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Abstract

In this thesis, the measurement of the inclusive branching fraction of B — X7v decays at the
Belle experiment is presented. Previous measurements of the inclusive semileptonic b-hadron
branching fraction B (b — X7v) in Z% — bb decays at LEP agree well with the prediction of
the Standard Model of particle physics. Conversely, the B-factory experiments BABAR, Belle
and LHCb consistently measured the exclusive branching fractions of the decays B — D7v and
B — D*rv larger than the theoretical prediction. The combined exclusive branching fraction
measurements together exceed the Standard Model by 40 and are even larger than the average
of inclusive LEP measurements.

This work is the first measurement of the branching fraction of B — X7v decays at a
B-factory. It is therefore a valuable cross check to the exclusive analyses and also probes the
inclusive LEP measurements in a different experimental environment.

At Belle, a large sample of 770 x 10 BB pairs was recorded in e*e™ collisions at the Y (4S)
resonance. One of the two B mesons in the BB event is fully reconstructed in a hadronic decay
mode (By,g) and the other one (Biignal) is analysed regarding the signal decay. This hadronic
B tagging allows one to constrain the kinematics and the flavour of the signal B meson and
enables the study of observables in the Bgigna rest frame. The signal is selected in the leptonic
decay modes of the 7 and thus signal-like events are required to have a single electron or muon
in the final state.

This analysis relies on Monte Carlo simulations of backgrounds, particularly on those of
semileptonic B decays. The latter produce mainly charmed mesons of which ~25% are the poorly
known D** mesons. To improve the modelling of the data, a new model of these excited charmed
mesons and the related semileptonic B decays is developed and implemented in dedicated Monte
Carlo samples.

Observables for the signal extraction are the lepton momentum and the squared sum of
four-momenta of undetected particles (squared missing mass) in the event. The signal branching
fraction is measured, normalised to the branching fraction of B — X /v (¢ = e, u) decays, to be

B(B— Xtv)
X) = 55— =0.298 £ 0.01244¢ £ 0.0184ys.
R(X) B(B = Xiv) 0.298 % 0.0124¢a¢ £ 0.018y

Assuming the isospin-average branching fraction B (B — X/v) = (10.86+0.16)%, this translates
to a branching fraction of

B(B — X71v) = (3.23 + 0.134a; + 0.214y5) %

and is the most precise single measurement of B — X7v decays so far.
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Preface

With the discoveries of numerous new particles in the 20" century, the theory to describe them
evolved to today’s Standard Model of particle physics (SM). The existence of particles predicted
by the SM, e.g. the {2 baryon and the three heavy quarks, is one of the great achievements of
this model.

In 1970, the GIM-mechanism [1] was introduced to explain the absence of flavour-changing
neutral currents (FCNC) in the SM. In addition to the three light quarks which were known at
that time, the mechanism required the existence of a fourth quark, which is today known as the
charm quark. Based on the work of N. Cabibbo [2], M. Kobayashi and T. Maskawa in 1973
showed that expanding the Cabibbo quark-mixing matrix from two to three quark generations
naturally introduces a CP violating phase, explaining the observation of CP violation in neutral
Kaon decays (CKM mechanism) [3]. The predicted third quark generation contains two new
quarks, named bottom and top (or sometimes beauty and truth) which were indeed found in
1977 [4] and 1995 [5, 6], respectively.

To confirm the time-dependent CP violation in the B sector predicted by the CKM mechanism
and to study the parameters of the latter, the B-factory experiments came up in the 1990s. The
Belle experiment at the KEK in Japan and the BABAR experiment at SLAC in the US were
designed to record huge data sets of B meson decays and finished their data taking in 2010 and
2008, respectively. With the observation of time-depended CP violation in the B system in the
year 2001 by both experiments [7, 8|, one of the last open predictions of the SM was confirmed.
Kobayashi and Maskawa were rewarded with the Nobel Prize for the CKM mechanism in 2008.

Until today, the SM has been confirmed in many studies, however, one particular particle
was still missing until a few years ago: the Higgs boson. It was predicted as a consequence
of electro-weak symmetry-breaking and introduced to explain the masses of the elementary
particles [9, 10]. With the announcement of the Higgs boson observation in 2012, the Large
Hadron Collider (LHC) experiments ATLAS and CMS at CERN completed the search for
missing SM particles [11, 12] which lead to the Nobel Prize for P. Higgs and F. Englert one year
later.

The SM is a very successful theory that robustly predicted new particles and interactions,
nonetheless, it is known to be yet incomplete. Several aspects are not explained by the SM at
all; examples are the mass of the Higgs boson and its incapability to unify all three fundamental
forces. Hence, numerous models for New Physics (NP) beyond the SM are proposed. Super-
symmetric extensions to the SM (SUSY) can solve the mentioned issues, but predict a variety
of new, yet undiscovered particles. Searches for NP particles are conducted, either as direct
searches looking for the production of those particles at high energies, or complementary, as
indirect searches for NP signatures at lower energies which is the regime of the B-factories.

In particular, semileptonic B decays involving a 7 lepton show interesting deviations from the
SM prediction as reported by Belle, BABAR and LHCb [13-17]. The combined measurements of
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the branching fractions of B — D7v and B — D*7v! are four standard deviations (40) above
the SM calculations [18]. These deviations may be explained by new Higgs-like bosons and are
thus of special interest.

A complementary cross check to the results of the exclusive B — D®7u decays is the
measurement of the inclusive B — X 7v branching fraction which is the subject of this thesis
using the large Belle data set.

After a theoretical and experimental overview in Chapter 1, the Belle experiment and its data
and Monte-Carlo samples are introduced in Chapter 2 and 3, respectively. For an improved
description of signal and background events, a model of excited charmed meson decays was
developed and incorporated in a dedicated MC sample (Chapter 4). The analysis is described in
Chapter 5 and Chapter 6 gives the final results which are discussed in Chapter 7. A summary
of this work is given in Chapter 8.

L If no charges are given, all Isospin and CP conjugates are meant (e.g. B stands for B*,Bf,BO,Bfo). If charges
are given, the CP conjugate is also meant unless stated otherwise.



CHAPTER 1

Introduction

Testing the predictions of the Standard Model of particle physics (SM) is a key aspect to
understand nature at smallest scales. Possible deviations from the SM are hints to New Physics
beyond the SM. The decay of a B meson involves a transition of its constituent b quark to a ¢
or u quark by the weak force. Sec. 1.1 gives a brief introduction to the SM and the relevant
interactions are discussed. The description of semileptonic B meson decays in the SM is given
in Sec. 1.2. Secs. 1.3 and 1.4 discuss the experimental status of semileptonic B meson decays
with 7 lepton final states and their possible implications on New Physics, respectively.

1.1 The Standard Model of particle physics

The SM describes the elementary particles and their interactions (see Fig. 1.1). Spin-3 fermions
interact via the exchange of spin-1 bosons of the electromagnetic, weak and strong forces. The
fermions are divided into quarks and leptons, of which only the quarks participate in the strong
force. Furthermore, the fermions are structured in three “generations” or “families”, with the
second and third generations being heavier copies of the first generation.

The SM is a quantum field theory (QFT), described by the gauge symmetry group

SU(3)colour X SU(Q)T X U(l)y, (1.1)

which corresponds to transformations in the space of the colour charge, the weak isopin T and
the weak hypercharge Y, respectively. The strong and the weak interactions are introduced in
the following sections.

1.1.1 Strong interaction

The theory of strong interactions is described by quantum chromodynamics (QCD). Quarks are
strongly interacting particles bound together to mesons (¢¢) and baryons (qqq). They carry
colour charge, i.e. one of the colours red, green or blue (anti-quarks carry the corresponding
anti-colour) and interact via exchange of massless gluons. The SU(3)colour Symmetry gives rise to
nine massless bosons which are the eight gluons (themselves coloured, carrying colour—anti-colour
combinations) and a colourless singlet which thus cannot participate in the strong interaction.
As the gluons carry colour, they self-interact which leads to an effective anti-shielding and
the confinement of quarks. This means, at large distances, or equivalently small momentum
transfer ¢2, the coupling becomes arbitrarily large. Due to the confinement, there are no free
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Figure 1.1: The particles of the Standard Model. Matter is made of fermions, i.e. quarks and leptons,
whereas the heavier generations (second and third column) decay fast into the lighter first generation
(first column). Their decays and interactions are mediated by the gauge vector bosons of the three
fundamental forces (see text). The scalar Higgs boson is a consequence of the Higgs field which gives rise
to the particle masses. Adapted from [19].

coloured objects, i.e. quarks are only found in colour-neutral bound states. In contrast, at small
distances or large energies, the coupling is small and the bound quarks approximately behalf
as free particles which is called asymptotic freedom. In this regime, the QCD processes can
be calculated perturbatively. The coupling of the strong force, ay, depends on the momentum

transfer as
127

33 — 2ny) ln(qQ/AéCD) '

with the number of quark-flavours ny. The energy scale of the strong interaction, Aqcp,
separates the short and long distance scales and is roughly set by the size of a hadron

0s(a*) = ¢ (1.2)

Rpad ~ ~ 1fm = AQCD ~ 0.2GeV. (1.3)

QCD

For systems of heavy quarks @ (Q = ¢,b,t) with a mass m¢g > Aqcp, the momentum transfer
is large and thus, for example, Q@) quarkonium states have a small a; coupling. For this reason,
they have a similar spectrum of bound states to those of the electromagnetic force.

1.1.2 Electro-weak interaction

The generators of the electro-weak symmetry group correspond to three (massless) vector bosons
Wy, Wy and W3 from the weak isopin SU(2)r group as well as a vector boson B from the
hypercharge symmetry U(1)y. These states mix into the physical W* W=, Z% ~ particles after
the electro-weak symmetry breaking.

The electro-weak symmetry is found to be broken as high masses for the gauge bosons of
the weak interaction of my = (80.39 £ 0.02) GeV and mzo = (91.188 £ 0.002) GeV [20] were
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measured and the photon is massless. The electro-weak symmetry breaking, mediated by the
Higgs mechanism, is based on an additional complex scalar field doublet ® (Higgs field). The
Higgs field has a particularly shaped potential with a non-vanishing vacuum expectation value
(vev), i.e. a ground state with reduced symmetry. At energies of Aqep ~ myw, the Higgs
field settles in the minimum of the potential and the symmetry is spontaneously broken. Four
possible new excitations of the Higgs field appear (so-called Goldstone bosons). These new
degrees of freedom are identified as the longitudinal components of the three weak gauge bosons,
which thus become massive. The remaining Goldstone boson is the spin-0 Higgs boson which
was found in 2012 [12, 21] and is a further proof of the concept of symmetry breaking in the SM.

Classical physics is invariant under parity transformations PZ = —Z, i.e. point-mirroring the
spatial components. It was thus unexpected when the experiment by Wu in 1957 [22] showed
that the charged weak interaction maximally violates parity, i.e. only left-handed fermions
and right-handed anti-fermions participate in the weak interactions (V' — A theory). This is
expressed by a projector Py, in the charged weak four-current

j* = " P, (1.4)
which projects the fermion fields ¢, v onto their left-handed states (¢,v); = Pr(¢,v). The
projection operator Py, is given by the Dirac gamma matrices v* as P = %(1 +9°) and
B = iq0n1n23.

Even though the weak interaction does not conserve parity, it was expected that the combi-
nation of charge and parity (CP) is conserved. The charge conjugation C turns a particle f
into its anti-particle f by Cf = +f, and thus, CP transforms a left-handed particle into its
right-handed anti-particle. However, also this symmetry is broken in the weak interaction as
first found in the decay of long-living neutral Kaons in 1964 [23]. The violation of CP as well
as weak transitions across quark generations are implemented by the mechanism named after
Cabibbo, Maskawa and Kobayashi (CKM mechanism) [3]. If the weak interaction acted only on
particles in the same isospin doublet (as it is the case for leptons), no transitions between quark
generations would occur. However, the observation of quark decays across generations suggests
that the flavour- or mass-eigenstates are not the eigenstates of the weak interaction. Thus, the
weak quark current of quark-fields u and v is given by

JH = V:Iq/aq/fy“Pqu, (15)

which contains the matrix element Vg, of the CKM quark mixing matrix as an additional
factor. The CKM matrix is a complex rotation matrix which rotates the mass eigenstates of the
down-type quarks (d, s and b) into eigenstates of the weak isospin, which also enables the quark
transitions across generations. The elements of the CKM matrix are fundamental parameters of
the SM and must be measured experimentally. Their magnitudes are found to be [20]:

Vadl Vsl [Vio| 0.9743 0.2251 0.0036
Verm| = | Vel [Ves|  |Vis| | = [ 0.2249 0.9735 0.0411 | . (1.6)
Vil Vis| |Vl 0.0088 0.0403 0.9992

The uncertainties are omitted for readability, but the largest error of 4% is that of the
smallest matrix element |V,;|. There is a clear hierarchy in the matrix elements, suppressing
transitions between different generations (CKM suppression), which is represented by the
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parameter A\ ~ 0.22 in the Wolfenstein parametrisation [24]

1—A2)/2 A AX3(p —in)
Vekm = —A 1—)?2/2 AN? +0 (M), (1.7)
AN (1 —p—in) —AN? 1

where A, p and n are additional parameters of the description.

The CKM matrix is a unitary matrix, i.e. ViV = I, due to probability conservation. A
unitary complex 3 x 3 matrix has four free parameters, which can be interpreted as three rotation
angles and a non-trivial complex phase. The latter gives rise to the CP violation in the SM.
The off-diagonal unitary conditions can be interpreted as triangles in the complex plane. One of
these triangles, the unitary triangle, is given by the condition

|4

U

aVab + ViaVip + VedVa, = 0. (1.8)

This condition stands out because the sides of the triangle are of comparable lengths and the
apex, located at

p+if = Viud Vi (1.9)
VeaVay

is in the experimental reach of the B factories. Various measurements have been conducted to

test the CKM mechanism and determine the lengths of the sides and the angles of the unitary

triangle, as shown in Fig. 1.2. The studies aim to constrain the apex of the triangle because

incompatible measurements, resulting in a non-closed triangle, would be a hint for undiscovered

New Physics.
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Figure 1.2: Left: The unitary triangle and the relevant CKM matrix elements which determine the
angles an side lengths. Adapted from [20]. Right: The unitary triangle in the complex plane of the
Wolfenstein parameters n and p. A global fit to various CKM measurements gives the position of the
triangle’s apex [25] (a similar fit is available from [26]). An inconsistent apex position would be a hint
for an inconsistency in the CKM mechanism and for New Physics.



1.2 Semileptonic B decays

The quark mixing allows for the oscillation of neutral mesons into their anti-meson and
vice-versa. The process behind meson—anti-meson mixing is depicted in Fig. 1.3 as a second-
order Feynman-diagrams (“box-diagram”). The initial meson decays either in two W or two
quarks which afterwards recombine into the anti-meson. Meson—anti-meson mixing has been
observed in the B, Bs, D and K systems and can have experimental consequences for analyses
of these systems. In the B system, the oscillation occurs at a well observable frequency and the
probability that a B oscillates is found to be y = (18.8 £ 0.2)% [20].

b 1 d_ b W 4

w B° BY t 7 B

d r D d W b

Figure 1.3: Mixing of neutral B mesons through second order Feynman “box-diagrams” [27].

1.2 Semileptonic B decays

Semileptonic B — X /v decays are ideal decay modes to measure the magnitudes of the CKM
elements |Vy;3| and |V4|. The leptonic part makes the theoretical description much easier as
there are no strong interactions between the leptonic and hadronic final states. Higher-order
corrections to the tree-level process from electromagnetic and weak interactions between the
final-state particles are estimated with perturbation theory. In contrast, long-distance strong
interactions between hadronic final states occur, for which perturbation theory is not valid.

In general, the decay of an initial state particle ¢ to an n-particle final state f is described by
Fermi’s Golden Rule. It relates the partial decay width I';_,; to the transition matrix element
M and the phase-space volume ®; by

(2m)*
2mi

Ly = (Mg Pd s (0} 1, ), (1.10)
where m; is the mass of the initial state particle and the p* are the four-momenta of the initial
and final state particles. The phase space is the amount of kinematically allowed final states
and is restricted by energy and momentum conservation. The transition matrix describes the
quantum mechanical process as a decay operator 7 by M;; = (¢;|T|¥¢). The actual SM
interactions happen inside 7 and are discussed below.

In the experiments and the theory calculations, two approaches can be pursued to measure
and describe (semileptonic) B decays, the inclusive and the exclusive approach. Exclusive
analyses consider a concrete final state, e.g. B — D*fv. The inclusive counter-part is, for
example, the decay B — X /v, where no explicit final-state meson is considered. A combination
are semi-exclusive approaches which investigate properties of the inclusive decay with a sum of
exclusive decays. Their advantage is the correct modelling of resonant structures, however, the
sum-of-exclusives approach assumes all exclusive states to be known.
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1.2.1 Exclusive semileptonic B decays

In semileptonic B — X /v decays, the four-momentum transfer ¢* = péf + ply to the leptonic
system is negligible compared to the W mass (¢> < mQB + mg( < m%,v) and thus are the
dynamics of the W. Therefore, the tree-level interaction via the exchange of a W can effectively
be expressed as a four-particle interaction (Fermi’s interaction) with a coupling proportional to
the Fermi constant Gy. The full matrix element of the semileptonic decay B — D®*){v then
reads

iIGF
V2
whereas the left and right factors represent the leptonic and hadronic parts of the interaction,
respectively.

M = — [[7*(1 = %] —=(DW|Viyev,(1 —+°)b| B), (1.11)

The |B) — |D™) transitions involve several form factors due to the strong interactions
inside the mesons. It is convenient to define the recoil parameter w = v* - vL as the product
of the velocities of the initial and the final-state hadron (the latter is denoted with a prime).
The calculations of the hadronic matrix element are split into the vector and the axial-vector
component because the latter vanishes for a scalar final-state hadron. The vector-current matrix
elements of the transitions |B) — |D) and |B) — |D*) are given in terms of the two form factors
h+(w) and a single vector form factor hy (w) [28], respectively,

(D(V") |ey"b| B(v)) = hy(w) (v + v')* + h_(w)(v — v')* (1.12)

and
(D*(v',€) [ey*b| B(v)) = ihy (w)e" P e vl vg (1.13)

where 7?8 is the Levi-Civita symbol and ¢ the polarisation of the D*. The |B) — |D*)
axial-vector current with three form factors ha,(w) is given by

(D*(V',€) |ey"7°b| B(v)) = ha, (w)(w + 1) — [ha, (w)oh + ha, (w)v™] €v. (1.14)
From these expressions, the differential decay rates are derived as

dl(B — Dtv)  G%|Va|*m3,

Tw — 1873 (mB + mD)2(w2 . 1)3/2‘77Ewg(w)’2 (1'15)
and
dI'(B — D*lv G2V 12m3,.
( dw )= F’48b7‘r3 D" (mp — mp)2Vw? — 1w+ 1)
4w my — 2wmpmp~ +mi,.
8 1+w—i—l 8 (mp — mp-)? D= [newF(w)[*,  (1.16)

with the form factors G and F, which are discussed in the next paragraph. The factor
new = 1.015 + 0.005 accounts for electro-weak corrections and is estimated numerically in
Ref. [29]. In contrast to the decay rate into the scalar D meson, the decay rate into the vector
D* meson depends on three angles which are already integrated out in Eq. 1.16 for simplicity.
The angles further describe the decay, i.e. the distribution of final state particles due to the D*
polarisation.
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1.2.2 Heavy-quark effective theory

The following section on heavy-quark effective theory (HQET) is based on the reviews in
Refs. [30, 31]. The hadronic form factors for the b — ¢ transition have to be calculated. The
form factors of mesons containing a heavy b or ¢ quark are of particular interest as they obey
approximate symmetries which can be exploited. In the limit mg — oo, the QCD Lagrangian
becomes independent of the heavy-quark flavour (i.e. the mass) and spin. The light degrees
of freedom, i.e. the light quarks and gluons, decouple and the wave function approximately
factorises (cf. Eq. 1.25). They strongly interact with the heavy quark, but independently of its
properties such as spin or flavour. For large mg, the heavy quark moves with the velocity v of
the hadron and its four-momentum can be written as

pt' = mout + k¥, (1.17)

with the residual momentum & ~ Aqcp. The residual momentum k is due to the continuous
interaction with the light degrees of freedom and becomes negligible for mg — oo. The resulting
constant velocity in this limit allows one to write the QCD Lagrangian of the heavy quark as
an effective Lagrangian,

Lq = EE%ET + £§2QET +0 (mcf) ; (1.18)

which goes under the term of heavy-quark effective theory. The superscript denotes the order
of the 1/m¢ dependence, i.e. the leading order is independent of the heavy-quark mass. The
heavy-quark flavour and spin symmetry is broken at Eg(gET ~ 1/mg due to the appearance
of the kinetic and chromomagnetic energy operators. In the limit mg — o0, i.e. spin-flavour
symmetry, the form factors in Eqs. 1.12 — 1.14 reduce to a single, so-called Isgur-Wise function
which is interpreted as the overlap of the wave function of the light degrees of freedom in the

initial and the final state.

The CLN parametrisation for B — D™ ¢y The spin-flavour symmetry breaks down at finite
masses and the form factors can only be found approximately. Below, the expansion of the
form factors in Eq. 1.15 and 1.16 is given in the parametrisation by Capini, Lellouch and
Neubert (CLN) [32]. After introducing the conformal mapping z = Vwil-V2 1o form factors

Vwti+v2’
are expanded around z = 0, i. e., vanishing meson recoil. The B — D/fv form factor then reads
G(w) 2 2 2 2 3
~1—8ppz+ (5lpp — 10)z"° — (252p7 — 84)z7, 1.19
Glw=1) PD (51pD ) (252pp ) ( )

where the slope parameter p2D and the normalisation G(w = 1) are CLN parameters that can be
determined experimentally. Using the mass ratio r = mp«/mp, the form factor of B — D*{v is
expressed as

n dw 1—2wr+r2]7"
1+w (1—r)2

2
X {21 —(1211}7;; 72 {1 + Z;iRl(wﬁ] + [1 + qf:: (1- RQ(’LU)Q):| }Al('LU)Q (1.20)
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with the axial-vector form factor

Aj(w) w4+ 1 9 9 9 9 3
bl S o~ 1- . . —1 —(231p7« — 91 1.21
Aj(w=1) hay (w)2TA1(1) 8pp-#+ (530D 5)%" = (231pp- — 91)z2 (1.21)

and the expansion of the form-factor ratios

Ri(w) = :X((lfu)) ~ Ri(w=1)—0.12(w — 1) + 0.05(w — 1)*  and (1.22)
Ro(w) = hA3(wh)A+(Z;A2 () Ry(w = 1)+ 0.11(w — 1) — 0.06(w — 1)2. (1.23)

The differential decay rates of B — D{lv and B — D*{v are thus parametrised by [ngwG(1)],
p% and |newF1(1)], p3s, R1(1) = Ry, Ra(1) = Ry, respectively. They have been measured
experimentally and are summarised in Tab. 1.1 [18] . The correlations between the B — D*/v
form-factor parameters have been measured to be [33]:

p(p2, R1) =0.566 p(p2, Ry) = — 0.807 p(R1, Ry) = — 0.758. (1.24)
B — Dtv | InewG(1)||Ve| | (35.81 £0.45) - 103
0% 1.19 +0.05
B — D*v | IngwF1(1)||Ves| | (42.65 £1.53) - 103
Ph- 1.21£0.03
Ry 1.40 4 0.03
Ry 0.85 +0.02

Table 1.1: Measured parameters of the semileptonic B — D®)¢v decays in the CLN parametrisation [18].

Excursus on the spectrum of charmed meson states Heavy-light Q¢ systems and their mass
spectra are important in this analysis because semileptonic B meson decays produce almost
exclusively charmed mesons (@ = ¢) of which a significant amount are higher excitations.
Therefore, the focus is set on charmed mesons (@ = ¢) of which a summary of states produced in
B — X_ v decays is given in Tab. 1.2. In the case of QX systems, the light “degrees of freedom”
q decouple and the wave function factorises,

|Qq, sn, s1) = 1Q, sn)|q, s1), (1.25)

as depicted here for a Q¢ meson with heavy- and light-quark spins s;, and s;, respectively. The
factorisation of Eq. 1.25 allows one to classify charmed mesons spectroscopically; similar to
an atom with a heavy nucleus and electrons. The light degrees of freedom have a spin s; and
angular momentum [ which couple to their total angular momentum j; = s; + [ in the potential
of the heavy quark. The total angular momentum of the charmed meson is then given by
J = sp + Ji1.

The two lightest charmed states are the narrow 1S mesons D and D*, with | = 0 and total
spin 0 and 1, respectively. The next heavier mesons are four 1P states which split into a broad
Jji = s +1=1/2 and a narrow j; = 3/2 doublet. The 1P states are usually referred to as
D** mesons. In addition, there are two radially excited 2S states which are light enough to be
relevant in analyses of semileptonic B decays.

10



1.2 Semileptonic B decays

The factorisation and separation of scales is an important tool to describe the interactions
inside hadrons, which is picked up again later in Sec. 1.2.1 and Chapter 4 when discussing
decays of Q¢ systems.

nl  JP Mass / MeV Width / MeV

D 1S 01_/2 1865.3 + 0.1 negligible
D* 1S 17, 2008.5£0.1  negligible
Dy 1P 0f, 2335+15 249 + 29
Dy 1P 1f, 2427440 384 £ 120
Dy 1P 1y, 24221 1842

Dy 1P 27,  2463+1 48 +1

Dys 2S 0,  2564+20 135+ 17
Dig 28 1y, 2622+12 104 £ 20

Table 1.2: Properties of the relevant charmed mesons in semileptonic B meson decays. The quoted
values for the masses and widths are averages over the charged and neutral state [20].

The LLSW model for B — D**¢rv About a quarter of semileptonic B decays produces
higher excitations of the charmed meson, mainly the 1P D** states. These B — D**{v decays
are of great importance to this analysis and therefore their parametrisation is discussed below.
The semileptonic B decays into D** have been investigated by Leibovich, Ligeti, Stewart and
Wise, usually referred to as the LLSW model [34]. Their calculations and findings are briefly
summarised in the this section. The authors studied the semileptonic B decays into the four 1P
states up to O (Aqcp/mq), with @ = ¢, b. The differential decay width is given as a function of
the recoil parameter w = v“vl’J and the cosine of the angle # between the charmed meson and
the lepton in the rest-frame of the virtual W. The narrow j; = 3/2 and broad j; = 1/2 states
lead to a different set of functions to parametrise the form factors.

The matrix elements are not explicitly stated here, but are similarly separated into vector
and axial-vector currents as previously discussed. They depend on the vector and axial-vector
form factors (denoted with subscript V' and A, respectively) f;(w), k;(w), g+ (w) and g;(w) for
the Dy, D3, D§ and D}, respectively. With the free-quark decay rate I', = G%|Vyp|*m%/(19273)
and r = mp«+/mp, the differential decay rate into the D;, as an example, is:

1 dQF(B — lel/) 9 5 . 9 . )
I, dwdcosf = m{sm 0 [(w =) fyy + (w* = 1) (fvs + rfvz)]

+(1 — 2rw + %) [(1 +cos? O)[f, + (w? — 1) f3] — 4cos O/ w? — 1fV1fA} } , (1.26)

where the w dependence of the form factors is omitted for readability. The expressions for the
other decay rates can be found in Appendix A.1. The expansion of the Dy form factors f;(w) is
given exemplarily below (the other form factors can also be found in Appendix A.1; Eqs. A.4 —
A.6). The mass of the hadron can be expressed through the “binding energy” A as

mH:mQ+I\+O(le>. (1.27)

In the following, A, A’ and A* are the binding energies of the (D, D*), (Dy, D3) and (Dg, D})
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Chapter 1 Introduction

doublets, respectively. Their approximate values, together with those of the other parameters,
are collected in Tab. A.1. When expanding the form factors in powers of 1/mg (Q = ¢,b),
additional and unknown Isgur-Wise functions 7; and (; enter the equations of the j; = 3/2 and
Ji = 1/2 states, respectively. The expansion to first order eg = 1/(2mg) is given by

V6= (w+ 1)r - e~ DI+ 97— o 0 )+ )
— e J4(wA — —3(w—1)(11 — 72) + (w4 1) (ke — 21 — 213)],
\/éf\/l =(1- w2)7' — ep( w? — D[N + A7 — 2w+ 1)1 — 72 + 1)

—ec[d(w+ 1) (wh" = A)7 — (w? = 1)(371 — 372 — e + 21 + 313)],
V6fy, = =31 =36 [(N + A7 — Quw+ 1)1 — o + 1
— €[(4w — 1)1 + 572 + 3 + 1071 + 4(w — 1)n2 — 5m3),
V6 iy, =(w —2)1 + {24+ w)[(A + A7 — Quw + 1)1 — 7] — (2 — w)mp}
+ ne[d(wA” — A)T + (2 4+ w)T + (2 + 3w) T
T (0 — 2 — 206+ whm — 4w — Ly — (3w — 2)ns]. (1.28)

The unknown functions m and n; (i = 1,2, 3) parametrise the kinetic and chromomagnetic

energy of the charm quark. Their counterparts for the bottom quark are summarised into n, =

171((? + 677(b) 2(w 1)77( ) +17:(3 ). For calculating the decay rates explicitly, a linear approximation

of the unknown Isgur-Wise function 7(w) = 7(1)(1 +7'(w — 1)), with 7/ = dr/dw|,,_, is chosen.
LLSW also derive the leading oy QCD-corrections of the form factors which are considered but
not repeated here. For a spin-orbit independent potential of a non-relativistic quark-model, the
leading order Isgur-Wise functions 7 and ¢ of the % and % doublet, respectively, are related by

w+1

V3

In this analysis, B — D**{v decays are described by considering two of the approximations by
LLSW to describe 71 2 and ¢;. Approximation “B1” assumes 71 = 75 = (1 = 0 and “B2” 71 = AT,
7o = —A'7 and {; = AC. The approximations coincide for mqg — oo and their difference is
expected to give an estimate of the unknown Agcp/mg corrections.

C(w) = T(w). (1.29)

1.2.3 Inclusive semileptonic B decays

The description of inclusive semileptonic B decays in the heavy-quark scheme is discussed briefly
in this section. Representations of the inclusive triple differential decay rates have been obtained
and the form factors are expanded for the b quark [35] and B meson decays [36]. The hadronic
form factors of the latter, W;, are expressed in terms of the lepton energy E,, mass m, and
four-momentum transfer ¢* = p’; + pl, as dimensionless parameters

2F, m?

Yy=—, PZ:ﬁa du:
my mb

q.u‘

. (1.30)
mp
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1.3 Experimental status on tauonic B decays

The differential decay rate reads [36]

1 dT3(B = X, 0v)
I'y d¢?dydv,gH
+2 [¢°(y — vud") — pevad”] Ws + pe(@® — pe)Wa + 2p¢(20,¢" — y)Ws) , (1.31)

=24 (2(¢° — po)W1 + [y(2vud" — y) — @+ pe] W2

with the B meson four-velocity v#. For decays into the light leptons e and u, the terms
proportional to py are negligible and thus the decays are insensitive to Wy and W.
The total decay width predicts the inclusive branching fraction ratio [36]

B (B — X.1v)

RXe) = 555 X0

= 0.223 £ 0.005 (1.32)

which will be used as the SM reference in this analysis.

1.3 Experimental status on tauonic B decays

Semileptonic B meson decays involving a 7 lepton are of particular interest to test the predictions
of the SM. The heavy lepton leads, on the one hand, to non-negligible terms in the SM calculations
of decay rates, where usually terms of O (m? / m%) are neglected for ¢ = e, . On the other hand,
these decays are of interest for the searches for heavy, new (e.g. Higgs-like) mediators whose
coupling is proportional to the lepton mass.

In the following sections, the measurements of the inclusive decay b — X7v at LEP and the
exclusive decays B — D™ rv at the B-factories are summarised.

1.3.1 Analyses of inclusive b — X Tv decays

Analyses of inclusive b — X7v decays have been conducted at LEP by the ALEPH [37],
DELPHI [38], L3 [39, 40] and OPAL [41] collaborations at the Z" resonance.

The results of the LEP experiments are summarised in Fig. 1.4 and compared to the SM
expectation. Their measured inclusive branching fraction matches well the SM prediction.
Notably, the sum of exclusive branching fractions B (B — D7v) + B (B — D*71r) measured at
the B-factories (see next section) already exceeds the inclusive LEP measurements, however,
not yet significantly as the uncertainties are still large.

At LEP, the analysis strategy was different from those at the B-factories and is therefore
briefly outlined below. In ete™ collisions, b-hadrons are produced in ete™ — Z% — bb decays
which hadronise in a two jet event shape. From the distribution of the Z° daughter particles,
the so-called thrust L

T = max M (1.33)

ZZ‘ |pi |

is obtained which maximises the projections of the final state momenta p; on the thrust axis
7. The event splits into two hemispheres along a plane perpendicular to the thrust axis and
intersecting the collision point as shown in Fig. 1.5. By this, the daughters of the two b quarks are
separated. To avoid lost tracks in the “blind” detector region along the beam-line, the thrust axis
is required to be nearly perpendicular to the beam. One of the two hemispheres is investigated for
a b-hadron signature by multivariate tools to ensure a Z° — bb decay. The other hemisphere is
analysed with respect to the signal decay. Only the hadronic decay modes 7 — hv are considered
and charged leptons are vetoed to reduce contamination from the b — X /v background. The
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R. Eur. Phys. J. C (2001)
———t—t DELPHI
Phys. Lett. B496 (2000)
L3
Z. Phys. C71 (1996)
L3
Phys. Lett. B332 (1994)
_l . Average
Chin. Phys. C40 (2016)
exclusive
- B(B*~> D+D*w)
HFAG2017
IIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIII

05 1 15 2 25 3 35
BB~ XW)/ %

Figure 1.4: Summary of inclusive measurements of B — X7v. Shown are the individual LEP measure-
ments (black data points), the world averaged value (green) and the SM prediction (orange band). The
inclusive measurements are life-time corrected to represent the decay of a charged B meson. To compare
the inclusive values to the sum of exclusive B — D + D*71v branching fractions, the latter are shown in
blue, assuming the B — D®) /v branching fractions in Tab. 3.2. Without considering higher excitations
of the charmed mesons, the sum of exclusive branching fractions already exceeds the inclusive branching
fraction.

signal is then extracted in the missing energy distribution Einiss = Fheam — Evisible (cf. Fig. 1.5)
which is calculated from the beam energy and the measured energy in the signal hemisphere.
The b — X7(— hv)v signal is expected to have large missing energy because of two undetectable
neutrinos in the final state.

The main systematic uncertainties are caused by the modelling of F,,iss and are estimated from
leptonic and hadronic control samples. Furthermore, the simulation of the b quark hadronisation
and its parameters are important uncertainties.

In contrast to the exclusive B-factory measurements of B — D®) 7 decays, which will be
presented in the next section, the LEP measurements rely on a single observable, Eyiss. The
correct modelling of the visible energy is thus very important and is challenging, especially
because of the numerous hadronic backgrounds which are enhanced by the lepton veto. A
similar measurement in a completely different experimental environment as that of a B-factory
is thus an important cross check.

1.3.2 Analyses of exclusive B — D™ ¢v decays

With their large data sets, the B-factory experiments BABAR, Belle and LHCb performed
exclusive measurements of B — D®)rv decays [13-17]. The large BB samples are produced
in eTe™ — T(4S) — BB decays at Belle and BABAR and allow for the precise but inefficient
hadronic B tagging (cf. Sec. 3.4) which gives comprehensive information on the decaying B
mesons. To reduce systematic effects, the signal modes are normalised to the light-lepton modes
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Figure 1.5: Measurement of the b — X 7v branching fraction at the OPAL experiment. Left: Event
display of a Z — bb candidate. The view is a projection onto a plane perpendicular to the beam and the
rings represent different detector components. The coloured blocks stand for energy depositions from
particles in the detector and lines show reconstructed particle tracks. Clearly visible is the division of
the event into two hemispheres [42]. Right: The distribution of missing energy in the signal hemisphere
for the b — X7v signal extraction [41].

and the ratio of branching fractions

B (B — DWrv)
B (B — D®(v)

R(DW) = (1.34)

is measured. BABAR [13] and Belle [14] reported significantly larger B — D) 7v branching
fraction ratios than expected from the SM [43, 44]. The values are summarised in Tab. 1.3.

Experiment R(D) R(D*)

BABAR 0.44 £0.07 0.33+0.3 had. tag, 7 — e, p [13]
Belle 0.38 £ 0.07 0.29+0.04 had. tag, 7 — e, u [14]
Belle 0.30+0.03 sl tag, 7 — e, pu [15]
Belle 0.27+0.04 had. tag, 7 —had. [16]
LHCb 0.34+0.04  pp collisions, 7 — p [17]
Average 0.40 £0.05 0.31+0.02  [45]

SM 0.299 +0.003 0.252 4+0.003 [43, 44]

Table 1.3: Summary of exclusive R(D*)) measurements at the B-factories as well as the SM predictions.
The numbers are visualised in Fig. 1.6.

The analysis performed by BABAR extracts the signal yield in a 2D fit to the momentum of
the 7 daughter lepton and the sqared missing mass. The latter corresponds to the invariant
mass of undetected particles in an event which can be estimated from the well known collision
conditions in eTe™ collisions and the detected particles.

The Belle measurement of R(D™)) relies on the squared missing mass and the event classifi-
cation by an artificial neural network. The neural network is trained with Monte Carlo samples
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of the signal decay and backgrounds.

An overview of current R(D™)) measurements is given in Fig. 1.6 and illustrates the tension
between the measured and the expected R(D™)). Further analyses of R(D*) have been performed
by Belle and LHCb. One of the Belle analyses used a semileptonic B tagging [15], whereas
the other one used a hadronic tag and measured the 7v and pv final states of the signal 7
lepton [16]. These results are also depicted in Fig. 1.6. LHCb measured R(D*) untagged in the
7 — pvv decay channel, however, in a very different experimental environment of proton-proton
collisions [17].

o 05 T ——T — T T T T T
[ ——— BaBar, PRL109,101802(2012) 2_ .
O F —— &dle pro920720142015) Ax" = 1.0 contours .
1 0451 LHCb, PRL115,111803(2015) == SM Predictions —
L Belle, PRD94,072007(2016) R(D)=0.300(8) HPQCD (2015) .
[ —— Bdlle aXiv:1612.00529 R(D)=0.299(11) FNAL/MILC (2015) ]
0.4~ [T Average R(D*)=0.252(3) S. Faifer etal. (2012) ]
035 i
£ . e =
0.25F &> e -
- _ Moriond EW 2017}
N | | | P(x9) =67.4% ]

2

O'%.

0.3 0.4 0.5 0.6
R(D)

Figure 1.6: Measurements of R(D*)) at the B factories. The deviation to the SM prediction is at 4.0c
level when taking the experimental correlation between R(D) and R(D*) into account [45].

Taking the average of all those measurements (Tab. 1.3), R(D™)) exceeds the SM prediction
by 4.00 when taking the experimental correlations into account. This is one of the major
discrepancies in the B sector and is subject to extensive theoretical research [46-49] regarding
New Physics.

1.4 Physics beyond the Standard Model in semileptonic B decays

The semileptonic B decays into light leptons are measured precisely and lie within the SM
expectation. However, semileptonic decays involving a heavy 7 show tensions with the SM
which hints to possible NP contributions.

In general, in a model independent view, NP appear as scalar, vector or tensor-currents in
particle interactions. They can have impact on observables, e.g. the total decay rate or angular
distributions.

Two-Higgs-doublet models Tensions with the SM are measured in exclusive semileptonic
B decays involving a heavy 7. Hence, a new mediator whose couplings are related to the
masses, i.e. a Higgs-like interaction, is of particular interest. A common class of models are
the two-Higgs-doublet models (2HDM) with an additional Higgs-doublet to that of the SM. In
2HDMs, the additional doublet results in three neutral Higgs-bosons (two scalars h, H and a
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1.4 Physics beyond the Standard Model in semileptonic B decays

pseudo-scalar A) and two charged Higgs-bosons H*. The latter can interfere with the charged
weak SM current at tree-level in B — 7 transitions.
An important parameter of 2HDMSs is the ratio of the vacuum expectation values v; and vo
of the two doublets v
tan 8 = — (1.35)
V2
which can, in general, have an imaginary, CP violating part. The choice of the fermion couplings
to the Higgs-doublets ®; and @2 results in different models [50]. A model which is often
considered is the type-1II 2HDM (2HDM-II) in which the down-type quarks couple to a different
Higgs-doublet than charged leptons and up-type quarks. This leads to a conservation of flavour
at tree-level.

In a 2HDM-II the free parameters reduce to the ratio

tan 3
r =

)
m g+

(1.36)

where my+ is the mass of the charged Higgs. The impact of 2HDM-II has been studied for
exclusive and inclusive B — 7 decays.
The 2HDM-II inclusive B — X /v decay rate generally takes the form [51]

I'(B — X{ imp
0B = Xtv) T v) _ Tw — 2mimyQRe(r?)Tr + T |7
b

Ty, (1.37)
whereas 'y is the previously defined free quark decay rate. Beside the SM decay rate 'y
introduced in Sec. 1.2.3, the Higgs decay rate I'y and a (destructive) interference term I'y
appear, which have been calculated up to O (mb_2) [51]. The Higgs contribution to the total
decay rate scales with the lepton mass and thus its influence should be larger for the 7 compared
to the light leptons. The typical dependence of the inclusive decay rate on r is illustrated in
Fig. 1.7 and holds for the exclusive rates [48], too. As the exclusive semileptonic B decays scale
differently with r, the composition of R(X,) is also sensitive to the NP.

Experimental constraints on New Physics BABAR tested the 2HDM-II with their R(D))
results and found them to be incompatible. The obtained branching fraction ratios R(D) and
R(D*) cannot be described by the same value of r as shown in Fig. 1.8. Further limits on NP
contributions have been obtained by BABAR for the 2HDM-III which is a generalisation of the
type-1I model (cf. Ref. [52]) and is compatible with their result. In general, an additional vector
current is preferred by their findings.

Belle tested its result on R(D™)) (using hadronic B tagging) for a SM and a 2HDM-II
hypothesis and found both to be compatible (cf. Fig. 1.8). Belle’s semileptonic tag analysis
investigated generic NP contributions from new scalar, vector or tensor-currents. Only the
scalar and vector currents are compatible with their measurement which can be interpreted as
the 2HDM-II and SM currents, respectively. Additional tensor-currents are ruled out by their
measurements.

The large deviation of the measured exclusive R(D™*)) from the SM prediction is contrary
to the compatibility of the inclusive LEP measurements with the SM. This analysis is the
first R(X) measurement at a B-factory and is the first analysis that directly measures the
inclusive B — X 7v decay rather than a b-hadron admixture and features the same experimental
environment as the exclusive R(D*)) analyses.
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Figure 1.7: Predictions of the inclusive R(X) (left) [51] and the exclusive branching fraction ratios
(right) [48] for the 2HDM-II model. The inclusive prediction of B — X7v at O (m; ) is given as the
yellow band in the left plot and, for comparison, the 68% confidence interval of the predicted free-quark
decay b — X7v, is shown as dotted line. For certain values of r, destructive interference between the
Higgs- and SM-currents appears, which is also visible in the right plot for the ratios of exclusive branching
fractions.
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Figure 1.8: Comparison of 2HDM-II predictions with measurements of R(D) and R(D*) by
BABAR (left) [13] and Belle (right) [14]. BABAR estimated their branching fraction ratios over a
large range of r (blue bands) which intersect with the 2HDM-IT prediction (red band) at incompatible
R(D) and R(D*). Belle compares their results with the SM and a 2HDM-II with r = 0.5 which are both
found to be compatible.
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CHAPTER 2

The Belle experiment

The Belle experiment, conducted by an international collaboration of several hundred scientists
from currently 20 countries, was one of the major B physics experiments. It was located at the
KEK (short for Japanese “High Energy Accelerator Research Organisation”) in Tsukuba, Japan
and ran from 1999 till 2010. A competing experiment, the BABAR experiment, was conducted
at SLAC in Stanford, USA, which ran at the same time. Nowadays, the LHCDb experiment at
CERN is the only running B physics experiment, but soon the Belle II experiment will start as
the successor of Belle.

The main goal of the Belle and BABAR experiments was the observation and study of CP
violation in the B sector, as predicted by the CKM mechanism. Thus, a large sample of B
mesons was needed and decays of the T(4S) resonance in ete™ collisions are perfectly suited
for this. The Y(4S) is a bb resonance which decays with nearly 100% into a BB pair. The
process of BB production via the Y(4S) resonance is depicted in Fig. 2.1. As the 19 MeV
mass difference between the Y (4S) and a BB pair is very small, the B mesons are produced
nearly at rest and there is no contamination from the heavier excited B* or Bs; mesons. Thus,
a clean sample of BB pairs can be produced in ete™ collisions at a centre-of-mass energy of
m(Y(4S)) = 10.58 GeV. Using collisions of point-like elementary particles like eTe™ has the
advantage of having a well defined energy and momentum in the collision. In contrast, the
proton-proton collisions at LHC which LHCb analyses, have no definite collision momentum
because the colliding proton constituents have an intrinsic momentum distribution inside the
proton.

T
e

Figure 2.1: Faynman diagram of BB production in eje_ collisions. The electron and positron annihilate
into a virtual photon or Z° which then produce a bb pair that forms the T(4S) resonance. The T (4S)
decays strongly into a BB pair. The strong interactions via gluons are not shown for simplicity.

The electrons and positrons for the Belle experiment are delivered by the KEKB accelerator,
which is thus referred to as a B factory. The KEKB accelerator is shown in Fig. 2.2. It
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consists of two storage rings, one for the electron and one for the positron beam, and a linear
accelerator. The storage rings were rebuilt from the preceding TRISTAN accelerator and each
has a circumference of 3km. A pre-accelerator collides electrons with a Tantalum target to
produce the positrons. The linear collider accelerates electrons and protons to their design
energies of 8 GeV and 3.5 GeV, respectively, before they are injected into the storage rings.

Electron
Source  e'tle”Linac

Positron Target

HER : High Energy Ring
LER : Low Energy Ring

Figure 2.2: The KEKB accelerator at the KEK facility. Electrons are pre-accelerated and a part of them
is brought to collision with a target to produce positrons. Both, e™ and e~ are brought to their design

energies by the linear accelerator (Linac) before being injected into the high (™) and low (e™) energy
rings. The collisions of the e™ and e~ beams happen at the interaction point inside the Belle detector.
Adapted from Belle’s internal presentation supplements.

The asymmetric beam energies reflect the purpose of the Belle experiment to study time-
dependent effects, in particular time-dependent CP violation. Such measurements benefit from
the time-dilatation due to the boosted system and long flight distances between the production
and the decay of the B mesons which allows to infer their life-time. The center-of-mass frame
is boosted with respect to the lab or detector frame which is also reflected in the asymmetric
shape of the detector.

The KEKB accelerator holds the world record of the highest luminosity of 2.11 x 103 cm=2s~1.
The high luminosity results in a large data set of ~1000fb~!, of which 710fb~! were recorded
at the Y(4S) resonance, corresponding to roughly 770 x 106 BB pairs. Further data sets were
taken right below the Y (4S) to study light-quark continuum backgrounds and at the Y(5S) for
a sample of B* and Bs; mesons. The high luminosity comes with disadvantages like increased
beam backgrounds from scattered electrons or positrons or synchrotron radiation which have to
be dealt with in the analysis.

2.1 The Belle detector

The Belle detector is built up of several layers as shown in Fig. 2.3. Each layer was designed to
provide complementary information of the particles produced in the eTe™ collisions that allow
identify them and to measure their energies and momenta. Below, a short introduction of the
various detector components is given. A much more detailed description of the detector can be
found in [53]. The detector is built asymmetrically to satisfy the requirements of asymmetric
beam energies. Due to the barrel-like shape around the beam-pipe, polar coordinates (r, 8, ¢) (or
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2.1 The Belle detector

(r,z,¢) with z = rcosf) are used. The z-axis is placed parallel to the direction of the electron
beam. The radius r is measured as the distance to the interaction point (IP) and the polar
angle 6 is the projection of the radial vector onto the z-axis. As the the detector is symmetric
around the beam-line, particles are uniformly distributed along the the azimuthal angle ¢. The
acceptance region of the detector is 17° < 6 < 150° and thus covers 91% of the solid angle in
the detector’s rest frame.

In the following paragraphs, the detector components are described. The goal is to measure
precisely the vertices, momenta and energies and to perform particle identification which is only
possible by the interplay of several specialised devices.

The tracking and vertexing is done by the silicon vertex detector and the central drift chamber.
Both are designed such that scattering in the detector material and energy loss are small and
thus the flight path is not much disturbed. Charged particle trajectories are bent by a strong
magnetic field which enables the determination of the charge and momentum. The separation
of pions and kaons is done by the time-of-flight and Aerogel Cherenkov counters for low and
high momenta, respectively, which are located further away from the IP. Photons and electrons
cause electromagnetic showers in the electromagnetic calorimeter and are supposed to loose
their energy there. The outer detector is the Ky muon detector which is very dense and thus
only traversed by muons. All other detectable particle that passed through the inner layers are
stopped and create showers.

150° CDC

17°

e o 1 2 3m)

Figure 2.3: The Belle detector and its components. The asymmetric construction is due to the asymmetric
beam energies. The components are from inside out: the silicon vertex detector (SVD), extreme forward
calorimeter (EFC), central drift chamber (CDC), Aerogel Cherenkov counter (ACC), time-of-flight
counter (TOF), electromagnetic calorimeter (ECL), superconducting solenoid (SCS) and the K muon
detector (KLM). Adapted from [53].

2.1.1 Beam-pipe and silicon vertex detector

The first material particles have to traverse is that of the beam-pipe which separates the vacuum,
in which the beams are circulating, from the detector. It is built as thin as possible with a
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Chapter 2 The Belle experiment

low-Z material to avoid scattering of the particles with the material as this would degrade the
reconstruction of the true vertex and flight direction. Two beryllium pipes of 0.5 mm thickness
each were used for this reason.

The first layer of the Belle detector is the silicon vertex detector (SVD) which allows for the
precise vertexing of charged particles as they pass through. From the energy depositions in
the layers, the particle’s trajectory can be retraced and the vertex inferred. The Belle detector
had a so-called SVD1 and a SVD2 phase, as the SVD1 was upgraded due to radiation damage
after 140fb~! of recorded integrated luminosity. The SVD2 (SVD1) consists of four (three)
layers of double-sided strip detectors (DSSD), placed in a radial range of 20 < r < 88 mm
(30 < r < 60.5mm) and covering an polar range of 17° < 6 < 150° (23° < 6 < 139°). A sketch
of the SVD2 layers and a DSSD module is given in Fig. 2.4. A DSSD is basically a pn-junction,
a p-implant in an n-bulk, with strip-shaped readout nodes. If a charged particle crosses the
n-bulk, it creates electron-hole pairs that move to the corresponding readout nodes due to the
applied bias-voltage of 75V. The p-readout strips are oriented in z-direction and the n-readout
nodes perpendicular to it to measure ¢ and 0, respectively. The achieved vertex resolution
is inversely proportional to the track momentum and, for instance, 356 yum and 42 ym for a
0.1 GeV and a 1GeV track, respectively.

The SVD is well suited to trace and to constrain the vertex of charged particles but, due to
only four layers, it alone is barely able to identify them. For the identification, a larger volume
is needed to measure e. g. the specific energy loss dE/dz and thus, the following sub-detectors
are needed. However, there are always low momentum or deflected tracks that do not reach
further detector components and can even curl back to the IP due to the magnetic field. This
causes poorly identified and even duplicated tracks in the tracking algorithm which is important
and has to be dealt with, especially in inclusive analyses (see Sec. 5.1.1).

Side View
i DSSD ladder——— 1770 <150°

|
Interaction Point S
— ' ; Hybrid

TR T

______—DssD
= |

Figure 2.4: The Belle SVD2 (top) and the two DSSD ladders (bottom). The DSSD ladders are aligned
in four radial layers with a small overlap to avoid lost tracks due to gaps between ladders. Each ladder
consists of two to six DSSD modules, readout electronics and a mechanical support structure [54].

2.1.2 Central drift chamber

The next sub-detector is the central drift chamber (CDC), a gaseous ionisation detector, depicted
in Fig. 2.5. It provides the main tracking and important particle identification information for
charged particles. Charged particles ionise the gas when travelling through the chamber. Field
wires inside the chamber, with a high voltage applied, separate the electrons and ionised atoms,
which move to the next field or sensor wire, respectively, and cause a signal impulse. As most
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Figure 2.5: The CDC is the largest component of the inner detector. The innermost cathode part
supports the track reconstruction in z-direction with strip detectors on the CDC wall and between the
field wires. In the inner detector, the wires are placed with higher density. The lengths in the figure are
given in mm [53].

of the tracks at Belle have momenta below 1 GeV and low momentum particles have a higher
energy loss in matter and are more deflected, multiple scattering of the tracks with the gas
atoms should be minimised. Thus, a low-Z, 50:50 gas-mixture of helium and ethane is used.
The wires are aligned along the z-direction of the detector. Roughly half of the wires are slanted
by 50 mrad to measure the polar angle, too. To support the track reconstruction in z-direction
in the inner part of the detector, three cathode strip layers are placed within the innermost
10 mm of the CDC.

Furthermore, the CDC enables the determination of the energy loss % which is specific for
the different particle types and thus used for particle identification. The tracking information of
the SVD and CDC together give a precise measurement of the trajectory and thus the charge
and momentum of the particles. To improve the particle identification, especially towards the
high track momenta, the following sub-detectors are needed.

2.1.3 Aerogel Cherenkov counter

The Aerogel Cherenkov counter (ACC) provides information for separating charged pions and
kaons with momenta above 1.2 GeV. If charged particles travel trough a medium faster than
the speed of light in this medium, Cherenkov-light is emitted. The necessary requirement on
the diffraction index n of the medium and the velocity 8 = v/c is

nzézl (2.1)

= (p/m)?
and thus depends on the mass of the traversing particle. At Belle, a special silica aerogel with
a small diffraction index is chosen. The diffraction index varies with the location of the ACC

modules in the Belle detector (cf. Fig. 2.7). An ACC module (Fig. 2.6) consists of the aerogel
medium and two readout photomultipliers and points toward the IP.
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a) Barrel ACC Module b) Endcap ACC Module
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Figure 2.6: Schematic view of an ACC module for the barrel (left) and end-cap (right) region. The
aluminium box contains the aerogel tiles to which the photomultiplier-tubes (FM-PMTs) are attached.
The end-cap region module is built of a carbon-fibre reinforced plastic (CFRP) [53].
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Figure 2.7: The central part of the Belle detector. The ACC Aerogel modules with attached photo-
multipliers are shown with used diffraction index n and the number of modules of a certain kind. The
time-of-tlight (TOF) and trigger scintilation (TSC) counters are depicted as a hatched purple bar. The
electromagnetic calorimeter (ECL) crystals are shown in green and the CDC and the mechanical structure
are shown in blue. Adapted from [53].

2.1.4 Time-of-flight counter

While the ACC is capable of separating high momentum pions and kaons, the time-of-flight
counter (TOF) is well suited for low momentum tracks. The TOF is a fast scintillation detector
which measures the time after the collision it is reached by charged particles. It is also depicted
in Fig. 2.7. Thus, it is located further away from the IP than the ACC, at » =~ 1.2m, because a
longer travel distance of the particles improves the relative resolution. The TOF works well up
to momenta of 1.2 GeV and is well suited for 90% of the particles produced in Y(4S) decays.
Particles have to have at least 0.3 GeV to reach the TOF. In addition, the TOF provides fast
trigger signals for the hardware trigger (cf. Sec. 2.1.7) as well as the ACC and CDC. To avoid
pile-up of trigger signals, the TOF is supported by thin trigger scintillation counters (TSC).
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2.1 The Belle detector

2.1.5 Electromagnetic calorimeter and extreme forward calorimeter

The electromagnetic calorimeter (ECL) is designed to measure the energy of photons and
electrons and supports the electron identification. The ECL is located at a radius of 1.25m (see
Fig. 2.7) and particles need momenta above 0.3 GeV to reach it.

An array of 8763 CsI(Ti) crystals, pointing toward the IP, are chosen for this purpose. The
fine segmentation gives a good spatial resolution that allows one to e.g. recover the final state
radiation photon of an electron close to the electron track. The crystals are slightly tilted to
avoid the escape of photons that hit the gap between two crystals. At the back of each crystal,
two photo-diodes read out the scintillation light of the electromagnetic showers in the crystals.
Photons are converted into eTe™ pairs which then cause the electromagnetic shower. The set-up
is designed for a wide range of photon energies due to the boosted centre-of-mass frame, from
low energy photons from 70 decays of a few 10 MeV up to 4 GeV from, e.g., B — X,v decays.
In this large energy range, the ECL achieves a relative energy resolution of 4% to 1.6% at
100 MeV and 8 GeV, respectively [27]. Electron/hadron separation is achieved by measuring
their energy E and considering the momentum p, measured by the inner detectors. Both are
combined to the the ratio E/p which is approximately 1 for the light electron.

The extreme forward calorimeter (EFC) is placed close to the IP and beam-line in order
to increase the coverage of the calorimeter down to 8 > 6.4° and 0 < 171.2°. Its position is
also depicted in Fig. 2.3. Due to the high-radiation environment it is made of radiation-hard
BGO-crystals. Initially meant to support the ECL, the EFC is in practice mainly used by the
KEKB control to monitor the beam and for luminosity measurements.

2.1.6 K; Muon detector and superconducting solenoid

Outside the ECL a superconducting solenoid is located. It provides a nearly homogeneous
magnetic field of B = 1.5T in z-direction and encloses the complete inner detector. The
magnetic field bends the trajectories of tracks with charge ¢ and velocity ¥ according to the
Lorentzian force F' = qU X B.

Outside the solenoid, the K7, Muon detector (KLM) is located. It is the last active component
of the detector and, at the same time, serves as the flux return for the magnetic field. The
KLM consists of alternating layers of 4.7 cm thick iron plates and glass electrode resistive plate
counters (RPC). An RPC module consists of a gas-filled volume between two glass electrodes
with a bias voltage of 8kV. A charged particle passing trough the volume ionises the gas and
discharges the electrodes. Particles need to have at least 0.6 GeV transversal momentum to
reach the KLM detector.

The thick iron plates and the ECL together have 4.7 interaction lengths. Particles interact
and cause showers of ionising particles either already in the ECL or when entering the KLM.
Such a shower, that matches no track in the inner detector, gives the direction of a K, however,
it is not sufficient to measure its energy.

For muon identification, the fact is used that muons and hadrons interact differently with
the detector material. Muons, as minimal ionising particles, pass the KLM further and are less
deflected than hadrons which cause showers. A good muon track candidate needs to have KLM
muon-hits assigned by the tracking algorithm to distinguish it from a pion. Thus, studies with
muons can be less efficient compared to electrons because the minimal momentum threshold
is higher as the additional information from the KLM is needed. Especially samples of slow
muons with pr < 1 GeV suffer from hadrons identified as muons (“fake muon candidates”) that
have to be dealt with and are important to this analysis.
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2.1.7 Trigger-system and data-acquisition

Most hits in the Belle detector are not due to BB events or even due to collisions. They stem
from beam-background due to KEKB’s high luminosity. Roughly half of the 200Hz event rate is
related to beam-background events. Furthermore, the large number of di-photon and Bhabha
events has to be reduced, but not completely as these events are interesting for calibration and
luminosity measurements. To reduce the rate of unwanted events and thus the size of data
samples to be stored, multiple levels of triggers are used.

The level 1 and 2 triggers are hardware based and the former decides whether an event is
interesting already within 2.2 us. The sub-detector triggers report to the level 1 global decision
logic (GDL) which takes the final decision whether an event is to be recorded or not. Not all
sub-detectors contribute to the trigger logic, as visible in the scheme shown in Fig. 2.8. Without
going into the details, the detector components deliver information on what kind of event might
have occurred. For example, the total energy in the ECL has to be within a certain range or
the CDC hits should match patterns of track segments. After a positive GDL decision, the
sub-detector responses are read out and the event rate is further reduces by the level 2 trigger.
Afterwards, the signals are digitalized and analysed by the level 3 and 4 real-time software
triggers. At level 3, a fast track reconstruction is performed to select hadronic events. Before
events are converted into the off-line data format, the level 4 off-line trigger further reduces the
event rate by performing a fast event reconstruction. The trigger efficiency for BB events is
above 99% after level 4. Afterwards, the data is available to analyses and is described in the
next chapter.
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Figure 2.8: The level 1 hardware trigger and the global decision logic. The sub-detectors report various
estimates of the events topology, visible energy and momentum. Examples are the track segments in the
CDC or the total energy in the ECL. Based on these information, the global decision logic accepts or
rejects an event within 2.2 us [53].
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CHAPTER 3

Data and Monte Carlo samples

Beside the data recorded by the Belle detector, analyses rely on Monte Carlo simulations
(MC). The physics simulation of the signal and background processes as well as modelling the
detector response is an important tool in high-energy physics. The MC simulation allows to
study selection criteria and efficiencies of signal and background to find an optimal strategy
for the signal extraction. In the signal extraction process itself, the MC simulations can be
used as templates to the fitting procedure. As the MC samples the underlying probability
distribution functions of observables, convolved with the detector response, the templates are
directly comparable with the collision data. Furthermore, the MC allows to study properties
the signal in detail, even in a “blinded” analysis. Thus it is crucial to have a comprehensive
MC that models the data accurately.

At the beginning of this chapter, the Belle data set is introduced (Sec. 3.1). The following
Sections 3.2 and 3.3 cover the MC and applied corrections, respectively.

3.1 The Belle data set

The Belle experiment recorded a huge data set of roughly 1ab~!. The majority of it, a sample
of 711fb~!, was taken at the Y(4S)-resonance, dedicated to B meson studies. It corresponds
to (771.6 £ 10.6) x 10% BB pairs produced in e*e™ collisions. A smaller sample of 121 fb~!
was recorded at the Y(5S)-resonance to study decays of B* and B mesons. In addition, a
data sample to estimate light quark continuum production was recorded ~ 60 MeV below the
Y (4S) resonance. The ete™ collisions do not only produce the bb part but also ¢g (¢ = u, d, s, c)
“continuum” and ¢/~ pairs. The cross sections of ¢g continuum and di-lepton production are
together much higher than that of bb. The trigger system of the Belle experiment already
reduces the amount of unwanted events, however, continuum background keeps being relevant.
Inclusive analyses as that of B — X7v typically suffer more from continuum background than
exclusive ones. However, there are techniques as e.g. hadronic B tagging (cf. Sec. 3.4) to
strongly suppress non-bb backgrounds. The data was recorded in units of so-called experiments
which are data taking periods between detector and accelerator maintenance shut-downs [27].

The analysed T (4S) data set is preselected and referred to as the “HadronB-skim”. The goal
of the skim is to reduce the amount of data that needs to be processed by rejecting irrelevant
events. The HadronB-skim selects hadronic events and suppresses (radiative) Bhabha, di-tau,
di-photon and beam gas events. It is optimised to select BB events which thus have a high
efficiency of € = 0.991. For continuum events, the skim is somewhat less efficient (¢ = 0.795) [55].

27



Chapter 3 Data and Monte Carlo samples

The further event reconstruction and selection is analysis specific and for this analysis described
in Chapter 5.

3.2 The Belle Monte Carlo

As most analyses rely on simulated MC samples, the Belle Collaboration put big effort into
the MC generation of common B decays. The MC simulation is split into dedicated samples,
summarised in Tab. 3.1. The so-called “generic BB” sample contains charmed semileptonic and
most hadronic B decays and for many analyses it is signal and background sample at the same
time due to the comprehensive B decay modelling. The B meson production and decay chains
were mostly generated with the EvtGen package [56]. Inputs to EvtGen are two lists. One list
describes all particles in terms of e. g. their mass, lifetime or spin and the second list describes
their decays as a set of branching fractions, final-state particles and the theoretical models to be
used for a certain decay. Thus, large parts of the B meson decays (and those of their daughter
particles) are modelled as exclusive decays using measured or estimated branching fractions.
To fill up the B decay width with hadronic decays, approximately a third of the B decay
width is modelled at quark level without stating a specific final state using the Jetset/Pythia
package [57].

The ¢g continuum MC sample models light quark production which is always present as a
background. It is also generated with Jetset/Pythia. The modelling of quark fragmentation is
very difficult and thus the modelling of the continuum background. Therefore, analyses with a
high level of continuum background make use of the off-resonance data sample. However, in
this analysis of B — X7v the continuum background is strongly suppressed and the continuum
MC is used due to its six times larger sample size compared to the expectation in data.

Further dedicated MC samples are of interest depending on the type of analysis, such as
samples dedicated to signal specific processes or large samples of certain background types.

After the MC generation, the detector geometry, material and readout properties are simulated
using a modified version of GEANT3 [58] named Gsim. This step considers interactions with
the sub-detectors as well as the material of the mechanical structure which causes scattering,
showers or photon conversions. The simulated events are overlaid with real, randomly triggered
background events after the detector simulation to improve the modelling of events recorded
with the real detector. The MC production is in general experiment-number dependent, i.e. the
slightly different detector and accelerator conditions in every experiment are taken into account.
In addition, the generic BB MC models the tiny variations during an experiment (so-called
“run-dependent” MC).

For this analysis of B — X 7v, the modelling of the inclusive signal and B — X v background
is crucial. The B meson decays B — D")0v (¢ = e, u, ) are described sufficiently well by the
generic BB MC (i.e. only efficiency corrections need to be applied, cf. Sec. 3.3) and are, therefore,
taken from this sample. However, the decays of higher excitations of the charmed mesons (D**),
are revised in order to incorporate recent measurements of final states which are not modelled in
the generic BB MC. The modelling of D** mesons and its implications for B — D**/v decays
are discussed in Chapter 4. In addition, a dedicated sample of CKM-suppressed B — X, fv
decays is used in this analysis.

To overcome statistical limitations of the MC samples, multiples of the recorded data sample
have been generated, referred to as “streams”, i.e., one MC stream means that the MC sample
corresponds to the size of the data sample recorded by Belle.
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Name #streams rel. sample size
generic BB 10 1
continuum 6 1072

B — X, lv 20 1073

B — D**{v 5 1072

B — D**1v 10 1073

Table 3.1: MC samples used in this analysis. The first three samples describe disjunct physical processes
and add up to the expected data sample. The B — D**/v and B — D**7v samples are generated
separately for this study (Chapter 4). Therefore, the corresponding decays have to be removed from the
generic BB MC. The sample size is a rough estimate for this analysis of B — X.7v relative to the size
of the generic BB sample to illustrate the contribution to the total MC sample.

3.3 MC efficiency corrections

A large number of inputs enter the MC simulation, such as branching fractions, decay models and
detector response models. Some of the physics inputs have become outdated since the MC was
generated. In addition, the identification of a certain particle species’ can be differently efficient
in data and MC due to insufficient modelling of detector responses. Both effects are taken into
account when performing analyses with MC samples. To correct for these effects, several studies
have been performed by the Belle Collaboration which are, beside other corrections, discussed
below.

Branching fractions Since the MC was generated, various decays have been measured with
higher precision or even for the first time, leading to deviations from the assumed branching
fractions in the MC. Numerous branching fractions are corrected as summarised in Tab. 3.2 and
A.2 — A.5. The branching fractions given in the tables are selected by their importance to the
analysis, based on their contribution after the event selection. However, often no measurement
of the branching fraction is available, especially for hadronic B decays and charmed meson
decays. In this case, it is not possible to correct the MC. An exception are the semileptonic D
decays which are, due to measured final states and the known inclusive D — X /v branching
fraction, possible to constrain.

The most important corrections regard the semileptonic B decays which are set to the current
world average values [59]. When correcting these branching fractions, the current value of
B (B — X fv) from inclusive measurements is taken into account and the exclusive decays are
scaled to match this constraint. More details on the semileptonic B meson composition are
given in Chapter 4. Throughout this analysis, isospin symmetry is assumed a life-time ratio of
T+ /7o = 1.076 £ 0.004 [20] is used to infer consistent branching fractions of B* and B°.

Individual hadronic B decays are a minor contribution to the backgrounds in this analysis
because of the variety of hadronic decays, each having a small branching fraction. However, the
most common hadronic decays are corrected as well.

Decays, for which the branching fractions are not corrected as mentioned above, are scaled in
a way that the overall B and D decay widths are preserved.

Form factors of semileptonic B decays In the generic Belle MC, semileptonic B decays
are either generated with the HQET2 (for B — D®) /v, based on the CLN parametrisation in
Sec. 1.2.1) or the IGSW2 EvtGen module (for B — D**{v, based on the quark model of [60]).
The latter is nowadays known to poorly model the data and superseded by the LLSW model

29



Chapter 3 Data and Monte Carlo samples

BOld/% Bnew/%

Bt — Ditv 231 2.30+0.10
Bt — D*(*v 5.79 5.294+0.12
Bt — Dyltv 0.81 0.77+0.18
Bt — Diltv 0.39 0.32+0.10
Bt — D§tty 0.91 0.58£0.09
Bt — Dittv 0.81 0.32+0.08

Bt — Dogltv 0.02 0.10£0.05
BT — Diltv 0.05 0.20£0.10

Bt — Dnttv 0.16 0.06 £0.03
Bt — D*ntty 0.10 0.00
Bt - X /v 11.35 10.8 0.4
Bt = X, (tv 0.22 0.21 £0.03

Table 3.2: Updated branching fractions of charged semileptonic decays. The branching fraction for
neutral B mesons can be obtained by dividing by the life-time ratio 75+ /750 = 1.076 + 0.004 [20]. The
branching fractions (except for B — D®)fv, see text for details) are scaled such that the sum over all
given decay modes matches the inclusive branching fraction. See Chapter 4 for details on the derivation
of the B — D**{v branching fractions and their uncertainties.

(cf. Sec. 1.2.1). The CLN parametrisation in the HQET2 module is still valid, however, the
model parameters have changed since the MC generation. Thus, the HQET2 parameters and
the obsolete ISGW2 model need to be changed as the semileptonic B decays are the dominant
background to this analysis and the shape of, e. g., the lepton momentum spectrum is important.
A mis-modelling can result in poor modelling of selection efficiencies and signal extraction
variables.

The corrections are applied as per-event weights which are obtained from ratios of (analytic
or MC) distributions of the new and old model. Thus, the width of every individual B meson
decay is preserved and only the selection efficiency might change. Their impact is shown in
Fig. 3.1.

The change for B — D/{v is marginal since the MC and world average value of the form factor
parameter p2D are 1.16 and 1.19 + 0.05 [59], respectively, but, nonetheless, it is corrected. In
contrast, the MC form factor parameters of B — D*{v (p2,. = 1.3, Ry = 1.18, Ry = 0.71) deviate
more from the world average values (p%. = 1.21 £0.03, Ry = 1.40 + 0.03, R2 = 0.85 & 0.02 [59])
and result in a harder lepton momentum spectrum. The correction is performed in bins of
lepton momentum |p;| in the B rest frame and momentum transfer ¢2.

The correction factors for B — D/¢v have been obtained by C. Oswald and the factors for
B — D*{v are calculated with an implementation of HQET2 by S. Falke and F. Bernlochner.

B — D**{v decays are modelled with LSSW instead of ISGW2 (cf. Fig. 3.1). A ratio of the
analytic predictions of LLSW and MC distributions generated with ISGW2 is used as a per-event
weight in bins of the LLSW model parameters w and cos 8y. Model parameters and parameter
ranges are adapted from [34] and summarised in Tab. A.1. Details on the error estimation will
be given in Sec. 5.4.2.

Particle identification efficiency (PID) The identification of tracks and clusters is based on
the detector geometry and response and thus affected by the accuracy of the detector model
in the MC simulation. To compensate for different efficiencies in data and MC in the process
of the identification of particles, several studies have been performed by the Belle internal
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Figure 3.1: Reconstructed electron momentum distributions of the inclusive B — X .fv spectrum and its
exclusive components after updating the MC (red) and before (black). In general, the spectra become
harder with the corrections.

PID group. There are dedicated studies of lepton and hadron selection efficiencies. The most
important efficiency corrections for this analysis are those for the lepton identification. The
normalised lepton momentum spectrum of this analysis (basically events with a single lepton;
for details see Chapter 5), together with the uncertainties due to these corrections is shown
in Fig. 3.2. The efficiency to identify a charged track as either an electron or a muon has
been studied in low-multiplicity ete™ — ete ¢/~ events and average-multiplicity inclusive
ete”™ — J/YX — (T4~ X events [61]. To take the detector geometry and possible differences
due to the momentum of the track into account, the lepton efficiency correction is available
in ten bins of track momentum [p;| and seven bins of azimuthal angle 6y, both measured in
the detector’s rest frame. There are separate corrections for electrons and muons which are
both applied in this analysis. The uncertainties on the correction factors are statistical and
systematic, the latter are derived from the differences between low- and average-multiplicity
studies. These uncertainties are propagated into the final results.

Lepton mis-identification probability The probability of hadrons being identified as leptons is
subject to this correction. Similar to the arguments in the previous paragraphs, the efficiencies
are different in data and MC. The spectrum of fake lepton candidates is shown in Fig. 3.3,
together with the efficiency correction uncertainty. The contamination of fake lepton candidates
varies for every analysis, especially in dependence of the applied lower momentum threshold.
For this analysis, the contamination is 4% and 12% for electrons (pr > 0.3 GeV) and muons
(pr > 0.6 GeV), respectively (see Sec. 5.1 for details).

To estimate corrections to the MC, a dedicated D* — Dm sample is studied [62, 63]. The
lepton mis-identification corrections are obtained for the four combinations of 7, K — e, u
mis-identification separately, where the arrow means that the hadron mimics a lepton. The
correction depends on the track momentum |pj| (eleven bins) and azimuthal detector angle
¢ (six bins). The former two requirements are due to the fact that the mis-identification
probability increases for low momenta and certain detector regions. Due to the four categories
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Figure 3.2: The lepton identification efficiency. Shown is the normalised, reconstructed lepton momentum
spectrum of this analysis in the B meson rest frame for electrons (top left) and muons (bottom left).
The absolute uncertainty on the efficiency is depicted as error bars. The relative uncertainty is given
separately (right column). In the electron spectrum, the low momentum peak of secondary leptons
is clearly visible, whereas it is not present for muons because of their small selection efficiency at low
momenta.

of mis-identification (7, K — e, 1), the sample sizes of the fake rate study are low and dominate
the uncertainty of the correction factors, whereas the systematic uncertainties are negligible.
The correction is applied to all fake lepton candidates and the uncertainties are propagated into
the results of this analysis.

Further corrections The generic MC on average misses 2.4% of generated luminosity compared
to the collision data [64]. This happened in the generation process and is found to vary with
the experiment-number. The generic MC is thus accordingly rescaled to match the intended
number of generated events.

An equal production of charged and neutral BB at the T(4S) is assumed in the MC genera-
tion [64]. However, the experimental branching fractions are [20]

B(Y(4S) » BYB™) = (514£0.6)% and B (T(4S) - Boﬁ) = (48.6£0.6)%. (3.1)

The Y(4S) — BB branching fractions are corrected accordingly in the MC.
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Figure 3.3: The lepton mis-identification probability in this analysis. Shown is the normalised, recon-
structed lepton momentum spectrum of this analysis in the B meson rest frame for electrons (top left)
and muons (bottom left). The absolute uncertainty on the efficiency is depicted as error bars. The
relative uncertainty is given separately (right column). The uncertainty is purely statistical and, therefore,
higher in bis with less events. Note that at high momenta especially the electron mis-identification is
negligible.

3.4 Full reconstruction hadronic B tagging method

At the ete™ B-factories, there are several methods how to tag a BB event. Usually, only one
of the two B mesons is analysed, the so-called signal B or Bgignal; the other one can, however,
provide additional information. It depends on the analysis which information of the tag B
(Biag) is used. The tighter the requirements on the tag B, the less efficient is the event selection
of the analysis but purer samples are achieved. Commonly used in analyses are, e.g., untagged
methods with high selection efficiencies or partially reconstructed By, which yield flavour
information and reduce combinatorial backgrounds. The purest, but also the smallest, samples
and most additional information is achieved by reconstructing the Bias semileptonically or
hadronically, with efficiencies of € ~ 1072 and € ~ 1073, respectively. The former yields less
kinematic constraints due to the undetectable neutrino, whereas the latter suffers from even
smaller efficiencies due to tiny hadronic B decay branching fractions. Nonetheless, the hadronic
Biag provides a wealth of information and constraints. As the B, is fully reconstructed from
final state particles, the four-momentum, flavour and charge are known. Thus, in case of eTe™
B-factories where the initial conditions of the collision are well defined, all these properties
can be derived for the Bgjgnal, too. Knowing the flavour and the full four-vector of the Bgignal
is a valuable (kinematic) constraint, independent of the information inferred from the Bgignal
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final-state particles. Furthermore, it allows to study observables in the Bgignal rest frame, even if
the Bgignal is itself not fully reconstructable as it is the case in this analysis. Especially hadronic
tagging strongly decreases the background level in an analysis. It suppresses continuum events
as well as combinatorial background.

If the analysis relies on the correctly reconstructed flavour of the Bgignal, there is the chance

that either the B or BY has oscillated into its anti-particle and thus the flavour prediction
tag signal

of the tagging is wrong. This gives rise to different backgrounds for B* B~ and B°BO events.
For the analysis of semileptonic B decays, such as B — X 7v, which relies on the detection of a
single lepton, the backgrounds of BT B~ and BYBO have to be treated differently. Decays of
the type B® — X/~ have an irreducible background from B — BY — X (— X¢~ ). For this
analysis, the mixing is not problematic, but is considered in the background modelling of the
signal extraction strategy (cf. Sec. 5.4).

As the branching fractions of individual hadronic B decays are small, hadronic B tagging
yields a low tagging efficiency which is considered in the development of the tagging algorithm.
At Belle, this aspect is approached in two ways: On the one hand, more than a thousand
hadronic decay modes are considered. On the other hand, artificial neural networks (ANN) are
introduced to assure that the considered hadronic decay modes have high purities. Feed-forward
ANNSs which are based on the “NeuroBayes” package [65] with three layers (one input, hidden
and one output layer) are used. They are trained with samples of the generic Belle MC. The
details of the algorithm are documented in [65], but shortly described below.

The algorithm reconstructs charged and neutral B mesons in up to four stages as shown in
Fig. 3.4. The first stage is the identification of the final state particles, e, u, v, 7+ and K*. Each
candidate that passes the identification criteria is classified by a dedicated ANN whose inputs
are observables like momentum, flight direction or specific energy loss. Multiple candidates
are possible, i.e., one track signature can have two or more assigned particle hypotheses. Biag
candidates are formed from all possible combinations of particle hypothesis. However, every
track signature can only contribute once to a By, candidate. For example, a track matches
the hypothesis of a muon and a pion and thus can enter By, candidates as either a muon or
a pion, but not as a muon and a pion in the same By,s. In the following two stages, these
particle candidates are combined to “intermediate” particles and resonances, e.g., 7°, Kg, J/9
and D. Vertex fits are performed for these candidates to improve the momentum and spatial
resolution and, again, the candidates are classified by ANNs. The inputs to the ANNs are
information on the daughter particles and the vertex fit results of the new composite particle.
At the last stage, By, candidates are formed, classified and the best three charged and neutral
B candidates (according to the ANN classification) are kept. To fine-tune the purity and
efficiency of the tagged sample, the result of the final classification is available to the user as
an observable in the interval (0,1) which can be interpreted as the Bayesian probability to
select a well reconstructed Biag. To obtain an uncorrelated observable to the ANN output for
additional suppression of combinatorial background, the mass of the B candidate is not used in
the ANN By, classification. In analyses, however, instead of the reconstructed By, mass, the
“beam-energy constrained mass”, my., is considered for an improved resolution. This observable
is uncorrelated to the ANN output and further reduces combinatorial background. It is defined
as

12
e =\ B4 — [P (3.2)
/

with the beam energy Ef... and the reconstructed Bi,s candidate momentum |pg| in the
centre-of-mass frame, denoted by the prime.
After the hadronic full reconstruction, a further suppression of ¢g continuum events is possible
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EM-Cluster

Figure 3.4: The four stages (tracks and clusters, final state particles, intermediate resonance, By,g candi-
dates) of the full reconstruction tagging algorithm. Final state particles are combined into intermediate
particles and resonances and finally build up the By,g candidate [65].

and provided by the Belle full reconstruction tool. Beside the classification of the reconstruction
chain by the final ANN, there is the opportunity to take the event shape into account. Event
shape variables parametrise the spatial distribution of the particles in an event and allow for a
separation of ¢g from BB events. BB pairs produced at the T (4S) resonance nearly decay at
rest in the centre-of-mass frame and distribute their daughter particles isotropically. In contrast,
light ggq production is more “jet-like”. Several event shape variables are fed into a dedicated
continuum-suppression ANN to further enhance the BB purity.

As already mentioned, the efficiency of a full reconstruction B tagging is rather low but the
purity can be very high. Due to the ANN output available to the user, a continuous choice
between the two is possible as illustrated for charged and neural By, in Fig. 3.5.
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Figure 3.5: Efficiency and purity of the full reconstruction B tagging at Belle for charged (left) and
neutral (right) Byas [65]. The three lines correspond to different degrees of ¢g continuum suppression.
The single data point marks to the old full reconstruction algorithm at Belle (before 2012). In this work,
the most stringent and pure method with maximal ¢G suppression (red line) is used.
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CHAPTER 4

A model for decays of excited charmed mesons

This analysis relies heavily on the modelling of semileptonic B decays. About one third of
B — X lv decays go into higher excitations of the D meson (B — D**fv, cf. Tab. 3.2). Even
though not dominant, semileptonic B — D**/v decays are important to be correctly modelled
because, for example, the heavy D** soften the lepton momentum spectrum. Several final
states of D** meson decays were not considered in the generic BB MC, because the D**
mesons themselves have not been observed for a long time. An example are the two-pion
final states D** — D® 77 which have a different final state signature than D** — D*r. The
higher multiplicity leads to lower-momentum tracks which have a higher probability to be
wrongly identified or to be missed in the reconstruction. The different event topology and mass
distribution can have a significant impact in certain observables as e.g. the lepton momentum
spectrum and thus on the signal extraction process.

The current experimental status implies, that there is a discrepancy between the B (B — X (v)
from inclusive measurements and the sum over exclusive measurements, » -, B (B — D;lv), where
D; stands for all considered charmed mesons. In an analysis like the one at hand, that models
the inclusive decays as a sum of exclusive ones, this issue has to be addressed to correctly
model the inclusive semileptonic B — X.fv decay. In the generic BB MC, this gap is closed by
scaling up the exclusive B — D;fv branching fractions for all charmed mesons. However, this
scaling leads to an overestimation of the branching fractions of B — D**fv and especially of
the B — D™l final states.

A dedicated B — D**fv MC with an extended set of D** decay channels helps to model
the data much more precisely than B — D**fv decays implemented in the generic MC. The
additional decay chains address the measured final states and reduce the inclusive-exclusive
gap. Allowed but not yet measured modes are also included in this work. The details on how
to model the new set of D** decays and to generate a dedicated MC sample are discussed in
this chapter. The work on the dedicated D** MC started in collaboration with M. Huschle and
P. Urquijo based on [66]. However, the first version of the MC is outdated and had several
issues (e.g. some decay modes were missing) and thus the D** modelling is completely revisited,
improved and the MC generation is redone as described below.

4.1 The excited charmed meson states

The mass spectrum of charmed meson states is subject to dedicated studies and a topic of
ongoing theoretical research (see [67, 68]). This chapter focuses only on the sub-set of charmed

37



Chapter 4 A model for decays of excited charmed mesons

mesons which are relevant for semileptonic B decays and are summarised in Tab. 1.2.

The mass spectrum of charmed mesons, i.e. heavy-light quark systems, has been introduced
in Sec. 1.1.1. This chapter is about the excited 1P states, i.e. the four [ = 1 angular excitations
of the charmed meson. While usually only the 1P states (Df, D}, D; and Dj) are denoted as
D** mesons, in the following the term is extended to the radially excited 2S states for simplicity.

Numerous measurements have been carried out to obtain the branching fractions of B — D**{v
[20, 59, 69]. However, because of the limited knowledge on the D** mesons themselves, only
partial branching fractions of the 1P states are known and none for the 2S states. The total
branching fraction of B — D**fv hence depends on assumptions for the decay modes of the
D** mesons. The D** meson decay chains can be constrained by measurements of semileptonic
B decays with higher multiplicity final states (see Tab. 4.1). Additional information is available

. . . . B(B—D3 B(D3—D .
through ratios of hadronic B decay branching fractions, e. g. 3 ((B:Df:)):g ((DE:D:?), for which
2 2

a summary of available measurements is given in Tab. 4.2.

Decay mode B/%
BY = Drftv 0.64£0.08 [59]
BY = D*nlty  0.84+0.09 [59]
B* = Drattv  0.30£0.12 [70]
[70]
[20]

59

BT — D*rnfty  0.22+0.10 [70
Bt — DY Kty 0.06+0.01 [20

Table 4.1: Measured final states of charmed semileptonic B decays. The values are obtained assuming
isospin symmetry. The uncertainties on the D™*)z7 final states contain an additional isospin uncertainty
as the measurements are agnostic to whether the two pions are produced resonantly or non-resonantly.
The D7 and Dnr final states do not stem from D* and D*x.

D{ D1 D,y D3 D3s
B(B = D™ i) x B(D™ = Dn) /%  0.44%0.08
B(B — D) x B(D** — D*r) /% 0.204+0.06 0.43+0.03 0.12+0.01
B(D** — Dn) /B(D** — D*r) 1.54+£0.14  0.32+0.09
B(D** — D) /B(D** — D*r) 0.57+£023 <07

Table 4.2: Partial branching fractions and branching fraction ratios related to excited charmed mesons
[20, 69]. The upper limit given for the Dj is an estimate at 90% confidence level, based on Ref. [71]. The
values are obtained under the assumption of isospin conservation.

4.2 Modelling of D** decays

In addition to “on-shell” decays of particles into light daughter particles, “off-shell” decays are
possible because of the large width of the mother particle. Off-shell modes are decay chains
whose final state particles together have a larger mass than the nominal mass of the mother
particle. Although they are suppressed, their sum can significantly contribute to the total decay
rate of D** mesons and thus to the sum of exclusive semileptonic B decays. Off-shell decays are
therefore included in the new model.

Building up the D** model follows four major steps: Fist, the possible final states are
determined by mass constraints. Afterwards, the transition matrix element is estimated by
decomposing the angular configuration of the initial and final state and considering heavy-quark

38



4.2 Modelling of D** decays

spin symmetry (HQSS), which also reduces the possible final states. Third, the available phase
space of the remaining decays is estimated. Finally, the results of steps two an three are
combined to estimate the D** branching fractions. The branching fractions are then compared
with measurements to test the quality of the model and to check for consistency. All these steps
are described in detail in the following sections.

4.2.1 Available final states

All combinations of D or D* mesons with a light, unflavoured meson below the mass of the w,
my, = (782.7 £0.1) MeV [20], are considered. In addition, DK final states as well as D™ rr
are taken into account.

A final state is considered if Y " m; < (mg+al’), i.e. the sum of the masses of daughter particles
m; is lower than the mass mg of the mother plus its width I' multiplied by a cut-off parameter «.
In the following av = 1.54 is chosen, as for this value the cumulative distribution function of the
Breit-Wigner distribution of the mother particle yields 90%: ffoo P(m,mg,I")dm = 0.9. Here,

1 T
2w (m—mg)2 +12/4

P(m,mg,T) (4.1)
is the non-relativistic Breit-Wigner distribution of a particle with mass m around the mean
mass mg and width I'. This procedure reduces the amount of final states, especially for the
narrow 1P states.

4.2.2 Matrix element and heavy-quark spin symmetry

The matrix element of the strong interaction is assumed to factorise into a part describing
the transition between the initial and final state spin configuration |Mgpin| and a general QCD
matrix element including the hadronisation |Mqcp|. Furthermore, the assumption is made that
|Mqcp| cancels in the ratio B (D; = X) = F(Ij?iiD_:X) as the hadronisation is difficult to calculate
and beyond the scope of this model. Thus, the branching fractions are determined by angular
momentum conservation at leading order.

The strong decay of the D** conserves the spin orientation of the charm quark in the limit of a
large charm quark mass, m. — oo (cf. Sec. 1.2.1). In this limit, some decay modes are prohibited
and thus suppressed at finite masses. The general spin and angular momentum configuration is
part of the matrix element and will be considered in the following. The procedure given below
was introduced in Ref. [60] and is adapted to describe the light vector meson (p, w) production
as well.

As already stated, the initial D** state is described by the heavy quark spin s; and the total
angular momentum of the light degrees of freedom j; = s; + I which couple to the total D**
meson angular momentum J. The final state has the same quantum numbers and is denoted
with a prime, e.g. J/, from now on. In the transition, the light degrees of freedom de-excite by
emitting a hadron h and loosing the angular momentum Jp, = K + L, where K and L denote the
angular momenta of the light meson and the system of charmed and light meson (charmed-light
system in the following), respectively.

As the strong interaction conserves parity, only combinations of the initial and final state
angular momenta fulfilling this requirement are considered. The parity of the initial state, a
meson with angular momentum I, is P = (—1)"*! and that of the final state is P’ = (—1)"+K+L,
The transition J — J’ + J;, can be decomposed and given in terms of Clebsh-Gordan coefficients,
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whereas m; denote the z-components of the angular momenta. Clebsh-Gordan-coefficients
describe the decomposition of a coupled state into the uncoupled sub-states. They are thus the
coefficients of the linear combination of the sub-states to the coupled state. The coefficients
are non-vanishing for allowed J — J’ + Jj transitions and the partial wave, i.e. the angular
momentum of the charmed-light meson system can be inferred. Only the leading-order partial
wave will be used later on and possible higher excitations of the charmed-light meson system
are neglected. For clarity, the coefficients are grouped for the initial state (A), the final state
charmed meson (A’), the transition (A¢rans) and the light meson (Ajigh) contribution.

A= (sp, ms,; i, mg — ms, | J,mg)(si, mss L, my —ms, —mg|ji,my —ms,)

A" = (s, s, g1y g — mis, [T mug ) (s, m Usmly — me, — myg | im0 —m,) (4.2)
Atrans = (Jn, my — mys; ji,my — mg, |ji,mg — mg, ) (Jn,my —mp; J' mplJ,my)
Ajight = (K, mg; Lymy —myp —mgl|Jp, my —my).

The first line, A, simply describes the initial state meson, whereas A’ already exhibits the
conservation of the initial state heavy-quark spin in the final charmed meson, i.e., the z-
component of s, is the same in A and A’. The momentum conservation in the decay is ensured
by Atrans on the level of the light degrees of freedom as well as the total angular momentum.
The angular momentum L between the final-state particles also needs to be in agreement with
the state of the light meson which is ensured by Ajgne. In Ref. [60], only scalar mesons are
considered for which Ajgne = 6, 7. However, to incorporate vector mesons, Ajgn; becomes a
Clebsh-Gordan-coefficient as the vector meson’s spin has to be considered in the momentum
conservation. Due to angular momentum conservation, one of the three spin orientations can
be expresses by the two others in the Clebsh-Gordan coefficients: (j1,m1; j2, mal|j, m1 + me).
Putting these together yields

MSPiH X Z 6PP’14L : A/ : Atrans ' Alight~ (43)

mj,m s ’msl MK

The summation is over all possible combinations of spin orientations, except the heavy-quark
spin whose orientation is a free choice as it only defines the spatial orientation and thus
Mgpin(ms,) = Mgpin(—ms, ). The Kronecker delta ensures parity conservation and further
reduces the allowed final states. Together, momentum and parity conservation result in
suppressed partial wave contributions because certain spin configurations are not possible.

Only the leading-order partial wave, i.e. the lowest L for which the matrix element is
non-vanishing, is considered in the following. The partial wave of a three-body decay is not as
trivial as the one for the two-body decay. The reason is the mm-pair in the final state which
can be interpreted as a pseudo-particle 7 with angular momentum L,,. Because the w7 pair
can have any relative angular momentum, L., is not fixed and, therefore, the sum in Eq. 4.3
converges very slowly. An even more advanced model may consider the associated spherical
harmonics and integrate out their angular dependence after the summation, which gives an
additional suppression of higher order partial waves. However, this is beyond the scope of this
model and the sensitivity of this analysis. Therefore, the partial-wave decomposition is omitted
for the D** — D™ zr transitions.
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4.2.3 Phase space estimate

To model the relative branching fractions of the D** mesons, the phase spaces of the decays are
estimated. The two-body phase space ®2 depends only on the magnitude of the momentum
p of the final state particles (in the rest frame of the mother particle), which is given by the
masses in the initial (mg) and final state (mj, ma)

p
oy = Y with p = \/(m% — (m1 +m2)?) (md — (m1 — mg)?). (4.4)
Following Ref. [72], the phase space is modified to take into account the combinatorics of
the angular momentum L of the partial wave and an exponential suppression by a “barrier-
penetrating” factor

L opEt

= —p7, 4.5

2 oM € (4.5)
However, so far the phase space does not allow for off-shell decays for which the width I' of the
mother particle needs to be taken into account. This is achieved by a convolution of ®% with

the Breit-Wigner mass distribution (Eq. 4.1) of the mother particle

oL — / P(m,my, I’)(I)%(m, my, mg)dm. (4.6)

mi+mg

In principle, this can be extended to convolutions with the widths of the daughter particles, too.
However, the width of most of the final state particles is negligible. Only the p meson has a
significant width which is neglected for simplicity.

So far, the procedure describes the case of two-body final states. In case of three-body final
states, the calculation of the integrated phase space is not trivial and needs assumptions to
obtain analytical solutions. Under the assumption that two of the three final-state particles are
identical, the integrated phase space ®3 is given by [73]

1 mo m) 4
By = \/ m2 mo m1+5 —s ds. (4.7)
297’['47710 4m

In this case, it is not trivial to incorporate the angular momentum and the “barrier-penetrating”
factor. The former is omitted anyhow, as the transition into a three-body final state is much
less governed by a certain partial wave than the two-body decays (cf. Sec. 4.2.2). The latter
is not considered because the momenta of the light mesons in Drm and D*mw are similar and
thus this factor should be of comparable size and cancel in the ratio. Due to the assumptions
which are different from those in the two-body decays, the three-body phase space is only
used to estimate the relative decay rate between D** — Dz and D** — D*mnw. The width of
the mother particle is considered in the same way as before for the two-body decays, i.e. by
convolving with the mother’s Breit-Wigner distribution.

4.3 Branching fraction calculation
With the above considerations, the branching fractions of D** and B — D**/v decays are

estimated. First, the two-body decays are considered. Later, the three-body decays are
incorporated which are treated separately because no three-body matrix element was calculated.
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The results of the two-body decays are combined to the partial decay width according to Eq. 1.10
T(i — f) o< @5 - [Mepin|*. (4.8)
The branching fraction of the charmed meson D;* to the final state X; are calculated as

_ I = Xj)
2 DD — X)'

B(D;* — Xj) (4.9)
thus, only decays of the same mother particle appear in the ratio and contributions from the
QCD matrix element are assumed to cancel.

Using Eq. 4.8, the model predicts the ratios

(D} — Dr)/T(D} — D*r) = 1.9, (4.10)
(D} — Dr)/T(Dis — D*r) = 0.7, (4.11)

whereas measurements find 1.54 + 0.14 and 0.32 + 0.09, respectively. Thus, the prediction is not
entirely precise, but still remarkable for this simplistic model. To further improve the accuracy,
the measured ratios are used instead of the predicted ones from now on and the D7 final state is
updated accordingly. In principle, the D*7 final state could be updated instead and would lead
to enhanced D** — D®) 7 transitions compared to the other D** decays. The choice, however,
was taken to enhance the non-D™®) 7 transitions because this helps to tackle the problem of the
inclusive-exclusive gap.

Now that all two-body partial decay widths are set, the branching fractions of the D**
mesons and thus those of B — D™ /v are obtained. The three-body decays are included
iteratively which is described in the next paragraph. Afterwards, the branching-fractions of
B — DWnly, B— D®rrly and B — Dg*)KEV are extracted from the model and compared
with the measurements (Tab. 4.1 and 4.2). In all results, the indirect production of D®rr via
intermediate resonances, like D** — Dp — Dz or D5g — D3m — D7mr, is taken into account.

Additional information stems from the total B — X fv branching fraction and the well
measured B — D™y decays, as the B — D**(v decays have to fill the difference between the
two. As throughout the whole analysis, the exclusive semileptonic B branching fractions of
Tab. 3.2 are used here.

The B — D™ 7wy contribution The contributions of decays into D™*) 7 are estimated in
the following way: First, the measured ratio B (D; — Dnr) /B(D1 — D*x) is used to set the
decay width of D; — Dnrw. Based on that, the decay width of D1 — D*nr is fixed with the
ratio of phase spaces ®3(D; — D*nm)/®3(D; — Drm).

Still, the contribution of the remaining D** to the D™ 77 final state needs to be estimated. To
do so, the D** — Dnr decay width is related to the D** — D*m decay width by a constant factor
of 0.01. An exception is D¢ which neither decays into D*7 nor D77 due to parity conservation.
Here, D*rm and D7 are related by the same factor. The factor 0.01 is a rather arbitrary
factor which is chosen such that the measurements of B (B+ — D(*)mrfy) are not exceeded.
It could be different for every D** meson, but since there are no measurements available and
the structure of D** — D™ r transitions is completely unknown, an equal factor for all D**
mesons is a reasonable choice. The D*mr final states of the D1, D3, Dog and D3y mesons are
related to the Dz final states by the ratio of the three-body phase space estimates as it was
done above for the D;. After all, this results in rather low branching fractions of the D** mesons
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into D which is supported by the recent finding that B (D5 — Dnr) /B (D5 — D*m) S 0.7
(based on Ref. [71]).

Remarks on B — Dg*)K&/ It is found that the model overestimates the amount of B —

Dg*)K lv already with the contribution from the 1P states. This is understandable as these
decays require the production of a heavier s3-quark pair in contrast to the light v and dd
pairs in the other decays. The suppression from the production of the heavier quark pair is not
part of the model. An additional suppression factor, which is tuned to match the measured
B — Dg*)K fv branching fraction, might be one possible way to solve this issue. However, a
different approach is used as it is found that the modelled decays Dég) — Dg*)K reproduce the

measured B(B — DK (v) quite well if the 1P states do not contribute at all. The 1P — DY K
contribution is thus set to zero which is arbitrary but not problematic for two reasons: First, the
contribution of DSV K is negligible (smaller than the uncertainty on the inclusive B (B — X fv)).
Second, this model is primarily designed for an inclusive analysis and thus the production
scheme is not relevant to such accuracy. Due to the small amount of Dg*)K this even holds for
most exclusive analyses of semileptonic B decays.

The branching fractions of B — Dé;)ﬁu There are no measurements of B — Dog™)iu
and thus the branching fraction needs to be assumed. The measured final states are used

as a guideline to derive an estimate for the B (B — Dgg)fu). The main goal is to reduce

the inclusive-exclusive gap and not to produce more of a specific final state than measured.
The measured B — D*rnflv branching fraction is found to be the most limiting constraint.
Therefore, B (BT — DoslTv) = 0.1% and B (BT — DaglTv) = 0.2% is chosen, whereas the
Bt — Dg*)K (v final state is the restricting factor. Possible deficits in one or more final states
can be filled up with non-resonant semileptonic B decays as summarised in Tab. 4.3. However,
as the non-resonant contributions are well within the uncertainties, the inclusive-exclusive gap
is filled by slightly enlarged B — D**/v branching fractions in this analysis.

Decay mode Branching fraction / %

This model Measured Non-resonant
BT = Dnltv 0.58 0.64 £ 0.08 [59] 0.06
BT — D*nltv 0.87 0.84 +0.09 [59] -
B* = Drnltu 0.28  0.30 % 0.12 [70] 0.02
BT — D*rmlty 0.16 0.22£0.10 [70] 0.06
BY - DKy 0.04 0.06 = 0.01 [20] 0.02
Bt = X0ty - 10.8+0.4 [20] ;

Table 4.3: Comparison of measured and model predicted branching fractions as well as estimates of
non-resonant branching fractions. The latte are estimated from the deficit of the model to the measured
branching fraction.

MC simulation Based on the obtained model, a dedicated MC sample is generated with
EvtGen and the full Gsim detector simulation. In the MC production itself, only one of the two
B mesons in the generated MC events decays according to the new model, while the second B
decays generically. There are two arguments why this is not relevant in the given circumstances.
First, analyses that rely on a hadronic tagging method will highly suppress events where both B
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Chapter 4 A model for decays of excited charmed mesons

mesons decay semileptonically (i.e. one with the new an one with the old model). Second, the
hadronic reconstruction at Belle does not rely on D** mesons in hadronic decays and one can
expect that those are also suppressed. Hence, it is very unlikely to have semileptonic B decays
with the old model of the generic MC in the dedicated D** sample after hadronic tagging.

In the MC production, appropriate EvtGen modules are selected to describe the decays. As
no LLSW module is available but corrections factors from ISGW2 to LLSW are, ISGW2 is used
to model the semileptonic B — D**{v decays. Without going into further details of EvtGen
and its modules (an overview is given in [56, 74]), the subsequent decays of D** mesons are
modelled with the modules summarised in Tab. A.7. If possible, the obtained leading partial
wave or at least the spin of the initial and final state particles is considered to model the
angular distribution of the final state particles correctly. For decays where no appropriate
model is available, a uniform phase-pace distribution (PHSP module) is assumed. This affects
the three-body decays as well as some rare cases, e.g. Dj — Dm.

4.4 Conclusions

The results of the last sections are visualised in a term diagram (Fig. 4.1) and given in Tab. 4.4
and A.6. This new model for D** meson decays has several advantages compared to the generic
MC model. It considers new, measured final states as e. g. D® 7z and Dg*)K as well as possible
but not yet measured modes as D®)7. The relative fraction of the decay mode is derived from
estimates of the matrix element using HQSS as well as the available phase space. This results
in a self-consistent model which matches the constraints from exclusive and inclusive B decays.
It is thus well suited for this and future studies of inclusive and certain exclusive semileptonic

B decays.

Decay mode B/ % AByeas. /| % ABnodel /| %

BY = Dyftv 058 0.10 0.07
Bt - Ditty 032 0.16 0.06
Bt = Dty 0.77 0.05 0.17
Bt = Dyttv 032 0.03 0.10
Bt = Dogltv 0.1 0.05
Bt = Digftv 0.2 0.10

Table 4.4: Obtained branching fractions of B — D**{v decays and estimates of uncertainties. They
are combinations of the model estimates in Tab. A.6 and the partial branching fractions in Tab. 4.2.
ABpfeas. is the propagated uncertainty of the measured partial branching fractions. A rough estimate of
the model uncertainty is ABpodel Which is estimated as the half of the partial branching fraction into
unmeasured modes.

The important aspect for an analysis using simulations based on this new D** model is the
change in the observables. Important quantities to most analyses are the momentum |p;| of the
prompt lepton in the rest frame of the decaying B meson and the squared missing mass, mrzniss.
The latter is the squared sum of the four-momenta of the undetected particles in an event and is
introduced in detail in Sec. 5.2. Fig. 4.2 compares normalised distributions of reconstructed |p}|
and mfmss as they appear in this analysis for the generic Belle MC and the dedicated D** MC.
The impact of the additional decay modes is clearly visible. Especially the B — D} v shows a
softer lepton spectrum due to the numerous off-shell decays. In contrast, the lepton spectrum

of the B — D1 £v, which differs from the generic MC only due to the additional D™ 77 on-shell
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— S-wave
— P-wave
— D-wave

Figure 4.1: The modelled D** decays depicted as arrows pointing to the final states (dotted lines). Black
horizontal lines indicate the nominal D** mesons masses and the red boxes their width. The maximum
mass below which final states are considered is shown in grey. The starting point of the off-shell arrows
is arbitrary.

final state, does not change. Similar are the plots of m?mss which show a broadening of the

distribution for the new D** MC. This is expected because the higher the final state multiplicity
is, and thus the lower the momenta of the final state particles are, the higher is their probability
to be missed in the track reconstruction.

A higher multiplicity and a softer |p;| spectrum have an impact on semileptonic analyses,
especially the measurements involving 7 leptons, i.e. R(D), R(D*) and R(X). Typically, the 7
is reconstructed in in the leptonic 7 — fvv (¢ = e, u) channels. Compared with prompt leptons
produced in B — X .fv decays, the signal lepton has a rather low momentum because it is a
secondary particle from the three-body 7 decay. In the lepton momentum spectrum, the signal
thus resides in the low momentum region with backgrounds from other processes producing
secondary leptons as well as the low momentum tail of the B — X/v lepton momentum
distribution. Previous analyses used (amongst others) the lepton momentum spectrum to
estimate the B — D**{v background with on-shell D** meson decays (the recent Belle analyses
use the first version of the dedicated D** MC, but with fewer off-shell decays than in the
model used here). The model shows that a certain amount of off-shell decays causes a softer
momentum spectrum than expected from simulations using pure on-shell D** decays. Thus, the
B — D**{v lepton spectrum becomes softer and populates the signal region of inclusive and
exclusive B — 7 analyses. A similar argumentation holds for the squared missing mass, which
is, due the multiple neutrinos produced in B — 7 decays, expected to be large for signal events.
The simulated missing mass distributions in Fig. 4.2 show a broadening of the B — D**{v
decays towards higher missing mass values, and thus again an expansion into the signal region.
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Figure 4.2: Lepton momentum spectra (in the reconstructed Bsignal rest-frame, cf. Sec. 3.4) and missing
mass distributions of B — D**fv decays with new (red) and generic (black) modelling. Mesons with
large off-shell contributions (D§, D, Das and Djg) show a softer lepton spectrum. All mesons show a
reduced missing mass resolution because of final states with higher multiplicities.
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Hence, it is a crucial aspect for B decays to 7 final states and for the first time taken properly
into account in this thesis.

So far, the current chapter sets the focus on B — X fv with a light lepton because measure-
ments for these decays are available and the modelling is even more important than for the
B — X_.7v signal. This first sounds contradictory, but is understandable because the momentum
of the signal lepton is barely correlated with that of the 7 lepton (cf. Sec. 5.2). The impact
of the 7 momentum on [p}| or mZ, is thus reduced and so the importance of an exact T
momentum modelling. Nevertheless, a softer lepton spectrum due to off-shell decays also affects
the momentum of the 7 and that of its daughters. Therefore, the signal is modelled with the
new D** transitions, too.

There are some simplifications made in this model that might become important in future
experiments which directly measure decays of D** mesons. Of course, more measurements are
needed to further constrain the decay modes of the individual D** mesons. An extended set of
branching fractions or ratios of them would be advantageous to constrain most of the decay
modes. Additionally, a future extended model will benefit from measurements of branching
fractions of the 2S states.

The estimates of the decay width in this work rely on phase space calculations and approxi-
mations of the matrix element in the heavy-quark scheme. A more advanced theory can, for
example, take the actual angular distribution of the matrix elements into account or estimate
more of the QCD matrix element, e.g. the ss production.

However, given the current knowledge, the presented model is sufficiently accurate as it
reproduces the experimental constraints reasonably well.
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CHAPTER 5

Analysis of B — X 7v decays

Inclusive measurements of B decays are challenging and even more difficult with 7 leptons in
the final state. In general, inclusive analyses have a high signal efficiency but a rather low purity
because they lack typical constraints from the reconstruction of the final state and the decay
chain. In addition, the 7 lepton decays too fast to interact with the detector and only secondary
leptons or hadrons from the 7 decay are in the final state. Semileptonic B decays into a 7
lepton always include multiple neutrinos in the final state. Beside the neutrino produced in the
semileptonic B — X7v decay, the semileptonic 7 — Xv decay and the leptonic 7 — fvv decay
produce one or two additional neutrinos, respectively. In this analysis, the B — X7v signal is
selected in the leptonic 7 decay mode because the final-state lepton has a distinct signature in
the hadron dominated environment of BB decays. The three neutrinos produced in B — X71v
decays leave the detector without energy depositions which makes a full reconstruction of the 7
itself impossible. Due to the missing neutrinos in the final state, the total reconstructed energy
and momentum differ from the initial state e™e™ kinematics, which will be exploited in this
analysis.

To keep this analysis of B — X 7v inclusive, no intermediate resonances are reconstructed.
For this reason, this work is an analysis of R(X) rather than R(X.). Even though charmless
B — X, lv decays are not explicitly modelled in the MC simulation, these decays are not
suppressed by the selection and thus part of the extracted signal yield.

The composition of the charmed mesons affects the shape of kinematic distributions, e.g.
the lepton momentum spectrum, which is later considered in the systematic uncertainties
(cf. Chapter 4 and Sec. 5.5). The inclusive approach of this analysis in combination with the
7 lepton in the final state provides only a small set of useful observables to distinguish signal
from background. In addition, due to the large analysed data set, even a slight mis-modelling of
the data by the MC can become statistically significant. Together, these two aspects are the
particular challenge of an inclusive B — X 7v analysis.

This analysis does not directly measure the signal branching fraction but the ratio of branching

fractions
B(B— XTv)

RX)= g5 5.1

(X) B(B — Xtv)’ (5.1)
and the B — X /v decay mode is thus also referred to as the normalisation mode in this analysis,
whereas / is either an electron or a muon. The extraction of R(X) instead of the branching
fraction B (B — X 7v) has several advantages. First, the overall MC normalisation is irrelevant.

Any constant factor to the MC that applies to B — X7v and B — X /v cancels in the ratio. And
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even if, e. g., the tagging efficiency is not entirely uniform in the signal extraction variables, it
cancels partially. Additionally, systematic uncertainties which are positively correlated between
the signal and the normalisation mode also cancel. Examples for this are the number of BB
pairs, the tagging efficiency or the lepton identification and selection efficiencies. By measuring
the ratio R(X), this analysis is completely independent of the prior knowledge of B (B — X7v)
and B(B — X/{v).

The following sections describe the strategy of the inclusive measurement of R(X) with the
Belle data set. First, the event selection and reconstruction are presented (Sec. 5.1) and the key
observables used in this analysis are defined (Sec. 5.2). Section 5.3 discusses the modelling of the
signal extraction variables. Afterwards, the signal extraction strategy is introduced (Sec. 5.4)
and the expected systematic uncertainty of this analysis is estimated (Sec. 5.5). Last, the fitting
procedure is tested in a side-band region (Sec. 5.6).

The analysis is implemented using the ROOT data analysis framework (v5.34/30) [75]. The
minimisation in the fitting procedure is performed with Minuit2 [76, 77] which is implemented
as part of the ROOT framework.

5.1 Event reconstruction and selection

In order to perform the previously outlined analysis, the events recorded at Belle need to be
selected according to their signal signature. The first step, recording and preselecting BB events,
has been described in Chapter 2 and Sec. 3.4. The required event signature, as depicted in Fig. 5.1,
is a hadronically decaying Bi,g and a semileptonically decaying Bgignal for both, signal and
normalisation mode. The B — X 7v signal is only selected by the leptonic 7 decays, i.e. a single
light lepton in the final state is required. With this choice, backgrounds from hadronic B decays
are suppressed but the selection efficiency is reduced by B(r — e/pvv) = (35.21 £ 0.06) %.
The analysis of e.g. 7 — 7wv or 7 — pv is difficult because of large hadronic backgrounds.
Furthermore, the large number of pions in the final state of B decays makes it, even for signal
events, difficult to select the 7 daughter pion and not a pion from the charmed meson decay.

Tag side Signal side

J/y D)< B « Y(4S) —»|B" — Xt'vy
Y D s vy

Figure 5.1: Illustration of the signal signature in an BB event. The Y (4S) decays into a Bt B~ pair
and one of the B mesons (here BT as an example) decays in the B — X7v signal mode (signal side).
The 7 subsequently decays, however, in this analysis only the leptonic final states of the 7 are considered.
The other B meson decays hadronically and is used in the B tagging of the event (tag side). Note the
anti-correlation of the tag side flavour and the charge of final-state lepton. The same principle holds
for the decay into a BYBY pair, however, BYB° mixing dilutes the anti-correlation between flavour and
charge.

The event selection starts with the requirement of a Biae by using the previously described
full reconstruction technique (see Sec. 3.4). The best neutral or charged By, candidate is
chosen in an event, according to the ANN classifier output. The hadronic tagging classifier,
including an additional ¢g suppression ANNyz, is shown in Fig. 5.2. In the selection of hadronic
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5.1 Event reconstruction and selection

B events, the ANN7 is required to obey a loose selection of In(ANN,;) > —6. However, after
the reconstruction of final-state particles and the selection of signal-like events (see below), the
selection is optimised by maximising the Figure of Merit FoM = S/+/S + B, whereas S and
B are the event yields of well reconstructed and poorly reconstructed Bi,g, respectively. As
the hadronic tagging has different efficiencies for charged and neutral Biag, the optimisation is
performed separately (see Fig. A.1). However, both optimisations yield very similar results and
thus a common selection of In(ANNg;) > —3 is chosen.

Furthermore, combinatorial background is suppressed by demanding my. > 5.27 GeV. The
latter is the standard selection at Belle and keeps the peaking part of the my,. distribution,
while the combinatorial background populates the long tail below 5.27 GeV (see Fig. 5.2).

6 6

@ :"‘9......-..-.. 00487
'€ 0.16 W well reco. B, S 0160 E
>0.14 wrongly reco. Biag > F E
& B combinatorial 014 =
§0_12 B continuum 50'12:_ E
s < oab .
0.08F ]
0.06F ]
0.04F ]
0.02F ]
0: 1 1 1 ]

-6 -4 -2 0 5.25 5.26 5.27 5.28 5.29

IN(ANNg) m,./ GeV

Figure 5.2: Distributions of In(ANNgz) and mp.. Well reconstructed By, (green) are located in the
mpe peak and have a peaking distribution in In(ANNgz). A wrongly identified particle in the By,
reconstruction (yellow) leads to a less distinct shape. In contrast, poorly reconstructed and combinatorial
By, candidates (blue) and continuum (purple) are located in the tail region of my. and rise towards
lower values of the neural network classifier output. For this analysis, events with In(ANNgz) > —3 and
mpe > 5.27 GeV are selected. The distributions are shown after all other selection requirements.

5.1.1 Event clean-up and particle identification

The full reconstruction tagging is performed by an external module wich provides a sample
of events containing By, candidates. Afterwards, the analysis-specific event clean-up and
reconstruction of the final state is performed. Events are cleaned from duplicated tracks by the
algorithm presented in [78]. In case of low momentum tracks, it is possible that the track curls
back close to the IP and the tracking algorithm finds two tracks from the in hits in the detector.
Those can be either two close tracks of the same charge or two oppositely charged tracks
propagating back-to-back as depicted in Fig. 5.3. All low momentum tracks with transverse
momentum pr < 275MeV are checked in pairs for being duplicated. Tracks are assumed to
be a duplicate if the polar angle between the tracks is 612 < 15° (612 > 170°) for equally
(oppositely) charged tracks, whose momenta differ less than ||p}| — [p2]| < 100 MeV. The track
which originates closer to the IP is kept, the other one is discarded as a duplicate. An exception
are duplicates that have been used in the Bi,, candidate. In this case, if only one of the two
tracks in question is used on the tag side, the one on the signal side is discarded.
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Chapter 5 Analysis of B — X7v decays

In the rare case that both tracks are used in the By,, reconstruction, the event is discarded.

Figure 5.3: Sketch of track duplication of a single true track (black) leading to two reconstructed tracks
(red). The view is in z-direction along the beam-line and the tracks start at the interaction point. The
duplication either produces co-aligned (left) or back-to-back (right) tracks.

After the event is cleaned from duplicated tracks, the particle identification (PID) is performed.
Charged tracks are tested on the hypothesis of being an 1. electron, 2. muon, 3. kaon or 4. pion.
The first matching hypothesis is used. As this analysis heavily relies on a signal lepton from
a 7 decay, low momentum leptons play a crucial role and the PID criteria are chosen to be
tight (see Tab. 5.1). The leptons are required to originate close to the IP and lie within the
acceptance region of the tracking detectors. Electrons need to reach the ECL which requires a
transverse momentum of pr > 0.3 GeV, whereas muons are required to reach the KLM, i.e., to
have at least pt > 0.6 GeV.

PID  min [p]/MeV max (dr,dz)/cm 6
Electron > 0.90 300 (0.5,1.5) 17° < 6 < 150°
Muon > 0.97 600 (0.5,1.5) 25° < 0 < 145°
Kaon < 0.60 100 (0.5,1.5) -
Pion > 0.60 100 (0.5,1.5) -
Photon - 150 - -

Table 5.1: The selection and identification criteria of all considered charged and neutral particles on the
signal side. Charged tracks and neutral clusters that fail these criteria are discarded. PID refers to the
particle identification probability (see text).

As a multivariate tool to separate leptons from hadrons, likelihood ratios are formed by the
Belle PID group which are interpreted as the probability to select a true lepton (cf. Fig. 5.4).
The highest probabilities which are still recommended by the Belle PID group are chosen:
eID > 0.9 and pID > 0.97. For electrons, the ECL cluster shape and for muons the projection
to a KLM hit is included in the likelihood.

Charged tracks that are not compatible with a lepton hypotheses are separated into kaons
and pions at a likelihood ratio of 0.6, whereas lower values correspond to a Kaon. Also in the
case of pions and kaons, the tracks need to originate from close to the IP. Tracks that fail all
hypothesis tests are discarded.

Electrons have a high probability to emit final-state radiation (FSR) which reduces the
reconstructed electron momentum and slightly changes its direction. The probability to emit
FSR decreases rapidly with the number of emitted photons and their energy. Thus, only the
possibility of a single photon with £ < 1 GeV is considered. For every electron candidate, a
search for a neutral cluster with F < 1GeV in a 5° cone around the flight direction of the
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Figure 5.4: Distribution of the electron (left) and muon (right) identification probabilities. Electrons
with eID > 0.9 and muons with yID > 0.97 are selected.

electron is performed. If successful, the electron four-momentum is modified according to
De = Pe + Dy, Ee — \/ |De + Py|? + m2. If multiple FSR photon candidates are found, the most
energetic one is selected. The FSR of other particles is expected to be negligible and no FSR
reconstruction is performed.

Neutral clusters are selected as photon candidates if they have an energy of £, > 150 MeV
and are not used in the By, reconstruction or as an FSR photon. The energy threshold
suppresses photons from beam background which is mostly located in the forward and backward
direction of the detector. It is found that the high E, threshold of 150 MeV in the barrel
region improves the data-MC agreement compared to the Belle standard of 50 MeV for exclusive
analyses (cf. Sec. 5.3). Photons are assumed to originate from the IP.

5.1.2 Event selection

The signal lepton from the 7 decay and the primary lepton of the normalisation mode can be
either an electron or a muon and its charge is required to be compatible with the flavour of
the decaying Bgignal = Etag. Events with more than one lepton are rejected. In principle, a
small but notabe sample is that of two oppositely charged leptons which accounts for ~5%
of the preselected sample. The second lepton stems from a semileptonic charm decay and
allows to directly measure B — X.7v rather than B — X7v. However, this dilepton sample
obeys different backgrounds and should be treated separately from the single-lepton sample.
Therefore, it is not included in this analysis as it is negligible compared to the single lepton
sample. Anyhow, it provides a future option to measure R(X.) statistically independent at
Belle.

The correlation of the Bi,g flavour and the signal lepton charge is a good choice for charged
Biag but in case of neutral Bi,e, mixing and (to a small amount) CP eigenstates in the full
reconstruction dilute this correlation. Therefore, the signal and background efficiencies € of the
requirement on the correlation are studied in MC for neutral Bi,g. Fig. 5.5 shows the signal
electron momentum with and without the requirement, as well as the sample of rejected events.
It is clearly visible that semileptonic B decays are preserved, whereas secondary leptons from
hadronic B decays are suppressed. The efficiencies are:
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B — Xtv B — X/v other
€ 64.8% 78.5% 38.5%

Thus, despite the mixing in the neutral B sector, the flavour-charge correlation is a useful
requirement, in particular to suppresses backgrounds which populate the low momentum signal
region.

Events
Events
Events

0.5 1 15 0.5 1 15 0.5 1 15

2 2.5 2 2.5 2 25
p*e | GeV p*e / GeV p*e / GeV

Figure 5.5: Impact of the requirement on the correlation of B?ag flavour and lepton charge. Shown is the

lepton momentum without the requirement (left), with the requirement applied (centre) and inverted
(right). Even though the BYB0 events suffer from the dilution of this correlation due to mixing, a large
amount of secondary leptons from hadronic B decays is rejected.

5.2 Observables

This section introduces the available observables to study the B — X7v decay. The hadronic
full reconstruction tagging allows for boosting the kinematics into the rest frame of the Bgignal
and thus to study observables in this frame. Quantities in the Bgjgna rest frame are marked
with a star, e.g. |pj].

Lepton momentum An important observable for this analysis is the signal lepton momentum
|D; |, shown in Fig. 5.6 (top). It allows one to separate highly energetic prompt leptons of the
semileptonic B decays from the lower energetic secondary leptons, such as the signal lepton
from B — X7v decays. The B — Xr7v signal lepton momentum spectrum does not carry as
much information on the decay as that of B — X /v decays because [pj| is not a good proxy
for the 7 momentum, as illustrated in Fig. 5.7. The correlation between the two is only ~22%
due to the two additional neutrinos in the 7 decay. This leads to the fact that (in contrast
to the prompt lepton in B — X /v decays) the 7 daughter lepton momentum spectrum is not
sensitive to the modelling of the 7 momentum or the momentum transfer ¢> = (p + pl)2. The
mean momentum of the light 7 daughter signal lepton |p;| = 0.78 GeV is lower compared to
that of the 7 @ = 1.12GeV. This systematically lower momentum, on the one hand, can
be exploited to extract the signal in |p}| as it gives rise to a better separation of B — X71v
from B — X/v. However, on the other hand, the signal resides more in the regime of the less
well modelled secondary and fake lepton candidates. Furthermore, particles with low momenta
suffer from a poor selection efficiency which stems from the detector performance. For example,
the requirements stated in Sec. 5.1 reduce the signal efficiency by 20% and 54%, only due to
pT > 0.3GeV and p‘f > 0.6 GeV, respectively.
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Figure 5.6: Distributions of the reconstructed lepton momentum spectrum, shown separately for electrons
(top left) and muons (top right) as well as the squared missing mass, m2,;.., distribution (lower left) and
the hadronic mass, mx, (lower right). The signal (red) is additionally shown as a dotted line of arbitrary
normalisation to illustrate its distribution. It is the only component not peaking at m2; = 0GeV2.
The prominent peak in the myx spectrum belongs to hadronic D*) decays. The momentum spectra of
electrons and muons differ due to the low reconstruction efficiency of slow muons, which also leads to an
enhanced amount of fake lepton candidates (dark blue).
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Figure 5.7: Momentum spectra in the Bgignal rest frame of the 7 and its daughter lepton (e and p are
shown together) for B — X 7v decays at generator level. Left: Momentum distributions of the prompt
7 (dashed red line) and its daughter lepton (solid black line). The momentum spectrum of the secondary
daughter lepton is significantly softer than that of the prompt 7. Right: The 2D distribution of the
mother and daughter particle momenta shows only a low correlation of ~22%.

The lepton momentum spectrum of the non-semileptonic B decays have a rather diverse
composition regarding the flavours of the B meson and the lepton. Fig. 5.8 shows the momentum
spectra of leptons which are produced neither in B — X7v nor in B — X /v decays. In general,
a large fraction of the leptons stems from hadronic B decays. For charged B decays, the
decays into double-charmed final states are dominant because of the charge-flavour correlation
requirement in the lepton selection. This requirement is diluted for neutral B events and thus
the single-charmed final states occur as often as the double-charmed ones. Independent of the
B flavour, the muon sample suffers from a high amount of fake muon candidates which usually
stem from hadronic B decays. In contrast, electron fake candidates are a small component,
however, a large amount of electrons is produced in v — eTe™ pair-production. The very
diverse compositions for charged and neutral B mesons as well as electrons and muons will be
considered in the fit to extract the signal (Sec. 5.4).

As visible in Fig. 5.6, the signal lepton has a slightly harder momentum spectrum than the
non-semileptonic backgrounds. To reduce the dependence on these backgrounds without loosing
significantly signal events, the signal-to-background ratio in the [p;| spectrum is considered.
This is done separately for electrons and muons and also individually for charged and neutral
Biag, because their non-semileptonic backgrounds differ. The optimal lower momenta (see also
Fig. A.2) are [pg| > 0.44 GeV and [p};| > 0.62 GeV as well as |p;| > 0.5 GeV and [p},| > 0.67 GeV
for charged and neutral Biag, respectively. Only the very low momenta, which barely contain
signal events, are removed by this procedure.

Squared missing mass Another important observable is the squared missing mass mfniss (see
Fig. 5.6, lower left). It is derived from the detected, i.e. visible, four-momenta p. ., | as well as
the known four-momenta of the colliding beam particles p’; o

2 2 2
Mmiss = Pmiss — (pZJre* _pgisible) : (52)
It corresponds to the squared four-momentum that is carried away by undetected particles.
Thus, it vanishes for purely hadronic events and events with a single neutrino or lost photon.

The m?mss distribution is broadened due to the detector resolution as well as not reconstructed
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Figure 5.8: The composition of the lepton momentum spectrum of non-semileptonic B decays which
varies strongly with the flavours of the B meson and the lepton. Charged B decays are dominated
by double-charmed final states (black) which produce secondary leptons that pass the flavour-charge
correlation requirement. Conversely, the strict charge correlation is diluted for neutral B mesons and
thus the single- (red) and double-charmed final states are equally frequent. In general, muons suffer from
a high rate of fake lepton candidates (green) whereas electrons have a high probability of being produced
in pair-production (cyan). Other decays (blue) include leptons produced in e.g. charmonium or strange
meson decays.
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Chapter 5 Analysis of B — X7v decays

tracks and photons as illustrated in Fig. 5.9. While the former is a symmetric effect, the latter
gives rise to a long tail towards high m?2 . values.

In case of a single missing particle, mrzniSS equals the mass of the missing particle. Therefore,
close to zero, missing mass is nearly independent of the kinematics in the event. The distribution
is broadened by detector effects which smear the reconstructed energy and momentum in p’ ., | .
At high mfmss values, the situation changes. The undetected particles generate a squared mass
of

2

mr2niss = (Zz EZ>2 - ‘Zzﬁz

— 27, Tnl2 +2 Zz#j (EzE] + Pip;j COS 91]) R (54)

(5.3)

which depends directly on the masses m;, energies F;, absolute momenta p; and the relative
directions 6;; of the particles and thus on the physical processes. This is important as it needs
accurate knowledge of the physics to model the data accurately in the tail region. However,
at the same time, the tail is smeared out and individual processes cannot be separated. This
reduces the impact of particular decays and their kinematic modelling, however, as backgrounds

have different resolutions in mfniss, their relative composition matters.
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Figure 5.9: Distributions of generated (red) and reconstructed (black) m2 . for B — X7v (left) and

miss
B — X /(v (right). The reconstructed distributions show a reduced resolution and increased mean value
due to lost tracks and the detector resolution. For B — X /v decays, values of m2... > 0GeV? at

miss
generator level stem from K or neutrinos from semileptonic decays of the charmed mesons which are
assumed to be lost. All distributions have the same normalisation for a better comparison.

Hadronic mass Another interesting observable is the mass spectrum of the hadronic system
X on the signal side mx (Fig. 5.6, lower right). It shows the same distribution for signal
decays and decays of the normalisation mode. Additionally, it exhibits peaks at the mass of
the charmed meson and also of lighter mesons. The latter are mainly due to events where
other final state particles are lost. Purely hadronic decays tend to masses closer to the B mass.
These decays enter the analysis sample either due to a fake lepton candidate or due to a lepton
produced later in the decay chain, usually a semileptonic charm decay. As for mrzniss, the MC
description of myx depends on the modelling of the physics in the decay chains. It also shows
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5.3 Data-MC agreement studies

less discriminating power between the signal decay and backgrounds (especially between the
signal and the normalisation mode) compared to m2,,... Thus the latter is used in the signal
extraction.

Conclusions In an inclusive analysis as the one presented here, there are only a few observables
which contain independent information. As the B — X7v decay produces three distinct classes
of particles, the lepton, the hadronic system and the undetected neutrinos, the mentioned
variables (|p;], mx and m?2, ) contain almost all relevant information. As the signal lepton
itself is a secondary 7 daughter, its direction does not correspond to that of the prompt 7. Thus,
angular distributions are not useful in this analysis as they do not offer any discriminating
power. In this analysis, the lepton momentum and squared missing mass are chosen as signal
extraction variables. The hadronic mass will be referred to later as an independent observable

to confirm the data-MC agreement (Sec. 5.6).

5.3 Data-MC agreement studies

This analysis bases on a reliable modelling of the data by the MC simulation which is, therefore,
investigated in this section. Discrepancies in the modelling can for instance arise from the
physics models at generator level, which have impact on the simulated momentum and energy
spectra or lead to different reconstruction efficiencies in data and MC, which would lead to
selection biases. Two aspects should be emphasised again. First, this analysis is based on a
large sample of inclusive semileptonic B decays and, in contrast to (exclusive) analyses with
smaller sample sizes, even a slight mis-modelling in the MC can be statistically significant and
clearly visible. The second point is the limited set of observables available to extract the signal
due to the inclusive selection. As pointed out in the previous section, there are only three useful
observables and thus their modelling is vital to this analysis.

The following sections discuss the data modelling with a focus on the signal extraction
variables [pf| and m2 ;.. Distributions of data and MC are shown in a signal-free side band.
For a better comparison and to emphasise statistically significant deviations between data and
MC, the residuals (Nqata — Nymc)/A are also shown in the figures, where (Ngata and Nyic are
the number of data and MC events, respectively. A = 1/Ngata is the statistical uncertainty of
the data.

5.3.1 Lepton momentum modelling

While the momentum spectrum of prompt leptons from semileptonic B decays (in the rest frame
of the decaying B) is sensitive to the physics of the decay, this is much less the case for signal
and other secondary leptons. Their spectra are diluted because of the significant momentum of
the mother particle.

The momentum spectra of electrons and muons in data and MC after applying all MC
corrections (cf. Sec. 3.3) are shown in Fig. 5.10. The disparate shapes of the electron and
muon spectra are due to the different selection efficiencies and the larger probability of mis-
identification for muons. Electrons are much more efficiently reconstructed at low momenta
than muons and muons suffer from a high rate of fake lepton candidates. At large momenta,
where B — X /v decays are expected, the spectra are similar.

The MC distributions show deviations from the data in all regions which is, to some extend,
expected because of the following reasons. The secondary and fake lepton branching fractions
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Figure 5.10: Comparison of data (black points) and MC of the lepton momentum spectrum of electrons
(left) and muons (right). The spectrum shows events in the signal free m2, . < 3GeV? region. The

miss
colours have the same meaning as in Fig. 5.6. Note: At this point, only statistical uncertainties on data
and MC are taken into account which are too small to be visible. In the residual plot, the MC statistics
are shown as a grey hatched band (also barely visible). The MC is normalised to the number of events in
data.

and efficiencies are not well known and likely have a wrong normalisation in the MC, even
though the MC corrections have been applied. However, the normalisation of this component
will be estimated in data as it is a free parameter in the signal extraction fit (cf. Sec. 5.4).

Of greater implication is the shape of the B — X /v decays. At large momenta, an excess
of data is visible while there is a deficit of data at intermediate momenta. Considering the
composition of the lepton momentum spectrum, large momenta are populated by B — D&y
and B — X, /v decays, however, the latter is a very small component. Thus, the deviation hints
at a harder lepton spectrum which could in principle be addressed by varying the CLN form-
factor parameters of the B — D*{v decay. However, these parameters are highly constrained
by measurements and the uncertainty on the parametrisation itself is stated to be <2% [32].

Other processes producing high momentum leptons are ¢g continuum events. They might be
relevant at large momenta because high-momentum leptons could be produced and stem, in
particular, from semileptonic charm decays in ¢¢ events. Although continuum is already highly
suppressed in this analysis (the lowermost component in Fig. 5.10) it has a poorly known shape
and could be underestimated. Off-resonant qq data was taken ~60 MeV below the T(4S) mass
and thus below the BB production threshold. This data can in principle be used instead of
relying on the ¢qg MC simulation. Unfortunately, the hadronic tagging algorithm is not capable
of processing continuum data as it assumes BB production at the Y(4S) energy which affects
momenta and energies of tracks and, even worse, the particle identification. Therefore, the
impact of continuum is estimated differently.

To check if continuum events are underestimated at large momenta, a tight selection on
the continuum suppression classifier In(ANNgz) > —1 is applied. The residuals at high |p}|
are barely affected as plotted in Fig. 5.11. The recent inclusive B — X,y analysis by Belle
uses a high momentum lepton as a flavour tag and estimates the ¢g background with the
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continuum data sample [79-81]. The comparison (see Fig. 5.11) shows that the inclusive tag
lepton momentum spectrum exhibits similar residuals. Hence, significant underestimation of
high momentum leptons from ¢g continuum events is likely ruled out because the data excess is
also visible in inclusive analyses using continuum data.

Chi2/NDF: 58.9 / 13
Prob: 0.000
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Figure 5.11: Impact of leptons from continuum background at large lepton momenta. Left: A tight
selection on the continuum suppression classifier output reduces nearly all ¢gg events, but the excess in
data remains. Right: A similar excess is observed in an inclusive analysis by Belle [79-81] using a tag
lepton and continuum data. Shown is the electron momentum spectrum in the centre-of-mass frame
in data (black dots), B — X{v (blue line), secondaries and fake leptons (red line) and continuum data
(purple line). The former two are taken from MC and floated to match the data. Taken from [81].

As pointed out, exclusive analyses have precisely measured the B — D*{v branching fraction
the CLN shape parameters. Inclusive analyses of B — X /v can obtain the lepton momentum
spectrum by subtracting simulated backgrounds, i.e. these analyses are not sensitive to such
modelling issues. However, analyses of B — X7v rely on the modelling of the semileptonic B
decays due to the high background level. A recent analysis of inclusive charmed and charmless
semileptonic B decays by BABAR models the B — X fv as a sum of exclusive modes and finds a
harder lepton spectrum than expected [82]. The analysis yields a considerably larger B — D*{v
branching fraction which is ~3.50 above the world average value.

The question arises if the selection of a D* affects the leptons spectrum or could underestimate
the semileptonic B decay rate at large momenta compared to inclusive analyses. Possible
contributions in this kinematic region could stem from non-resonant B — Dwfv decays. These
decays are modelled exclusively and separately from B — D*/v in the MC simulation, but could
in principle interfere with the resonant D* production. Furthermore, in analyses measuring
B — D*{v decays, D* mesons are reconstructed in D* — D, Dvy. The neutral D* is ~2 MeV
too light to decay through D** — D*7~ on-shell. Potential off-shell decays are expected
to give only a small contribution to the decay width but are additionally suppressed by the
narrow selection on the D* mass in exclusive analyses. Hints for off-shell decays or unconsidered
interferences can e. g. be found in the spectrum of the mass difference m (D7) — m(D™) (see
Fig. 5.12) of the B — D**{v measurement by BABAR [83]. An excess of data at low D7 mass
differences is observable which is larger for charged than neutral B decays and thus could match
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the signature of unconsidered off-shell D*0 — D+7~ decays.
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Figure 5.12: The m(D*m) — m(D*) (a, ¢) and m(Dn) —m(D) (b, d) mass difference spectra for charged
(a, b) and neutral (¢, d) B meson decays of the B — D**{v analysis by BABAR [83]. Clearly visible
is an excess of data events at low mass differences, especially for m(Dm) — m(D). The excess is less
significant for decays of neutral B mesons, however, also the data sample is smaller.
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Figure 5.13: |p}| spectrum of the inclusive B — X lv analysis at Belle [84], shown separately for charged
(left) and neutral (right) Biag. The analysis was performed with a smaller data set of 140fb~"! (~20% of
the entire Belle data set) and uses a superseded B tagging method. Nonetheless, an underestimation of
the data at high momenta is already visible.

Another example is the inclusive analysis of B — X .fv by Belle which uses a much smaller
data set of 140 fb~! [84]. The relevant lepton momentum spectrum is shown in Fig. 5.13. Already
in this statistically less significant analysis, an excess of the data at high momenta and a deficit
at intermediate momenta is visible.

To conclude, an excess of data at large lepton momenta has been seen before in inclusive
analyses. It is possible that interferences and/or off-shell decays contribute in this momentum
region which are not considered in the sum of exclusive modes modelling in the MC. This could
lead to an underestimation of the B — D*{v branching fraction in exclusive measurements and
thus a softer lepton momentum spectrum of B — X /v decays in the simulation. The lepton
spectrum modelling is picked up again in Sec. 5.6, after the fitting procedure is introduced and
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tested in a signal-free side-band.

5.3.2 The modelling of the square missing mass

Due to its three undetectable neutrinos, the signal lies in the tail region of the m?2,, . distribution.

In contrast, all backgrounds have a more or less prominent peak at vanishing missing mass.
However, the background distributions have long tails and thus populate the signal region, too.
These long tails are, in any case, due to lost particles that cause an energy-momentum imbalance
in the event. Lost particles can either stem from the production of undetectable particles,
for example an additional neutrino from a secondary semileptonic decay (e.g. D — K{v) or
long-lived neutral kaons. Even though the Belle detector is equipped with the KLM to detect
K, it cannot detect their full energy and only estimates their direction. Other particles are lost
in the detector, either in the direction of the beam-pipe, by interactions with dead material in
the detector or they are missed by the event reconstruction algorithms. Furthermore, wrongly
assigned particle hypotheses or the modelling of the final state multiplicity have an impact on
the squared missing mass.
The modelling of mfmss is subject to special attention in this analysis. Fig. 5.14 shows
the data and MC expectation of the m2, . distribution for events fulfilling |5}| > 1.2 GeV

miss
or mx > 2.2GeV to exclude the signal region. Clearly visible is a jump in the residuals at
m?niss = 0GeV2. The MC deficit at mfniss < 0GeV? is subject to an extensive study which is

outlined below.
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Figure 5.14: Distribution of the squared missing mass, m2,_., in the signal-depleted |p7| > 1.2GeV and
myx > 2.2GeV region. Clearly visible is the excess of data in the negative tail and the sharp step in the
residual plot at m?2,, . = 0GeV?. Only statistical uncertainties are taken into account in the residual
plot. The statistical uncertainty of the MC is indicated as a grey hatched band. The MC is normalised
to the number of events in data.

Events with mrzniSS < 0GeV? Tt is clear that the region of reconstructed mfmss < 0GeV? is

not due to a physical process. To understand this, the definition of the squared missing mass is
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considered
M 2
mmlss - ‘pe+e pvisible‘ (55)
where all four-momenta of detected particles are summed up to pﬁisible. To better see the origin

of negative m?2 .. values, consider that p’ ;. = —p’. . in the centre-of-mass frame (denoted

with a prime) an thus

mlss ( miss ‘meSS )( miss |meSS|)
( miss ‘pv151ble | ) ( miss ‘pv151ble | )
= (me+e* - E\//isible - ‘pvisible|)( Mete— — E\//isible + ‘ﬁ\lfisibleD

2 2
= Me+o— + Myigible — 2EVISlble ete > (56)
where m+,- = /5 is the collision energy. Hence, to achieve m2, . < 0 GeV?, either the measured

missing momentum is larger than the missing energy or the visible energy is overestimated
compared to the visible mass.

As long as nothing or only a single particle p is lost, mmlss is independent of the specific
decay in the event as either m2. = 0GeV? or m2, = m2 Therefore, the m?2, . ~ 0 GeV peak
region is rather independent of the actual decay and k1nen1atlc modelling. However, the finite
detector resolution results in a broadening of the peak and negative m?2, . values occur.

To identify possible origins of mmISS < 0GeV?, one can consider the following three general
steps of the MC simulation. In the first step, the decay chains are simulated. In the second
step, the particles are placed in the detector model and are reconstructed. And in the last step,
particles which do not stem from the Y (4S) decay are added. In the first step, m mlss equals
zero because of four-momentum conservation. In the second step, where the particle candidates
are reconstructed, the momentum, energy and mass hypothesis are affected by the detector
resolution. Furthermore, particles can be missed or duplicated by the reconstruction algorithm.
This broadens the m?2,. . peak at zero and also shift events into to the negative m2 . region.
In the last step, background particles from e.g. beam-background are added. This reduces
the missing energy and affects the missing momentum randomly and can thus enhance the
tail towards negative m? Such backgrounds are typically more likely in data than in the
simulation.

This three-step picture provides the following insights: negative squared missing mass values
either stem from the detector resolution or non-collision particles. Of course, events containing
several neutrinos or low—mornentum tracks, that are not found by the tracking algorithm, are less
likely to contribute at negative mmlss In contrast, low multiplicity processes like B — D/fv have
a higher probability to end up at negative mmISS because they are rnore likely to be reconstructed
correctly and thus would have a narrow distribution around mmISS = 0GeV, which then is
broadened by the prev1ously discussed steps two and three.

At higher values of m?

miss*

the physics modelling becomes more important because m2. . =

miss’ miss
EP2 . — P2 ~ B2 = (mp — Bl p10)?- The distribution of the visible energy is relevant to
estimate the kinematics of the lost particles in region of large mmISS values. Thus, beside the
detector simulation, the physics modelling is important. However, as can be seen in Fig. 5.14,

the tail region is modelled sufficiently well.

Track multiplicity There are several observables beside mmlss which might help to understand
the origin of the poor modelling of the negative m2 . tail. Some of them describe the entire
event (e.g. multiplicities) and others only the tag or signal side, e.g. the By momentum and

energy. An interesting observable is the total number of reconstructed tracks in the event. A
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2

wrong modelling of the number of tracks can indeed result in a poor mg ;.. modelling. To further

discuss this, m2,;_ is plotted in bins of the track multiplicity as shown in Fig. 5.15. Events with
less than six reconstructed tracks are mostly located at mfmss > 0GeV? as there are usually
some tracks lost. However, these events are only a small fraction of the entire data sample. The
peak at zero becomes more narrow the more tracks are in an event, i.e. the m?niss resolution
improves as the relative impact of a single lost track reduces. However, the excess in data at
m?niss < 0GeV? is still present, quite independent of the multiplicity, and can thus not explain
the mis-modelling of the track multiplicity cannot cause the residuals.
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Figure 5.15: Number of reconstructed tracks in the event, Niacx (top left), and mfniss in bins of Nirack-

Signal events are rejected by selecting only events with |5, > 1.2 GeV and mx > 2.2 GeV. The shape
changes with the number of tracks, but the excess in data and the step in the residual plot is always
present. The latter is more pronounced in multiplicity bins of high statistical significance. The MC is
normalised to the total number of events in data. The colours have the same meaning as in Fig. 5.14.

A more comprehensive picture is given by the number of lost tracks, i.e. considering the
generated and reconstructed tracks. Defining the number of true tracks, Nipye, is not trivial
because the tracks and photons generated by EvtGen are not the ones at the end of the decay
chain. By interactions with the detector material, pair-production and bremsstrahlung occur,
which are simulated in the Gsim detector simulation (cf. Sec. 3.2). Also, neutral kaon decays
are simulated by Gsim, of which K7, likely decay outside, but the Kg inside the detector. Thus,
Nirue only counts charged Y (4S) final states before the Gsim detector simulation. K are
assumed to be lost, but the two charged pions from Kg — 777~ decays are taken into account.

Fig. 5.16 shows the distribution of lost tracks Nigst = Nirue — Nreco- Negative Nt values are
possible because of e.g. ¥ — eTe~ photon conversion or duplicated tracks, but only account
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for ~2% of the sample. To assess whether a wrong modelling of the number of lost tracks is
related to the mfniss residuals, a fit is performed to estimate Ny in data. As the information of
lost tracks is not available in data, m?niss is used to extract Njos. In the fit, which is a binned
likelihood fit, normalisations of three different samples are floating. The three samples contain
events with Nt < 1, 1 < Niggt < 2 and 2 < Njggt, respectively. The two former samples also
have to fulfil the requirement that the true m?mss = 0GeV?, i.e. only events without K7, or
multiple neutrinos are considered to improve the resolution. In Fig. 5.16, the post-fit distribution
is shown. The peak region of mfmss is still not well modelled, but from the shape of the residuals
it seems the component without lost tracks is too narrow to describe that data accurately. To
take this into account, the component without lost tracks is smeared by a Gaussian distribution.
This indeed improves the modelling after the fit, however, the residuals at negative m?niss remain.
Even though m?niss is correlated with Ny, this test shows that events without lost tracks

cannot provide a sufficient explanation of the mis-modelling.

Impact of the collision energy Starting wit Eq. 5.6, there are three basic event quantities
that can an have impact on the m?niss modelling: the centre-of-mass energy, Eyisible and Myisible-
The centre-of-mass energy or invariant mass of the colliding e*e™ is given by the energies of the
electron F,- and positron E, .+, as well as the fixed crossing angle § = 0.022rad under which

they collide. Their four-momenta are

pl_ = (E.-, E.-sinb,0, E,- cos )T and Pl = (Ee+,0,0, —E.)T (5.7)

and /s = Mg+ = \/(pg _+ p’cf ). Distributions of the energies of the electron and positron

beam and the centre-of-mass energy are shown in Fig. 5.17. The agreement of data and MC is
rather poor. However, the width of these distributions has to be considered. The root-mean-
square (RMS) is <1 MeV which is far too small to affect m2;_ in a significant way and can be

ruled out at this point regarding the mis-modelling at m2. . < 0 GeV2.

miss

Improving the particle selection The visible energy, momentum, mass and the squared missing
mass are shown in Fig. 5.18 in the centre-of-mass frame for a loose and an optimised selection.
Before using an optimised track and photon selection, a slope in the residuals of all the variables
is visible. As these variables depend on reconstructed tracks and photons, their selection is
revised. Successively, photon and track selection criteria are tested and the sum of squared
residuals of m2 . is minimised. In general, there is no standard track selection at Belle because
it is always analysis specific. However, a loose selection of tracks is no momentum requirements
and (dr,dz) < (0.5,2.0) cm and for photons E, > 150,50,100 MeV in the forward (6 < 33°),
barrel (33° < 6 < 127°) and backward (127° < ) region, respectively. The optimised selection is
given in Tab. 5.1 and is used throughout the analysis. It includes a tighter photon selection which
removes low energetic photons with £, < 150 MeV. Tracks need to have a minimum transversal
momentum of 100 MeV and are required to originate closer from the IP ((dr,dz) < (0.5,1.5) cm).
This removes wrongly reconstructed tracks which populate the low momentum end. The tight
selection is only available for signal side photons and tracks, because the hadronic tagging
algorithm comes with its own particle identification and already built up the By, out of its
track candidate list. The new selection reduces the average number of photons on the signal side
in data (MC) from N, = 4.4 — 2.2 (4.3 — 2.2) and average number of tracks Nipack = 3.3 — 3.2
(3.4 — 3.3). The selection efficiencies of signal and background decays are only negligibly reduced
because of the following reasons: The signal lepton momentum requirement is already higher
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Figure 5.16: Distributions of the number of true (top left) and lost (top right) tracks. The lower plot
shows m?2 . after fitting the normalisations of the samples with zero (light green), one (green) and

several (orange) lost tracks. Still, a poor modelling of the peak region is visible and a further smearing

with a Gaussian is not able to remove the residuals in the negative m?2 . . range.
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Figure 5.17: Comparing data (black dots) and MC (solid line) for beam observables. Ergpr and Eyggr
are the energies of the positrons in the low- and the electrons in the high-energy-ring of the KEKB
accelerator, respectively. The statistical uncertainties are too small to be visible. The MC is normalised
to the number of events in data.

than the value in the new selection and thus does not affect the selection efficiency. Additionally,
well reconstructed leptons almost always originate from the IP and the new requirement on
(dr,dz) is only slightly tighter than the standard selection.

The overall modelling of the data improves due to the new selection, visible in the m? .,
visible ad Myigible distributions (cf. Fig. 5.18). In contrast, the visible momentum is still poorly
modelled and shows strong residuals which might be a hint towards the mfmss mis-modelling. In
the centre-of-mass frame [P, | = [Pi10| @a0d, as stated in Eq. 5.6, too large missing momentum
can cause negative missing mass. However, investigating the visible momentum by splitting the
MC in two components, representing m2... < 0GeV? and m2 ... > 0GeV?, respectively, reveals

miss miss
that the |p). ;.| residuals are, at least not completely, those of mfniss as shown in Fig. 5.19.

E/

On the modelling of track momenta The visible energy and mass seem to be sufficiently well
modelled but the visible momentum requires further studies. In MC, the visible momentum
distribution is slightly shifted to smaller momenta. To investigate the total momentum, the
impact of the momentum of single tracks is studied. Therefore, the total momentum of all tracks
which fall into a certain momentum bin p + dp (i.e. the summed momenta p in a momentum
range p+dp) is considered and shown in Fig. 5.20 (left). The plot illustrates that low momentum
tracks in the MC carry more momentum than in data and vice versa for large momenta. A
possible reason for this is a mis-modelling of the average track momenta already at generator
level, which, however, cannot explain the m?niss residuals alone as it should have been visible
in different kinematic observables. A naive solution is to shift the momenta in MC by a tiny
momentum-dependent amount to match the distribution of summed track momenta. However,
although the m?2 . . residuals are nearly gone after applying the shift (cf. Fig. 5.20, right), this
procedure leads to a poor modelling of the mass spectra of e.g. K*n~ or 77~ pairs, i.e. such
a shift would have been discovered in earlier analyses. Nevertheless, the test indicates that the
problem is likely related to the tracks.

To summarise, track momenta are on average larger in data than in MC and contribute
more to the total momentum and could contribute to the mis-modelling of m?2 .. However, the
underlying effect is complicated and could be due to a wrong track or momentum reconstruction
efficiency in the MC, but the track finding is very efficient and has a small uncertainty of 0.35%
per track. Also, the momentum reconstruction cannot be significantly mis-modelled as it is
easily verified in the mass spectra. This implies that the momentum distribution is modelled
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Figure 5.18: The loose standard (top row) and the improved, tighter particle selection (bottom row) for
the total visible energy, momentum, squared mass and squared missing mass. Energy and momentum are
shown in the centre-of-mass frame. The data-MC agreement of the total energy and mass is improved by
the enhanced selection, however, the total momentum and m2,, still show a mis-modelling. The MC is
normalised to the number of events in data. The colours have the same meaning as in Fig. 5.14
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Figure 5.19: Shape comparison for the visible momentum of events with negative (light green) and
positive (dark green) squared missing mass. The distribution of m?2;, < 0GeV? events does not follow

the residuals of the visible momentum. The MC is normalised to the number of events in data.
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Figure 5.20: Left: The total momentum of tracks carrying a certain momentum, where an excess of data

for large momenta is visible. Correcting this observation with a momentum shift improves the m2,

modelling (right) at the expense of distorted mass spectra. The MC is normalised to the number of
events in data.

imperfectly earlier in the MC production chain, namely at generator level. Even if the physics
modelling cannot cause m2,,, < 0 GeV? events, it could produce more slow tracks on average in

MC than in data which more often are lost.

Photon energies In addition to the tracks, individual photons from the beam or mis-identified
FSR could cause a wrong modelling of the missing mass if they pass the energy threshold of
E, > 150MeV. An overall shift in the photon energies £, would affect the mass peak of e. g. 70
similar to the discussion of shifted track momenta. Thus, such a shift could only affect certain
continuous contributions, e.g. beam-backgrounds. First, the distributions of the total E; and
Py in the centre-of-mass-frame are examined which show a reasonable modelling (cf. Fig. 5.21).
To further study the impact of photons, the distribution of the sum of photons energies from all
events in a certain energy bin £, + dFE, is obtained, which is also shown in Fig. 5.21. In contrast
to the analogous distribution for the track momenta, no large residuals are observed, which is
likely due to the rather high photon threshold in this analysis. As a conclusion, photons are
thus not further considered as problematic at this point.

Semi-inclusive study An interesting fact is that exclusive analyses quite commonly use m?mss

without noticing residuals in the negative tail region. However, an imperfect modelling is indeed
observed, e.g. a too narrow m?niss MC peak in the recent analysis of B — D/{v decays by
Belle [85]. Thus, for comparison, a semi-inclusive sample of B — DX /v is selected. For this
purpose, D° - K~nt and D* — K~ nt7nt decays are reconstructed from charged kaon and
pion combinations which have to fall into the mass windows of 1.855 GeV < mpo < 1.895 GeV
and 1.85GeV < mp+ < 1.89 GeV, respectively. An event is required to have either a D° or a
DT candidate. The selection efficiency is small due to the rather low branching fractions of
B(D°— K-nt) =(3.93+£0.04)% and B(D* — K- ntat) = (9.5 +0.3)% and the selection

is not optimised for this test. The B — DX/v reconstruction selects 2.8% of the B — X/{v
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Figure 5.21: Total visible energy (left) and momentum (centre) of photons as well as the sum of photon
energies E., from all events in a certain energy bin E., +dE,, (right). The modelling is sufficiently well and
therefore photons are not further considered regarding the m2 ;. mis-modelling. The MC is normalised
to the number of events in data.

sample. The m?niss distribution for the B — DX /v sample is shown in Fig. 5.22. The residuals

are much smaller which is expected because the effect is much less statistically significant in
such a small sample compared to the inclusive sample. Nonetheless, there is still a small jump
in the residuals, implying that the modelling of m2 ... < 0GeV? is still insufficient.
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Figure 5.22: Distribution of squared missing mass for the semi-inclusive sample of B — DX /v decays.
The MC is normalised to the number of events in data.

Further studies In addition to these studies, further tests have been performed which are
outlined below. Many of these tests are related to the tag side because in principle a selection bias
of the Biag could cause the poor modelling. If there is a selection bias due to the hadronic tagging,
it is not expected to be the same in all By, reconstruction modes. Thus, the m?niss distribution
is studied in bins of the By,g reconstruction mode (see Fig. 5.23). Most reconstruction modes
only contribute with a small number of events to the full tagged sample and thus do not show
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significant residuals, but the few modes which contribute significantly show imperfect modelling
which hints at a reconstruction mode independent issue.
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Figure 5.23: Dependence of m2 . modelling on the By,g reconstruction mode. Shown are the three most

common reconstruction modes of charged (top) and neutral (bottom) Biag. The jump in the residuals is
much more pronounced for charged than for neutral By,g, but the much lower sample size of the latter
has to be considered. The MC is normalised to the number of events in data.

The impact of photons on the tag side and thus on the mfniss modelling is studied. Photons

are reconstructed from neutral clusters in the ECL that are known to be imperfectly modelled.
For example, it can happen that a cluster is not assigned to its track and is treated as a photon.
Furthermore, the reconstruction of neutral pions, which is always performed in the 7% — v~
channel, has a poor efficiency and purity. In contrast to the signal side with its tight photon
energy requirement, the tagging algorithm can consider photons with energies down to 30 MeV.
To estimate if photons and neutral pions, used in the By,, reconstruction, have any impact on
the description of mfﬂiss, two samples are studied, one with and one without neutral particles in
the reconstruction modes (see Fig. 5.24). The effect of neutral particles in the By, is found to
be negligible as the shapes of the m?niss distributions are the same.

The impact of the particle identification is investigated, too. Several requirements on the
PID classifier to distinguish kaons and pions are tested, but without a noticeable impact on
the modelling of m?niss. Also, the definition of poor tracks is revisited and tracks which do not
have a high probability to be either a kaon or a pion are discarded. Such a selection increases
the mean of the missing mass distribution because many low momentum tracks are rejected.
However, even though the shape of m?2 . . changes, the jump in the residuals at m?2, = 0GeV?

remains. The best test to ensure that particle identification of hadrons is not responsible for
this, is to not identify particles at all, except the signal lepton. All tracks are treated as pions
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Figure 5.24: Impact of By,g reconstruction modes without (left) and with (right) photons in the
reconstruction chain. No difference, especially considering the excess of data at m2,, < 0GeV?, is
visible.

and a difference between data and MC due to wrongly assigned particle hypotheses should
vanish. However, the poor mfniss modelling is not affected.

In addition, studies are performed to find efficiency corrections that reduce the m2 . residu-
als. Examples are corrections to the photon, track or kaon multiplicity and the total visible
momentum. The corrections are obtained from the ratio of data and MC histograms in the
considered observable. These correction factors are then applied as event weights and the m?niss
distribution is examined. However, none of the tested efficiency corrections are able to remove
the observed residuals. Possible reasons for that have been given in the previous paragraphs.
Searches for efficiency corrections are extended to multiple dimensions to take correlations
between the observables into account. However, the tests showed that per-event corrections on
the basis of observables unlikely account for the mfniss mis-modelling.

The influence of branching fractions has been intensively studied. As already mentioned, the

most common B and D meson branching fractions in the MC sample after the signal selection
are updated to recent measurements. They indeed improve the overall data-MC agreement,
however, not the mis-modelling at m?niss <0GeV? .
Conclusions The discrepancy between data and MC at miﬁss < 0GeV has a complex origin.
Numerous tests have been performed to identify the underlying processes and obtain correction
factors. The presented steps of a tightened particle selection improved the description of the
data (and is used is this analysis). However, efficiency corrections of e.g. track and photon
multiplicities or tag observables are not to improve the m?niss mis-modelling. This suggests that
the origin already lies on the track level,

For these reasons, and because the signal populates the large m
performed only with events which have positive missing mass.

The requirement of mfmss > 0GeV? could potentially lead to a selection bias which is
estimated here. In contrast to signal events, which populate the high m?niss region and are
thus not affected by the selection, events of the B — X /v normalisation mode are rejected
with different efficiencies in data and MC. As less B — X/v events are rejected in MC than
in data, the normalisation mode could be slightly overestimated in the remaining > 0 GeV?

sample. From the number of observed events in data and the MC prediction, the bias on R(X)

2

iss region, the analysis is
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is estimated to be <1% which is negligible compared to the total uncertainty on R(X) of ~7.5%
(see Chapter 6).

5.4 Signal extraction strategy

The procedure of extracting the signal from the data is presented in the following sections.

The branching fraction ratio R(X) is measured, i. e., the signal branching fraction normalised
to the semileptonic B — X /v decay, which is referred to as the normalisation mode. Events
which contain neither signal nor normalisation decays are denoted as other decays. Signal and
normalisation events are required to have a true lepton from a B — X7v and B — X/v decay
and its mother must be a true 7 or B, respectively. All other events are part of the “other
decays” component which are mostly secondary leptons from hadronic B decays, fake lepton
candidates and continuum events.

The signal extraction is performed in a binned 2D x? fit in || and m?2 ... The normalisation
mode is well separated from the signal in the lepton momentum spectrum and in the squared
missing mass distribution. The latter is needed to constrain the other decays because they have
a similar lepton momentum spectrum as the signal.

5.4.1 Fit templates and model parameters

The fit templates are taken from the 2D MC distributions of [p| and m? . which are shown in
Fig. 5.25. For every fit component ¢, the 2D MC histogram, denoted as a vector of bins fc, is
obtained by using MC truth information. The templates are normalised to the predicted MC
yields, i.e. Y, ff = N°.

Free parameters of the fit are the template scale factors

ry = R(X) AB—)XEI/ _ NB%XZV Aother — Nother (58)
R(X>MC Nl\B;[C—j)XEV Nﬁ)/[tger

for the signal, the B — X fv and the others component, respectively. The MC is not expected to
have the right overall normalisation because of, e. g., the systematic uncertainty on the efficiency
of the hadronic tagging and the number of produced BB pairs. Both uncertainties are expected
to cancel in the ratio R(X), but the former can be different for charged and neutral B mesons.
For this reasons, separate normalisations A; (j = BT, BY) are considered. The component of
“other decays” is not only different between charged and neural B mesons, but also between
electrons and muons because of their very different mis-identification probabilities (cf. Fig. 5.8).
For this reason, the “other decays” component is additionally separated into electron and muon
templates with individual normalisations A%her (k = e, u) which are, however, not of particular

- = — —

interest for the analysis. The complete binned template f(6) = (fo(0), f1(0),...) as a function
of parameters 6 reads

f(rX, Ag?Xéuy o ,A%t(?sr) _ Z A;':?’HXZV <7°Xf;Signal + f’jnorm) + Z A;)iherfj"zther
j=B*,B0 k=e,u
(5.9)
This formulation is independent of the B — X7v and B — X /v branching fractions assumed in
the MC. The formula leads to the desired cancellation effects on R(X) because uncertainties on
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the MC normalisation are uncertainties on the parameters and thus rx parametrises

only the ratio of B — X7v and B — X/v.
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Figure 5.25: Distributions of signal (red), normalisation (green) and other decays (yellow) as well as

data (black) in the two signal extraction variables m2 . and |p;|. The signal is clearly separated from

the backgrounds which are, however, still present in the signal region. The data illustrates that the
B — X /v component is by far the dominant decay mode in the analysed sample.

5.4.2 Fit set-up

The fitting procedure is an optimisation problem to find the set of best model parameters 50
which yield the best agreement with the observed data. The number of data events n; in bin i,
and the total number n = ), n; are distributed according to a Poissonian distribution. In the
limit of large n;, which is a good assumption in this analysis, the Poissonian is well approximated
by a Gaussian distribution. To satisfy this assumption and to avoid biases, bins with - n; < 30
in data or in the sum of templates are ignored in the fitting procedure. The optlmal 90 which
maximises the probability p(7i | f(fy)) of observing the data 7 with a given model f(6) is given
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Chapter 5 Analysis of B — X7v decays

as the maximum of likelihood-function L, i.e. the products of the probabilities in every bin 4,

(ni - fi(_’))Z

e e (5.10)

@ =11,

with standard deviation o; = An; = /n;.

To get rid of the computationally expensive products and exponentials, the log-likelihood is
used,

1B

—2InL(0) = — | = 5.11
ORDD ( - ) (@) (5.11)
which is the well-known least-squares or x? error-function and constant terms in the sum are
neglected. Hence, for the optimal parameter set 6y, x3 = x*(p) is minimal.

So far, statistically independent bins have been assumed. To consider e. g. systematic uncer-
tainties which are correlated across various bins, the x? can be generalised from a multivariate
Gaussian in Eq. 5.10 with covariance matrix C' to

0 = (- f(@) o (i~ @) (5.12)

Additional uncertainties are considered in the covariance matrix C' = Cgtat + Cosys,1 + - - + Coysn
and assumed to be independent of 0. However, the latter is not necessarily true when considering
uncertainties on the templates fc(g) and thus the matrix needs to be inverted each time 6
changes during the minimisation process. This is computationally expensive and can become
numerically unstable. Therefore, only bin-wise independent uncertainties, e.g. the statistical
MC uncertainty, are included in the covariance matrix because this keeps the matrix diagonal
and the inversion is simply Cizl = 1/Cj;. By doing so, the covariance matrix includes not only
the variance of the data, but also of the MC which is given by the sum of squared event weights,
o

varye = »,; w; (), as well as the statistical uncertainties on the lepton efficiency and the lepton

mis-identification correction factors.

Systematic uncertainties are included in the fit by introducing a set of nuisance parameters
(NP) X which are restricted by a set of prior probabilities of the same size. Consequently, they
do not change the number of degrees of freedom of the fit. The prior probabilities are usually
external measurements and are expected to be normally distributed (which is not a requirement,
however) and hence enter the x? quadratically.

The sum of priors X%\IP changes the x? to

— - —

X2(0) = X230, %) = X2(0) + x&p(X),  with x&p(X) =D A2, (5.13)
J

where X = 0 corresponds to the unaffected MC, i.e. the expectation values of the priors. As
an example, the nuisance parameter for a certain branching fraction affects the weight w of an
event as

w—w-(14+6B-)) (5.14)

with the relative uncertainty on the branching fraction 68 = AB/B. The NPs are subject to
the minimisation, however, they are constrained by the extra sum in the x2. Hence, the fit
can change the shape of the MC templates by changing e.g. branching fractions to improve
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5.4 Signal extraction strategy

the overall agreement of MC and data, but is restricted by the prior knowledge, i.e. external
measurements.

The uncertainty of a nuisance parameter reported by the fitting procedure states how
constrained the NP is by the data. Without any constraints beside its prior probability, the
nuisance parameter has, by construction, an uncertainty of one. In contrast, a tight constraint
on a NP from the data results in a smaller uncertainty. Furthermore, its uncertainty reflects
the dependence of the fit on that particular NP and its contribution to the total uncertainty of
other parameters.

The considered systematic uncertainties and the corresponding nuisance parameters are
discussed in the following. The sources of systematic uncertainties and their effect on the
measurement are discussed in Sec. 5.5 while here the more technical part is covered. A complete
list of the considered parameters is given in Tab. 5.2.

Branching fraction nuisance parameters Of outstanding importance is the inclusive B —
X /v normalisation mode and its composition. Especially the B — D**fv decays have large
experimental uncertainties and thus also the sum of exclusive modes (cf. Tab. 3.2). Therefore,
the branching fractions of the exclusive X decays are considered as nuisance parameters to
account for their uncertainties and hence their effect on the composition of the inclusive sample.
A further constraint stems from the inclusive B — X /v branching fraction and, therefore,
the sum of exclusive semileptonic B decays is forced to match the total B — X /v branching
fraction. In other words, the sum of the IV exclusive branching fractions must not change and
consequently

N 1 N—-1
;ABJ-.AJ- :OéAN:—A&V;ABj.)\j, (5.15)

which implies that one NP is not a free parameter but determined by the N — 1 other NPs.
Even though it is not a free parameter, the associated prior probability is taken into account.
This method is also applied to the exclusive signal components. This allows one to work with a
fixed inclusive branching fraction, which is necessary to extract the branching fraction ratio
R(X). No inclusive branching fraction is assumed and also its uncertainty is not considered
in this constraint. Only when calculating B (B — X7v) from R(X), the uncertainty of the
assumed inclusive B — X /v branching fraction enters.

In principle, negative branching fractions can occur. Especially, if the relative uncertainty
is large (as it is the case for e.g. B — Daglv), the event weight (1 + 6B;\;) can easily
become negative. Therefore, an exponential cut-off in the prior probability is introduced that
is implemented in the x2. The additive penalty to the x? is chosen to be 10 - |1 4+ §B;\;| and
is applied if (1 4+ 6B;A;) < 0. Through this procedure, no negative branching fractions are
observed.

Counting the considered charmed meson states in the MC, the signal and normalisation modes
contribute with seven and nine independent free NPs, respectively, and each with an additional
constraint due to Eq. 5.15. Furthermore, a NP is considered for the inclusive B — X, /v
branching fraction.

A set of nuisance parameters is implemented to account for the new model of D** decays.
For each decay in the model, a 5% relative uncertainty is assumed. However, the total decay
width of the individual D** mesons is preserved by Eq. 5.15.

A considerable amount of low momentum electrons stems from photon conversions. To take
potential mis-modelling of the detector material into account, a 3% [86] relative uncertainty on
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Chapter 5 Analysis of B — X7v decays

their production is considered.

To consider the uncertainty on semileptonic charmed meson decays, which produce secondary
leptons in the |p;| signal region, a NP is assigned separately for charged and neutral D mesons.
The inclusive semileptonic charm branching fractions B (D° — X¢*v) and B(D* — X/(*v) are
considered and implemented such that the total charm decay width is constant.

Charged and neutral B decays have the same nuisance parameters and relative uncertainties
because isospin symmetry is still assumed and the isospin factor cancels in relative uncertainty
0B = AB/B. Nevertheless, the exclusive B — X /v and D — X /v branching fraction NPs are
implemented separately for charged and neutral B, which will be introduced and motivated in
Sec. 5.6.

Form-factor parameters The lepton momentum spectrum is sensitive to the decay model used
in the MC simulation, especially that of the B — D™ ¢y decays. The CLN / HQET2 model
parameters (cf. Sec. 1.2.1) are allowed to vary in the fit by assigning a single nuisance parameter
to each of them. In case of B — D/{v, the single CLN parameter pQD is directly assigned a NP.

The experimental correlations between the B — D*/v form factor parameters p%*, R; and
Ry are taken into account by relating the independent nuisance parameters with the principal
components of the covariance matrix, i.e. scaling the axes of the error ellipsoid. The vector of
CLN parameters 7 = (p?, Ry, Ro)” is rotated into the eigenbasis of the covariance matrix with
the inverse matrix of eigenvectors I'. In this basis, the nuisance parameters scale the independent
principal components which are, afterwards, rotated back into the CLN representation. Written
in vector components, the whole transformation reads

i T (rk(F_l)ik + A JE) , (5.16)

where E is the vector of eigenvalues which represents the variance along the principal axis i.

The semileptonic decays into 1P states are described by two independent parameter sets of the
LLSW model; one for the broad j; = 1/2 and one for the narrow j; = 3/2 states, each with three
independent nuisance parameters. The nuisance parameters represent the slope of the leading
Isgur-Wise function d7/dw and the kinetic energy operator 7. The third parameter enables the
fit to vary between approximations Bl and B2 of the LLSW model, i.e. I' = ¢I'g; + (1 — ¢)I'pe
(cf. Sec. 1.2.2).

Semileptonic decays into 2S states follow the parameterless ISGW2 model and thus have no
nuisance parameters assigned.

In total, there are ten nuisance parameters related to the semileptonic form factors. In
principle, the same could be applied to B — X7v signal decays. However, due to the fact that
the signal lepton is secondary, such details of the semileptonic model are negligible.

Nuisance parameters for lepton efficiency The uncertainties on the lepton efficiency and
the lepton mis-identification corrections (cf. Sec. 3.3) are considered. For the lepton efficiency
correction factors, a systematic and a statistical uncertainty is reported [61]. The systematic
uncertainty is assumed to be completely correlated across all bins and, therefore, is covered by
a single nuisance parameter. In contrast, the statistical uncertainty is bin-wise independent
and hence is included in the covariance matrix. The dependence on the model parameters g of
this contribution to the covariance matrix is considered, but influence of any NP is neglected.
The weights of events with true leptons in bin ¢ are thus related to the relative efficiency
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5.4 Signal extraction strategy

uncertainties de; by
w; — W; - (1 + 56§ySASyS). (5.17)

The lepton mis-identification probability correction factors have negligible systematic uncer-
tainties and therefore only statistical uncertainties are taken into account in the covariance
matrix. The described set-up is separately implemented for electrons and muons.

5.4.3 Fit validation

The described fit set-up is tested for being stable, unbiased and reliable regarding the estimates
of the total uncertainties. This is done by pseudo-experiments with pseudo-data drawn from the
MC templates. A sample of pseudo-data is generated in two steps. In the first step, the MC is
fluctuated bin by bin according to its Poissonian distribution to simulate statistical fluctuations.
Since the statistical fluctuations shall represent the data statistics, the MC is scaled to the
expected number of events in data before applying the Poissonian variations. The second step
generates the systematic variations covered by the nuisance parameters by obtaining a set of
new external measurements, i.e. expectation values are drawn from the prior probabilities. The
new expectation values X0 are considered in the X as

D (= A))? (5.18)

J
The fit is validated by performing the analysis with a large sample of pseudo-data sets and
obtaining the pull of every parameter 6; in each fit:

fit true
ot _ g

(5.19)
The distribution of pull values for a certain parameter #; should follow a normal distribution
with zero mean and a width of one. The mean of zero represents an unbiased fit that on average
reproduces the input gtrue while a width equal to one confirms a correctly estimated uncertainty.
For this analysis 1000 pseudo experiments are drawn and the signal extraction fit is carried
out. The nuisance parameters of the D** meson decays are skipped for this test, as they
are found to have negligible impact on the fit in terms of negligible correlations with other
parameters and are computationally expensive. In Fig. 5.26, the pull distributions of R(X)
and the normalisation are shown. Clearly visible is the unbiased fit result and the correctly
estimated total uncertainty. Pull distributions of further parameters can be found in Fig. A.4.
A standard procedure used at Belle to validate the fitting procedure as well as the MC, is
a so-called “stream test”. One of the MC streams is used as pseudo-data and all remaining
streams are used as fit templates. As the generic BB MC consists of ten streams, just as many
tests are performed. For MC components that have fewer than ten streams available (continuum,
B — X, lv, and the B — D**/v MC), the following procedure is applied. The B — X, /v MC
is the same in the pseudo-data and the MC templates, as it is only a small component. For
continuum MC, the six available streams are used like the ten generic BB MC streams but start
again with the first stream after the sixth test. The B — D**{rv MC is split into two halves
that are used alternately. Fig. 5.27 shows a summary of the stream test. As no systematic
difference between the MC streams are expected, only the statistical uncertainty is considered.
The obtained scale factors rx and Af"X&’ fluctuate around the nominal MC value, as expected.
Neither a bias nor a wrongly estimated uncertainty is observed for rx. Only the statistical
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1] rx 49t | Dy —» D*nr
2 AEJTX”” 50 | Dj — Dr
3| Agher 51 | D5 — Dnr
4 | Agher 52 | Dy — D*r
5| ABzXtv 53 | Dy — D*rrr
6 | Aother 54" | D — Dn
7 | Agther 55 | Das — D*m
8| v—ete 56 | Dog — Dnw
9| B— Drv 57 | Dag — D*nmr
10 | B— D*rv 58 | Dos — D
11 | B— Ditv 59 | Das — D*n
12 | B = Ditv 60 | Dog — D37
13 | B— Dgtv 61 | Dos = DK
14 | B— Djrv 62 | Do — Dp
15 | B — DagTv 63" | Dag — Dw
16" | B — DjgTv 64 | D3y — D
17 | BT — Dty 65 | Dig — Drm
18 | Bt — D*lv 66 | Diy — D*7
19 | BT — Dty 67 | D5 — D*mm
20 | BT — Djlv 68 | D3g — Dn
21 | BT — Ditw 69 | Dis — DK
22 | BT — Dijtv 70 | D3y — D*n
23 | BT = Drlv 71 | Dis — Dy
24 | BT — Dogly 72 | D5y — Dim
257 | B* — Djqlv 73 | D3y — DIK
26 | B® — Dtv 74 | D3q — Dagm
27 | B® — D*tv 75 | Diq — D*p
28 | B® — Dytv 76 | Diq — D*w
29 | B — Ditv 77" | Dig — Dagy
30 | BY — D¢t 78 | BT : D% — Xtv
31 | B — Ditv 79 B;“ : DOJr — Xty
32 | B = Drlv 80 | BY: D° — X/{v
33 | B — Doglv 81 | B': Dt — X/v
34" | BY — Diglv 82 | Electron efficiency
35 | B— X, tv 83 | Muon efficiency
36 | D — Dr 84 | p2
37 | D§ = D*rrw 8 | B— D*v: ffry
38" | Dy — Dn 86 | B— D*(v: ffry
39 | D] — D*r 87 | B— D*lv: ffrs
40 | D} — Drrw 88 | 1P3/y : d7/dw
41 | D} — D*rrm 89 | 1P3/3 & ke
42 Dll — D*T] 90 1P3/2 I CB1-B2
43 | Dy — Dp 91 | 1Py : d7/dw
44 | D} — Dw 92 | 1Py/2 @ Mie
45 | D} — D*p 93 | 1Py/2 : cB1-B2
46 | D} —» D*w
47 | D1 — D*m
48 | D1 — Dnn

Table 5.2: List of floating parameters @ (1 — 7) and nuisance parameters (X) (8 — 93) of the simultaneous
fit. Nuisance parameters 85-87 are associated to the decorrelated CLN parameters (cf. Tab. 1.1) and
88-93 are associated to the parameters of the LLSW model.

. These parameters are not free in the fit but determined by the inclusive constraint (cf. Eq. 5.15).

80



5.5 Systematic uncertainties

N
o
o
T
1
N
o
o
T
1

N

o

o
T

i
o]
o
T
[N
@
T

[N

)

o
T

1=0.02 +0.03
0=0.98 +0.02

j1=0.01+0.03
0=0.97 +0.02

| =0.03 £0.03
0=0.98 +0.02

[N
D
o
T
[N
D
o
T

[N

o

o
T

-
N
o
T
-
N
7

=

o

o

T
[
N
o
T

@
o
T T T T T T
=
o
o
T

®
o
T T T T T T T

Pseudo-Experiments

=
ey
o
T

-

o

=

1
Pseudo-Experiments
=
»
o
T
Pseudo-Experiments
=
S
7

D
o
T
1 1
2]
o O
T

N
o
T
1
N
o
T

N
o
T

o
T

o
T

-4 -2 0 2 4 -4 -2 0 2 4
Pull: B - Xrtv Pull: B* = Xlv Pull: B® - Xlv

Figure 5.26: Pull distributions of R(X) and the normalisation mode B — X/v. A Gaussian distribution
is fitted to confirm the unbiased and well reproduced uncertainties.

uncertainty of the normalisation mode seems slightly underestimated which is, however, not
of concern for the signal extraction. To conclude, there is no significant difference between
individual streams and in their analysis processing.
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Figure 5.27: The signal and normalisation mode scaling factors (cf. Eq. 5.9) in the stream test fits to
pseudo-data from disjunct MC sub-samples. The error bars represent the statistical uncertainty of the fit
parameters.

5.5 Systematic uncertainties

The systematic uncertainties of this analysis are estimated from pseudo-data before the fitting
procedure is confronted with data.

Due to the implementation of nuisance parameters and considering uncertainties in the
covariance matrix, the fitting procedure estimates the total variance varo; = vargeas + varsys. A
breakdown of the statistical as well as the systematic uncertainties is obtained to understand
the impact of the individual sources. Therefore, the nominal fit is repeated while the nuisance
parameter of interest, 4, is fixed to its best-fit value to obtain the variance without 7, vary,q ;-
Afterwards, the variance due to NP i is calculated by var; = varye; — vary, - The estimated
statistical uncertainties and the list of individual systematic uncertainties are shown in Tab. 5.3.
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Chapter 5 Analysis of B — X7v decays

A discussion of the individual contributions is given below.

Rel. uncertainty 6 R(X)/%

Statistical +5.2
PID +1.1
B (B — XTv) composition +0.6
B(B — D) +0.2
B(B — D*tv) a8
B (B — D**{v) composition = +3.7
B(D — Xtv) +4.7
D** decay model +0.2
FFcrn(B — DWiw) +0.7
FFLisw(B — D**{v) 38
MC statistics +2.6
Total systematic Jj?:g
Total fg:z

Table 5.3: Relative expected uncertainty on R(X), estimated from pseudo-experiments. Composition
means the summary of the contributions from the individual exclusive decays. Due to correlations, the
individual uncertainties do not necessarily sum up in quadrature to the total uncertainty.

Branching fractions The influence of the branching fraction uncertainties is diverse. The
individual exclusive branching fractions of the signal (B (B — X7v) composition) itself are
rather unimportant. This is due to fact that the signal particle is a secondary lepton which
causes a rather undistinguishable mixture of exclusive components in [p| and m2, . As the
sum of exclusive decays is constrained to the inclusive prediction, i.e. only the composition can
vary, they barely affect the signal efficiency.

In contrast, the B — X /v normalisation mode components are clearly distinguishable in the
|57 | spectrum (and to a lesser extend also in m2, ). The B — X /v components extend into
the signal region and thus can change the shape of the background in this region. This results
in a relatively large impact of the B — X /v composition on the R(X) measurement.

Furthermore, the branching fraction of inclusive semileptonic charm decays (B (D — X/v)) is
a noticeable source of systematic uncertainty. Indirectly, it also accounts for the uncertainty on
single- and double-charmed hadronic B decays because their subsequent charm decay is the
dominant process to produce secondary leptons in the background. As these leptons mainly
populate the signal region in [pj|, their uncertainty is a significant contribution to the systematic
uncertainty on R(X).

The D** decay model branching fractions cause only a minor systematic uncertainty. The
single D** decay modes are almost indistinguishable in the signal extraction variables and
thus their relative composition is not important. The fitting procedure rather generates the
D** related uncertainties via the branching fractions (B (B — D**{v) composition) and the
form-factor parameters of B — D**fv decays (FFpLsw(B — D**/v)).
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5.6 Control studies

Form-factor parameters The form-factor parameters of the CLN model of B — D™)¢v decays
(FFoLx (B — D™ (v)) are only minor sources of systematic uncertainties. These parameters
have small experimental uncertainties and therefore possible variations in the shapes are small.

However, the much less constrained parameters of the LLSW model for B — D**/v decays
(FFLLsw(B — D**{lv)) affect the signal significantly and are one of the dominant sources of
uncertainty.

Lepton efficiency and lepton mis-identification The uncertainties on the lepton identification
and mis-identification corrections are minor systematic uncertainties in this analysis. Separated
into lepton efficiency and fake lepton candidate corrections, both contribute approximately
equally to the total PID uncertainty.

The lepton momentum distributions and the relative uncertainties of true and fake lepton
candidates have been shown in Figs. 3.2 and 3.3. Their relative uncertainty is not completely
uniform over the lepton momentum spectrum and thus contributes differently to the signal and
the normalisation mode. Therefore, no better cancellation of the lepton efficiency correction
uncertainties is achieved.

Conclusions The systematic uncertainties of this analysis are, as expected, dominated by the
modelling of the normalisation mode. Compared with previous analyses of the B — X7v decay,
this work is expected to provide the most precise estimate of the inclusive branching fraction
ratio R(X). The uncertainty of the branching fraction B (B — X 7v) will additionally depend
on the uncertainty of B (B — X/v), which is currently at about 3% [20].

5.6 Control studies

The event selection of this analysis is designed to be as inclusive as possible in the sense that
only a few selection requirements are used. On the one hand, this has the advantage of a rather
model-independent selection and a large data sample to analyse. However, on the other hand,
the downside is the lack of control modes and control regions because nearly the whole phase
space of B — X7v and B — X /v decays is considered. As B — X /v is already considered as
the normalisation mode, it is not available as a control mode. A signal-free control region can
be obtained by either selecting a pure B — X /v sample (requiring large |p;|) or a sample with
all contributions except signal decays (small mfmss). The latter is the most interesting case
because the composition of backgrounds is expected to be similar to the nominal sample.

Another control selection can make use of the hadronic system X, namely selecting large mx
above the mass of the D3y meson. In this regime, semileptonic B decays can be completely
neglected, leaving a rather pure hadronic B decay sample. However, single- or double-charmed
hadronic B decays, as well as their subsequent semileptonic D decays, are poorly known and
do not serve well as a control. A similar selection is possible by inverting the requirement on
the flavour-charge correlation between the By,s and the signal lepton. Such a sample contains
mainly secondary leptons from charmed hadronic B decays, but also signal and normalisation
mode decays due to wrongly reconstructed B,y and BYB0 mixing. However, the best choice is
the side-band of small m?niss values because it has a relatively large sample size and is expected
to preserve the shape and composition of the lepton spectrum.

To test the fitting procedure, events in the region 0 < m?niss < 3GeV? are selected. The fit
is then mainly sensitive to the lepton momentum spectrum and can help to understand the
impact of nuisance parameters before considering the signal region. The fit model presented in
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Chapter 5 Analysis of B — X7v decays

Eq. 5.9 is used, but without the signal component and remaining signal events in the control
sample are merged into in the “others” component. As the MC normalisation is not precisely
known, the resulting value of the normalisation mode should not be related to the inclusive
B — X /v branching fraction.

The fit is performed both, simultaneously and separately for the charged and neutral B
samples. It yields a large pull on the B (B — D*fv) nuisance parameter (Ag_,p+p = 4.9),
which is stronger for the charged B fit (Ap_p+sn = 4.7) than for the fit to the neutral B
sample (Ap_sp+p, = 3.7). This result can be explained by the pre-fit excess of data at large
momenta which was already discussed in Sec. 5.3.1. A larger B — D*{v contribution in the
X composition matches the data close to the kinematic endpoint. Arguments why B — D*{v
decays could be underestimated in inclusive studies have been given previously in Sec. 5.3.1.
Additionally, the nuisance parameters of the exclusive branching fractions may also account for
non-uniform tagging and selection efficiencies. For this reasons, it has been decided to drop
the tight constraint on the B — D*{v branching fraction from the exclusive measurements.
In practice this means, that the NP associated with B (B — D*{v) becomes a free parameter,
i.e. assuming a flat prior. Nevertheless, the change in B (B — D*{v) is still considered in the
inclusive B (B — X fv) constraint.
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Figure 5.28: Signal electron and muon momentum spectra after the simultaneous fit to the charged (two
left) and neural B (two right) samples.

The separate fits to the charged and neutral B samples exhibit different pulls on the exclusive X
compositions and the semileptonic D — X/¢v decays (cf. Tab. 5.4).

Aj pull

BT Dt — X/v | 0.18
DY — X/v | 1.20

BY Dt - X | 075
DY — X/¢v | 0.35

Table 5.4: Pulls on the nuisance parameters of the semileptonic charm decay in the m?2,; . side-band fit.

As long as the rather unknown MC normalisation and efficiencies are uniformly distributed in
|p;| and mfniss, they are covered by the scaling AfﬁX&’ in Eq. 5.9 and the nuisance parameters
of the exclusive semileptonic branching fractions are the same for charged and neutral B.
However, the results show a different set of best-fit NPs for the X composition. This hints at a
non-constant efficiency due to e.g. the tag reconstruction which is not the same for charged
and neutral By,e. Also, the event topology in terms of charged track and neutral multiplicities

is different in Bt B~ and B°BO events. Thus, the NPs associated with exclusive semileptonic B

84



5.6 Control studies

decays are separated in the simultaneous fitting procedure to avoid a bias from the different
exclusive X compositions. The other nuisance parameters, however, are kept the same for ng
and Bgag because they are found (and expected) not to be significantly different (e.g. lepton
efficiency systematic uncertainty or the form factor parameters).

Using the separate B — X /v and D — X /v NPs and the two B — D*{v parameters, the fits
are repeated. The post-fit distributions are shown in Fig. 5.28. As the B — D*{v branching
fraction parameter is no longer constrained, the B — D*{v yield further increases. To compare
the yields to the constrained B — D*{v nuisance parameters, the unconstrained parameters
can be converted to multiples of the experimental uncertainty on B (B — D*{v) which yields
AB_ D+ = 7.6 and Ap_,p+p, = 6.7 for charged and neutral B parameters, respectively. Notably,
the absolute normalisation of B — X /v is very stable and deviates less than 1% between
all fits in the small mfniss side-band. This gives confidence in the fitting procedure as the
parametrisation of the normalisation mode barely affects its yield.

To further validate the results of the fitting procedure, especially the impact of the nuisance
parameters, the pre- and post-fit distributions of mx are examined. Fig. 5.29 shows the hadronic
mass distribution before and after the fit in |5}| and m2,,.. After the fit, the data are much
better modelled by the MC. The improvement is remarkable because mx is independent of |p/|
and even though mx is correlated with m?niss, the latter is fitted only in three bins. The well

modelled mx distribution shows that the fitted scale factors and NPs, in particular the increased
B — D*{v yield, truly improve the data modelling in general, beyond the fitted distributions.
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Figure 5.29: Pre-fit (top) and post-fit (bottom) distributions of the hadronic mass mx in the low m
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side-band. Shown are the distributions of the charged (left) and neutral (right) B sample for electrons.
Similar plots for the muon sample can be found in Fig. A.5.
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CHAPTER 6

The branching fraction of B — X v decays

The final signal extraction is carried out as described in the previous chapter. The fit yields the
final result of
R(X) = 0.298 £ 0.0124¢a¢ & 0.0184ys. (6.1)

Using the isospin-average branching fraction B (B — X/v) = (10.86 & 0.16)% [20], the R(X)
result is translated to a B — X 7v branching fraction of

B(B — X71v) = (3.23 4+ 0.134a1 + 0.204ys + 0.055_, x0,) %. (6.2)

This is the most precise single measurement of B (B — X7v) to date. The obtained value of
R(X) is independent of the assumed signal and semileptonic B decay branching fractions as well
as the MC normalisation. Post-fit projections for |5} | and m?2 ., are shown in Fig. 6.1 and slices
of the 2D distribution in Figs. 6.2 and A.6. The fit has 244 degrees-of-freedom and converged at
X% = 279.5 which corresponds to a p-value of 5.9%.

The total uncertainty of 0.022 on R(X) is well consistent with the estimate from pseudo-
experiments in Sec. 5.5 and corresponds to a relative uncertainty of 7.3%. The breakdown of
the systematic uncertainties for the final signal extraction is shown in Tab. 6.1.

From the obtained results and the tree-level quark decay rate 'y, = |V |?G%m}/(19273) as
well as |Vip|/|Ves| = 0.096 £ 0.007 [20], the inclusive charmed ratio

R(X,) = 0.308 £ 0.084 (6.3)

is estimated. The SM predicts R(X.) = 0.223 £ 0.005 [36] and is thus exceeded by the R(X.)
estimated in this work by 3.20. Thus, this analysis supports the previously observed enhanced
signal yield of B — D™ 7 decays at the B-factories. A deeper discussion of the result is given
in the next chapter.

The separate signal extraction in the charged and neural Bi,s samples yields:

R(X")=031£0.02 = B(B"— X%Tv)=(351+£0.29)% (6.4)
R(X7)=026+£004 = B(B"— X 77v)=(2.67+0.38)%. (6.5)

The isospin average R(X) is closer to R(X"), which reflects the fact that the charged Biag
sample is dominant in this analysis as it is nearly twice as large as the neutral sample.
A complete list of the results for the fit parameters is given in Tab. A.8.
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Figure 6.1: Post-fit distributions of the lepton momentum spectrum (top row) and m2,; (bottom row).

Data is shown as black points with error bars, B — X7v in red, B — X/v in green and other decays in
orange. The grey band in the residual plot shows the statistical uncertainties of the MC, lepton efficiency
and lepton mis-identification corrections. The shown distributions are 2D projections onto the signal
extraction variables.

Rel. uncertainty dR(X)/%

Statistics +3.9
PID +1.1
B (B — X.Tv) composition +0.6
B (B — Dtv) +0.6
B(B — D*tv) et
B (B — D**{v) composition  £3.0
B(D — X{tv) +3.3
D** decay model +0.5
FFcrn(B — DWiw) +0.6
FFLisw(B — D*v) My
MC statistics +1.9
Total systematics fg:g
Total f;:Z

Table 6.1: Relative uncertainties on R(X). Composition means the summary of the contributions from
the individual exclusive decays. Due to correlations, the individual uncertainties do not necessarily sum
up in quadrature to the total uncertainty.
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Figure 6.2: Post-fit electron momentum spectra in bins of m2,, . of the nominal, simultaneous fit. The

upper two rows show the charged B and the lower two rows the neutral B sample. The corresponding
distributions for the muon final state are given in Fig. A.6. The colours have the same meaning as in
Fig. 6.1.
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CHAPTER (

Conclusions and Outlook

The inclusive branching faction of B — X 7v obtained in this analysis exceeds the SM prediction
by 3.20 as well as the measurements performed at LEP by 2.30, as shown in Fig. 7.1. This
measurement is compatible with the findings of the B-factories for exclusive measurements
of B — D™ru, respectively R(D(*)). Hence, this analysis continues the path of the B-
factories to measure enhanced branching fractions in the 7 sector of semileptonic B decays.
The sum of exclusive decays yields a lower bound on the inclusive branching fraction ratio of
R(D + D*) = R(X)min = 0.238 £ 0.046. In contrast to R(X ) gp = 0.233 £ 0.72 derived from
the LEP measurements, the lower bound is well exceeded by this analysis as also visualised in
Fig. 7.1.

The sum of exclusive branching fractions B — D®7v slightly exceeds the inclusive LEP
measurements such, that B — D**7v decays are suppressed as B (B — D**rv) < 0.3% at
90% confidence level. However, from the difference of the SM predictions of the inclusive
B — X7v and the exclusive B — D®)7v branching fractions, a prediction for the B — D*rv
branching fraction is inferred: B (B — D**1v) = (0.37 £ 0.11)%. The B — X7v branching
fraction obtained in this work results in a branching fraction of B (B — D**1v) = (0.62+0.29)%.
Although this estimate is not very significant, the value is compatible with the SM prediction in
contrast to the estimate obtained from the LEP measurements.

Background modelling The post-fit values of the nuisance parameters, including the parame-
ters associated to the B — D*{fv decay of charged and neutral B mesons, are shown in Fig. A.3.
The latter is an important background parameter in this analysis. As already observed in the
side-band, the fit yields a high value to match the excess of data at large signal lepton momenta.
Also the nuisance parameters assigned to the B — D®) ¢y form-factor parameters are found
to prefer a harder lepton spectrum, which is also observed in the side-band. The value of
the unconstrained B — D*/v parameter for the charged B sample of the simultaneous fit is
similar to the value obtained in the side-band fit (cf. Sec. 5.6). It is six times larger than the
experimental uncertainty on B (B — D*{v), i.e. Ap_,p=g, = 6. The values found in the neutral
B sample are slightly lower. The uncertainties on the B (B — D*{v) parameters of the charged
and neutral B sample are small (~1.5%) as they solely account for the large lepton momenta
and are part of the inclusive B (B — X/v) constraint (cf. Eq. 5.15).

As for the side-band fit, the post-fit distribution of the hadronic mass myx is used to check
if the fit is able to improve the data-MC agreement in this rather uncorrelated observable.
The resulting distributions are given in Figs. 7.2 and A.8 for the electron and muon sample,
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0.45
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R(D')
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Figure 7.1: R(X) in comparison to R(D™)) and B — XTv measurements. The semileptonic branching
fractions of Tab. 3.2 are used to convert the measurements appropriately. Left: Measurements of
exclusive B — D™ 7v and inclusive B — X7v decays in the R(D)-R(D*) plane. The ellipses represent
the 68% contours of the R(D™)) SM prediction (light blue) and measurements (purple). The ellipse of
measured R(D™)) are the averaged results by BABAR, Belle an LHCb (cf. Fig. 1.6). The inclusive LEP
measurements (grey band) match well the SM prediction (green band) which are both exceeded by this
analysis (red band). Right: The result of this study and previous related measurements in terms of the
isospin-averaged B — X .7v branching fraction, based on Refs. [20, 59].

respectively. They show a well modelling of the data. Even the region of the D* mass peak
around mp+ =~ 2.0 GeV shows a reasonable modelling and not, as one could expect from the
large pull on the B — D*fv parameters, an excess of MC. This shows, that the large value of
B — D*/v is not simply preferred to fill up the data excess in the lepton spectrum, but it is
compatible with the hadronic mass system and clearly improves the data modelling.

The impact of the D** model branching fractions is fortunately very small. In the analysis, a
relative uncertainty of 5% on the individual D** model branching fractions is assumed. As a
test, the fit is repeated with 10% uncertainties to check the impact of this assumption. However,
only a negligible increase of the uncertainty on R(X) is observed. Other nuisance parameters
are of minor importance and give only small contributions to the total uncertainty.

The full correlation matrix of the nominal fit is depicted in Fig. A.7. For the signal parameter
R(X), the correlations stay well below 45% and are largest for the B — D*{v parameters. A
few nuisance parameters are highly correlated (e.g. the D** decays among themselves) which
means that their impact on the modelling is very similar to the fit.

Implication on New Physics The measured R(X) can be further investigated in view of
New Physics. Assuming that New Physics do not significantly change the signal efficiency,
the 2HDM-II prediction is confronted with the measured R(X). The former is not a strong
assumption because the lepton momentum and missing mass are barely sensitive to the specific
decay kinematics. Using the 2HDM-II prediction of Ref. [51] (cf. Sec. 1.4 and Fig. 1.7), the
2HDM-II parameter 7 = tan 3/my is obtained to be r = (0.47 + 0.05) GeV~!. This value is
compatible with the findings for R(D) and R(D*) of Belle’s hadronic tag analysis which states to
be compatible with r ~ 0.45GeV ! [14]. The value of r derived in this work is also compatible
with the value obtained from the R(D) measurement by BABAR [13] of 7 = (0.44 +0.02) GeV 1.
However, it is not compatible with 7 = 0.7540.05 GeV~! which BABAR reports for their R(D*)
measurement. However, the latter is generally incompatible with the R(D) measurements in
the 2HDM-II framework.
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Figure 7.2: The post-fit hadronic mass spectrum mx for charged (left) and neutral (right) B mesons
and the electron signal lepton. The corresponding plot for the muon final state is shown in Fig. A.8. The
data is well modelled and even the D* peak region at mp+ =~ 2 GeV shows a good data-MC agreement.
Note, no fit is performed in my but only in |p;| and m?

miss*

Outlook A considerable part of this analysis falls upon the investigation and understanding
of the signal extraction variables. Because of the inclusive selection, there are only a few
uncorrelated observables that also provide sufficient power to discriminate signal and background.
Hence, the choice of signal extraction variables is very limited which, on the one hand, makes it
easier to find an optimal selection. But, on the other hand, the MC modelling is more difficult
as a small mis-modelling can become statistically significant due to the large sample size. The
modelling of the lepton momentum and especially the squared missing mass are challenging.

Using the set-up and results of this analysis, further aspects can be studied in the future.
From the theoretical point of view, the unfolded differential decay rate is interesting to constrain
the parameters of the form-factor expansion. A measurement of dI'/dg? is a recent ongoing
side project in the Belle working group in Bonn and is based on this analysis. The momentum
transfer ¢ is estimated from the reconstructed four-momentum of the hadronic system as
q" =ply — ply which is challenging due to the low resolution of pf.

At the beginning of 2018, Belle II, the successor of the Belle experiment, will start its first
data-taking period (Phase II), however, yet without the new vertex detector which will be
installed a year later, before the main data taking (Phase III) starts in 2019. A huge data set
of 50ab™! will be recorded until the end of 2024 [87]. Not only the statistical precision will
improve, but also the detector underwent a major upgrade. In particular, the improved tracking
and PID system will help to measure the branching fraction of B — X 7v more precisely. The
new pixel detector, installed in addition to the SVD, is located even closer to the beam-pipe
than the SVD in Belle. It thus allows to precisely track and vertex charged particles which will
also be beneficially to inclusive analyses.

signal

Even though the overall improvement can only be roughly assessed without a full detector
simulation, the impact of the larger data set can be estimated. The latter does not only reduce
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the statistical uncertainty on the data, but also allows one to study corrections to the MC
simulation, e.g. efficiency corrections, with higher precision. Fig. 7.3 shows a projection of
the relative uncertainty on R(X) as a function of the analysed integrated luminosity. For this
projection, statistical uncertainties have been scaled according to the increased data set. This
includes also the statistical uncertainties on the efficiency corrections. The projection shows
that the increasing significance of the measurement and the uncertainty on R(X) falls below
5% already for 4ab~! of analysed data. For the complete Belle IT data set, the systematic
uncertainties are the limiting factor and the relative uncertainty reaches ~4.2%. Theoretical
and experimental progress can decrease the systematic uncertainties even further, which is not
considered at this point.

The detector and physics modelling always plays a crucial role. This work shows that high-
statistics analyses can reveal issues in the data modelling that are rather unnoticed by exclusive
analyses with their relatively low sample sizes. In case of the huge Belle II data set, this will
become even more relevant. Therefore, from the beginning, an effort should be put into the
understanding and modelling of fundamental observables such as the lepton momentum and
the squared missing mass. This work can give useful guidance and serve as a starting point
for Belle IT measurements of R(X), more detailed studies of the data modelling as well as the
modelling of charmed meson decays for which the model developed in this work can be adopted
for future precision measurements.

8 T

tétal uncertainty ——
systematic uncertainty ---------

rel. R(X) uncertainty / %
o

Integrated luminosity / ab™’!

Figure 7.3: Projection of the relative uncertainty on R(X), as a function of integrated luminosity for the
Belle II experiment. The statistical and some of the systematic uncertainties scale with the analysed
luminosity. With the full data set of 50ab™ "', Belle II will reach an uncertainty of ~4.2%.
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CHAPTER 8

Summary

In this thesis, the first measurement of the inclusive branching fraction of B — X7v decays at
a B-factory is presented.

While the inclusive branching fraction of the b-hadron admixture b — X7v has been measured
at the LEP experiments to be consistent with the SM expectation, exclusive analyses of
B — D™ 1v decays, performed at the B-factory experiments BABAR, Belle and LHCb, together
find a 40 tension with the SM, which might be a hint for New Physics. Therefore, this
inclusive analysis is of particular interest and a valuable cross check of the exclusive B-factory
measurements, and also tests the inclusive branching fraction measurements performed at LEP.

The analysis is performed with the large Belle data set of 770 x 106 BB pairs, recorded at the
T (4S) resonance. The large size of the data-set allows to obtain a clean sample of hadronically
tagged B meson events, where one of the two B mesons is fully reconstructed in a hadronic
mode. Due to the clean experimental environment of ete™ collisions, the other B meson in the
event is separately studied with respect to the signal decay.

Signal events are selected in the leptonic decay channels of the 7 by requiring a single electron
or muon in the final state which leads to three undetectable neutrinos. Furthermore, the
decay chain of the hadronic system X is not reconstructed to perform an inclusive analysis.
Together, these two aspects make the inclusive analysis of the B — X 7v decay an exceptional
challenge as this particular final state provides only few kinematic constraints and a limited set
of independent observables.

As the inclusive decays of B — X7v and B — X /v are modelled as a sum of exclusive modes,
the modelling of semileptonic B decays into D** and the decays of the D** mesons themselves
are revised for this analysis. Especially the B — D**fv decays can significantly populate the
signal region and it is thus crucial that they are well modelled. A model of hadronic 1P and 2S
charmed meson decays is developed by using constraints from heavy-quark spin symmetry and
phase-space calculations. Besides the few measured decay modes of the D** mesons, new but
yet unmeasured modes are added. These modes also help to reduce the observed gap between
the inclusive and the sum of exclusive semileptonic B branching fraction measurements. The
new model is implemented in a dedicated MC sample which is used in this analysis.

The lepton momentum |p}| and the squared missing mass mfniss are used to extract the signal
and constrain backgrounds. The modelling of both observables is intensively studied in this
thesis. The lepton momentum spectrum shows an excess of data at high values, which was
also observed in previous inclusive analyses, at BABAR and Belle. For m? the tail towards

miss’
negative values is underestimated by the MC which was subject of an extensive study. As this
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region is far away from the signal region and the processes behind this issue are complex, the
analysis rejects events in the negative mfniss region.
The signal contribution is determined in a 2D x? fit in [p}| and m2.. A large set of nuisance
parameters is introduced to incorporate systematic effects that are constrained by external
measurements. The fit is tested with pseudo-data and using the side-band of small m?niss. The
side-band fit yields a significant excess of B — D*/v decays with respect to the expectation,
which can be explained by the previously mentioned excess in the lepton momentum spectrum.
Therefore, to avoid a potential bias, B — D*{v is a free parameter in the final fit.

This analysis measures the signal branching fraction, normalised to B (B — X /{v) with £ = e, u,

to be

B(B — XTv)
X)=————7==0.208 £ 0.012445t = 0.0184ys q
R(X) = 55 x0y) = V298 % 0012 + 0018, (8.1)

which translates to a branching fraction of
B(B — X7v) = (3.234+0.24) %, (8.2)

assuming the isospin-average branching fraction B (B — X/v) = (10.86 +0.16)%. This measure-
ment is, so far, the most precise single measurement of B — X7v and the first measurement of
this inclusive branching fraction at a B-factory.

In the future, the Belle II experiment will record a fifty times larger data set with an improved
detector. A projection to this large data set is obtained and shows that Belle II can achieve a
relative uncertainty of ~4.2% on the branching fraction ratio R(X).
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APPENDIX A

Appendix

A.1 LLSW model

Decay rates and form-factor expansions of the LLSW model [34] (cf. Sec. 1.2.2).

Differential decay rates

1 d°T(B — Ditv) 3 4 ,
1Tb dwd 00892 - 57"3(102 - 1)3/2 {3 sin” ¢ [(w - T)kAl + (w2 - 1)(]45A3 + Tk‘Az)]

+(1 — 2rw + %) [(1 + cos? 0)[k%, + (w® — 1)kj] — 4cos v/ w? — 1]€A1k‘v} }

(A1)

1 d°T(B = Djtv)
Iy dwd cos 6

= 3r3(w? — 1)*?sin? 0 [(1 4 r)gy — (1 —r)g_]? (A.2)

1 d’I'(B — Djtv) 5 /3 ) , )
T, = — 1 ysi - —1)(gv:
I'y dwdcos6 S \/wi {sm 0 [(w g + (w )(gvs + 7’9\/2)]

(1 - 2rw + 12) [(1 +cos20) (g2 + (w? — 1)g3] — 4cos Ov/w? — lgvlgA]} (A.3)

Form-factors of B — DJfv

ky =—1— &[N+ M7 — Q2w+ 1)1 — 12+ m] — €c(T1 — T2 + e — 271 + 13),
ka, = — (1 +w)T — ep{(w — 1D)(N + A7 — Qw+ 1)1 — 7] + (1 +w)np}
—ef(w = 1) (11 — 72) + (w + 1) (ke — 271 + 13)],
kay, = = 2ec(11 + n2),
kay =t + e\ + M7 — 2w+ )71 — 72 + 7] — €c(1 + 72— Mee + 2 — 22 — m3)- (A4)

97



Appendix A Appendix

Form-factors of B — Dgjfv
B wA* — A (2w + 1)A* — (w+ 2)A
g+ =¢c [2(w—1)61—36w+1} — €p { w1 ¢—2(w—-1)1,

g— =C+ €c[Xke + 6x1 — 2(w + 1) x2] + M6 X0- (A.5)

Form-factors of B — D/ {v

ga =C + €c [wil_lAC + Xke — 2)4 — € [(% ks 1)11\0*!1(10 +2)A
gy =(w = 1)¢ + e [(wA* = A)C + (w = 1) (Xke — 2x1)]
— & {[2w + A" = (w + 2)A]¢ — 2(w® — 1)¢1 — (w — D)xp }

gvi :2€C(Cl - X2)7

¢—2(w—1)G1 — Xb]

A*— A
gy = —( — € [wC + 202 + Xke — 2X1 + 2><2]
w—+1
2w+ DA* — (w + 2)A
— €p |:( )U) + 1( ) C — 2(’[1) — I)CI — Xb:| (AG)
T(1) ~1
—2 < 7(1)/r(1) < —1

A =04GeV
AN =0.79GeV
A* = 0.75GeV

mp = 4.8GeV, m, = 1.4 GeV

m=mn=n=x1=x2=0
—0.5 < Mke = (ke < 0.5
M = Mkes> Xb = Cke

Table A.1: Parameters and parameter ranges of the LLSW model used in this analysis. The values and
ranges are taken from Ref. [34].
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A.2 Updated branching fractions

Bold/% Bnew/%

BT — Dty 0.77 0.782 £ 0.078
BT — D*r v 1.54 1.520 4+ 0.201
BT — Dirtv 0.0013 0.077
Bt — Dirm v 0.0008 0.025
Bt — Dirtv 0.0016 0.039
Bt — Divtv  0.0012 0.079
BT — Dostv - 0.002
B* - Digrtv - 0.005
BT — X.tTv 2.3149 2.53+04

Table A.2: Assumed branching fractions for the exclusive signal decays. The B — D™ 7v branching
fractions are based on the SM predictions of R(D) and R(D*) and all other branching fractions are
based on Chapter 4. For the latter, a 50% relative uncertainty is assumed.

Bold/% Bnew/%
Dt = Ky 6.8 8.83
Dt — K0y 3.1 5.53
Dt — K3Yev 0.9 0.15
DT — Krev 1.0 0.18
Dt — K%7Oev 1.0 0.18
Dt — 7w 0.31 0.405
Dt — nev 0.3 0.114
Dt = nlev 0.05 0.022
Dt = plev 0.31 0.218
Dt — wev 0.31 0.182
DT — Xev 14.08 16.07+0.3

Bold/% Bnew/%
Dt — Kuv 6.8 9.4
Dt — K*0uv 3.1 5.53
Dt — K3%uv 0.9 0.15
Dt — Knuv 1.0 0.18
Dt — K7Ouv 1.0 0.18
DT — v 0.31 0.405
DT — nuv 0.3 0.114
Dt — v 0.05 0.022
Dt = pOuv 0.31 0.218
DT — wuv 0.31 0.182
DT — pv 0.08 0.0374
DT — Xuv 14.16  17.6 £3.2

Table A.3: Updated branching fraction of semileptonic decays of charged D mesons. The branching
fraction is scaled such, that it matches in inclusive branching fraction.
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Bold/% Bnew/% Bold/% Bnew/%
DY — Kev 3.41 3.57 D — Kuv 3.41 3.33
D - K*ev 2.07 2.16 D% - K*pv 2.07 1.92
D% — Kjev 0.18 0.18 D° — Kjuv 0.18 0.18
DY — Knv 0.22 0.12 D — Knuv 0.22 0.12
D° = K%rev 0.22 0.17 D% - KOrpv 0.22 0.17
D° — mev 0.26 0.289 DO — muv 0.26 0.289
DO — pev 0.19 0.177 DO — puv 0.19 0.177
DY — brev 0.05 0.05 D° — byuv 0.05 0.05
D% = Xev 6.6 6.49+0.11 DY = Xpuv 6.6 6.7+0.6

Table A.4: Updated branching fraction of semileptonic decays of neutral D-mesons. The branching
fraction is scaled such, that it matches in inclusive branching fraction.

Bold/% Bnew/%

BY — DT D 0.65 0.72
BY - D+ D* 0K~ 1.18 1.06
B — D*ay 0.75 0.6
Bt — D*pt 1.55 1.0
Bt — D%3n* 0.46 0.5
Bt — DDf 1.0 0.9
Bt — DDt KO 0.78 0.92

Table A.5: Updated branching fractions of hadronic B meson decays.
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A.3 Excited charmed meson decays

B(Dy) B(Di) B(D:) B(D;) B(Dss) B(Dis) B(BY — Xitv)

Dr 75.6 56.6 11.6 0.638
D*r 60.6 55.8 36.8 56.1 36.2 0.868
Dn 16.8 6.1 4.7 0.126
D*n 17.2 10.3 25.1 0.116
D.K 9.0 0.018
DK 6.4 5.5 0.017
Dp 45 8.6 0.023
D*p 4.9 1.1 0.018
Dw 4.4 7.9 0.022
D*w 7.2 1.1 0.025
Drr 0.6 31.8 0.4 0.6 0.4 0.248
D*rr 7.6 0.5 12.4 0.1 0.4 0.2 0.141
Dir 1.7 0.003
Dim 3.3 1.6 0.006
Din 6.5 0.006
Dasm 0.7 0.001
Digvy 1.2 0.002

Table A.6: Estimated branching fractions of excited charmed mesons. The inclusive branching fraction
in the last column gives the contribution of the particular final state to the semileptonic B decays. This
value is derived in combination with the B — D**fv branching fractions from Tab. 4.4. All branching
fractions are given in percent.
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EvtGen module Example decay mode
ISGW2 B — D**{v
VVS_PWAVE Dy — D*r
VSP_PWAVE Djq — Dagy
TVS_PWAVE D5 — D*m
HELAMP replaces VVS_PWAVE for L =1
SVS Dog — D*r
STS Dsyg — D7
Vss D3y — Dm
TSS D5 — Dn
PHSP D** — D®rr

Table A.7: EvtGen modules used in the D** MC generation. The modules are chosen to match the
initial and final state particles in terms of their total momentum J =0, 1,2 as S (scalar), V (vector) and
T (tensor), respectively. The given decays are examples for those that match the same structure. The
modules named “PWAVE” allow to specify the partial wave of the decay. VVS_PWAVE is not implemented
for L = 1 in the Belle MC and replaced by HELAMP in the style of the generic MC. Details on these
modules given in [74].

A.4 Event selection
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Figure A.1: Figure of Merit for the optimal selection on the hadronic tagging classifier output In(ANNz).
Maximised is S/v/S + B, with S and B the event yield of well and poorly reconstructed By,g, respectively.
The optimisation is done separately for charged (solid red line) and neutral (dashed blue line) Biag.
However, a consistent value of —3 seams to be the optimal selection.
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Figure A.2: Optimisation of the signal to background ratio in |pj| to reduce the non-semileptonic
component which has a even softer lepton momentum spectrum. This is done separately for electrons
(solid lines) and muons (dashed lines) as well as charged (red lines) and neutral (blue lines) Byag.
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A.5 Nuisance parameters
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Figure A.4: Pull distributions of floating fit parameters. A Gaussian distribution is fitted to obtain the
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Figure A.5: Pre- (top) and post-fit (bottom) distribution of the hadronic mass my in the low m2,

side-band. Shown are the distributions of the charged (left) and neutral (right) Byae muon sample. Note,

the fit is not performed in my, but [5}] and m2,;..
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A.7 Post-fit results

R(X) 0.30+0.02
Ap+ 0.98=+0.01
Apo  0.06 +0.02

Ap+. 1.02+0.02

Apo,  0.99 +0.02

Ap+, 1.0440.03

Apo, 1.05+0.03

Table A.8: Best-fit parameters of the R(X) extraction. Normalisation A; belongs to the B — X /v
normalisation mode template and A;; to the others template. Their absolute value has no physical
meaning as the MC normalisation is rather unknown.
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Figure A.6: Post-fit muon momentum spectra in bins of mZ ;... The upper two rows show the charged B

and
Fig.
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the lower rows the neutral B samples. The corresponding plots for the muon final state are given in
6.2. The colours have the same meaning as in Fig. 6.2.
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