is the only fundamental

interaction that does not conserve flavour and C'P symmetry.

2.3 The Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix

Charged weak interactions, allows for quarks to swap their flavour for another, i.e.
a up-type quark can transform into a down-type quark. This happens because the
weak eigenstates and the mass eigenstate do not coincide. The left-handed fermions
transform as weak SU(2), doublets where the right handed components anti-fermion

transform as weak singlets SU(2) ..

and

g A, €, (2.2)
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where the index ¢ represents the three fermion generations. The couplings of quarks
and leptons for SU(2);, and the couplings of right handed singlets are given by the
Lagrangian [10],

LYuk:awa = —QZ’JQHHOWZ - gcllddil%(HO)d]L - gé’Jéz%<H0>elL (23)

The mixing matrix is formed by applying the unitarity transformation on the
two components of each SU(2);, doublet, acting on the three generation of quarks

in the Cabibbo Kobayashi Maskawa (CKM) mixing matrix i.e. Vogy = UlUg:

d/ Vud Vus Vub d
s'| = ‘/cd ‘/;s ‘/cb S (2 : 4)
v Via Vis V) \b

The states denoted with prime are the weak eigenstates and the states without
the prime are the mass eigenstates of the down type quark, where Vo, denotes
the strength of the coupling. The flavour transition from one generation of an
up-type quark to another generation down-type quark is a measure of probability,
which is proportional to square of the magnitude of the CKM matrix element |V,,|?.
The CKM matrix elements are fundamental parameters of the Standard Model and
cannot be predicted.

Most values of the CKM matrix element magnitudes are measured directly with
tree level processes. The magnitude of the CKM element V,;, is measured from the
tree level process of b to ¢ decay while V4 is determined indirectly from the mixing
oscillation frequency of By — By using loop diagrams, as shown in Figure

The bottom quark transformation into a charm quark and a electron electron-
neutrino pair via a weak W boson is an example of a charged current interaction.

This transition is written in terms of CKM matrix elements as:
S/ = ‘/;dd + VCSS + Vcbb (25)

Here the b quark couples to the weak eigenstate of the quark in the same family, s,
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W- s - =
7 Ve By By
—0 b 4
B EK >
¢
“ ‘ D / N \\

Figure 2.1: A tree level b — ¢ diagram with V,;, dependence (left) and a loop level
mixing diagram with V4, and V};, dependence (right).

when the W boson interacts with the ¢ quark. Thus the amplitude of this decay
is proportional to only one CKM matrix element V,,. When the amplitude of the
decay does not change under C'P transformation, the elements of the CKM matrix
are real, the imaginary phase appearing in the CKM matrix is responsible for C'P

violation. C'P asymmetry is suppressed in the case of meson mixing.

2.3.1 Parameterisation of the (CKM) Matrix

The CKM matrix is a complex 3 x 3 matrix consisting of 18 real parameters. The
unitarity condition imposes 32 constraints. Furthermore, the rotations of quark
fields removes 5 phases. Hence the total independent parameters are four. So,
the CKM matrix can be parameterised using 4 parameters that includes three real
parameters and one complex phase. In the matrix, the diagonal elements are almost
equal to one where as the off diagonal elements are very small. There are many
parameterisations of the CKM matrix. The most commonly used is the Wolfenstein

parameterisation, that at third order in A (Cabibbo mixing angle) is denoted as [11],

1-% A AN(p—in)
Vexm = A -2 AN + O\, (2.6)
AN (1 —p—in) —AN 1

This parametrisation is an expansion in the powers of A, A, p, and 7. The CKM

matrix element |V is related to A as AN? = |V,|. It is common to express p and 7
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p=p<1—§>,n=n<1—§>7 (2.7)

The complex phase is a representation of CP violation.

in terms of A and A,

2.3.2 Unitarity Conditions of the CKM Matrix

The CKM is a unitarity matrix , which means that all elements in the matrix are

related by the following relations
> ViiVik = 0j, (2.8)

D ViiVii = ik (2.9)
J

In the complex plane, this unitarity condition can be expressed as triangles. The
area of these triangles is proportional to the amount of C'P violation. The more
significant triangles from the experimental point of view are those where the sides
are of similar length, e.g. in the Wolfsentein parameterisation same order of \, gives

following relations

Vid u*b + Ve CZ + V;thZ =0. (2.10)
Vud‘/;l + Vusvt: + Vubv;tz =0. (2~11>

Taking Equation to make (V.4V.) real, a phase convention is chosen by dividing
it with |V,4V;|, which normalises one of the sides of the triangle as shown in Figure
2.2] The vertices of this normalised triangle are (0,0), which is fixed, and vertices
(0,1) in the (p,7n) plane which are determined experimentally. The angles of this

triangle are as defined as follows

ViaVip |

=3 = — 2.12
Vcdv*b_

= =arg| — <1, 2.13
Vudv*b_

=~ = — uv . 2.14

by = = arg| — (214
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To test the consistency of the Standard Model both the sides and the the angles

4 (5.7
Vud uikb M
‘/cd ;(; @ =¥ ‘/Cd CT)

Y= ©3 B = g
(0,0) (1,0) p

Figure 2.2: Normalised Unitarity Triangle.

of the unitary triangles need to be measured. The decays of B mesons can be
used to measure both the sides and the angles. The CKM matrix elements |V|
and |V,,| are extracted from tree level processes. |V| is extracted with greater
precision as it is a more abundant process, whereas |V,;| is the smallest of the CKM
elements and more challenging to experimentally extract. The consistency of CKM
measurements with the expectation of the SM is done by performing a global fit that
combines measurements from different B, D, K and 7 decay processes constraining
the the unitarity triangle as shown in Figure [2.3]

The precise determination of the angle [ sets tight constraints on the measure-
ment of the side of the triangle opposite the angle. These experimental results
require input from lattice QCD calculations since the precision of matrix elements
|Vap| and |V,s| depends on precise determination of hadronic transition form factors
[12]. In the next chapter, the theory behind the determination |V,;| is discussed
for the measurement based on exclusive decays of the B meson. In this thesis, the
measurement of CKM matrix element |V| is presented, as well as some tests of
lepton flavour universality and CP symmetry in semileptonic B decays. The latter

are generally considered sub-sample cross-checks of the main |V,;| analysis.
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1-5 T 17T T T

1.0

0.5

= 0.0 - NSNS

fi r A
ICHEP 16 (excl.'at' CL > 0.95)

Figure 2.3: Constraints on the unitarity triangle by different measurements by CKM-
Fitter 2016 [1]



3. Exclusive Semileptonic decays of

Mesons

Decays of B mesons are instrumental in flavour physics as they can be used to
address many fundamental questions of particle physics, such as the amount of CP
violation in quark interactions, and the value of of CKM matrix elements. B mesons
are made of a b-quark and a light anti-quark (u or d) whereas a B meson is made
up of charge conjugated quarks. B mesons can be produced at B factories, such as
Belle and BaBar, at centre-of-mass energies near the mass of the Y(45) (10.58 GeV)
resonance. B factories produce a large number of B meson pairs that are used to
understand the properties of b quark transitions. We can classify the B meson weak

decays as follows:
o Leptonic decays
e Semileptonic decays
» Non-leptonic decays (hadronic and radiative decay)

Here, we will focus on semileptonic B decays. While all processes depend on the
CKM matrix element in the corresponding weak decay, they vary in their theoretical
and experimental cleanliness. While leptonic decays are theoretically very clean,
they are helicity suppressed and therefore statistics limited at B-factories. Non-
leptonic decays are abundant, but the rates depend on strong interaction effects
that are difficult to theoretically predict. Semileptonic decays are abundant, and
due to the presence of only one hadronic current, they are precisely calculable.

The decay rates of b — clv semileptonic decays are proportional to |V|* (¢

11
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denotes both electrons and muons). Two different methods have been used to ex-
tract this parameter from data: the exclusive measurement, where V3| is extracted
by studying B — D*/v or B — D/{v decay processes; and the inclusive measure-
ment, which uses the semileptonic width of b-hadron decays (BtoX/{v). Theoretical
estimates play a crucial role in extracting |V|, and an understanding of their un-
certainties is very important.

The inclusive method requires measurements of the B lifetimes and the semilep-
tonic branching fraction Br(B — X.fv) [13]. In this case, quark-hadron dual-
ity bridges the gap between theoretical calculations and experimental observables
[14]. The modern theoretical formulation based on the Operator Product Expan-
sion (OPE) determines the inclusive decay amplitudes in inverse powers of 1/mg
[15]. Non-perturbative corrections to the leading term, given by the spectator decay
amplitude, arise only to order 1/m3.

The exclusive method is obtained studying B — D*f{v or B — D/{v decays,
shown in Figure Heavy Quark Effective Theory (HQET), an exact theory in
the limit of infinite quark masses is used to relate the rate measurements to |V|.
Currently, the B — D/{v transition provides a less precise value, due to large feed-
down background from B — D*{v, and is used primarily as a check. In using
HQET, we take a full theory process of interest and expand in terms of the local
operators, using the effective theory formalism. The resulting theoretical description
for a particular process of interest is expressed in terms of matrix elements of these

local operators.

3.1 Heavy Quark Effective Theory (HQET)

Heavy Quark Effective Theory (HQET), is an exact theory in the limit of infinite
quark masses. Light quarks (u, d, s) have masses that are small compared to the scale
of non-perturbative strong dynamics. In the limit m, — 0, QCD has an unbroken
SU(3), x SU(3)g chiral symmetry, which can be used to predict the properties of
hadrons containing light quarks. For quarks with masses m¢ greater than the scale

of non perturbative strong dynamics (Agep [16,[17]) i.e. in the m, — oo limit, in the
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leading approximation, the heavy quark is considered as a static source of the gluon
field. In this limit, the light degrees of freedom are preserved, i.e. spin-flavour heavy
quark symmetry [I8], with important implications for calculations of the transitions
of heavy quarks and to obtain relations among heavy hadron form factors. HQET
also simplifies lattice simulation and sum rules analysis of heavy hadrons.

In HQET, the heavy quark behaves like a static external source of colour charge
that transforms as a colour triplet, and the meson dynamics reduces to that of light
degrees of freedom interacting with this colour source. At leading order, the heavy
quarks interact same way within heavy mesons. This is the only effective theory
that provides a description of the transitions from the very high energy scale (100
GeV) of weak decays to the light meson energy scale of Agep [16, 17]. This is
used to calculate the b — ¢ transition in the case of semileptonic B decays. HQET
maintains the light degree of freedom, i.e. the flavour symmetry and spin symmetry,
which helps to reduce large hadronic uncertainties that arise due to the the lack of
information we have for the QCD bound state problem. In HQET, a particular
process of interest is expressed in terms of matrix elements of operators that are
derived from an effective theory formalism. In the next section, (b — ¢) processes
are explained in terms of their decay amplitudes. Also, the expansion of 1/my is
formulated as an effective field theory which enables us to use the corrections to the
mass limit of the quark. Therefore, in semileptonic B decays (b — ¢ transition), the
heavy quark symmetries work effectively for the heavy B meson and the D meson
(using a 1/mg expansion in a model independent manner) and will allow us to
determine the CKM matrix element |V|. The spin-flavour symmetry is exhibited

at the leading order and is broken by terms of order (Agcp/mg)™ when n >1.
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3.2 Decay Amplitude for (b — ¢) and Shape Func-
tions

The semileptonic B meson decay amplitude is calculated from the matrix elements
of the weak Hamiltonion:
Gr

M = _Zﬁ‘/d)LMH,u’ (31)

where L# is the leptonic current, G is the Fermi constant, H, is the hadronic
current and the p is the Lorentz invariant index. The leptonic current gives us the
electroweak hyper charge from the lepton neutrino to the lepton (e, ) whereas the
quark current gives us the hadronic current from the b-flavour meson to the c-flavour
meson.

Another representation for the leptonic current and the quark current is given

by Dirac spinors as:

L' = ey" (1 — s) o, (3.2)

H" = ¢&y*(1 —~5)b. (3.3)

In the above equation, y* and 75 are Dirac matrices of dimension 4. H* is the
hadronic current where the quarks are confined in the hadrons and cannot be ac-
cessed separately. When momentum transfer is large compared to Agcp > 0.5 GeV,
the cross section of these strong interactions are calculated perturbatively.

The hadronic current can be given in terms of vector and axial-vector currents

as:

HY = (Dlev(1 - 45)bl B) = (D|V¥|B) — (D|4*|B) (3.4)

The matrix elements for the vector and axial vector are written in terms of certain
functions called form factors. Thus, the matrix elements for B — D*/v decays is

given by

(D*(P)IV*IB()) = fep+p )+ f-(p—p)", (3.5)
(D*(p)|A*|B(p)) = O, (3.6)
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where V#* = ¢v#b is the vector current, A* = cy*~5b is the axial-vector current and
f+, are form factors. These form factors are calculated with HQET due to the quark

content of B and D* mesons. It follows that the effective Hamiltonian is,

Hep = Cr > Ve @yu(1 = 75)b) (4*(1 — 5)v). (3.7)

\/§ q=c

The CKM matrix element is directly measured from the differential decay rate,
dl oc G|V || L* (X, Prd| B)[*. (3.8)

Semileptonic B decays are comprised of leptonic and hadronic currents, however
the leptonic current and the matrix element |V,| factorise from the hadronic part.
The hadronic matrix element is described with form factors from QCD, which are
functions of the hadronic recoil. Along with the QCD effects, electromagnetic cor-
rections must be taken into account for the measurement of |V|. In the case of
B® — D* (*y, decays, both the vector and axial-vector currents contribute. In
Equation the transition matrix element of the weak current is integrated in
terms of a Lorentz invariant form. For the vector final state D* we have,

2mughq”

(VIqy"y°b|B) = i€y | Ao(q?) p + Ai(q®) (mp + my)n™

(3.9)
(pp +pv)og” .,

—Aa(q7) (mp & my)

9

where €, is the polarisation vector of the vector meson, n** is the Levi-Civita tensor
and V', A; are the traditional form factors of HQET. The determination of form
factors is important in order to calculate the decay rate and the kinematic variables.
These form factors describe the strong part of the decay, and hence the recoil of the
quarks in the D* meson. Therefore, if the recoil velocity of D* is smaller it implies
that the momentum transfer between the B and D* mesons is maximised. The quark
model which can be used for B® — D*{v decays is called the Isgur-Wise (ISGW)
model [19]. From the B — D*(v, semileptonic decay, ¢? is not small compared with

m?,. However, ¢* does not determine the typical momentum transfer to the light
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degrees of freedom. An approximate measure of that is the momentum transfer that
must be given to the light degrees of freedom so that they recoil with the D*. The
light degrees of freedom in the initial and final hadrons have momentum of order
Aqep v and Aqep v, respectively, since their velocity is fixed to be the same as the
heavy quark velocity. The momentum transfer for the light system is then gf,, ~

(Aqepv — Aqept')? = 2M4¢p(1 — w). Heavy quark symmetry should hold, provided
2/\26LQCD(U1 — 1) << mg’c. (310)

The calculations performed in the ISGW quark model provide the matrix elements
of the hadronic form factors for a particular value of the recoil w i.e. w =1 or
W = Wpmae- The ISGW model is based on the assumption of the non-relativistic
quark potential model. The HQET model has consistently corrected the heavy
quark limit of Quantum Field Theory (QFT). The HQET form factors are related

to vector and axial-vector form factors by

Apw) = P Ay(w), (3.11)
V(w) = 72 rﬂAl(w>’ (3.12)
ha () = f:*wj—lAl(w)’ (3.13)

where R;(w) and Ry(w) are the ratios of a set of form factors (hy(w), ha,(w),

ha,(w), ha,(w)) written as

Ri(w) = T (@)’ (3.14)
- hAS(w)+rhA2(w)
Ro(w) = o) (3.15)
and
ro= ”;D*, (3.16)

N
r = VIBTD (3.17)

(mB + mD*)
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The spin-flavour symmetry of heavy quark effective theory can be used to derive
relations between the form factors hy,, hy and ha,. A transition to heavy quark
effective theory is possible provided the typical momentum transfer to the light
degrees of freedom is small is compared to the heavy quark masses. The heavy
meson form factors are expected to vary on the scale qﬁ-ght ~ )\2QC p, 1.e. on the scale

w ~ 1.

3.3 Parameterisation of the Form Factors

In B mesons the high mass of the b quark means that HQET [20] provides a valid
expansion for describing the approximate decoupling of the b quark from the rest
of the meson. This leads to a considerable simplification of the strong-interaction
dynamics. Semileptonic decays of b-hadrons are particularly tractable from the
theoretical point of view, since the leptonic current may be trivially separated from
the hadronic current. Exclusive processes must be described in terms of a number
of non-perturbative form factors that encapsulate the physics of the hadronisation
process. These form factors possess a well-defined normalisation at zero recoil.
In B — D* transitions, the form factor appearing in the hadron wave function is
proportional to a single form factor which is function of momentum transfer [20, 21].
QCD sum rules restrict the slope and magnitude of these form factors [21, 22] but
they are predominantly undetermined. In the case of B — D* transitions, the
combinations of form factors most easily obtained from data appear as a sum of
squares in the differential rates as the helicity amplitudes.

The B° — D*{v, decay amplitude can be expressed in terms of three physically
intuitive amplitudes (H,, H_ and Hy), which correspond to the three allowed po-

larisation states of the D* (two transverse states and one longitudinal state). These
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amplitudes are related to the axial and vector form factors as follows:

Pp+Mmp
H = — -)A 22— 1
+(w) (mp +mp)Ai(w) + 222V (w) (3.18)
- . _o_PpMB
H_(w) = —(mp+ mp-)Ai(w) QmB e~ Vi(w), (3.19)
1
Ho(w) = —W[Al(w)(mB +mp-)(my — mh. —w)
m% + p.
"B T PDr 4 ) 92
() (3.20)

Constraints on a generic B — D*{y, form factor F(w) are obtained by not-
ing that the amplitude for production of B — D* from a virtual W boson is
determined by the analytic continuation of F(g?) from the semileptonic region
of momentum-transfer m, < ¢* < (mp — mp-)? to the pair-production region
(mp + mp+)? < (mp — mp+)%. The dispersion relation constrains F(¢?) in the
region where B and D* are created using perturbative QCD, and one then uses
analyticity to translate that constraint into one valid in the semileptonic region
[23]. Generating a parameterisation for a particular form factor requires three in-
gredients, the perturbative evaluation of the dispersion relations derived from the
two-point function for a (V' — A) current. The computation of the functional form
of the weighting function ¢ and the masses of sub-threshold resonances with the
same quantum numbers as (V' — A) must be extracted from experiment or poten-
tial models. The function ¢ depends on the form factor under consideration, while

dispersion relations depend only on the (V' — A) current.

3.3.1 BGL Parameterisation of the Form Factors

The parameterisation obtained by Boyd, Grinstein and Lebed (BGL) [24] follows
from dispersion relations, analyticity, and crossing symmetry. In the case of semilep-
tonic B decays ¢ ranges from m? to (mp—mp-+)? but the form factors can be contin-
ued analytically in the ¢ plane. They have a cut at ¢> = (mp — mp-~)? and various

poles corresponding to B, resonances with the appropriate quantum numbers. The
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helicity amplitudes are given by

Ho(w) = }};U—Q)? (3.21)
Hi(w) = f(w)Fmpmp-Vw?—1g(w). (3.22)

These form factors (F(w), g(w), f(w)) are written as a series in a z expansion,

_ 1 o ol o

flw) = P1+(w)¢f(w)7;) 12", (3.23)
_ 1 a a]:lzn

Fi(w) = P (w) ¢f(w)nzzo T, (3.24)
1 A

glw) = Plf(w)gbg(w);anz' (3.25)

where z is defined as,

R
Ve S

and a is the coefficient of the expansion. The series is presumed to be truncated at

(3.26)

N = 2 for accurate determination of |V|, beyond which experimental data cannot
easily constrain the expansion parameters. P;i are the Blaschke factors and are

given as

, (3.27)

where

zp = , and  ti = (mp £ mp-)> (3.28)

The outer functions ¢; for i = g, f, F; are

B ny 242(1 4 2)%(1 — 2)2
%) = T AT (=2 + 2V 1 )" (3.29)

A ny (1+2)(1—2)3
?1(2) = m \ 3mxT(0) [(1+7)(1 — 2) + 2/, (1 + 2)]4 (3.30)

)
A n (14 2)(1—2z)3
A ) (s [ R N (e A
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where Y7, (0) and x7_(0) are constants and n; represents the number of light valence
quarks also called isospin factors. The two form factors f(0) and F;(0) are related

at the point of zero recoil w =1,
]:1(0) = (mB - mD*)f(O) (332)

The main advantage of the BGL parameterisation is that the parameters a, of

Equation [3.23] are constrained by unitarity conditions only,

> (af)? < 1, (3.33a)

=0

> ol(af)® + (@) < 1. (3.33b)

1=0

The unitarity bounds of Equation assume that the hadronic transition B — D*
saturates the so called weak unitarity bounds whereas heavy quark symmetry is
used to connect the form factors and only amplitudes of fixed spin-parity enter each

dispersion relation, leading to the strong unitarity condition in Equation [3.33b|

3.3.2 CLN Parameterisation of the Form Factors

The Caprini-Lellouch-Neubert (CLN) parametrisation [25] has been used in the
literature extensively. It is based on dispersion relations and unitarity constraints.
These unitarity bounds are implemented by exploiting HQET. The form factors of
the two-meson states contributing to the two point function are related by heavy
quark symmetry and in the heavy quark limit either vanish or are proportional to the
Isgur-Wise function [19]. It also includes O(1/m) heavy quark symmetry breaking
corrections, computed with input from light-cone sum-rules [26], and leading short
distance corrections to these relations. The differential decay rate as a function of

variable w is [25],

dl'(B® — D* (Tv,)  G%|Vy|? 9 9
T = 18 (mp — mp«)*mp-Vw? — 1(w+1)

.34
dw m% — 2wmpmp- +mh. (3.34)

w+1 (mp —mD)?

X |1+ F(w)|?.
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where F(w) is the hadronic form factor. In the heavy-quark limit, F(w) coincides
with the Isgur-Wise function, which describes the long-distance physics associated
with the light degrees of freedom in the heavy mesons [27]. This function is nor-
malised to unity at zero recoil, corresponding to w = 1. Corrections to this limit
can be calculated using HQET [28]. Hence, |V3| is obtained by by extrapolating
the differential decay rates to w = 1 and unitarity constraints have been applied to
establish approximate relations between the slope and the higher power coefficients
of the the form factors to reduce the uncertainty associated with these form factors.
At the point of zero recoil, the bounds on the form factors and their derivatives are

obtained. The parameterisation of these Isgur-Wise function is given by

ha, (w) = ha, (1)[1 — 8p°2 + (53p* — 15)2% — (231p* — 91)27], (3.35)
Ri(w) = Ry(1) — 0.12(w — 1) + 0.05(w — 1), (3.36)
Ro(w) = Ry(1) +0.11(w — 1) — 0.06(w — 1)?, (3.37)

and p? is the slope of the form factor. The important thing to remember is that
the three experimental parameters we will be measuring in this analysis are the
two helicity amplitude ratios R;(1), Ra(1), and the slope p, which collectively are
termed as the three “form factor" parameters. This condition essentially means that
in the B — D* transition, the light quarks remain the same since the b and ¢ quark
are heavier and thus are dominant terms in the momentum transfer ¢?>. Hence the
product of |V,| and normalisation factor F(1) is extracted experimentally from the
extrapolation of data at w = 1 in the B rest frame. The corrections (including
electroweak corrections) applied to the Heavy Quark Symmetry (HQS) limit gives
[12]

newF(1) = 0.912 £ 0.013, (3.38)

where ngy is the electroweak correction [29]. The expressions given in Equations

13.35] [3.36}, and [3.37| contain three free parameters p*, R;(1) and Ry(1) which are not

determined theoretically but rather from experiment using the fit. As long as the

CLN parameterisation is used to describe the shape of a single form factor, like in
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Equation [3.35 it provides a simple and effective parameterisation, unless of course
the experimental or theoretical constraints reach the ~ 1% precision. HQS relates
B — D* form factors in such a way that they are proportional to the Isgur-Wise
function or vanish (in heavy quark limit). In the CLN parameterisation the zero
recoil value of the form factor parameters are calculated using experimental data
whereas the BGL parameterisation does not utilise any assumptions from HQS. It
might be possible to implement strong unitarity bounds using lattice calculations of
different form factors, rather than HQET approximations only with the development
of lattice QCD. The CLN parameterisation, which has been an important tool for
the measurement of |V,| and is subject of this thesis, may no longer be adequate to

cope with the present accuracy of experiment and lattice calculations.

3.3.3 Determination of |V

The measurement of kinematic variables for the decay B® — D*{v is crucial for
the accurate measurement of the CKM matrix element |V,|. These include three
angular variables, shown in Figure 3.1} and the hadronic recoil which is a function

of the lepton system momentum transfer, ¢>. They are defined as follows.

Figure 3.1: The definition of the angles 6, 0, and y for the decay B® — D*~{*y,.

e Recoil w: is a function of the momentum transfer ¢> between B® and D* and
is defined as the dot product of the four velocities, v* = p*/mp and v'*/mp«,

of the B and D* meson, respectively,

PB-PD* :mQB—{—m%*—Cf

(3.39)

W = VR.Vpx =
mpMmp« 2mBmD*
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The allowed kinematic limit for w is found by setting ¢* = 0, thus

(3.40)

At the point of maximum recoil (wy., = 1.504) and for zero recoil (w = 1)
maximum momentum is transferred i.e. D* is at rest in the B° rest frame. In
the rest frame of B® meson, the w definition reduces to the relativistic boost

factor v of D*,

(mBo,O> . (ED*,pD*> _ Eps

w = .
mpom px mpx

(3.41)

cos fy: is defined in the rest frame of W the boson, as the angle between the

D* and the lepton.

cosf,: is defined in the rest frame of D* meson, 6, as the angle between the

DY and the D*.

x: is defined in the rest frame of the B° meson, and is the angle between the

two planes formed by the decays of the W and the D* meson.

The full differential decay rate for exclusive semileptonic decays B — D*{v, is

written in terms of three helicity amplitudes and is defined as [27],

d4F(BO — D*_€+Vg) . 6m3m%*
dwd(cos 0y)d(cos 0, )dy — 8(4m)*
x{(1 — cos 0)* sin® O, H? (w) + (1 + cos 0;)* sin® 6, H? (w)

w? — 1(1 — 2wr + r?)G%|V4)?

+4 sin? ; cos® O, HZ (w) — 2sin? §, sin® 6, cos 2y H y (w) H_(w)
—48in 0y(1 — cos Oy) sinby, cos Oy, cos Y H (w)Ho(w)

+4sin 0,(1 + cos by) sin O, cos 0, cos yH_(w) Hy(w)}. (3.42)

The helicity amplitudes (Hy,Hy) are defined in terms of ratios of form factors as

[30]

R*(1—7r*)(w+1)
BT 2ur 12

Hi(w)=m hAl(w)|[-[7;(w)\, (3.43)
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where i = +, -, 0 and H.(w) and H.vinceO(w) are defined as

; _ (w =D = Ra(w))
Ho(w) = 1+ 1=7 :

(3.45)

The four dimensional decay distribution in Equation is integrated over
three variables leaving any one of the four (w, cosy, cos6,,x) and we get four one
dimensional decay distributions. Hy(w) dominates at the point of zero recoil w = 1
while ¢ quark inherits the helicity of the b quark upon decay, H_(w) dominates
for the (V-A) interaction. A nearly stationary decay D* is unpolarised and thus
is a combination of all three states equally, as the velocity of the ejected ¢ quark
becomes higher and the ¢ quark approaches more closely a massless state, it becomes
preferentially left-handed, and combining its helicity of —1/2 with the light spectator
d quark leads to a helicity of 0 or —1 for the resultant D*. The light spectator quark
has an equal probability of being helicity 1/2 or —1/2. When w approaches the
maximum value, the negatively charged lepton and its corresponding anti-neutrino
combine to form a zero helicity state forcing D* into zero helicity projection which

leads to suppression of —1 amplitude. These two states are described in Figures

and 3.3
¢ —».—»Vg
=

Figure 3.2: Configuration at zero recoil w,,;, = 1.0.

{— *
D
4—
— @
Vg —
Figure 3.3: Configuration at maximum recoil w,,q, = 1.504.

The helicity functions defined in the BGL and CLN paramterisations are plotted
using the values from Ref. [2] are given in Table [3.1]
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Table 3.1: Input values used in the calculation of Hy(w), Hi(w) and H_(w).

Variables/Parameters | Values
al 0.01224
al -0.052
al 1.0
al! -0.0070
al! 0.089
al 0.0289
al 0.08
ad -1.0

V4| 0.0404
nl 2.6
Winaa 1.50

3.4 Review of measurements of |V,| with B —
D*lv decays

The measurement of |V3| in semileptonic B decays has primarily been performed at
electron-positron collider experiments, namely CLEO, DELPHI and more recently
BaBar and Belle. These experiments are considered to be the most suited to the
study of semileptonic B decays as the four-momentum of the initial state is well
known. CLEO and Belle calculated |V,3| using the decay width of both neutral and
charged B mesons where the signal yield is calculated from the variable cos0p p+
which determines the B direction. BaBar calculated the signal yields from the

fit to the missing mass squared (M?2,,..) in the tagged measurement of B — D.

The decay width was calculated as function of w. DELPHI used B° — D* (T,
decays to calculate |V| and p? from the decay width as a function of ¢* [31]. The
measurements by the CLEO and the DELPHI experiments as well as the first B-

factory analyses of B — D*(v decays determined |V,;| and the form factor parameter
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H-(w) H+(w)

7.0

6.5 — HO[W]_CLN
HO[w]_BGL

6.0

H-(w)

6.5 — H-[w]_CLN
H-(w]_BGL

6.0

Figure 3.4: Helicity functions Hy(w) (top left), H (w) (top right), and H_(w)
(bottom), using parameter values reported in Ref [2].

p? by measuring the differential decay rate as a function of w only. BABAR and
later Belle made the measurement of |V,;| and the CLN form factor parameters (p?,
Ri(1) and Ry(1)) using exclusive B — D* (*y, decays using differential decay
rates as a function of all four variables (w,cos#y,cosf,,x). Table shows the
value of ngw F(1)|Vy| measured from different experiments where gy is the small

electroweak correction and F(1) is the form factor normalisation at zero recoil.

3.5 Inclusive-exclusive tension

Despite the good agreement among B — D*{v results for |V|, there is a persistent tension
between these results and those for inclusive determinations. Table B.4] summarises the
recent results for Belle, and the world averages for |V in inclusive, B — X /v and exclusive
B — Dfv and B — D*{v determinations. The inclusive determinations are approximately
10% larger, with a significance of more than 30. Several solutions to this puzzle have been
put forward: new right handed currents that primarily affect the acceptance of B — D*/v,
possible problems in the form factor normalisation input from LQCD, possible problems
in the use of the CLN parameterisation, or possibly a problem in the inclusive approaches.

In this thesis we thoroughly test the use of different form factor paramterisations, and
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Table 3.2: Summary of measurements of F'(1)|V|ngw in the CLN scheme.

Experiment (Year) L [tb™] newF(1)|Ve| x1073  p? (rescaled)

CLEO (2002) [32] 3.1 39.94 £ 1.23 £+ 1.62 1.367 £ 0.085 £ 0.086
DELPHI excl. (2004) 3.5 36.10 £ 1.70 £+ 1.97 1.081 £ 0.142 £ 0.152
133]

BABAR excl. (2008) 79 33.94 £+ 0.30 £ 0.99 1.185 £ 0.048 + 0.029
[34]

BABAR D* (2008) 225 35.22 £ 0.59 £+ 1.33 1.128 £ 0.058 £ 0.055
[35]

BABAR global fit 207 35.76 £ 0.20 £ 1.10 1.193 £ 0.020 £ 0.061
(2008) [36]

Belle (2010) [37] 711 34.60 4+ 0.17 £ 1.02 1.212 4+ 0.034 + 0.009
Belle tag. (2016) [3§] 711 35.75 £ 0.17 £ 1.01 1.03 £+ 0.13

HFLAV average

35.61 £0.11 £ 0.41

1.205 £ 0.015 £ 0.021

Table 3.3: Summary of measurements of B(B" — D* (Tv,).

Experiment (Year) L [tb™] B.F(B®— D*{Tv)%
CLEO (2002) [32] 3.1 5.62 £ 0.18 £ 0.26
DELPHI excl. (2004) [33] 3.5 5.35 4+ 0.20 £ 0.37
BABAR excl. (2008) [34] 79 454 £ 0.04 + 0.25
BABAR global fit (2008) [36] 207 4.95 & 0.02 = 0.20
Belle (2010) [37] 711 4.56 + 0.03 + 0.26
Belle tag. (2016) [38] 711 4.95 + 0.11 + 0.21

HFLAV average

4.88 £0.01 £0.10

investigate the impact of new right handed currents on the kinematics of the decay.

The aims of this analysis are to measure |V|, B — D* transition hadronic form factor

parameters, and perform a fundamental test of lepton flavour universality. The study

must take into account various modelling effects such as ¢q continuum, B and fake lepton

background contributions, the effects of final state radiation on electrons, and the effect

of the finite mass of muons.

In this thesis, two separate form factor parameterisations have been compared in the

extraction of |Vg| for the first time in a direct analysis of experiment data. One is the

typical model dependent CLN approach used by all experiments for the past 20 years,

while the other is a model independent approach that requires large data set for fit con-
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Table 3.4: Summary of |V,,| measurements with inclusive and exclusive approaches
from the B factories.

Method Experiment or |Vl x 103
HFLAV

Inclusive kinetic scheme HFLAV 42.19 £ 0.78
Inclusive 15 scheme HFLAV 42.39 £ 0.52
Exclusive B — Dfv CLN  Belle 39.85 £ 1.33
Exclusive B — D/v CLN  HFLAV 39.44 +1.01
Exclusive B — D{v BGL  Belle 40.83 £ 1.13
Exclusive B — D*/v CLN Belle 3795+ 1.34
Exclusive B — D*¢v CLN HFLAV 39.04 + 0.85

version. The comparison of these approaches in a single analysis is a crucial aspect to the
interpretation and measurement of |Vg|.

The reconstruction efficiency of the analysis is approximately 10% higher than the
earlier published untagged Belle analysis, owing to improved track finding algorithms for
the 4-layer SVD2 data. In particular the efficiency of D* slow pions was enhanced, which
have a mean momentum of approximately 100 MeV /¢ in the laboratory frame.

A novel approach to continuum modelling was introduced, to correct off-resonance
data for finite effects of translating the 60 MeV/c shift in centre of mass energies using
MC simulation.

A new, more precise approach to the evaluation of fake lepton background rate de-
termination was employed. This is particularly important in the evaluation of the LFUV
test. The fake rates were are calculated based on a D* tagged sample of D® — K7 events.

The effect of finite mass of muon is taking into account by applying a bound on the
w distribution. The effects of final state and Bremsstrahlung radiation were taken into
account during analysis by searching for nearby electrons. These effects can modify the
lepton momentum spectra and hence potentially bias measurements if not carefully taken
into account.

Finally, lepton flavour violation universality is tested to unprecedented levels in a B-
decay. All previous published analyses of this channel did not present a ratio measurement,

making this an important new constraint on physics beyond the standard model.



4. New Physics in B — D*(y,

The tension between inclusive and exclusive determinations of |V,;| indicate the possibility
of new physics contributions [39]. This includes the possibility right handed currents, or
new currents from scalar or tensor particles mediating the decay. There may even be the
possibility of lepton flavour universality (LFU) violating effects.

In this chapter, we will briefly discuss the scenarios of presence of new physics in

semileptonic B decays.

4.1 Chirality and V-A Interactions

For an interaction corresponding to the exchange of a spin-1 particle, the most general
form of an interaction vertex is a linear combination of vector and axial-vector. Parity is
not conserved under electroweak interactions, so in electroweak decays the W+ couples
to the weak current which has both vector and axial vector components. An axial-vector
is a quantity whose direction is unchanged under parity. This is a spin dependent inter-
action called a (V-A) interaction. In the relativistic limit, only the LH fermions and RH
anti-fermions are emitted in charged current interactions which are the chiral states of
electroweak interaction and these chiral states make the helicity states. For a fermion of
mass m and energy E, these helicity states are suppressed by a factor of order of (mc/c?)2.
Having a massless fermion, a certain left handed or right handed helicity state is achieved

when two component spinors are applied to the operator:

PR=1(1+M)(¢L+¢R)=¢R,

2 E
L o (4.1)
P = 2<1— E)(wLerR) =g,

29
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where 17, and g are positive and negative chirality states for 1 being a solution of the
Dirac equation and Pg j are operators that project out states of particular helicity from
two component spinors. The (V-A) theory was postulated keeping in view the fact that

for massless fermions H = —1.

4.2 Right Handed Currents and other New Physics
in Semileptonic Decays

In the B — D* transition, the hadronic current is a left handed (V — A) interaction where
both vector and axial vector currents contribute to the decay. The tension between the
exclusive and inclusive determinations of |V | could be explained by the presence of an
interfering right handed current (V' 4 A) contributions. Such right handed currents would
effect the inclusive and exclusive measurement of |V,| differently, and modify both the
rate and the decay kinematics.

In order to accommodate parity violation observed in the weak force, the left and right-
handed fermions are assigned to different representations of SU(2)r x U(1)y, with the
right-handed fields being singlets of SU(2). Extending the gauge structure of SM involves
an additional U(1) gauge symmetry (e.g. a Z'). One of the next simplest extensions
involves an additional RH SU(2): SU(2)r x SU(2)r x U(1)p—r. According to SM, the
quark level semileptonic B decay is described by the four-Fermi interaction of charged
left-handed currents while in the presence of NP the effective Hamiltonion is written as

401,

4GV
—Hesr = NG

+ 5L [EPLb] [Z_PLI/Z} + Sk [EPRb} [Z_PLVZ] + 17, [EO’;U/PLb] [Z_U,WPLI/Z}

(1 + VL) [evu PLb] [In" Pown] + Vi[ey! Prb] (I, Py

(4.2)

1F7s
2

where G is the Fermi constant, P r = are the propagators of the positive and
negative chirality states with the assumption that the neutrinos are left chiral and Vi, g
St.r,T7, are vector, scalar and tensor couplings. This effective Hamiltonian is consistent
with the SM form if V;, = Vg = S = Sgp = 11 = Tr = 0. The vector and axial

vector couplings are written in terms of a left and a right handed contribution by setting
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gv,a = Vg £ V1. Therefore, the Hamiltonian becomes,

GrV (T ) B _
Hepf = %b{ [Cw(l —v5)b+ gyveyb + gAC’Y/fYBb] V(1 —s)y

(4.3)
+ [gscb + QPC’YSb} U1 —5)v + h'C}-

In the presence of new types of charged current interactions such as a charged Higgs or a
W’ gauge boson, the scalar and pseudoscalar terms would respectively be non-zero [41].

Right handed charged currents were first studied in the context of left right symmetry
models by having an additional SU(2)g symmetry between right handed doublets. This
implies the existence of a SM like W-boson which has dominant left handed component
with a small admixture of Wg appearing as I/V/7 A [42]. The left handed current con-
tribution in the process involving axial-vector and vector current (B — D/{v) is written
as,

V| = Vel + ViF, (4.4)

while for the decays involving only the vector current (B — D*fv), the right handed
contribution is written as,

VE| = Vi — [V (4.5)

While a right handed current solution to the |V| tension is appealing, it has been dis-
favoured by other analyses based on total rates alone [39]. Typically those analyses did

not take into account the effects of different acceptance in the presence of new physics.

4.3 Scalar and Tensor Operators

The differential decay distribution contain information about possible scalar contribution.
These contributions come from the lepton-mass-suppressed terms in the decay width of
inclusive and exclusive decays. These mass suppressed terms implies that there is no
qualitative difference between operators having £ = e, u,7. In B — D*{v decay, tensor
operators apply more precise constraints on the measurement. The point of maximum
recoil (w = 1), in the case of B — D*fv decay has longitudinal D* meson which is not
possible in the case of a tensor operator. Therefore the momentum transfer observable is

very sensitive to the tensor operator near the point of maximum recoil (w = Wyqz)-
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4.4 Lepton Flavour Universality Violation (LFUV)

In the SM, it is predicted that the coupling of the electroweak W boson is independent of
the lepton flavour. This referred to as lepton flavour universality (LFU).Two examples of
such ratios are the 7 to light lepton ratio, and the u to e atio, define as

_ B(B— D*r 1)
~ BF(B— D*~iz)’

R(D%)ez (4.6)

and B
B(B — D*u~vy,)

R(D%e, = 2
D)k = 2B Den).

(4.7)

Recent observed tensions with the SM expectation in the measurement of b — crv and
b — sl transitions motivates the study of electron and muon universality in b — cfv
decays and is an important measurement. Although many experimental measurements
assume LFU holds true, there are certain theoretical models that predict violation of
LFU, such as those with a charged Higgs boson.

In this thesis, precise measurements of rates, decay kinematics differentials, and lepton

flavour universality.



5. The Belle Experiment

The Belle experiment is a B meson factory and is designed to investigate CP violation,
perform precision measurements of CKM matrix elements and study rare decays. These
studies require large data samples of B mesons. Thus, the accelerator and detector setup
of the Belle experiment enables us to analyse more than 772 million BB pairs via Y (45)
decays [43]. The Belle experiment is located in Tsukuba, Japan and is managed by the
High Energy Accelerator Research Organisation known as KEK. It is operated by the
collaboration of 18 countries and more than 60 institutions from all over the world. It
became operational in 1999 when the Belle detector was able to start taking data, and

completed data taking in 2010.

BYB*

P
X,

Figure 5.1: B-meson production in e*e™ collisions at the Y(4S) resonance.

et

5.1 KEK-B Accelerator

KEK-B is a circular electron-positron collider with beam energies of 8 GeV for the electron,
High Energy Ring (HER) and 3.5 GeV for the positron, Low Energy Ring (LER). The
total center-of-mass energy is 10.58 GeV [44]. The decay diagram is shown in Figure

and a schematic of the accelerator layout is shown in Figure. [5.2

\/g =2y EHERELER =~ 10.58 GeV, (51)

33
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o
& HER : High Energy Ring
C.l' LER : Low Energy Ring
3
]
Positron Target
Electron
Source

Figure 5.2: The KEKB Collider Rings, and the interaction point where the Belle
experiment is located [3].

This is the rest mass of Y(4S) which decays to BB pairs as shown in Figure These
beam energies are accelerated in the HER and LER each of length 3 km. The electron and
positron beams are not of equal energy, which allows the production of boosted B mesons.
This energy asymmetry lets the time dependent features of B meson decays to be studied
with high precision. This includes CP violation. BB pairs produced by the asymmetric
eTe™ collider move along the beam axis in the lab frame. The boost parameter is defined

as
E.—E,

\/g ’

where E_ is the electron energy and E, is the positron energy. The collision happens

By = (5.2)

at the Interaction Point (IP) where the particles in both the rings collide simultaneously
with a crossing angle of 2 mrad. The total design luminosity was 1.0 x 103* cm=2 s~}
while the maximum reached was two times that figure. The design beam currents are
2.6 A for LER and 1.1 A for HER. The electrons and positrons interact with each other

through various processes at the IP. The rate at which the electrons and positrons collide
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is defined as the product of luminosity and the total interaction cross section,
R=Lo.+.-, (5.3)

where 0.+ is the cross section is measured in units of cm? and luminosity is measured in

2

units of cm~2c¢~!. The center-of-mass energy is designed to produce the Y (4S) resonance

(the excited state of BB), where the cross section for Y(4S) is given by,
olete” — T(4S5)) = 1.1nb. (5.4)

here nb means nano barn (barn is the standard unit for measurement for cross section and
is defined as b = 10?*cm?). The time integrated luminosity achieved by Belle is 711 fb~!
[45] and is defined as

L— / Ldt. (5.5)
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Figure 5.3: Cross-section of T production in e*e™ collisions.

Quarkonia resonances with a mass lower than that of the Y(4S) are also recorded as
shown in Figure. This is important because data samples taken at different center-
of-mass energies are used for energy scan so that the data is taken at the most efficient
energy for T(4S5). Therefore, additionally ~ 90 fb=! of "off-resonance" data recorded at
Vs = 10.52 GeV to study non-BB backgrounds. This consists mainly of events where
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light quarks are produced (q = u, d, s, c¢) to understand ete~ — ¢ continuum events.
This continuum analysis is very important for the decays in which continuum is a large
background. Y(55) decays are also important for example to study Bs decays. In such

events, the energy asymmetry is kept constant at B, = 0.425.

5.2 Belle Detector

The Belle detector, is a particle spectrometer surrounding the interaction point (IP).
It is configured in a magnetic field of 1.5 T. and covers the interaction region of the
KEKB beams. The detector consists of following sub detectors: Silicon Vertex Detector
(SVD), Central Drift Chamber (CDC), Aerogel Cherenkov Counters (ACC), Time of Flight
(TOF), Electromagnetic Calorimeter (ECL), K7, and u detector (KLM) [4]. A schematic
of the Belle detector is shown in Figurel[5.4]

r/
Solenoid "’;

N 1 JD

ECL x
A\l W” -
)R

SVD KLM

Figure 5.4: The Belle Detector Schematic [4].

Before discussing the sub-detectors, it is important to understand the coordinate sys-
tem of the Belle detector. The origin coordinates of the system are defined by the location
of the IP. The z-axis is defined to be along the axis of the magnetic field within the solenoid,
the x-axis is the horizontal axis and the y-axis is the perpendicular axis in a right-handed
coordinate system. The polar angle 6 is measured relative to the positive z-axis whereas

the azimuthal angle ¢ is defined with respect to positive x-axis in the x-y plane. The
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radius in the cylindrical coordinate system is then defined as r = \/x2 + y2. The polar

angle 0 covers the range 6 € (17°,150°) for the detector.

5.2.1 Interaction Region

The interaction region is the region inside the accelerator vacuum where the two beam
pipes of the HER and the LER merges into one pipe. The precise information of the decay
vertices is very important. There are two challenges at the IP: the large beam background
due to Coulomb scattering and the heat produced by the beam pipes. Although it is best
to put the SVD as close to the IP as possible, it is not quite accomplished due to the
construction of a double wall beryllium pipe for minimising beam background. This is a
0.5 mm wall which is mounted on the aluminium pipes which results in the extension of
the IP from z = 4.6 cm to z = 10.1 c¢m, having a radius of r = 2.5 mm. The gap induced
in the pipes is filled with Helium gas which is constantly flowing through the gap. This
wall not only reduces the Coulomb scattering background but also provides cooling to the
beam pipes. Several additional horizontal covers have been installed to protect the IP

from beam background.

5.2.2 Silicon Vertex Detector (SVD)

The SVD is the inner most detector and consists of a Double Sided Silicon Detector
(DSSD) [46]. The DSSD has 1280 silicon strips on each side to detect particles passing
through it by measuring the charges collected on the strips. The DSSD covers a solid
angle of 17° < 6 < 140°. The three layers are the inner, middle and outer layer with 8,
10 and 14 ladders, respectively. Some internal alignment among the sensors is done using
these ladders in the » — ¢ plane. The signals coming from each layer of the DSSD are
read out by circuits which are mounted on the ceramic hybrids. These circuits are VA1
front end integrated circuits with high performance (200e™ +8e~ /pF’) and good radiation
tolerance (200 kRad). The DSSD is based on a pn junction, and to reach full depletion
it works reverse biased. When a charged particle passes through the junction, electrons
from the valence band move into the conduction band which creates an electron-hole pair.
The purpose of these electron-hole pairs is to start the flow of current in p™ and n™ strips,
which are located on the opposite sides of the DSSD.

At the time of installation of the Belle detector (1998), the SVD consisted of a 3 layered
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SVD sideview
SVD endview \ CDC -

Figure 5.5: Silicon vertex detector, side view of SVD2 [5].

DSSD with an acceptance region of 6 € (23°,139°), but after an upgrade in 2003 the three
layered DSSD was replaced by a four layered DSSD. The installation of the fourth layer
increased the polar angle coverage to 6 € (17°,150°). This new configuration is refferred
as SVD2. and the former as SVD1. The upgrade also increased the radiation tolerance
and the spatial resolution was highly improved.

The purpose the SVD serves is to identify the decay vertices of the B mesons which is
important for the study of CP violation since we need to know the difference between life
times of each B mesons. This is achieved by measuring the distance between the decay
vertex of the B meson pair in the z-direction. We can measure this distance as precisely
as ~100 pwm, which is shorter than the average flight distance of B mesons is 200 um at
Belle. Apart from vertex measurement, the SVD gives information for racking of charged
particles. The performance of SVD1 and SVD2 is summarised in Table 4.1 and Figure[5.5
Parameters such as the signal-to-noise ratio, impact parameter resolution and efficiency
are shown. The resolution for the impact parameters dz and dp was obtained from cosmic

rays measured during the collision data taking.

5.2.3 Central Drift Chamber (CDC)

Accurate momentum information for charged tracks is crucial. Charged particles are iden-

tified by the precise measurement of their momentum and by reconstructing the tracks of
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Table 5.1: Comparison between characteristics of two SVD configurations.

Variables SVD1 | SVD2
Signal-to-noise ratio S/N >17 >16

Mean occupancy in layer 1 (%) ~6 | ~10
Matching efficiency (%) 98 98

Impact parameter resolution for dz (p = 1 GeV/c, § = 90°) | 61 pm | 42 pm

Impact parameter resolution for dp (p = 1 GeV/c, § = 90°) | 57 pum | 42 pum

BELLE Central Drift Chamber
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Figure 5.6: Schematic of the central drift chamber in side (left) and frontal (right)
projections [6].

charged particles. Outside the SVD, a drift chamber is installed in the Belle detector. The
CDC is operated in such a way that it reconstructs the trajectories of the charged particles
on the principle of ionisation of the gas when particles passing through the material inside
the detector. The energy loss, dE/dx, information from the particle during the ionisation
process is used for particle identification and in trigger system. The momentum resolution

for high momentum charged particles in the region (17° < 6 < 150°) is approximately

Olps| ~ 0.0054/1 + |p¢, (5.6)

where, p; is the transverse momentum of the charged track. The CDC consists of 52
cylindrical layers, each of which is arranged in 13 stereo and axial super-layers between 8.5
cm and 90 cm in radius. 8400 drift cells have been installed in the Belle CDC. The cathode

strips are used to obtain very efficient z-trigger information in the chamber layers. Three
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layers are used for each stereo super layers and four layers for the three outermost stereo
super-layers. Stereo angles in each stereo super layer are determined by maximising the
z-measurement capability while keeping the gain variations along the wire below 10%. The
ionized particles are accelerated until they reach a optimal velocity where energy gained
from the electric field equals the average energy loss due to interaction with surrounding
gas. This leads us to a simple relation between the time taken by the particle to reach the
cathode plate and the velocity of the charged particle. Hence, the position of creation of
the particle is determined accurately. The trajectory of the charged particle is measured
by taking several measurements of the location of the incident particle. Since the magnet
provides a homogeneous field, the track will follow a helical shape and its curvature will
be inversely proportional to the momentum of the particle. Another important feature
of the CDC is its asymmetric construction. This is done to account for the non-zero
momentum in the center-of-mass frame in the z direction, resulting from the asymmetric
beam energies at KEKB.

Like in the SVD, the CDC also suffers from beam background. Minimising the
Coulomb scattering effect in the CDC is also very important. In order to reduce this

effect, low Z gas is used and hence, the momentum resolution is improved.

5.2.4 Aerogel Cerenknov Counter (ACC)

The identification of kaons and pions is very important at Belle. The ACC plays a vital
role in the identification of charged kaons and pions. Located outside CDC, Cherenknov
counters have been installed at Belle. Cherenknov radiation is emitted when a particle
is travelling faster than the speed of light in a medium and is emitted at a fixed angle
with respect to its direction of travel. The particle must achieve a threshold velocity in a
medium of refractive index n,

U > Upin = 1/n. (5.7)

Two charged particles are identified by emission of different types of Cherenknov radiation
even when their momentum is same. From this, we know that the particle masses and the
velocity with which they travel are different. Given that pions and kaons have different
masses, for a certain refractive index of the material and particles of the same momentum,
pions emit light while kaons do not. Particle identification is then extended beyond the

measurement of dE'/dx by the CDC. Additionally, the particles energy remains unaffected
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Figure 5.7: The configuration of the ACC. [1].

by the Cerenknov radiation, and minimally affected by the ACC material.

In terms of construction, there are two regions of the ACC, the barrel and the forward
endcap. The barrel consists of 960 counters, segmented into 60 cells in the ¢ direction,
and the forward end cap consists of 228 counters, arranged into 5 concentric layers. The
refractive index is chosen on the basis of the polar angle and hence the K /7 discrimination
is performed by the choice of specific medium of suitable refractive indices. These refractive
indices cover the range of momenta, n = 1.01 to 1.03. Two mesh type photo-multiplier
tubes (FM-PMT) are used to distinguish the Cerenknov light. Like the CDC, the ACC
is also under the influence of a strong magnetic field which affects the counting of the
Cerenknov photons, but the FM-PMTs, maintain the accurate counting of the Cerenknov
photons. These FM-PMTs are calibrated by p-pairs for various pulse heights. A total of
10 to 20 photo electrons are detected in the barrel ACC, whereas 25 to 30 are detected in
the forward endcap ACC. The polar angle coverage of the ACC is 17° < 6 < 140°. Hence,
the ACC provides good separation between kaons and pions with a kaon efficiency more

than 80% and a pion fake rate (i.e. a pion misidentified as a kaon) of less than 10%.

5.2.5 Time of Flight Counter (TOF)

Charged particles in the momentum range of 0.8 GeV/c to 1.2 GeV/c are identified using
the TOF. It gives precise measurements of timing for the incident particles by using plastic
scintillation counters, which have time resolution of 100 ps for 1.2 m flight path (particles

originating at the IP passing through the scintillator). Particles produced by an Y (45)
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have momenta below 1.2 GeV/c and comprise 90% of the particles produced at Belle.

In terms of construction, the TOF consists of 64 modules which are concentrically
arranged around the z-axis at a radius of 1.2 m. Each module is made up of two types of
counters which are separated by a radial distance of 1.5 cm: TOF counters and one Trigger
Scintillation Counter (TSC). These cover a radial angle of 34° < 6§ < 120°. Scintillation
light coming from the TSC is collected by the FM-PMTs where the PMTs are used to
optimise gain in the magnetic field. Another FM-PMT is used by the TOF counter for
triggering purposes [47]. For a given path length (L), the mass of the detected hadron can

be calculated from the time needed to reach the TOF using the equation,

—1)P? = Kf — 1)]132, (5.8)

where P is the momentum of the particle determined from CDC track fit and T is the
time walk corrected observed time. Figure[5.§ shows the distribution of the mass for the

detected tracks where the peaks in the figure corresponds to pion, kaons and protons.
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Figure 5.8: Calculated mass for detected tracks using TOF timing information for
particle of momentum < 1.2 GeV /c. The points are taken from data and the coloured
histogram is from MC.
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5.2.6 Electromagnetic Calorimeter (ECL)

The ECL absorbs the energy of traversing particles such that the total energy can be
measured for electromagnetic interaction and electrons can be separated from hadrons
using electromagnetic shower F/p. The main purpose of the ECL is to measure the
energy of the electrons and photons produced in collisions. The ECL plays a vital role
in electron identification. The high energy photons and electrons that enter the ECL
interact with its material and produce radiation via bremsstrahlung and electron-positron
pair production phenomenon. The neutral pion decays to two photons (7° — ~v7) with
energy as high as 4 MeV/c?, so good resolution is required to minimise background. It is
important to separate the photons produced by these processes and hence, to determine
of opening angle between final state photons.

In terms of construction, the ECL consists of a 3.0 m barrel, with an inner radius
of 1.25 cm, a forward endcap at z = 4+2.0 m and a backward endcap at z = —1.0 m,
with polar angle coverage of 32.2° < 6 < 128.7°, 12.0° < 0 < 31.4° and 130.7° < 0 <
155.7°, respectively. It consists of 8736 highly segmented Thallium doped Caesium lodide
(CsI(TI)) scintillator crystals. Thallium is used because it has an ability to shift the crystal
excitation light into visible light which is then detected by a pair of photodiodes placed at
the back end of each crystal. The crystals used in the barrel and the endcaps vary in size
with measurements of 55 x 55 (front), 65 x 65 (back) for barrel while the forward endcap
and backward endcap measurements vary from 44.5 mm to 70.8 mm and from 54 mm to

82 mm respectively and weighs 43 tons. In addition to particle identification, the ECL
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provides information for luminosity measurement.

5.2.7 K and p Detector (KLM)

This sub detector is the outermost part of the Belle detector. As is evident from its name,
it assists with particle identification of Kj mesons and muons since both particles are
the long lived and highly penetrating. It can identify muons and Kj mesons that have
momenta greater than 600 MeV /c. These particles are very stable and they typically
don’t decay inside the interior detector layers. The barrel covers an angular region of
45° < 0 < 125° and the end cap covers 22° < 6 < 150°.

In terms of construction, it consists of double-gap resistive plate counters (RPC) and
4.7 cm thick iron plates. There are 15 detector layers and 14 iron layers in the octagonal
barrel region and 14 detector layers in each of the two end caps. These iron plates provide
3.9 radiation length of material. The K particles interact with these iron plates and
produce hadrons which help determine the direction of travel. The range and direction
of non-showering charged particles are used to differentiate muons from charged kaons
and pions. The double-gap produces an efficiency in the super-layer of more than 98%,
which is greater than the case with a single RPC layer. The angular resolution from the
interaction point is better than 10 mrad. For muons with a momentum greater than 1.5
GeV /c, the muon identification efficiency is greater than 90% with a misidentification rate

of less than 5%.

5.2.8 Solenoid Magnet

The solenoid at Belle provides a magnetic field of 1.5 T which covers a cylindrical volume
of diameter 3.4 m and 4.4 m of length. This magnet covers all the sub-detectors except for
the KLM. A strong magnetic field bends charged tracks and allows for the measurement

of their momenta and to distinguish their charges.

5.3 Offline Reconstruction/Monte Carlo (MC)

Analysis of data requires a detailed understanding of detector effects, possible background
components and the interpretation of results. A large sample of Monte Carlo (MC) sim-

ulation is used, (usually corresponding to several times the amount of data collected). In
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Figure 5.10: Muon identification efficiency versus momentum in the KLM detector
]

these simulations the theoretical understanding of physical processes in observed decays
and our knowledge of detector effects is incorporated. Two levels of MC production are
present: one focused on the physics of decays (generation) and the other on simulation
of the interaction of particles with the detector (simulation). Events with a BB pair are
generated using EvtGen [48]. For the continuum ete™ — ¢q (¢ = u,d, s, c) events, the
initial quark pair is hadronised by PYTHIA, and hadron decays are modelled by EvtGen.
The final-state radiation from charged particles is added using PHOTOS [49]. Detector
responses are simulated with GEANT3 [50].

5.4 Charged/Neutral Particle Reconstruction

5.4.1 Particle Identification (PID)

The PID is performed using the information received from several sub detectors including;:
SVD, CDC, TOF, ECL and KLM. The dE/dz information is provided by the CDC where
as the TOF measures the time taken by the charged particle from IP to the TOF which

gives the velocity of the particle.
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5.4.1.1 Electron Identification

Electrons are identified using information received from the ECL, ACC and CDC. The
ECL provides electromagnetic shower shape information as electrons lose all the energy
in the ECL (contrary to other charged particles as kaons and pions) so the E/p ratio for
electron is approximately 1 for the high momentum electrons. Hence the electrons are
easily identified as compared to heavier charged particles particularly hadrons. For low
momentum tracks the E/p value is smaller than 1 which makes the distribution appear
similar to that of other particles. Another variable which is helpful in identification of
electrons is Eg/Eas: the ratio of energy deposited in a 3 x 3 square of Csl crystals to
energy deposited in a 5 X 5 square and is close to 1 for electrons. The CDC and the
ACC provide energy deposition information (dE/dz) and velocity difference. At Belle,
the threshold momentum required for charged track reconstruction is 50 MeV /c whereas
Cherenknov radiation is emitted from electrons of momenta > 4 MeV/c. The electron

identification probability is found by

5 e
=1 ‘C’z

P, = ,
‘ i1 Lf + T2 £F

(5.9)

where the index 7 runs over all variables used for the identification of electrons. Figure
shows the efficiency for electron identification based on measurements of radiative

Bhabha events. Hadron fake rates are near 0.2%.

5.4.1.2 Muon Identification

Charged tracks are identified as muons by using information received in the KLM from
the CDC and the SVD. The muon tracks are extrapolated to the muon detector which
are originate from the CDC with associated hits found within 25 cm of the extrapolated

track. Muon identification is performed using two variables:
(1) AR: the difference between the measured and expected range of the tracks
(2) x%: the normalised transverse deviations of all hits associated with the track

Muons are then selected from the probability ratio using:

Pu
Prob(u) = ——# 5.10
(1) S E—— (5.10)
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Figure 5.11: Electron identification efficiency for data (left) and MC (right), in
60° < 6 < 125° region (barrel), for Prob(e) > 0.5. Top and bottom plots correspond
to SVD1 and SVD2 respectively. [§]

where p,, is the muon momentum, p, is the 7 momentum, and px is the Kaon momentum.

5.4.1.3 K/m Identification

Charged hadron tracks are identified by using the ionisation energy deposition information
(dE/dx) from the CDC, velocity information from the TOF and the number of photo-
electrons in the ACC. The likelihood of the particle is calculated using the products of

likelihoods from each sub detector as

Lhyp = Lacc X L1or X Lap /- (5.11)

The hadrons are then separated using the probability of a signal particle hypothesis. This
probability is defined as

L(signal)

Problsig/bhe) = Frignal) + £ (background)

(5.12)

5.5 SuperKEKB and Belle II Detector

A successor to the Belle and KEKB facility is currently under construction, namely Belle

IT and SuperKEKB, and will be ready for its first high luminosity physics run in 2019
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following a commissioning run in 2018. The SuperKEKB collider project was founded in
2008 and the ground breaking was in 2011. Its design peak luminosity is 8x 103® cm™2
s~! owing to a redesigned final focusing system called a “nano-beam" scheme as well as
higher currents. In 2018 SuperKEKB achieved a luminosity of 5 x 1033 em™2 s=! during
commissioning, close to the KEKB design. The Belle II detector is expected to collect ~50
ab~! data, primarly at the Y(4S5) like Belle. Belle II is tasked to perform high precision

measurements and to search for rare and forbidden flavour transitions. The designed 40
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Figure 5.12: Luminosity profile of the next generation B factory, Belle II at Su-
perKEKB.

times increase in luminosity also brings in higher more bnd, leading toackgrou detector
occupancy, pile-up, fake hits, increased trigger and DAQ rates, and radiation damage.
Most of the Belle detector has been replaced with components more suited to the much
higher readout rate, and to improve the particle reconstruction performance. Some of the
impacts on physics analyses are highlighted below.

Owing to the use of pixel detectors at very small radius, the impact parameter and
vertex resolution should improve by a factor of ~ factor 2. Due to the larger radius of the
silicon strip detectors, the acceptance of Kg decays is expected to increase by ~ 30%. A
larger radius of the central drift chamber implies a larger level arm for track reconstruc-
tion, hence approximately 30% better invariant mass resolution on D°K 7. New tracking
algorithms that are based on silicon only information improve slow 7% reconstruction ef-
ficiency. Belle II has fast signal shaping and waveform fits of electromagnetic calorimeter

signals to preserve good energy resolution in the higher beam background environment.
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Replacement of the time of flight with a time of propagation Cerenkov imaging detector

leads to better K /7 separation: reducing m — K fake rates by ~ 2.5.
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6. Analysis Procedure

6.1 Event Sample

The data sample used in this measurement is based on the full Belle T(45) data set, which
has an integrated luminosity of 711 fb~! (equivalent to 772 M BB pairs). Continuum
data taken 60 MeV below the Y(4S) resonance is used to model the non-BB background,
equal to 88 fb~!. Due to reliance on slow pion tracking, the data sample is divided into
two parts: experiments 7-27 which is based on the tracking algorithm of SVD1 (three
layered SVD), consisting of 140 fb~!. Experiments 31-65 are based on the new tracking of
SVD (four layered SVD), with better efficiency for slow pion momentum reconstruction.
Figure [6.1] shows the generated and reconstructed slow pion momentum distributions,
normalised. One can see that tracks with momenta below 100 MeV are reconstructed

with lower efficiency. Throughout the entire analysis, the samples are analysed separately
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Figure 6.1: Normalised distribution of slow pion momentum comparing generated
(red), generated after signal reconstruction (blue), and reconstructed momentum
(black) distributions.

based on lepton flavour (electrons and muons). Lepton flavour universality of the weak

51
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interaction predicts that the results should be compatible.

Monte Carlo simulated events are used to determined the analysis selection criteria,
study and estimate the background contribution, and estimate the signal reconstruction
efficiency. Run dependent detector and beam background conditions are used for all

simulations.

6.2 SM Study of B' — D* ("1, Decay

There are three form factors that contribute to the B — D*~¢T1, decay in the CLN for-
malism. The uncertainties on the free parameters (p?, R1(1), R2(1)) have a non-negligible
impact on decay kinematics modelling. The values of the parameters used in this part of
the analysis are the world average (WA) values taken from the Heavy Flavour Averaging
Group (HFLAV) where p? = 1.20740.028, R;(1) = 1.40140.033 and Ry (1) = 0.8544-0.020.
Variations to these parameters modify the kinematics of the decay. The helicity functions
defined in Chapter modify the kinematics of B — D* ¢+, decays which are in-
vestigated with 30 (£30) deviations of each form factor, with respect to world averages.
Figures and show that the observables are most sensitive to variations in p?

and Ra(1), and that w and cos 6, are particularly sensitive.
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Figure 6.2: Observables modified by varying p? by + 30.
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Figure 6.3: Observables modified by varying R;(1) by + 30.

6.3 Study of B" — D* (*y, Decay with NP

We furthermore examine the impact of new sources of left and right-handed operators.
These studies are based on the models discussed in Chapter The kinematic observables
are examined after variations to the helicity amplitudes due to the presence of both V7,
and Vi couplings. We consider real couplings only.

Figure shows that the angular observables, cosf, and cos#f,, are most sensitive
to the addition of positive and negative (real) right handed couplings. The shape of the
recoil w distribution is more affected by a positive addition of a right handed coupling
as compared to a negative addition. The amplitude of the oscillating term in the|y|
distribution can vary substantially. A combined analysis of all dimensions should allow
for simultaneous fitting of form factors and new physics operators. One can also compare

results separately for electrons and muons.
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Figure 6.4: Observables modified by varying Ry(1) by + 30.

6.4 Reconstruction of gB" — D* (Ty, Decays

We reconstruct the signal in the decay chain, B — D*~¢*y, with D*~ — D%, D° —
K~ while the lepton ¢ should be either a muon or an electron. This is the highest
purity charm decay mode, which is critical as this is ultimately a systematics dominated
analysis.

There are two charged pions in the decay; one is emitted from the D* meson decay
and is referred to as a "slow" pion, while the other is from DY decay. The final state
particles to be reconstructed are two pions, a high momentum kaon and a light lepton.
The Belle detector detects and identifies the flavour of both charged pions, one charged
kaon, and leptons(e, ) with high efficiency. These particles are reconstructed using the
Belle Analysis Software Framework (BASF) [51].

Hadronic event selection is required to mitigate background events due to beam back-
ground, radiative Bhabha and other QED processes with lower track multiplicity than
BB events. The criteria are based on the multiplicity of charged tracks in these events,
and the visible energy deposited in the calorimeter. BB is furthermore separated from

+

eTe” — qq, by applying requirements on event shape variables such as Fox-Wolfram Mo-

ments. They describe energy flow from high-energy particle collision events, introduced
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Figure 6.5: Observables modified in the presence of right-handed contributions in
helicity functions.

to describe eTe™ annihilation event shapes. A requirement is applied on the ratio of the

second to zero Fox-Wolfram moments (Rz), which must be less than 0.4 [52].

6.4.1 B° Background
The background can be broken down into the following components.

o Fake leptons: processes where a hadron is misidentified as an electron or muon

and is combined with a true or a fake D*.
e Fake D*: mis-reconstructed D* combined with a true lepton.

e D**: B — D**{*v decays where D** — D*nm or B — D*mlv via non-resonant
decay. These decay modes have charm D mesons (D, D°, D*, D**). The excited state
of charmed meson, D**, is actually orbitally excited four resonances D{, Dy, D/l, Ds.
It has the same quark content as D meson and decay into either charged or neutral

D meson(s).

e Correlated background:processes where a lepton and D* come from the same
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mother and decays to B — D*“7Tv, 7 — ptwvv plus any other type of decay

which is not signal and D** background.

e Uncorrelated background: processes where a correctly reconstructed D* is com-

bined with a true lepton but they do not originate from the same B° meson.

e Continuum: processes where D*/ candidates originate from eTe™ — ¢7. The

continuum is determined using off-resonance data.

6.4.2 D" and D* Reconstruction

Charged particle tracks are required to originate from the interaction point, and to have
good track fit quality. The criteria for the track impact parameters in the r — ¢ and
z directions are: dr <2 cm and |dz| < 4 cm, respectively. In addition we require that
each track has at least one associated hit in any layer of the SVD detector. For pion and
kaon candidates, we use particle identification likelihoods determined using Cherenkov
light yield in the ACC, the time-of-flight information from the TOF, and dF/dx from
the CDC. Likelihoods for kaons and pions are considered: Kaon candidates must have a
likelihood, with respect to the pion, of greater than or equal to 0.6 and the pion candidates
must have likelihood, with respect to the kaon, of less than 0.6.

Neutral D° meson candidates are reconstructed only in the clean D° — K~ 7t decay
channel. The daughter tracks are fit to a common vertex using a Kalman fit algorithm,
with a y?—probability requirement of greater than 10~3 to reject background. The cor-
responding p-value distribution is shown in Figure The reconstructed D° mass is
required to be in a window of +13.75 MeV /c? from the nominal D° mass of 1.865 GeV /c?,
corresponding to a width of 2.5 ¢ determined from data.

To reconstruct the D* candidate, the DY candidate is combined with a charged slow
pion, (7). This slow pion is reconstructed with low efficiency, due to its very low momen-
tum it does not pass through the whole CDC: it is therefore required to satisfy only loose
impact parameter criteria, and is not required to have an associated SVD hit. To minimise
prompt charm from e*te™ — cé continuum, the CM frame momentum of the D* must be
less than 2.45 GeV/e, as shown in Figure The invariant mass difference between
the D* and the D candidates, AM = mp+ — mp, is first required to be less than 165
MeV /c? for the background fit, and further tightened for the signal yield determination,
to lie between 0.144 and 0.147 GeV/c?. Figure shows the AM distribution.
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6.4.3 B' Candidate Selection

Candidate B mesons are reconstructed by combining D* candidates with an oppositely
charged electron or muon. Electron candidates are identified using the ratio of the energy
detected in the ECL to the momentum of the track, the ECL shower shape (E9/E25), the
distance between the track at the ECL surface and the ECL cluster centre, the energy loss
in the CDC (dE/dx) and the response of the ACC. For electron candidates we search for
nearby bremsstrahlung photons in a cone of 3 degrees around the electron track, and sum
the momenta with that of the electron. Muons are identified by their penetration range

and transverse scattering in the KLM detector. The angular acceptance region corresponds
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Figure 6.8: Distribution of A M where the dashed line indicates the signal selection.
The colour scheme is defined in the Figure 6.7}

to that of the CDC, which covers the range [17°,150°] for electrons. A charged track is

identified as an electron if the electron likelihood value is greater than 0.9 as shown in

Figure
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Figure 6.9: The distribution of electron and muon ID. The colour scheme is defined

in Figure. [6.7}

In the momentum region relevant to this analysis, charged leptons are identified with
an efficiency of about 90%, while the probabilities to misidentify a pion as an electron or
muon is 0.25% and 1.5% respectively.We impose lower thresholds on the momentum of
the leptons, such that they reach the respective particle identification detectors for good
hadron fake rejection, as shown in Figure [6.10] To minimise the continuum background
contribution, the center-of-mass frame momentum of leptons must be less than 2.4 GeV /¢
as shown in Figure Tighter thresholds are applied later in the analysis procedure.

A final vertex fit is performed to reconstruct the B?, where D*t¢~ candidates are
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Figure 6.10: Lepton momentum distribution in the lab frame and the dashed line
shows the region for signal selection. The plot on the left is for electrons and the
plot on the right is for muons. The colour scheme is defined in Figure. .

rejected if the vertex probability is less than 1073, The corresponding p—value distribution
is shown in Figure If there are multiple BY candidates, the candidate with maximum

vertex probability is chosen such that there is only one candidate per event.

Events

10 -8 6 -4 -—2_ 0
IoglO(ProbB vixy

Figure 6.11: Distribution of vertex probability at B° vertex for D**/ candidates.
The colour scheme is defined in Figure. [6.7]

6.5 Determination of the B’ Rest Frame

To calculate the B momentum, we require information about the neutrino four-momentum,
but of course neutrinos are not detected in Belle, and instead we must constrain the four-
vector using information about the full T4(S) decay and known CM energy. The B°

momentum, (pg), can be estimated from the total momentum in the event and its direc-
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tion is constrained to lie on a cone centred on the D* /T momentum vector as shown in
Figure The opening angle of this cone, 0po p«—+ is computed for each event. The
cosine of the angle 0o p«—(+ is determined by applying conservation of momentum of the

BY — D*+¢~ decay,

- Pinclusive

Figure 6.12: Illustration of the B reconstruction technique.

PB = DD+ + P+ Do, (6.1)
pv = (pB — PD*0)- (6.2)

By squaring Equation. and setting p, = 0, we get

0 =m% +mpbe, —2(pp - Pp0),

(6.3)
0 =m% +mpy — 2(EgEpey — phpee c0s0p,p0),
and obtain an expression for cos 6 p+¢ as
2E5LE%., — m% — mb,.
cosfp pry = —2—L é;. _*B D4 (6.4)
2|ppllPHel

In the above equation, the energies, masses and momenta of the D* and the ¢ are found
through particle reconstruction and E7 is taken from the known beam energy, Fheam. The
beam energy information is used to calculate the mass, energy and momentum of the B°.
The (x) indicates quantities calculated in the CM frame. This is a very important variable
for discriminating between signal and background, and is later used in a fit to measure

the background yields.
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6.5.1 Rest-of-Event and Neutrino Reconstruction

The B° momentum can not be reconstructed without information about the neutrino in
the decay. The B rest frame must be determined for accurate calculation of the kinematic
variables defined in Chapter The B? momentum is calculated using the inclusive
information we derive from the rest of the event. The tracks and clusters from the other

side of the decay are selected by applying the following criteria.

e Neutral Particle Selection: lower energy thresholds are required to mitigate
beam background, which is more abundant in the forward and backward endcap

regions.

E, (MeV) 0
> 100 0 < 32° (forward)
> 150 6 > 130° (backward)
> 50 32°<60<130° (barrel)

e Charged Particle Selection: Impact parameter requirements are applied on
charged tracks to ensure they originate from near the collision origin, |dr| >0.4
cm and |dz| >2 cm. Additional criteria are applied to reject duplicate tracks: we
reject charged tracks that have a momentum difference of Ap <100 MeV /c with
pr <275 MeV/c with another track in the event. The relative angle should be
f < 15° and 6 > 165° of the charged track and hence the track with larger value of
(5A7)% 4 (Az)? is selected.

The inclusive momentum vector is defined as
Pinclusive = Pbeam — Zﬁu (65)
i

where Pheam is the total beam energy of the colliding beams it is defined as is the sum
of momenta of pygr and pLer and ), p; is the sum of momenta of all the particles that
pass the criteria discussed above. The momentum of the remaining events which are not
associated with signals are shown in Figure [6.13

To estimate the four-momentum vector of the BY, its energy component is set to be
equal to Ef; = /s/2 when transforming the pinclusive vector into the CM frame. The

direction of the B’ momentum is unknown and is chosen in such a configuration where
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Figure 6.13: The figure on the left shows momentum of the recoil B°. The figure on
right shows the mass of the recoil B°. The colour scheme is defined in Figure .

ppo is closest to the p_;‘inclusive vector on a cone, as depicted in Figure The step by

step procedure to determine the signal B® momentum vector is described as follows.

Magnitude of recoil B momentum

First we calculate the 3-momentum of the non-signal B® with the rest of event information
in the lab frame (M,p) by summing momenta of all charged tracks and clusters which are
not associated with signal. Calculate a boost vector from the total beam energy of the
system and calculate its energy component Ej,,. Extract the four-vector of the rest of
event (7lap) by setting Fj,p as its energy component in the laboratory frame. Convert the
(Tlap) four-vector to the Y(4S5) frame i.e. CM frame. Invert the spatial coordinates of

(Map) to determine the hypothesis of signal B momentum four-vector.

Direction of signal B°

We determine the axis of rotation in order to find the direction of B momentum. The
procedure is as follows. First consider the momentum vector @ of the D*{ system i.e.
d = pp+¢. Find a unit vector of (@) where (4) is parallel to the spatial momentum of the
D*¢ system i.e. & = % and ¢ = Map — (Flap - @) X d@. Vectors b and & are orthogonal to vector

@ie. b=ax cand finally the angle 0p,p+¢ is implemented via a (&) rotation around (b).

Determination of the signal B momentum

We take @ as above, multiplied by the momentum 3-vector of the beam i.e. @ x pgo = ppo

to derive the spatial component of the momentum vector. Then we convert ppo to a four-
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vector by inserting the CM energy as the energy component of the pgzo. This now provides

us with the information to derive all kinematic observables for the angular analysis.

6.6 Background Estimation and corrections to the
simulation

The residual background in the event is measured through a fit procedure to PDFs derived
from Monte Carlo and off-resonance data. The MC background events are based on an
inclusive sample of B and B* meson decays. The branching ratios of these decays in the
MC may be different to the true, measured values. Therefore, in order to ensure accurate
estimation of these simulated background decays, scale factors for the simulated events
are obtained by performing a fit to real data.

The simulated events are corrected for various effects. The lepton identification effi-
ciency is corrected with weights based on ee — eevy, ee — pu(7y), and J/1p — £7¢~ control
studies, binned in lepton momentum, and polar angle [53]. The shape of the fake lepton
background is corrected for both electrons and muons using misidentification probabilities
measured in D* — D%, D — K events in bins of lepton momentum and polar angle.
Efficiency corrections for low momentum tracks, specifically slow pions from D*T decays
are also applied, based on control studies in a dedicated B — D*fv, sample in real data
[54].

To model the B — D**{v component, which is comprised of four P-wave resonant
modes (D1, D§, D}, Dj) for both neutral and charged B decays, we correct the branching
ratios and form factors. The P-wave charm mesons are categorised according to the an-
gular momentum of the light constituent, j;, namely the jf = 1/27 doublet of D§ and D}
and the j; = 3/27 doublet Dy and Dj. The shapes of the B — D**{v ¢? distributions are
corrected to matched the predictions of the LLSW model [55]. An additional contribution
from non-resonant modes is considered, although the rate appears to be consistent with
zero in recent measurements.

After applying all the known corrections to the MC, background enhanced regions
of the observables cosfp p+¢;, Am = mp+« — mpo, and lepton momentum are used to
determine the background yields. In the cos @p p+, distribution, the signal process should

lie in interval (—1, 1) while the region outside this interval i.e. (—10,5) is used to determine
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the background contributions. AM should lie in the region between 0.144 and 0.147
GeV/c?, while the region outside of this range is used to determine the background from
fake D* candidates. The momentum of the lepton is an important variable to determine
fake lepton background. py is defined in the range with minimum value of 0.3 (0.6)
GeV/c for electron (muon) and maximum value of 3.0 GeV/c in the lab frame. Events are
required to have lepton momenta greater than 0.8 GeV/c for electrons and greater than
0.85 GeV/c for muons. This criterion greatly reduces the contamination from pions and

kaons misidentified as leptons.

6.6.1 Continuum background

Prior to the fit to determine the background yield, the continuum background is subtracted
using off-resonance data collected 60 MeV below the Y(4S). The normalisation of this
component is calculated using the on-to-off resonance luminosity ratios separately for the
SVD1 and SVD2 samples, which have a 1% systematic uncertainty. The normalisation
ratio is further corrected for the CM energy dependence of the cross section for ete™ — ¢q.
The on-to-off ratio is examined in the event sphericity distribution, R (0 is spherical, 1
is jet-like), and in the momentum distribution of D* (in the CM frame). This is shown
in Figure In the B decay depleted regions, Ry > 0.25 and p},. > 2.5 GeV/c there is

excellent agreement between on- and off-resonance data.
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L I T T | IR B .= T b b by by

Cb 02 04 06 08 1 051152253354
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Figure 6.14: The distribution of Ry, and momentum of D* show good agreement
between on- and off-resonance data.
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6.6.1.1 Continuum Calibration

While the expected number of events from off-resonance appears to be correct, the kine-
matic distributions differ slightly due to the difference in centre of mass energies. We
derived weight factors in all kinematics bins and in cosfp«y, to correct for these dif-
ferences, which are most prominent at cos#, near -0.5 and at large hadronic recoil w.
Figure [6.15] shows the cos0p«p and w distributions of the MC expectation for the contin-
uum on-resonance and off-resonance, with the off-resonance data overlaid, for the region

—0.6 < cos; < —0.4.
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Figure 6.15: The cosfp p+, and w distributions (normalised) showing on-resonance
MC, off-resonance MC and off-resonance data of the SVD1 electron sub-sample.

6.7 Background fit

A three dimensional (3D) distribution of the observables (cosfp p+¢, Am, pg) is used to
fit the background yields using RooFit [56]. A binned extended maximum likelihood fit is
performed using signal and background histogram PDFs. These PDFs are modelled using
MC simulation with ten times the expected yield in real data. Continuum ¢q is modelled
using off resonance data therefore it is not floated in the fit and is subtracted from the
on resonance data before the fit is performed. Signal, and the remaining background
components are floated in the fit to extract the yield. The mass difference Am is a

powerful discriminator between fake and true D*, cosfp p+¢ separates out background
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from B — D**fv and Dx* and ¢ from different B, while p, provides a constraint on the

fake ¢ yield (which is relatively small). The bin ranges are as follows:
o Am: 5 equidistant bins in the range [141, 156] MeV/c2.
o cosfp p«: 15 equidistant bins in the range [—10, 5].

e p;: 2 bins in the ranges [0.6, 0.85, 3.0] GeV/c for muons and [0.3,0.80,3.0] GeV/c

for electrons.

D* & | from different B®
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Figure 6.16: The projections of the (cosp p«s, Am, py ) distributions after the fit,
for the sample SVD1(e).

Figures to show the projections of the fit results after performing the fit to
data for four subsamples: SVD1, SVD2 for electron and muon modes respectively. Using
the signal and background yields from the fit, scale factors are calculated based on the ratio
of fitted yield to the MC expected yield of each component. These scale factors are later
used to correct the background yield expectation in the analysis of the kinematic variables
(w, cos By, cos by, x) for the measurement of |V| and form factor parameters. The scale
factors are listed in Table[6.1} The signal and background fractions are determined in the
signal window of the fitted distributions: —1 < cosfp p+¢ < 1, 144 MeV/c? < AM < 147
MeV/c?, and p; > 0.8 GeV.
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Figure 6.17: The projections of the (cosfp p«, Am, p,) distributions after the fit,
for the sample SVD1(y). The colour scheme is defined in Figure [6.16]

Table 6.1: Signal and background scale factors from fit in the signal region. The
errors on the scale factors are calculated from the fit.

SVD1(e) SVD1(y) | SVD2 (e) | SVD2 (n)

Signal Events | 0.949 + 0.007 | 0.947 £ 0.006 | 0.949 4+ 0.002 | 0.938 &+ 0.002
Fake / 0.432 £ 0.806 | 0.456 £ 0.204 | 0.380 £ 2.984 | 0.356 £ 0.119
Fake D* 0.973 £ 0.023 | 0.922 £ 0.019 | 1.034 + 0.005 | 1.004 £+ 0.005
D** 0.801 £ 0.056 | 0.574 £ 0.035 | 0.714 + 0.019 | 0.511 £ 0.012
Signal Corr. | 0.833 + 0.223 | 1.265 £ 0.244 | 0.944 4+ 0.048 | 1.476 £ 0.089
Uncorrelated | 0.810 £ 0.070 | 0.806 £ 0.094 | 0.769 + 0.023 | 0.929 + 0.045

6.7.1 Validation of the Background Fit

Tests are performed to validate the fit procedure, error evaluation and to determine any

possible bias, namely a pull test and a “stream test", which are described in turn.
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Table 6.2: Signal and background fractions (%) for events selected in the signal

region of (| cosOp p+

<1, 0.144 < Am < 0.147, p. > 0.80, p,, > 0.85)

SVD1(e) SVD1(u) SVD2 (e) SVD2 (u)
No. of Signal Cand. 19318 19748 88622 87060

Signal Events 83.31 £ 0.60 | 83.84 £ 0.54 | 84.80 + 0.19 | 84.20 £ 0.21

Fake /¢ 0.10 £ 0.17 | 1.16 £ 0.73 | 0.10 £ 0.82 | 1.21 £ 0.40

Fake D* 3.17 £0.10 | 3.02 £0.06 | 3.08 £0.014 | 2.96 &+ 0.02

D** 6.07 = 0.42 | 4.19 £ 0.25 5.32 £ 0.14 | 3.82 £ 0.09

Signal Corr. 1.29 £ 0.35 | 2.08 £0.40 | 1.49 £ 0.07 | 2.52 £ 0.15

Uncorrelated 6.05 = 0.52 5.23 £ 0.61 5.19 £0.15 | 5.27 £ 0.26

Continuum 4.29 £ 0.67 | 4.64 £ 0.77 | 4.68 £+ 0.40 5.43 + 0.47

6.7.1.1 Pull Test
The pull of a variable is defined as
pull = Fitted value - Expected value. (6.6)

Fit Error
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Figure 6.19: The projections of the (cosfp p«s, Am, py ) distributions after the fit,
for the sample SVD2 (u). The colour scheme is defined in Figure

The pull is determined separately for each sub sample (SVD1e, SVD1yu, SVD2e, SVD2y)

by building 2000 toy MC samples, taking the original histogram PDFs. The pull distribu-
tions are then fitted with single Gaussians. Figures[6.20] [6.21], [6.22] and [6.23] show the pull

distributions for all samples. The distributions show that the mean is consistent with 0,

and the width (o) is consistent with 1 for the signal and each the background components.

The pull test also shows that the fitting procedure is reliable and there is no indication of

bias.

R

Signal Pull

4
FakeLep Pull

D* Pull

Figure 6.20: The pull distributions

Corr. Pull Uncorr. Pull

of the sample SVD1 for (e) mode.
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Figure 6.22: The pull distributions of the sample SVD2 for (e) mode.

The mean and the standard deviations from the pull results are summarised in Figure
[6.24] The results for all the subsamples are consistent within their respective errors, with
just a slight tendency to overestimate uncertainties in the fit by around 1-2% on average.

This has negligible impact on the final results.

6.7.1.2 Stream Test

A so called “stream test" is performed to check the fit procedure for any possible bias
using the MC data. In this procedure, one stream of MC data, which is equal to the total
integrated luminosity of the real data, is taken as pseudo data to perform the fit while the
remaining 9 streams are used to model the background PDFs in the fit. The fit should give
the same normalisation factors for each component with each stream, within uncertainty.

The ratio of signal and background components from the fit and the MC should be 1.0,
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Figure 6.24: Mean and standard deviation from the pull test for all sub samples.

which would show perfect agreement between MC in each stream sub-sample as well as

show fit stability.

Fit Value
N lisation = ~ 1.0. .
ortatisation MC Expectation Value 0 (6.7)

Figures to show the results for the stream test for all samples. There is no
indication bias in the stream test for all the samples. This implies the fit method is stable.
All the data samples are statistically independent and statistically consistent results are

obtained from all the fits.
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Figure 6.28: Stream Test for SVD2(u). Definitions of the background are in Section.

f1T

6.7.2 Resolution of Kinematic Variables

Resolution is defined as § = v"°¢ — v!"%¢, where the v"¢ is the reconstructed value of the

true js the true value. The resolution tells us how effective the reconstruc-

variable and v
tion algorithm is at measuring the decay distributions. A crude quantitative measure
of resolution is obtained by fitting the § distribution with a (double) gaussian distribu-
tion. Resolution is small compared to the bin width of each observable (w, cos 8y, cos 6, x)

which tells us that bin migration is reasonably small. The resolution for SVD2 is slightly

better than SVD1 cos 6, due to better slow pion tracking. The weighted average width is
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determined for each sample, defined as follows,

fi 2 f2 2
Ctotal = o+ 5. 6.8
o \/(f1 ) (L) 08
Using the above equation the resolutions for the kinematic variables are tabulated in
Table [6.7.2] and the fitted resolution plots are shown in the Figure [6.29 and [6.30] for SVD1
and SVD2 respectively. SVD1 and SVD2 have identical resolution except cos 6, which is

sensitive to slow pion reconstruction.
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Figure 6.29: Resolution of kinematic variables for SVD1(e 4 1) Sample.

Table 6.3: Resolution of the kinematic variables w, cos 8y, cosf, and Y.

Variable | Bin Width | SVD1(e + p) | SVD2 (e + u)

w 0.05 0.020 0.020
cos b, 0.20 0.038 0.038
cos 0, 0.20 0.044 0.043

X 0.63 0.210 0.210
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Figure 6.30: Resolution of kinematic variables for SVD2(e + p) Sample.

6.7.3 Efficiency
Efficiencies are calculated separately for each subsample, defined as

No. of Events After Signal Selection
Total Generated Events

Efficiency = (6.9)

)

and summarised in Table 6.4l Electrons and muon modes are reconstructed with similar
efficiencies. The efficiency for the SVD2 sub-sample is higher by approximately 10% owing

to the additional silicon detector layer.

Table 6.4: Efficiency in each sample, where the error is due to finite MC statistics.

Data Sample | Efficiency Value

SVD1 (e) 0.0821 = 0.0007
SVD1 () 0.0831 = 0.0008
SVD2 (e) 0.0930 = 0.0003
SVD2 (1) 0.0913 = 0.0003

Towards the zero recoil point, w = 1, the D* meson is at rest so the momentum transfer
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Figure 6.31: Binned efficiencies in the four kinematic variables w, cos#,, cos, and
X-

is minimum and the efficiency decreases. In the case of cos 6y, the efficiency drops when the
angle between D* and D° meson is zero and the D* carries minimum momentum. Figure
shows the high correlation between cos 6, and slow pion momentum. The drop in
efficiency at low cosfy is due to low momentum leptons when the momentum transfer is
zero between the W and charged lepton as shown in Figure [6.32] The efficiency remains
flat in x before and after the signal selection criteria, which suggests that acceptance is flat
across this spectrum. After correct background estimation and calculation of efficiencies
for all sub-samples, we will establish the fit procedure to extract F(1)|Ve| and form factor

parameters in two parameterisation schemes.
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Figure 6.32: Two dimensional distribution of D* decay angle and slow pion momen-
tum (left) in the reconstructed signal MC. Two dimensional distribution of lepton
helicity angle and lepton momentum (right).
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7. Fit for F(1)|V,| in the CLN scheme

7.1 Fit Procedure

This chapter describes the fit procedure used to extract the CLN form factor parameters
(p%, R1(1), Ro(1)) and F(1)|Vzp|. A similar procedure is applied in a later chapter to fit to
the BGL scheme. In both schemes, the parameters of interest are extracted using a binned
x? fit (with ROOT TMinuit), to the one-dimensional projections of kinematic variables
w, cosfy, cos, and x. Bin to bin correlations are taken into account. Each variable
is divided into 10 bins such that there are a total of 40 bins in the x2 fit. The events

produced in each bin are calculated as follows [37],
NP = Npo B(D*F — D7) B(D® — K~ nt) 10 T, (7.1)

where I'; is the differential decay width calculated in that specific bin by integrating
Equation in the kinematic variable corresponding to the bin ¢ from the lower to the
upper boundary of that bin, while integrating the remaining variables over their full range.
Npo is the number of B in the data sample. B(D** — DY) and B(D° — K—7™)
are branching ratios of D* and D° meson respectively and 7o is the lifetime of BY. The
bin index “i" refers to the bins of variable w from ¢ = 1 to ¢ = 10, cosf; from ¢ = 11 to
1 = 20, cos B, from i = 21 to ¢ = 30 and x from ¢ = 31 to i = 40 for variable. The CLN
parameterisation of the form factors is described in Chapter which is used to extract
(p?, R1(1), Ro(1)) and F(1)|Vep| from the fit. The normalisation of the form factor h4, (w)
at zero recoil, ha, (1) = F(1), is taken from from unquenched lattice QCD calculations
5],

F(1) = 0.906 £ 0.004 £+ 0.012. (7.2)

81
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Here the first error is statistical and the second is the sum of all systematic errors in

quadrature. The number of expected events in each bin are calculated as follows,

40
exp th bkg
NP =3 Rije; Nt 4 NPRE,
=1

(7.3)

where R; ; is the detector response matrix (the probability of finding a true generated value
in a given reconstruction bin) and €; is the binned signal efficiency. Both these quantities
are calculated with MC samples corrected for imperfections in the simulation, as described
in the previous Chapter. The background in each bin is calculated as described in Chapter

The events thats are generated in this decay can be calculated as,
NEvents — N0 B(DY — K= t) B(D*t — D7) B(B® — D*w,). (7.4)

The input variables and their values that enter in the fit are given in Table

Table 7.1: Values of the input variables for the fit.

Variable Value

r 2.05129 x 10~ 14
Npo(SVD1) 152 x 108
Npo(SVD2) 620 x 108

B(B® — D*(*1,)

(4.93 £ 0.11) %

B(D*+ — Dr+)

(67.7 + 0.5) %

B(D" = K~r) (3.93 = 0.04) %
Tho (1.52 £0.005)x 1072
Gr 1.166378 x 107° GeV 2
mpo 5279 £ 0.15 MeV
mp= 2010.26 £+ 0.05 MeV
mpo 1864.83 £ 0.05 MeV
p* 1.301 (Belle MC)
Ry(1) 1.181 (Belle MC)

0.710 (Belle MC)
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The x? function for the fit is calculated as:

V2= Z (NPbs — NP Cz‘;l (Njobs _ Njexp ), (7.5)
1,

where NP are the number of events in bin 4 of our data sample, and Ci; ! is the inverse of
the covariance matrix. The covariance matrix is actually the variance-covariance matrix
whose diagonal elements are the variances and the off-diagonal elements are the covariance
for elements from the i*" and j** position. The covariance is calculated by having the
variables w, cos#, and cosf, and x against each other. The off-diagonal elements are

calculated as in Ref. [37],
Cij = N pij — N pip;j Vi # j, (7.6)

where p;; is the relative probability of the two-dimensional histograms (w, cosfy), (w,
cosby), (w, x), (cosby, cosby), (x, cosby) and (x, cosby) and p; and p; give the relative
probability of the one dimensional histograms of w, cos#y, cosf, and x. N is the total
size of the sample. The diagonal elements are the variances of N; ¥ and are calculated

with the following approach,

d (1—¢j) d (1 - Ry) d
Ciz = 3[Ry NP™ 4 B S (N2 o Ry =2 & (N2
i=1 ata data

2 (1_6]') rod\ 2 (1_Rij)

2 prod\ 2 2 bkgrd
~_T W 2 (NE N . .
N S W] P+ o2 (NP (77

)

This expression takes the Poissonian uncertainty of NP4 and N®P in each bin, and the
last term of the equation gives the total error associated with the background. The errors
from the scale factors of the different background components (including continuum) are

added linearly.

7.1.1 Comparison between Theory and MC

Before running the fit for F(1)|V| and the form factor parameters it is important to cross-
check our theoretical model against the MC expectation. Both should be equivalent as they
are are both based on the CLN parameterisation. Therefore, by setting the values of the
form factor parameters in our theory model to the values we have in the MC generator, we
should expect a good agreement in distributions of the kinematic variables. In Figure [7.1]

the normalised distributions of kinematic variables comparing theory and MC are shown.
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Very good agreement is found, suggesting that the generator and analytical approaches

are consistent. A small difference is found at large values of w, where the finite mass

: T T _Tlheory T ] : T T T
0.15p —MC Truth| ] 0.15f ]
0.1:__|—‘_I_‘_|_\_\_\=_: 0.15
0.05F . 0.05F
O 1 1 PRI PRI O 1 PR | I
1 11 12 13 14 15 =1 05 0 05 1
w cos 6,
0.2 1 oasp :
o — T T
0.05F . 0-05¢ ]
- B e T
cos 6, X

Figure 7.1: Distributions of kinematic variables w, cosfy, cosf, and x comparing
theory model with MC with p? = 1.301, R;(1) = 1.181, Ry(1) = 0.710 for ¢ and p
modes combined [9].

of the muon introduces a potentially measurable difference to the electron mode, shown
in Figure The analytical approach used in the fit ignores the charged lepton mass.
Therefore a bound on the w is set to allow the use of the model that does not account
for finite masses. The bin boundaries for the kinematic variables w, cos 6y, cos#,, x are
chosen within the kinematic allowed limit except for variable w whose maximum value
from Equation is 1.504 but it is taken to be 1.50 for electrons and 1.49 for muons.

The remaining difference in the final muon w bin is much less than 1%.

7.1.2 Detector Response Matrices

The kinematic variables (6y, thetay, w, x) have finite resolution due to detector effects
and reconstruction algorithms. This is described in Chapter This effect leads to

bin migration, where true values of the these variables may be reconstructed in one of
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Figure 7.2: The w distribution near the kinematically allowed limit. The figure on
left is for the electron mode and figure of right is the muon mode. The red line
shows the theoretical model. The blue and black lines are MC predictions with and
without considering radiative photons respectively using PHOTOS.

several reconstruction-level bins. The response matrix is hence a two dimensional distri-
bution as a function of the reconstructed and true value of the kinematic variable. The
response matrix is calculated from MC where both reconstructed and true values are well
known. It is calculated separately for the kinematic variables because the bin migration
is only between the truth and reconstruction distribution but no migration between the
variables themselves. The response has to be taken into account while calculating the
theory prediction in order to include detector effects.

As shown in Table the resolution is comparable to the width of the bins such that
bin migration is not large. Figures [7.3] and [7.4] show the response matrices for electrons
and muons where the x-axis shows reconstructed events and y-axis shows the true events.
The matrices are highly diagonal except for x where resolution is poorer than the other

variables.

7.2 Fit Results for p? R (1), Ry(1) & F(1)|Vyy|

The fit to the CLN parameterisation is performed for each sub sample. The results for
the form factors and F(1)|V,| are shown in Table The p-valuse of each of the fits

is calculated based on the x? per degree of freedom, and it can be seen that all fits have
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0.5 1
cos6 Reco

cos6, True

05 1 2 3

cos6, Reco X Reco

Figure 7.3: Response matrices of four kinematic variables w, cos 8y, cosf, and y in
the e sample.

acceptable values. The results for F(1)|V,;| are consistent among all samples, as are the
branching fractions. The form factors are also quite consistent. Figures([7.5] [7.6] [7.7]and[7.§]
are the distributions of the kinematic variable after the fit for four data samples, SVD1(e),
SVD1(u) , SVD2(e), and SVD2(u) respectively. The linear fit correlation coefficients are
given for the four sub-samples in Tables [7.3] to [7.6] There is a high correlation between
p? and Ra(1) but it does not exceed 0.9. The correlation between F(1)|V,| and the form

factor parameters is reasonable, though highest with p?.

7.2.1 Fit validation

Toy MC samples are performed to validate the fit procedure and compare the parame-
ter values obtained from the fit to the true values of the parameters. The pull for any

parameter is defined as

ﬁtparameter _ trueparameter
pull = , (7.8)

arameter
P Uﬁt

parameter

where fitParameter jg the value of the parameter after the fit and the trueP?ameter jg the
true MC value. A total of 900 toy samples are generated for each sub-sample the using

the uncertainty on the number of events in each bin. The distribution is then fitted using
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cos6, True
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X Reco

Figure 7.4: Response matrices of four kinematic variables w, cos 8y, cosf, and y in
the p sample.

ROQT. The pull plots are shown in Figs. [7.10] [7.11] and [7.12], and the results from
the pull are summarised in Table [7.7] It can been in Table [7.7] that the mean and sigma

obtained from the studies are correctly at 0 and 1 respectively. The fitted sigma values for
p? are slightly larger than 1, however this is due to a slightly non-Gaussian distribution

of the pull distribution where the Gaussian undershoots the pull in the core.
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Table 7.2: Fit Results for the four sub-samples. For reference, the world average
values are p? = 1.207 + 0.028, R;(1) = 1.401 + 0.038, Ry(1) = 0.854 + 0.020 and

V.| = 35.81 + 0.11 x1073,

Variable SVD1(e) SVD1(u) SVD2 (e) SVD2 (p)
0 1.165 £ 0.099 | 1.165 £ 0.102 | 1.087 £+ 0.046 | 1.095 £ 0.051
Ryi(1) 1.326 £ 0.106 | 1.336 £ 0.102 | 1.117 &+ 0.040 | 1.289 £ 0.048
Ry(1) 0.767 £0.073 | 0.777 £ 0.074 | 0.861 £ 0.030 | 0.882 + 0.034
F)|Vis| x| 34.66 = 0.48 | 35.01 £ 0.50 | 35.25 + 0.23 | 34.98 + 0.24
1073

X2/ndf 35.8/36 36.0/36 44.1/36 43.5/36
p-Value 0.48 0.47 0.17 0.18

B.F [%] 4.84 £ 0.06 4.91 £ 0.06 4.88 £ 0.03 4.82 £ 0.03

Table 7.3: Statistical correlation matrix of the fit parameters in the SVD1(e) sample.

p? Ri(1) Ro(l) F(1)|Val
0 1.000 0.615 -0.887 0.608
Ry (1) 1.000 -0.717  -0.100
Ry(1) 1.000  -0.215
F(1)|Vas| 1.000

Table 7.4: Statistical correlation matrix of the fit parameters in the SVD1 () sample.

p> Ri(l) Re(l) F(1)|Va

P> 1.000 0.617 -0.888  0.625

Ri(1) 1.000 -0.706  -0.100
Ry(1) 1.000  -0.240
F(D)[ V| 1.000



7.2. FIT RESULTS FOR p?, Ri(1), Ry(1) & F(1)|Vep| 89

Table 7.5: Statistical correlation matrix of the fit parameters in the SVD2(e) sample.

PP Ri(l) Rp(1) F(1)|Val

0 1.000 0.578 -0.882 0.711

Ri(1) 1.000 -0.664  -0.010
Ry(1) 1.000  -0.338
F(1)|Vap| 1.000

Table 7.6: Statistical correlation matrix of the fit parameters in the SVD2 () sample.

PP Ri(l) Re(l) F(1)|Ve|

0> 1.000 0.551 -0.877 0.714

Ri(1) 1.000 -0.645 -0.011
Ry(1) 1.000  -0.331
F(1)|Vap| 1.000
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Figure 7.5: Projections of w, cosf, and cos 0, and y after the fit to the CLN scheme
for data sample SVD1 (e). The colour scheme in Figure. m
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Figure 7.6: Projections of w, cos#, and cos 6, and y after the fit to the CLN scheme
for data sample SVD1 (u). The colour scheme in Figure. m
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Table 7.7: Results from the pull study for the parameters (p* R;(1), Ry(1) and

F()Va|)
SVD1(e) SVD1(u) SVD2(e) SVD2(u)
, Mean | 0.042 £ 0.038 | 0.015 £ 0.035 | -0.007 £ 0.040 | 0.034 £ 0.037
p
Sigma | 1.082 £ 0.031 | 1.035 £ 0.025 | 1.162 £ 0.030 | 1.081 £+ 0.030
Mean | -0.010 £ 0.035 | -0.029 £ 0.033 | -0.002£ 0.035 | 0.022 £+ 0.035
Ri(1)
Sigma | 1.010 £ 0.030 | 0.945 £ 0.024 | 1.033 4+ 0.024 | 1.002 £ 0.025
Mean | -0.033 4+ 0.035 | 0.042 £ 0.033 | -0.013 £ 0.037 | -0.014 £ 0.036
Ry(1)
Sigma | 1.0194 0.026 | 0.932 £ 0.024 | 1.061+£ 0.029 | 1.033 £+ 0.025
Mean | 0.026 £ 0.033 | 0.027£ 0.034 | -0.050 £+ 0.038 | 0.003 £+ 0.035
F(D)|Va|
Sigma | 0.968 £ 0.027 | 0.983 £ 0.025 | 0.967+ 0.025 | 1.012 4+ 0.025
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Figure 7.11: Pull distributions for the CLN
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8. Systematic Uncertainties and Fi-

nal CLN results

In the previous chapter, we were able to extract the values of the form factor parameters
and F(1)|V,| along with the statistical uncertainty associated with them. In this chapter
we consider additional sources of uncertainty that are associated with the nature of the
measurement, assumptions made in the experiment, or the models used to make inferences
based on the observed data. There are number of external sources of errors contributing
to the systematic uncertainties.

The systematic uncertainties arises due to following sources:

tracking efficiencies,

o lepton identification efficiencies,

e lepton fake rate corrections,

e hadron identification efficiencies,

« branching fractions of B(D** — D°z%) and B(D° — K—71),

« the BY life time,

o the total number of T(4S5) in the data sample,

« the ratio of BBO to Bt B~ i.e. fi_/foo = B(Y(4S) — BtB~)/B(Y(4S) — B°BY),

B — D** /v composition, and shape functions as well as D** branching fractions.

Note that the errors from the background fit are already propagated into the fit /statistical
uncertainty, as are the uncertainties due to finite MC statistics. The latter are very low

due to the use of 10 streams of signal MC.
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8.1 Sources of Systematic Uncertainties

8.1.1 High momentum tracking

There are four charged tracks in the decay, two pions and a kaon along with a charged
lepton. The track finding uncertainty is calculated for all tracks, except for the slow pion
from the D*. The error associated the slow (pions) tracks are calculated separately. The
uncertainty associated with each fast track is a constant 0.35% which is multiplied by the

number of fast tracks for signal events due as there is 100% correlation.

8.1.2 Slow pion tracking

The uncertainty associated with slow pion tracking is calculated in bins of slow pion
momentum in the lab frame. There are three uncertainties associated with the slow
pion efficiency correction, one statistical error and two systematic errors. The systematic
errors are correlated and therefore added linearly and the total error is calculated using
the quadratic sum of the statistical and systematic errors. The errors are calculated with
calibration samples for SVD1 and SVD2 samples separately, and therefore combined in

inverse quadrature for the full sample.

8.1.3 Hadron identification

There is a small uncertainty associated to the kaon and pion identification criteria used
for the daughters of the D° candidates. Due to the use of relatively loose criteria, we find
that the efficiencies are very high and with very low uncertainty. It is therefore negligible

with respect to other sources of uncertainty.

8.1.4 Lepton Identification

The systematic error due to lepton identification efficiency correction is calculated in bins
of lepton momentum in the lab frame, and the lepton polar angle. There are three errors
associated with the lepton identification table, one statistical error and two systematic
errors. The statistical errors among different bins are independent, while the systematic
errors should be considered to be 100% correlated and are added linearly. The systematic

uncertainty is calculated for electron and muon modes separately combining the SVD1
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and SVD2 samples. The total systematic error due to lepton identification efficiency is

calculated by inverse quadrature sum of uncertainty due to electron and muon samples.

8.1.5 Lepton fake rates

There is a small probability that the candidate leptons originate from misidentified hadrons.
A calibration sample of D* — D°, D° — K1 was studied to determine this probability
with data and correct the MC expectation. The uncertainties associated to the statistical
error of this calibration sample are propagated into the analysis. The overall uncertainty

is small, as the the overall fake rate is anyway floated in the background fit.

8.1.6 B — D*/v Branching Ratios and Form Factors

We account for uncertainties in the B — D**fv component. The shapes of the B — D**{v
q? distributions are corrected to match the predictions of the LLSW model [55]. The errors
on the branching fractions are varied by £ two standard deviations for both the B and the
D** decays. The errors associated with the LLSW form factor parameters are calculated

using the procedure described in Ref. [58].

8.1.7 D* and D° Branching fractions

The systematic uncertainty associated with the B(D** — Dz%) and B(D? — K—n™)

corrections are calculated as the relative error on the branching fraction.

8.1.8 BY yield in the data sample

The BY yield is determined with two input parameters: the measured yield of Y(45)
in the data sample, and the fraction of those Y(4S) that decay to a B°/B° pair. The
former is measured by the Belle collaboration using the number of hadronic events on
and off-resonance and taking the difference. The latter is taken from the world average

measurement of the Y(4S) branching ratio, which is 48.6 + 1.4 %.
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8.1.9 Calculation of Systematics Uncertainties using Toy
Samples

We estimate systematic uncertainties by varying each possible uncertainty source such as
the PDF shape and the signal reconstruction efficiency with the assumption of a Gaussian
error, unless otherwise stated. This is done via sets of pseudo-experiments in which each
independent systematic uncertainty parameter is randomly varied using a normal distri-
bution. The entire analysis is repeated for each pseudo-experiment and the spread on
each measured observable is taken as the systematic error. This approach also provides
the necessary information to determine the systematic uncertainty correlations between
each measured observable.

It should be noted that the uncertainties due to fast track reconstruction, number of
Y (49) in the data sample, B(D** — D%r}) B(D® — Kr) and BY life time does not effect
the form factor parameters.

The breakdown of the systematic error is tabulated in Table[8.I] The total uncertainty

is determined from the quadratic sum of all uncertainties.

8.2 Results

The final results combining the subsample results through a weighted average are presented
with their respective total statistical and systematic errors are shown in Table The
value of F(1)|V| x 107 3ngw is found to be less than one standard deviation from the
world average, 35.6 + 0.1 & 0.4, as is B(B® — D*/*y;), where the world average is

4.88 +0.01 £ 0.10. This work is the most precise evaluation of these quantities to date.

8.3 Lepton flavour universality

After calculating B(B? — D*~¢T1;) for both electrons and muons, their respective ratio
can be determined. In this ratio most of the systematic uncertainties cancel, with the
exception of those associated to lepton identification. This is a very stringent test of
lepton flavour universality, showing excellent agreement with unity.

The branching fractions for the electron and muon modes, and their statistical uncer-
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Table 8.1: Systematic uncertainty breakdown for |V,3|, branching fraction and form
factor parameters in the CLN form factor parameterisation. The lepton ID uncer-
tainties are given for the e and p subsets as well as the combined value.

Systematic Uncertainties — p? Ri(1) Ryo(1) F(1)|Vw| [%] B.F.[%]
Slow pion efficiency 0.005 0.002 0.001 0.65 1.29
Lepton ID (e)-sample 0.016 0.026 0.016 0.78 1.49
Lepton ID (u)-sample 0.001 0.006 0.004 1.13 2.28
Lepton ID combined 0.001 0.006 0.004 0.68 1.38
B(B — D*(v) 0.002 0.001 0.002 0.26 0.52
B — D**{v Form factors 0.003 0.001 0.004 0.10 0.22
fi—/ foo 0.001 0.002 0.002 0.52 1.06
Fake e/ 0.004 0.006 0.001 0.11 0.21
Norm. continuum 0.002 0.002 0.001 0.01 0.06
Fast track efficiency - - - 0.53 1.05
N(T(49)) - - - 0.68 1.37
BO life time - - - 0.13 0.26
B(D** — D)) - - - 0.37 0.74
B(D° — Kr) - - - 0.51 1.02
Total Systematic Error 0.008 0.009 0.007 1.55 3.11

tainties are as follows.

B(B® — D*Ye v) = (4.87 £0.03)%

B(B® — D*"u~v) = (4.84 £ 0.03)%

The ratio of branching fractions for (e/u) is calculated as follows:

BB’ — D" v) =

Nsignals after fit

The results for the lepton flavour universality test are as follows.

R

_ B(B" = D**e )

=1.01 £0.01 £0.03.

e X B(D*+ — DO7y) x B(DY — K7) x Ngo'
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Table 8.2: Results for the full sample in the CLN scheme.

Parameters Values
p? 1.106 £ 0.031 £ 0.008
Ry(1) 1.229 £ 0.028 £ 0.009
Ry(1) 0.852 +£0.021 £ 0.007

F(1)|Vi| x 10 305w 351 +£02+0.5

B(B® — D*~(*y,) | (4.86 4 0.02 + 0.15)%




9. Fit for F(1)|V,| in the BGL scheme

To perform the fit to the BGL parameterisation we follow the approach described in Ref.
[59]. We similarly truncate the series in the expansion for af and a4 terms at O(z?) and

order O(z%) for Fy. This results in five free parameters (one more than in the CLN fit),
f

defined as &zf = |Va|new ai, and @ = |Vyp|newa! where ¢ = 0,1 and dfl = |Vap|neEw afl,
where ¢ = 1,2. This number of free parameters can describe the data well, while higher
order terms will not be well constrained unless additional information from lattice is
introduced. We found that there can be very high correlations (much greater than 90%)
in the six-parameter fit between aj and af, and decided therefore not to use the second
order in the af term. We apply a unitarity bound as in Ref. [59], and described in Chapter
3.

We perform a x? fit to the data with the same procedure as for the CLN fit described in
Chapter 8. The resulting value for |V| is larger than that from the CLN parameterisation,
and consistent with the inclusive approach. The fit results are given in Table and Fig.
Correlations are generally high in this fit approach, and would greatly benefit from
further LQCD points away from zero recoil. For this reason it was not possible to reliably
fit the SVD1 subsets, and instead the combined SVD1 and SVD2 samples are fit. We
find very good agreement for |V| in in the electron and muon modes. The fit correlation
matrices are given in Table [9.3| and Table for electron and muon modes respectively.

Table [0.2] shows the results for the combination of the electron and muon modes.
Finally the systematic uncertainties are evaluated with the same procedure as described
in Chapter 8.

The result for F(1)|Ve|new is 10% larger in the BGL than in the CLN approach, and
with a larger uncertainty owing to the larger number of free parameters. Both sets of

fits give acceptable x2/ndf for the data-subsets, however the BGL fit does have better

agreement with the data over the full data set. The larger expected result from BGL was
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Table 9.1: Fit Results for the electron and muon sub-samples in the BGL param-

~F ~F ~g X 102

eterisation where the following parameters are ﬂoated:&g , d{ , ayt, as', ayp
along with F(1)|Ve|new x 103. The p—value corresponds to the x?/ndf using the

statistical errors only.

e 1t
al x 102 0.0566 + 0.0005 0.0561 + 0.0006
al x 102 0.0758 + 0.0243 0.0644 + 0.0281
att x 102 0.0264 + 0.0010 0.0288 + 0.0106
att x 102 0.2771 + 0.1866 0.3712 + 0.2078
ad x 102 0.0963 + 0.0027 0.1110 % 0.0031
F()|Vi|new x 10 38.89 + 0.34 38.56 £+ 0.38
X% /ndf 57/35 40/35
p-value 0.01 0.26

also seen in studies in Refs. [59] and [2].

Taking the value of F(1) = 0.906+0.013 from Lattice QCD [12] and ngw = 1.0066 from
[32], we find the following values for |V|: (42.5+£0.3 4 0.7+ 0.6) x 1073 (BGL+LQCD).

Note that we round to one significant figure in the final result.

Table 9.2: Combined results for the full data set in the BGL scheme. Note that the
precision on F(1)|Vy|ngw x 10 is rounded to one decimal place.

Parameters

Values

al x 102
al x 102
att x 102
ast x 102
ad x 102

f(l)ﬂ/cbh]EW X 103

0.0564 £ 0.0004
0.0701 £ 0.0183
0.0276 £+ 0.0071
0.3242 £ 0.1388
0.1037 £ 0.0020
38.7 £ 0.3
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Table 9.3: Statistical correlation matrix of the BGL fit parameters in the (e) sample.

~f = f ~F P =9
ay ay a; sy ay

774 &g 1.000 -0.803 -0.774 0.668 -0.035

al 1.000  0.486 -0.425 -0.377
ar 1.000 -0.981 0.062
al 1.000  -0.050
it 1.000

Table 9.4: Statistical correlation matrix of the BGL fit parameters in the (u) sample.

~f ~f ~F ~F
ap ax ap as Qg

d{; 1.000 -0.776 -0.773 0.667 -0.041

al 1.000 0.458 -0.398 -0.440
al 1.000 -0.981 0.080
ak 1.000  -0.067
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Figure 9.1: Results of the fit with the BGL form factor parameterisation. The re-
sults from the SVD1 and SVD2 samples are added together. The electron modes
are on the left and muon modes on the right. The points with error bars are the
on-resonance data. Where not shown, the uncertainties are smaller than the black
markers. The histograms are, top to bottom, the signal component, B — D** back-
ground, signal correlated background, uncorrelated background, fake ¢ component,
fake D* component and continuum.



10. Conclusion

In this thesis we present a new study with data from the Belle experiment of the decay
B — D*{v. We present the most precise measurement of |V;| from exclusive decays, and
the first direct measurement using the BGL parameterisation. The theoretically favourable
BGL parameterisation gives a higher value for |V,;|, which is closer to that expected from
the inclusive approach [60} 61} [62]. This may be the solution to the long standing tension.
This result has implications for semileptonic decay modelling in other studies, such as the
measurements of |Vy;|, and B(B — D™ rv).

We find the following values for |V;|:

V| = (38.7£0.240.6+0.5) x 1073 (CLN + LQCD) and (10.1)

V| = (42.5+£0.34+0.7+0.6) x 1073 (BGL + LQCD). (10.2)

We also place stringent bounds on lepton flavour universality violation between electron

and muon channels, which has been observed to be consistent with unity.

B(B® — D**ev,)
B(B° — D**tpu~u,)

=1.01+0.01+0.03 (10.3)

The fit with the BGL parameterisation gave p-values that were very good, suggesting
a SM description of this decay is most suitable. Limits on new phenomena, such as right
handed currents described in this thesis, can be placed using the spectra measured in this

thesis and will be the subject of future work.
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